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The goal of this project is to create thin films to improve resolution for 3-color
lithography (3CL). Lithography is a technique that is used to pattern semiconductor
chips. The current methods used to manufacture chips use deep and extreme
ultraviolet light to create patterns on a photoresist. 3CL is an alternative that creates
patterns using easily-accessible visible light instead of dangerous radiation that
requires specialized and prohibitively expensive equipment. This work focuses on
improving the resolution of the 3CL technique by using thin negative tone acrylate
photoresist films.

Modern microelectronic devices require semiconductor chips that have
individual features less than 100 nm wide and patterns with features that pack closely
together. The industry is moving to shorter wavelengths because feature size is
directionally proportional to the wavelength of the light used. However, 3CL uses

visible light, which has larger wavelengths than the desired feature size. One way to



reduce the size of features is to shape and overlap the beams so that not all irradiated
areas result in fabricated features. Two beams are used to excite the photoinitiator in
the photoresist to initiate radical polymerization in the acrylate monomers. The third
beam is used to deactivate the photoinitiator, thus inhibiting polymerization before it
can occur.

Another requirement for semiconductor chip patterns is high resolution, or
closely packed features. To prevent unwanted polymerization between features in
3CL, and thereby increase resolution, initiation and deactivation should occur from
different photoinitiator excited states. Therefore, a 3CL photoinitiator should have a
long-lived chemically inactive excited state where either deactivation can relax it
back down to the ground state, or further excitation can bring it to the chemically
active excited state. We examine isopropylthioxanthone (ITX) and its excited states to
probe for 3CL behavior.

Deactivation limits the feature width, but the deactivated features in the bulk
material are taller than their width and collapse. Thin films are employed to correct
the aspect ratio and further improve resolution.

This project focuses on ITX’s performance as a 3CL photoinitiator, the
procedure to produce 40 nm thin films, and how polymerization and deactivation are

different in thin film samples compared to the micron-thick bulk samples.
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Chapter 1 : Background

1.1 Introduction

Microelectronics have become integral in our lives, in applications ranging
from communication and transportation to cutting edge medical devices and security
systems. Recently, the Biden-Harris administration has acknowledged what
professionals in the semiconductor industry have asserted for decades: supply is
unable to keep up with demand for semiconductor chips. The industry is quickly
reaching its technical limits, and the 2020 pandemic laid bare the uncomfortable
reality that localized supply-chain disruptions can quickly cause global economic
consequences. In addition to the supply-chain disruptions, semiconductor-chip
manufacturing in the United States has dropped from almost 40% of the global supply
in the 1990s to a projected less than 10% in 2030. Currently, 85% of semiconductor
fabrication occurs in Asia.! In September 2022, the President’s Council of Advisors
on Science and Technology recommended the 11 billion dollars appropriated via the
CHIPS and Science Act be directed into revitalizing semiconductor fabrication in
North America. They further recommend a focus on research and development, as
well as on education and workforce development, to reverse the decline in
manufacturing in the United States.

An early stage of the current semiconductor manufacturing process employs
extreme ultraviolet (EUV) lithography using the shortest possible wavelengths of
light to produce small features. As the wavelength decreases, the feature size also

decreases, meaning that a single chip can be smaller and more densely packed. The



industry is now using soft X-rays. These wavelengths are dangerous and destructive,
thus requiring expensive and specialized materials and optics. A single EUV tool
costs hundreds of millions of dollars. Unsurprisingly, only the largest and most well-
funded companies can compete in the semiconductor manufacturing industry. EUV is
only feasible for high-volume applications. This work focuses on developing
materials for an alternative optical lithography using visible wavelengths of light to
produce small features. Visible light is much easier and safer to use. These features
ease costs significantly and will enable small companies to participate once the

technique is established and scaled for production.

1.2 Multiphoton absorption polymerization (MAP)

EUV uses linear exposure to create features in a photoresist. In other words, a
single photon of light is needed to initiate a chemical reaction in the photoresist. With
linear exposure, all of the photoinitiators exposed to the light can become excited.
However, in MAP, 2 or more photons are required to excite a photoinitiator. For 2-
photon polymerization to occur, two photons must be absorbed by the photoinitiator
simultaneously. Only a small area at the focal region of an ultrafast beam has enough
intensity to deliver two simultaneous photons for excitation, and the remainder of the
molecules along the beam path are unaffected. This intensity dependance means that
the photochemical reaction initiated by the light is confined to the focus of the beam
and can be controlled in three dimensions by moving the focus of the beam with

respect to the photoresist, or vice versa.



1.3 Two-color lithography (2CL)

2CL builds on the intensity dependence of MAP, but adds a second beam to
reduce feature sizes further. Our work uses radical-initiated photopolymerization.
Polymerization happens when a photoinitiator is excited to a chemically active state,
breaking into radicals that initiate polymerization of the acrylate monomers. The
deactivation beam inhibits polymerization by promoting the photoinitiators into an
inactive state that does not produce radicals. Those photoinitiators then relax to the
ground state without initiating polymerization. This polymerization inhibition is
called deactivation. The deactivation beam can be shaped so that it has a dark spot in
the middle. When the two beams are overlapped, all photoinitiators are irradiated, but
only the molecules in the dark spot of the deactivation beam will produce radicals to
initiate polymerization. The photoinitiators in the bright area of the deactivation beam

are promoted to the inactive state before radicals can form.

1.4 Three-color lithography (3CL)

3CL builds further on 2CL by using three spatially overlapped beams instead
of two as shown in Figure 1.1. Two beams are combined to polymerize, and the third
beam deactivates. In this case, polymerization and deactivation happen from different
energy states of the photoinitiator. Separating these two processes results in less
unwanted polymerization buildup between features, because undeactivated
photoinitiators do not produce radicals. We found that isopropylthioxanthone (ITX)
can exhibit 3-color behavior because this molecule has a long-lived, chemically

inactive excited state. We separated the 2- and 4-1TX isomers, and found that 4-1TX



has a higher polymerization threshold compared to 2-ITX as shown in Table 1. Even
a trace of 2-1TX in the 4-ITX analytical standard significantly reduced the
polymerization threshold when using 445 nm, continuous wave (CW) excitation. This
surprising result led us to understand that the electronic environment of the
photoinitiator can cause significant differences in polymerization behavior. Once we
observed 3CL behavior in 4-1TX, we proceeded to make thin films to see if we could
further reduce feature sizes in this manner. Observations in thin films reaffirmed that
small changes in the material around the photoinitiator can have profound effects on

polymerization and deactivation behaviors by shifting the molecule’s energy states.

Chemically active state

Single photon AN A A
absorption 3CL
polymerization

Multiphoton
absorption
polymerization

y N M| Two-color
lithography

e Chemically
inactive

excited state

! A 4

Ground state

Figure 1.1 Simplified schematic of 3CL.



Table 1.1 Polymerizaion thresholds

One and Two Beam Polymerization
Sample in SR444 | 800nm | 445 nm CW | 800 nm + 445
ML (mW) nm CW (mW)
(mW)

2 — ITX analytical 7.6 2.96 6
standard 1.5 wt%
4 — ITX analytical 9.6 3.50 6
standard 1.5 wt%
4 —ITX prep-TLC | 10.3 12.6 6.14

1.5 wt%

1.5 Parts of the document

This thesis is a collection of papers on our work with ITX using 3CL. Many
experiments were performed using a microscope, as described in Chapter 2. Chapter 3
discusses a novel method of measuring nonlinearity of candidate photoinitiators.
Chapter 4 examines ITX in detail. Chapter 5 discusses the synthesis and
characterization of the ITX thin films. Chapter 6 reviews some of the effects we

observed in thin films that may not be seen in thick films.



Chapter 2 : Experimental setup
2.1 Optical Setup

Polymerization is performed on a Zeiss Axiovert 100 microscope with a
tunable Ti:sapphire oscillator from Coherent, Mira 900-F. The laser can be tuned
between 700 and 900 nm and has a pulse duration of 150 fs and a repetition rate of 76
MHz. The beam is collimated and spatially filtered with lenses and pinholes. The
power is controlled with a polarizer and a half-wave plate. A small percentage of the
beam is reflected by a plain glass coverslip into a photodiode to observe the power
carefully using a lock-in amplifier. The beam is positioned precisely with
galvanometric scanning mirrors and reflected into the microscope using dichroic
mirrors. The beam is expanded to 8 mm to fill the back aperture of a 1.45 NA, 100x%,
oil-immersion, Zeiss a Plan-Fluar objective. The objective tightly focuses the beam
into a mounted photoresist sample. The photoresist sample is moved using a
translation stage (Ludl) for coarse positioning. For fine positioning, a 3-axis
piezoelectric stage (Physik Instrumente) with a 250 pm range in three dimensions,
and with sub-nanometer resolution, is attached to the Ludl stage. The focus of the
beam with respect to the photoresist sample can be moved by changing the scanning
mirrors in the x and y directions. The beam is focused on the sample in the z direction
by moving the objective towards or away from the sample and or by adjusting the
piezo stage.

Polymerization changes the refractive index of the photoresist. Therefore,
polymerization can be observed directly using a CCD camera attached to the

microscope. Before polymerization, the refractive index of the photoresist closely
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matches the refractive indices of the glass coverslip and the immersion oil. As the
monomers polymerize, the refractive index increases and the polymerized features
appear as dark lines through the CCD camera. Polymerization inhibition experiments
use two beams, one for initiation, as described above, and another for deactivation. A
second Coherent Mira 900-F tunable Ti:sapphire oscillator is used for deactivation.
The beam is similarly collimated, the power is controlled with a polarizer and a half-
wave plate and a photodiode is used to observe the power. An additional half-wave
plate is used so that the polarization of the second beam is orthogonal to that of the
first laser beam, and the two beams are combined by a beam cube before entering the
microscope.

A radial-polarization converter from ARCoptix is used to convert the linearly
polarized beam into a beam that has a continuous radial polarization distribution. This
polarization converter is used to shape the deactivation beam into a donut-shaped
focal point that can be focused through the objective. The shaped deactivation beam
selectively deactivates molecules and decreases the size of the polymerized feature.
To take full advantage of the radially-polarized deactivation beam, the two beams
must be well overlapped in all three dimensions. The beams are aligned in a
photoresist sample with both beams mode-locked (ML). Polymerization is observed
in the CCD camera and the power of both beams is adjusted to just below the
polymerization threshold. The scanning mirrors are changed to move the first beam in
the x and y directions until the first beam overlaps the second, and polymerization is

observed. The overlap in the z direction is adjusted as described in Appendix I.
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Figure 2.1 Simplified schematic of the polymerization and deactivation beams.

Deactivation beam
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Excitation beam
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2.2 Preparation of thick-film samples

Most samples used for this work are solutions of photoinitiators in a mixture
of multi-acrylate monomers. Although the goal of this project is to use thin films,
many threshold and other preliminary experiments were performed in thick films.
This section will describe how thick films are made, whereas Chapter 5 discusses thin

films.

2.21 Substrates

For thick-film samples, polymerization occurs on an acrylated glass coverslip.
The glass coverslips are acrylated to promote polymer adhesion to the substrate, such
that features can be characterized after unpolymerized monomer is developed away.
The coverslips are first cleaned and de-greased. The substrates are sonicated for 3
minutes each time in deionized water to remove dust, then in acetone to remove most
organic impurities, then again in water, as acetone can dry too fast and leave a residue
behind. After drying in a 100 °C oven for 1 h, the substrates are cleaned in Oz plasma

8



at 250 mTorr for 3 min, exposing silanol groups to increase reactivity for the
acrylation. The coverslips soak in a 2% solution of acrylate in ethanol and 10% water
overnight. The coverslips are then rinsed in ethanol for 1 h, and left to dry at room

temperature.

2.22 Photoresist

The monomer mixture is made first. If one of the acrylate monomers is a solid
at room temperature, the solid monomer is weighed out into a 20 mL vial and mixed
in a FlackTek SpeedMixer ™ model DAC 330-100 L for 5 min at 1700 RPM and
then heated in a 100 °C oven for 5 min. Mixing in this mixer minimizes the need to
heat the monomers. The sample is mixed and heated again until the waxy monomer
becomes liquid and translucent. Once the solid monomer is liquified, the other
monomers are weighed directly into the vial and mixed. Once the monomers are
codissolved, the photoinitiator is weighed out in a separate vial and the monomer
mixture is added. The sample is mixed and heated again until the photoinitiator is
completely dissolved. The solution is then filtered through a nylon syringe filter with

a 0.45 micron pore size.

2.23 Microscope samples

If the sample is to be used as a thick film, a drop of photoresist is placed
between coverslips to be mounted into the microscope. A microscope slide is cut to
size, and a coverslip is taped onto the slide. The thickness of the adhesive tape
dictates the thickness of the film. The tape is placed carefully to avoid air bubbles

under the tape, as such imperfections tilt the substrate on which polymerization

9



occurs. The photoresist is applied with a wooden stick. The stick is inserted into the
material deep enough to get a drop of material, but not so deep that the stick comes in
contact with the bottom of the vial, to reduce the risk of picking up polymerized or
crystalized precipitates. The small amount of material is slowly rolled on the
coverslip with the wooden stick to avoid creating bubbles in the material. An
acrylated coverslip is marked and gently lowered on top of the drop of material. The
acrylated coverslip is taped into position with minimal pressure, as too much pressure

can also create bubbles in the material when the coverslip springs back up.
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Chapter 3 : In situ measurement of the effective nonlinear
absorption order in multiphoton photoresists

Based on a paper by Zuleykhan Tomova, Nikolaos Liaros, Sandra A. Gutierrez Razo,
Steven M. Wolf, and John T. Fourkas. John Fourkas conceived of the method and
directed the project. Measurements were performed by Zulya Tomova and Nikos
Liaros. I made the samples and confirmed the 2-BIT measurements. Steven Wolf
collected absorption spectra.

This chapter discusses a method developed for the simple measurement of the
nonlinear absorption of photoinitiators in photoresist. This method quickly became an
invaluable tool in our laboratory for assessing monomers and photoinitiators, not only
in the formulation of a favorable photoresist, but also yielding many surprising results
that guided our research. Knowledge of the order of the effective nonlinear absorption
in multiphoton photoresists is a key element in the development of improved
materials for multiphoton absorption polymerization (MAP). The direct measurement
of this nonlinearity has proven challenging. A new technique, called 2-beam initiation
threshold (2-BIT) spectroscopy is presented. This technique allows for the
unambiguous, in situ measurement of the order of the effective nonlinear absorption
using a simple optical arrangement that can be employed with virtually any MAP
setup. This technique is benchmarked using three common commercial
photoinitiators that have been used previously in MAP, and one common dye that acts
as a photoinitiator. The linear absorption spectrum is demonstrated to be a poor
predictor of the effective order of nonlinear absorption at a given wavelength.

