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The semiconductor industry is planning to use Extreme Ultraviolet lithography
as its next-generation patterning technique. However, this technique has run into
many roadblocks due to its cost and complexity. An alternative approach employs
light in the near-UV. A 2-color photolithographic technique based on combination
of two colors on the near-UV or visible light has shown promising results in creating
structures with sizes at a fraction of the excitation light wavelength. One color of
light excites photoinitiator molecules to a chemically active state that leads initiation
of polymerization. A second color of light deactivates photoinitiator molecules before
they form radicals, inhibiting polymerization.

In this thesis we show how extending 2-color lithography to include a third
color (3CL) can achieve super-resolution for applications requiring fabrication of
closely packed structures. The advantage of the 3CL process is in its separation
of polymerization initiation and deactivation steps by involving different chemical

states that allow for more efficient deactivation and for increased resolution.



Some of the crucial elements needed to achieve an optimized scheme for 3CL
are the determination of the intramolecular transitions that participate in the pro-
cess, the lifetimes of the photoinitiators, and the exposure parameters. Several
photoinitiators were studied to determine the optimal exposure conditions. Poly-
merization action spectra and deactivation action spectra were used to determine
the combinations of excitation and deactivation parameters resulting in the most
efficient deactivation. The 2-beam initiation threshold (2-BIT) method was intro-
duced for in situ measurement of the order of effective nonlinearity of photoresists.
The order of the effective nonlinearity was determined for a series of photoinitiators
under various excitation wavelengths and fabrication velocities.

Additionally, a photoinitiator with a proportional velocity (PROVE) depen-
dence, in which feature size increases with the velocity, was found to undergo efficient
self-deactivation at increased temperatures. This dependence was demonstrated by
gradually heating the sample and analyzing the fabricated feature sizes. Spot heat-
ing with a laser beam was also used to locally prevent polymerization. The corre-
lation between polymerization rate and temperature opens opportunities for high

speed fabrication that uses temperature gradients to create finer structures.
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Chapter 1
Background

1.1 Introduction

Moore’s law states that the number of electronic elements that can fit in a
given area on a chip doubles approximately every 18 months [1,2]. With the ongo-
ing need in the semiconductor industry to reduce feature sizes further, researchers
have developed novel techniques, based on the application of high-energy photons
or charged particles. However, achieving nanoscale features (isolated fabricated
elements) as well as nanoscale resolution (the minimum distance at which the fea-
tures can be distinguished) is quite challenging. According to Abbe’s criterion, the

diffraction limit of a microscope is given by the formula d = where A is the

Sneina’
wavelength of the light, n is the refractive index of the medium, « is the half-angle
of the imaging aperture, and the quantity nsin« is called the numerical aperture
(NA). As a point of reference, for a high-magnification microscope objective, the
value of the NA is about 1.4, which corresponds to a resolution of approximately
one-third of the wavelength of light used.

Conventional approaches to improve resolution employ short-wavelength light,
such as ultraviolet (UV) or extreme ultraviolet (EUV). When the light is used to

write a pattern in the photoresist sample, it first passes through a mask. The resul-

tant patterned light then changes the chemical composition of the exposed areas of



the sample. Afterwards, during the development stage, either the exposed material
or the non-exposed material is removed, depending on the type of photoresist being
used.

Although it can lead to a reduction in feature sizes, EUV light is expensive
to generate and not easy to control. In comparison, photolithography based on the
visible or near-IR light is more efficient, as light in the visible spectrum requires
less expensive sources, and is easier to produce and manipulate. For these reasons,
techniques using visible light wavelength for nanoscale lithography have garnered a
great deal of interest and enthusiasm.

A new approach towards fabricating superresolved structures employs combi-
nation of two lasers at wavelengths in the near-UV, visible or near-IR regions [3-6].
In this approach, one color is used to initiate a polymerization reaction. The sec-
ond color selectively deactivates polymerization in the desired regions of the sample,
leading to the formation of structures with sizes below the diffraction limit. Even
though 2-color lithography allows for the creation of lines as narrow as 11 nm using
800 nm light [5], maintaining the same size when fabricating closely-packed struc-
tures has proven to be challenging. Writing lines close to one another leads to a
decrease in resolution and widening of the created lines as compared to isolated
ones.

This challenge can be overcome using 3-color lithography, in which polymeriza-
tion is initiated via two steps. One color pre-activates the photoinitiator molecules
in the resist sample to a chemically inert metastable state, and a second color

deactivates the molecules from this state. The third color brings the remaining pre-



deactivated molecules to a chemically active state that leads to polymerization. The
two-step initiation process allows us to avoid the exposure build-up that typically
takes place during 2-color lithography and to improve the resolution of the resultant
structures.

The 3-color lithography technique can be realized using a linear absorption in
thin films for applications in the semiconductor industry. The thickness of the thin
films will limit the height of the fabricated structures, while phase masks can be
used to change intensity distribution of the lasers in the plane of the thin films.

As a first step towards creating superresolved structures in thin films, we are
developing 3-color lithography in thick films using multiphoton absorption. Mul-
tiphoton absorption polymerization (MAP) has attracted interest from in a wide
range of academic and industrial fields for its ability to create three-dimensional
(3D) structures with feature sizes below the diffraction limit. It is a versatile fabri-
cation technique based on multiphoton absorption, in which a polymerization reac-
tion is triggered by the absorption of multiple photons of light in the visible part of
the electromagnetic spectrum.

MAP allows for rapid screening of photoresists for their potential use in thin
film photolithography. Once appropriate materials are identified using MAP in thick
films, processes can be developed to spin-coat these materials as thin films to be
used with linear polymerization. This thesis focuses on developing new approaches
to test photoresists and to characterize potential photoinitiators for achieving super-

resolution with multi-color lithographic techniques.



1.2 Multiphoton absorption theory

Absorption is typically a linear process, in which a photon whose energy
matches the energy gap between a ground state and an excited state causes a
transition. In multiphoton absorption (MPA), this process is instead driven by
the simultaneous absorption of two or more photons, the energies of which sum to
the transition energy. This nonlinear process was predicted theoretically in 1931
by Maria Goppert-Mayer [7,8]. Even though it was first predicted in 1931, MPA
was not experimentally demonstrated until the invention of the laser. Because two
or more photons need to be absorbed simultaneously to cause a transition between
energy states, an ultrafast pulsed laser is generally required to drive MPA processes.

In MPA, the absorption rate is proportional to the intensity of the light source
to the power of the number of photons being absorbed. In the case of two-photon
absorption (2PA), for instance, this relationship is quadratic.

The differences between one-photon and two-photon absorption, as well as
the potential for MPA to be used in 3D fabrication, can be demonstrated through
exposure of a solution of homogeneously distributed fluorescent molecules, as shown
in Fig. 1.1. In the case of single-photon absorption, the absorption rate is directly
proportional to the intensity of the light. Because the molecules in the sample are
distributed uniformly, the intensity distribution through the sample is constant in
each transverse plane, exciting the same number of molecules in each such plane

throughout the entire path length of the laser beam.



Figure 1.1: One-photon (left) and two-photon (right) absorption causing
fluorescence in a Rhodamine B solution. The integrated intensity is the
same in each transverse plane in the case of single-photon absorption,
and is maximized within the tight focal of the microscope objective for
two-photon absorption [9].

The intensity profile for 2PA shows different behavior, because the absorption
rate is proportional to the square of the intensity. Therefore, the transverse integral
of the intensity squared is at a maximum where the beam is most tightly focused.
By using an objective with high NA, the laser beam can be focused to a tight
focal volume and, as presented in Fig. 1.1, 2PA excites molecules only in a small
region. Such a nonlinear ratio between the light intensity and the absorption rate
opens the potential for applications such as 3D microfabrication [10,11], optical data
storage [12-14], and 3D fluorescence imaging [15-19].

In 2PA molecules are typically excited from the ground state Sy to the first
excited S; by absorbing two or more photons with a collective energy F that is equal
to the energy difference between Sy and S;. The first photon excites a molecule from
So to a virtual intermediate state with a lifetime 7;, and a second photon further

excites the molecule to the S; state. The lifetime of the intermediate state can



be determined from the uncertainty principle via AE7; > h, where AFE represents
the uncertainty of the energy after the photon excites the photoinitiator molecule
[20]. Assuming the energy of the intermediate state is close to that of S, for a
transition caused by an absorption of a photon with an energy in the visible light
range 7; ~ 1071° — 10716 sec. The lifetime 7; defines the time period within which
the two photons must arrive to excite the molecule to the S;. The absorbed photons
can be of equivalent energies F; = Ey (degenerate 2PA), where E) is the energy of
the first absorbed photon and F» is the energy of the second photon. In this case,
the transition energy £ = E| + Fy = 2FE; = 2F5. In the non-degenerate case, Fy #
Es, but F = E| + FEj.

Even though the majority of research on 2PA has focused on the degenerate
case, non-degenerate 2PA has been demonstrated in some cases to have a higher
absorption cross-section [21,22]. Non-degenerate 2PA has been achieved by using a
pump-probe, two-beam configuration in which the pump beam wavelength was in

the near-IR and the probe beam consisted of white-light continuum [23,24].

1.3  Multiphoton absorption polymerization (MAP)

1.3.1 MAP mechanism

For MAP, the laser used to initiate polymerization is typically in the near-
infrared region, with a wavelength of ~800 nm, a pulse duration of ~100 fs, and
a repetition rate of ~80 MHz. The light is focused into the photoresist through a

high-NA objective, resulting in a high probability of multiple photons being absorbed



simultaneously in the focal region. A typical MAP photoresist consists of monomers
or oligomers and photoinitiator molecules.

In most photoresists, a similar transition from the ground state to an excited
state can be achieved through linear absorption at a shorter wavelength. As was
the case for fluorescence excitation in Fig. 1.1, in contrast to linear photopolymer-
ization with UV light, MAP takes place only within the focal region of the laser
beam, following common mechanisms for photopolymerization, such as radical and

cationic.

1.3.2 Radical Photopolymerization

Typically, MAP is performed using a negative-tone photoresist, meaning that
a cross-linking reaction occurs in the regions that are exposed to laser light [25-27].
Afterwards, insufficiently crosslinked regions are washed away by a solvent during
the development stage.

In radical photopolymerization, photoinitiator molecules excited to S typi-
cally undergo intersystem crossing (ISC) to a triplet state 77 that produces free
radicals. The radicals initiate a polymerization chain reaction (Fig. 1.2).

Equations 1.1-1.4 show schematically the mechanism of the radical crosslinking
process [28,29]. Here the photoinitiator molecule I transitions to an excited state I*,
from which it produces free radicals R- (Eq. 1.1). After the radical formation step,

a chain reaction between radicals R- and monomers M produces radical monomers
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Figure 1.2: Jablonski diagram showing an electronic transition between
the ground state Sy and an excited state S; caused by linear absorption
(blue) or two-photon absorption (red). After the transition, the molecule
undergoes intersystem crossing (ISC) to a triplet state T}, creating rad-
icals and initiating a polymerization chain reaction.

RM- (Eq. 1.2). This process continues, expanding and growing oligomer radicals,

until two radicals meet and terminate the reaction (Eq. 1.3,1.4).

Initiation I 2% 1" = R- (1.1)
Propagation R-+M — RM- 2L RMM - -~ = RM, (1.2)
Termination RM,, - +RM,,- — RM, R (1.3)

RM,, - +RM,,- — RM,, + RM,, (1.4)

An alternative path for radical formation may occur in systems with a co-
initiator, in which radicals are formed by abstraction of a hydrogen atom from the
co-initiator. Among other components, the pre-polymer sample may also contain
polymerization inhibitors that act to terminate the polymerization reaction to en-

hance shelf life.



1.3.3 Cationic Photopolymerization

Cationic photopolymerization involves the formation of an acid, which is usu-
ally a Brensted acid, using a photoacid generator (PAG). In radical photopolymer-
ization, crosslinking occurs during the exposure. In cationic photopolymerization,
exposure causes acid generation, but the polymerization reaction takes place dur-
ing a post-bake process. Omne of the most common epoxy-based, negative-tone,
cationic photoresists is SU-8. SU-8 is widely used in the semiconductor industry for
the fabrication of various microelectromechanical systems (MEMS) elements and
microfluidic devices, and in biological applications, due to its good biocompatibil-
ity [30-35]. One of the important physical properties of SU-8 is its high viscosity,
which allows for spin-coating of photoresist films with thicknesses of up to hundreds
micrometers. Normally, SU-8 resin contains cyclopentanone as a solvent and a tri-
arylsulfonium salt that is used as the PAG. Some PAGs [36-38] make it possible to
use linear exposure wavelengths in the visible, whereas others are active in the near
UV. Good adhesion and high chemical resistance make SU-8 a popular candidate

for the fabrication of complex three-dimensional structures with high aspect ratios.

1.3.4 MAP Applications

One of the appealing applications of MAP is in the field of fabrication of three-
dimensional (3D) structures. The ability of MAP to fabricate complex structures has

led to a wide range of various applications in fields such as 3D structure fabrication



[29,39-43], microfluidics [44-46], optical data storage [47, 48], microelectronics [49-
52], and microbiology [53,54].

Here I will discuss some representitave examples. Because MAP is a rapid and
flexible technique for fabricating complex structures by simply moving the laser’s
focal point, MAP has been used in the fabrication of a wide range of optical devices,
such as lenses, waveguides [49,55-57], and “Y-splitter” waveguides [58,59], as well
as in the creation of optical devices combining refractive and diffractive properties,

such as Fresnel lenses, axicon lenses and gratings (Fig. 1.3) [60,61].

Figure 1.3: SEM images of A) a lens with a 2D grating combining diffrac-
tive and refractive properties; the scale bar is 10 pm [62]; and B) a
Y-splitter waveguide fabricated by MAP [58].

Structures can be fabricated on the side of an optical fiber. For instance,
Sherwood et al. demonstrated fabrication of a ring microresonator on the side of
the polished fiber using MAP [63]. In another experiment, high coupling efficiency
and low power loss were achieved in a microring resonator system [64], as shown
in Fig. 1.4. Employing MAP in the fabrication of these devices allows for the easy

tuning of system parameters such as coupling distance, the radius of curvature, and

10



the width of the gaps in the coupling regions to obtain the best coupling efficiency

with minimal power loss.

A Through

Drop
Port

Figure 1.4: A) Diagram of a microring resonator with input and output
ports. B) Electron micrograph of a microring resonator device. The
straight waveguide directs the light into the microring, whereas the out-
put port has a shape of a “U” [64].

Malinauskas et al. demonstrated the fabrication of micro-optical elements
on glass slides and optical fiber tips [60], with combined refractive and diffractive
properties due to matching the refractive indices of the optical elements and the
substrate. Photonic crystals, interferometers and Y-connectors are other optical
structures that can be created using MAP. Photonic crystals, as periodic dielectric
structures, have optical properties that are in some way analogous to the electronic
properties of semiconductors. A photonic bandgap in the near-infrared frequen-
cies makes these structures great candidates for waveguides, microlenses and filters.
Photonic crystals with lattice constants in the sub-wavelength range are used in
telecommunications applications. One of the first photonic crystals fabricated with

MAP had a bandgap at approximately 4 pum [65]. More recently reported crys-
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tals have had the bandgaps of 1.9 um [66] and in the range of 1.3 to 1.7 um [67],

corresponding to telecommunication wavelengths (Fig. 1.5A).

Figure 1.5: SEM images of photonic crystals fabricated by MAP. A)
SU-8 photonic crystal with 40 layers and a band gap in the near-infrared
[67]. B) Silicon photonic crystal fabricated by double inversion [68].
C) Circular-spiral crystal, with an 180° phase shift between adjacent
spirals [69].

Chichkov et al. reported fabrication of woodpile photonic crystal structures in
organic-inorganic hybrid polymers and SU-8 resin that were used as templates for
the fabrication of highly refractive TiO, replicas [70]. The difference in the refractive
index of the polymerized structure and air was not high enough to provide a full
photonic bandgap. More complex shapes were achieved by the double inversion of a
periodic matrix [68]. Fig. 1.5B shows a crystal fabricated by the double-inversion of
the SU-8 matrix that was first filled with SiOs, after which the SU-8 was removed,
and then the remaining structure was infiltrated by Si vapor deposition. Subsequent
chemical etching removed the SiOy matrix, so that the resulting silicon photonic
crystal replicated the SU-8 structure.

Traditionally, the periodic elements that form a photonic crystal have a logpile

structure. However, using MAP, more complex unit shapes have been demonstrated,
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such as diamond and spiral unit cells. Fig. 1.5C shows a photonic crystal matrix
with spiral periodic elements with different transmission coefficients for different
polarizations of light [71,72].

Even though MAP allows for the fabrication of polymeric structures with a
range of architectures, many applications in electronics require electrically conduc-
tive structures. This requirement, in turn, requires incorporation of metals such as
gold, copper or silver into the polymer structures [51,73]. Selective functionaliza-
tion of polymer microstructures may be performed if different types of polymers are

used [74].

1.3.5 Nonlinear processes

MPA allows for the excitation of photoinitiator molecules in a tight volume
within the focal region of the laser beam, strongly limiting the reaction volume in
which polymerization takes place. The polymerized feature formed when the laser
focus is held at a single point is called a volume element, or voxel. The nonlinear
dependence of the absorption probability on the exposure intensity allows for voxel
sizes smaller than the Abbe limit.

Chemical nonlinearity also plays a significant role in the fabrication of small
features. The nonlinear chemical nature of the photoresist includes processes such
as self-quenching, and results in a certain exposure threshold that must be exceeded
to render the resist insoluble. The size of the excited volume can be further reduced

by adjusting the laser intensity such that only the center of the beam is above the
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intensity threshold. Such laser power adjustment effectively reduces the number of
excited molecules and the size of the polymerized structures.

Even though it is possible to cause two-photon absorption using a continuous
wave (CW) laser, the average power required to initiate a transition in this case
is typically quite high. In most cases, MAP is performed by using a femtosecond
pulsed laser with a high repetition rate to deliver enough energy per pulse to allow
MPA to occur at low average power. Focusing a laser beam through a microscope
objective into a photoresist and translating the focal region allows for the creation
of complex structures with a resolution much smaller than the wavelength of the
light employed. In 2001, Kawata et al. demonstrated fabrication of 120 nm features
in the transverse direction using an 800 nm beam [50]. Even smaller features of
80 nm were subsequently fabricated using 800 nm light [75]. Employing a shorter
wavelength of 520 nm, nanoscale features as small as 65 nm were fabricated by Tan

et al. [43].

1.3.6 Resolution challenges of MAP

MAP is a versatile tool for the fabrication of 3D structures with features at a
sub-micron scale. It is possible to create structures of arbitrary complexity by using
a single laser beam that is focused into a tight volume. The process of fabrication is
performed by moving the sample relative to the laser beam focus, and is controlled by
a computer program directing coordinates to form a 3D structure. This fabrication

process does not require repeated exposure through a mask. The laser beam can
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be focused within the sample depth to initiate polymerization, under the condition
that the laser beam’s focus creates parts of the structure at the substrate surface,
so that final structure is attached to the substrate and does not wash away during
the development step.

It is challenging to fabricate structures with transverse feature sizes below
80 nm using MAP. Furthermore, due to the manner in which the laser beam is
focused by an objective, feature sizes in the axial direction (along the direction
of beam propagation) are three to five times larger than those in the transverse
direction [76]. No matter how small the intensity in the center of the laser beam,
focusing it through the objective lens results in an elongated intensity distribution,

resulting in the voxel looking like a cucumber (Fig. 1.6).

Figure 1.6: Scanning electron micrograph of a voxel created using MAP [3].

The limitations of a laser beam focusing in both axial and transverse directions
makes it challenging to use MAP for fabrication of structures with reproducible
feature sizes below 100 nm. A number of research groups have directed their efforts
to advancing MAP technology to reduce feature size in both the axial and transverse
directions.
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1.4 2-color lithography: Optical deactivation of photopolymerization

1.4.1 Stimulated emission depletion

MAP is a powerful tool for creating 3D structures with linewidths that are
much smaller than the wavelength of the light involved. However, the resolu-
tion of these features is still limited by diffraction. Recent 2-color improvements
in MAP, allowing for the fabrication of even smaller features, were inspired by a
super-resolved fluorescence microscopy technique called stimulated emission deple-
tion (STED) [77-79]. In STED, two pulsed laser beams at different wavelengths
are focused at the same spot in a fluorescent sample. The first laser beam excites
fluorophores, after which the second beam causes them to undergo a stimulated
emission transition back to the ground state, such that they do not fluoresce (Fig.
1.7).

By passing the second beam through a spatial phase element, it is possible to
create a dark area in the center of the second laser beam. When the two beams are
then overlapped, only the molecules in the dark central area of the second beam
fluoresce. The molecules that are outside of the dark circle are excited by the first
beam and undergo stimulated emission by the second beam. The effective diameter
of dark region of the second beam can be decreased by increasing the second beam’s
intensity, creating saturation. The size of the fluorescent region, and therefore the

resolution, can be far below the diffraction limit.

16



Avalanche
Photodiode

N
—

M2 Phaseplate =

| Fluorescence
!

Figure 1.7: A) Combination of excitation pulses and stimulated emis-
sion depletion pulses for fluorescence inhibition. B) Measured excitation
point spread funcion (PSF) and STED-beam PSF. The STED-beam PSF
has a local minimum at the center and intense maxima above and below
the focal plane [79].

1.4.2 RAPID lithography

To achieve superior resolution, an approach similar to STED can be used
for deactivating photoinitiator molecules. In analogy with STED, one laser beam is
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employed to excite photoinitiator molecules and a second beam is used to deactivate
molecules selectively so that they will not participate in the reaction.

Contrary to the fluorescent molecules used in STED, most radical photoinia-
tors have only a small oscillator strength between the ground and first excited states,
which means that absorption from the first excited state to higher-energy states can
dominate over stimulated emission. Thus, the deactivation laser beam will trans-
fer photoinitiator molecules to a higher energy state and enhance polymerization,
rather than inhibiting it.

This issue can overcome by employing a photoinitiator with a large absorption
cross-section (from the ground state to the first excited state). One common dye
molecule that was found to fulfill this requirement is malachite green carbinol base
(MGCB) [3]. MGCB has a large absorption cross-section and can generate free
radicals through multiphoton absorption.

Two tunable, synchronized Ti:Sapphire lasers were employed to demonstatate
deactivation of MGCB molecules. The first laser, called the excitation laser, pro-
duced pulses with a duration of 200 fs at 800 nm and excited molecules through
MPA. Pulses from the second, deactivation beam were stretched to 50 ps and de-
activated the MGCB molecules, thus inhibiting polymerization. This process is
known as resolution augmentation through photo-induced deactivation (RAPID).
Fig. 1.8A shows lines created using the RAPID technique with two beams with an
offset. Varying the time delay between excitation and deactivation pulses showed

no effect on the deactivation efficiency, thus implying that MGCB molecules go to

18



an intermediate state with a long lifetime. A continuous wave (CW) deactivation

laser was also able to turn the polymerization off (Fig. 1.8B).

Figure 1.8: Scanning electron micrographs (SEM) of lines fabricated
with RAPID lithography using two 800 nm laser beams. A) Lines created
using 200 fs pulsed laser beam and an offset deactivation beam with 50 ps
pulse duration. B) Lines written using coincident excitation beam with
a 200 fs pulse duration and a CW deactivation beam. The deactivation
beam was chopped in both cases [3].

To create a “doughnut” mode, the deactivation beam was sent through a phase
mask, creating a half-wave delay in the beam center. Fig. 1.9 (left) demonstrates the
multiphoton-absorption-induced luminescence signal from gold nanoparticles caused
by the excitation and deactivation beams, to measure PSFs and ensure overlap of
the beams.

Employing the phase mask in the deactivation beam path allowed for reduction
of the axial dimension of the fabricated features down to 40 nm (A/20) and the
transverse dimension down to 80 nm (A/10) using an 800 nm beam. As shown in
Fig. 1.10, the voxel height changed from 600 nm without a deactivation beam to 40
nm when the power of the deactivation beam increased to 93 mW, corresponding

to a change of aspect ratio from 3.5 to 0.5.
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Figure 1.9: Point-spread functions of the RAPID excitation beam, the
deactivation beam, and both beams overlapped, using multiphoton-
absorption-induced luminescence. The scale bar at the bottom of the
left top image is 200 nm. [3]
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Figure 1.10: A) Height and aspect ratio of voxels fabricated at different
deactivation beam powers. Error bars represent one standard deviation
from four voxel measurements. B) The SEM image of a tower fabricated
without deactivation beam by MAP. C) The SEM image of a tower
created by RAPID. Reproduced from [3].

