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Abstract

In integrated circuit fabrication, microlithography is used to image the various thin film
materials which build up the device on a semiconductor substrate. To delineate exposed from
unexposed areas in the film, chemically amplified resists use thermally activated acid catalytic
reactions to change the local solubility of the resist’s polymer. During exposure of the resist,
an acid is photo-generated. At temperatures that are sufficient to activate the catalytic reaction,
the acid diffuses within the resist. Since the sizes of integrated circuits are continually
decreasing (down to 0.1 pum) the phenomenon of acid diffusion may become an increasing
preblem that would lead to degradation of the resist resolution and subsequent failure of the

chip.

For purposes of understanding the diffusion behavior, we have developed the dyes and
the basic knowledge that will allow the monitoring of acid diffusion in thin polymer films. We
believe that fluorescence spectroscopy is the suitable tool for this purpose and have used acid-
sensitive probes to monitor the presence of acid in thin polymer films. The three categories of
compounds that were used were: 1) aromatic monoazines; 2-phenylpyridine, 2-
phenylquinoline, and acridine, 2) xanthene dyes; fluorescein and rhodamine B base, and 3)
various benzothiazole derivatives. The three main objectives of this part of the research were to
choose the most appropriate sensors, observe images through fluorescence microscopy and
study the feasibility of monitoring diffusion through fluorescence spectroscopy. All dyes were
studied in polyhydroxy styrene (PHS) and/or polymethylmethacrylate (PMMA) films to
monitor their abilities to change in the presence of added acid or photo-generated acid. All dyes
were found to exhibit a change in spectral properties in the presence of acid. Fluorescence
microscopy was used to observe images generated through a photomask onto photoacid

generator (PAG)/polymer/dye systems. This yielded photographs of the generated images



ranging from 55 um down to 1 pm lines. Diffusion experiments were conducted to monitor the
diffusion from areas of image to areas of non-image. These results indicated that diffusion in
an imaged sample can be monitored by such a method. Diffusion experiments were also done

to monitor vertical diffusion or acid loss from irradiated polymer/PAG/dye systems.

The second part of this research also dealt with photoacid generation studies in thin
polymer films. In this part of the research, an in situ method for quantifying acid-generation
in photoresist sample was developed. The technique utilized a number of the acid-sensitive
probes that were used for the diffusion studies but employed absorption spectroscopy. The
dyes used were rhodamine B Base, fluorescein, Coumarin-6, DSB, DSBS and DMBB. The
protonated form of each of these dyes has a spectrally different absorption than the neutral
form. This change can be utilized to quantify the amounts of acid generated from a PAG,
assuming that the change in absorption spectra is a direct result of acid-generation upon
irradiation. Calibration plots for each of the dyes with increasing amounts of acid were made

such that the PAG quantification could be done.

The last part of this thesis was done as a requirement to qualify for the Specialization in
Environmental Chemistry and Toxicology. The toxicological properties of some of the
components that are used to manufacture the photoresist compounds were reviewed. These
included the solvents (diglyme, ethyl lactate) and some of the polymers (PMMA) used to
manufacture photoresists. Furthermore, the toxicological properties of the some of the dyes
(acridine, fluorescein, rhodamine B, 2-phenylquinoline, 2-phenylpyridine) proposed for

purposes of monitoring acid quantification and acid diffusion, were reviewed.
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Chapter 1

Introduction

L1.0. Objective

The main objective of this thesis is to use acid-sensitive probes to monitor acid
diffusion and quantify acid generation in thin polymer films. The first part of this objective is
to study acid-sensitive dyes that may be used to monitor acid diffusion in photoresist samples.
Qualitative diffusion studies have been carried out to test the usefulness of the dyes studied.
This thesis sets the stage to determine such diffusion coefficients by determining the feasibility
of using acid-sensitive dyes. The second part of this objective, deals with the use of these

acid-sensitive probes to quantify acid-generation in thin polymer films.

1.1. Historical Perspective

The microelectronics revolution has had a profound impact on our technological society
over the latter half of the twentieth century in a number of diverse fields, such as automobiles,
computers and communications, medicine, energy, and home entertainment!. The key
innovation that initiated the microelectronics era was the invention of the monolithic integrated
circuit in 1960. The invention provided a means for the internal interconnection of many solid-
state devices on a semiconductor substrate to produce a working unit capable cf performing
complex electronic functions. Using this technology, the density of active devices making up
an electronic circuit could be increased many thousands of times over that achievable with

discrete or single-transistor devices.

The conventional means of increasing the level of integration of an integrated circuit,

that is, of increasing the circuit density, has been to make the active elements in the devices

smaller, thereby increasing the number of active circuits? that can be accommodated on a given
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area of silicon. Overall, the size of the circuit elements in random access memories has
continually decreased, with a concomitant increase in the number of active devices per chip.

The reduction in feature size over time follows a linear trend that can be anticipated to continue

for at least two more decades and lead to devices with minimum features as small as 0.1 pm!.

The structure of an integrated circuit is quite complex, both in the topography of its
surface and in its internal composition. Each element in such a device has an intricate three-
dimensional architecture that must be reproduced exactly in every circuit. The structure is made
up of many layers, each patterned in 2 manner required by the circuit design. Some of the
layers lie within the substrate semiconductor wafer, and others are stacked on top. Fabrication
of an integrated circuit, therefore, requires processes for depositing and patterning this

sequence of layers.

In integrated circuit fabrication, microlithography is used to image the various thin film
materials which build up the device on a semiconductor substrate. The primary step of the
microlithographic process is the delineation of the desired circuit design in a resist layer, which
generally consists of a photosensitive thin polymer film (or photoresist) spin coated on the
semiconductor material. The lithographic process involves transferring a circuit pattern
through a photomask into the polymer film (photoresist) and subsequently replicating that
pattern in the underlying thin conductor or dielectric film. This process will be discussed in a

further section of the introduction.

1.2. Lithographic Strategy

The basic goal of the lithographic process is the accurate and precise definition of three-
dimensional patterns on the semiconductor substrate. These patterns delineate the areas for
subsequent doping or thin-film etching to provide for the internal interconnection of devices.

There are many techniques for creating these three-dimensional patterns. Photolithography,
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was the first technique developed, and still continues to be the dominant technology but has
undergone many innovations since it was first developed. Photolithography (contact,
proximity or projection printing), uses ultraviolet radiation to transfer the pattern from the mask
to a photosensitive resist. The size of the features that can be printed by photolithography is
ultimately limited by the wavelength of the exposing radiation just as the resolution of an
optical microscope is limited by the wavelength of the “white” light used for imaging.
Photolithographic systems can print features about 1.3 times the exposure wavelength in size
with good process latitude. With considerable reduction in overall process latitude, features
comparable in size to the exposure wavelength can be printed. Most advanced circuits are
currently manufactured with features of 0.5-0.7 pm dimensions by using G-line (A = 436 nm)
or i-line (A =365 nm) and 5 times reduction step-and -repeat exposure tools. Where step and
repeat photolithography involves exposing a small area and stepping this pattern over a large-
diameter wafer. This technique was developed in the mid-1970’s to accommodate larger
wafers and to improve resolution. Advanced I-line technology can produce circuits with
dimensions of 0.35-0.4 pm, but smaller geometries will require either new exposure-resist

technologies or other technologies.