Surprisingly, for two of these initiators, the effective nonlinear absorption process is

11



dominated by 3-photon absorption in the 800 nm wavelength range, suggesting that
2-BIT is a valuable means of identifying initiators that can improve the resolution of

MAP.

3.1 Introduction

Since multiphoton absorption polymerization (MAP) was first demonstrated
in 1997,2 the use of this technique in the microfabrication of 3D structures has grown
exponentially.>® In MAP, multiphoton absorption is used to expose a negative-tone
photoresist exclusively within the focal volume of an ultrafast laser beam that is
focused through a high-numerical-aperture objective. By moving the focal point
relative to the photoresist, highly complex structures can be created, with feature sizes
down to the sub-100-nm range.

The ever-increasing applications of MAP have driven the sustained
development of new materials for this technology. One focus has been on the creation
of photoinitiators that have improved multiphoton absorption cross sections
(MACS’). However, the measurement of MACS to states that undergo irreversible
photochemistry is challenging. Early attempts worked under the assumption that the
MACS for fluorescence mirrors that for photochemistry.® Although this assumption is
often reasonable, there is no guarantee that it is correct in any given system. Even if
the excitation of fluorescence is a 2-photon process at a given wavelength, initiation
of photochemistry need not be, as has been demonstrated recently for 7-diethylamino-
3-thenoylcoumarin.” More generally, at a given wavelength, the order of the effective
nonlinear optical absorption for MAP, i.e. the nonlinear absorption that leads to

polymerization, need not match the dominant order of nonlinear absorption at the
12



same wavelength as measured with techniques such as Z-scan.!? It is therefore
essential to know the effective order of nonlinear absorption if one wishes to
determine the MACS at the correct order.

With this problem in mind, a number of recent studies have focused on
determining the effective order of the nonlinear absorption of photoinitiators in situ
by measuring photopolymerization. In one commonly used technique, the feature size
is measured as a function of fabrication velocity for a range of different average laser
powers.>!! However, Fischer et al. pointed out that this method cannot
unambiguously determine the order of nonlinear absorption in a photoresist,'? and
developed an alternative technique in which the exposure threshold is measured as a
function of pulse energy at different pulse repetition rates.!? Their method can
provide detailed information on the processes that contribute to MAP at different
pulse intensities. The same group also introduced a technique in which the effective
order of nonlinear absorption is determined by measuring the polymerization
threshold at a fixed repetition rate but different exposure times.!* However, both of
these techniques require fast, nonmechanical shutters and high power (multiwatt)
oscillators, which are not available in many laboratories in which MAP is performed.

Here, we introduce a simple and complementary method for determining the
effective order of nonlinear absorption processes in photoresists. 2-BIT can be
implemented with the addition of a few simple optics, can be performed with a single,
low-power ultrafast oscillator, and allows for the determination of the order of the
effective nonlinear absorption using only a single repetition rate. 2-BIT is therefore

amenable to use in virtually any laboratory that performs MAP.
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3.2 Theory

In MAP, multiphoton excitation of a photoinitiator leads to local crosslinking
of a negative-tone photoresist. Photoresists have highly nonlinear exposure curves,
and become insoluble above a threshold exposure dose. In principle, this threshold is
reached when a specific density of photoinitiators has been excited. However, the use
of ultrafast pulses in MAP brings other time scales into play. On the one hand,
ultrafast pulses are typically much shorter than the time scales on which
photoinitiators undergo photochemistry.!* On the other hand, due to the small size of
the region irradiated at any given time in MAP, the diffusion of heat or species such
as radicals or quenchers can play an important role in determining the threshold
exposure. Diffusive effects leading to termination become important when, due either
to a low pulse intensity or a low repetition rate, the exposure time at a given spot is
relatively long.!* Because of these effects and others, it is often desirable to be able to
determine the order of the effective nonlinear absorption of a photoresist at a fixed
repetition rate.

If the exposure conditions are comfortably between these two extremes, then
overcoming the exposure threshold can safely be equated with generating a specific
density of photoinitiators that have been excited at some time in the exposure
window. This condition is generally met at a typical oscillator repetition rate at a
reasonable fabrication velocity (e.g., tens to hundreds of um/s). It is essential that the
repetition time be much longer than the excited state lifetime of the photoinitiator, to
prevent any effects of excited-state absorption. Typical radical photoinitiators
generate radicals on a 100-ps time scale,'* which is 2 orders of magnitude faster than
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a typical repetition time. The radicals that are formed do not absorb the laser light,
and so are unaffected by subsequent pulses. It is also important that the repetition
period is much shorter than the termination time scale, so that the effects of the laser
pulses are cumulative. In a typical photoresist, termination becomes important on
time scales of 100 us or more,'* which is much longer than the typical dwell time on a
given spot. If a fixed duration for the exposure window (#v) and a fixed repetition rate
for the ultrafast pulses (Vpuise) are chosen, then the minimum average power for which
crosslinking is observed can be defined as Pu(fw,Vpulse)-

Consider the case in which exposure occurs via two independent trains of
pulses that are identical in wavelength, duration, and repetition rate, but not in
intensity. For simplicity, assume that these pulse trains are timed such that pulses
arrive at the sample at repetition rate 2vpuise. SO long as vpuise and 2vpuise are (1) small
enough that there is plenty of time for excited photoinitiators to undergo chemistry
between pulses and (2) large enough that diffusive effects are unimportant between
pulses, the exposure threshold will be reached when

P} + P} =Pp. 1
Here, the subscript denotes the pulse train and # denotes the number of photons
involved in the transition to the excited state that is the gateway to crosslinking. This

equation can be recast in terms of normalized powers P; = P;/Py, as

_ n, _ 3.2)

Thus, by measuring the value of P, required to reach the threshold exposure for
different values of P4, n can be determined directly. In practice, the power of each

beam is normalized to the threshold power for polymerization using that beam, to
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correct for any minor differences in properties such as beam size, pulse length, or

focal volume.

3.3 Experimental section

3.31 Optical setup

A tunable, femtosecond Ti:sapphire oscillator (Coherent Mira 900-F) was
used as the excitation source. The repetition rate of the laser was 76 MHz, and the
pulse duration was approximately 150 fs. The beam was spatially filtered and then
split into two roughly equal parts. Each beam was passed through a separate variable
beam expander to allow for adjustment of the beam size at the back aperture of the
microscope objective.

The average power of each beam was adjusted using a motorized half-wave
plate and a Glan—Taylor polarizer. To increase the accuracy of the laser power
measurement, a small portion of each beam was reflected using a 95:5 beam splitter
and then passed through neutral-density filters to lower its intensity. The beam was
chopped, and its power was measured using a calibrated Si photodiode, the output of
which was sent to a lock-in amplifier.

The two beams were combined through a polarizing beam cube and made
collinear. The lengths of the two beam paths were adjusted so that consecutive pulses
arrived at the sample with roughly equally spaced timings, giving an effective
repetition rate of 152 MHz. The timing between the pulse trains was adjusted using a
fast photodiode and an oscilloscope, which is sufficiently precise for performing 2-
BIT experiments. The beams were sent through the reflected-light illumination port of

an inverted microscope and were focused through a 100x, 1.45 NA oil-immersion
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objective, the back aperture of which was overfilled. Samples were mounted on a 3-
axis piezoelectric stage for fine sample positioning in all dimensions. The piezo stage
was attached to a motor-driven stage for coarse sample positioning. The movement of
the sample stage was controlled using LabVIEW programs, and fabrication was
followed in real time using a CCD camera and a monitor. To ensure that the two
focused beams had identical focal volumes that were completely overlapped at the
sample, gold nanoparticles were deposited on a cover slip and multiphoton absorption
induced luminescence' was used to determine the position and shape of the point-
spread function of each beam. Special attention was paid to ensure that the two beams
had exactly the same diameter and divergence at the entrance pupil of the microscope
objective, such that beams of the same average power would also have the same on-
axis intensity. However, we note that due to the normalization of the power

thresholds, 2-BIT measurements are tolerant to modest misalignments of the beams.

3.32 Sample preparation

The photoresist samples studied were created by adding 0.1-2.0 wt%
photoinitiator to a base resist composed of 45 wt% tris (2-hydroxy ethyl) isocyanurate
triacrylate and 55 wt% dipentaerythritol pentaacrylate. The photoinitiators examined
are shown in Figure 3.1, and included Lucirin TPO-L, Irgacure 369, Irgacure 651, and
crystal violet lactone. All samples were blended at 2500 rpm for 5 min using a vortex
mixer. After mixing, a drop of the photoresist was placed on a functionalized, #1
glass coverslip. The functionalized coverslips were prepared by exposure to oxygen

plasma for about 4 min, immersion in a solution of 93 vol% ethanol, 5 vol% distilled
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water and 2 wt% (3-acryloxypropyl) trimethoxysilane (Gelest) for 14 h, rinsing in

ethanol for 1 h, and drying at 95 °C for 1 h.
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Figure 3.1 Photoinitiators studied in this chapter.

3.33 2-BIT measurements

The first step in a 2-BIT measurement is determination of the polymerization
threshold powers of each laser beam independently. These thresholds were measured
by creating sets of lines at a constant distance above the coverslip surface at a stage
velocity of 20 um/s. The minimum average power at which fabricated lines were
observed was then determined visually on the monitor. This is a well established,
robust, and reliable method of determining the threshold for MAP®!6 that we employ
here due to its ease of use, but 2-BIT can be used in concert with any method of
measuring the threshold exposure. Although the threshold exposure measured may
differ for different optical systems, the normalization procedure described above

corrects for any such differences. The power of the first laser beam was then lowered
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to a set of fixed values below the threshold. For each of the fixed values of P, the
corresponding minimum value of the power of the second beam, P>, for which
polymerization was observed at the same stage velocity was determined. The values
of P1 were chosen so that a representative range of values of P> was measured, such
that the plot of P, vs. P4 could be fit reliably. At least five measurements were made

for each value of P; so that reproducibility could be quantified.

3.4 Results and discussion

Lucirin TPO-L and Irgacure 369 are two commercial photoinitiators that are
known to be effective materials for MAP.!®!7 Shown in Figure 3.2 are 2-BIT data for
photoresists containing Lucirin TPO-L (panel A) and Irgacure 369 (panel B). In each
case the laser was tuned to a center wavelength of 800 nm. The best-fit exponential n
was determined in each case by nonlinear least-squares fitting of the 2-BIT data to
Equation 3.1

Although the absorption spectrum of the initiators may be slightly different in
the photoresist, spectra obtained in methanol give a semiquantitative measure of the
positions of the absorption bands. Lucirin TPO-L has modest absorption at 400 nm,
and strong absorption at 267 nm (Figure 3.2A, inset). The single-beam threshold
power for this initiator was 5.9 £ 0.2 mW, and the best-fit exponent to the 2-BIT data
is 2.0 = 0.1 mW. Despite the strong linear absorption at the effective 3-photon
wavelength, this material acts quadratically at 800 nm, as has been suggested
previously.!®!® Irgacure 369 has a weak absorption tail at 400 nm and considerably
stronger absorption at 267 nm (Figure 3.2B inset). The single-beam threshold power

for this initiator was 6.6 = 0.4 mW, and the best fit 2-BIT exponent for this material is
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2.0 £0.2 mW at 800 nm. It is evident from the 2-BIT data that the effective
nonlinearity in this material is primarily a 2-photon absorption at 800 nm, in
agreement with previous measurements.®!>!° Thus, as expected, both materials form
radicals via 2-photon absorption at 800 nm. It is difficult to predict the nonlinearity in
these materials from the absorption spectrum alone, due to the different orders of
nonlinearity for 2- and 3-photon absorption in conjunction with the potential

influence of selection rules in multiphoton transitions.
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Figure 3.2 2-BIT data for photoresists containing (A) 1.0 wt% Lucirin TPO-L and (B) 0.1 wt%
Irgacure 369. The red curves are the best fits to Equation 3.2. The blue curves are the result that would
be expected for 3-photon absorption as a reference. The insets show the absorption spectra of these
photoinitiators in methanol, with the effective wavelengths for 2-photon and 3-photon absorption
indicated as red and blue lines, respectively. The error bars in this and the ensuing figure are based on
standard deviations from multiple measurements.

Irgacure 651 is another commercial photoinitiator that has also been used for
MAP.? The 2-BIT data for this initiator are shown in Figure 3.2A for excitation at a
center wavelength of 830 nm. As can be seen from the inset, this material has weak
absorption at 415 nm and stronger absorption at 277 nm. The single-beam threshold
power for this initiator was 17.6 = 0.9 mW, and the best fit exponent for the 2-BIT

data is 3.1 = 0.1 mW, indicating that polymerization is a 3-photon process for this
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initiator at this wavelength. This result again underscores the fact that the order of the
effective nonlinear absorption cannot be determined readily from the linear
absorption spectrum alone. It is possible, for instance, that there is significant 2-
photon absorption to the origin of the lowest singlet excited state in this molecule, but
that this state does not generate radicals. Additional measurements (data not shown)
indicate that at shorter wavelengths, this initiator does transition to initiating via 2-
photon absorption. Crystal violet lactone is not typically used as a photoinitiator, but
is one of many common dyes'* that can produce radicals, and therefore act as a
photoinitiator, under multiphoton excitation. The 2-BIT data for a photoresist
containing this material for 800 nm excitation are shown in Figure 3B. As can be seen
from the absorption spectrum in the inset of Figure 3B, this material has weak
absorption at 400 nm and strong absorption at 267 nm. In this case, the single-beam
threshold power was 5.2 £ 0.4 mW. The 2-BIT data are best fit with an exponent of
3.0 £0.1 mW, indicating that the dominant effective nonlinear absorption is 3-photon

at 800 nm.
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Figure 3.3 2-BIT data for photoresists containing (A) 1.0 wt% Irgacure 651 and (B) 2% crystal violet
lactone. The blue curves are the best fits to Equation 3.2. The red curves are the results that would be
expected for 2-photon absorption as a reference. The insets have the same meaning as in Figure 3.2.