Other groups have developed new 2-color lithographic systems using different
deactivation mechanisms. The group of McLeod at CU Boulder used a chemi-

cal system for a 2-color excitation/deactivation scheme, based on a photoexcitable
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polymerization inhibitor [4]. For this demonstration, the negative-tone photoresist
contained a photoinitiator system — a combination of camphorquinone and ethyl
4-(dimethylamino)benzene — that was excited by one wavelength, and an inhibitor
— tetraethylthiuram disulfide — that terminated polymerization upon excitation at
a shorter wavelength. In contrast to the previous mechanism, the photoinitiator in
this scheme generates free radicals upon linear excitation at 473 nm and the inhibitor
is activated by one-photon excitation at 364 nm. As follows from Fig. 1.11A, the
polymerization rate slows down by approximately a factor of 5 when the photore-
sist is exposed to both wavelengths, compared to exposure to 473 nm alone. This
reaction resulted in features with dimensions of 200 nm with 473 nm light using a
lens with NA = 0.45.

Fig. 1.11B shows the inverse dependence of the voxel size on the power of
the UV laser. With increasing power and photoinhibition rate, the voxel size was
reduced from 3.6 pm to 200 nm. Incorporating a lens with NA = 1.3 allowed for
the fabrication of 110 nm voxels with 473 nm light.

This technique was later employed in a modified chemical system [80] using
a different monomer with higher viscosity, which increased the photosensitivity of
the photoresist as well as the stability of the fabricated lines. The photoinitiator
camphorquinone, coinitiator ethyl 4-(dimethylamino)benzoate, and photoinhibitor
tetraethylthiuram disulfide were mixed with the photoresin BPE-100. A linearly
polarized CW laser operating at 488 nm was used to initiate polymerization and a
circularly polarized CW laser beam at 375 nm inhibited polymerization. The size of
the voxel was predicted by a non-steady-state kinetic model and confirmed by fab-
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Figure 1.11: A) Polymerization rate for a methacrylate photoresist con-
taining a radical photoinitiator and photoinhibitor, as measured by using
time-resolved Fourier transform infrared spectroscopy. The highest poly-
merization rate corresponds to visible light exposure (black curve), that
excites photoinitiator molecules. Concurrent visible light and and UV ex-
posure (green curve) excites both photoinitiator and inhibitor molecules,
while exposure to UV only (red curve) excites the inhibitor only. B) SEM
image of the voxels fabricated at different UV powers, showing the in-
verse dependence of the voxel size on the deactivation light power. The
scale bar is 10 pum [4].

rication of dots. As shown in Fig. 1.12, the lateral size of the voxels decreased from
1200 nm to 330 nm with increasing deactivation power. By adjusting the inhibiting
laser beam, the size could be further reduced to 40 nm. During a continuous line
exposure, the linewidth could be reduced from 400 nm to 130 nm. The size of the
dots fabricated under various exposure duration was plotted as a function of the
deactivation laser (Fig. 1.12C), where the color of the dot represents the size.
Another two-color polymerization depletion scheme was demonstrated recently
[81,82]. Using a doughnut-shaped deactivation beam, the lateral widths of the fab-
ricated features were reduced from 155 nm to 65 nm in a photoresist containing

pentaerythritol triacrylate (SR444) and isopropyl thioxantone (ITX) as the pho-
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Figure 1.12: A) SEM images of dots fabricated with constant 488 nm
exposure at different powers of a 375 nm inhibition laser in the ethoxy-
lated bis-phenol-A-dimethacrylate-based photoresin, BPE-100. The 488
nm excitation power was 200 nW and the exposure time was 0.7 s. B)
The dot sizes plotted as a function of the inhibition laser power. The
curves represent simulated predictions. C) The dot size plotted as a
function of the inhibition laser power and exposure time (top) and an
SEM image of the smallest voxel fabricated [80].
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Figure 1.13: Width of the lines fabricated in an I'TX based photoresist
with 13.5 mW of mode-locked, 810 nm exposure as a function of phase-
shaped 532 nm CW deactivation power [81].
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toinitiator (Fig. 1.13). Similarly, different photoresists based on SR444 and 7-
diethylamino-3-thenoylcoumarin (DETC) were used to demonstrate fabrication of
gratings through a stimulated-emission depletion scheme [82]. Using a CW deple-
tion beam with a “doughnut” mode, gratings with 200 nm and 175 nm periods were

demonstrated.

1.4.3 Self-deactivation of proportional velocity (PROVE) dependence
photoinitiators

Further investigation of RAPID showed that for a class of molecules, deacti-
vation can be so efficient that it is driven by the ultrafast excitation pulses them-
selves [83]. Typically in radical photopolymerization, faster fabrication velocities
lead to the fabrication of narrower lines (Fig. 1.14A). At a constant velocity the
linewidth remains constant. The linewidth can be changed by altering the laser
beam’s power or by adjusting the fabrication velocity. At constant laser power,
higher velocities result in a lower exposure dose at any given point, and, conse-
quently, thinner lines.

For certain molecules, such as, malachite green carbinol hydrochloride (MGC
- HC), the linewidth is proportional to the fabrication velocity [83]. In other words,
the faster the laser beam is scanned across the photoresist, the wider are the lines
(Fig. 1.15A). In an MGC - HCl resin, higher exposure doses, or slower fabrication ve-
locities, produce finer lines. This polymerization behavior, known as a proportional

velocity (PROVE) dependence, was demonstrated by fabricating sets of pyramids
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(Fig. 1.14B, Fig. 1.15B). For conventional MAP photoinitiators, the polymerization
is increased at the turning points, when the stage slows down and the exposure dose
increases (Fig. 1.14C). In MGC-HCI photoresist, the turning points show little to

no polymerization due to the PROVE behavior (Fig. 1.15C).

Figure 1.14: A) Lines fabricated at different velocities in a photoresist
containing Lucirin TPO-L; B) 60° view of a pyramid fabricated with this
photoresist; C) image of the turning points of the pyramid, corresponding
to the points where fabrication velocity decreases, resulting in increased
polymerization. Successive levels of the pyramid (from bottom to top)
were created with velocities of 100, 75, 50, and 25 m/s [83].

LI

Figure 1.15: A) Lines fabricated at different velocities in a photoresist
containing MGC-HCI; B) 60° view of the pyramid fabricated with this
photoresist; C) image of the turning points of the pyramid, corresponding
to the points where fabrication velocity decreases, resulting in decreased
polymerization. Successive levels of the pyramid (from bottom to top)
were created with velocities of 100, 75, 50, and 25 m/s [83].
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PROVE behavior can be understood based on a model developed for the orig-
inal RAPID experiments. In this model, following the two-photon absorption of 800
nm light, the photoinitiator molecule transitions to an intermediate state that can
be deactivated by the absorption of another 800 nm photon. Thus, MGCB is deacti-
vated by light of the same wavelength used for excitation, resulting in a competition
between these two processes. It was predicted that if the deactivation process is more
efficient than excitation, then a PROVE dependence will be observed. Because at
slower fabrication velocities the exposure dose increases, molecules are more effi-
ciently deactivated from the intermediate state by a subsequent laser pulse. When
the fabrication velocity increases, more excited molecules are left in the intermediate
state, leading to the formation of wider lines. PROVE behavior was observed for a
wide range of related dyes. It was also demonstrated that by combining a traditional
MAP photoinitiator (with inverse linewidth dependence on fabrication velocity) and
a PROVE photoinitiator, the polymerization rate and linewidth could be made to

be independent of the fabrication velocity over a wide range of velocities.

1.5 Thesis outline

Visible-light photolithography, based on multiphoton absorption polymeriza-
tion, is a promising technique for the fabrication of structures with feature sizes less
than 100 nm. This thesis focuses on further development of photopolymerization
deactivation mechanisms and the study of potential new photoinitiator molecules.

The experimental approach to testing these mechanisms is described in Chapter 2.
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Knowledge of photoinitiator molecule properties is desirable for developing re-
sists with more efficient deactivation. Discussed in Chapter 3, the 2-beam initiation
threshold (2-BIT) technique allows for the measurement of the order of effective
nonlinear absorption directly in the photoresist, helping to identify relevant pa-
rameters for the experimental approach to deactivation. Chapter 4 examines the
self-deactivating photoinitiatior KL68S.

As an alternative to the 2-color photolithography (2CPL), 3-color photolithog-
raphy facilitates additional resolution improvement. This method involves three dif-
ferent energy states, thus avoiding competition between deactivation and initiation.
Several molecules have been tested as possible photoinitiators to demonstrate this
approach. Chapter 5 discusses the study of the molecular properties of biacetyl and
its potential used as a 3-color photoinitiator.

To further expore the possilities of this method, Chapter 6 reviews the ex-
perimental data from 2-BIT measurements, polymerization and deactivation action
spectra of benzil, a-naphthil, f-naphthil and pyridil in an acrylic resin. An overview

of this work’s results and future directions are presented in Chapter 7.
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Chapter 2
Experimental methods

2.1 Experimental setup

Polymerization initiation was performed with a tunable Ti:sapphire oscillator
(Coherent Mira 900-F) with a pulse duration of ~150 fs and a repetition rate of
76 MHz. The laser is tunable between ~700 nm and 900 nm. The laser beam was
collimated with a set of lenses and a pinhole, and expanded to 8 mm to fill the back
aperture of a microscope objective. The power was controlled with a polarizer and
a half-wave plate. The laser beam was directed into an inverted microscope (Zeiss
Axiovert 100) by scanning galvanometric mirrors, and reflected into a microscope
objective by a dichroic mirror. A 1.45 NA, 100X, oil-immersion objective (Zeiss «
Plan-Fluar) was used used to focus the laser beam in the photoresist.

The photoresist sample was mounted on a sample holder and placed on a
3-axis piezoelectric stage (Physik Instrumente). The piezoelectric stage was used
for a fine sample positioning, as it moves in a 250 pm range in three dimensions
with sub-nanometer resolution. The piezo stage was attached to a translation stage
(Ludl), which was used for coarse sample positioning in the xy plane and for fast
fabrication, as it can move with velocities up to cm/sec.

The laser beam position within the photoresist was changed either by moving

the scanning mirrors or by moving the sample stage. In the first case the sample
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position was fixed and the laser focal point was moved relative to the sample. In
the second case, the laser focal point was fixed and a LabView program was used to
move the sample stage in the X, Y and Z directions, allowing for 3D fabrication.
Polymerization was monitored through a CCD camera attached to the microscope.

For polymerization deactivation experiments employing two laser beams in the
wavelength range 700-900 nm, a beam from a second tunable Ti:sapphire oscillator
(Coherent Mira 900-F) was set at a desired wavelength and directed to the inverted
microscope. The power of the second beam was also controlled by a polarizer and
a half-wave plate. The polarization of the second beam was orthogonal to that of
the first laser beam, and the two beams were combined by a polarizing beam cube
before entering the microscope (Fig. 2.1).

Sample

) ) Beam splitter Objective
Scanning mirrors

£ 7

Chopper @
l —
| I /
First beam Pol HWP Lens Lens
800 nm
I ! !
ol I 4
Second beam Pol HWP Lens Lens
800 nm

Figure 2.1: Diagram of the experimental setup for the polymerization
deacivation experiments using two Ti:sapphire laser beams
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Precise overlap of the two laser focal spots is essential for two-beam exper-
iments. To assure that the two beams were overlapped completely, multiphoton-
absorption-induced luminescence (MAIL) from gold nanoparticles was used to mea-
sure the laser beams’ point spread functions (PSFs) [84]. Gold nanoparticles were
placed on a glass slide that was mounted above the objective. Back-scattered MAIL
from each beam was collected by single-photon-counting avalanche photodiode de-
tectors below the microscope. The excitation light was separated from the lumines-
cence signal using a filter below the objective. Due to the high efficiency of MAIL
and the high sensitivity of the photodiodes, a laser intensity of ~1 mW at the sample
surface was used.

A radial polarization converter (ARCoptix) was used to change the spatial
intensity distribution of the first beam and selectively deactivate photoinitiator
molecules, leading to a decrease in the feature size. A linearly polarized light was
sent through a liquid crystal (LC) cell of a polarization converter [85]. Depending
on the orientation of LC molecules, the refractive index of the cell changes and the
electric field vector rotates, resulting in the transmitted beam having a radial or
azimuthal polarization (Fig. 2.2). The polarization is changed by applying a bias
voltage between electrodes attached to the liquid crystal cell, Fig. 2.3A.

The deactivation beam was sent through a polarizing beam cube to select
the beam’s polarization along one of the axis and change it from the doughnut
shape to resemble a TEM10 mode. A diagram for overlapping two laser beams is
shown in Fig. 2.3B. Here, the centers of the two beams were aligned, so that the

peak intensities of the deactivation beam were aligned with the side edges of the

30



Radially polarized
beam

o OF
—> .\) /

-\

Linearly Polarization
polarized beam converter

Azimuthally polarized
beam

Figure 2.2: Schematics of radiation polarization change using a radial
polarization converter based on liquid crystal cell. Reproduced from
www.arcoptix.com

B
o+l |-l

Excitation Deactivation  Overlapped
beam beam beams

Figure 2.3: A) Typical MAIL signal generated from gold nanoparticles
by a doughnut-shaped laser beam, produced by a radial polarization
converter. B) Experimental scheme of overlapping two beams for poly-
merization deactivation studies. C) Y-axis intensity distribution of the
doughnut-shaped laser beam.
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excitation beam. In this case, molecules in the center region of the excitation beam
initiated polymerization. Simultaneously, molecules along the sides of the excitation
beam were deactivated, preventing the formation of free radicals in this region, and
thereby creating thinner lines.

The two laser beams were roughly aligned before entering microscope objec-
tive. For a finer overlapping, the luminescence signal was collected by scanning an
area across a gold nanoparticle by moving the deactivation beam with scanning mir-
rors. This procedure allows for optimization of the radial polarizer parameters for
the deactivation beam (Fig. 2.4). Because only the deactivation beam was reflected
from the scanning mirrors, the MAIL image of gold nanoparticles from the excita-
tion beam was measured by moving the piezo stage relative to the fixed excitation
beam. Once the signal was collected, the scanning mirrors’ position was changed to
overlay the first beam with the second in XY plane and along the Z (propagation)

axis.

2.2 Sample preparation

Unless specified otherwise, all photoinitiators were dissolved in a monomer
solution composed of tris(2-hydroxy ethyl) isocyanurate triacrylate (SR368) and
ethoxylated trimethylolpropanetriacrylate (SR499). First, the two monomers were
mixed in a 1:1 wt ratio (1:1 SR368/499). The mixture was then heated to 80 °C,
until the SR368 was melted, and thoroughly mixed using a vortex mixer. The

photoinitiator was added to a monomer mixture at a desired wt% and placed in an
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XY plane

XZ plane

Figure 2.4: Overlapping two laser focal points in the X, Y, and Z direc-
tions by collecting MAIL from gold nanoparticles. A) MAIL from the
gold nanoparticles is generated by moving the deactivation laser beam
using scanning mirrors. B) MAIL from the gold nanoparticles is gener-
ated by two laser beams with an offset along the Y-axis. The excitation
beam is positioned between the lobes of the deactivation beam, and an
offset is introduced to demonstrate the accuracy of laser beam alignment
along the X-axis. C) MAIL from gold nanoparticles generated by two
laser beams with an offset in the X-axis. The excitation beam is posi-
tioned on the side of the deactivation beam at an offset to demonstrate
alignment along the Y-axis. D) - F) Corresponding MAIL images from
gold nanoparticles scanned in the X Z plane.

oven at 90 °C for three minutes, then mixed using the vortex mixer for thirty seconds,
and put on a mechanical rotator for five minutes. These steps were repeated three
times. Afterwards, the photoresist was left on the mechanical rotator overnight.
After at least 12 hours of rotation the sample was placed in an oven at 90 °C for
three minutes and then filtered using a 18G 13 needle and 0.2 ym or 0.4 pm Nylon
filters. After filtering, the sample was placed in an oven at 90 °C and centrifuged

at 3400 rpm/min for five minutes to get rid of any air bubbles.
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Once centrifuged, a drop of the photoresist was placed on a functionalized #1
glass coverslip from Corning, which was used as a substrate for MAP experiments.
Coverslips were functionalized to promote adhesion of the polymerized structures.
The first step in functionalization was cleaning in an oxygen plasma for 4 mins.
Afterwards, coverslips were immersed in a solution of 93% ethanol, 5% distilled
water and 2% (3-acryloxypropyl) trimethoxysilane by volume for 14 hours, followed
by rinsing in ethanol for 1 hour and drying at 95 °C for 1 hour. After drying, a
coverslip was taped on a microscope slide. A drop of the filtered photoresist was
placed on the coverslip. The photoresist was covered with another coverslip that was
also taped to the microscope slide. A piece of tape approximately 600 pm thick acts
as a spacer between the two coverslips and determines a thickness of the photoresist
film.

Afterwards, a prepared sample was mounted on a microscope glass holder and
placed above the microscope objective for the MAP experiments. After polymeriza-
tion, unexposed photoresist was removed by rinsing twice in ethanol for 2 minutes
and once in water for 2 minutes. After development, samples were left to dry at
room temperature. For examination with a scanning electron microscope (SEM), a
coverslip was attached to SEM mount with carbon tape and covered with a ~20 nm

thick platinum/palladium layer in a sputter coater.
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Chapter 3
2-Beam initiation threshold: A technique for the in situ
measurement of the order of effective nonlinear absorption in

multiphoton photoresists

Based on “Zuleykhan Tomowva, Nikolaos Liaros, Sandra A. Gutierrez Razo,
Steven M. Wolf, and John T. Fourkas, Laser Photonics Rev. 2016, 10, 84985/”
Contributions: 2-BIT measurements were performed by Z.T. and N.L.; samples

were prepared by S.G.R.; absorption spectra were collected by S.W.

3.1 Introduction

The ever-increasing applications of MAP have driven the sustained develop-
ment of new materials for this technology. One focus has been on the creation of pho-
toinitiators that have improved multiphoton absorption cross sections (MACS) [14].
However, the measurement of MACS to states that undergo irreversible photochem-
istry is challenging. Early attempts worked under the assumption that the MACS
for fluorescence mirrors that for photochemistry [86].

A number of techniques have been developed to characterize the order of non-
linear absorption. In the nonlinear transmission technique, a beam passes through a

sample and its energy is measured before and after the sample. The transmittance
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depends on the incident beam energy, and is measured at varying intensities. If
the nonlinear transmittance is affected only by 2PA, then assuming that the inci-
dent beam has Gaussian intensity distribution and is focused near the sample, the
transmitted intensity I can be expressed as

- , (3.1)

! I,LB %

where I if the intensity of the incident light, L is the thickness of a sample, and (3 is
the nonlinear absorption coefficient of the material [87-89]. The nonlinear absorp-
tion coefficient [ is measured as a function of [,. If no other nonlinear processes are
involved, such as excited-state absorption, three-photon absorption, or beam profile
changes, then the coefficient § is independent of the incident intensity Iy. The 2PA

cross-section oy can be determined using

hwB hwp
Ny  Nycx 1073’

(3.2)

09 =

where Ny is the molecular density of the sample, N, is the Avogadro constant, and
¢ is the sample concentration.

In the z-scan technique, measurements are performed by passing a focused
Gaussian beam through a cuvette with a solution of interest [90,91]. The transmit-
tance is measured as a function of the cuvette position along the beam propagation
direction and is collected in the far field. If the transmittance is measured through
a finite aperture the technique is called close aperture z-scan. In the absence of
the aperture the total transmittance is measure and the method is distinguished as
open aperture z-scan.
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The third-order nonlinear susceptibility ¥ in the case of 2PA is

(3) (3)

X = X8 iy (3.3)

where the imaginary part is related to the nonlinear absorption coefficient S by the

expression

7’L2€ 62
X == (3.4)

and the total absorption « of the medium is a sum of the linear absorption and 2PA:
a(l) =a+ P, (3.5)

where [ is the intensity of the incident beam.
For a Gaussian beam with waist wy, the transmittance obtained through the

z-scan technique can be expressed as

; £O+2103/2 7 (3.6)
where qo(z,t) = BIo(t)Less/(1 + 22/23), 2 is position of the sample, zy = kw3/2 is
the diffraction length of the beam, k = 27/ is the wave vector, I is the maximum
intensity in the focus, L.sr = (1 — e=*L)/a, L is the length of the sample and « is

the linear absorption.

For small third-order nonlinear loss the normalized transmittance can be de-

scribed as [92]

_ BloLey 1
2v2 1+22/2F

The coefficient 5 can be determined experimentally by fitting z-scan data to Eq. 3.7

T(z) = (3.7)

and the 2PA cross-section can be obtained using Eq. 3.2.
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In the case of close aperture z-scan the sign and magnitude of the nonlinear
refractive index can be obtained by collecting light after the sample through an aper-
ture in front of the detector. For the third-order nonlinear materials, the refractive

index n can be expressed as
Mo 2

where ny is the linear index of refraction, F is the peak electric field, and ns is nonlin-
ear refractive index. The ny can be determined from the normalized transmittance

for the far-field condition

4A¢Ol’
(22 +9)(2? +1)

T(z,Agg) =1 — (3.9)

where © = 2/2y, A¢y = knoloL.ss is the phase change. The real part of the third-

order optical susceptibility can be obtained using following expression

Xg) = 2ngeocns. (3.10)

The nonlinear fluorescence excitation (NFE) method determines the 2PA cross
section by measuring the intensity of fluorescence emission as a function of excitation
intensity [93-95]. The 2PA cross-section o9 is proportional to the NFE action cross

section oypg through the expression

ONFE = 1202, (3.11)

where 7, is the fluorescence quantum efficiency of the material and oypp is deter-
mined from the NFE. 2PA spectra can be obtained by performing NFE measure-
ments as a function of excitation wavelength. A related technique determines the
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order of nonlinear absorption based on the measurements of multiphoton-induced
phosphorescence intensity [96,97].

The thermal lensing technique measures optical effects generated by heat dis-
sipation during the radiationless decay of molecules from an excited state to the
ground state [98-100]. During such a decay, the released energy locally increases
temperature, changing the refractive index and effectively creating a lens in the
sample.

Although the assumption that the MACS measured for fluorescence mirrors
that for photochemistry 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 demon-
strated recently for 7-diethylamino-3-thenoylcoumarin [101]. More generally, at a
given wavelength, the order of the effective nonlinear optical absorption for MAP,
i.e. the nonlinear absorption process that leads to polymerization, need not match
the dominant order of nonlinear absorption at the same wavelength as measured
with techniques such as the z-scan [102]. It is therefore essential to know the ef-
fective order of nonlinear absorption if one wishes to determine the effective MACS
corresponding to a MAP process.

With this problem in mind, a number of recent studies have focused on deter-
mining the effective order of the nonlinear absorption of photoinitiators in situ by
measuring the initiation of photopolymerization. In one commonly used technique,
the feature size is measured as a function of fabrication velocity for a range of dif-

ferent average laser powers [43,62]. However, Fischer et al. pointed out that this
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method cannot unambiguously determine the order of nonlinear absorption in a pho-
toresist [6], and developed an alternative technique in which the exposure threshold
is measured as a function of pulse energy at different pulse repetition rates [6]. 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 poly-
merization threshold at a fixed repetition rate but different exposure times [103].
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. The 2-beam initi-
ation threshold (2-BIT) technique 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.

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,

such that they become insoluble above a threshold exposure dose. In principle,
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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 [104]. 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 [103]. 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 win-
dow. This condition is generally met at a typical oscillator repetition rate at a rea-
sonable fabrication velocity (e.g., tens to hundreds of pm/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 [104], which is two orders of magnitude
faster than a typical repetition rate.

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 be much shorter
than the termination time scale, so that the effects of the laser pulses are cumulative.
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In a typical photoresist, termination becomes important on time scales of 100 ms
or more [103], which is much longer than the typical dwell time on a given spot.
If a fixed duration for the exposure window (¢,,) and a fixed repetition rate for
the ultrafast pulses (vpusc) are chosen, then the minimum average power for which

crosslinking is observed can be defined as Py, (ty, Vpuise)-

I O
L.

Figure 3.1: Pulse trains of two beams.

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 2v,;s.. Shown in Fig. 3.1 are two pulse trains
with a time delay such that pulses are equally spaced in time.