Furthermore, resolution can be improved by shifting to shorter wavelength UV light in
the 240-250 nm region3-3. This is true because the resolution (R) is proportional to the
exposing wavelength (1), following the relationship (R = kA/NA)6. Where the terrn NA refers
to the numerical aperture of the lens and k is a constant. Thus higher resolutions can be
obtained by either increasing the numerical aperture or by reducing the exposing wavelength.
Increasingly, the industry is moving to lower wavelengths (i.e. 254 and 193 nm). Because the
materials used in conventional refractive optical systems are too opaque at these wavelengths,
quartz must be used. Deep-UV systems use either a line-arrowed excimer laser operating at

248 nm or a filtered Hg lamp as a light source.
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Responding to the ever-increasing circuit density, other new high resolution exposure
technologies such as ion beam, e-beam and X-Ray lithography have also been developed.
These new technologies including the deep-UV systems require departure from the
conventional diazoquinone / novolac based resists widely used!. Therefore, several new
classes of chemically amplified resists have been developed-12 all of which utilize a so called
photoacid generator (PAG), i.e. a substance that produces acid as one product of photolysis.
In these formulations, during a thermally-assisted post-exposure baking step, an acid-catalyzed
reaction is initiated that modifies the properties of the matrix to achieve the required difference

in solubility between the exposed and unexposed resist areas.

L1.3. Chemical Amplification

The use of deep-UV (DUV) resists have led to an improvement in resolution.
However, the switch to lower wavelengths have led to changes that were required for
successful use in terms of lens design, light source, and resist. Typically, diazoquinone-
novolac systems were used for earlier resist systems specifically mid-UV resists cannot be
tailored for deep-UV use. This is because of the strong absorbance of novolac resins and the
strong and essentially unbleachable absorbance of the diazonapthoquinone chromophore in the
DUYV spectral region. For this reason, designing resist systems for DUV lithography required

substantial departure from the previous systems.

Another major challenge was to design resist systems that were more photosensitive
than the diazonaphthoquinone systems. This is because each photon in the DUV has about
twice the energy of a photon in the near UV, about twice as many joules of DUV radiation are
required to carry out a chemical transformation as in the near UV, if the absorbance and
quantumn efficiency for the photoreaction are assumed to be the same!. An improvement in

sensitivity of about 100-fold is required to obtain the desired effect and this can only be

achieved by a system with gain or chemical amplification!3.14,
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In principle, systems with chemical amplification are those in which the initial
photochemical event produces a catalyst. This catalyst then acts on the surrounding matrix to
mediate a cascade of reactions or initiate a chain reaction that modifies the properties of the
matrix in some way that can be exploited in relief image generation. In such systems, the
quantum efficiency for formation of the species responsible for differential dissolution rate is
the product of the quantum efficiency for generation of the catalytic species multiplied by the
number of cycles the catalyst can mediate before it is lost or inactivated in some way. Since the
catalytic length can be hundreds or even thousands of turnovers!3-16, the sensitivity of resists
based on chemical amplification can be as much as 2 orders of magnitude (or more) greater
than that of resists that consume at least one photon for every functional conversion, as in the
case for the diazoketone-based systems!. In chemically amplified systems, basically, the
exposing radiation generates a reactive species which catalyzes the formation of many chemical
reactions in the exposed areas allowing image development by virtue of the acid catalyzed
solubility differential. In such systems, the efficiency for formation of species responsible for
image development is the product of the quantum efficiency for acid generation multiplied by
the number of reactions the catalyst can initiate before being destroyed. The use of chemical

amplification to increase resist sensitivity has been demonstrated in positive!?, negative!8, and

pseudo-multilayer!? resists.

Many substances produce acid as a product of photolysis with reasonable quantum
efficiency. Table 1.1 shows a representative sampling of the different chemically amplified
resists that are available. The choice of the appropriate acid generator for a resist formulation
depends on such factors as: the nature of the radiation to be used, the strength and nature of the

acid required for catalysis in the system, thermal stability, solubility, and toxicity.
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Name Representative Structure Acid produced
Nz*BFg
Diazonium salts T BF,
CCls
Perhalomethyl triazines NZN HC]
cn;c/l\\ N/l\CCIa
Diaryliodonium salts <©> -sbFe HSbF,
2
Triarylsulfonium salts <©>35’5b'=- HSbF,
O2N
o-Nitrobenzyl esters CFssmo—cm—@ RSO,0H
OSO0,CH;,4
SO,CH

Phloroglucinol sulfonates o CH3SO:0H

OSO,CH,

o
Hydroxamic acid esters @[‘g"—osowﬁ CF350.0H

o
Diazosulfonates @—SOz—ﬁ —Cﬁ ——@ RSO,0H

N, O

Bromobisphenol A Br ‘@"@‘Bf HBr

Table 1.1: Examples of types of substances that produce acid upon photolysis.

Photoacid generators may be divided into two main groups29, i.e. ionic and non-ionic

compounds. Ionic photoacid generators involve onium salts such as aryldiazonium,

diaryliodonium, triarylsulfonium, and triarylphosphonium salts that contain complex metal
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halides such as BF,, SbF, AsF, and PF,. When onium salts are irradiated at wavelengths in
the range of 200-300 nm, they undergo photolysis to form a protic acid. Onium salts have
several advantages as photoacid generators. They are thermally stable and may be structurally
modified to alter their spectral absorption characteristics. One serious disadvantage of onium

salts is their limited solubility in common organic solvents.

The second group of PAGs are the systems that involve photoinduced generation from
non-ionic compounds. These include the generation of carboxylic acids, sulfonic acids,
rhosphoric acids and hydrogen halides. Non-ionic photoacid generators have a much wider
range of solubility in solvents and in polymer films than onium salt analogs. A disadvantage of
the non-ionic photoacid generators arises because they are less thermally stable than the onium

salts. However, this can be improved by their structural modification.

1.4. The Photolithographic Process

When a pattern is transferred to a photoresist, a photochemical reaction occurs in the
areas exposed to light which generates a latent image in which the pattern information is stored
chemically. When a developer is applied to the resist it differentiates between the chemistry of
the exposed and unexposed areas in a way that converts one into an image and removes the

other. The basic steps of the lithographic process are shown in Figure 1.1.

The diagram corresponds to a photolithography set-up in which the resist material is
applied as a thin coating over some base and subsequently exposed through a photomask, such
that light strikes selected areas of the resist material. A typical photomask for optical
lithography consists of a chrome-coated glass plate 6-8 inches (15-20 cm) on a side, on which

the chip pattern corresponding to the particular layer of the device has been repeated many

times over its surfacel. The exposed resist is then subjected to a development step, which
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Photoresist

V////////////% Substrate

Radiation (hv)
[ Mask

Positive resist:

exposed areas //////// , exposed areas

less soluble more soluble
Developmen\

G

Negative resist:

Etching

i

Figure 1.1: Schematic representation of the photolithographic process sequence outlying the

difference between positive and negative photoresists.

generally involves immersion in an appropriate solvent. Depending on the chemical nature of
the resist material, the exposed areas may become more soluble in the developing solvent than

the unexposed areas, thereby producing a positive-tone image of the mask, or conversely the

exposed areas may become less soluble, producing a negative-tone image of the mask!.21.22,
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The areas of most solubility are usually removed by treatment with an appropriate solvent. The
two families of photoactive materials are termed either negative or positive resists depending on
the solubility behavior described above. The overall effect in either case is to produce a three-
dimensional relief image in the resist material that is a replication of the opaque and transparent

areas on the mask.

For a resist to be useful in semiconductor manufacturing, it must not only have high
sensitivity and the ability to resolve such small features but also must be capable of being spin-
coated into thin and continuous films that will adhere to a variety of substrates ranging from
metals to semiconductors to insulators. It must also be able to withstand exposure to extremely
high temperature and exceedingly corrosive etching environments such as strong acids and

plasmas without loss of adhesion or line definition.