It is clear from our results that one cannot predict the order of the effective nonlinear
absorption required for photoinitiation directly from a linear or nonlinear absorption
spectrum. Even when the 2-photon absorption spectrum has been measured using
another technique, such as fluorescence, it may not match the polymerization action
spectrum. Furthermore, MAP photoinitiators that have been assumed to operate via 2-
photon absorption near 800 nm may actually operate via 3-photon absorption.
Identification of such photoinitiators may make it possible to improve the resolution

of MAP.

3.5 Conclusions

2-BIT is a simple and effective method for the in situ measurement of the order of the
effective nonlinear absorption in multiphoton photoresists, and as such can be an
important element of the development of new materials that extend the capabilities of

MAP. 2-BIT relies on the use of a single oscillator of fixed repetition rate, and so can
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be set up easily in virtually any laboratory in which MAP is performed. This
technique can be used with any type of MAP photoresist, and can be implemented
with any of a wide range of means for determining the initiation threshold of a
photoresist, including monitoring of lines or voxels during fabrication using optical or
spectroscopic methods, or postfabrication using methods such as optical, electron,
and atomic force microscopy. 2-BIT allows the order of the effective nonlinear
absorption of a photoresist to be determined without having to use devices for rapid
beam modulation, and measurements can be performed at any desired repetition rate.
Variations of this technique can be used to make in situ measurements of the order of
the effective optical nonlinearity (and therefore the multiphoton action cross section,
as opposed to the multiphoton absorption cross section) not just in photoresists, but in
any sort of system in which nonlinear absorption causes a property to reach a
measurable threshold. With knowledge of the other relevant parameters, it will further
be possible to use 2-BIT data to convert the multiphoton action cross section into a
multiphoton absorption cross section. 2-BIT therefore promises to be a powerful
means of elucidating the photochemical and photophysical details of complex
multiphoton processes through, for instance, comparison with nonlinear absorption

data.
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Chapter 4 : Elucidating complex triplet-state dynamics in the
model system isopropylthioxanthone

Based on the paper by Nikolaos Liaros, Sandra A. Gutierrez Razo, Matthew D.
Thum, Hannah M. Ogden, Andrea N. Zeppuhar, Steven Wolf, Tommaso Baldacchini,
Matthew J. Kelley, John S. Petersen, Daniel E. Falvey, Amy S. Mullin, and John T.
Fourkas. N.L. and J.T.F. conceived the project. N.L. implemented and performed the
2-BA and multiphoton luminescence deactivation experiments and analyzed the data.
I prepared the samples for these measurements. N.L and I performed the multiphoton
absorption polymerization experiments and characterized their results using SEM
measurements. J.T.F. supervised this portion of the research. H.M.O. performed the
in-situ monitoring of exposure and deactivation experiments; A.S.M. supervised this
portion of the research. M.D.T., A.N.Z., and S.W. performed the microsecond
transient spectroscopy and DFT calculations; D.E.F. supervised this portion of the
research. T.M. and M.J.K. performed the ultrafast transient spectroscopy
measurements. J.T.F. performed the kinetic modeling. J.S.P. provided expertise and
feedback. N. L. and J.T.F. drafted the manuscript. All authors discussed the results

and edited the manuscript. J.T.F. supervised the project.

4.1 Abstract

We introduce techniques for probing the dynamics of triplet states.We employ
these tools, along with conventional techniques, to develop a detailed understanding
of a complex chemical system: a negative-tone, radical photoresist for multiphoton

absorption polymerization in which isopropylthioxanthone (ITX) is the photoinitiator.
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This work reveals that the same color of light used for the 2-photon excitation of ITX,
leading to population of the triplet manifold through intersystem crossing, also
depletes this triplet population via linear absorption followed by reverse intersystem
crossing (RISC). Using spectroscopic tools and kinetic modeling, we identify the
reactive triplet state and a non-reactive reservoir triplet state. We present compelling
evidence that the deactivation channel involves RISC from an excited triplet state to a
highly vibrationally excited level of the electronic ground state. The work described
here offers the enticing possibility of understanding, and ultimately controlling, the

photochemistry and photophysics of a broad range of triplet processes.

4.2 Introduction

The vast majority of stable molecules have singlet ground states.?! When such
a molecule absorbs light, one electron is promoted to a higher, unoccupied orbital.
Because electronic transitions between states of different multiplicities are formally
forbidden, the excited electronic state in such a transition generally must also be a
singlet.”> However, spin mixing due to weak spin-orbit coupling or hyperfine
interactions can lead to a subsequent transition from the singlet to an optically “dark”
triplet state, in a process known as intersystem crossing (ISC). Because electronic
wave functions must be antisymmetric, the unpaired electrons in a triplet state cannot
be in the same place at the same time. Thus, the triplet state for a given electronic
configuration virtually always has a lower energy than the corresponding singlet
excited state. The energy gap between the corresponding singlet and triplet states is
usually well above thermal energy at room temperature. Thermally activated reverse

intersystem crossing (RISC) from the lowest triplet state to the first excited singlet
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state has a low statistical probability when the energy gap is of this magnitude. The
lowest triplet state can instead relax through processes such as phosphorescence
(which also involves a spin flip, and therefore has an intrinsic lifetime that is
considerably longer than that for a typical fluorescence transition), RISC to a
vibrationally excited level of the ground singlet state, and collisional energy transfer.
Alternatively, the triplet may undergo a chemical reaction. There is a growing
recognition that the ability to control triplet dynamics could lead to substantial
advances in many photochemical and photophysical applications. For instance,
trapping of population in dark triplet states reduces the fluorescence quantum yield of
molecules and materials, which is a major issue in applications such as the
development of efficient organic light-emitting diodes®* and luminescent carbon
nanotubes.?* Because of their metastable nature, triplet states can also be used to store
energy; this capability plays an important role in applications such as the frequency
upconversion of low-intensity light>> and superresolved optical imaging.? Triplet
states can also be harnessed for their chemical reactivity, as in photosensitization?’
and photopolymerization.?%%°

Controlling triplet-state dynamics is a challenging problem. Any scheme for
control must balance the influence of unimolecular phenomena that include ISC and
RISC,*® heavy-atom effects,?! phosphorescence,? triplet absorption,** thermally
activated delayed fluorescence,** and even coupling to photonic states in a cavity.>®
Bimolecular processes, such as triplet quenching,® triplet-triplet annihilation,*” and
singlet fission into two triplets,*® can also influence triplet dynamics. Developing a

holistic understanding that encompasses such phenomena requires not only
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knowledge of the energies of both the singlet and triplet states of molecules, but also
of the couplings among these states.

Laser spectroscopy has been a crucial tool for probing the rich photochemistry
and photophysics of triplet states, and has provided a platform for fundamental
studies on molecular electronic structure,*® molecular reactions,*’ and the dynamics of
electronic transitions.*! Despite considerable progress, the study of complex triplet-
state dynamics remains challenging, and triplet electronic and spin properties are
areas of intense research. Many triplet-associated phenomena are “dark,” and as such,
probing the nature of these processes often requires the use of multiple experimental
techniques.** Furthermore, the growing interest in multiphoton methods and
applications in complex environments requires triplet probing methods that extend
beyond the classical tool kit of phosphorescence, transient absorption, and electron
paramagnetic resonance.

Spectroscopic tools that can probe triplet electronic transitions and dynamics
in complex systems are critical for advancing the ability to control triplet states. Here,
we introduce several such techniques, which we use in combination with existing
methods to elucidate the rich triplet dynamics of a molecular system. As a
representative system, we chose isopropylthioxanthone (ITX). Thioxanthones exhibit
complex photophysics because their first two singlet excited states, one (,n*) and
one (n,m*), are quite close in energy, and in fact have an ordering that depends on the
solvent*>** The same situation holds for the two lowest triplet states,*** for which

again one is (m,m*) and one is (n,*).
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One reason for our particular interest in ITX stems from the fact that this
substance is a photoinitiator that can be used in multiphoton absorption
polymerization (MAP).*”** MAP has attracted broad attention as a method for 3D
photolithography at the nanoscale.**->! In its simplest implementation, MAP is
performed in a negative-tone photoresist incorporating a radical photoinitiator that
can be excited via the simultaneous absorption of two or more photons. Owing to the
nonlinear optical nature of such excitation, MAP allows for the creation of
lithographic features in the 100 nm size range using visible, or even near-infrared,
light.

Outstanding resolution has been achieved in MAP by adapting approaches>>*
from super-resolved fluorescence microscopy. In these advanced approaches to MAP,
a negative tone photoresist is excited using one beam of light and deactivated using a
second beam.*>>->® By appropriate spatial shaping of these two beams, it is possible to
improve both the feature size and resolution in MAP. Different mechanisms have
been demonstrated for deactivation, and we will denote this general class of
techniques as two-color lithography (2CL). *° A second reason for our particular

28,29,48,60,61 Even

interest is that ITX has been shown to be a useful initiator for 2CL."*
though ITX is a Type II photoinitiator, this compound has been demonstrated to be
able to initiate crosslinking of acrylates upon multiphoton excitation with pulsed 800
nm light in the absence of a coinitiator.*® This photochemistry has been shown to be
suppressed by concurrent irradiation with a continuous-wave (CW) laser at either 532

nm or 630 nm.?>*” It has been established that the mechanism of photodeactivation in

ITX at these wavelengths is not stimulated emission.®® To date, there has been no
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clear evidence regarding the details of the deactivation process, although it has been
proposed that triplet states are involved.?32%

Here, we demonstrate conclusively that excitation in ITX from the ground
state to the first excited singlet state at wavelengths near 800 nm takes place via 2-
photon absorption (2PA), even though the apparent number of photons absorbed is
higher.® This behavior arises from the fact that the light at the excitation wavelength
can also drive deactivation of the triplet state. Thus, although a higher order of
nonlinear absorption can lead to improved feature sizes in MAP, in ITX the apparent
greater number of photons is detrimental to resolution. By employing a combination
of new and conventional spectroscopic tools, and by studying ITX both in
photoresists and in solvents with similar polarities to the photoresists, we identify the

triplet states and specific dynamics that are involved in the excitation, deactivation,

and radical photochemistry of ITX.

4.3 Results

4.31 Effective order of nonlinearity of ITX photoresists

ITX is generally considered to be a Type II photoinitiator, i.e., photoresists
that use this material typically also include a coinitiator.®> However, it has been
demonstrated that in some acrylic resins ITX can be used without a coinitiator, in a
Type I process.*® Based on its absorption spectrum, ITX would appear likely to be
excited by 2PA using light at wavelengths in the 800 nm range. However,
experiments by Mueller et al. on a photoresist composed of ITX and pentaerythritol

triacrylate (PETA) monomers suggested that excitation at 800 nm involves 4-photon
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absorption.'® Such remarkably efficient 4-photon polymerization would be highly
advantageous for high-speed, high-resolution MAP fabrication.!? In contrast, Z-scan
experiments have indicated that ITX in a solvent can be excited by 2PA at
wavelengths in the 800 nm region.®* These results are not necessarily inconsistent, as
promotion of an electron to the lowest excited singlet state of ITX might not lead to
photopolymerization. On the other hand, the feature sizes reported for MAP for ITX-
based photoresists with 800 nm excitation closely resemble what would be expected
for 2PA. These seemingly contradictory results highlight the potential complexity of

the determination of the true order of nonlinear absorption in multiphoton

photoresists.
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Figure 4.1 Multiphoton exposure of an ITX/PETA photoresist (A) Threshold average power for
initiation of multiphoton absorption polymerization measured at wavelengths from 750 nm to 850 nm.
(B) Polymerization action spectrum of the photoresist (symbols) and absorption spectrum of ITX in
methanol (solid line). (C) Representative 2-BIT data obtained at 800 nm (symbols) with the best-fit
exponent (solid line). The error bars represent +1 standard deviation, as determined by making
multiple measurements. (D) Dependence of nqy (symbols) on the excitation wavelength, with a cubic-
spline fit (solid line). (E) Linearized polymerization action spectrum taking into account n.y for each
wavelength (symbols) and absorption spectrum of ITX in methanol (solid line).
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Figure 4.1A shows the power threshold for MAP measured at wavelengths in
the range of 750 — 850 nm in a photoresist composed of 1.5 wt% of ITX in PETA.
The threshold power refers to the minimum power that is required to form a cross-
linked polymer using MAP. The cross-linked polymer has a different refractive index
than the unexposed photoresist, and so can be observed by means of optical
microscopy during fabrication. The threshold was determined by creating sets of lines
at a constant height above the substrate surface at a stage velocity of 20 pm/s. The
distance between adjacent lines was 2 um, which is large enough to avoid proximity
effects. The threshold power, Pw, for which polymerized lines were formed was
determined visually.!®6°
An effective means of gaining insight into the order of nonlinearity in MAP is

to determine the polymerization action spectrum, which is a plot of I_’Zif T asa

function of the excitation wavelength, where 7.4 is the effective order of nonlinear
absorption.'® Depicted in Figure 4.1B is a polymerization action spectrum calculated
by assuming that n.;= 2. The agreement between the polymerization action spectrum
and the linear absorption spectrum of ITX at half the excitation wavelength is strong
evidence that photoinitiation in this range of wavelengths is a 2-photon process.