So long as Vpyse and 2v,,. 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. (3.12)
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Here, the subscript denotes the pulse train and n 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

Py={/1-Pp (3.13)

Thus, by measuring the value of P, required to reach the threshold exposure for
different values of P;, n can be determined directly. In practice, the power of each
beam is normalized to the threshold power for polymerization using that beam, to
correct for any minor differences in properties such as beam size, pulse length, or

focal volume.

3.3 Methods and materials

3.3.1 2-BIT experimental setup

A tunable, femtosecond Ti:sapphire oscillator (CoherentMira 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, Fig. 3.2.

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
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Figure 3.2: Experimental setup for 2-BIT measurements.

and then passed through colibrated 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
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
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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 (MAIL) was used to determine the position and
shape of the point-spread function of each beam, as described in Section 2.1. Special
attention was paid to ensure that the two beams had exactly the same diameter
and that the 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.

3.3.2 Sample preparation

The photoresist samples studied were created by adding 0.1 - 2.0 wt% pho-
toinitiator to a base resist composed of 45 wt% tris (2-hydroxy ethyl) isocyanurate
triacrylate and 55 wt% dipentaerythritol pentaacrylate. The photoinitiators exam-
ined are shown in Fig. 3.3, and included Lucirin TPO-L, Irgacure 369, Irgacure 651,
Irgacure 819, 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
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Figure 3.3: Structures of the photoinitiators studied.

4 min, immersion in a solution of 93 vol% ethanol, 5 vol% distilled 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.

Samples for MAIL were prepared by placing a drop of solution containing 50
nm gold nanoparticles with a diameter of about 50 nm on a #1 cover slip. The the

cover slip with the solution was left to dry at room temperature overnight. After
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the solvent was evaporated the coverslip was placed in the microscope for MAIL

imaging and alignment of the two laser focal points.

3.3.3 2-BIT measurements

The first step in a 2-BIT measurement is determination of the polymerization
threshold powers of each laser beam independently. Fig. 3.4A shows the pulse train
of the beam 1 only at the polymerization threshold, and Fig. 3.4E shows pulse train

of beam 2 only at the polymerization threshold. These thresholds were measured

yusuny

Lt

Figure 3.4: Schematics of laser power in 2-BIT measurements. A) Beam
1 at threshold power, beam 2 blocked. B) - D) Beam 1 set at lower power
with beam 2 set at the corresponding intensity to reach threshold. E)
Beam 1 blocked, beam 2 at threshold.
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by creating sets of lines at a constant distance above the coverslip surface at a stage
velocity of 20 pm/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 [25,101] 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 is then lowered 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 is observed at the
same stage velocity was determined (Fig. 3.4B - D). The values of P; were chosen
so that a representative range of values of P, was measured, such that a plot of P,
vs. P, 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 [25,105]. Shown in Figs. 3.5A and 3.6A
are 2-BIT data for photoresists containing Lucirin TPO-L and Irgacure 369. In each

case the laser was tuned to a center wavelength of 800 nm. The best-fit exponential
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was determined in each case by nonlinear least-squares fitting of the 2-BIT data to

Eq. 3.13.
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Figure 3.5: A) 2-BIT data for photoresists containing 1.0 wt% Lucirin
TPO-L. The dashed lines are the best fits to Eq. 3.13. The dashed-
dotted lines are the result that would be expected for 3-photon absorp-
tion as a reference. B) The absorption spectra of TPO-L in methanol,
with the effective wavelengths for 2-photon and 3-photon absorption in-
dicated as dashed and dashed-dotted lines, respectively. The error bars
in this and the ensuing figure are based on standard deviations from
multiple measurements.

Although the absorption spectra 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 (Fig. 3.5B). 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. Despite the strong linear absorption at the effective 3-photon wavelength,
this material acts quadratically at 800 nm, as has been suggested previously [25,
106]. Irgacure 369 has a weak absorption tail at 400 nm and considerably stronger
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Figure 3.6: A) 2-BIT data for photoresists containing 0.1 wt% Irgacure
369. The dashed lines are the best fits to Eq. 3.13. The dashed-dotted
lines are the result that would be expected for 3-photon absorption as
a reference. B) The absorption spectra of Irgacure 369 photoinitiator
in methanol, with the effective wavelengths for 2-photon and 3-photon
absorption indicated as dashed and dashed-dotted lines, respectively.

absorption at 267 nm (Fig. 3.6B). 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 2.0 +
0.2 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 [6,86,107]. 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.

Irgacure 651 is another commercial photoinitiator that has also been used for

MAP [108]. The 2-BIT data for this initiator are shown in Fig. 3.7A for excitation
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at a center wavelength of 830 nm. As can be seen from the inset in Fig. 3.7, this
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Figure 3.7: A) 2-BIT data for photoresists containing 1.0 wt% Irgacure
651 measured with excitation beam at 830 nm. The dashed-dotted lines
are the best fits to Eq. 3.13. The dashed lines are the results that would
be expected for 2-photon absorption as a reference. The inset show the
absorption spectra of photoinitiator in methanol, with the effective wave-
lengths for 2-photon and 3-photon absorption indicated as dashed and
dashed-dotted lines, respectively. B) 2-BIT data for photoresist contain-
ing 0.1 wt% Irgacure 651 and measured with an excitation beam at 750
nm. The dashed lines are the best fits to Eq. 3.13. The dashed-dotted
lines are the results that would be expected for 3-photon absorption as
a reference.

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, indicating that polymerization is a
3-photon process for this 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
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state in this molecule, but that this state does not generate radicals. Additional
measurements performed with 750 nm wavelength indicate that at shorter wave-
lengths, this initiator does transition to initiating via 2-photon absorption (Fig.
3.7B. The single-beam threshold of the 750 nm beam was 10.6 & 0.2 mW and the
best fit to the 2-BIT data is 2.0 + 0.1.

Crystal violet lactone is not typically used as a photoinitiator, but is one of
many common dyes [83] that can produce radicals, and therefore act as a photoini-
tiator, under multiphoton excitation. The 2-BIT data for a photoresist containing
this material for 800 nm excitation are shown in Fig. 3.8A. As can be seen from the
absorption spectrum in the inset of Fig. 3.8A, 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, indicating that the dominant effective nonlinear absorption is 3-photon at 800
nm.

Irgacure 819 also has been used as a two-photon radical photoinitiator [86].
Its absorption spectrum, shown in inset of Fig. 3.8B, has strong absorption band
around 300 nm and a weaker peak at 400 nm, suggesting that there might be a
dominant 3-photon absorption process for 800 nm excitation. 2-BIT data for a
photoresist containing Irgacure 819 measured at 800 nm are shown in Fig. 3.8B.
The single-beam threshold power for the 2-BIT measurements was 7.4 £ 0.3 mW.
The exponent of the best fit to the 2-BIT measurements is 2.0 & 0.1, indicating that

the dominant effective nonlinear absorption is 2-photon at 800 nm. Again we find
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that the absorption spectrum alone is not sufficient to predict the order of effective

nonlinear absorption for initiating polymerization.
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Figure 3.8: 2-BIT data for photoresists containing (A) 2 wt% crystal
violet lactone and (B) 0.3 wt% Irgacure 819. The dashed-dotted lines
in the panel A are the best fits to Eq. 3.13. The dashed lines are the
results that would be expected for 2-photon absorption as a reference.
The dashed lines in the panel B are the best fits to Eq. 3.13. The
dashed-dotted lines are the results that would be expected for 3-photon

absorption as a reference. The insets have the same meaning as in Fig.
3.7.

Even when the 2-photon absorption spectrum has been measured using an-
other 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.

93



3.5 Conclusions

2-BIT is a simple and effective method for the in situ measurement of the
order of 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 at a fixed
repetition rate, and so can 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 measureable 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
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and photophysical details of complex multiphoton processes through, for instance,

comparison with nonlinear absorption data.
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Chapter 4

Deactivation in PROVE dependence photoinitiator

Contributors: Zuleykhan Tomowva, Nikolaos Liaros, Sandra A. Gutierrez Razo,
Samuel Cohen, Amanda Souna, John Bender. Contributions: 2-BIT measurements,
polymeriztion initiation and deactivation experiments were performed by Z.T. and
N.L.; samples were prepared by Z.T. and S.G.R.; SEM measurements were per-

formed by Z.T.; matlab code for the best-fit exponential to 2-bIT data was written
by S.C.; absorption spectra were collected by S. W.

4.1 Introduction

Multiphoton absorption polymerization (MAP) [15] is an effective technique
for fabrication of densely packed structures with features that can be on the sub-
100 nm scale [10,11,42,43,50,52]. The typical material for MAP is a negative-tone
photoresist consisting of a monomer mixture and a photoinitiator [25-27]. Upon
absorption of two or more photons, photoinitiator molecules are excited to a higher
singlet state, usually followed by intersystem crossing and radical formation, initi-
ating a polymerization chain reaction [28].

Common photoinitiators exhibit positive contrast, meaning that the size of
the fabricated features increases with increasing exposure. However, recently sev-
eral photoinitiators have been shown to exhibit negative contrast, i.e. the size of
fabricated features decreases with exposure [83,109]. Negative-contrast materials
open the door for new opportunities for various applications. Here, we present a

study of one of these photoinitiators, KL-68.

o6



4.2 Experimental section

4.2.1 Sample preparation

The photoinitiators examined included bis-[4-(diphenylamino) stryl]-1-(2-ethylhexyloxy),
4-(methoxy)benzene (KL-68), Lucirin TPO-L and malachite green carbinol base

(MGCB). The structures of these photoinitiators are shown in Fig. 4.1.

KL68 @ TPO-L

ST
e

MGCB MGC-HCI

Figure 4.1: Structures of the photoinitiators KL68, TPO-L, MGCB, and
MGC-HCI.

For single- and dual-beam exposure experiments photoinitiators were added to
a mixture of SR368 and SR499 monomers and samples were prepared as described

in Section 2.2.
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Samples denoted F2.5 and F3.0, which were obtained from 3M, were composed
of KL68 in a mixture of trimethylolpropane triacrylate (SR351) and tetrahydrofur-
furyl acrylate (SR285), referred to as AR5 resin. Diaryliodonium hexauroantimonate

(iodonium salt) was also obtained from 3M.

4.2.2 Optical setup

Polymerization was performed with a tunable Ti:sapphire oscillator (Coherent
Mira 900-F) with a center wavelength of 800 nm, a pulse duration of ~150 fs,
and a repetition rate of 76 MHz. A solid-state, diode-pumped laser (Coherent
Verdi V10) was used as the 532 nm, CW source. The beams were combined by a
polarizing beam cube and directed to a sample by a dichroic mirror through a 100x,
1.45 NA, oil-immersion objective (Zeiss R Plan-FLUAR) mounted on an inverted
microscope (Zeiss Axiovert 100). Cover slips with resin 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
alignment of the two laser focal spots within the sample, the laser beams were
scanned over gold nanoparticles deposited on a cover slip. Multiphoton absorption
induced luminescence, which was collected using single-photon-counting avalanche
photodiodes, was used to determine the position and shape of the point-spread

function of each beam [84].
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4.3 Results and discussion

4.3.1 KL68 characterization

The UV-visible absorption spectrum of KL68 in toluene (Fig. 4.2) shows an
absorption band centered at 430 nm and a weaker band at 300 nm. To determine
the polymerization rate and fabrication velocity dependence, both samples F2.5 and
F3.0 were exposed to a single 800 nm ML beam at various powers and velocities.

1.0

0.8

o
o

Absorbance
o
H

0.2

0.0 | 1 1
280 340 400 460 520 580

Wavelength (nm)

Figure 4.2: Absorption spectrum of KL68 in toluene.

The fabrication velocity for sample F3.0 ranged from 70 pm/sec to 240 pm/sec
in 10 pum/sec steps, and from 200 pum/sec to 300 um/sec in 20 um/sec steps. At

powers above 14 mW, the sample was overexposed, resulting in burns in the focal
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region of the laser beam. Therefore, the exposure experiments were performed with
laser power set at 9 mW at the sample plane.

At this power no polymerization was observed at velocities lower than 80
pum/sec and fabricated lines were observed at velocities of 100 pm/sec or more. No
decrease of linewidth was observed with increasing velocity in the range from 100
pum/sec to 300 pm/sec.

Sample F2.5 was exposed at powers of 16 mW, 14.5 mW, and 12 mW. Because
F2.5 also exhibits negative contrast behavior [109], polymerization was initiated at
velocities from 30 pm/sec to 400 pm/sec. At 16 mW and 14.5 mW exposure beam
powers, the photoresist burned within the laser focus at velocities from 350 pm/sec
to 400 pum/sec. To cover a wider range of velocities, the power of the fabrication
beam was set to 12 mW. At this power, no polymerization was observed below a
velocity of 200 pm/sec.

To understand the relationship between the fabrication velocity and initiation,
reciprocity curves were measured in a photoresist containing 0.0075 wt% KL68 in a
1:1 SR368/499 mixture. For this sample, polymerization was initiated with a single
800 nm ML beam. The minimum laser power required to initiate polymerization
(the polymerization threshold) was measured at fabrication velocities ranging from
0 pum/sec to 400 pm/sec.

As shown in Fig. 4.3, the polymerization threshold power decreases signifi-
cantly as the fabrication velocity is increased from 5 pm/sec to 150 pum/sec, and
remains roughly constant in the range of fabrication velocities from 150 pm/sec to
400 pm/sec.
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Figure 4.3: Polymerization threshold power for 800 nm initiation at
various fabrication velocities for resins with three different KL68 con-
centrations.

The trend was similar for resists with 0.01 wt% and 0.04 wt% KL68 as well. As
the concentration of KL68 in the photoresist increases, the polymerization threshold
decreases for every given velocity, becoming constant at a lower power value for
each higher KL68 concentration. For example, at 20 pum/sec the polymerization
threshold power decreases from about 16 mW to 2 mW as the concentration of
KL68 is increased from 0.0075 wt% to 0.04 wt%.

Other photoinitiators that were tested, such as TPO-L and MGCB, exhibit the
opposite behavior (positive contrast): increasing the fabrication velocity increases

the polymerization threshold. Because higher velocities correspond to shorter ex-
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posure times, a higher laser intensity is required to initiate polymerization when
fabricating more rapidly. For negative-contrast photoresists such as the one in Fig.
4.3, longer exposure times lead to finer features or even the complete absence of
polymerization unless the laser power is increased. This effect may be due to a
self-deactivation process. As has been shown before [3], polymerization deactivation
in some photoresists can be achieved by addition of a second CW beam. For other
photoresists [83], deactivation is more efficient, so that the excitation laser pulses
can drive deactivation. This phenomenon can cause longer exposure times to lead

to thinner structures.

4.3.2 2-BIT study of KL68

To investigate the negative-contrast behavior, the order of effective nonlinear
absorption was measured through 2-BIT (2-beam initiation threshold) experiments
at different fabrication velocities as described in Chapter 3. Each laser power value
was normalized to the polymerization threshold and the best-fit exponential was
determined by nonlinear least-squares fitting of the recorded data to Eq. 3.13. Each
data point is an average of at least 5 measurements, and the error bars in figures
with 2-BIT data represent plus or minus one standard deviation.

Fabrication velocities for 2-BIT measurements were chosen from a reciprocity
curve. Fig. 4.4 shows a representative reciprocity curve for sample of photoresist

containing 0.1 wt% KL68S.
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Figure 4.4: Power threshold as a function of fabrication speed in 0.1 wt%
KL68 in 1:1 SR368/499. Red squares represent fabrication velocities for
which 2-BIT measurements were performed: 10, 20, 40, 60, and 100
pm /sec.

Several fabrication velocities within the region of the nonlinear relationship
between power threshold and fabrication velocity (10 pm/sec, 20 pm/sec, and
40pum/sec) were chosen for 2-BIT measurements, as were two fabrication veloci-
ties in the region in which the polymerization threshold becomes independent of the
fabrication speed (60 pum/sec and 100 pm/sec). The 2-BIT data are shown in Fig.
4.5. The exponents were extracted from each 2-BIT data set, and are summarized
in Table 4.1. With the exception of 20 um/sec, as fabrication speed increases, the

order of effective nonlinear absorption increases as well.
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Figure 4.5: 2-BIT data measured using 800 nm, ML excitation in a resist
containing 0.1 wt% KL68 at various fabrication velocities: A) 10 um/sec;
B) 20 pm/sec; C) 40 pm/sec; D) 60 pm/sec; and E) 100 pum/sec.

Although the exponent is ~2 under some conditions, which is indicative of a

conventional 2-photon absorption process, at most of the velocities the exponent is

greater than 2. These data indicate that processes other than 2-photon absorption

affect the exponent, including some sort of deactivation process. It is likely that at all

velocities the exponent reflects some sort of a balance between 2-photon absorption

and other phenomena.
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Fabrication velocity, pum/sec n
10 1.9 £ 0.2
20 28+ 04
40 1.9 £ 0.1
60 23 £0.1
100 24+£0.2

Table 4.1: Order of effective nonlinear absorption of photoresist contain-

ing 0.1 wt% KL68 measured at different velocities.

4.3.3 KL68 power threshold with iodonium salt

It has been shown previously that the presence of an iodonium salt affects the
shape and size of polymerized structures and voxels [109,110]. To study the effect of
iodonium salts on polymerization efficiency, iodonium salt (diaryliodonium hexau-
roantimonate) was added to photoresists containing KL68 at various concentrations.
Reciprocity curves were measured for samples with two concentrations of KL.68 and
sets of iodonuim salt for each KL68 concentration in 1:1 SR368/499. Samples mea-
sured included 0.1 wt% of KL68 with 0.5, 0.3, 0.1, 0.05, or 0 wt% iodonium salt,
and 0.01 wt% of KL68 with 0.03, 0.01, 0.005, 0.001, or 0 wt% iodonium salt.

As shown in Fig. 4.6, the presence of salt at a low concentration strongly
increases the polymerization threshold. A further increase of the salt concentration

either decreases the threshold slightly or has no effect. To compare the effect of salt
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on the polymerization efficiency, the polymerization threshold value was plotted as

s function of salt concentration at each fabrication velocity.
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Figure 4.6: Reciprocity curves for two different concentrations of KL68
in the resin mix of 1:1 SR368/499: A) 0.1 wt% KL68; B) 0.01 wt% KLG68.
Each curve corresponds to a different iodonium salt concentration. The
salt concentrations tested ranged from 0.005 wt% to 0.5 wt%.

As can be seen in Fig. 4.7, for a 50 pum/sec fabrication speed, the dependence
of the power threshold on the salt concentration is complex. An oscillating ratio be-
tween the power threshold and the salt concentration is observed. The ratio between
the polymerization threshold and the salt concentration becomes more linear as the
fabrication speed is increased. The strongest effect of salt on the polymerization
efficiency was observed for the slowest fabrication speeds.

Several effects could play a significant role in this phenomenon, including local
thermal heating from longer laser exposure. To study thermal effects on polymer-
ization efficiency, an objective heater was used to heat the oil-immersion objective
and, consequently, heat the sample. Reciprocity curves were measured in a sample

containing 0.01 wt% KL68 in 1:1 SR368/499 with 0.01 wt% iodonium salt at three
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Figure 4.7: Polymerization threshold power values for different salt con-
centrations extracted from reciprocity curves for 0.01 wt% KL68 in 1:1
SR368/499. Each data point in the legend corresponds to a different
fabrication velocity in pm/sec.

different temperatures: 23.7 °C (room temperature), 27 °C, and 30 °C. The data
presented in Fig. 4.8 demonstrate that there is an increase in the polymerization
threshold by a factor of 2 for a temperature increase between 23.7 °C and 30 °C.
At all temperatures, the polymerization threshold decreases significantly when the
fabrication speed increases from 20 pm/sec to 300 pm/sec, and remains independent

of the fabrication speed in the range from 300 pm/sec to 1 cm/sec.
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Figure 4.8: Reciprocity curve for 0.01 wt% KL68 in 1:1 SR368/499 with
0.01 wt% iodonium salt at three different temperatures: 23.7 °C (room
temperature), 27 °C, and 30 °C.

4.3.4 Temperature effects

The effects of temperature on polymerization efficiency were studied further
in photoresist samples containing KL68, MGCB, MGC-HCI1 and TPO-L. The tem-
perature of each sample was increased from room temperature to 33 °C with an
objective heater.

Sets of rows were fabricated for each sample and temperature. Each row
had 20 cells with dimensions of 5 pmx10 um. A spot in the center of each cell

was exposed for 0.5 sec with the 800 nm ML beam. The focal height varied by
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100 nm between adjacent cells, and ranged from 0 to 2 um above the surface. At
lower heights no features were fabricated, because the focus was inside the substrate
and the intensity exposing photoresist was below threshold. As the focal point
moves into the photoresist, the laser exposes a greater volume of the photoresist,
creating larger volume elements (voxels). At some height, the voxels are barely
attached to the substrate and fall over. Fallen voxels are ideal for imaging [9]. All
measurements within each sample were performed at a constant laser power, and 10
to 15 measurements were made for each height.

After developing samples, the height and width of fallen voxels were measured

using SEM. A representative fallen voxel is shown in Fig. 4.9.

10.0kV 5.5mm x60.0k SE(M) 500nm

Figure 4.9: Scanning electron micrograph of a fallen voxel.

For samples containing MGCB, TPO-L or MGCB in 1:1 SR368/499, sample
heating either had no effect on polymerization or caused an increase in voxel size over
the measured temperature range. For a sample containing 1.5 wt% MGCB at 24.4
°C, 27 °C, 30 °C, and 33 °C, polymerization was initiated by an 800 nm ML beam
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set at 16 mW at the sample plane. An analysis of SEM measurements, presented in
Fig. 4.10, shows that the average widths of the fallen voxels ranged between 520 nm
to 560 nm, with no statistically significant temperature dependence. The change
in the average height with increasing temperature was slightly more pronounced,
varying from 2.08 pm at 23.7 °C to 2.00 pm at 33 °C. It is not clear if the change

in height is statistically significant.
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Figure 4.10: Voxel size temperature dependence for sample 1.5 wt%
MGCB in 1:1 SR368/499.

A similar tendency was observed for 3 wt% TPO-L in 1:1 SR368/499. As
shown in Fig. 4.11, the average dimensions of the voxels decreased from 1.84 um
to 1.66 um with a temperature increase of 8.4 °C. The average voxel width was

nearly constant throughout this temperature range. However the shape of some of
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the voxels was deformed, resulting in a larger deviation from the average of over 20
measured voxels at each temperature point. Again, it is not clear that any changes

in voxel size with temperature are statistically significant.
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Figure 4.11: Voxel size temperature dependence for a sample of 3 wt%
TPO-L in 1:1 SR368/499.

The thermal effect on voxel dimensions was the strongest in samples containing
KL68. This photoinitiator was studied in both photoresist AR5 from 3M (sample
noted F2.5) and a typical monomer mixture of 1:1 SR368/499. Both samples were
measured over a smaller temperature range, as the voxels disappeared at higher
temperatures. At room temperature (24 °C) the laser power was set to a value

above the polymerization threshold for which exposure for 0.5 sec did not cause
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sample damage and polymerized lines of the reference rows were visible. This power
was used for all measurements. With increasing temperature, reference lines and
voxels became less visible, indicating a slower polymerization rate. At 30 °C, no
lines were observed and voxels were barely noticeable. Increasing the temperature
more resulted in the complete absence of polymerization.

The data in Fig. 4.12 show that raising the temperature by 6 °C causes the
average voxel height to decrease from ~800 nm to ~400 nm and the average width
to decrease from ~220 nm to ~160 nm. These measurements were repeated several

times in different samples, and the results were comparable each time.

400 900

e Width

350 m Height | | 750
—~ 300 - 1 600 —~
S £
c =
£ 250 | 1 450 &
5= o
2 t L]

200 - 1 300

150 - + 4 150

0 /l/ 1 ] 1 1 0
22 24 26 28 30 32

Temperature (°C)

Figure 4.12: Voxel size temperature dependence for sample F2.5.
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For samples containing 0.05 wt% KL68 in 1:1 SR368/499, both the average
voxel height and the average voxel width decreased with increasing temperature.
Polymerization was not observed for a temperature increase over 3 °C. As shown
in Fig. 4.13, over this temperatures range the average voxel height decreased from
1150 nm to 980 nm and the average voxel width decreased from ~310 nm to ~270

nm.
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Figure 4.13: Voxel size temperature dependence for sample of 0.05 wt%
KL68 in 1:1 SR368/499.
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4.3.5 Two beam study

As was mentioned above, for a negative contrast photoresist, an excitation
beam that drives polymerization can also deactivate photoinitiator molecules, caus-
ing fabrication of smaller features at longer exposure times (or slower fabrication ve-
locities). Because the polymerization rate in photoresists containing KL68 is highly
dependent on temperature, a longer exposure time could also be locally heating the
photoresist, leading to the creation of smaller features.