LS. Diffusion of Acid

To delineate exposed from unexposed areas in the film, chemically amplified resists use
thermally activated acid catalytic reactions to change the local solubility of the resist’s polymer.
During exposure of the resist, an acid is photo-generated. At temperatures that are sufficient to
activate the catalytic reaction, the acid diffuses within the resist. A little diffusion may improve
the resist’s lithographic capability because acid movement into the standing wave nodes, allows
the regions to deprotect and develop?3. However, acid diffusion into areas of low exposure,
results in a size bias between the developed pattern and the image from the imaging tool and
causes problems when designing processes for imaging many different types of features
simultaneously. Also, excessive diffusion into the unexposed areas of the resist may also

degrade the overall quality of the resist image.

It has been shown that the initial acid concentration is a factor in defining the final
image, but the initial acid concentration is also subjected to the effects of acid diffusion, and all

factors that effect the acid concentration will effect the final resist image24. The diffusion of
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acid in chemically amplified resist will follow Fick’s laws. The acid will tend to move from an
area of relatively high concentration to an area of relatively low concentration. Thus, the initial
acid distribution in the resist will change due to diffusion in time interval between exposure and
the post exposure bake and also during the post exposure bake. Diffusion of the photoacid has
been identified as the most important mechanisms responsible for image loss during the post-
exposure bake (PEB)25. The diffusion mechanism has been shown to change as the post-
exposure bake time (PEB) is increased26, and in relation to the glass transition temperature
(Tg) of the polymer 27. Furthermore, diffusion has been shown to decrease with increasing
photoacid bulkiness28, and with respect to the concentration of remaining solvent upon
baking29. The change in acid concentration with time is the key to understanding how acid

diffusion affects the acid concentration and the final resist image.

Although the diffusion range of the acid is a crucial parameter, up to now, only limited
information about the diffusion range of the photogenerated acid could be obtained. There
have been attemplts to estimate the diffusion range from the catalytic volume, i.e., the volume
occupied by the average number of inhibitor molecules deprotected by one acid molecule!6.30.
The diffusion ranges obtained from such estimations typically vary in the range of 5-20 nm.
Thus the acid diffusion would not reduce the resolution capability to a marked degree. This
estimation, however, relies on the idealistic assumption that only molecules within a sphere in
the nearest vicinity of the acid molecule are affected. As this hypothesis is not confirmed, since
in real systems acid would likely diffuse randomly and act as a catalyst within the resist. For
this reason, the diffusion range of acid should preferably be determined directly by

experiments.

Several methods have been applied for the measurement of acid diffusion and its
influence on lithography. Fedynyshyn et al.3! have used the threshold acid density model on

1.0 um lines/spaces exposed by excimer laser radiation. Yoshimura ef al.32 used single line

10
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patterning with SEM. Nakumura er g/.33.34 used a mask replication method based on X-Ray
exposure and measuring the undercut beneath a X-Ray absorber layer. They investigated the
diffusion acid molecules in polymer film by an acid transfer experiment between two polymer
films and subsequent depth of acid measurement after developing the films. Similarly,
Schlegel er al.35-36 also used an acid transfer experiment between two polymer films and
subsequent scanning electron micrograph (SEM) pictures were taken to monitor diffusion.
This technique gives more accurate estimations of the diffusion range than those estimated from
the catalytic volume. Methods for physicochemical measurement of acid diffusion coefficients,
e.g. conductivity measurements2434 have also been developed. In another study, Raptis et
al.3738 ysed a single pixel e-beam exposure method which is based on the measurement of the
diameter of lithographic features (pillars for negative resists) after a wide range of doses and
PEB times. All of these methods have led to some insight into the acid diffusion processes
within resist sample. However, they lack in the sense that diffusion is monitored once the
chemical event is over, and thus the dynamic range of acid diffusion cannot be observed.
Zuniga et al.3% have conducted a number of diffusion by monitoring the deprotection front of
acid diffusion by monitoring the transmission of the patterned and unpatterned wafers by FTIR
and then using SEM to obtain linewidth measurements. Furthermore, Zuniga er al.49-42 have
monitored diffusion through the quantitative modeling of resist top loss in unexposed samples
due to acid diffusion from a top-to-top contact bake with an exposed sample. Another study by
Watanabe et al.43 was done to monitor acid diffusibility in a film using an acidic water-soluble

overcoat film and monitoring acid diffusion by SEM.

A number of studies have aimed te suppress acid-diffusion within chemically amplified
resists 23.42.44-46, but much research is still required to understand the processes of acid
diffusion and whether the diffusion is significant enough to pose a problem for further

decreases in circuit size. The method that is proposed in this research, is different from any

11



Chapter 1/Introduction

previous work on this subject and is more advantageous due to its simplicity and ability to
dilineate between the areas of image and non-image using fluorescent sensors. With the
proposed method, the diffusion of acid can be monitored within the polymer matrices. The
only other work that employ acid-sensitive dyes were reported by Mckean et al.47. However,
this method did not look at the in situ processes of acid diffusion and were based on a solution
method of quantifying the acid. Furthermore, as discussed above this method was based on a
acid diffusion model based on catalytic chain length and thus a correct representation of actual

events may not be represented. Two other studies were done after the proposed method of this

research had begun. The first was by Ohmori er al.48. They used propargyl alcohol, a
compound that undergoes acid-catalyzed rearrangement to monitor the migration of acids in
polymer films. Their method is similar in the sense that they use the prototopic changes of a
compound to monitor acid diffusion. However, they look at the diffusion from one coated
disk to another. Furthermore, they use absorption spectroscopy, whereas we propose to use
fluorescence. The other study was by Zhang et al49. Their study, like ours used
fluorescence intensity changes of a pH-sensitive fluorescent dye to monitor acid diffusion
through polymer films. However, the technique of their measurement is quite different. They
introduce acid-vapor to quench the fluorescence intensity of the pH sensor. They obtain
diffusion coefficients, by covalently bonding the dye onto a quartz substrate and subsequently
spin coating the dye layer with a polymer layer. By introducing an acid in a chamber with the
spin coated films, they measure the diffusion constant of the vaporized acid in the polymer
film. We believe the technique we propose is more direct, in the sense that, we are using the
actual photogeneration of the system to obtain acid diffusion information, i.e. we do not

introduce acid vapor to monitor the changes in fluorescence of the pH sensitive dyes.

12
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1.6. Plan of Study
1.6.1. The Use of Acid-Sensitive Probes to Monitor Acid Diffusion

The continuing increase in the complexity of integrated circuits, coupled with the
decreasing size of the individual circuit elements, are placing more stringent demands on the
fabrication processes, particularly with respect to resolution and overlay accuracy. Hence, it is
important to gain a thorough understanding of the lithographic processes that are key to the

continuing evolution of integrated circuit technology.

Since the sizes of integrated circuits are continually decreasing the phenomenon of acid
diffusion may become an increasing problem that would lead to degradation of the resist
resolution and subsequent failure of the chip. With the minimum feature size expected to
approach the 0.1 um mark within the next decade, preserving the integrity of the latent image
becomes more and more critical. Diffusion of the photogenerated acid during the period of
time between exposure and development can cause contrast loss and ultimately loss of the latent
image. This is especially relevant for chemically amplified photoresists that require a post-
exposure baking step, which in tumn facilitates the diffusion of the acid due to the high
temperature normally employed. A schematic of the diffusion of acid is given in Figure 1.2.
Due to the ever decreasing feature size, diffusion of the photogenerated acid within the
photoresist material leading to the deterioration of the latent image has recently become a matter
of great concern in microlithography. Thus, for the ability of microlithography to keep pace
with the demand for higher resolution imposed by microelectronics, the need for detailed
knowledge of acid generation and diffusion processes in photoresist systems will increase
dramatically during the next few years. For this reason, it is important to develop techniques to
easily monitor the generation of acids in thin (~1 um) polymer films. We believe that

fluorescence spectroscopy using the dyes characterized in this thesis is a suitable tool for this

purpose.