We measured the effective order of absorption, n.4; as a function of excitation
wavelength to explore the discrepancy between the actual order of nonlinear
absorption, which is 2, and the higher value of the effective order of absorption
reported previously.” We employed the 2-beam initiation threshold (2-BIT) method,®
a type of 2-beam action (2-BA) spectroscopy,®’®® to perform in situ measurements of

neyin the ITX/PETA photoresist. In 2-BIT, two temporally interleaved, spatially
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overlapped pulse trains are used to expose a multiphoton photoresist. Pairs of
irradiances that together provide the threshold exposure are measured. Data obtained
with this technique obey the relation
Plert 4 Pl — 1, @)

where the overbars indicate normalization of the average excitation power for each
beam to the threshold power for that beam alone. A significant advantage of 2-BIT
over other approaches for measuring the order of nonlinearity of photoresists is that
important parameters that can change the measured value of nf, such as the exposure
time and the repetition rate, are kept constant.®

Representative 2-BIT data for the ITX/PETA photoresist for 800 nm
excitation are shown in Figure 4.1C. The best-fit ney for these data is 3.19 + 0.05. The
data were obtained at a stage velocity of 20 pm/s. Although the value of Py depends
on the stage velocity, the measured value of n.;was insensitive to velocity in the
tested range of 10 pm/s to 40 um/s. In Figure 4.1D, we plot n.;as a function of the
excitation wavelength. The corresponding 2-BIT data and fits at each wavelength are
shown in Figure 4.2. As seen in Figure 4D, ne; depends on the excitation wavelength,
ranging from 2.85 + 0.05 at 750 nm to 4.47 + 0.16 at 840 nm. It is notable that the
measured exponents take on non-integer values, which is often assumed to be
indicative of mixed contributions from different orders.'>*-7° However, it is not
plausible that the average order of nonlinear absorption should change so radically
over such a small range of excitation wavelengths, given the details of the linear
absorption spectrum of ITX and the fact that higher-order absorption should be a

considerably weaker process. We have previously introduced a method to determine
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whether 2-BA data arise from a specific pair of orders of absorption.”! The 2-BIT
data for ITX do not fit well to either 2-photon plus 3-photon or 2-photon plus 4-

photon absorption, as shown for the case of the 750 nm data in Figure 4.3.
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Figure 4.2 2-BIT data for a photoresist consisting of 1.5 wt% of ITX in PETA. Excitation was
performed at (A) 750 nm; (B) 775 nm; (C) 800 nm; (D) 820 nm; and (E) 840 nm. The uncertainties in
the neff values are £0.05 in (A), £0.06 in (B), £0.03 in (C), £0.04 in (D), and £0.15 in (E). The error
bars represent =1 standard deviation as determined by making multiple measurements.
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Figure 4.3 Analysis of 2-BIT data in an ITX/PETA photoresist at an excitation wavelength of 750 nm.
The absorption is assumed to arise from (A) a combination of 2-photon and 3-photon absorption and
(B) a combination of 2-photon and 4-photon absorption. The solid lines are the calculated values for
different absorption orders given the assumed pairs of absorption orders. The poor fits indicate that
neither of the pairs of two absorption orders tested describe the data. For this wavelength, no other
pairs of orders of absorption are justified. The error bars represent =1 standard deviation as determined
by making multiple measurements.

To estimate the dependence of n.; on excitation wavelength, the data in Figure
4.1D were fit with a cubic spline (solid line in Figure 4.1D) to determine n¢ () in the
range 4 = 750 — 850 nm. Figure 4.1E shows a “linearized” polymerization action

spectrum. To determine the wavelength axis, we assumed, as in Figure 4.1B, that the

nes(4)

true order of nonlinear absorption over this wavelength range is 2, and we plot P th
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as a function of the excitation wavelength. The agreement between the linearized
action spectrum and the absorption spectrum at half of the 2PA excitation wavelength
is striking. This analysis indicates that polymerization occurs solely through a 2PA
process throughout this range of wavelengths. The slight deviation between the
linearized action spectrum and the linear absorption spectrum is attributed to the
solvatochromic shift being different for ITX in monomers (for the action spectrum)
and in methanol (for the absorption spectrum). The questions we now address are
(1)Why are the measured exponents higher than 2? and (2)Why does n.; depend
strongly on the excitation wavelength? From Figure 4.1D and Figure 4.1E, it is also

clear that weaker 2PA (i.e., a higher value of Py) correlates with higher ..

4.32 Triplet-state absorption

A previous study suggested that stimulated emission is responsible for the
strong inhibition dynamics that ITX/PETA photoresists exhibit under irradiation at
532 nm.*’ Subsequent ultrafast, pump-probe spectroscopy experiments revealed that
at deactivation wavelengths longer than 500 nm, the influence of stimulated emission
on deactivation is negligible.5?> Harke et al. studied the inhibition of ITX photoresists
with a deactivation wavelength of 630 nm,? and suggested that the long-lived
photogenerated species in ITX are triplet states. It was therefore proposed that the
inhibition mechanism in this photoresist involves depletion of the lowest triplet state
(T1) of ITX when the deactivation beam is resonant with transition between 77 and a
higher triplet state. Although triplet absorption followed by RISC from a highly
excited triplet state to a high singlet state has been suggested to be the deactivation

28.29.60 o direct evidence has been provided for this process.
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The triplet quantum yield of thioxanthones can be as high as 85%,”*"
underscoring the potential importance of triplet-state dynamics in these systems. To
investigate these dynamics, we studied ITX solutions using a transient absorption
(TA) spectrometer with a temporal resolution of 0.1 ms. TA is a powerful means of
studying excited triplet states and identifying short-lived intermediates.” The time
evolution of the TA spectrum of ITX in ethylene glycol following excitation at 355
nm is shown in Figure 4.4A. There are two major features in the initial spectrum, one
at ~318 nm and another at ~605 nm (see dashed vertical lines in Figure 4.4A). Each
of these peaks is assigned to absorption from both 7' and 7> to higher triplet states of
ITX, on the basis of earlier reports.”” The initial peaks decay over a timescale that is
considerably longer than the longest delay time studied, 10 ps. A new peak grows in
at ~345 nm on a timescale of a few ps. We attribute this new feature to absorption of
ketyl radicals that are created via H-atom transfer from the solvent to the carbonyl
group of ITX in the 7> state. The fact that ketyl radicals can be formed on a timescale
that is considerably longer than the expected lifetime of the 7> state suggests that this

state is at least somewhat thermally accessible from the 77 state in ethylene glycol.

36



150 nm

0.06 and above.

.
]
.
®
.
Wavelength (nm)

. o A(OD)
0.1 v
0.0 : : ' : :
600 650 700 750 800 850 900 2 A e b
Wavelength (nm) Delay time (ps)
E F
20
(n,m*) Sz i
.
(TE,TE*) S1 (n,n: ) Tz iy 15 i
. " ¢
(m,m*) T El i
B i
5 10
E
uf 05
So 00
0 5 10 15 20
G Delay time (ns)
~
% 1.0 800 nm
o
Qo8
]
2
3 06
a
O 04-4e PETAn,=318 B\
ﬂ w  PETA(0.5wt%), n,, = 3.86
= A TMPTA.n,=277
S 021, perarLn, =22
E & PETATTEA, n =208
S 00 -
00 02 04 06 08 10

Normalized power beam 1
Figure 4.4 Deactivation and self-deactivation of ITX (A) Transient-absorption spectra of ITX in
ethylene glycol with 355 nm, 7 ns excitation pulses. The DOD scale is correct for the spectrum with a
10 ms delay. Each subsequent spectrum, moving from longer delays to shorter delays, has been offset
by 0.1 units vertically from the previous one for clarity. The vertical dashed lines indicate spectral
features that are discussed in the text. (B) AFM images of lines written in an ITX/PETA photoresist
with 800 nm, 150 fs laser pulses at a stage velocity of 20 nm/s. A chopped, spatially overlapped, 800
nm, CW beam was used to inhibit polymerization. The average excitation power was 5 mW and the
deactivation power was 30 mW. The scale bar represents 4 nm. (C) Deactivation action spectrum of
the photoresist following excitation with 800 nm, 150 fs laser pulses at an average excitation power of
8.2 mW. The blue square is for deactivation with a 635 nm diode laser, and the red circles are for
deactivation with a Ti:sapphire oscillator in CW mode. (D) Ultrafast pump/probe spectrum of ITX in
glyme. Excitation was performed at 400 nm, and white-light continuum was used as the probe. (E)
Representative Jablonski diagram for ITX in a polar solvent. (F) Delay-time dependence of the
threshold pulse energy for deactivation at 630 nm of the ITX/PETA photoresist following excitation
with 315 nm pulses. Both beams had a pulse duration of 7 ns and a repetition rate of 10 Hz. The error
bars represent the estimated uncertainty in determining the deactivation threshold. (G) 2-BIT data and
the corresponding .y values for photoresists based on PETA (circles, 1.5 wt% ITX, and down
triangles, 0.5 wt% ITX), TMPTA (up triangles, 1.5 wt% ITX), PETA and ethyl lactate (squares, 1.5
wt% ITX), and PETA and triethylamine (diamonds, 1.5 wt% ITX). The error bars in (F) and (G)
represent =1 standard deviation, as determined by making multiple measurements.
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The triplet absorption features of ITX are generally long-lived, having
lifetimes of tens of ms or longer, depending on the solvent (Table 4.1). Interestingly,
the triplet absorption spectrum is non-zero at 800 nm, and can extend to 900 nm or
beyond. This observation raises the question of whether ITX triplet states can be
deactivated within this wavelength region. To investigate this scenario, we fabricated
polymer lines in ITX photoresists using ultrafast excitation at 800 nm, while
simultaneously irradiating with CW light at a wavelength of 800 nm. The two beams
were spatially coincident, and the CW beam was chopped. As evidenced by the
atomic force microscopy (AFM) data in Figure 4.2B, 800 nm radiation can indeed
cause complete inhibition of polymerization. The fact that the same color of light
used for excitation also promotes deactivation suggests that deactivation can be
induced by the same laser pulse train that is used for excitation, decreasing the

efficiency of the exposure. We term this phenomenon “self-deactivation.”
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Table 4.1 ITX triplet-state lifetimes in different solvents as measured by microsecond transient
absorption.

Solvent Lifetime (us)
Acetonitrile 2.7+0.1
Isopropyl alcohol 5.9+0.1
Polyethylene glycol | 37.1+0.9
Ethylene glycol 25.8£0.2
Glyme 1.6 0.1

Our results are consistent with the previous conjecture? that deactivation involves
triplet absorption. However, a more rigorous test of this hypothesis requires a
comparison of the wavelength dependences of triplet absorption and deactivation. To
this end, we developed a technique that we call deactivation action spectroscopy
(DAS). In the case of ITX-based photoresists, DAS was implemented by keeping the
excitation conditions the same (i.e., wavelength, average power, and stage velocity),
while varying the deactivation wavelength and power. At each deactivation
wavelength, we determined the minimum CW laser power required to cause complete
inhibition of polymerization. Assuming that deactivation occurs through linear
absorption, the DAS spectrum is a plot of the inverse of the threshold power for
deactivation as a function of deactivation wavelength. As shown in Figure 4.4C, DAS
data in an ITX-based photoresist bear a strong resemblance to the triplet absorption
spectrum in the same wavelength range (Figure 4.4A). This correspondence provides
additional evidence that triplet absorption is a key step in deactivation.

We performed ultrafast transient absorption spectroscopy on a solution of ITX
in glyme to explore faster triplet dynamics. Figure 4.4D is a heatmap of the time-
resolved absorbance change following ultrafast excitation at 400 nm. For ~500 fs
after excitation there is a negative feature (labeled a) from ~400 nm to ~550 nm that

arises from stimulated emission. A longer-lasting feature at the shorter end of this
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wavelength range arises from a ground-state bleach. After ~500 fs, two positive,
excited-state absorption (ESA) features (labeled b) grow in at ~660 nm and ~700 nm.
The Jablonski diagram in Figure 4.4E shows the energy levels of ITX in a typical
polar organic solvent. The S1 and S> states of ITX have similar energies, in analogy to
what is known for the parent molecule thioxanthone (TX).*® One of these states has
(n,m*) character, whereas the other has (w,n*) character. Density functional theory
(DFT) calculations showed that the energetic ordering of the states depends on the
nature of the solvent (Figures 4.5-4.9). In THF and ethyl acetate, the (n,n*) singlet
state has the lower energy, whereas in water and ethylene glycol the (7,n*) singlet
state has the lower energy. Because glyme is a polar, aprotic solvent, we assign the
ESA feature at ~660 nm to the (n,n*) singlet state and the feature at ~700 nm to the
(m,m*) singlet state, assuming that ESA leads to the same higher excited state from S
and S>. Although absorption from these states could potentially appear immediately
following excitation, the ~500 fs lag time observed presumably arises from a
combination of vibrational relaxation and the existence of a negative-going feature in
the same spectral region, which can be seen most clearly at wavelengths longer than

700 nm.
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At delay times between 1 ps and 10 ps, there is evidence in the ESA bands for
population changes in the excited singlet states (Figure 4.10). The blue shift of the
ESA bands over this same time period reflects solvation dynamics.”® Within 20 ps,
the ESA feature has decayed, and a positive feature has grown in at ~650 nm. This
latter feature is the result of population growth in a triplet state via ISC. We therefore
conclude that the time constant for the equilibration between the S and 7> states is on
the order of 10-20 ps. The triplet absorption feature (labeled c) shifts to the blue on
the nanosecond timescale. The triplet state initially populated is not the lowest triplet
state, so this shift reflects a combination of equilibration between the triplet states and
solvation. In the solvent in which these spectra were obtained, glyme, the (w,nt*)
triplet state should have the lowest energy, with the (n,n*) triplet being the state

44,77

through which ISC occurs,**”” again in analogy with TX.*’
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Figure 4.10 Transient absorption spectra of ITX in glyme (dimethoyxethane) at 3 different pump-probe
time delays. The excitation wavelength was 400 nm, and the feature at this wavelength arises from a
notch filter.

We developed an in situ technique to monitor exposure (i.e., crosslinking of a
photoresist film) and deactivation to examine in more detail how triplet dynamics are
manifested in a photoresist (Figure 4.11). Large area exposures were performed at a
repetition rate of 10 Hz and a wavelength of 315 nm using the frequency-doubled
output of an optical parametric oscillator (OPO) with a pulse length of ~7 ns. The 630
nm fundamental of the OPO was used for deactivation. The minimum deactivation
power for a fixed exposure time was determined as a function of the time delay

between the 315 nm and 630 nm pulses. No deactivation was observed when the
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deactivation pulse preceded the excitation pulse. Figure 4.4F shows the deactivation
threshold for delay times ranging from 7 ns to 17 ns, a range over which the threshold

decreases by ~40%.

A [Tripted Nd:YAG ] B

A=355nm { \
1
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Rep rate = 10 Hz
A=630nm
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A=315nm / "
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Figure 4.11 In situ monitoring of exposure and deactivation. (A) Schematic of the experimental setup.
A tripled Nd:YAG pumps a tunable pulsed OPO that generates 7 ns pulses at 630 nm. These pulses are
directed to a frequency doubler that outputs the doubled and undoubled light collinearly. A dichroic
mirror is used to separate the collinear beams. The 630 nm light traverses an adjustable delay line. The
two colors are overlapped spatially at the surface of the sample. (B) Schematic of the sample geometry.
The film is positioned in the xy-plane and the pulses propagate along the z-axis.