Thermal polymerization deactivation was tested by exposing resists containing
KL68 to two lasers at various wavelengths, including studies in which we changed
the distance between the beams and or introduced exposure delays. Sets of lines
were written with two 800 nm ML lasers at various fabrication velocities under two
conditions: 1) both beams overlapped in the XY plane; 2) one beam offset along

the X axis relative to the center of the other beam (Fig. 4.14).

Beam1 Beam 2

Direction of writing

X “Offset

Figure 4.14: Schematic diagram of the two-beam exposure experiment.
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In F3.0, the two 800 nm beams were tested at different powers - the first beam
was set at 22 mW or 15 mW and the second beam was set at 9 mW, 15 mW or 30
mW. To distinguish the first and second laser beams, a mechanical chopper was used
to periodically block and unblock the second beam; the first beam was unblocked
at all times. All lines were fabricated at 100 gum/sec. As before, no polymerization
was observed below 80 pum/sec with single-beam exposure at 9 mW.

For all tested power combinations, two overlapping 800 nm ML beams created
wider lines than did single-beam exposure. The fabricated lines were examined with
SEM. The widths of the lines made with the first beam were 340 +20 nm, compared
to 420 £18 nm when the two beams were overlapped (Fig. 4.15).

For a second test, various offsets of the two lasers were explored. The presence
of a second laser focus adjacent to the first focus could create a temperature gradient,
and potentially lead to polymerization deactivation. As before, the second laser
beam was chopped periodically. For all offsets between the two beams, the widths
of the fabricated lines increased (Fig. 4.16).

Overlapping of an 800 nm ML beam and an 800 nm CW beam was used to
test for photodeactivation. The sample stage was moved at velocities ranging from
80 pum/sec to 300 um/sec. The excitation beam power was set at 12 mW at the
sample plane. The CW beam power was set at 18, 36, 54, 90, 100 and 120 mW
to determine the effect of its power on the polymerization rate. No polymerization
was observed under CW exposure at any velocity. However, when the CW beam
exposed the sample at the same time as the ML beam, the width of the fabricated

lines increased as compared to those fabricated with the ML beam alone. This poly-
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Figure 4.15: SEM image of lines fabricated in F3.0 with two 800 nm ML
laser beams. The first beam was unblocked at all times, creating solid
lines. The second beam was chopped periodically, leading to fabrica-
tion of dashed lines. The two overlapping beams produced wider lines,
compared to single-beam exposure.

merization enhancement was observed for all beam powers and fabrication velocities
tested. Therefore, addition of 800 nm CW light does not deactivate photoinitiator
molecules, but rather enhances polymerization. The results of these experiments
are summarized in Table 4.2.

The two-beam deactivation experiment was also performed for F2.5. Mode-
locked exposure initiated polymerization at 12 mW, but only at velocities above 200

pum/sec. This was the lowest power that did not cause local burning at the range
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F 3 0 800 nm ML beams: first at 22 mW, second chopped at 30 mW

FabLab 156 Okv11‘8mm>Q70kSE ’ ' 1 xX29080 86kY AMRAY #0668

Figure 4.16: SEM images of lines fabricated in F3.0 with two 800 nm ML
beams at various offsets. The left panels show top-views and the right
panels show side-views of lines fabricated at various offsets between the
two laser beams.

of velocities from 200 pm/sec to 450 pm/sec. For dual-beam exposure, one ML
beam was set at 12 mW and the other was set at 3 mW, 6 mW or 9 mW. All three
combinations led to wider lines.

Similar polymerization enhancement was observed when 800 nm ML and CW
beams were combined. Fabrication velocities from 200 pm/sec to 450 pm/sec and

CW beam powers at 60, 90, 100, 120, and 150 mW were tested. For all power
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800 nm ML, | 800 nm CW, Velocity,

Result

mW mW pm/sec

60, 70, 80, 90,

100, 120, 130,

18, 36, 54,

140, 150, 160, | Linewidth increase when
12 100, 120, 150

170, 180, 190, | two beams exposing the

200, 250, 300 | sample, compared to 800

18, 120, 140, nm ML alone
80
180

Table 4.2: Summary of two-beam exposure parameters for testing deac-

tivation in the F3.0.

combinations and velocities, the lines became wider when CW light was added.
The summary of of these experiments is shown in Table 4.3.

Exposure of F2.5 and F3.0 to a combination of two 800 nm ML beams or to
800 nm ML and CW beams yields wider lines compared to single-beam 800 nm ML
exposure. For a wide range of tested powers and fabrication velocities polymerization
enhancement was observed under both conditions.

Comparison experiments were performed in a resin containing KL68 in 1:1

SR368/499. Dual-beam experiments in this sample were performed by combining
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First beam, | Second beam, | Second beam,

800 nm ML, | 800 nm ML, | 800 nm CW, Result
mW mW mW
3
6 Linewidth increases
) when two beams
12 60 exposing a sample,
90 compared to a first
100 beam only
120
150

Table 4.3: Summary of two-beam exposure parameters for testing deac-

tivation in F2.5.

800 nm ML and 880 nm ML beams as well as 800 nm ML and 800 nm CW or 880
nm CW beams.

For 800 nm ML and 880 nm ML excitation, polymerization was initiated at 50
pm/sec at 2 mW and 5 mW, respectively. Combining 800 nm ML and 800 nm CW
beams at 2 mW and 110 mW respectively led to wider lines, whereas combining
an 800 nm ML beam at 2 mW and an 880 nm CW beam at up at 40 mW did
not affect the size of the polymerized lines. A summary of the dual-beam exposure
experiments is presented in Table 4.4.

As was described above, increasing the sample temperature leads to a decrease

in polymerization. Because an objective heater was used to control the temperature,

79



0 800 nm ML 880 nm ML

Does not
532 nm CW

polymerize

Enhances
800 nm ML Polymerizes
polymerization

Does not Enhances
800 nm CW

polymerize polymerization

Does not
880 nm CW No effect

polymerize

Table 4.4: Summary of dual-beam exposure experiments in 0.05 wt%

KL68 in 1:1 SR368/499.

the entire sample was heated, making it challenging to perform reference experiments
within the sample. To heat a sample in a smaller area, the photoresist temperature
was increased by exposing a spot in the sample to a CW beam at a wavelength that
does not lead to polymerization.

A single 880 nm CW beam was used to expose a spot in the photoresist prior
to initiating polymerization with the 800 nm ML beam. The CW beam was first
offset with respect to the MLL beam. A 40 pm line was scanned with the ML beam
blocked. Then the CW beam was blocked and a line was scanned across the same

area with the ML beam. Because of the offset, the first 10 um of the line was not
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exposed to the CW beam. A single scan initiated at an offset between the centers
of 800 and 880 beams along the direction of fabrication allows us to compare the
linewidth in the region not previously exposed to the CW beam to that in the
pre-scanned spots.

The widths of lines that were fabricated in the area pre-scanned at 880 nm
were the same as those lines in the sample region exposed to 800 nm only. This
result suggests that the power of the CW beam was not high enough to generate
the desired temperature gradient. Increasing the number of scans with the 880 nm
beam led to the formation of finer lines. Ten and twenty scans visibly reduced the
width of the lines fabricated with 800 nm ML exposure.

In conclusion, both 800 nm ML and 880 nm ML light can initiate polymer-
ization in the photoresist. Simultaneous exposure to both 800 nm ML and 800 nm
ML or 800 nm ML and 800 CW beams increases the linewidth.

Exposure of the sample to an 880 nm CW beam prior to 800 nm ML poly-
merization leads to narrower lines. Because 880 nm is close to the end of the tuning
range of our laser, the available power was not sufficient for spot exposure experi-

ments. Therefore, for thermal deactivation studies 532 nm CW light was used.

4.3.6 Thermal deactivation with a 532 nm CW beam

Because KL68 in toluene has an absorption maximum near 430 nm, polymer-
ization initiation was tested at 800 nm. Individual polymerized lines were created in

a sample containing 0.05 wt% of KL68 in a 1:1 SR368/499. Exposure to a combina-
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tion of an 800 nm ML beam and an 800 nm CW beam yielded thicker lines than did
800 nm ML exposure alone. This result was also observed for F2.5 (KL68 in AR5
resin). Exposure to a 532 nm CW beam did not lead to polymerization at powers
up to 50 mW at velocities from 2 pm/sec to 200 um/sec. Therefore, 532 nm light
was used to heat the sample locally prior to polymerization with 800 nm pulses.

To test the local heating effect of the 532 nm CW beam, the center of 532 nm
beam was set 6 ym ahead of the 800 nm ML beam, and exposed a spot for 2 mins.
The 532 nm CW beam was then blocked and the 800 nm beam was used to write
at a power of 2.5 mW or 3 mW. A diagram of this experiment is presented in Fig.
4.17.

Because KL68 does not absorb at 532 nm, the effect of 532 nm CW heating
was not pronounced. To increase absorption at 532 nm and heat the photoresist to
a higher temperature, the photoresist was mixed with different dyes, which led to a

stronger temperature effect on the polymerization rate.

4.3.7 Thermal deactivation with 532 nm CW beam and various dyes

One of the potential dyes with an absorption band around 532 nm, Sulphorho-
damine 101 (SRA101), was first mixed in 1:1 SR368/499. No polymerization was
initiated with either an 800 nm ML beam or a 532 nm CW beam. The powers tested
were up to 40 mW for the 532 nm CW and up to 40 mW for the 800 nm ML beam,
above which the resist burned. These powers are consistent with those at which the

monomer mixture burns.
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800 ML 532 CW
Step 1 Offset between ML and CW a ()
beams: —>
Offset
532 CW
Step 2 Block ML beam and expose .
the sample to the CW beam «—>
Offset
800 ML
Stan 3 Block the CW beam, unblock .
P the ML beam and write a line >
Offset
Direction of
800 ML s
o Compare linewidth at the CW fa;)_r\lcatlon
P exposure spot and nearby ' \\
«—>
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Figure 4.17: Experimental scheme for exploring the effect of spot ex-
posure by a 532 nm CW beam on polymerization initiated by an 800
nm ML beam. The CW beam was focused about 6 pym away from the
ML beam along the direction of fabrication. The 532 nm beam was un-
blocked for a desired time. It was then blocked and a line was fabricated
with the 800 nm beam. The grey circle in Step 4 corresponds to the spot

exposed to the 532 nm CW beam.

The local heating effect of 532 nm CW spot exposure was tested in a sample
containing 0.05 wt% KL68 and 0.5 wt% SRdA101 in 1:1 SR368/499. Polymerization
was initiated at 800 nm at a constant fabrication velocity. The 532 nm beam focus
was set at 6 pm from that of the 800 nm beam in the direction of fabrication, as
shown in Fig. 4.18.

The power of the 800 nm beam was set at 3.5 mW and the power of 532 nm

beam was set at 5, 13, or 24 mW at the sample plane. The exposure times tested for
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Figure 4.18: Schematic diagram of the spot exposure experiment at 532 nm.

the 532 nm beam included 10 sec, 30 sec and 60 sec. SEM images of the fabricated
lines are presented in Figure 4.19.

The red lines in Fig. 4.19 correspond to regions without any 532 nm CW
exposure. Green ellipses are drawn around the areas in which the 532 nm beam
affected polymerization. The center of each ellipse corresponds approximately to
the center of the 532 nm beam. The width of the top line 1 on image Fig. 4.19A,
fabricated prior to any exposure to 532 nm, is constant throughout the SEM image.
The second line was polymerized with 800 nm ML beam after the 532 nm beam,
set at 24 mW, exposed a spot for 60 sec. The following lines were alternating: line
3 was fabricated with the 800 nm beam only, line 4 was fabricated after 532 nm
exposure, and line 5 was fabricated with the 800 nm beam only. The lines in Fig.
4.19B-G were made following the same pattern.

The strongest effect of exposure at 532 nm was observed for highest power, 24

mW. Lines in the exposed areas were thinner or absent entirely. Exposure at this
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5.0kV 5.0mm x5.00k SE(M)

10.0kV 5.0mm x3.50k SE(M)

Figure 4.19: SEM images of lines polymerized with 800 nm light fol-
lowing 532 nm spot exposure. The wider lines indicated by red arrows
correspond to reference lines fabricated without 532 nm exposure along
the line. The green ellipses correspond to lines fabricated in the area
exposed to the 532 nm beam. Dashed black lines indicate the lines in
the region around 532 nm exposure. The solid black lines indicate lines
formed in spots not affected by the 532 nm beam. Powers and exposure
times for 532 nm beam were: A) 24 mW for 60 sec; B) 24 mW for 30
sec; C) 13 mW for 60 sec; D) 13 mW for 30 sec; E) 24 mW for 10 sec;
F) 13 mW for 10 sec; G) 5 mW for 50 sec.

power for 60 seconds had a stronger effect on surrounding photoresist areas as well.

The dashed lines in Fig. 4.19A indicate a region of line 3 that was not exposed to 532

85



nm light. However, width of the line in this region is around 140 nm, as compared
to 300 nm in the photoresist area not affected by 532 nm beam. Similarly, parts
of line 5 in Fig. 4.19A right below the 532 nm exposure spot on line 4 are thinner.
The fabrication of each of these lines took about 5 seconds. It is evident that the
effect of exposure to 532 nm at higher power for longer time (24 mW for 60 sec)
lasted longer and affected a greater photoresist area. The duration of the thermal
effect on polymerization was further studied through a set of experiments in which

the exposure times and number of scans were varied.

4.3.7.1 Offset 800 nm and 532 nm exposure at various exposure times
and delays

Similar to the previous study, a photoresist sample containing 0.05 wt% KL68
and 0.5 wt% SRdA101 dyes in 1:1 SR368/499 was tested with two-beam exposure.
Polymerization was initiated by an 800 nm ML beam and a 532 nm CW beam
was used to heat the sample locally prior to polymerization. An offset of 6.6 um
was introduced between the 800 nm and 532 nm beams. To determine the effect
of the 532 nm exposure time on the polymerization rate, four different conditions
were tested. First, the 532 nm beam exposed a spot in the sample for 10 sec (short
exposure). After additional 10 sec (short wait) later, the 800 nm ML light was
then used to fabricate a line across the area that was pre-exposed to the 532 nm
beam. For the second test, 532 nm exposed a spot for 10 sec (short exposure). An

additional 1 min (long wait) later, the 800 nm ML beam was used to fabricate a
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line across the heated area of the sample. Tests 3 and 4 were the same as 1 and
2, respectively, except that the 532 nm exposure time was 1 min (long exposure).

These conditions are summarized in the Table 4.5.

532 nm CW 532 nm CW | Time periods,
Result
beam unblocked | beam blocked sec
Short exposure Short wait 10 /10 No effect on linewidth
Short exposure Long wait 10 / 60 No effect on linewidth
Long exposure Short wait 60 / 10 Linewidth decrease
Long exposure Long wait 60 / 60 No effect on linewidth
Complete
Long exposure No wait 60 /0 polymerization
deactivation

Table 4.5: Summary of the 532 nm CW spot heating test conditions.

For these experiments, the power of the 800 nm beam was set to 3.5 mW
and the power of the 532 nm beam was set to 24 mW at the sample plane. The
fabrication velocity was 50 pm/sec. The reference line, fabricated without any
532 nm CW light, was observed through a CCD camera during the experiment,
and appeared to be fully polymerized. 1 min exposure with the 532 nm beam
followed by immediate exposure to the 800 nm ML beam almost completely turned

polymerization off. 1 min exposure to the 532 nm beam with a 10 sec delay prior
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to 800 nm ML exposure resulted in thin lines created in the regions of the 532 CW
exposure. The linewidth increased in the areas outside of 532 nm beam exposure
region. A wait of 1 min after 30 sec or 1 min exposure at 532 nm did not cause
narrowing of the fabricated lines within our experimental error, just as 532 nm
exposure for 10 sec did not change width of the lines. In summary, longer 532 nm
exposure times and short delays are most efficient for deactivating polymerization,
and can result in complete polymerization suppression in the exposed areas. To
maintain the same rate of polymerization, longer exposure times require a longer

delay before initiating polymerization with the 800 nm ML beam.

4.3.7.2 Simultaneous overlapped 800 nm and 532 nm exposure

Exposure to pulsed 800 nm light immediately after 532 nm CW exposure
can lead to complete suppression of polymerization. We next tested the effects of
overlapping the 800 nm and 532 nm beams in space and time. The sample tested
was again composed of 0.05 wt% KL68 and 0.5 wt% SRd101 in 1:1 SR368/499. A
chopper was used to block and unblock the 532 nm beam periodically. Sets of lines
were also fabricated under single-beam exposure to compare to lines polymerized
under dual-beam exposure for an extended period of time.

Because the polymerization efficiency at a constant laser power depends on the
fabrication velocity, and slower velocities can lead to the absence of polymerization,
polymerization was initiated at speeds ranging from 20 pm/sec to 200 pm/sec with

10 pm/sec steps. The power of the 800 nm beam was set at 2.5 mW or 3 mW, and
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the power of the 532 nm beam was set at 50 mW at the sample plane. The SEM
images in Fig. 4.20 show almost no polymerization at velocities below 50 pm/sec.
At velocities of 60 um/sec and higher, the difference in the presence of 532 nm light
was more pronounced. However, it was difficult to make a definitive conclusion as
to whether the presence of 532 nm beam made lines wider or narrower.
Inconclusive results were also obtained from a sample with a higher concen-
tration of SRA101. In a sample with 0.05 wt % KL68 and 1 wt% SRd101 in a 1:1
SR368/499 monomer mixture, fabrication was initiated by an 800 nm ML beam at
1 mW or 3 mW at the sample plane. The power of the 532 nm beam was set at
15, 24 or 50 mW. As in the previous measurements, sets of lines were fabricated
at velocities varying from 20 pm/sec to 200 pm/sec in 10 pum/sec steps. Shown in
Fig. 4.22 are the SEM measurements of the resultant lines. Lines polymerized under
each set of parameters were inconsistent in width, and could be wider or narrower
than lines fabricated under exposure to both the 800 nm and 532 nm beams.
Because these experimental results were inconclusive, additional experiments

were performed in a sample made with SRA101 from a new bottle.

4.3.7.3 Studies of spot exposure at 532 nm at an offset prior to 800
nm polymerization with new SR101

The first experiments with the new SR101 used a spot exposure of the 532 nm
beam at an offset from the 800 nm beam using sample containing 0.05 wt% KL68

and 0.1 wt% SRd101 in 1:1 SR368/499. The power of the 800 nm beam was set at
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Figure 4.20: SEM images of polymerized lines in a photoresist sample
with 0.05 wt% KL68 and 0.5 wt% SRdA101 in 1:1 SR368/499. 800 nm
ML and 532 nm CW beams were overlapped and exposed the sample
simultaneously. The power of the 800 nm beam at the sample plane was
3 mW and the power of the 532 nm beam was 50 mW. Fabrication veloc-
ities ranged from 20 m/sec to 200 pum/sec in 10 pm/sec steps. The top
left-hand group of 4 lines in A) corresponds to a 20 pum/sec fabrication
speed, the next group of four lines was created at 30 pum/sec, etc. The
last group at the right corresponds to 50 um/sec. B) Two groups of four
lines fabricates at 60 pm/sec (leftmost) and 70 pm/sec (rightmost). C)
Left-hand group of 4 lines corresponds to a 70 ym/sec fabrication speed,
the next group of four lines was created at 80 pum/sec, etc. The last
group at the right corresponds to 100 pum/sec.
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10.0kV 8.1mm x2.50k SE(M)

Figure 4.21: SEM images of lines fabricated in a sample with 0.05 wt%
KL68 and 1 wt% SRd 101 in 1:1 SR368/499 monomer mixture by writing
lines at 50 pm/sec with 800 nm ML at 1 mW and 532 nm CW at A) 15
mW; B) 24 mW; C) 50 mW.

3 mW and the power of the 532 nm beam was set at 24 mW or 50 mW. Sets of lines
were fabricated at velocities ranging from 20 pm/sec to 200 pm/sec.

A spot in the photoresist was exposed to the 532 nm beam for 30 sec at an
offset from the 800 nm beam along a fabricated line. The 532 nm beam was then
blocked and the 800 nm beam was moved across the area. No polymerization was
observed in the region exposed to the 532 CW beam. Polymerization was only

observed outside the region heated by the 532 nm beam. The widths of the lines
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fabricated prior to 532 nm beam exposure or far away from the exposed region
did not change along the fabricated line, which is consistent with the previously

observed behavior.

4.3.7.4 Simultaneous exposure with offset 800 nm and 532 nm beams

with new SR101

Exposure to 532 nm CW light at up to 40 mW power at the sample surface
did not cause polymerization. To test the effect of 532 nm exposure on the poly-
merization efficiency, a set of lines was written with the 800 nm and 532 nm beams
at the same time, but with various offsets (Fig. 4.18).

The polymerization under 800 nm exposure was performed at 3 mW at 50
pum/sec or 60 pm/sec. The power of the 532 nm beam was set at 5, 10, 15 or 35
mW at the sample surface. The offset between the laser beams was varied between
2 and 6 pm. A summary of the performed experiments is shown in Table 4.6.

A chopper was used to block and unblock the 532 nm beam periodically. For
all laser powers and offsets tested, polymerization was enhanced when the 532 nm
beam was unblocked. Fig. 4.22 shows SEM images of the polymerized lines at offsets
of 6, 5, and 4 um and powers of 15 and 30 mW. The faint lines denoted by red arrows
correspond to the lines fabricated with 800 nm light only. The thicker lines denoted
by green arrows were fabricated with both beams.

The linewidth increase under two-beam exposure was observed visually and

confirmed with SEM images. Measurements of lines show a clear trend of the line
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800 nm ML, | 532 nm CW, Velocity,
Offset, pm
mW mW pum/sec
5 2 60
10 2 60
0 60
2 60, 50
12 15 3 60, 50
4 60, 50
6 60
3 60
35 4 60
5 60

Table 4.6: Summary of parameters for simultaneous exposure with offset

532 nm CW and 800 nm ML beams.

width increasing at higher CW powers. The plots in Fig. 23A show the width
measurements. Red crosses represent lines that were fabricated using the 800 nm
beam only. Blue dots indicate the lines formed with two-beam exposure. The error
bars represent the standard deviation of the measured linewidth. These lines were
formed at 60 pm/sec using 3 mW of 800 nm power and 15 mW of 532 nm power
with a 2 pum offset. Fig. 23B shows the change in linewidth with the addition of 532

nm CW exposure.
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Figure 4.22: SEM images of lines fabricated at 60 pm/sec with the 800
nm ML beam at 3 mW. Red arrows indicate lines polymerized with 800
nm ML only. Green arrows correspond to lines fabricated with both 800
nm and 532 nm beams: A) 6 pum offset and 15 mW 532 nm power; B)
5 pum offset and 30 mW 532 nm power; C) 4 um offset and 30 mW 532

nm power.

4.3.7.5 Spot heating with a higher concentration of new SR101

The effect of Sulphorhodamine 101 on the polymerization efficiency was next
studied in samples containing 0.05 wt% KL68 and 0.7 wt % SRA101 and 0.5 wt%
SRA101. For each sample, the fabrication velocity was varied from 20 pm/sec to

200 pm/sec in 10 um/sec steps. The effect of the 532 nm beam on polymerization
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Figure 4.23: A) Linewidth measurements of lines fabricated under 800
nm ML beam exposure (red cross), and both the 800 nm and 532 nm
beams (blue circles). B) Difference in linewidths from single-beam and
two-beam exposure at 2 pym offset.

initiated at 800 nm was studied by overlapping the two beams in time and space.
For each given velocity, sets of perpendicular lines were fabricated at a 2 pm spacing.
The power of the 800 nm ML beam was set at 3 mW and the power of the 532 nm
CW was set at 50 mW at the sample plane. A mechanical chopper was used to
block the 532 nm beam periodically to test the difference between one- and two-
beam exposure. At 50 mW, the 532 nm beam did not affect the width of the
lines fabricated at speeds above 100 pm/sec. The widths of the lines formed under
two-beam exposure were greater than those for a single-beam exposure at velocities
below 100 pm/sec. As seen in Fig. 4.24, the width of the lines gradually increased as
the fabrication velocity decreased. The red arrows in the Fig. 4.24 indicate exposure
to 800 nm only and the green arrows indicate exposure to both beams.