13
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No Acid Acid

before

irradiation

Figure 1.2: Representative drawing of the acid diffusion process within a photoresist

sample.

With this technique the exact boundary between acid-containing domains and acid free
regions can be observed. In accomplishing the proposed task, a number of steps are required
in order to obtain such a generation of lines and spaces. Most importantly, the appropriate
fluorescent sensors or dyes must be developed. In order to choose the most suitable dyes a
number of factors must be considered, as will be discussed in Chapter 2. Specifically, it is
necessary to identify molecules that have very different fluorescent properties in the presence
and absence of acid. Once the dyes are developed or synthesized, they must be tested for their
acid sensitivity by incorporating them into a polymer/photoacid generator (PAG) systems.
This will give the changes in absorption or fluorescence spectra of these dyes in the presence of
acid in the polymer system. This acid is generated from the photoacid generators upon UV
exposure, and we hope to be able to present a method to be able to quantify the amounts of acid

generated, as will be discussed in Chapter 3. The next major step, is to be able to generate an

14
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image in these polymer samples with incorporated dye by irradiating the sample through a
photomask (provided by Shipley, and manufactured by IBM). Images (specifically lines and
spaces) as small as 1 pum in width are proposed to be generated.

polymer film with
_ } PAG and fluorescent acid
sensor

coated quartz disk

El ﬂ hv (254 nm) / imaging

photomask

irradiated areas

unexposed areas
(orange fluorescence)

(green fluorescence)

®

time

Figure 1.3: Experimental Method for Monitoring the Diffusion of Acid.

Once these images are generated, the diffusion of the acid front can be monitored. The

experimental method for monitoring acid diffusion is outlined in Figure 1.3. For the

15
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purposes of this work acid diffusion is proposed to be monitored using two main approaches.
The first approach, is by investigating the fluorescence for both a patterned sample and a non-
patterned sample (reference sample) and monitoring the changes in each as a function of time.
The effect of acid diffusion would result in changes in fluorescence intensity of the patterned
sample, such that it would reach that of the unpatterned sample (i.e. one). This result would
happen if the protonated dye was monitored for its increase in fluorescence intensity.
Subsequently, if the fluorescence of the unprotonated form was monitored, there would be a
decrease in intensity until it approached zero. Thus, to monitor acid diffusion in this way either
the protonated or unprotonated forms can be monitored for changes in fluorescence. The

expected trends are outlined in Figure 1.4.

;o

If (sample)
I (reference)
1
protonated species
0.5
unprotonated species
>

time

Figure 1.4: Trends that would occur when monitoring the ratio of fluorescence intensity @)
of the imaged sample to the non-imaged (rcferénce) sample. Either the protonated or
unprotonated species of the imaged sample can be monitored in comparison to the reference.
The protonated species would eventually lead to a ratio approaching one, whereas the

unprotonated species would eventually lead to a ratio approaching zero.

16
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The second main approach to monitor acid diffusion is by directly observing the
vanishing of the lines using a fluorescence microscope, as will be discussed in Section 1.9.
Although, this method is only semi-quantitative, it works in conjunction with the first method

to pictorially describe the events of acid diffusion within the polymer system.

In addition to lateral diffusion, an acid can also escape the film by vertical diffusion.
For this reason acid loss experiments were also done. These experiments looked at the

diffusion between two stacked polymer films, as depicted in Figure 1.5.

 254nm

~ photomask

Spin-coated quatrz Irradiated Imaged Sample
“Disk #1”

5 B Spin-coated quatrz
S ¥ ‘Disk #2”(Unirradiated)
VERTICAL D ION
Irradiated Imaged Sample

Figure 1.5: Illustration depicting the set-up of a vertical diffusion or “pancake” experiment.

The overall objective of the above research is to set-up the initial parameters
(experiments) required to be able to obtain diffusion coefficients in photoresist samples.
Overall, this research aims to prove the validity of the proposed technique. This will be done
by testing various proposed dyes within polymer/PAG samples, testing the acid generating
abilities of the PAGs, generating photoimages with UV irradiation, and subsequently
monitoring the presence of the images. In future work, interpretation of diffusion data and

modeling will be necessary.

17
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1.6.2. The Use of Acid-Sensitive Probes to Quantify Photoacid

Production_in Thin Polymer Films

The second main objective of this research was to develop a method to quantify acid-

generation in thin polymer films. Although, this work will be fully introduced in Chapter 3
of this thesis, background is mentioned here. Up until now, there has not been an in situ
technique of quantifying acid production from irradiated resist samples. Previous techniques
have involved irradiating the samples in film and then dissolving the samples. Quantification
would then be conducted by solution methods. The method proposed in this research utilizes
the acid-sensitive probes characterized in this work to quantify the acid within the polymer
sample. We propose this technique is more favorable since a more accurate representation of

the acid quantification is achieved.

To conduct this research, suitable acid-sensitive probes must first be studied. These
experiments are similar to those conducted for purposes of acid diffusion. These dye studies
are reported in Chapter 2. Once the dyes have been studied for their acid-sensitive
properties, absorption spectroscopy will be used to quantify the amounts of acid produced.
This will be done by quantifying the changes in intensity at the wavelength of the protonated

form of dye. The results of the acid quantification studies will be reported in Chapter 3.

In order to understand the techniques used for the acid diffusion and acid-quantification

studies, some background information is required, as will be discussed in Sections 1.7-1.10.

18
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1.7. Interaction of Light

When a molecule absorbs a photon, the molecule is promoted to a mere energetic
excited state. Conversely, when a molecule emits a photon, the energy of the molecule
necessarily drops by an amount equal to the energy of a photon. When a molecule absorbs a
photon, the energy of the molecule is increased. It can be said that the molecule is promoted to

an excited state. If a molecule emits a photon, its energy is lowered. The lowest energy state

Second excited singlet
First z Excited triplet T
excited ; 2
singlet
ST

§ ISC

- Lowest triplet

=]

- 4] T
£ 2 g ‘
B [

2 = 8
€ |5
g.
A =
hv > \
hv
S, f v

Ground electronic state

Figure 1.6: Jablonski diagram showing the absorption of light (hv) and subsequent
unimolecular deactivation processes. Radiative pathways are fluorescence and

phosphorescence; nonradiative pathways are internal conversion (not shown), intersystem

crossing and vibrational relaxation.
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of a molecule is called the ground state. Absorption of light of an appropriate wavelength
involves the promotion of an electron to an excited singlet state which relaxes back down to the
ground state via radiative or nonradiative pathways. The unimolecular photophysical processes
that can occur to deactivate the excited state of a molecule are depicted by the simplified

Jablonski Diagram in Figure 1.6.

When a quantum of light impinges on a molecule, it is absorbed in about 10" sec, and
a transition to a higher electronic state takes place. This absorption of radiation is highly
specific, and radiation of a particular energy is absorbed only by a characteristic structure. The
electron is raised to an upper excited singlet (S,, S,, etc.) via ground-to-singlet state
transitions, which are responsible for the visible and ultraviolet absorption. Absorption

transitions usually originate in the lowest vibrational level of the ground state electronic state.

During the time the molecule can spend in the excited state (10" sec), some energy in
excess of the lowest vibrational energy level is rapidly dissipated The lowest vibrational level
of the excited singlet state is attained. If all the excess energy is not further dissipated by
collisions with other molecules, the electron returns to the ground electronic state, with the
emission of energy. This process can be termed fluorescence. Since some energy is lost in the
brief period before emission can occur, the emitted energy (fluorescence) is of longer

wavelength than the energy that was absorbed.