These results yield key insights into the photophysics of deactivation based on
the increase in deactivation efficiency with increasing delay time. The (n,m*) triplet
state is expected to be reactive, but the TA experiments discussed above show that
this state generates radicals on a timescale much longer than 17 ns. The 100 ms
repetition time used for the large-area exposure experiments is sufficient to allow all
excited molecules to relax between pulses, as is the case in the TA experiments
described above. Thus, the excitation and deactivation in this experiment must occur
on a shot-by-shot basis. Based on the data in Figure 4.4D, the (n,n*) triplet state
undergoes internal conversion to the (,n*) triplet state on a timescale of

nanoseconds. This timescale is highly dependent on the solvent environment.*7” It
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appears that relaxation to the (w,n*) triplet state enhances the efficiency of
deactivation. Because internal conversion and deactivation are both first-order in the
concentration of the (n,n*) states, the order in which these processes occur does not
affect the ultimate (n,n*) population. Thus, the (w,n*) triplet state serves as a long-
term, inert reservoir, but the (n,m*) triplet state remains thermally accessible to
population in the (,n*) state. Furthermore, deactivation occurs more efficiently from
the (m,m*) state than from the (n,m*) state. This phenomenon is likely due to a larger
transition dipole for (7,n*) absorption to a higher triplet state. Together, these effects
account for the data in Figure 4.4F.

We note that the details of exposure are different for excitation with a
Ti:sapphire oscillator, as the oscillator repetition time is on the order of 13 ns, rather
than 100 ms. With the short repetition time of the Ti:sapphire laser, the (n,n*) triplet
state is continuously replenished, so that initiation can occur even in a resist in which
T is not thermally accessible from 77.We expect that the chemical nature of the
monomers will have an influence on the exposure/deactivation behavior of an ITX-
based photoresist. With this idea in mind, we performed 2-BIT experiments on
additional ITX photoresists. We prepared a photoresist with trimethylolpropane
triacrylate (TMPTA) as the monomer, and in another we added 20 wt% of ethyl
lactate to the ITX/PETA mixture. As can be seen in Figure 4.4G, ny drops from 3.19
+ 0.05 to 2.77 = 0.05 in moving from the ITX/PETA photoresist to the ITX/TMPTA
photoresist. The decrease in nqy results from chemical and/or physical differences that
cause ITX/TMPTA to have a lower deactivation efficiency than ITX/PETA, resulting

in less self-deactivation by the excitation beam.
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The addition of the ethyl lactate to the ITX/PETA photoresist results in an
even more dramatic reduction of zeg, to 2.23 = 0.05. We performed TA experiments
on ITX solutions containing different percentages of ethyl lactate to delve into the
cause of this behavior. These studies revealed that the triplet-state lifetime of ITX
decreases with increasing ethyl lactate concentration, and that the signal from the
ketyl radical appears rapidly in this solvent (Figure 4.12). These results indicate that
ethyl lactate acts as a coinitiator, transferring a hydrogen atom to a molecule in the

(n,m*) triplet state much more rapidly than the monomers can.
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Figure 4.12 Microsecond transient absorption experiments on ITX/PETA photoresists containing ethyl
lactate. (A) Mechanism for the generation of ketyl radicals from the n,n* triplet state, shown for 2-ITX.
(B) Absorption transients for different concentrations of ethyl lactate. Excitation was at 355 nm, and
the transients were collected at 620 nm. (C) The observed rate constants Kobs are consistent with
pseudo-first-order kinetics, with ko = ko + kzr [EL = ethyl lactate]. The error bars represent £1
standard deviation as determined by making multiple measurements.

We next made 2-BIT measurements in an ITX/PETA photoresist containing a
common coinitiator, triethylamine, to confirm the influence of such species on n.4. In

this case ne;r dropped even further, to 2.09 + 0.05 (Figure 4.4G). The considerably
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more rapid reaction of the triplet-state molecules in the presence of a coinitiator
renders self-deactivation less effective, because radical initiation can commence
before relaxation to the lowest triplet state. The more efficient the coinitiator, the

more rapid the initiation process, and the less effective the self-deactivation process.

An additional implication of the self-deactivation scenario is that the value of ney will
depend on the concentration of the photoinitiator. The lower the concentration of the
photoinitiator, the higher the threshold intensity for polymerization. A higher
threshold intensity leads to an increased amount of self-deactivation, which is
predicted to cause ey to increase. Indeed, we find that with 800 nm excitation, the ney
value of 3.19 + 0.05 measured in a PETA photoresist with 1.5 wt% of ITX increases
to 3.86 £ 0.05 when the photoinitiator concentration is decreased to 0.5 wt% (Figure
4.4G).

4.33 Phosphorescence

Phosphorescence provides another means of investigating triplet
photophysics. The luminescence intensity, including both fluorescence from S and
phosphorescence from 71, has the advantage of being linear in the concentration of
excited molecules, which is not the case for photopolymerization.®-’ We developed a
luminescence deactivation technique to probe the photophysics of deactivation. An
ultrafast laser was used to excite an ITX solution through a high-numerical-aperture
objective, and luminescence was collected epifluorescently. We chose PEG-400 as
the solvent, because this material approximates the photoresist in polarity and
viscosity. A second CW laser beam that could be tuned through in a wavelength

range known to deactivate photoresists containing ITX (740 nm—840 nm) was
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focused through the same objective. The focal volumes of the two beams were

overlapped in three dimensions.
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Figure 4.13 Luminescence studies of ITX in PEG-400 (A) Luminescence as a function of CW
deactivation power. Excitation was performed using 800 nm, 150 fs pulses, and deactivation was
performed at 740 (triangles), 800 nm (squares), and 840 nm (diamonds). (B) Inhibition of
luminescence by 800 nm light with detection in different spectral windows: unfiltered (circles), with a
445 nm bandpass filter to capture predominantly fluorescence (triangles), and with a 550 nm longpass
filter to capture only phosphorescence (squares). (C) Inhibition of luminescence by 635 nm light using
a longpass filter with a 645 nm cutoff. Phosphorescence deactivation is extremely efficient at this
wavelength. (D) 2-BCElIn data for fluorescence (circles) and phosphorescence (triangles) with
ultrafast, 800 nm excitation. The difference in n.ybetween the two datasets indicates that self-
deactivation plays a role in the phosphorescence data. The error bars in all panels represent +1 standard
deviation, as determined by making multiple measurements.

As shown in Figure 4.13A, the CW beam had an inhibitory effect on the
luminescence that exhibits the same qualitative wavelength dependence observed in
the deactivation action spectrum in Figure 4.4C, in which shorter wavelengths
provide more efficient deactivation. The decrease in the luminescence is linear in the
deactivation power. To examine this phenomenon further, we used 800 nm
deactivation and probed the luminescence in different spectral windows (Figure

4.13B). With unfiltered emission, for powers up to 50 mW, the deactivation is limited
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to a few percent. A 435 nm bandpass filter with a full width at half maximum
bandwidth of 48 nm restricts transmission to the wavelength region of the ITX
fluorescence spectrum (Figure 4.14), although some phosphorescence should fall

within this window as well.®°

When this filter is used, virtually no deactivation is
observed (Figure 4.13B). A 550 nm longpass filter blocks the fluorescence of ITX,
but transmits some of the phosphorescence.®® When this filter is used, substantial
deactivation is observed (Figure 4.13B), which suggests that the small amount of

deactivation observed with the 435 nm bandpass filter is also due to inhibition of

phosphorescence. In all cases, the deactivation was linear in the power of the 800 nm

CW laser.
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Figure 4.14 Fluorescence spectra of ITX in different solvents.
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The polymerization deactivation action spectrum (Figure 4.4C) indicates that
deactivation is considerably more efficient at 635 nm than at 800 nm. We therefore
tested the ability of CW, 635 nm light to deactivate phosphorescence, in this case
using a 645 nm longpass filter so that scatter from the deactivation beam would not
be detected. Using an efficient deactivation wavelength and filtering out all
fluorescence facilitates the sensitive detection of phosphorescence deactivation. As
shown in Figure 4.13C, this scheme enables extremely efficient phosphorescence
deactivation of ITX, with a reduction of emission of greater than 80% at a laser power
of less than 0.6 mW.

The luminescence observed using longpass filters serves as a proxy for the
population of 71, which is the (m,n*) triplet state in this solvent. Given that virtually
no deactivation is observed when detection is restricted to the spectral window of the
fluorescence spectrum, our results exclude stimulated emission as the mechanism of
deactivation at the CW wavelengths studied here. The 7> (n,m*) state is expected to
have a shorter intrinsic phosphorescence lifetime than the T (m,n*) state.”” However,
because the (n,m*) triplet has an energy similar to that of the first excited singlet state,
phosphorescence from 7> will occur in essentially the same wavelength range as
fluorescence. In contrast, 77 is the most stable triplet state, and so will phosphoresce
at longer wavelengths than does 72. With the 645 nm longpass filter, the only
phosphorescence detected should therefore arise from 77.

We next measured n.; independently for fluorescence and phosphorescence.
For these measurements, we employed another technique that we have developed

recently, 2-beam constant emission intensity (2-BCEIn) spectroscopy.®® 2-BCElIn is
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analogous to 2-BIT, except that n.is measured for the emission intensity (Figure
4.15). In contrast to traditional methods for studying emission induced by nonlinear
absorption, 2-BCEIn can determine nef at any given emission intensity, using only a

limited range of average excitation powers.

f=152 MHz

Lock-in

Chopper

Figure 4.15 Schematic of the experimental setup for 2-beam constant emission intensity (2-BCElIn)
spectroscopy. Two pulse trains with independently adjustable average powers are interleaved in time
and focused into a sample to generate fluorescence observable via linear and/or nonlinear excitation.
BS = beam splitter, A/2 = half-wave plate, P = polarizer, M = mirror, f = repetition rate, PBC =
polarizing beam cube, DCM = dichroic mirror, OBJ = objective lens, PD = photodiode, PC = personal
computer.

We note that nein a given system is dependent on the observable. For 2-
photon excitation of ITX, we expect that ney= 2 for fluorescence but that ney > 2 for
phosphorescence, because self-deactivation will play a role in phosphorescence that is
similar to its role in photopolymerization. 2-BCEIn measurements in ITX solutions
using 800 nm ultrafast excitation bear out this prediction, as shown by the data in
Figure 4.13D. When a 435 nm bandpass filter is used to probe fluorescence, the
measured value of ngyis 2.01 + 0.05. This value of neagrees with the results of
previous studies using the Z-scan technique, in which ultrafast excitation was reported
to take place via 2PA.°* However, when the phosphorescence is probed by using a

longpass filter, we find that ney=2.42 + 0.05. The measured exponents were
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independent of whether the beams were spatially overlapped, indicating that the 2-
BCEIn data were not affected by repetition-rate-dependent effects.

These results place strong constraints on the deactivation mechanism of ITX.
It has been suggested previously that deactivation involves excitation to a higher
triplet state that then undergoes RISC to an excited singlet state,”® which would
presumably be higher in energy than S,. The typical fate of such a state is to relax
quickly to S1.7® In this case, we expect that luminescence deactivation experiments
would show a decrease in phosphorescence, accompanied by an increase in
fluorescence, due to repopulation of Si. Given the high triplet quantum yield for S; in
ITX, this mechanism would also repopulate 7 and 7>, and so deactivation would not
be efficient. A second, less common fate of high singlet states is to undergo ISC to
the triplet manifold. This process would also repopulate 71 and 7> through rapid
internal conversion, and so is not an efficient path for deactivation.

Radiationless relaxation in the singlet manifold is another possible
deactivation mechanism.”® This process could occur in two different manners. The
first is that higher excited singlet states undergo internal conversion directly to the
ground electronic state. This scenario is unlikely, but not impossible.”” The more
plausible explanation is that a higher triplet state undergoes RISC directly to a highly
vibrationally excited level of the ground electronic state, a process that is known to
occur in other aromatic molecules.®’%? The high density of states of Sy at the energy
of a higher triplet state is favorable for RISC from the perspective of Fermi’s golden
rule. This mechanism could lead to a small increase in fluorescence in the

luminescence deactivation experiments, due to repopulation of the ground state, but
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this increase would be counterbalanced by the inhibition of phosphorescence in the
same wavelength region. Furthermore, in photoresists, a mechanism that regenerates
the ground electronic state is the only plausible scenario in which efficient

deactivation could occur.
4.34 Kinetic modeling

To assess the viability of the proposed self-deactivation mechanism further,
we next present a simple kinetic model. Our model contains two electronic states, the
ground singlet Sp and the lowest triplet 71, as shown in Figure 4.16A. ISC to T is
assumed to take place instantaneously upon 2PA, the latter of which occurs with rate
constant k2%, where [ is the irradiance. Because ISC is assumed to be instantaneous,
the state Si is not included explicitly in the model, although the branching ratio for
ISC is included implicitly in k>. RISC to So is assumed to take place instantaneously
following linear absorption from 77, the latter of which occurs with rate constant 41/.
The higher triplet state through which RISC occurs is not included explicitly in the
model, and the branching ratio for RISC is included implicitly in k1. Intramolecular
vibrational relaxation (IVR) is assumed to be instantaneous in the ground electronic

state.

The goal of the kinetic model is to determine how ne depends on &y and k».
We model a train of square pulses at repetition rate £, such that the duty cycle D is the
pulse duration multiplied by f. The key result is that the fraction of population in the

triplet state following an exposure of duration t’ is given by
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Here, we assume that the polymerization threshold is reached when 1% of the
population is in the triplet state (i.e. [T1];/[So]o > 0.01). The qualitative conclusions
from this treatment do not depend on the value of the threshold.

The measurement of ne; using 2-BIT relies on the concept of limited
reciprocity, which means that if the exposure time is kept constant, then the same
degree of crosslinking will occur regardless of the details of how the exposure is
distributed within the exposure window.® 2-BIT experiments are performed at a
single repetition rate, but the same exponent can be obtained by determining the
threshold irradiance for polymerization as a function of the repetition rate.®% When
the repetition rate is varied in a system exhibiting limited reciprocity, the peak pulse

irradiance I, obeys the relation

Lo, o fL/Merr, (4.3)
Thus,
d In(f) (4.4)
Nepf = —————.
eff d in(L,ep)

Here, we start by choosing a base repetition rate f'and then determining 1,  at £, 0.99f,

and 1.01f. We determine n.; by averaging the values calculated from Equation 4.4
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with 0.99fand 1.01f. We used f= 80 MHz and a pulse length of 200 fs. The radius of
the laser spot size was chosen to be 0.5 pm and the exposure time 0.025 s
(corresponding to a scanning speed of ~40 nm/s). The value of k> was held constant at
2.21 X 1072° s /kg?, and ki was varied.