One distinct feature of this positive-contrast photoresist is the absence of poly-

merization at the turning points of the fabricated lines, where the stage slows down
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Figure 4.24: SEM images of lines polymerized under 800 nm single-beam
exposure (red arrows) and 800 nm and 532 nm dual-beam exposure
(green arrows) at fabrication velocities from 30 pm/sec to 100 pm/sec.

and exposure increases. For this experiment, turning points of the stage were fully
polymerized under dual-beam exposure, as can be seen in Fig. 4.25. Red lines indi-
cate the absence of polymerized turning points under single-beam exposure, whereas
the addition of the 532 nm beam led to wide polymerized corners. A more detailed
study of the effect of the 532 nm beam was performed by fabricating longer lines at
a constant velocity.

A similar effect of increasing linewidth was observed when lines were fabricated
at 50 pm/sec and 70 pm/sec. In Fig. 4.26A and 4.26B, the three lines on the left
(indicated by red arrows) were fabricated with single-beam exposure only. Starting
from the fourth line, the chopped 532 nm beam was added. The lines became wider
(indicated by green arrows). It is clear from the images that the addition of the 532

nm CW beam made the lines wider. The linewidth also increased from left to right
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Figure 4.25: SEM images of lines polymerized under single-beam (below
red line) and dual-beam exposure (below green line). There is no poly-
merization at the turning points under single-beam exposure, but there
is polymerization at the turning points under dual-beam exposure.

as more lines were fabricated, indicating that the 532 nm exposure had cumulative
effect.

To investigate 532 nm exposure build up, a sample with 0.05 wt% KL68 and
0.7 wt% SRdA101 was exposed to 532 nm CW only by scanning lines 2 ym apart. In
the fabrication process (Fig. 4.27), the focus was first moved 20 pm along the y axis,
offset by 2 um along the x axis, then moved back 20 um along the y axis, offset by
2 pm along the x axis and so on while chopping the 532 nm beam. Exposure was

started on the left side, and the SEM images show no presence of lines or dots at

97



70 um/sec 50 um/sec

5.0kV 4.7mm x4.50k SE(M) 10.0um @ 5.0kV 4.7mm x7.00k SE(M) 5.00um

Figure 4.26: SEM images of lines fabricated with an 800 nm ML beam
(red arrows) and with two 800 nm and 532 nm beams simultaneously
(green arrows).

first. As the beam was moved towards the right side, dots started to appear. The
dots then increased in size from one line to the next, until the fabricated features
overlapped with one another. This experiment contradicted our initial results with
Sulphorhodamine 101. This difference might have been caused by dye degradation
over time, as the SRA101 in the initial experiments was from a bottle that was in the
laboratory for couple of years. Newly purchased SRA101 demonstrated a different

polymerization initiation behavior.

4.3.7.6  Other dyes tested for thermal polymerization deactivation

Because 532 nm light initiated polymerization in the monomer, other poten-
tial dyes with an absorption band around 532 nm were tested, including Sulphorho-

damine B, Rhodamine 123, Lissamine Rhodamine B sulfonyl chloride and Pyrromethene
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50 um/sec, 532 CW only

5.0kV 4.7mm x2.00k SE(M) 20.0um

Figure 4.27: EM image of lines formed by a 532 nm CW beam at 50
mW. The chopped 532 nm laser was set on the left side of the image,
then moved 20 pm along the y axis, offset by 2 um along the x axis,
then moved back 20 pum along the y axis, offset by 2 um along the
x axis and so on. At first, no polymerization was observed. As the
beam scanned towards the right side, first dots appeared, then fabricated
features increased in size until they overlapped with one another.

605. All dyes were mixed with the monomer solution and exposed to 532 nm CW
and 800 nm ML. 800 nm powers up to 24 mW at the sample were tested (this is the
maximum power before local burning and explosions within the focal point starts).
532 nm powers up to 40 mW at the sample were tested (the maximum available
power on the day of experiment).

Polymerized lines were observed in the sample with 0.025 wt% of Rhodamine

123 in 1:1 SR368/499 under 532 nm exposure. However, no polymerization was ob-
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served under 800 nm exposure. Pyrromethene 605 at 0.032 wt% in 1:1 SR368/499
did not polymerize under 532 nm exposure, but the 800 nm beam led to polymer-
ization.

For two concentrations of Sulphorhodamine B (SRdB), 0.014 wt% and 0.056
wt% no polymerization was observed at 532 nm or 800 nm light at various fabrication
velocities from 20 pm/sec to 200 pm/sec. Similar results were observed for Lissamine
Rhodamine B Sulfonyl Chloride (LRdAB) at 0.074wt% in 1:1 SR368/499. For these
reasons, either LRdB or SRdAB was mixed with photoresists containing KL68 for the

thermal deactivation studies.

4.3.7.7 Thermal deactivation studies with Lissamine Rhodamine B
sulfonyl chloride

The next sample tested was composed of 0.05 wt% KL68 and 0.074 wt%
Lissamine Rhodamine B sulfonyl chloride (LRdB) (the same number of moles as
KL8) in 1:1 SR368/499. The powers tested were 2.1 mW for the 800 nm ML
beam and 26 mW for the 532 nm CW beam. No polymerization was observed with
532 nm excitation at various fabrication velocities. The 800 nm exposure initiates
polymerization in the resist with KL68 only. When the photoresist containing KL68
and LRdB was exposed to both the 532 nm beam and the 800 nm ML beam, the

linewidth increased at a fabrication velocity of 60 pum/sec.
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Polymerization initiated at 800 nm was suppressed in the region that was
previously heated with the 532 nm beam for 10 sec. Similar results were obtained
for lower and higher concentrations of LRdB.

However, these dyes were harder to dissolve in the monomer mixture compared
to the other tested dye and KL68, Sulphorhodamine B was therefore used as the

dye for majority of following experiments.

4.3.7.8 Thermal deactivation study with Sulphorodamine B

Samples were prepared containeding 0.05 wt% KL 68 and Sulphorhodamine
B (SRdAB) at 0.014 wt% (half the number of moles of KL8) and 0.056 wt% (twice
number of moles of KL68) in 1:1 SR368/499. Polymerization was performed with
the 800 nm ML and 532 nm CW beams under two conditions: a) with two beams
overlapping and exposing the same sample spot simultaneously; and b) with local
spot heating with the 532 nm CW beam at an offset.

In the sample containing 0.05 wt% KL68 and 0.056 wt% SRdAB, the two beams
were overlapped and sets of lines were fabricated at 60 um/sec with the 800 nm beam
at 2.6 mW and the 532 nm beam set at 40 mW at the sample plane. A chopper was
used to block the 532 nm beam periodically. Exposure to the 800 nm beam initiated
polymerization at a power of 2.6 mW. No polymerization was observed with 532 nm
exposure alone at powers up to the maximum tested, 40 mW. Lines got wider when

the two beams exposed the sample at the same time. When the 800 nm power was
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lowered to 2 mW, the 532 nm beam had no effect at low powers and caused the
lines to broaden at high power.

For a typical experiment with the 800 nm beam set at 2.6 mW and the 532
nm beam set at 30 mW, a set of lines was fabricated with a 2 pum spacing (Fig.
4.28). The lines fabricated with 800 nm ML were 250+10 nm wide. However,
when both beams were overlapped the linewidth increased to 380+15 nm. As a
control experiment, the 800 nm beam then was blocked, 532 nm exposure alone at
30 mW did not lead to any polymerization, which is consistent with the previous

observations.

10.0kV 4.8mm x9.00k SE(M)

Figure 4.28: SEM images demonstrating polymerization enhancement
when 800 nm and 532 nm beams are overlapped and expose the same
spot at the same time in 0.05 wt% KL68 and 0.056 wt% SRdB in 1:1
SR368/499. The red lines indicate 800 nm exposure, and the green lines
indicate dual-beam exposure.
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The sample used for the spot heating experiment contained the same concen-
trations of KL68 and SRAB, 0.05 wt% and 0.056 wt% respectively. First, lines were
fabricated in the Y direction to distinguish sets of lines, fabricated in the X direction
that were polymerized by scanning a laser over a heated spot, Fig. 4.29. Line 1 in
Fig. 4.29 is a reference line, fabricated prior to 532 nm exposure, and has a thickness
of 3004+20 nm. For Line 2, the 532 nm beam was focused at the position indicated
by the green circle in Fig. 4.29. The size of the circle does not represent the size of
the beam. The 532 nm beam was unblocked for 10 sec. After an additional 10 sec
delay time, the 800 nm beam exposed the sample along Line 2 at 60 pum/sec. No
polymerization was observed in the region exposed to the 532 nm beam. Having the
532 nm beam unblocked for 10 sec has an effect on the surrounding areas as well.
For example, Lines 3 and 4 were exposed to the 800 nm beam only. However, in the
region right below the spot of the 532 nm exposure, either no polymerization was
observed (Line 3) or lines were only partially polymerized (Line 4).

The effect of 532 nm CW heating was further explored though varying the
532 nm power and exposure time, as well as the number of 800 nm scans. These
conditions were tested in a sample containing 0.05 wt% KL68 and 0.055 wt% Sul-
forhodamine B (SRb) in 1:1 SR368/499. The threshold power of the 800 nm beam
was at 2.3 mW at a velocity of 50 um/sec. The power of the 532 nm beam was set
to either 17.7 mW, 9 mW, or 4 mW at the sample. The 532 nm beam was offset
by 10 pm with respect to the 800 nm beam for a spot exposure. The 532 nm beam

exposed the sample for a desired time, followed by a single or multiple scans with
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10.0kV 4.8mm x4.50k SE(M)

Figure 4.29: Polymerization deactivation with 532 nm spot heating. The
green circle indicates the position of the 532 nm exposure. The vertical
lines are for reference exposure. The red arrow indicates the direction
of 800 nm exposure. The blue arrows highlight the deactivation of poly-
merization by the 532 nm beam. Line 1 was written prior to 532 nm
exposure. Line 2 was fabricated after 10 sec of 532 nm exposure and a
10 sec waiting period. Lines 3 and 4 were written without any additional
532 nm exposure.

the 800 nm only over the areas exposed to the 532 nm beam. Fig. 4.30 shows the
results of sample exposure to the highest tested CW power, 17.7 mW.
Perpendicular lines (vertical in Fig. 4.30) and dots were fabricated to indicate
the start of the fabricated test lines. Line 1 is a reference, written prior to any 532
nm exposure. After Line 1 was fabricated, the 800 nm ML beam was blocked and
a spot 10 um to the right of the dot on Line 2 was exposed to the 532 nm beam for

five seconds, after which sets of horizontal lines were immediately fabricated with
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Line 1

Line 2

Line 3

Line 4

Line 5

12.0kV 5.9mm x3.50k SE(M)

Figure 4.30: Effect of 532 nm spot exposure. The 800 nm power was 2.3
mW, and the 532 nm power was 17.7 mW. Line 1: Reference line, no
532 nm spot exposure, one scan with 800 nm exposure. Line 2: 532 nm
exposure for five seconds, followed by one scan with the 800 nm beam.
Line 3: No 532 nm exposure, one scan with 800 nm beam. Line 4: No
532 nm exposure, one scan with 800 nm beam. Line 5: No 532 nm
exposure, four scans with 800 nm beam.

single 800 nm scans. As evidenced from Lines 2 and 3 in Fig. 4.30, exposure to the
532 nm beam at this power for five seconds prevents any subsequent polymerization
in the region.

Polymerization of Line 4, which was outside of the direct 532 nm beam expo-
sure region, was partially diminished. Line 5 was fabricated with four scans of the
800 nm ML beam to test the thermal effect on the polymerization rate. The width
of Line 5 in the region nearest to the 532 nm exposure was not different from the

width in regions that were further away. This result may be due to the fact that
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Line 5 was further away from 532 nm spot and that it was fabricated ten seconds
after 532 nm exposure. Therefore, a test with multiple scans of excitation beam
over exposed area was repeated immediately after the photoresist was exposed to
532 nm beam.

To test the effect of 532 nm exposure on initiation, the sample was exposed
to the 532 nm beam for three seconds and then lines were scanned with the 800 nm
beam multiple times. Line 1 in Fig. 4.31A is a reference line, fabricated before the
532 nm exposure.

Lines 2, 3 and 4 were fabricated using four scans of the 800 nm beam following
a 532 nm spot exposure for three seconds. Even after four scans, no polymerization
was observed in the center of the area of the sample that was exposed to the 532
nm beam for lines 2 and 3. The center of line 4 was clear after the first scan, and
only after four scans was partial polymerization observed in this region.

Fig. 4.31B, shows a direct comparison of four scans with the 800 nm ML beam
before and after three seconds of 532 nm exposure. Line 5 was fabricated with four
scans of the 800 nm beam after heating the center of the line for 3 sec. Fabrication
of this line took 8 sec.

The thermal effects were tested at lower powers of the 532 nm beam as well
by performing scans with the 800 nm ML beam until polymerization occurred. As
shown in Fig. 4.32, a spot along Line 2 was exposed to the 532 nm beam at 8.6 mW
for two seconds. The 532 nm beam was then blocked and the 800 nm beam was
scanned four times across the spot exposed to 532 nm. Each scan had a duration

of 1 sec. Even after four scans with 800 nm beam, polymerization was prevented
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12.0kV 5.9mm x6.00k SE(M) 5.00um

Figure 4.31: Additional tests of thermal deactivation with SRd. The
800 nm power was set at 2.3 mW, and the 532 nm power at 17.7 mW.
Line 1: Only 800 nm exposure for one scan. Line 2: 532 nm on for three
seconds, followed by four scans of the 800 nm beam. Line 3: No 532 nm
exposure, four scans with 800 nm beam. Line 4: No 532 nm exposure,
four scans with 800 nm beam. Line 5: 532 nm on for three seconds,
followed by four scans of the t800 nm beam. Line 6: No 532 nm, four
scans of the 800 nm beam. Each line is 100 ym long. The green arrow
indicates the area exposed to the 532 nm CW beam.

completely in the area previously exposed to 532 nm. After no polymerization was

observed in the tested area of Line 2, a spot in Line 3 was tested. This spot was
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exposed to 532 nm for 2 sec, after which it took 24 scans of the 800 nm beam before

faint fabricated lines were visible.

12.0kV 5.9mm x6.00k SE(M) 5.00um

Figure 4.32: Multiple scans of the 800 nm ML beam over the spot ex-
posed to 532 nm. The 800 nm power was set at 2.3 mW, and the 532
nm power at 8.6 mW. Line 1: No 532 nm, four scans with 800 nm. Line
2: 532 nm exposure for two sec, followed by four scans with 800 nm.
Line 3: 532 nm CW exposure for two sec, followed by 24 scans of 800
nm ML. Each line is 50 pum long. The green arrows represent the regions
exposed to 532 nm.

Next, the combination of a higher power and a shorter duration was tested by
exposing a sample to the 532 nm beam for 5 sec at 4 mW. Lines 1, 3 and 6 (Fig.
4.33) were fabricated with single scans without exposure to the 532 nm beam. The
widths of these lines are the same, whereas polymerization in the centers of the Lines
2,4, 5 and 7 was either completely or partially inhibited after this number of scans.
Lines 2 and 4, both fabricated with five scans of the 800 nm beam, correspond to 5
and 2 sec of 532 nm exposure, respectively, demonstrating the positive correlation
between the duration of exposure and the amount of polymerization inhibition.
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SEM examination showed traces of polymerized features in the heated region in
the center of Line 4, which was only exposed at 4 mW of 532 nm light for 2 sec.
The polymerization inhibition in Line 4 is comparable to that in Line 5, which was
exposed to 532 nm for 2 sec, but was fabricated with ten scans of the 800 nm beam.
Fabrication of line 4 took 5 sec, whereas fabrication of Line 5 took twice as much
time and twice as many laser beam scans. Fabricated lines were observed in the

heated region after 36 scans of the 800 nm beam.

4.4 Conclusions

The absorption spectrum of KL68 in toluene was measured at room tempera-
ture and had a absorption band at 430 nm. MAP was initiated under pulsed laser
exposure at 800 nm in both SR368/499 and AR5 resins containing KL68 as the
photoinitiator. Neither 800 nm CW, 880 nm CW or 532 nm CW alone initiated
polymerization. Negative contrast was observed for all monomers mixed with KL68.

In samples F2.5 and F3.0, consisting of KL.6 and AR5, fabrication was initiated
starting from 80 pm/sec and 200 pum/sec respectively. The polymerization threshold
was 12 mW for F2.5 and 9 mW for F3.0. Using these threshold levels prevented the
samples from undergoing local explosions over the wide range of fabrication velocities
tested. This allowed us to perform initial single-beam polymerization studies. For
these photoresists, a slower fabrication velocity corresponds to a longer exposure

time and leads to a partial or a complete absence of polymerization at a given
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Figure 4.33: Effect of a spot exposure to 532 nm light on multiple scans
of the 800 nm beam across the heated spot. The 800 nm power was set
at 2.3 mW, and the 532 nm power at 4 mW. Line 1: Reference line 50 m
long, from five scans with the 800 nm beam. Line 2: 532 nm exposure
for 5 sec, followed by five scans with the 800 nm beam. Line 3: no 532
nm exposure, five scans with the 800 nm beam. Line 4: 532 nm exposure
for 2 sec, followed by five scans with the 800 nm beam. Line 5: 532 nm
exposure for 2 sec, followed by ten scans with the 800 nm beam. Line 6:
No 532 nm exposure, 15 scans with the 800 nm beam. Line 7: 532 nm
exposure for 2 sec, followed by 36 scans with the 800 nm beam. Green
arrows indicate areas of the photoresist exposed to the 532 nm beam.
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fabrication power level. No polymerization was observed below these fabrication
velocities, depending on the monomer type and photoinitiator concentration.

Samples with lower concentrations of the photoinitiator required more power
to initiate polymerization, which was similar to the positive contrast materials. Poly-
merization initiation in a photoresist with a lower concentration of KL68 occurred at
higher fabrication velocities, which is opposite to the traditional positive-contrast
materials. Similar results were found for the photoresists based on SR368/499.
Reciprocity curves were measured for three different concentrations of KL68. The
polymerization threshold decreased as the concentration of KL68 increased. How-
ever, under the same excitation beam power level, the polymerization initiation
velocity increased with increased KL68 concentration.

The observed relationship between photoinitiatior concentrations and poly-
merization thresholds can be explained as follows. Samples with a lower concentra-
tion of the photoinitiator create fewer free radicals under the constant specific power
level of the exposure beam. Therefore, higher excitation laser power is required to
excite a larger number of photoinitiator molecules to create enough radicals to over-
come the polymerization threshold and to fabricate features.

Because self-deactivation from the pulses of the excitation beam can result in
negative contrast behavior, an increased polymerization rate at higher fabrication
velocities can be expected. The faster the laser focus is moved away from the
exposed area, the less deactivation takes place in the exposed spot, which leads to
wider polymerized lines. It was observed that, when the excitation beam power level
was constant, the polymerization initiation velocity increased as the photoinitiator
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concentration decreased. In other words, the fewer photoinitiator molecules that
were present in the photoresist, the higher the velocityneeded to form the lines.
This observation suggests more efficient deactivation at lower concentrations. As
the photoinitiation concentration increased, more molecules were exposed to the
laser beam, and fewer of the molecules were deactivated, which led to a higher
polymerization rate. We will need to test other monomers and photoinitiatiors,
including traditional positive-contrast materials, and measure reciprocity curves at
different concentrations to determine the dependence of polymerization thresholds
and fabrication velocities with regard to photoresist concentrations.

To test if deactivation happens through the recombination of radicals, two
800 nm ML beams were used simultaneously to expose F2.5, F3.0 and KL68 in 1:1
SR368/499 at various beam powers. The distance between beams was gradually
decreased until their focal points overlapped. Lines fabricated under simultaneous
exposure to both beams were wider when compared to those that were created with
a single beam for all tested powers. In F3.0 the linewidth increased from 340420
nm to 420+18 nm under a single 800 nm ML beam, or two overlapped 800 nm
ML beams, exposure respectively. Given this result, it seems that polymerization
deactivation, by creating a large number of radicals to recombine to form narrower
lines, is unlikely.

Wider lines were also observed when the first laser beam was an 800 nm
ML beam and the second beam was either an 800 nm CW or an 880 nm ML
beam. Tested velocities ranged from 60 pum/sec to 450 pum/sec. It is possible that
exposure to a second 800 nm beam, either ML or CW, can result in excited state
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absorption, transitioning molecules to the state that created the radicals. No effect
on the polymerization rate was observed when the 880 CW beam was added to
the 800 nm ML beam. Exposure to other wavelength combinations might lead to
polymerization deactivation, such as the addition of a 445 nm CW or a 400 nm ML
beam. Polymerization initiation via linear absorption with a 405 nm CW or a 445
nm CW beam needs to be tested. Because of the absorption spectrum band at 430
nm, a 445 nm CW beam might initiate polymerization.

The initiation process was further explored via 2-BIT measurements of the or-
der of nonlinear absorption in a photoresist that consisted of 0.1 wt% of KL68 and
1:1 SR368/499. Because of the nonlinear nature of the reciprocity curve, the 2-BIT
measurements were performed at several velocities. Three chosen fabrication veloc-
ities (10 pm/sec, 20 pm/sec, and 40um/sec) corresponded to parts of the nonlinear
relationship between the fabrication velocity and polymerization threshold. At 60
pum/sec and 100 pum/sec, polymerization becomes independent of the fabrication
velocity. 2-BIT data were collected at these velocities as well.

The order of the effective nonlinear absorption increased with increasing fabri-
cation velocity. For some of the fabrication velocities corresponding to the nonlinear
part of the reciprocity curve, the best-fit exponent was approximately 2, indicat-
ing that polymerization was initiated primarily through 2-photon absorption under
these exposure conditions. The best-fit exponent to the data collected at the fabri-
cation velocities corresponding to the linear part of the reciprocity curve was greater
than 2, which indicates that other nonlinear processes take place during the exposure

process, most likely self-deactivation.
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More information about initiation can be gathered by performing 2-BIT mea-
surements in photoresists with different concentrations of KL68. We have seen
dependence of the power and velocity thresholds on the KL68 concentration. 2-BIT
data collected for samples with different photoinitiator concentrations and fabrica-
tion velocities would help to map the exposure conditions at which the effective
nonlinearity of the material is changing and could reveal more information about
initiation.

The effect of iodonium salt on the polymerization rate was tested by perform-
ing MAP in a KL68 photoresist mixed with the iodonium salt. The iodonium salt
was added at five different concentrations to each of the two photoresists consisting
of different concentration of KLL68. The polymerization threshold increased in the
photoresist containing the lowest concentration of salt compared to one without a
salt. However, the polymerization threshold in the photoresists containing higher
concentrations of salt was comparable to that of the photoresist with KL68 only.
The strongest effect of iodonium salt on initiation was observed at lower concentra-
tions and slower fabrication velocities. Because lower salt concentrations required
higher laser power to initiate polymerization, the salt may be contributing to the
deactivation processes more efficiently than it does at higher concentrations.

The effective nonlinearity of the photoresist with different concentrations of
iodonium salt and KL68 will need to be determined through 2-BIT measurements.
Because of the observed nonlinear relationship between the iodonium salt concen-

tration and the fabrication velocity, 2-BIT data collected at different velocities at
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each concentration will help determine effective nonlinearity and nonlinear processes
for these materials.

The observed nonlinear relationship between the polymerization threshold and
the fabrication velocity was in the range of velocities between 1 pm/sec and 200
pum/sec. Because slower fabrication velocities correspond to longer exposure times,
the thermal heating from the laser beam can be contributing to the polymerization
initiation, leading to observed nonlinear behavior between sample concentration,
laser power and fabrication velocity. This nonlinear relationship was tested by per-
forming MAP in the heated photoresist.

Polymerization initiation at different temperatures was performed by using an
objective heater to heat the photoresist with KL68 and iodonium salt. The heater
was used to increase the temperature of the oil-immersion objective, which in turn
heated the photoresist. Contrast curves were measured at three different tempera-
tures, and revealed that the polymerization threshold increased with the tempera-
ture. Thus, higher temperatures can contribute to the self-deactivation processes.
Thermal effects on initiation were further studied through two sets of experiments
that were performed with photoresists containing KL.68 and traditional positive con-
trast photoinitiators. One experiment involved an objective heater, which increased
the temperature of the entire photoresist sample. The other heating experiment
employed a second laser beam that was offset with respect to the fabrication beam.
The laser exposed a spot of the sample for a controlled amount of time at a set
power level, and then was turned off. The fabrication beam was then unblocked to
initiate polymerization.
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In the case of heating with an objective heater, sets of lines and voxels were
fabricated at four different temperatures ranging from room temperature to 33 °C.
Voxels were fabricated at different heights above the substrate, and the sizes of
fallen voxels were compared at each temperature using SEM. In the positive-contrast
materials, such as TPO-L and MGCB, the size of the voxels either increased with the
temperature or was similar across the measured temperature range. Measurements
over a wider range of temperatures might lead to a bigger change in voxel size.