The process of phosphorescence involves an intersystem crossing, or transition,
usually from the excited singlet to the triplet state. A triplet state results when the spin of one
electron changes so that the spins are the same, or unpaired. The transition from the ground
state to the triplet excited state is a forbidden (highly improbable) transition. Internal
conversion from the singlet to the triplet (electron-spin reversal) is more probable, since the

energy of the lowest vibrational level T* is lower than that of S*. Molecules in T* can then
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return to the ground state directly, since a return via S* can resuit only by acquiring energy

from the environment (delayed fluorescence).

The processes of absorption and fluorescence are important with regards to the work
done in this thesis. These processes will be outlined and discussed in terms of the techniques

that were used.

1.8. The Use of Absorption Spectroscopy to Monitor Acid

Generation:

In this work, absorption spectroscopy was used to monitor the amounts of acid
generated upon UV irradiation. In order to understand the method, it is helpful to review the
fundamental background of the technique.

When light is absorbed by a sample, the radiant power of the beam of light is
decreased. Radiant power, P, refers to the energy per second per unit area of the light beam.

A schematic of a typical spectrophotometric set-up is illustrated in Figure 1.7.

. Wavelength .
Light Po P Light
Source ™ selector }—{ Sample | — ppm detector

(monochromator)
b
g

Figure 1.7: Schematic diagram of a spectrophotometric set-up.

Light is passed through a monochromator (a prism, grating, or even a filter) to select one
wavelength. Light of this wavelength, with radiant power P, strikes a sample of length b. The
radiant power of the beam emerging from the other side of the sample is P. Some of the light

may be absorbed by the sample soP<P,.

21



Chapter 1/Introduction

The transmittance, T, is defined as the fraction of the original light that passes through
the sample (T = (P/P)). Therefore, T has the range zero to one. The percent transmittance is
simply 100 x T and ranges from O to 100%. More usefully, the other quantity that can be
defined is absorbance or OD:

A=log 10(%) =-logT

When no light is absorbed, P = P, and A = 0. If 0% of the light is absorbed, 10% is
transmitted and P = P/10. This gives A = 1. If only 1% of the light is transmitted, A = 2.

Absorbance is important because it is directly proportional to the concentration of the

light-absorbing species in the sample by the Beer-Lambert law, or simple Beer’s law:
A = gbc

The absorbance, A, is dimensionless. The concentration of the sample, c, is usually given in
units of moles per liter (M). The pathlength, b, is commonly expressed in centimeters. The
quantity € (epsilon) is the molar absorptivity (or extinction coefficient) and has the units
M cm". This quantity is the characteristic of the sample that tells how much light is absorbed
at a particular wavelength. Basically, it is a coefficient of proportionality between absorbance
and the product bc. The larger the value of €, the greater is A. We will be using this
relationship to quantify the amounts of acid generated from different photoacid generators upon
irradiation with UV exposure. This can be done since the quantity of acid generated is a
function of the light intensity, how many photons are absorbed by the PAG and the
photochemical efficiency of the acid generation. To be able to quantify the amounts, we
propose to use acid-sensitive probes that exhibit shifts in their absorption spectra upon

protonation. In some cases this may involve a color change.
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The part of a molecule responsible for light absorption is called a chromophore. Any
substance that absorbs visible light will appear colored when white light is transmitted through
it or reflected from it. The substance absorbs certain wavelengths of the white light, and our
eyes detect the wavelengths that are not absorbed. The observed color is said to be the
complement of the color of light that it absorbs. A rough guide of the colors observed upon

absorption at different wavelengths is given in Table 1.2.

Wavelength of maximum Color Color
absorption (nm) absorbed observed
380-420 Violet Green-yellow
420-440 Violet-blue Yellow
440-470 Blue Orange
470-500 Blue-green Red
500-520 Green Purple
520-550 Yellow-green Violet
550-580 Yellow Violet-blue
580-620 Orange Blue
620-680 Red Blue-green
680-780 Purple Green

Table 1.2: Table of observed colors at specific wavelengths.

In part of this work, acid-sensitive probes will be used to monitor and quantify acid
generation in photoresist samples. The acid sensitivity of these probes results in a shift of the

absorption bands upon protonation. This results in a shift in color of the observed dye and
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subsequently a change in absorption spectra. Upon generating increasing amounts of acid the
dye becomes proportionally protonated and thus the amounts of generated acid can be
quantified. This will be discussed more in Chapter 3.

1.9. The Use of Fluorescence Spectroscopy to Monitor Acid

Diffusion:

Although absorption measurements account for the majority of analytical
spectrophotometric methods at present, luminescence measurements are being used for more
and more applications. Luminescence refers | to any emission of radiation, including
fluorescence (singlet — singlet emission) and phosphorescence (triplet — singlet emission) as
seen in Figure 1.6. Luminescence measurements are increasingly being used because they
are inherently more sensitive than absorption measurements. However, luminescence
measurements are not universally applicable because many molecules only produce weak or
negligible emission when they are irradiated and this is where the choice of fluorescent dyes

becomes difficult as will be discussed in Chapter 2.

Fluorescence is the aspect of luminescence that we will be using for purposes of this
work. Fluorescence is an important emission process in which atoms or molecules are excited
by the absorption of electromagnetic radiation. The excited species then relax to the ground
state, giving up their excess energy as photons. In general, molecular fluorescence or
phosphorescence is observed at a lower energy than that of the absorbed radiation (the

excitation energy).

The advantages of molecular emission (fluorescence and phosphorescence) are

excellent sensitivity, good specificity, and a large linear range of analysisS0. Fluorimetric
methods can detect concentrations of substances as low as one part in 10 billion, a sensitivity

1000 times greater than that of most spectrophotometric methods. This increased sensitivity is
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because in fluorescence the emitted radiation is measured directly and can be increased or
decreased by altering the intensity of the exciting radiant energy. With other
spectrophotometric methods the analogous quantity, absorbed radiation, is measured indirectly
as the difference between the incident and transmitted beams. This small decrease in the
intensity of a very large signal is measured with a correspondingly large loss in sensitivity.
Although the net fluorescence signal might be the same as in absorbance spectroscopy, the
emission can be amplified many times to give great sensitivity of analysis. Overall,

fluorescence measures emitted light, while absorption measures a change in light intensity,

therefore the sensitivity of fluorescence measurements is usually higher5!.

The specificity of fluorescence is the result of two main factors. The first factor is that
there are fewer fluorescent compounds than absorbing ones because all fluorescent compounds
must necessarily absorb radiation but not all compounds that absorb radiation emit. Only about
10% of all absorbing compounds will emit radiation via luminescence. The other factor, is that
in fluorescence analysis there are two variables (excitation and emission wavelengths), as
opposed to only one in the case of absorption, thus making fluorescence a better diagnostic
method. Furthermore, fluorescence has a linear range of about six orders of magnitude; that of
absorption, however, is only 2-3 orders of magnitude. This means in fluorescence the error
curve is almost flat, and measurements can be made over a larger linear range than for

absorption spectroscopy.

There are a few possible ways to study fluorescence properties. The most common is
the measurement of the emission intensity upon excitation with a monochromatic light. The
spectrum that one obtains in this way is called an emission spectrum. Emission spectra give
information about the characteristics of the excited states of a molecule as well as its interaction
with the solvent. Measuring the dependence of emission intensity while changing the

excitation wavelength produces the excitation spectrum. Excitation spectra should be identical
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to the absorption spectrum since both measure the So-S; transition. However, due to

instrumental artifacts they show some differences.