Figure 4.16B shows a plot n.;as a function of the value of k1. As expected, nesr
=2 when ki = 0. As ki/k increases over an order of magnitude from 107'¢ to 10°!°
kg/s>, nefrincreases by a factor of nearly 1000. This result illustrates that self-
deactivation has a strong effect on the measured exponent, and that n.alone is not a
reliable indicator of the actual number of photons involved in the absorption process

in molecules that are subject to this phenomenon.
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Figure 4.16 Kinetic model for self-deactivation (A) Schematic of a kinetic model that incorporates 2-
photon excitation with rate constant k»/?> and linear deactivation with rate constant &/, where  is the
irradiance. (B) Dependence of n.4on ki/k, (in units of kg/s®) for parameters given in the text. (C) Ratio
of the triplet population to the equilibrium triplet population as a function of ki/k for the same
parameters as in (B). (D) Dependence of n.yon the power of a CW deactivation beam for different
values of ki/k; for the same parameters as in (B). The dashed line indicates the positions of the maxima
in the curves. (E) Value of n.ras a function of deactivation power in 2-BITD experiments on the
ITX/PETA photoresist. The error bars represent +1 standard deviation, as determined by making
multiple measurements.
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The equilibrium (maximum) fractional population of the triplet state in

Equation 4.2 is found by setting t' = o0 :

K
[Tl]eq _ D
Solo ey + Kol (4.5)

At any time t’, the fraction of the population in 77 relative to its maximum value is

[Ty]yr (1_exp[ (kzl +k1) D (4.6)

[T1leq

As shown in Figure 4.16C, Equation 4.6 indicates that as k1 grows larger, [T; ]
approaches [T ]., asymptotically. Once the concentration of 77 is near its maximum

value, I, 1s insensitive to changes in k1, based on Equation 4.3. Accordingly, 1,
changes less with repetition rate, leading to an increased value of ne. When [Ty ] =
[T1]egqs neyr becomes infinite.

The qualitative behavior observed in this kinetic model is consistent with our
experimental observations, pointing to self-deactivation as the cause of the large
measured values of ne. As shown in Figure 4.1D and 4.1E, with increasing
fabrication wavelength in the range explored here, k1 decreases gradually and k2
decreases rapidly. Therefore, k1/k> increases with wavelength, causing a
corresponding increase in sy

We used the kinetic model to make an experimentally testable prediction
regarding what happens if n.;is measured in the presence of a CW deactivation

beam. In this case, the equation for the fraction of population in 7 becomes

kzlz

[[7;]]1: kl(,+,D)+k2, (1-exp [~ (ka0 + 1) +225) ), (4.1)
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where I is the irradiance of the deactivation beam. The behavior of neyas a function
of the deactivation power is shown in Figure 4.16D for different values of k1/k>; in
this case, the value of k> was reduced to 2.21 x 10726 5% /kg?, an order of magnitude
lower than the value used above. The value of n.y is nearly constant at low
deactivation powers, but does reach a maximum at the CW deactivation power values
denoted by the dashed line in Figure 4.16D. In this range of deactivation powers, the
increase in the threshold irradiance causes the excitation beam to promote even
greater self-deactivation. At higher deactivation powers, ne; drops, eventually
reaching a value of 2. When the deactivation power is higher than the excitation
power, the deactivation beam is the major source of deactivation. The smaller the
fraction of the deactivation that comes from the excitation beam, the closer n. gets to
2.

We developed a class of techniques called 2-beam action with deactivation (2-
BAD) spectroscopies to test the prediction of our model shown in Figure 4.17. In this
case, we performed 2-BIT in the presence of a CW deactivation beam, in a method
we call 2-beam initiation threshold with deactivation spectroscopy (2-BITD). In
Figure 4.16E, we show that, in agreement with the predictions of our model, 7¢
decreases with increasing deactivation power. In these experiments, the ITX/PETA
photoresist was exposed with pulsed 800 nm light and deactivated with CW 800 nm

light.
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Figure 4.17 Schematic representation of the experimental setup for 2-beam initiation threshold with
deactivation (2-BITD) spectroscopy. Two identical pulse trains are combined and create a pulse train
with effective repetition rate that is twice the fundamental. A third CW laser beam is combined with
the two pulse trains and is focused through a 100x objective. BS = beam splitter, /2 = half-wave plate,
P = polarizer, M = mirror, PBC = polarizing beam cube, DCM = dichroic mirror, OBJ = objective lens,
PD = photodiode, PC = personal computer. Related to Figure 4.16.

4.35 Implications for resolution

In principle, a higher order of absorption is desirable in MAP, providing
improved resolution due to the greater degree of spatial confinement of the optical
exposure. However, this notion is based upon n.;being a measure of the actual
number of photons involved in exciting the photoinitiator from So to S1. The results
presented above demonstrate that for ITX, ne does not reflect the total number of
photons that are involved in this transition, but rather can be thought of as the
effective number of photons needed on average to yield a photoinitiation event. In
light of this interpretation of the meaning of 7.y, it is important to examine whether a

higher nef translates into better resolution in ITX-based photoresists.
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We used the kinetic model developed above to determine the spatial
distribution of triplets in the focal plane for values of n.;ranging from 2.0 to 4.5
(roughly the range seen in the 2-BIT data presented here). We assume a Gaussian
distribution of irradiance transverse to the direction of laser propagation, use k> =
2.21 X 10726 55 /kg?, and for each n. find the value of ki such that the peak value of
[T1]¢7/[So]o is 0.01. The results of this modeling are shown in Figure 4.18A.We find
that as nef increases, the spatial distribution of triplet states becomes broader rather
than narrowing. This behavior arises from the fact that the self-deactivation is
strongest where the irradiance is the highest, i.e., in the center of the beam, thus
flattening out the top of the peak of the triplet distribution. Thus, when neyis larger
than the number of photons involved in the transition from So to Si, we predict that

the effect of increasing neyis to degrade, rather than enhance, the spatial resolution.
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Figure 4.18 Relationship between feature size and n¢yin an ITX/PETA photoresist (A) Spatial
dependence of the fractional triplet population in the kinetic model for different values of neff at the
peak intensity. The spatial intensity distribution was assumed to be Gaussian, and k, was fixed at
2.21 X 1072 55 /kg?. (B) Minimum experimental linewidth as a function of excitation wavelength for
the ITX/PETA photoresist (red, right axis) and a control photoresist with Lucirin TPO-L as the
photoinitiator (blue, left axis). These data demonstrate that a higher 7.y in the ITX photoresist
correlates with a broader linewidth. The error bars represent =1 standard deviation, as determined by
making multiple measurements.

We tested these predictions experimentally by creating sets of polymerized
lines using different excitation wavelengths. For each wavelength, lines were
fabricated at a range of different irradiances. Scanning electron microscopy was used
to determine the width of the narrowest lines that survived development. The
measured average linewidths are plotted as a function of excitation wavelength in
Figure 4.18B. If absorption from So to S1 is a 2-photon process and there is no
deactivation, then ner= 2. In this case, the longest wavelength would yield the

broadest lines, with the linewidth being proportional to the excitation wavelength. As
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shown in Figure 4.18B, experiments with such a photoinitiator, Lucirin TPO-L,
gave minimum linewidths that were effectively independent of excitation wavelength
over the range from 740 nm to 840 nm. In ITX, if n.; represented the average number
of photons absorbed to undergo a transition from So to a higher singlet state, then
based on the data in Figure 4.4D, the smallest feature size should be observed at the
longest wavelength. However, as shown in Figure 4.18B, the linewidth in the ITX
photoresist increases with increasing wavelength. This result agrees with the

predictions of our model, and is indicative of the presence of self-deactivation.

4.4 Discussion

The key photophysical steps in photopolymerization using ITX without a
coinitiator are summarized in Figure 4.19. 2-photon excitation drives a transition
between So and S1 and/or S> (the latter of which is not shown). Following excitation,
the molecule can either fluoresce or undergo ISC to 72 or a vibrationally excited level
of T (the latter case is not shown), in either case followed by IVR on a timescale of
picoseconds. Molecules in the 7> state can react with easily abstractable hydrogen
atoms in the monomers. However, internal conversion from 7> to 71, the latter of
which is unreactive, occurs on a timescale of nanoseconds. The 77 state can
phosphoresce or, depending on the energy gap between 77 and 7>, which depends on
the solvent, may be able to repopulate 7> thermally (not shown). Irradiation at a
wavelength that can cause deactivation takes population in either 77 or 7> to a higher
triplet state that undergoes RISC rapidly to a highly vibrationally excited level of So,

which relaxes on a picosecond timescale via IVR.
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Figure 4.19 Schematic representation of the most important photophysical processes that take place in
the ITX photoresist, with the relevant states (So, Si, 71, 7>, and T, that are involved. Green arrows
indicate absorption of a photon, pink arrows indicate non-radiative relaxation, and blue arrows indicate
radiative relaxation. Solid horizontal lines indicate vibrationless electronic states and dashed horizontal
lines indicate vibrationally excited electronic states. The energy levels are not to scale. For each
process, the final state is marked in red.

ITX is a complex model system, due to the nearly degenerate, and solvent-
dependent energies of its lowest two singlet excited states and lowest two triplet
states. The combination of techniques employed here enabled us to identify the initial
triplet states involved in the optical deactivation of ITX, and also to ascertain the
manner in which the singlet manifold is involved in the deactivation process. This
pathway could not have been established unambiguously from any individual
previously established technique or combination of such techniques. Furthermore, the

knowledge that has been gained from our experiments and modeling provides clear
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guidance for the development of new TX derivatives with improved performance for
2CL. For instance, TX derivatives with an increased energy gap between the lowest
two triplet states and the next highest triplet states may not exhibit self-deactivation,
which could lead to improved resolution.

The new spectroscopic toolkit presented here is broadly applicable to
chemical systems that involve triplet photochemistry and photophysics. Our work
demonstrates that 2-beam action spectroscopies enable the direct probing of triplet-
state dynamics, and underscores the prospects for these methods to elucidate the
mechanisms of complex triplet processes. The information obtained in the current
study can be used to inform the synthesis of improved thioxanthone photoinitiators,
but there are many other potential applications of 2-BA spectroscopies in areas of
current interest in triplet dynamics. For instance, in the case of triplet—triplet
annihilation upconversion,® 2-beam constant emission intensity spectroscopy offers a
new approach to making precise measurements of the effective order of absorption at
any given irradiance, providing a more sensitive means of determining when the
linear excitation regime has been attained.®®

The new spectroscopies presented here offer a clear path to characterizing and
quantifying photodeactivation of triplets. If there is an observable that allows the
triplet population to be determined (e.g., phosphorescence or photochemistry), then
deactivation action spectroscopy can be used to determine the wavelength-dependent
efficiency of deactivation.Wavelength-dependent 2-BA spectroscopies allow for the
detailed probing of photochemistry and photophysics, and to identify and quantify

any contributions from self-deactivation. These techniques can be used with whatever
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observables are available from the system of interest (e.g., fluorescence,
phosphorescence, photochemistry, or photocurrent), and comparing the results for
different observables and/or conditions can give valuable information about triplet
photodeactivation. The ability to extract a precise exponent at a given value of an
observable provides key advantages over traditional methods of measuring optical
nonlinearity. Although we used 2-BA spectroscopies here to study processes
involving multiphoton absorption, which requires a pulsed laser, if the observable is
not a cumulative one (i.e., fluorescence and phosphorescence, but not
photochemistry), then there is no requirement that the two beams be spatially
overlapped. In this case, the beams can be CW rather than pulsed.

The addition of a separate deactivation beam in 2-BA spectroscopies adds
another dimension to the ability to elucidate triplet dynamics. In MAP using an ITX-
based photoresist, this extra beam decreased the apparent order of nonlinearity in the
system. However, the effect of the extra beam on the observed exponent is dependent
on the mechanism by which triplet photodeactivation occurs. 2-BAD spectroscopies
therefore have the potential to provide additional mechanistic understanding in
processes in which triplet photodeactivation is involved.

The ability to elucidate pathways for the photodeactivation of triplet states
will make it possible to develop new materials with improved performance for many
applications. For instance, in the case of organic LEDs, triplet states are a bottleneck,
because these states are electrogenerated statistically three times as often as the
desired, emissive singlet states.>” A common approach to solving this problem is to

engineer the energies of the electronic states to promote thermal RISC from the
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lowest triplet state.>* However, this approach increases the effective emission lifetime
of molecules, slowing the cycling of their excitation. Incorporating efficient triplet
photodeactivation is another potential path toward moving population from the triplet
manifold into the singlet manifold. In other applications, such as photon upconversion
via triplet—triplet annihilation,® photodeactivation of triplet states is a deleterious
process. It is important to be able to characterize photodeactivation in such cases, so
that systems can be designed that minimize this phenomenon.

Self-deactivation of triplet states is a special case of photodeactivation that is
not commonly considered in photochemistry and photophysics. Self-deactivation may
be particularly important when multiphoton excitation is employed, as the irradiances
used are much higher than for linear excitation, and so even a deactivation process
that involves weak linear absorption can have a substantial effect. Our work here
shows that self-deactivation can have a negative impact on the resolution in MAP,
and the same may hold true for some other applications of multiphoton absorption,
such as in 4-photon upconversion.*® The characterization of the deactivation process
is a key step toward developing molecules and/or choosing excitation wavelengths
that minimize self-deactivation.

There are other applications in which self-deactivation is a desirable process.
For example, in multiphoton fluorescence microscopy, triplet states can act as long-
lived bottlenecks that reduce the fluorescence yield and increase the probability of
irreversible photobleaching.?” Furthermore, for fluorophores with high symmetry, the
triplet yield under multiphoton excitation can be higher than that for linear excitation,

because a different excited state is accessed initially; consequently, the fluorescence
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quantum yield is decreased under multiphoton excitation.®® Designing self-
deactivation into fluorophores for multiphoton microscopy has the potential to break

the triplet bottleneck, leading to more efficient emission.

4.5 Conclusion

We have developed a suite of optical techniques for studying triplet-state
dynamics. In combination with established spectroscopic methods, these techniques
make possible the identification of the states and pathways involved in complex
photophysical and photochemical phenomena involving triplet states. To demonstrate
the power and versatility of this expanded toolkit, we applied these techniques to
study the triplet-state dynamics of ITX that are involved in the use of this material as
a photoinitiator in MAP and 2-color lithography.