The same temperature range had a stronger effect on voxels fabricated in pho-
toresist composed of KL68 and either AR5 (F2.5) or 1:1 SR368/499. We observed a
lower initiation rate as the temperature increased, leading to smaller fabricated lines
and voxels. At 33 °C neither lines nor voxels could be fabricated in either of the KL68
photoresists. In comparison, photoresists that contained either MGCB or TPO-L
had fully polymerized lines and voxels at this temperature. At a 3 °C temperature
increase polymerization was completely terminated in both KL68 photoresists. The
exact mechanism of the deactivation process, based on the temperature increase, is
not yet clear. Heating the sample might increase the diffusive processes in the pho-
toresist, leading to fewer radicals present per unit volume compared to that which
are at room temperature. It is not clear whether change of temperature has an ef-
fect on the nonlinear processes. To illuminate that possibility, 2-BIT measurements
need to be performed at different temperatures. The effect of the diffusion rate can
be traced by measuring reciprocity curves at different temperatures and collecting

2-BIT data at different fabrication velocities at each set temperature.
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A second set of thermal deactivation experiments was performed by using two
laser beams at different wavelengths, one to heat the target spot of the sample, and
the other to initiate polymerization. The heating beam focus was adjacent to the
fabrication beam to create a local temperature gradient. The exposure conditions
were varied by changing the offset between the beam centers, by changing the time
delay between the beam exposure, and by changing the fabrication velocity.

Because simultaneous exposure to an 800 nm ML beam and a 880 nm CW
beam did not have an effect on polymerization, the latter beam was used to pre-
scan the area of the photoresist before the 800 nm ML beam was used to expose the
same area to initiate polymerization. The size of the fabricated lines decreased as
the number of scans of the 880 nm CW beam increased. Because the power range
of the 880 nm CW beam was limited by the laser cavity alignment, and exposure
to a 532 nm CW beam did not initiate polymerization, a 532 nm beam was used
to locally heat the sample. Thermal local heating was tested by placing the center
of the 532 nm CW beam 6 pum ahead of the 800 nm ML fabrication beam, which
was used to write a line across the target spot. The power of the fabrication beam
was set at the polymerization threshold. The exposure time and power of the 532
nm CW beam were varied, as was the delay between blocking the 532 nm beam
and turning the 800 nm beam on. The width of the polymerized lines outside of
the target spot that was exposed to the 532 nm beam was compared to those made
within the heated region.

Because KL68 does not have an absorption band at 532 nm, the heating effect

of the 532 nm beam was not pronounced. To increase the temperature change
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caused by the 532 nm beam exposure, KL.68 photoresists were mixed with dyes that
absorbed at 532 nm. Various dyes were tested to see if exposure to 800 nm and 532
nm beams could initiate polymerization.

The tested dyes, with an absorption band around 532 nm, included Sulphorho-
damine B, Rhodamine 123, Lissamine Rhodamine B sulfonyl chloride and Pyrromethene
605. All dyes were added to the 1:1 SR368/499 mixture and exposed to 800 nm ML
and 532 nm CW at various exposure powers.

A photoresist containing 0.025 wt% of Rhodamine 123 polymerized under
532 nm CW exposure. In the sample that contained 0.032 wt% of Pyrromethene
605, which was exposed to the 800 nm ML beam, line formation was observed.
No polymerization occurred in the Rhodamine 123 photoresist under 800 nm ML
exposure or in the Pyrromethene 605 photoresist under 532 nm CW exposure.

Neither the 800 nm ML nor the 532 nm CW beams initiated polymerization
at fabrication velocities ranging from 20 pm/sec to 200 pm/sec in three photoresists
containing different dyes. One photoresist contained 0.5 wt% Sulphorodamine 101
(SRA101). The second was Sulphorhodamine B (SRdB) added to 1:1 SR368/499 at
two different concentrations (0.014 wt% and 0.056 wt%). The third was Lissamine
Rhodamine B Sulfonyl Chloride (LRdB) mixed at 0.074 wt% in 1:1 SR368/499.

Initial exposure experiments using Sulphorhodamine 101 (SRd101) in 1:1 SR368/499
did not show initiation with the 800 nm ML or the 532 nm CW beams at power
levels up to 40 mW. Therefore, 0.5 wt% of SRA101 was added to 0.05 wt% KL68
in 1:1 SR368/499 for heating with a 532 nm CW beam set at 5, 13, and 24 mW
each for 10 sec, 30 sec, and 60 sec. The exposure to the higher power for the longer
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time, with no delay between turning the 532 nm beam off and turning the 800 nm
ML beam on, led to either a complete or a partial absence of polymerization. This
exposure condition had a stronger effect on the surrounding regions as well.

To test how long the 532 nm spot exposure effect lasts, a set of experiments
was performed in which 532 nm beam exposed a spot in the sample for a set time
and then was blocked. The 800 nm ML beam was scanned across the heated region
for a controlled number of time. Initiation and widths of the formed lines were
recorded as a function of the number of scans.

Experiments with overlapped 800 nm and 532 nm beams were performed in
a sample consisting of 0.05 wt% KL68 and 0.5 wt% SRd101 or 1 wt% SRd101 in
1:1 SR368/499 at fabrication velocities ranging from 20 pm/sec to 200 pm/sec with
10 pm/sec steps. As the power of the 532 nm CW beam increased from 10 mW to
30 mW, the width of the formed lines increased from about 270 nm to 360 nm in
a photoresist consisting of 0.05 wt% KL68 and 0.1 wt% SRd101 in 1:1 SR368/499.
The lines formed under both 800 nm ML and 532 nm CW exposure decreased as
the fabrication velocity increased, until the linewidth became comparable to that
formed under an 800 nm ML exposure alone. These experiments were performed at
the highest power of 532 nm laser available, 50 mW.

Similar results were obtained for a photoresist composed of 0.05 wt% KL68
and 0.074 wt% Lissamine Rhodamine B sulfonyl chloride. The 800 nm ML laser
was used to fabricate a line across a spot previously exposed to the 532 nm CW
beam. Comparing to the lines formed outside of the region exposed to 532 nm beam,

those in the heated spot were considerably narrower. However, when two overlapped
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lasers simultaneously exposed the sample, the fabricated lines were wider than lines
formed with 800 nm ML beam alone at fabrication velocities of either 50 or 60
pum/sec. The tested power of the 532 nm CW beam was 26 mW, which might be
too high when two beams are exposing the same spot simultaneously. Dual-beam
experiments need to be performed over a wider range of fabrication velocities and
lower powers of the 532 nm CW beam.

There might be an exposure condition at which the laser beam powers and
fabrication velocities are set at values that partially or completely deactivate poly-
merization. Employing a phase-shaping element, such as a phase mask for the beam
used to heat the photoresists, can create a temperature change on the sides of the
fabricated lines, leading to the formation of thinner line .

Overlapped dual-beam experiments were performed in photoresist composed
of 0.05 wt% KL 68 and Sulphorhodamine B (SRdAB) at 0.014 wt% and 0.056 wt% in
1:1 SR368/499 using 40 mW of the 532 nm laser and 2.6 mW of 800 nm laser. The
exposure of two overlapping beams yields wider lines of 380 4+ 15 nm as compared
to lines 250 + 10 nm wide created with the 800 nm ML beam alone. Dual-beam
exposure was tested only under one set of beam powers and one fabrication velocity.
Additional measurements under various beam powers and fabrication velocities are
required for this photoresist to examine the possibility of fabricating narrower lines
with two overlapped beams.

Spot heating experiments were performed in photoresists containing 0.05 wt%
KL68 and 0.056 wt% SRdAB. The width of lines fabricated prior to the 532 nm CW

exposure was 30020 nm. In the KL68 photoresist containing SRAB exposure to
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the 532 nm CW beam had a much stronger effect than in the photoresist without
SRdB. Polymerization was completely prevented when the photoresist was exposed
for 10 sec to the 532 nm beam and 10 sec later the 800 nm beam was used to
write a line across the heated spot. Moreover, surrounding areas were affected to a
greater degree compared to other dyes tested. Complete or partial polymerization
deactivation was achieved in regions around the heated spot that were not exposed
directly to the 532 nm beam. Sets of lines were fabricated at varying powers of 532
nm beam (17.7 mW, 9 mW, and 4 mW), different exposure times, and different
delays between turning the 532 nm beam off and turning the 800 nm beam on.

The effect of heating was further studied by scanning an 800 nm beam multiple
times across the pre-heated spot in photoresists containing 0.05 wt% KL68 and 0.056
wt% SRdAB in 1:1 SR368/499. The 532 nm beam power was set at 17.7 mW or 8.6
mW. The exposure time was 2, 3 and 5 sec. Lines with an 800 nm beam were
scanned once, 4 times, and 24 times. At a 2 sec exposure at 8.6 mW, even after four
consecutive scans with the 800 nm beam, no polymerization was observed in the
heated region. It took 24 scans for polymerization to occur to some degree. Because
each scan took 1 sec, polymerization started to appear 24 sec after the sample was
exposed to a 532 nm beam for 2 sec at 8.6 mW. The longer the sample was exposed
to a 532 nm beam, the larger the number of scans that were required to initiate
polymerization.

Additional studies involving excitation light at different wavelength combina-
tions are required to gather more information about KL68 excitation and initiation
at higher temperatures. Excitation pathway is a key part of setting exposure condi-
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tions such as laser wavelength and repetition rate. The excitation to different states
can be traced by using a pulse-picker to change the repetition rate of the excitation
beam. The polymerization threshold should be measured as a function of the laser
repetition rate at various fabrication velocities. Polymerization initiation, after lo-
cal heating, should be tested at different exposure durations and exposure powers
for various beam repetition rates. Determining pulsed laser parameters that lead to
polymerization, but could be used to locally heat sample, would be of great interest
because the local exposure could be controlled by changing timing between pulses,
therefore providing more control over heating. This scheme could potentially lead

to formation of finer lines using phase elements for the heating beam.
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Chapter 5
An overview of three-color photolithography using biacetyl as a

representative photoinitiator

Contributors: Zuleykhan Tomova, Nikolaos Liaros, Sandra A. Gutierrez Razo,
Samuel Cohen, Steven M. Wolf. Contributions: 2-BIT measurements, polymer-
ization initiation and deactivation experiments were performed by Z.T. and N.L.;
samples were prepared by Z.T. and S.G.R.; SEM measurements were performed by

Z.T.; Matlab code for the best-fit exponential to 2-BIT data was written by S.C.;
absorption spectra and triplet transient absorption spectra were collected by S. W.

5.1 Introduction

In this Chapter we will discuss the principles of 3-color lithography and its po-
tential for resolving the challenges that the lithography industry is currently facing.
The use of the extreme UV light was intended to fuel rapid advances in fabrication in
the semiconductor industry. However, the cost of production using this technique is
quickly increasing, and many technical challenges remain unmet. With the ongoing
need to fabricate smaller and smaller features, alternative approaches based on use
of the visible light might be more economically preferable. 3-color lithography has
the advantages of using inexpensive sources of visible light and promising the abil-
ity to create super-resolved structures. In this thesis we use MAP as a first step in
performing 3-color lithography by rapidly screening materials and eliminating those
that will not satisfy the requirements of the method. Here, the concepts of 3-color

lithography are introduced and a promising 3-color initiator, biacetyl, is discussed.
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5.2 Theory

An alternative approach to reducing the feature size and increasing the reso-
lution (the distance between these features) in photolithography involves using two
lasers. As in conventional lithography, in 2-color lithography an activation beam
takes photoinitiator molecules from the ground state to an excited state, which
leads to the initiation of polymerization. A second laser beam, called the deacti-
vation beam, is used to deactivate the excited photoinitiator molecules, preventing

initiation. A schematic of this process is shown in Fig. 5.1.

First —_— Initiation
e —— =
excited state

Deactivation

Activation

Ground state 1T v

Figure 5.1: Schematic diagram for 2-color lithography. An activation
beam transfers photoinitiator molecules an excited state that can gen-
erate free radicals, leading to polymerization initiation. A deactivation
beam brings molecules back to the ground state before free radicals are
formed, preventing initiation.

The spatial intensity distribution of the deactivation beam can be changed by
using optical elements, such as phase masks. For example, a phase mask can be used

to create a doughnut-shaped point-spread function with a dark region in the center,
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as was shown in Section 2.1. If such a beam is overlapped with the activation
beam, molecules in the central dark region will remain in the excited state and
will initiate polymerization. However, the molecules in the bright region of the
doughnut will be deactivated. These latter molecules will not create free radicals,
and therefore will not contribute to initiation (Fig. 5.2). Such selective deactivation

of the photoinitiator molecules can decrease the feature size and improve resolution.

Xy plane Xy plane Xy plane

beam

Both
beams

Figure 5.2: Diagram of overlapping two laser beam focal points in X,
Y, and Z directions by collecting MAIL from gold nanoparticles by
both beams. A) MAIL from the gold nanoparticles generated by the
doughnut-shaped beam after the radial polarizer. Point-spread function
(PSF) of the deactivation beam after the polarizing beam cube in B)
XY plane and C) XZ plane. D) PSF of excitation and deactivation
beams with an ofset in the Y-axis. The excitation beam is positioned
between the lobes of the deactivation beam, and an ofset is introduced
to demonstrate the accuracy of laser beam alignment along the X-axis.
E) PSF of excitation and deactivation beams with an ofset in the Y-axis.
F) Corresponding MAIL images from gold nanoparticles scanned in the
X Z plane.
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Because of these nonlinear chemical processes, 2-color lithography allows for
fabrication with a considerably improved feature size, as was discussed in Section
1.4. However, the resolution enhancement of 2-color lithography is not as great as
had originally been expected.

In 2-color lithography, initiation and deactivation take place from the same
state, and therefore compete with one another. Even in the deactivated regions,
cross-linking chemistry takes place to some degree. Although residual cross-linking
is not a major contributing factor to the size of isolated features, when features are
fabricated closely together this phenomenon significantly increases the feature sizes
and diminishes resolution. Closely packed features are fabricated through multiple
pattering exposure steps. Thus, the higher the feature density required, the worse
the feature size and resolution become [111].

This effect of residual cross-linking growth in the multi-step exposure process
can be avoided by using 3-color photolithography. A schematic of this approach
is presented in Fig. 5.3. First, a pre-activation laser beam takes photoinitiator
molecules to a metastable excited state that is not chemically active. Once excited,
molecules remain in this state for a considerable time, without creating free radicals
or initiating polymerization. Next, in desired regions a deactivation beam brings
molecules back to the ground state. Finally, an activation beam can excite any
remaining pre-activated molecules to a higher energy state that can initiate poly-
merization. Thus, in 3-color lithography, polymerization and deactivation do not

compete with each other, as these processes happen from different energy states.
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Figure 5.3: Schematic diagram for the 3-color lithographic process. The
pre-activation beam brings photoinitiator molecules to the first excited
state, which does not produce free radicals. Unless brought back to the
ground state by the deactivation beam, molecules can be further excited
to the chemically active state, creating free radicals.

The existence of a pre-activated state allows for more efficient deactivation.
Because molecules cannot make free radicals in the pre-activated state, no back-
ground cross-linking occurs in the deactivated regions.

Three-color photolithography was tested in a resin that contained photosen-
sitizers having a long-lived, non-reactive lowest triplet state. The first candidate
we tested with this approach was biacetyl (Fig. 5.4). Biacetyl is a vicinal diketone
that has been widely used in the study of photochemical and photophysical pro-
cesses in various chemical systems. It has been employed as a gas-phase emission

standard and also as a triplet energy accepter, because it has a low-energy triplet
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state [112-116]. The biacetyl absorption spectrum peaks at 420 nm both in solution

and the vapor phase [117,118].

o)
biacetyl

Figure 5.4: Structure of biacetyl

The lifetimes of the first excited singlet state and the lowest triplet state of bi-
acetyl have been determined in solutions and in vapor-phase experiments performed
by several groups. Anderson and Parmenter measured a lifetime of 7 = 10.6 +
1.3 nsec for S; by examining the decay of fluorescence in pure biacetyl vapor [119].
Sidebottom et al. reported an S; lifetime of 71 = 24 4+ 4 nsec, and a T} lifetime of
T = 1.52 £ 0.26 msec in biacetyl vapor at an excitation wavelength 383 nm [120].
McClelland et al. measured fluorescence decay of biacetyl vapor as a function of
excitation wavelength and found that 7, changes from ~14 nsec for excitation near
445 nm to ~6 nsec for excitation at 372 nm [121]. With 376 nm excitation they
found that 7 = 11.7 &+ 2 nsec, in agreement with the work of Anderson [119]. Re-
ported S; lifetimes of biacetyl in benzene solutions include 7, = 10 nsec [122] and

12.3 + 1.8 nsec [119].
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The T7 lifetime, 75 = 1.87 msec, was measured from the phosphorescence decay
of biacetyl at an excitation wavelength 444 nm by Moss et al. [123], as compared to
Ty = 1.49 £ 0.20 msec at 436 nm [120] and 7 = 1.65 +0.2 msec [124] at 440 nm,

all determined in biacetyl vapor.

S; A

61.6 kcal/mol

(464 nm)
T= 24 nsec 1

56 kcal/mol

(510 nm)
1=1.52 msec

Figure 5.5: Energy level diagram of biacetyl. First-excited singlet state
energy reported in [125], energy of the excited triplet state from [126],
lifetimes of S; and 77 reported in [120].

The experimentally measured energy difference between Sy and S; corresponds
to 464 nm (Fig. 5.5). After excitation to the low vibration levels of the first excited
singlet state, biacetyl quickly undergoes intersystem crossing to an excited vibra-
tional level of 77 [120,121,127]. Due to biacetyl’s long-lived T} state, and biacetyl’s
potential to be excited through two-photon absorption of 800 nm light, photore-
sists containing biacetyl as a photoinitiator were studied under various exposure

conditions.
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5.3 Materials and methods

Initial single-beam MAP experiments were performed with biacetyl obtained
from Sigma Aldrich. For MAP and dual-beam exposure experiments, described in
Section 5.4.3, biacetyl was added to a mixture of SR368 and SR499 monomers and
samples were prepared as described in Section 2.2. For the rest of the experiments
discussed in this chapter, biacetyl was distilled before use. The distilled biacetyl
was then added to either SR368/499 or SR399 monomers, which were prepared as
described in Section 3.3.2. Samples for experiments were prepared by placing a drop
of the photoresist on an acrylated #1 coverslip. Two pieces of tape were used to
secure the coverslip on top of a microscope slide. A second coverslip was placed on
top of the first coverslip, so that the photoresist was set between them. A piece of
tape between coverslips was used as a spacer to determine the thickness of the film.
Finally, the glass microscope slide was mounted to a sample holder for placement
on the microscope stage.

Single- and dual-beam exposure experiments at wavelengths ranging from 720
nm to 900 nm were performed with a tunable Ti:Sapphire oscillator, as described in
Section 2.1. Continuous-wave wavelengths tested for polymerization initiation and
depletion also included 405 nm, 445 nm and 532 nm. 400 nm ML light was also
tested.

Linear photopolymerization experiments at 405 nm were performed using a
CW Stradus 405-100 laser diode (Vortran). Linear photopolymerization at 445 nm

was initiated by an S3 Arctic Series diode laser (Wicked Lasers). A solid-state,
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diode-pumped laser (Coherent Verdi V10) was used as the 532 nm CW source. All
of the laser beams were collimated by a set of lenses, and cleaned with a spatial filter
prior to entering the microscope. The laser power at the sample was controlled using
a half-wave plate and a polarizer. 400 nm ML light was created by second-harmonic
generation of 800 nm light with a KDP crystal. 2-BIT experiments were performed

with a tunable, pulsed Ti:Sapphire laser, as described in Chapter 3.

5.4 Results and discussion

5.4.1 Single-beam MAP

The UV-visible spectrum of biacetyl measured in benzene (blue line in Fig.
5.6) shows a wide absorption peak at around 410 nm, which suggests the possiblility
for two-photon absorption at around 800 nm. Initial experiments with an 800 nm,
ML laser demonstrated initiation of polymerization in a sample containing 1 wt%
biacetyl in 1:1 SR368/499. The oscillator wavelength was tuned between 730 nm
and 860 nm to test the wavelength dependence of the initiation efficiency. The laser
power below which no polymerization was observed was defined as the polymeriza-
tion threshold. The red dots in Fig. 5.6 represent a polymerization action spectrum.
Each dot corresponds to the inverse square value of the polymerization threshold at
that wavelength. The polymerization action spectrum is blue shifted and narrower
than the absorption spectrum. These results suggest that an additional state may

be involved in initiation.
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Figure 5.6: Absorption spectrum of biacetyl in benzene (blue line) and
polymerization action spectrum of biacetyl in 1:1 SR 368/499 (red dots).

Exposure of the photoresist to CW wavelengths ranging from 730 nm to 860
nm did not cause any initiation. Similarly, no initiation was observed under exposure
to a 532 nm CW beam. Exposure to either a 405 nm CW beam or a 445 nm CW
beam initiated polymerization, as was expected from the absorption spectrum. The

results of the single-beam exposure experiments are summarized in the Table 5.1.

5.4.2 2-BIT measurements of the order of the effective nonlinear ab-
sorption of biacetyl in a photoresist

Polymerization in a biacetyl-based photoresist was initiated under exposure
to pulsed light at wavelengths in the 730-900 nm range. To understand better the
process of initiation, the order of the effective nonlinear absorption was measured as
a function of wavelength by 2-BIT measurements, as described in Chapter 3. Each
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Polymerization | No polymerization

405 nm CW

445 nm CW 532 nm CW

750 - 880 nm ML | 750 - 880 nm CW

Table 5.1: Summary of single-beam exposure in a 1:1 SR368/499 pho-

toresist containing 1 wt% biacetyl.

laser power value was normalized to the polymerization threshold and the best-fit
exponential was determined by nonlinear least-squares fitting of the recorded data
to Eq. 3.13. Each data point is an average of at least 5 measurements, and the error
bars in figures with 2-BIT data represent plus or minus one standard deviation.

2-BIT data were measured for 1 wt% biacetyl in SR399 monomer. The fab-
rication velocity was held constant at 20 pm/sec and the polymerization threshold
laser powers were recorded at 750, 760, 780, 800, 830, 840 and 850 nm. Shown in
Fig. 5.7 are 2-BIT data for 750 nm, 760 nm, and 780 nm exposure with best-fit ex-
ponentials of n= 2.0 £ 0.2, 2.1 £ 0.1, and 2.08 £ 0.07 respectively, suggesting that
at these wavelengths polymerization initiation occurs primarily through two-photon
absorption.

The nonlinearity of the absorption process for biacetyl increased as the wave-
length was tuned to the red. Fig. 5.8 shows 2-BIT data measured at 800, 830, 840,

and 850 nm with a velocity of 20 pm/sec. The best-fit exponential was 2.4 + 0.1
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Figure 5.7: 2-BIT data for 1 wt% biacetyl in SR399 at a velocity of 20
pum/sec, at 750 nm, 760 nm, and 780 nm. The black solid lines corre-
spond to best fits to Eq. 3.13. The blue dashed-dotted lines show how
the fits would look for a three-photon absorption process for reference.
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for 800 nm, 2.4 + 0.1 for 830 nm, 2.7 £+ 0.2 for 840 nm, and 2.53 £ 0.05 for 850 nm.

A summary of the best-fit exponents at different wavelengths is presented in Table

5.2.

AN AN

E 1e E 16€

® ®©

o ()

L 08} L8t

206 206

(o Q.

D04t D04t

= N

© ©

o) S

Z ‘ ‘ ‘ ‘ . Z 9 ‘ ‘ ‘ ‘ .
0 02 04 06 08 1 0 02 04 06 08 1
Normalized power, beam 1 Normalized power, beam 1

AN AN

e M e 11

® ®

() ()

L08¢ L 08¢

— —

2 2

306 306

o o

©04: ©04:

N N

© ©

o) o)

Z 9 ‘ ‘ ‘ ‘ ‘ Z 9 ‘ ‘ ‘ ‘
0 02 04 06 08 1 0 02 04 06 08 1
Normalized power, beam 1 Normalized power, beam 1

Figure 5.8: 2-BIT data for 1 wt% biacetyl in SR399 at a velocity of 20
pum/sec at 800 nm, 830 nm, 840 nm, and 850 nm. The black solid lines
correspond to best fits to Eq. 3.13. For reference, the red dashed lines
correspond to 2-photon absorption and blue dashed-dotted correspond
to 3-photon absorption.
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Exposure wavelength, nm | P*+ Py = P}}
750 n=2.0 =+ 0.2
760 n=21+0.1
780 n= 2.08 £ 0.07
800 n= 24+ 0.1
830 n=24 + 0.1
840 n— 2.7+ 0.2
850 n= 2.53 £ 0.05

Table 5.2: Summary of best-fit 2-BIT exponents for 1 wt% biacetyl in

SR399 at a fabrication velocity of 20 pm/sec.