The basic equation defining the relationship of fluorescence to concentration is:

F = oI (1 - e<)

where @ is the quantum efficiency, I, is the incident radiant power, € is the molar absorptivity,
b is the path length of the cell, and ¢ is the molar concentration. The basic fluorescence
intensity-concentration equation indicates that these three major factors (other than
concentration) affect the fluorescence intensity. It is seen that the greater the value of @, the
greater will be the fluorescence. Furthermore, the more intense incident source (1) will yield
the greater fluorescence, however, a very intense source can cause photodecomposition. of the
sample. Mercury or xenon lamps are frequently used since they are of moderate intensity.
And finally, the higher the molar absorptivity of a compound (g), the better will be the
fluorescence intensity. Furthermore, all these factors are important when choosing the

fluorescent probes to conduct the experiments for purposes of this work.

In this work, we propose to use fluorescence spectroscopy due to its higher sensitivity,
to monitor the diffusion of acid in 1 tm imaged photoresist samples. Since the quantities of
acid that will be diffusing will be very small, a technique sensitive to detect the acid movement
is needed. Specifically, the use of fluorescence emission spectroscopy will allow us to monitor
the changes in fluorescence due to the diffusion of acid into the non-imaged areas of the
irradiated photoresist samples. This will be done with the use of fluorescent acid-sensitive

probes as will be discussed in Chapter 2.
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1.10. The Use of Fluorescence Microscopy to Monitor Image
Formation and Subsequent Acid Diffusion:

As a tool in microscopy, fluorescence provides a number of possibilities in addition to
absorption methods. Fluorescence probes can, for instance, be selectively excited and detected

in a complex mixture of molecular species. It is also possible to observe a very small number

of fluorescent molecules, in a small unit area of spaceS2. Furthermore, fluorescence

microscopy offers excellent temporal resolution, since events that occur slower than about 10%s

can be detected and measured with appropriate instrumentation32.

In this work, fluorescence microscopy was used fundamentally used to establish the
image quality obtained by irradiating a PAG sample through a photomask at 254 nm. In terms
of acid diffusion, fluorescence microscopy will be used to monitor acid diffusion as well. This
can be done by monitoring the diffusion of acid from imaged areas (regions of acid production
upon UV exposure through a patterned mask) to non-imaged or dark areas (regions that were
covered by the mask and thus no acid was produced). Specifically, fluorescence microscopy
will be used to view the actual movement (diffusion) of imaged area into the area that was dark.

This can be done by observing the broadening of the imaged band with time.

To be able to view such images, a method of distinguishing the imaged area from the
~ non-imaged is required. We propose that the use of acid-sensitive probes will facilitate the
ability to do such experiments. These probes will ideally show a fluorescence shift in the
presence of acid and thus will exhibit a different color of fluorescence when protonated. The
use of these dyes in a photoresist sample should, therefore, be able to detect the presence of
acid upon UV irradiation. And thus, the use of these acid-sensitive probes should enable the
distinction between the area of image and non-image, ideally resulting in a fluorescent
photopattern of the lined mask. And, thus, the diffusion of acid can be monitored by taking a

series of pictures to record the movement of the lines, resulting in an area of blurred lines.

27



Chapter L1/Introduction

1.11. Toxicology Component

As a requirement to qualify for a Specialization in Environmental Chemistry and
Toxicology, a toxicology component must be included with this thesis. In order fulfill such
requirements, Chapter 4 was written to outline the toxicological properties of some of the
components that are used to manufacture the photoresist compounds. Furthermore, the
toxicological properties of the dyes that are proposed to be used in this thesis, for purposes of

monitoring acid quantification and acid diffusion, will be reviewed.
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Chapter 2

The Use of Acid-Sensitive Probes to Monitor Acid Diffusion
in_Thin Polymer Films-Experimental and Results

2.0. Background:

This chapter is separated into three main sections. As discussed in the introduction, pH
sensitive dyes are proposed to be used for monitoring acid diffusion in polymer/PAG systems.
In order to do such diffusion analysis, a number of other experiments must first be conducted.
The chapter is separated by categories in terms of the dyes that were studied. These dyes
include; the aromatic monoazines (2-phenylpyridine, 2-phenylquinoline and acridine), the
xanthene dyes (thodamine B base and fluorescein), and some benzothiazole derivatives. The
three main objectives of this chapter consist of 1) choice of the appropriate sensors; 2)
observation of generated Images through fluorescence microscopy; and 3) to monitor diffusion
through fluorescence spectroscopy. With each set of dyes that were used, the experiments

vary to some degree and for this reason they have been separated.

2.1. Criteria for Choice of Acid-Sensitive Probes:

The proposed method of monitoring acid generation and diffusion in photoresist
compounds requires the use of an acid-sensitive probe that must incorporate a number of
different properties. These include increase in quantum yield or significant bathochromic shift
of fluorescence upon protonation, high fluorescence quantum yield, emission in the visible
range of the spectrum (A > 450 nm), thermal stability up to 120°C, good photostability, good
solubility in the solvents used, high extinction coefficient at A > 300 nm, high molecular

weight, and high sensitivity (high pKb value).
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To explain these parameters, the following can be stated. An ideal sensor should
increase in quantum yield and/or show significant change in spectral range of fluorescence
upon protonation. A large spectral shift upon protonation is required because it allows for
selective excitation of only the protonated form of the dye. Another ideal criterion is emission
in the visible range. Emission in the visible range allows the use of the fluorescence

microscope to directly study acid diffusion within the polymer film.

A high extinction coefficient at the excitation wavelength is needed to get a good signal-
to-noise ratio in the thin polymer film. This problem cannot be solved by just increasing the
sensor concentration since the acid consumption by the sensor cannot exceed a certain limit
without influencing the effectiveness of any subsequent chemical process (i.e. crosslinking).
Furthermore, solubility problems may come into play. For these reasons, a high extinction
coefficient at the excitation wavelength, i.e., in the region > 300 nm, is ideal. Another
criterion, is that the extinction coefficient at 254 nm should be small. This is required since the
polymer/PAG samples are irradiated at this wavelength or at 248 nm in industry. Thus, a

smaller extinction coefficient at 254 nm would minimize photodegradation.

An important criterion in choosing the ideal sensor is that it should have a high
molecular weight. This need stems from the fact that we are observing the mobility of
molecules within the polymer/PAG system. If the sensor, has a low molecular weight it would
likely move as well. Thus, the criterion for a high molecular weight compound, partly ensures
that diffusion of the sensor will be minimal or none. For similar reasons, the sensor should be

of moderate polarity to ensure its minimal diffusion.

While many molecules with pH dependent fluorescence properties are known, most of
these find applications in fluorimetric titrations or as probes for intracellular pH determinations,
i.e. they are used in aqueous media. For resist applications it is more important to develop

sensors that are soluble in organic solvents of moderate polarity and that are used in
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microelectronic applications!-2. For this reason, it is essential that these have relatively good
solubility in the solvents used for resist manufacture. Most commonly used solvents for
photoresist manufacture are ethyl cellosolve acetate, 2-methoxyethyl ether (or diglyme),
propylene glycol monomethylether acetate, and ethyl lactate. The two solvents used for the
purposes of this work are mainly diglyme and ethyl lactate. For this reason, the ideal sensor
must exhibit a moderate solubility (> 0.001 M) in these solvents. This criterion would exclude

highly polar or charged molecules.

Since the lithographic process involves a baking step, the ideal sensor should have
thermal stability in the polymer matrix up to 90°C. This is essential since the preparation of
these materials, requires the solvent to be evaporated once the film is spin coated onto the disk.
The ideal sensor should also be thermally stable up to 120°C and maybe even up to 150°C. The

stability up to 120°C and 150°C is ideal when doing temperature related diffusion studies.