The studies presented here highlight the advantages of using multiphoton
absorption to study triplet dynamics. The differences in selection rules for linear and
2PA for highly symmetric molecules can provide access to different excited states,
which in turn can lead to differences in triplet yields. More importantly, in less
symmetric molecules, one of the main advantages of multiphoton, as opposed to
linear, absorption lies in the differences in triplet absorption at the excitation
wavelength. In the case of linear excitation, any triplet absorption will take the
molecules to a highly excited triplet state that is more likely to be reactive than are
lower triplet states. On the other hand, when multiphoton absorption is used for the
initial excitation, triplet absorption can involve excitation to lower-lying triplet

excited states that are less reactive and more likely to lead to deactivation.
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The self-deactivation process described here is likely a common phenomenon in
triplet-state dynamics, particularly when multiphoton absorption is employed. As was
demonstrated above, self-deactivation not only plays a role in the polymerization
kinetics of ITX-based photoresists, but also in the phosphorescence of this molecule
in solution. Deactivation and self-deactivation are likely to be key elements for

exerting new forms of control in many processes that involve triplet-state dynamics.
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Chapter S : Thin films for high-resolution, 3-color
lithography

Based on the paper by Sandra A. Gutierrez Razo, Adam Pranda, Nikolaos
Liaros, Samuel R. Cohen, John T. Fourkas, Gottlieb S. Oehrlein, Hannah M. Ogden,
Amy Mullin, Steven M. Wolf, Daniel Falvey, John S. Petersen. This chapter shows
details on how we achieved a 40 nm thin film using acrylates that are liquid at room
temperature. Further details on the substrate preparation are also discussed. For this
work, I formulated the photoresist and developed the spincoating method. Adam
Pranda characterized the thin films. All authors discussed the results and guided the

research.

5.21 Abstract

Multicolor lithography is a new class of techniques for attaining high
resolution using visible, near-infrared, and/or near-ultraviolet light.>*>%*° These
techniques take their inspiration from recent advances in fluorescence microscopy.>’
The original multicolor techniques involved one color of light for exposure and a
second for deactivation. However, it is now recognized that such methods have
limitations due to the competition between deactivation and reaction. This problem is
being addressed with a new generation of 3-color materials. One beam is used to pre-
activate a photoresist, a second beam to deactivate it, and a third beam to activate the
pre-activated regions that have not been deactivated. The deactivation beam is used to
trim features, allowing for improved feature size and resolution.

The initial studies in 3-color lithography (3CL) employed multiphoton

exposure as a means of rapid screening for promising candidate materials,*%°! which
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could be accomplished in thick films. However, large-area, semiconductor
lithography applications will require the use of films that are a few tens of nanometers
thick. We have developed techniques to create thin films of some of the most
promising 3CL materials, and here we report the latest results on the resolution that
can be attained in thin films of these materials.

To achieve uniform thin films, the substrates are first functionalized and then
reacted with monomers to create a highly wettable surface. A solution of monomers
and photoinitiator is spun onto the substrate to the desired thickness. The mixture of
monomers is selected to have a high etch resistance, increasing fidelity during pattern
transfer with plasma etching. The 3-color approach provides substantial latitude in the
choice of monomers, allowing us to achieve an etch resistance that is substantially

greater than that of a benchmark 193 nm resist.

5.22 Introduction

5.22 Thin film preparation

5.221 Substrate functionalization

Silicon oxide (Si02)-coated Si wafers are used as substrates for thin film
characterization, and glass coverslips are used as substrates for patterning
experiments, but both substrates are prepared in the same way. The wafers and glass
coverslips are functionalized and treated to increase wettability during spin-coating
and to promote adhesion of the polymerized features. The substrates are first cleaned
with acetone and water. After drying, the substrates are cleaned in an Oz plasma,

which also exposes silanol groups to increase reactivity for the next step. Figure 5.1
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shows a representation of the surface chemistry of a SiO»-coated Si wafer surface

after being plasma cleaned.
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Figure 5.1 Representation of the chemical nature of a SiO,-coated Si wafer surface. The thickness of
the SiO; coating is 100nm, and after plasma cleaning, silanol groups are exposed.

Figure 5.1 shows the chemical structure of (3-aminopropyl) triethoxysilane
(APTES), which is used to functionalize the substrates. Our silanization procedure is
adapted from optimization work done of Howarter and Youngblood.®? During the first
step in the silanization process, an ethoxy is replaced by a hydroxyl from water on the
surface of the substrate, and ethanol leaves. A hydrogen bond forms between a
hydroxyl on the silane and a hydroxyl on the surface of the substrate. Next, a
condensation reaction results in a strong siloxane bond of the APTES to the surface of
the substrate. From here, further hydrolysis can result in two additional siloxane
bonds to the surface. The optimization work compares reaction time, silane
concentration, and reaction temperature to achieve a uniform, thick layer with a high
amine density. Our purpose is to have a uniform, but thin, aminated layer that is
chemically bonded to the surface. A high amine density is not necessarily needed, as
the amines are later reacted with monomers to create a non-labile, highly wettable
surface for spin coating. Figure 5.3 shows five siloxane bonds to three APTES

molecules.
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Figure 5.2 (3-Aminopropyl) triethoxysilane is used to functionalize Si wafers and glass coverslips.
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Figure 5.3 Representative schematic of the SiO»-coated Si wafer surface once functionalized with 3-
(aminopropyl) triethoxysilane.

After amination, the substrates are reacted with the acrylate monomers that are
used for the photoresist. Many different families of monomers could be used here,
making this process versatile for 3CL films or other thin films. Figure 5.4 shows the
two monomers SR368 tris[2-(acryloyloxy)ethyl] isocyanurate, and SR833 tricyclo
decanedimethanol diacrylate, that are reacted with the substrates for this work. The
monomers undergo Michael addition with the amines on the surface, providing strong
bonds to the substrate and a compatible layer for spin coating. Figure 5.5 shows a

schematic representation of the substrate after the acrylate monomers are bonded.
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Figure 5.4 Acrylic monomers used to functionalize thin film substrates for this work. Left, SR368.
Right, SR833.

-
—

O jy
NS e SISl D /
RN, =g o

/
I%

fa]

L___._\A.,E_D_AJ_C
ool
'"“'*L— JI—Q—JE Ot |__s‘(:-”
f,,J JI—Q——J:— | — |_J|H
VAN

Figure 5.5 Result of Michael addition of the monomers to the functionalized substrate.

5.222 Spin coating and development

Once substrates are prepared, the photoresist is spun onto the substrate and
dried. For film characterization, blanket exposures are performed on SiO»-coated Si

wafers. The films are exposed with a UV lamp under N> flow. After development, the
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thickness of these films is ~120 nm. For fabrication, the films are spun the same way

and exposed in a microscope using the 3CL technique.

5.23 Materials and Procedure

APTES was obtained from Sigma Aldrich and used as received. The acrylates
were obtained from Sartomer and were used as received. The linked monomers and
the photoinitiator are prepared in house beforehand. The SiO2 —coated Si wafers are
cut into 2 cm X 2 cm squares, and the glass substrates are #1 coverslips. Both types of
substrates are cleaned by sonicating in deionized (DI) water, acetone, then DI water
again for 3 min each time. The substrates are dried for 1 h at 100 °C and then O»
plasma cleaned at 250 mTorr for 3 min. Immediately after plasma cleaning, the
substrates are submerged into a 2 wt% APTES solution in ethanol for 4 h. The
substrates are rinsed well in DI water three times. The substrates are then heated to
100 °C for 10 min to finish condensation. Afterwards, the substrates are left in a 2
vol% monomer solution in ethanol for 15 h. The substrates are rinsed for 1 h in

ethanol and then dried at room temperature.

The spin-coating solution is 2 wt% photoinitiator in acrylate monomers
diluted to 4 wt% photoresist with the spin-coating solvent. 100 pL is put onto the
substrate with a pipettor and is allowed to sit without spinning for 30 s. The spin
coater is ramped to 1000 RPM in 30 s and spun for 60 s more to dry. The film is
exposed under N> flow with a UV spot lamp for 60 min at 40 mW. The crosslinked

films are then developed in ethanol for 5 s and then are rinsed with DI water.
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5.24 Results

5.241 Photoresist for 3CL

The photoinitiator used for this work has been studied in this group
previously, and shown to be a good candidate for 3CL in the thick-film
experiments.”>> A photoresist that is 1:1 by weight SR833:SR368 has shown 3CL
behavior in thin films using multiphoton absorption for excitation, as shown in Figure
5.7. These colors are 800 nm modelocked (ML) light to pre-activate, 800 nm
continuous-wave (CW) light to deactivate, and 445 nm CW light to activate to the
chemically active state. A new exposure scheme for linear excitation has been
identified,” but this work is ongoing. A photoresist made with linked monomers is
expected to have the same 3CL behavior in thin films with the new colors for linear
excitation at 405 nm ML to pre-activate, 635 nm CW to deactivate, and 445 nm CW
to activate, but this work is also ongoing. Progress has also been made toward in situ
studies using interference lithography with three colors.!! Additionally, Periodic
Structures, Inc. (PSI) has developed technology that will enable 3CL patterning with

these materials on the wafer scale.!*"1¢
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Figure 5.6 AFM images of 3CL behavior in thin films on glass cover slips. Left, 1-color exposure.
Middle, 2-color exposure in which neither pre-activation nor activation alone will cause
polymerization, but polymerization is observed once the beams are combined. Right, 3-color exposure
with one beam pre-activating, another beam activating, and the third completely deactivating.

5.242 Film Characterization

Figure 5.6 shows AFM images obtained at different stages during the thin-
film preparation process. The root-mean-square (RMS) roughness is 0.2 nm after
functionalization with APTES. The RMS roughness increases to 0.5 nm after bonding
with the monomers, and finally increases to 0.7 nm after spin-coating, exposure, and
development. The roughness of the thin film made with a linked monomer resist is

acceptable for fabrication and will be used in future fabrication experiments.

RMS:05nm  RMS:0.7nm .

~ RMS:02nm ~ RMs:0.7nm
Figure 5.7. AFM images of substrates during substrate and film preparation steps. Left, RMS
roughness of SiO»-coated Si wafer after it is functionalized with APTES is 0.2 nm. Middle, RMS
roughness of SiO»-coated Si wafer after addition of monomers is 0.5 nm. Right, RMS roughness of

thin film after blanket exposure and development is 0.7 nm.
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The photoresist made with the linked monomers provides superior plasma
etch resistance than do other photoresists we tested under identical plasma
processing conditions. Our initial measurements of blanket film behavior have
shown that the thickness loss during plasma etching is lower than both the
benchmark JSR PR193 and thin films made with mixtures of SR833 with
SR368 or SR368 with trimethylpropyltriacrylate (TMPTA). Furthermore, the
linked monomers attain a steady-state etch rate that is noticeably lower than
that of the benchmark PR193 resist. We believe that the enhanced etch
resistance of the photoresists with the linked monomers will enable us to
retain high resolution during a pattern transfer process. Figure 5.8 shows the
amount of film thickness etched for the materials tested as a function of

processing time.
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Figure 5.8 Plot of film thickness etched at the same plasma conditions: Ar, 40 sccm, 10 mTorr, 300 W
source power, -100 V bias. The green symbols correspond to the film made with the linked monomers.
The red symbols correspond to the Sartomer monomers mixed together. The black points correspond
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to the benchmark PR193 resist. The blue symbols correspond to a mixture of SR368 with
trimethylpropyltriacrylate (TMPTA). The linked monomers exhibit a greater etch resistance relative to
the other materials as the amount of thickness etched and etch variation is lower relative to the other
materials.

5.25 Conclusion

In this work we have shown that the resist we have developed can work with
3CL and that we can adapt this technique into thin films that will be useful for linear
excitation in large-scale patterning. We have developed a process to make smooth
thin films with our resist. The etch resistance of a resist made with linked monomers
should increase fidelity during the pattern transfer process. This resist shows promise

for large-scale patterning, which will benefit the semiconductor industry.
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Chapter 6 : Oxygen effects in thin films for high-resolution,
3-color lithography

Based on a paper by Sandra A. Gutierrez Razo, Nikolaos Liaros, Adam
Pranda, Gottlieb S. Oechrlein, John T. Fourkas, John S. Petersen. Once thin enough
films were achieved, substantial differences in polymerization were observed between
the thick and thin films. One cause for these differences is the abundance of oxygen
in thin films versus thick films. For this work, I made the films and performed the

experiments. All authors discussed the results and guided the research.

6.1 Abstract

Three-color lithography (3CL) produces features on the scale of tens of
nanometers using visible light. In this technique, one beam pre-activates a photoresist,
a second beam deactivates the photoresist, and a third beam activates the pre-
activated regions that have not been deactivated. The deactivation beam trims
features, allowing for improved feature size and resolution. Creating permeable thin
films enables further control of feature size using oxygen as a quencher. We discuss

these thin-film studies, which are a promising step towards large-area patterning.

6.2 Introduction

Inspired by recent advances in fluorescence microscopy, multicolor
lithography uses two or more colors of visible and/or near-ultraviolet light to attain
high resolution.>*#%% The initial approaches to multicolor lithography involved two
colors of light: one for excitation and another for deactivation. With only two colors,

there is competition between deactivation and chemical reaction, resulting in
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resolution limitations. A new generation of 3-color materials was developed to
overcome these problems. In the 3-color scheme, the first beam pre-activates the
photoresist, a second beam to deactivate the region of photoresist where
polymerization is not wanted, and a third beam activates the pre-activated area of the
photoresist that has not been deactivated. The deactivation beam trims features,
decreasing feature size and improving resolution.

Previous 3CL studies used multiphoton exposure in thick photoresist films for
rapid screening of candidate materials.*®% In contrast, large-area semiconductor
lithography applications will necessitate films that are tens of nanometers thick. After
creating thin films of some of the most promising 3CL materials,’® we have observed
substantial differences in polymerization between the thick and thin films. Some of
these differences can be attributed to the amount of oxygen present in the thin films
during polymerization. Here we report our recent results on using varied oxygen
concentrations in different photoresists.