The 2-BIT data indicate that the order of the effective nonlinearity is greater
at longer wavelengths. The values of the best-fit exponent n are between two and
three, which suggests that other processes are involved in radical formation process,
such as, for example, self-deactivation.

Because the order of the effective nonlinear absorption measured at a constant
velocity increases at longer wavelengths, additional data were collected at different
fabrication velocities. At each velocity, the laser power was adjusted to the lowest
value at which polymerization was visually observed on the monitor. Fabricating

at a faster velocity is effectively equivalent to decreasing the exposure dose. This
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shorter exposure time can influence processes such as self-deactivation, potentially
changing the 2-BIT exponent.

Three wavelengths were chosen for collecting 2-BIT data as a function of a
fabrication velocity. The first wavelength was 750 nm, because 2-BIT data collected
at 20 pm /sec indicated that the order of the effective nonlinearity at this wavelength
is 2. Shown in Fig. 5.9A are 2-BIT data measured at 40 pm/sec with 750 nm
excitation. The best-fit exponent in this case is 2.1 4+ 0.1, which is in agreement
with the exponent obtained at 20 pum/sec.

At 20 pm/sec with 800 nm excitation, the 2-BIT exponent was 2.4 £+ 0.1. At
40 pm/sec the best-fit exponent was 2.3 £+ 0.2 (Fig. 5.9B). At 80 um/sec the best-fit
exponent was 2.2 £+ 0.1. Thus, with increasing fabrication velocity, the order of the
effective nonlinearity at 800 nm appears to decrease slightly, although the differences
may not be statistically significant.

2-BIT measurements at 840 nm showed a similar tendency. Shown in Fig. 5.9C
are data measured at 40 pum/sec. The best-fit exponent in this case is 2.5 + 0.1, as
compared to 2.7 £ 0.2 at 20 um/sec (Table 5.3). Again, the exponent appears to
decrease with increasing velocity.

At shorter wavelength, where the order of the effective nonlinearity is ~2, the
2-BIT exponent is insensitive to velocity, suggesting a pure 2-photon absorption
process. At longer wavelengths, n is greater than 2, but decreases with increasing
velocity. These results suggest that self-deactivation, which is expected to be less

important at higher velocity [83], is present at longer wavelengths.
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Figure 5.9: 2-BIT data for 1 wt% biacetyl in SR399 at excitation wave-
lengths of 750 nm (A), 800 nm (B), and 840 nm (C), and a velocity of
40 pm/sec. The black solid lines correspond to best fits to Eq. 3.13. For
reference, the red dashed lines correspond to 2-photon absorption and
blue dashed-dotted correspond to 3-photon absorption.

5.4.3 Dual-beam exposure

To test for deactivation, experiments were performed with two lasers. An
800 nm ML beam was used to initiate polymerization. Addition of an 800 nm CW
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Wavelength, nm

n at 20 pm/sec

n at 40 pm/sec

750 20+0.2 21 +£0.1
800 24+ 0.1 23+£02
840 27+£0.2 25+£0.1

measured at 40 pm/sec fabrication velocity.
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Table 5.3: Summary of 2-BIT measurements of the order of effective

nonlinear absorption in photoresist with in the 1wt% biacetyl in SR399

beam at the same spot and at the same time could inhibit polymerization completely.
To demonstrate this effect, the 800 nm CW beam was periodically blocked with a

mechanical chopper. As shown in Fig. 5.10, lines were formed under exposure to the

Figure 5.10: SEM images of polymerization deactivation in 1 wt% bi-
acetyl in 1:1 SR368/499. Lines are formed by exposure to the 800 nm
ML beam alone. The 800 nm CW beam was periodically blocked. The
clear spaces along the lines indicate that the deactivation beam inhibited
polymerization completely.




800 nm ML beam alone. Simultaneous exposure to both beams led to deactivation,
as indicated by the breaks in the lines. Moreover, thorough examination of the SEM
images revealed the absence of any polymerization traces or residual polymerization
in the deactivated regions. Typically, SEM images of the lines made with 2-color
photolithography show slight residual polymerization in deactivated regions [3]. In
the photoresist containing biacetyl, clear spaces between the polymerized parts of
the line illustrate more efficient polymerization deactivation.

Polymerization deactivation was further studied at other wavelengths. CW
exposure with wavelengths ranging from 730 nm to 900 nm was found to deactivate
polymerization that was initiated by ML excitation in the same range of wavelengths.
For example, polymerization initiated by a 770 nm ML beam was inhibited by
CW exposure at wavelengths ranging from 760 nm to 860 nm. The efficiency of
deactivation of the CW beam depended on the wavelength that was used to initiate
polymerization, as will be discussed in detail in the following sections.

Exposure to a 405 nm CW beam or a 445 nm CW beam also initiated poly-
merization. When a second CW laser at any wavelength ranging from 760 nm to
880 nm was added to the 405 nm or 445 nm beams, the width of the polymerized
lines increased, indicating enhancement of polymerization rather than deactivation.
The same effect was observed when the second beam was mode-locked. Similar
linewidth increases were observed when the sample was simultaneously exposed to
a 532 nm CW beam and a ML laser at any wavelength between 760 and 880 nm.
However, exposure to either 532 nm CW light alone or to a combination of two CW

beams, one at 532 nm, and the other between 760 nm and 880 nm, did not cause
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polymerization in the sample. The results of the dual-beam exposure experiments

are summarized in the Table 5.4 and Fig. 5.11.

400 nm 405 nm 532 nm 532 nm
Exposure 800 nm ML
o ML CW CW CW
conditions
- - - - -
760 - 880
760 - 880 800 nm 760 - 880 760 - 880
nm CW or
nm CW CW nm ML nm CW
ML
No poly-
Result Deactivation | Activation | Activation | Activation
merization

Table 5.4: Summary of results of multiple beam exposure experiments

in the 1 wt% biacetyl in 1:1 SR368/499.

Exposure to a 400 nm ML beam initiated polymerization even at sub-mW
powers. Simultaneous exposure to an 800 nm CW beam enhanced polymerization
rather than deactivating it. For comparison, exposure to an 800 nm ML beam at
10 mW initiated polymerization. 800 nm CW deactivation was achieved at a com-
parable power. These results suggest that different excitation and polymerization
channels are available for biacetyl. 800 nm ML excitation leads to a deactivatable
state. 400 nm excitation, however, leads to irreversible polymerization. Possible

pathways of excitation will be discussed in Section 5.4.5.
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Figure 5.11: Summary of dual-beam exposure experiments for 1 wt%
biacetyl in 1:1 SR368/499.

5.4.4 Deactivation

To investigate the deactivation efficiency, measurements were performed with
740 nm, 770 nm, and 800 nm ML excitation. For each of these excitation wave-
lengths, the CW deactivation wavelength was tuned from 730 nm to 900 nm in 10
nm steps. The power of the excitation beam was set at the polymerization threshold
in each experiment. The efficiency of deactivation was defined as an inverse of the
minimum power required to inhibit polymerization.

Fig. 5.12 presents deactivation action spectra for each excitation wavelength.
The blue data points are for 740 nm excitation, the green data points are for 770 nm
excitation and the red data points are for 800 nm excitation. At longer excitation

wavelengths the deactivation action spectrum shifts to the red as well.
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Figure 5.12: Deactivation action spectrum of 1 wt% biacetyl in 1:1
SR368/499. The data points correspond to the minimum power required
for deactivating polymerization for excitation at 740 nm (blue), 770 nm
(green), or 800 nm (red).

The deactivation action spectrum in Fig. 5.12 was measured for 1 wt% biacety]
in SR368 and SR499 monomers. Deactivation efficiency was also tested in another
monomer, SR399. The deactivation action spectrum for biacetyl in SR399 was
measured in the same manner as above. The ML excitation wavelengths tested
were 750 nm, 770 nm, 800 nm, 830 nm, and 860 nm. For each excitation wavelength
the CW deactivation beam was tuned between 730 nm and 940 nm in 10 nm steps.
The results are shown in Fig. 5.13.

The data in Fig. 5.13 indicate that it is easier to turn off polymerization when it

is initiated at some excitation wavelengths. For example, polymerization initiated
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Figure 5.13: Deactivation action spectrum of 1 wt% biacetyl in SR399.
The data points correspond to the minimum power required for deacti-
vation for mode-locked excitation at 750 nm, 770 nm, 800 nm, 830 nm,
and 860 nm.

at 800 nm is more efficiently deactivated compared to that initiated at 770 nm.
These results may be indicative of self-deactivation during excitation.

The relationship between the deactivation efficiency and the wavelengths of
the excitation and deactivation beams can be visualized through a 3D deactivation
action spectrum (Fig. 5.14). The y axis on this plot is the excitation wavelength,
the z axis is the deactivation wavelength, and the colors denote the deactivation
efficiency. The powers were measured only for the wavelength combinations in Fig.

5.13. The remaining data values were interpolated. Based on this plot, the most
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efficient polymerization deactivation is achieved for excitation wavelengths between
820 nm and 840 nm, and a CW deactivation wavelength of 900 nm.

860
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Figure 5.14: The 3D deactivation action spectrum of 1 wt% biacetyl in
SR399. The data points are experimentally measured for 750 nm, 770
nm, 800 nm, 830 nm, and 860 nm excitation. The deactivation beam was
tuned between 730 nm and 940 nm with a 10 nm step. The remaining
data are interpolated from the experimentally measured values.

5.4.5 Interpreting the excitation and deactivation data

As can be seen from Figs. 5.13 and 5.14, the polymerization deactivation ef-
ficiency depends on the excitation and deactivation wavelengths. The deactivation
action spectrum resembles the transient triplet absorption spectrum of biacetyl,

(Fig. 5.15) [128]. This correlation suggests that deactivation involves excitation
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Figure 5.15: Deactivation action spectrum of 1 wt% biacetyl in SR399
at 800 nm excitation (top). Triplet transient absorption spectrum for
biacetyl in carbon tetrachloride [128] (bottom).

from T}. Deactivation may therefore occur from reverse intersystem crossing (RISC)
from a higher triplet state. Some photoinitiators have been shown, by performing
time-resolved experiments and testing polymerization inhibition for different timing
settings, to deactivate via RISC from the excited triplet state [129]. Our collabo-

rator Dr. Daniel Falvey has calculated vertical transition energies in biacetyl using
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density functional theory methods. Geometries were optimized at the (u)M062X/6-

311G+(d,p) level (Fig. 5.16).

S3 7'y
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T4' T5
131 kcal/mol
202 nm
382 nm
Sz A
104 kcal/mol Ts -
T104.9 kcal/mol
279 nm 586 nm
T2 T esar \/mol
.4 kcal/mo
S, ISC
A
63.8 kcal/mol 977 nm
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Ty
463 nm 56.40 kcal/mol
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S° 0 kcal/mol

Figure 5.16: Schematic diagram of biacetyl levels, calculated by Dr.
Daniel Falvey, unpublished. The energy level values in italic are reported
in [125].

Biacetyl is known to have a high quantum yield for ISC [119,120,128], so most
excited molecules will end up in 7. 800 nm photons from the deactivation beam are
energetic enough to drive absorption to 7,. From 75 molecules can undergo RISC
to a highly vibrationally excited level of the ground state Sy, thus preventing poly-

merization. We do not know for sure how polymerization is initiated in molecules
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that are not deactivated, but one possibility is excitation to a higher triplet state
by a subsequent excitation pulse.

Another possible pathway for initiation is triplet-triplet annihilation (TTA).
The triplet transient absorption spectrum of biacetyl was measured in benzene at 355
nm pulsed excitation (Fig. 5.17). The spectrum has bleaching at 450 nm correspond-
ing to strong ground state absorption as compared to the triplet state absorption
at this wavelength. Fig. 5.18 shows a transient of triplet biacetyl at 320 nm. The
triplet decay at 320 nm was fitted with second-order kinetics, which is consistent

with triplet formation through a triplet-triplet annihilation process.

0.8 r
—0.1ps —0.3 us 0.5us —0.7pus —1ps
0.6

—15us —2pus —5ps —10ps

Wavelength (nm)

Figure 5.17: Transient absorption spectrum of biacetyl in benzene fol-
lowing 355 nm pulsed excitation.

Biacetyl cannot be deactivated following linear excitation, which suggests that

initiation follows a different pathway in this case. One pathway for initiation with
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General model:
06k f(x) = 1/(b*x+1/a)+c
Coefficients (with 95% confidence bounds):
05k a= 0.8025 (0.7948,0.8102)
b= 1.794e+06 (1.771e+06, 1.817e+06)
8 04} c= -0.008761 (-0.009497,-0.008026)
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Figure 5.18: Waveform of triplet biacetyl at 320 nm.

biacetyl in the 400 nm wavelength range might involve excited-state absorption from
S1. Because the reported lifetime of the S; state of 10.6 nsec [119] is comparable to
the repetition rate of the excitation laser (~13 nsec), a second 400 nm pulse might
excite molecules that have not yet undergone ISC. By the same token, 405 nm and
445 nm CW light could also drive this process (Fig. 5.19A).

Another possible pathway could involve triplet states, taking place simulta-
neously with excited-state absorption from S;. Some of the molecules from S; can
undergo ISC to the lowest triplet state. TTA can occur regardless of the mechanism
of excitation (Fig. 5.19B). As seen in Fig. 5.15, biacetyl has no triplet absorption
at 400 nm, so linear absorption to higher triplet states is unlikely to be involved.
However, 800 nm light can take molecules to 75, from which absorption at 400 nm
is expected. Thus, initiation may again occur from higher triplet state if RISC is a

slow process (Fig. 5.19C).
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Figure 5.19: Possible excitation pathways of biacetyl: A) excited-singlet
state absorption; B) triplet-triplet annihilation. C) triplet state absorp-
tion.

To explore the initiation pathways in greater detail, we added stilbene to the
photoresist. Stilbene is a triplet quencher that had not been reported to initiate
polymerization. When half an equivalent of stilbene was mixed into 1 wt% biacetyl
in SR399, the polymerization threshold increased for 800 nm ML excitation, 400
nm ML excitation, and 405 nm CW excitation. The results of these experiments
are summarized in Table 5.5. The most important result is that the increase in
the threshold was much greater for linear excitation than for nonlinear excitation.
The presence of stilbene did not change the effect of adding an 800 nm CW beam.
Initiation was enhanced in all cases.

Although it was not a known photoinitiator, control experiments revealed that
stilbene alone in the monomer mixture can initiate polymerization with an 800 nm

ML beam. Thus, the 800 nm ML data cannot be compared directly with the other
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1 wt% biacetyl in SR 399 1 wt% biacetyl in SR 399
no quencher with half equivalent stilbene
Laser beam Powers before Laser beam Powers before
periscope, mW periscope, mW
800 nm ML 10 800 nm ML 14
400 nm ML 0.3 400 nm ML 6
405 nm CW 4 405 nm CW 35
(laser controller) (laser controller)

Table 5.5: Effect of stilbene on polymerization threshold the 1wt% bi-

acetyl in SR399 photoresist

data. However, the fact that the polymerization threshold under linear excitation
increases in the presence of stilbene confirms that a prevalent initiation pathway
involves triplets. Additional studies are required to develop a deeper understanding
of initiation with biacetyl. For example, it would be of great interest to measure
the T5 lifetime. Another experiment would be to measure the deactivation efficiency

with excitation at a lower repetition rate.

5.4.6 Resolution improvement experiments

Because polymerization can be deactivated completely at different wavelengths,

resolution enhancement experiments were performed with two laser beams. To de-
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Figure 5.20: (A)-(B) Linewidth decrease with a radially polarized, 800
nm deactivation beam. The red arrows indicate lines fabricated with an
excitation beam only, the green arrows indicate lines formed with both
excitation and deactivation beams. The linewidth decreased from 200 +
25 nm to 90 + 10 nm when two beams were used instead of one.

crease the width of the fabricated lines, the intensity distribution of the deactivation
beam was changed. The deactivation beam was sent through a radial polarizer and
aligned with the fabrication beam using luminescence from the gold nanoparticles,
as described in Section 2.1. In Fig. 5.20 the red arrows indicate lines that were
fabricated with only the 800 nm ML beam at 13 mW. The green arrows indicate
lines polymerized under simultaneous exposure to 800 nm ML and 800 nm CW
beams. With the deactivation beam set at 36 mW, the width of the lines was 90 +
10 nm, compared to 200 = 25 nm with 800 nm ML only. These two wavelengths
were chosen as the center wavelengths of the femtosecond laser, with more power
available as compared to other wavelengths.

Lines with approximately 90 nm width were fabricated at a 2 pm pitch, mean-

ing that for each fabricated line, the laser beam focus was moved 2 um away from
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the previously fabricated line to create the next one. 2 um is far enough apart to
consider features to be isolated, without the impact of exposure building up for each
laser pass to fabricate the next line.

To establish the resolution for the biacetyl-based photoresist, a series of lines
was fabricated at a decreasing pitch. Lines were first made at a 400 nm pitch. The
pitch then was decreased in 10 nm steps. The polymerized structures were analyzed
with SEM to determine the minimum pitch at which line were still separate. This
experiment was repeated for various sets of the excitation and deactivation laser
beam powers.

Shown in Fig. 5.21 are examples of lines with minimum pitch and linewidth
values. For the deactivation beam set at 60 mW (Fig. 5.21A), the closest distance
at which the lines were fabricated before merging was 70 £ 5 nm, with a linewidth
of 190 £+ 8 nm, corresponding to a 250 nm pitch. A deactivation beam power of 18
mW (Fig. 5.21B) gave lines with comparable size (200 £+ 10 nm), but at finer pitch
(220 nm).

The resolution enhancement experiments used a CW deactivation beam with
a power of up to 60 mW. The resultant linewidth and resolution were not as good
as initially expected. It was later found that, at high powers, the CW beam does
not deactivate polymerization. Instead, it leads to the formation of wider lines. A

CW beam at lower powers than the 60 mW used might result in a finer pitch.
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Figure 5.21: A) Polymerization deactivation with overlapped excitation
and radially polarized, 800 nm deactivation beams at 15 mW and 60
mW respectively. The width of the lines was 190 &+ 8 nm at 250 nm
pitch. B) Polymerization deactivation with overlapped excitation and
radially polarized, 800 nm deactivation beams at 15 mW and 18 mW
respectively. The linewidth was 200 £ 20 nm at 220 nm pitch.

5.5 Conclusions

It has been shown that biacetyl, a vicinal diketone, can be used as a radical
photoinitiator in an acrylate-monomer-based photoresist. Polymerization initiation
was observed under pulsed exposure at wavelengths ranging from 730 nm to 870
nm. Polymerization was also initiated by 400 nm pulsed light, as well as by CW 405
nm and 445 nm light. The measured polymerization action spectrum of biacetyl in
SR368/499 shows that MAP is most efficiently initiated at 790 nm.

The order of the effective nonlinear absorption in the photoresist was measured
with 2-BIT. The effective number of absorbed photons necessary to initiate poly-
merization changed from two to almost three as the exposure wavelength increased.

This result indicates that, at these wavelengths, other processes are involved, result-
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ing in more highly nonlinear behavior. In the experiments with varied fabrication
velocity, the nonlinear order decreased as the fabrication velocity increased.

Additional experiments with more control parameters would allow further ex-
ploration into the effect of the fabrication wavelength and the fabrication velocity on
the order of nonlinear absorption. For example, combining two separate lasers with
the ability to vary the delay between pulses would provide information about how
fast biacetyl molecules are excited to the state that creates radicals. In addition,
2-BIT data, collected by exposing a sample to two beams at different wavelengths,
could reveal information about different states involved in the polymerization reac-
tion.

Exposure of the photoresist to a combination of available wavelengths revealed
that certain dual-beam exposure conditions inhibit polymerization. Polymerization
initiated by a mode-locked laser at a wavelength ranging from 750 nm to 860 nm
can be completely prevented by a second CW laser at a wavelength in the 730 nm
to 940 nm range. The most efficient deactivation was achieved when the excitation
beam was between 820 nm and 840 nm and the deactivation beam was at 900 nm.
The agreement of the measured deactivation action spectrum with the transient
absorption spectrum suggests that deactivation takes place from the second excited
state of biacetyl through reverse intersystem crossing.

When polymerization was initiated by any other wavelength, e.g. mode-locked
400 nm, or CW 405 nm, or CW 445 nm, no deactivation was observed at any power.
This phenomenon might result from excitation of the molecules to the singlet state

by any of the previously mentioned wavelengths. The addition of a second CW
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beam enhances polymerization. We have presented unambiguous evidence that at
least some initiation follows intersystem crossing to 7). The idea that deactivation
occurs through 75 needs to be tested by measuring the polymerization deactivation
with the excitation beam at a varied repetition rate and varied pulse delay. Al-
though the polymerization initiation process can take place through triplet-triplet
annihilation, higher resolution might be achieved by linking biacetyl molecules to
the acrylate monomers to prevent TTA through inhibiting diffusion and providing
steric hindrance.

Linewidth and resolution improvement experiments were performed with 800
nm ML and 800 nm CW beams. The width of the isolated lines decreased from
200 £ 25 nm when only the 800 nm ML beam was used to 90 & 10 nm with the
addition of the phase-shaped deactivation beam. The smallest pitch at which lines
were still separate was 240 nm, with lines of width of 200 + 10 nm separated by
about 40 nm. The experiments on resolution improvement used a deactivation beam
with CW powers up to 60 mW. High deactivation powers resulted in wider lines and
lower resolution than were initially expected. This result could be improved upon
employing more appropriate deactivation powers. Additional experiments that focus
on lower deactivation powers are likely to yield a better resolution and smaller pitch.
Additionally, more efficient deactivation, resulting in more closely placed features,
could be achieved by reconfiguring the optical setup for the deactivation beam to
include the option of varying the distance between the deactivating lobes of the

beam.
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Chapter 6

Study of potential molecules for 3-color photolithography

Contributors: Zuleykhan Tomova, Nikolaos Liaros, Sandra A. Gutierrez Razo,
Ryan Dempsey, Samuel Cohen, Steven M. Wolf, Matthew Thum.

Contributions: 2-BIT measurements of benzil were performed by Z.T. and
N.L.; polymerization initiation and deactivation experiments of benzil and pyridil
were performed by Z.T.; polymerization action spectrum of benzil and B-naphthil, 2-
BIT measurements of S-naphthil were performed by R.D.; samples were prepared by
Z2.T.,S.G.R. and R.D.; SEM measurements were performed by Z.T.; Matlab code for
the best-fit exponential to 2-BIT data was written by S.C.; UV-wisible and transient

absorption spectra were collected by S.W. and M.T.; a-naphthil and B-naphthil were
synthesized by S.W.

6.1 Introduction

Benzil, a-naphthil, S-naphthil and pyridil (Fig. 6.1) are additional vicinal dike-
tones that were tested as potential photoinitiators for three-color photolithography.
This chapter describes our preliminary experiments with these compounds.

Benzil is a compound that includes two carbonyl and two phenyl groups, and
has been used as a radical photoinitiator [14,130-134]. The literature contains
conflicting reports on the photophysics of benzil. Upon irradiation at 308 - 355 nm
benzil is excited to the S state. Benzil has been found to undergo fast ISC to the T}
state in solvents including benzene [135], deoxygenated carbon tetrachloride [136],
cyclohexane [137], acetonitrile [138], and liquid paraffin [139].