For the purpose of this work, a number of fluorescent sensors were analyzed. In order
to choose ideal sensors and understand how such compounds work in polymer/PAG systems,
various compounds were tested for acid-sensitive capabilities. In doing this research, we first
started with a group of aromatic monoazines. These included acridine, 2-phenylquinoline and

2-phenylpyridine. A paper was written on this work by us, titled “Aromatic Monoazines as

Fluorescent sensors for Photoacid generation in Thin Polymer Films™3 in 1995. It soon
became evident that some of these dyes were not suitable for use with phenolic polymers,
which are widely used in microlithography. The fluorescence bands of 2-phenylpyridine and 2-
phenylquinoline overlap with the fluorescence of these polymers and thus are not suitable. A
number of other dyes proved to be more favorable in terms of the criteria factors discussed
above. The first set of dyes are xanthene dyes, which included fluorescein and rhodamine B
Base. Finally, another set of dyes which were analyzed, consisted of benzothiazole derivatives

and a few other similar dyes that were synthesized by Gerd Pohlers, a Post-Doc in our lab.
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These last set of dyes and the aromatic monoazines were used for actual diffusion monitoring
experiments by fluorescence spectroscopy. Only the benzothiazole derivatives (i.e. DSB,
DMBB, Coumarin-6) were used for diffusion studies by fluorescence microscopy analysis.
Furthermore, one of these benzothiazole dyes, DSB, was used for the vertical diffusion
experiment. Rhodamine B Base was also used for some vertical diffusion experiments.
Rhodamine B base, fluorescein, DSBS, DMBB, and Coumarin-6 were also used to quantify
acid generation in thin films, as discussed in Chapter 3. Other dyes are still in the testing

phase and have not been used for diffusion yet.
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2.1.1. Acridine, 2-Phenylquinoline and 2-Phenylpyridine

It has been known for a long time that aromatic monoazines such as acridine and
quinoline are essentially non-fluorescent in non-hydrogen bonding solvents, whereas the

protonated forms of these molecules were found to be highly fluorescent, at least in aqueous

solutions4-8.

These findings make this class of molecules an interesting candidate for potential acid
sensors. Thus, we employed 2-phenylpyridine (1), 2-phenylquinoline (2) and acridine (3) for

our study. The structures of these dyes are shown in Figure 2.1.

N= Ny
L U So®

Figure 2.1: The molecular structures of 1) 2-phenylpyridine, 2) 2-phenylquinoline, and 3)

acridine.

The phenyl derivatives provide a bathochromic spectral shift compared to the
unsubstituted molecules. The long wavelength emission characteristic of the sensor is required
to avoid overlap with the fluorescence of the phenolic polymers that are widely used in

microlithography. We preferred the 2-isomers over the 3- and 4-isomers since a recent study of

phenylpyridines by Testa er al.9 indicated that these provide the most desirable combination of
properties with respect to our application, i.e., both the highest absolute fluorescence quantum

yield and the most pronounced increase in fluorescence quantum yield upon protonation.
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The only other study that deals with the protonated forms of these substrates in non-

aqueous solution, is a seminal study done by Mataga*. For purposes of this thesis, we have
investigated the effect of acid on the absorption and fluorescence properties in diglyme

solution, employing both direct addition of p-toluenesulfonic acid and photoacid generation

using 1,2,3-tris(toluenesulfonyloxy)benzene,!® a PAG yielding p-toluenesulfonic acid.
Diglyme was the solvent of choice since it is a good coating solvent for the materials used. Ina
second step we extended our studies to thin polymer films using poly(methyl methacrylate)
(PMMA) as a model polymer. Although PMMA is not frequently used as a polymer in
photoresist formulations we preferred it over polymers like poly(p-hydroxystyrene) (PHS) or
novolac because it is both transparent and exhibits no background fluorescence in the spectral
region of interest, in the case of these dyes. These dyes are found to absorb close to the

absorption of PHS and thus PHS could not be utilized.

2.1.2. Xanthene Dves (Rhodamine B Base and Fluorescein

Two different xanthene dyes, rhodamine B base and fluorescein were utilized because
of their known properties of exhibiting a significant change in absorption characteristics upon
protonation. Rhodamine dyes are well known for their high fluorescence yield. Fluorescein

also has a high fluorescence quantum yield and high photostability.

Figure 2.2: Structures of 4) Fluorescein and 5) Rhodamine B Base.
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Both dyes are interesting because of these properties, when looking at film
applications. The structures of rhodamine B base and fluorescein are shown in Figure 2.2.

Furthermore, it is seen that fluorescein has various protolytic forms as shown in F igure 2.3.

p-quinoid

O COOH
anion HO O O\ o 0 O O\ 0

carboxylate phenolate

o-

CO
NG
dianion 0 O o) OH

Figure 2.3: Chemical structures of fluorescein.

Fluorescein in aqueous solution occurs in cationic, neutral, anionic and dianionic
forms!! making its absorption and fluorescence properties strongly pH dependent. It is seen

that there are various protolytic forms of fluorescein, as shown above!2. The cation and

dianion are expected to occur in only one chemical form. The neutral species can be obtained
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as a solid; as a colorless lactone, yellow zwitterion or red p-quinoid!3. In this work, the two

forms that were used were the yellow and red forms of fluorescein.

Rhodamine B Base and fluorescein dyes exist in a colorless lactone form in aprotic
solvents but undergo opening of the lactone ring upon protonation or in protic solvents. The

opening of the lactone ring can be observed in Figure 2.4.

Figure 2.4: Opening of the lactone forms of dye for 4) Fluorescein and 5) Rhodamine B

base upon protonation.

The absorption spectra of the cations of rhodamine B base and fluorescein are markedly
different from the lactone forms as will be seen in the results section. A large bathochromic
shift occurs upon protonation which makes these compounds ideal acid sensors for the
polymers used in microlithography. In this work, the effects of protonation on these dyes will

be studied in some of the polymers used in the photoresist industry. Both dyes were studied in
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PHS and PMMA to test the compatibility with the polymers. Furthermore, a vertical diffusion
experiment was conducted with thodamine B base due to its high extinction coefficient and

sensitivity to acid.

2.1.3. Benzothiazole Dyes
With the exception of DSB and Coumarin-6, all the dyes were synthesized and

characterized in solution in our lab. The first of these dyes is trans-2-[4-(dimethylamino)
styryl]benzothiazole (DSB) (Figure 2.5). Aithough, not too much is known about the
physical properties of this dye, the work conducted in this thesis and the solution work done in

this laboratory, helps understand its acid-base properties.

L,

/. ,CHs
CHg

Figure 2.5: Structure of the dye DSB.

This compound is likely to be the most successful candidate as a potential acid sensor
for the technique proposed in this work. The reasoning behind this is that the fluorescence of
this compound increases in quantum yield and/or has a significant change in spectral range of
fluorescence upon protonation. A large spectral shift upon protonation is required because it
| allows for selective excitation of only the protonated form of the dye. Unlike, any of the dyes
proposed before this, DSB was the only one that has a large spectral shift upon protonation.
DSB is a dye that has three prototopic species, neutral form, monocation and dication, as seen

in Figure 2.6.
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Figure 2.6: Three prototopic forms of DSB.

In solution, the protonated (or monocation) form of the dye has been found to absorb at 506
nm and 328 nm, whereas the neutral form has an absorption at 396 nm. Similarly, the
fluorescence of the neutral form has a band at 531 nm. In accordance with the absorption
spectra, fluorescence spectra of the protonated form occur at 413 nm and 590 nm.