Oxygen is quickly consumed in the thick films but is constantly replenished
by the atmosphere in the more permeable thin films. Because oxygen is both a
sensitizer and quencher in our 3CL photoresist, this problem has become an
opportunity to tune the feature size and resolution by varying the oxygen
concentration in the system. This effect is seen to varying extents in photoresists
composed of different monomers. The 3-color approach provides substantial latitude
in the choice of monomers, allowing us to select a composition that will give the best

resolution when fabricating, as well as high-fidelity pattern transfer.
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The 3CL technique has been used to make finer features in films that are
approximately 600 nm thick; however, a problem arises when the aspect ratio of the
deactivated features becomes so high that the features fall over, as seen in Figure 6.1.
To decrease the aspect ratio, thin films are employed to control the height of the

features, while the 3CL technique controls the x and y dimensions.

5.0kV 7.0mm x10.0k SE(M)
Figure 6.1 SEM image of features fabricated with the 3CL technique in 600-nm-thick films. In this
case, the deactivation beam is chopped so that only parts of the features are deactivated. The
deactivated portions have an aspect ratio too high to remain upright and fall to the sides upon
development.

Oxygen can act as a quencher in two ways, as shown in Figure 6.2. When
excited to the chemically active state, the photoinitiator can abstract a hydrogen atom
and produce a radical. Oxygen can quench the triplet state before the radical is
formed. If formed, the radical can start a polymerization chain reaction that can
continue if unimpeded. Oxygen can scavenge the primary radical preventing
polymerization, and can also terminate polymerization by producing relatively
unreactive peroxides or other products.

Both mechanisms reduce the polymerization rate until the oxygen in the

system is consumed. Differences in observations between thin and thick films could
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be due to air permeation of the thin film, leading to constant oxygen replenishment.
Oxygen can be used as a quencher to reduce feature size and increase the resolution

in our thin films.
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Figure 6.2 Adapted from Zhou et al., *7 the figure above shows the roles of oxygen in our resist: a)
hydrogen abstraction b) the start of radical polymerization c) polymerization propagation, and d) chain
termination.

6.23 Sample preparation

6.231 Substrate and resist preparation

Glass coverslips are functionalized and treated to increase wettability during
spin-coating and to promote adhesion of the polymerized features, as described in
previous work.”® For this work, the substrates are first silanized with (3-aminopropyl)

triethoxysilane, as shown in Figure 5.2.
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Afterwards, the substrates are reacted with the acrylate monomers that are
used for the photoresist. Here, the substrates are functionalized with TMPTA, SR444,
or SR833, as shown in Figure 6.3. Oxygen diffusion into the film is fast enough that
the concentration of oxygen in the film is constant. Diffusion of the reactive species
leads to the differences in threshold and feature size; therefore, three photoresists
were made with differing viscosities to study the effect of oxygen concentration on
the polymerization behavior of the thin films. The monomers for the most viscous
resist at 2800 cP is a mixture of 7:3 SR368: TMPTA. SR368 is tris(2-
(acryloyloxy)ethyl) isocyanurate, a waxy solid at room temperature with a density of
1.298g/cm?. TMPTA, trimethylolpropane triacrylate is a runny liquid at room
temperature, with a density of 1.1g/mL, which is used to keep the mixture liquid at
room temperature. The second resist is made with SR444, pentaerythritol triacrylate,
also known as PETA. The density of this monomer is 1.18 g/mL, and the viscosity is
600 cP. The least viscous resist is made with SR833
tricyclo[5.2.1.02,6]decanedimethanol diacrylate, with a density of 1.1 g/mL and a

viscosity of 200 cP.
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Figure 6.3 Acrylic monomers used for this work. a) SR368 and TMPTA used as a mixture for the most
viscous photoresist. b) SR444, used in other multicolor lithography studies. ¢) SR833 used for the least

viscous photoresist.

6.232 Spin coating and exposure

Once substrates are prepared, the photoresist is spun onto the glass coverslip

and allowed to set. The thin films are put into an open air-tight sample holder. This

holder is placed in a glove bag and the bag is evacuated and filled with the desired

mixture of oxygen and nitrogen using flowmeters. The sample holder is closed in the

glove bag before being exposed in the microscope, as shown in Figure 6.4.
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40 nm photoresist film

Functionalized glass substrate

780 nm ML

Figure 6.4 Experimental setup showing a single-beam experiment. The film is spun onto a
functionalized substrate and put into an air-tight sample holder with the desired concentration of
oxygen in nitrogen.

6.233 Materials and Procedure

APTES was obtained from Sigma Aldrich, and was used as received. The
acrylates were obtained from Sartomer and Sigma Aldrich, and were also used as
received. The photoinitiator is prepared in house beforehand. The glass substrates, #0
coverslips, are sonicated in deionized (DI) water, acetone, then DI water again, for 3
min each. The substrates are dried for 1 h at 100 °C, and then are O> plasma cleaned
at 250 mTorr for 3 min. Immediately after plasma cleaning, the substrates are
submerged into a 2 wt% APTES solution in ethanol for 4 h. The substrates are rinsed
well in DI water three times. Afterwards, the substrates are left in a 2 vol% monomer
solution in ethanol for 15 h. The substrates are rinsed for 1 h in ethanol and then are

dried at room temperature.
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The spin-coating solution is composed of the photoresist diluted with a spin-
coating solvent. 60 puL of the photoresist was dispensed on the substrate with a
pipettor and allowed to sit without spinning for 30 s. The spin coater was ramped to
4000 RPM in 5 s and spun for 85 s more. The films were left in the spin-coater for 30
min to set. The film was exposed in the microscope with one 780 nm ML beam. The
microscope was equipped with a camera, and the polymerization threshold was
determined by eye. The threshold was noted when the monomers were crosslinked
enough to cause a visible change in the refractive index of the material. The
substrates were then developed in ethanol for 5 s to remove the unpolymerized

monomer, and the structures were imaged by AFM to determine the linewidth.

6.24 Results

The polymerization threshold increases as the oxygen concentration increases
for all of the photoresists tested, as shown in Figure 6.5. The most viscous material
shows a larger linewidth change with increased oxygen, so higher concentrations of
oxygen were investigated. Figure 6.6 shows that whereas the polymerization
threshold changed as expected with the increase in oxygen, the linewidth did not
continue to decrease. This discrepancy could be due to saturation, or to the observer’s
inability to detect the correct threshold as the dose increases with increasing oxygen
concentration. More work is needed in this area. The photoinitiator used for this work
has been studied in this group and was shown to be a good candidate for 3CL in
previous experiments.*3-%% Although this work only used one beam to look at oxygen
effects, these photoresists have shown 3CL behavior in thin films using multiphoton

absorption polymerization with a 3-color exposure previously used to screen for
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appropriate materials. These colors are 780 nm mode-locked (ML) light to pre-

activate, 740 nm continuous-wave (CW) light to deactivate, and 445 nm CW light to

activate to the chemically active state. Additionally, these photoresists are expected to

have the same 3CL behavior in thin films with the new colors for linear excitation

405 nm ML to pre-activate, 635 nm CW to deactivate and 445 nm CW to activate, but

this work is ongoing. Periodic Structures, Inc. (PSI) has developed technology that

will enable 3CL patterning with these materials on the wafer scale.
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Figure 6.5 Plots of the three photoresists with varying viscosities. On the left: oxygen concentration vs

polymerization threshold, right: oxygen concentration vs linewidth.
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Figure 6.6 Plots of the most viscous photoresist with increased oxygen. On the left: oxygen
concentration vs polymerization threshold, right: oxygen concentration vs linewidth.
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6.25 Conclusions

In this and previous work we have shown that the resist we have developed
can work with 3CL and that we can adapt this technique into thin films that will be
useful for linear excitation in large-scale patterning. We are able to use oxygen as a
quencher to further refine features size to increase resolution. This resist shows
promise for large-scale patterning that will benefit the semiconductor industry. Future

work will include 3CL exposure under increased oxygen concentration conditions.
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Chapter 7 : Impact and Future work

This work describes:
e 2-BIT, a technique to determine the order of nonlinearity of materials
that could be used as photoinitiators in a 3CL system,
e ITX’s performance as a 3CL photoinitiator,
e the procedure to produce 40 nm thin films,
e differences in polymerization and deactivation in thin films compared

to micron-thick films.

Having learned so much about our photoinitiator and its behavior, future
students can endeavor to increase fabrication resolution for 3CL. The 3CL technique
can be developed further and scaled for production. ITX and its analogues can also be
reformulated into innumerable photoresist systems or other systems that require
controlled radical polymerization.

The photoresist for the 3CL project was formulated for thin films with high
etch resistivity. Polymers with high etch resistivity have a larger percentage of C-C
bonds and tend to be less viscous compared to ethoxylated acrylate monomers.
Although not as etch resistant, ethoxylated acrylate monomers can create finer
features because higher viscosity means there is less diffusion of the partially
polymerized oligomers. Highly ethoxylated acrylate monomers could enable higher

resolution polymerization.
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In addition to trying different monomers for higher resolution, the 3CL can be
developed further for other applications. One interesting avenue to pursue is a water
soluble system. Although ITX is not soluble in water, it could be modified to increase
its solubility. This modification could then open an path to a bio-compatible 3CL
system.

Photoinitiator modifications can increase 3CL applications, but 3CL can also
be done with other photoinitiators altogether. I have recently seen deactivation in
acrylates with a photoacid generating initiator. The 3CL technique can be developed

for many applications using different monomers and photoinitiators.

Appendices

A. Deactivation beam characterization

For 3 or even 2 color lithography experiments, we use a shaped deactivation
beam to deactivate the outside edges of the exposed area, allowing for polymerization
only in the center of the exposed area. Figure A.1 shows a simplified schematic of the
ARCoptix polarization converter used for this work. This polarization converter gives

a donut-shaped beam with a dark spot in the middle.
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Figure A.1% Effect of ARCoptix polarization converter. The polarization converter contains a liquid
crystal retardant material that can be controlled by changing the voltage applied to convert a linearly
polarized beam into a radially or azimuthally polarized beam.

Throughout this project, we observed that deactivation seems to be related to
the distance of the focus from the substrate. For example, we see that features that are
thinner in x are also shorter in z compared to features fabricated without the
deactivation beam. We used a GaAsP photodiode to characterize the shaped
deactivation beam and found results consistent with our observations.

In addition to the beam we characterize, we use a beam controlled with
scanning mirrors to move across the deactivation beam. Once both beam foci are
overlapped, they are focused on the photodiode. A chopper is positioned in such a
way so that one beam passes through the inner part of the wheel and the other beam
passes through the outer part. This way, the beams are chopped at different
frequencies. The lock-in amplifier is set to detect only the signal from the
combination of both beams. The signal from the individual beams is subtracted as
shown in Figure A.2. The beams start out next to each other and as the scanning

mirrors move one beam over the other, the signal changes and is recorded.
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Figure A.2 Setup for beam characterization experiments. This setup involves two preamplifiers to
subtract the individual signals from the beams. This way, the lock-in amplifier is sensitive to only the
combined signal.

We expect the highest signal when the bright areas of the beams are
overlapped. The signal from the lock-in amplifier is plotted against the position of the
scanning beam to show the profile of the deactivation beam. To clarify, the signal
from the lock-in amplifier is also in volts because it is the output of the lock-in
amplifier and is not related to the voltage applied to the polarization converter. Figure
Figure A.3 shows the profile of the deactivation beam when there is 0 voltage applied
to the polarization converter. Here we see that the highest signal comes from the
middle of the peak because the shape is largely unaffected. When the voltage is 0,

both beams are brightest in the center so Figure A.3 shows a peak in the middle.
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Figure A.3 Profile of the deactivation beam passing through the polarization converter with 0 voltage
applied. The peak shows that both beams are brightest in the middle.

The voltage for a radially polarized beam was determined to be 1.567 V. This
value changes over time, so it is important to confirm the shape of the beam by eye.
Figure A.4 shows the profile of the radially polarized deactivation beam. Here we can
see two peaks. These peaks are the brightest areas of the shaped beam and we can see

the profile of the donut hole in between the peaks.
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Figure A.4 Profile of the radially polarized beam.

Moving the objective into the photodiode gives different values, so we tried to
find a position that shows a larger donut hole. The results in Figure A.5 shows scans

at different z positions as I moved the objective closer to the photodiode.
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Figure A.5 Radially polarized beam profiles at different z positions. After each scan, the position of the
objective moved closer to the photodiode. The exact relative position could not be determined because
the photodiode holder can move. I relied on the signal of the amplifier to decide how far into the
photodiode I moved the objective.

We can see a clear difference in the deactivation beam based on the voltage
applied to the polarization converter, but the signal does not change much when
making small adjustments to the voltage. We can also see that the hole is not as deep
and dark as we hoped. These results are consistent with deactivated features being

narrower as well as shorter than features that are not deactivated.
B. APTES procedure

Both the glass coverslips used for microscope exposures experiments and the
silicon oxide-coated silicon wafers are prepared in the same way. The substrates are
functionalized to increase wettability during spin coating and to promote polymer
adhesion to the substrate.

The substrates are sonicated for 3 min each time in deionized water to remove
dust, then in acetone to remove most organic impurities, then again in water as

acetone can dry too fast and leave a residue behind. After drying in a 100°C oven for
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1 h, the substrates are cleaned in O> plasma at 250 mTorr for 3 min, exposing silanol
groups to increase reactivity for the next step.

The substrates are then functionalized with (3-aminopropyl) triethoxysilane
(APTES) using an adapted method. The substrates are submerged in a 2 vol.%
solution of APTES in ethanol for 2 h. Water is not added to the solution, but small
amounts of water in the ethanol and the substrate surface facilitate a substitution of an
ethoxy group on the silane. A hydrogen bond forms between a hydroxyl on the silane
and a hydroxyl on the surface of the substrate. A condensation reaction results in a
siloxane bond to the substrate. Further hydrolysis may result in multiple siloxane
bonds.

APTES is water sensitive, and will aggregate if not kept dry. Aggregates
increase the roughness of the substrate and in turn the roughness of the thin film
resulting in bumps around the polymerized features that affect the height of the
features. APTES must be stored under dry gas. As the solution stands, moisture is
absorbed from the air and continues to form APTES aggregates. Limiting the reaction
time of APTES is necessary to obtain smooth thin films as can be seen in. The

solution is only good for one functionalization.
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Figure B.1 AFM images of thin films with fabricated features. On the left, fabricated features made on
a substrate using a 4 hour APTES reaction. The APTES aggregates appear as white spots and are
present everywhere on the substrate. The aggregate spots change the height of the thin film and the
height and width of lines fabricated around them. On the right, fabricated features made on a substrate
using a 2 hour APTES reaction. Here, there are far fewer aggregates on the substrate.
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