Furthermore, formation of the dication occurs upon higher acid concentration.

An interesting aspect of DSB is that it has two basic centers, the heterocyclic nitrogen
and the terminal amino-nitrogen. In our lab, work is being done on the protonation of these
sites, and in what order these processes occur. Pohlers et al. have proposed that the two bands
that occur upon protonation are due to the two monocations, that have been found to have
similar pKa values. Furthermore, they have concluded that the red-shifted band arises from the

ring-protonated monocation, whereas the second band is due to the protonation of the amino

group.
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A similar compound that will be studied is Coumarin-6, a commonly employed laser
dye. This compound was also studied by Pohlers et al. as a comparison to the protonation of
DSB. Since this compound has a second electron acceptor, a carbonyl group that is connected
to the electron donor via a & - system, it would be expected to be favorably protonated at the
ring nitrogen. From their work, it was concluded that Coumarin-6 protonates exclusively at

the ring nitrogen. This dye as well as some other related dyes are shown in F igure 2.7 .

H3C
S N>
Swad )
N O  HsC

o
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Cr
OCH3 N
S \ Se / / CH3
\
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/_/—CH;;
CHj

I-DSB

Figure 2.7: Structures of DMBB, Coumarin-6, DSBS, and 1-DSB.

Other dyes that are similar to DSB and Coumarin-6 were also used. These included
DMBB, I-DSB, DSBS. In most of the cases these dyes were synthesized and studied in hopes
of improving the physical properties of the dyes, such that a more ideal dye would be obtained.
These all behave in a similar fashion, differing only in wavelength maxima. However, the new
dyes were made either to increase the molecular weight or improve the photostability,

fluorescence or other properties of the dye. Furthermore, the absorption and fluorescence
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properties of some other potential dyes were recorded in PHS films. These dyes included
HSB, MBB, TSB, and MSB. The structures of these compounds are in Figure 2.8.

S>_//—©‘OCH3 C[s/>_/_@ o
©:N/ N
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Figure 2.8: Structures of some benzothiazole derivative dyes.

In this work, photoacid generation was tested with DSB, 1-DSB, DSBS, DMBB and
Coumarin-6. However, diffusion work was manly done with DSB, modified DSB (1-DSB)
and some with Coumarin-6 and DMBB. Exploratory diffusion experiments were conducted by

the two proposed techniques of fluorescence spectroscopy and fluorescence microscopy.
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2.2. Experimental Section:

2.2.1. General Techniques Applicable to all Dves

2.2.1.1. Spin Coating of Polymer Films

Thin polymer films were spin coated at 3000 rpm (20 seconds) from 25% w/v diglyme
solutions, onto | inch quartz disks using an Integrated Technologies Inc. P-6000 spin coater.
Typical film thickness was ~1 um. The thicknesses were determined at Shipley Co. in
Marlboro, Massachusetts. An uncontaminated ovan was used to bake the samples upon spin-
coating. The samples were placed on an ﬂunﬁnﬁm plate within the oven to ensure consistent

heating.

2.2.1.2. Steady-State Irradiation

Most UV irradiation was performed at room temperature in a photoreactor equipped
with four RPR-254 nm lamps from the Southern New England Ultraviolet Co. However,
towards the end of this work, a HTG imaging unit equipped with a mercury arc lamp was
provided by Shipley Co. (Marlboro, Massachusetts). This unit is made by the Hybrid
Technology Group, Inc. Images were produced by placing a IBM chrome plated photomask

on top of the polymer film, within a iron quartz plate holder.

2.2.1.3. UV-Visible Spectra
Absorption spectra were recorded using a Varian Cary 1E spectrophotometer. All data
were converted into ASCII files and then plotted using Kaleidagraph software.

2.2.1.4. Fluorescence Spectroscopy

Fluorescence spectroscopy was carried out using a Perkin-Elmer LS-50 luminescence
spectrometer. To obtain the fluorescence spectra in thin polymer films a front face attachment
was employed. The excitation source was a Xenon discharge lamp which had an equivalent to

20 kW for an 8 us pulse duration. Pulse width at half-peak height was <10 pis. The detector
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was a gated photomultiplier. Excitation and emission slits were generally 5 nm. The scanning

speed was 240 nm/min.

Instrumental parameters were controlled by the Fluorescence Data Manager software.
The processor was an Epson PC AX2. The spectra collected were transferred as ASCII files to

a Macintosh computer, and Kaleidagraph 3.0 software was used to plot the data.

2.2.1.5. Fluorescence Microscopy
To observe the generated lines upon photoimaging the polymer samples, we used an

Zeiss Axiophot Fluorescence microscope equipped with epifiuorescence, that is located in the
Biology Department of University of Ottawa. Epi-illumination makes use of a vertical
illuminator allowing an illuminating light path according to the Koehler principle. The
microscope had three excitation filters in which red, blue, or green fluorescence could be

monitored. The filters consisted of FITC, Rhodamine and DAPI combinations.

The microscope had a built in camera so that pictures could be taken. In all cases,
Kodak or Black’s brand 200 ASA film was used to take color photographs. The timing of the
photographs could be controlled in automatic or manual mode. The exposure time usually
varied from 5 sec to 25 sec depending on the sample .The objective magnification was usually

20X or 40X.

2.2.2. Acridine, 2-Phenyquinoline and 2-Phenylpyridine

2.2.2.1. Materials

Diglyme (bis(2-methoxyethyl) ether, spectrophotometric grade), poly(methyl
methacrylate) (average M. W. 120,000), p-toluenesulfonic acid monohydrate (190.22 g/mol),
2-phenylpyridine, 2-(4-biphenylyl)-5-phenyl-1,3,4-oxadiazole and 1,1,4,4-tetraphenyl-1,3-
butadiene were purchased from Aldrich and used as received. Acridine (Aldrich) was
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recrystallized from hexane and ethanol followed by treatment with activated charcoal and then
sublimed. The 2-phenylquinoline (Aldrich) was first sublimed and then recrystallized several
times from methanol and 2-(1-naphthyl)-5-phenyloxazole (Fluka) was used without further
purification. The PAG 1,2,3-tris-(toluenesulfonyloxy)benzene (6) was prepared according to

literature procedures!0 and the structure is shown in Figure 2.9.

O3S-(p-CH3C6H,)
6 O3S-(p-CH3CgH,)

O3S-(p-CH3CgH,)

Figure 2.9: Structure of the PAG 1,2,3-tris-(toluenesulfonyloxy)benzene (6).

2.2.2.2. Experiments in Solution

Solutions of the three fluorescent sensors in diglyme were prepared to give an
absorbance of 0.1-0.2 at the excitation wavelength. From these solutions, two sets of samples
were made, one in which p-toluenesulfonic acid (0.05 M) was added directly and one with
PAG added (0.01 M). The latter set of samples was irradiated at 254 nm in a photoreactor for

various time intervals and fluorescence spectra were taken after each period of irradiation.

The fluorescence quantum yields of 1-3 in diglyme were measured relative to 2-(4-
biphenylyl)-5-phenyl-1,3,4-oxadiazole (PBD, ®; = 0.69)!4, 2-(1-naphthyl)-5-phenyloxazole
(e—NPO, &¢ = 0.78)!4, and 1,1,4,4-tetraphenyl-1,3-butadiene (®; = 0.52)!5 in cyclohexane,

respectively. These fluorescence quantum yields were measured by Gerd Pohlers. In these
experiments, the absorbance of all samples at the excitation wavelength did not exceed 0.1, and

the emission spectra were corrected for photomultiplier response between 380 and 650 nm. All
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