The maximum of the absorption spectrum of benzil in acetonitrile was reported

to be at 378 nm by Malval et al. [138]. Fluorescence was measured by exciting
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Figure 6.1: Structure of photoinitiators studied.

benzil in cyclohexane and in acetonitrile with a 372 nm pulsed laser [138]. The
fluorescence bands of benzil were found to reach a maximum at around 500 nm in
both solvents. The phosphorescence spectrum was measured in a glassy matrix at
77 K, and showed a peak at 560 nm that was assigned to a triplet state. The triplet-
state energy in acetonitrile was determined to be Ep = 50.9 kcal /mol, as compared to
the 53.0 kcal/mol measured in a solution of ethylether-isopentane-ethanol by Evans
et al. [140]. The triplet state absorption band maximum was found to lie at 480 nm
by measuring the transient absorption spectrum in deaerated acetonitrile [138].
The absorption maximum of the excited benzil singlet state was reported to
be at 525 nm for solution in cyclohexane by Ikeda et al. [137]. This peak decays

within 3 ns, in agreement with the expected singlet lifetime. A peak in the tran-
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sient spectrum at 490 nm was assigned to triplet-state absorption, as compared to
the transient absorption peak at 505 nm, reported by Morris and Yoshihara [141]
for benzil crystals, and to a peak of the triplet absorption spectrum at ~480 nm
measured in liquid paraffin by Porter et al. [139].

Benzil’s singlet lifetime (77 = 2.6 ns) was determined by time-correlated single-
photon counting in cyclohexane at 293 K, as reported by McGimpsey et al. [135].
Fluorescence lifetimes of 7, = 1.95 £ 0.05 ns in cyclohexane and 2.1 £ 0.05 ns in
benzene were reported by Flamigni et al. [142], and a lifetime of 2.2 ns in cyclohexane
was reported by Ikeda et al. [137].

According to Bhattacharya et al. [143] the S; lifetime of benzil varies between
1.35 £ 0.1 ns and 2.35 + 0.2 ns in methyl cyclohexane and between 1.28 + 0.1
ns and 2.22 + 0.2 ns in ethanol, when the excitation wavelength changes from 295
nm to 370 nm. They observed two absorption bands in the 360 - 440 nm range
and a stronger absorption band below 350 nm. Upon photoexcitation at 370 nm in
both methyl cyclohexane and ethanol, emission bands were observed at 505 nm and
415-430 nm. Under exposure at 320 nm, an additional broad band was observed
at 360 nm. These bands were assigned to different electronic states with different
conformations. Emission at 505 nm was assigned to fluorescence from the relaxed
transplanar geometry of the Sy state, with a lifetime of 2.2 + 0.2 ns, in both methyl
hexane and ethanol under exposure at 370 nm. Exposure to 296 nm light resulted
in lifetimes of 2.4 4+ 0.2 ns and 2.1 4+ 0.2 ns in methyl cyclohexane and ethanol,
respectively. Emission at 360 nm was assigned to fluorescence from the S, state,

which has a skew geometry, similar to the conformation of the ground state of benzil.
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The lifetime of this state was determined to be 1.4 4+ 0.1 ns and 1.3 + 0.1 ns in
methyl cyclohexane and ethanol, respectively. Emission at 420 nm was assigned to
fluorescence from the S; geometry with the skew form. However, fluorescence at
420 nm showed a biexponential decay, with the major component lifetime of about
0.23 ns and a minor component of 2.2 + 0.2 ns in ethanol. These components were
assigned to the relaxed skew and transplannar forms, respectively.

McGimpsey and Scaiano observed a nonlinear dependence of the triplet state
yield on the laser dose, which they explained as a contribution from sequential
absorption process occurring during the 308 nm pulsed laser excitation [135]. They
observed depletion of the lowest triplet state of benzil in benzene solution via 308
nm pulsed laser excitation followed by 517 nm pulsed laser excitation, and proposed
that radical formation takes place from an excited triplet state. They concluded that
the absorption of the first photon leads to creation of the T} state and absorption of
the second photon leads to a Norrish type I cleavage of benzil into benzoyl radicals.

Mukai et al. [144] reported formation of benzil ketyl and benzoyl radicals in
isopropyl alcohol and the benzil anion radical in benzene-triethylamine (TEA) by
performing time-resolved electron paramagnetic resonance (TREPR) measurements.
According to this study, the radicals observed are produced from different excited
triplet states of benzil. Because the benzil anion radical absorption signal in the
benzene-TEA mixed solvent was directly proportional to the laser intensity, it was
assumed that this radical is produced through single-photon absorption from 7;.
The benzil ketyl and benzoyl radical intensities depended on the square of the laser

intensity and were produced from a higher excited triplet state of benzil, T},, through
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sequential absorption. They also found that increasing the concentration of amines
in the TEA solvent led to an increase in the anion radicals and a decrease in the ketyl
and benzoyl radicals, indicating that the formation pathways of different radicals
compete with one another.

Mukai et al. [145] discussed the excitation mechanisms leading to the formation
of benzil ketyl and benzoyl radicals, as well as to the benzil anion radical. The two
mechanisms of 7,, formation through sequential absorption are 1) direct 73 — T,
excitation and 2) excited singlet state absorption S; — S, followed by the ISC
to the T, state. According to Mukai et al. [145] the sequential absorption process
that leads to the formation of 7}, takes place through the singlet state absorption
pathway.

The observed results are summarized in Fig. 6.2A, which shows the potential
benzil excitation pathway suggested by Mukai et al., reproduced from [145]. Fig.
6.2B shows the benzil excitation pathway proposed by McGimpsey and Scaiano
[135].

Mizuno et al. [136] measured time-resolved infrared spectrum of benzil fol-
lowing excitation in deoxygenated carbon tetrachloride with a 262 nm pulsed laser.
Upon photoexcitation, the formation of the 77 state was observed. This state had
a lifetime of ~10 psec. Because the measured 77 decay rates could not be fit with
first-order kinetics, and because the addition of oxygen resulted in a shorter lifetime,
the decay of T} was assumed to arise from triplet-triplet annihilation.

Flamigni et al. [142] measured the decay times of the fluorescence and phos-

phorescence of benzil in cyclohexane and benzene solutions at low concentration at
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Figure 6.2: A) Benzil excitation and radical formation pathways pro-
posed by Mukai et al. in benzene-TEA and isopropyl alcohol solutions
(reproduced from [145]). B) Benzil excitation and radical formation
pathway proposed by McGimpsey and Scaiano in benzene solution [135].

temperatures ranging from 20 °C to 69 °C. The phosphoresce decay was fitted with
first-order kinetics, and triplet-triplet annihilation was not considered significant.
According to the study of Flamini et al., the decay of T7 is due to phosphoresce.
The lifetime of T} measured by Mukai et al. in 2-propanol at room temperature
was about 3 ps [145]. However, at -10 °C it was reported to be 9 us in absence of
oxygen. Mukai et al. reported triplet-state quenching by oxygen, leading to a
shortening of the triplet lifetime to 0.2 us at -10 °C and 0.4 ps at -40 °C. Malval
reported a triplet state lifetime of 0.45 us in deaerated acetonitrile at 300 K [138].
Benzil was studied as a 3-color photoinitiator based on these photophysical and
phochemical properties. Upon photoexcitation at a wavelength in the vicinity of 400
nm, benzil transitions to the S; state and undergoes efficient intersystem crossing

to T} [146-148]. The position of the absorption spectrum suggests possibility of
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benzil excitation through two-photon absorption with 800 nm light. The triplet-state
absorption at ~480 nm measured in liquid paraffin [139] makes benzil a potential
candidate for performing three-color photolithorgaphy, because exposure of benzil in
the T} state can transfer molecules to higher triplet states that create free radicals.

Some of the key benzil properties reported in literature are summarized in Table

6.1.

Absorption band 360 - 440 nm [143]

Singlet S; state lifetime | 2.1 £ 0.05 ns in benzene [142]

Triplet T} state lifetime ~3 ps in 2-propanol [145]

Singlet S state energy 59.03 kcal /mol [125]

Triplet T} state energy 53 kcal/mol [140]

Table 6.1: Summary of reported properties of benzil.

a-naphthil, and A-naphthil are other vicinal diketones that were tested as
potential 3-color photoinitiators (Fig. 6.1). These compounds, which were reported
previously [149, 150], consist of two carbonyl groups and two conjugate naphthyl
groups. Pyridil was also tested as a photoinitiator for 3-color photolithography.
The absorption bands of pyridil in cyclohexane lie in the 200 - 300 nm and the 320
- 450 nm wavelength regions (Fig.6.3) [151-153].

In a study reported by Yamada et al. [154], changes in the absorption spectrum

of pyridil were observed under steady light irradiation in deoxygenated ethanol, Fig.

163



x10

-1

103 x Molar absorptivity (€)/1 mol™' cm
[+
T
10 x Molar absorptivity (€)/ [ mol™' cm™'

1 ! 1
200 240 280 320 320 360 400
Wavelength (nm) Wavelength (nm)

Figure 6.3: Absorption spectra of pyridil in cyclohexane (a), ethanol (b),
and ethylene glycol (c) [152].

6.4. Similar to benzil, the ground state of pyridil takes skewed structure and the
excited states are planar. Time-resolved transient absorption spectra showed bands

at 552 nm and 445 nm that were assigned to a skewed triplet species [154].

6.2 Materials and method

Benzil was obtained from Sigma Aldrich and was used without further purifica-
tion. a-naphthil and S-naphthil were synthesized by our collaborator, Steven Wolf,
following procedures described previously [149,150]. Each photoinitiator was mixed
with monomers SR368 and SR499 and the samples were prepared as described in

Section 2.2. Single- and dual-beam exposures to wavelengths ranging from 720 nm
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Figure 6.4: Absorption spectra of pyridil in deoxygenated ethanol [154].

to 900 nm were performed with a tunable Ti:Sapphire oscillator, as described in

Section 2.1.

6.3 Benzil results

6.3.1 Polymerization initiation

The absorption spectrum of benzil in benzene (the blue line in Fig. 6.5), has
a peak at approximately 390 nm, which suggests the possibility for two-photon
absorption polymerization using a laser at a wavelength in the near-IR region. It
was found that exposure of a photoresist containing benzil to an 800 nm ML beam
initiates polymerization. Mode-locked light at wavelengths between 730 nm and 850

nm was also tested. Polymerization was observed over this entire wavelength range.
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Because light at different wavelengths initiated polymerization at different
powers, a polymerization action spectrum was measured to determine the wave-
length dependence of the polymerization initiation efficiency. The red symbols in
Fig. 6.5 correspond to the polymerization action spectrum of 1 wt% benzil in 1:1

SR368/499. The dots correspond to 1/P? at the polymerization threshold for each

wavelengths tested.
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Figure 6.5: Absorption spectrum of benzil in benzene, 53 mM, (blue

line) and polymerization action spectrum of benzil in 1:1 SR368/499
(red dots).

The shape and the position of the polymerization action spectrum match those
of the absorption spectrum, suggesting that the first step in initiation is excitation to
S1. MAP was most efficiently initiated at 770 nm, i.e. it required the least amount

of power to start the reaction at this wavelength. However, it is worth noting that
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the polymerization threshold at the wavelengths ranging from 750 nm to 810 nm
only by varied by about 1 mW out of 7 mW .

According to the spectrum in Fig. 6.5, benzil absorbs light at 405 nm. There-
fore, MAP was tested by exposing a photoresist sample to a CW laser at this wave-
length. Polymerization was observed under these circumstances, resulting in the
formation of much wider lines than those made via two-photon absorption. These
results suggest that initiation is a one-photon process at 405 nm. CW beams at
wavelengths ranging from 750 nm to 850 nm, as well as at 532 nm, did not cause
any polymerization in the benzil photoresist. A summary of these exposure studies

is shown in Table 6.2.

Polymerization | No polymerization

405 nm CW 532 nm CW

750 - 850 nm ML | 750 - 860 nm CW

Table 6.2: Summary of single beam exposure studied in a 1:1 SR368/499

photoresist containing 1 wt% benzil.

6.3.2 Polymerization deactivation

Once the ability to initiate polymerization was demonstrated, the photoresist
was tested for deactivation. Two lasers at 800 nm were combined at the sample

surface, and were overlapped in the X, Y, and Z directions. A mode-locked beam
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initiated polymerization. The other beam, which was in CW mode, was able to turn
the polymerization off. Similar to the deactivation study of biacetyl, the 800 nm
CW beam was periodically blocked using a mechanical chopper, so that the benzil

sample was periodically exposed to either one beam or both beams.

2
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Figure 6.6: SEM images of polymerization deactivation in 1 wt% benzil
in 1:1 SR368/499. Lines are formed by an 800 nm ML beam. An 800
nm, CW deactivation beam was periodically turned on and off. The clear
spaces along the lines correspond to the deactivation beam exposing the
sample and turning polymerization off.

Fig. 6.6 shows SEM images of lines fabricated with the 800 nm ML beam
alone. The clear spaces between the end points of the lines were exposed to both
the ML and CW beams, which led to a complete deactivation in these regions. As
in case of the biacetyl, no residual cross-linking or traces of polymerization were
observed in the deactivated regions.

The deactivation efficiency was measured at different deactivation wavelengths.
Polymerization was initiated by a ML beam tuned to 800 nm. The minimum power

required for complete polymerization deactivation was recorded for wavelengths
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ranging from 740 nm to 870 nm. The deactivation action spectrum is shown in

Fig. 6.7A.
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Figure 6.7: A) Deactivation action spectrum of 1 wt% benzil in
SR368/499. Data points correspond to the minimum power required for
polymerization depletion of 800 nm ML excitation wavelength. The CW
deactivation beam power was measured for wavelengths from 740 nm to
870 nm with a 10 nm step. B) Triplet transient absorption spectrum of
benzil in acetonitrile.

In contrast to the deactivation action spectrum of biacetyl, the deactivation
efficiency of benzil does not show sharp peaks. Polymerization deactivation between
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800 nm and 830 nm was achieved at comparable powers. The deactivation efficiency
drops off to the red and blue of this range. The triplet transient absorption spectrum
measured in acetonitrile is shown in Fig. 6.7B for comparison. The triplet transient
absorption spectrum peak is located at 870 nm and is red-shifted as compared to
the deactivation action spectrum, which monotonically decreases starting from 850
nm.

Results of multiple-beam exposure at other wavelengths are presented in Table
6.3. Lines polymerized with a 405 nm CW beam increased in size when a second
CW laser beam at 800 nm was added, indicating polymerization enhancement. This
result was observed when the 800 nm beam was either mode-locked or continuous-
wave. Among the tested wavelengths, only polymerization initiated by the 800 nm

ML beam was deactivated by the wavelengths in the 740 - 870 nm CW range. A

Deactivation Enhancement No polymerization
800 nm ML 405 nm CW 532 nm CW
- - -

760 - 880 nm CW 800 nm CW or ML 800 nm CW or ML

Table 6.3: Summary of multiple-beam exposure experiments in the 1

wt% benzil in 1:1 SR368/499.

532 nm CW beam alone did not cause polymerization. Combining this beam with

an 800 nm CW beam also did not initiate polymerization. In contrast to biacetyl,
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when polymerization was initiated using the 800 nm ML beam, the addition of a
532 nm CW beam did not make a visible difference, i.e. the polymerized lines did

not became wider or narrower.

6.3.3 2-BIT measurements

The polymerization initiation process was explored by measuring the order
of the effective nonlinear absorption in the benzil photoresist using 2-BIT. The
measurements was performed as described in Chapter 3, by combining two mode-
locked beams at a wavelength of 800 nm. The best-fit exponential was determined
by non-linear least-square fitting of the recorded data to Eq. 3.2. 2-BIT data were
collected for 2 wt% benzil in 1:1 SR368/499 exposed at a velocity of at 20 pm/sec
(Fig. 6.8). The best-fit exponential n was 1.9 + 0.2, suggesting that at 800 nm ML

polymerization is initiated via two-photon absorption.

6.3.4 Resolution enhancement

Because 800 nm was the most efficient wavelength range for initiating poly-
merization, and was also one of the most efficient for deactivating polymerization,
two beams at this wavelength were used for the resolution enhancement experi-
ments. The 800 nm CW deactivation beam was sent through the radial polarizer
and overlapped with the 800 nm ML excitation beam in the X, Y, and Z directions,

as described in Section 2.1.
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Normalized power, beam 2
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Normalized power, beam 1

Figure 6.8: 2-BIT measurements of the order of the nonlinear absorption
for 2 wt% benzil in 1:1 SR368/499. Mode-locked excitation was at 800
nm and the stage velocity was 20 pm/sec.

Line pairs were fabricated at a decreasing pitch until the two lines were no
longer separable. The best results were obtained for a photoresist composed of 0.5
wt% benzil and SR368/499. The lines were polymerized with a width of 145 + 10
nm and were separated by 65 + 8 nm. The best pitch attained was 210 nm (Fig.

6.9).

6.4 Naphthil results

6.4.1 Polymerization action spectrum

The absorption spectrum of S-naphthil in acetonitrile (the blue line in Fig.

6.10) peaks at 350 nm, with no visible absorption at 400 nm. However, exposure to
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10.0kV 6.0mm x35.0k SE(M)

Figure 6.9: Polymerization deactivation in 0.5 wt% benzil in SR368/499
with overlapped excitation and phase-shaped deactivation beams. The
width of the lines is 145 + 7 nm and the separation is 66 + 8 nm at a
210 nm pitch.

a mode-locked 800 nm beam initiated polymerization in a photoresist composed of
[B-naphthil and SR368/499.

MAP was observed at the other wavelengths as well. Due to the laser cavity
alignment, the tuning range of the oscillator was limited to 745 - 850 nm range
when these experiments were performed. The polymerization threshold was recorded
every 10 nm in this wavelength range, and a polymerization action spectrum was
constructed under the assumption that polymerization was initiated through two-
photon absorption. The red dots in Fiig. 6.10 correspond to the polymerization action
spectrum. The measured action spectrum does not align well with the absorption
spectrum. This might be caused by the transition of S-naphthil to a different energy

level under 2-photon exposure.
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Figure 6.10: Absorption spectrum of S-naphthil in acetonitrile (blue
line) and polymerization action spectrum of 1 wt% [-naphthil in 1:1
SR368/499 (red dots).

It may also be the case that exposure involves the absorption of more than

two photons. 2-BIT measurements were performed to assess this possibility.

6.4.2 2-BIT characterization of S-naphthil

2-BIT measurements of the order of the effective nonlinear absorption were
performed at a 20 pm/sec fabrication speed in photoresists containing S-naphthil
at two concentrations, 0.5 wt% and 1 wt%. 2-BIT data for the 0.5 wt% sample are
presented in Fig. 6.11. The best fit exponential is n = 3.0 + 0.2. The data collected

for the photoresist composed of 1 wt% [-napthil and SR368/499 were best fit with
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an exponential 3.1 + 0.2 (Fig. 6.12). The best-fit exponentials of ~3 suggest that

polymerization is initiated through three-photon absorption at 800 nm.

Normalized power, beam 2

0 02 04 06 0.8 1
Normalized power, beam 1

Figure 6.11: 2-BIT measurements of the order of the nonlinear absorp-
tion for 0.5 wt% [-naphthil in 1:1 SR368/499 collected with an 800 nm
ML beam at a fabrication velocity of 20 pum/sec.

The yellow triangles in Fig. 6.13 correspond to the 1/P3 at polymerization
threshold for each wavelength tested. The comparison between the absorption spec-
trum and the polymerization action spectrum is plotted assuming three-photon ab-
sorption at the excitation wavelength. This is a counter-intuitive representation, as
the absorption order was determined via 2-BIT for only one wavelength, 800 nm. We
have observed that for other photoinitiators that exhibit self-deactivation behavior,
for example I'TX, the order of effective nonlinearity changes with the wavelength.
In this case the deactivation efficiency is wavelength dependent. When deactivation

is independent of the wavelength, the order of the effective nonlinear absorption is
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Figure 6.12: 2-BIT measurement of order of effective nonlinear absorp-
tion for 1 wt% [-naphthil in 1:1 SR368/499 collected with an 800 nm
ML beam at a fabrication velocity of 20 pum/sec.

closer to 2. However, when deactivation starts contributing to the initiation process,
the 2-BIT exponent increases. This nonlinearity affects the polymerization action
spectrum measurements. For the correct comparison between absorption spectrum
and polymerization action spectrum, the order of the nonlinear absorption should
be determined at each wavelength via 2-BIT measurements and the deactivation
efficiency should be plotted as a function of wavelength with the absorption order
adjusted for this wavelength. The photoresist containing S-naphthil was not tested
for the polymerization deactivation.

Another photoresist tested included a-naphthil mixed with either SR368/499
or SR499 at concentrations of 0.3 wt% and 1 wt% respectively. The absorption
spectrum of a-naphthil in acetonitrile is presented in Fig. 6.14. «-naphthil was

difficult to dissolve in the monomer mixture than were other photoinitiators tested,
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Figure 6.13: Absorption spectrum of S-naphthil in acetonitrile (blue line)
and three-photon polymerization action spectrum of 1 wt% S-naphthil
in 1:1 SR368/499 (yellow triangles).

such as benzil, biacetyl, and S-naphthil. After a week of dissolution, the photoresist
containing a-naphthil was exposed to 750 nm, 800 nm, or 860 nm ML light. No
polymerization was observed with laser powers up to 30 mW. At this power, the
sample burned within laser focal point. The same effect is observed in the monomer
mixture alone at such exposure powers.

The excitation beam wavelengths of 750 nm, 800 nm, and 860 nm correspond
to linear absorption at 375 nm, 400 nm, and 430 nm, assuming two-photon absorp-

tion. The corresponding three-photon absorption wavelengths are 250 nm, 266 nm,

and 286 nm.
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Figure 6.14: Absorption spectrum of a-naphthil in acetonitrile

There are no absorption bands in the UV-visible spectrum between 375 nm and
430 nm. a-naphthil in acetonitrile has strong absorption at 286 nm, so if the poly-
merization were initiated via three-photon absorption, exposure to 860 nm would
result in some polymerization. The theory that a-naphthil initiates polymerization
through two-photon absorption could be tested by exposing the photoresist to a
mode-locked beam at wavelengths ranging from 540 nm to 680 nm.

It is also possible that exposure to 750 nm, 800 nm or 860 nm does not bring
a-naphthil to a state that can create radicals. The transient absorption spectra of
a-naphthil and S-naphthil were measured in acetonitrile with an excitation beam
set at 266 nm. The transient absorption spectrum of a-naphthil (Fig. 6.15A) has

week absorption at 400 nm, but stronger absorption at 490 nm. In comparison, the
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transient absorption spectrum of S-naphthil (Fig. 6.15B) has a peak at 420 and has
much stronger absorption than 1-naphthil. Photoresists containing a-naphthil will
need to be exposed to a combination of different wavelengths, one including 447 nm,
that together might transition molecules to a chemically active state that leads to
polymerization.

Polymerization initiation in photoresists with a-naphthil was tested only at 20
pum/sec. At the 750 nm exposure light polymerization was observed at 13 mW, how-
ever this process was accompanied with often sample burning. We have seen negative
contrast behavior in other photoinitiators, in which linewidth increases with the in-
creasing fabrication velocity. The exact nature of this behavior is not quite clear yet.
It might be possible that a-naphthil follows the same pattern and polymerization
might be observed at higher fabrication velocities. For each of the tested monomers
and concentrations the polymerization should be tested at velocities ranging from
1 pm/sec to at least 250 pm/sec to completely exclude polymerization initiation in

this sample.

6.5 Pyridil results

MAP was tested in a resin consisting of pyridyl in SR399. Pulsed 800 nm light
initiated polymerization. However, even at the lowest tested powers, the sample
exhibited burning within the laser focal point. Polymerization was also initiated
at other wavelengths. The polymerization action spectrum was measured for 2

wt% pyridyl in SR399, Fig. 6.16. The polymerization efficiency increased as the
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Figure 6.15: Transient absorption spectra of a-naphthil (A) and (-
naphthil (B) in acetonitrile following excitation at 266 nm.

wavelength decreased. MAP was observed at wavelengths as short as 730 nm, which
was the limit of the laser on the day the experiments were performed. Additional
studies will need to be performed to gather further information about excitation

and deactivation.
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Figure 6.16: Absorption spectrum of pyridil in benzene (blue line) and
polymerization action spectrum of 2 wt% pyridyl in SR399 (red dots).

6.6 Conclusions

Four compounds were tested as potential photoinitiators for three-color pho-
tolithography in acrylate-based resists: benzil, a-naphthil, S-naphthil and pyridil.
In photoresists with benzil, polymerization was initiated with a mode-locked laser
at wavelengths ranging from 730 nm to 850 nm. Polymerization was also observed
under exposure to a 405 nm CW beam. A CW laser at 532 nm did not initiate poly-
merization. According to the measured polymerization action spectrum of benzil in
SR368/499, the 770 nm pulsed beam initiated polymerization more efficiently than

ML beams tuned to other wavelengths.
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The order of the effective nonlinear absorption in this photoresist was measured
with 2-BIT. 2-BIT data were collected at a 20 pum/sec fabrication velocity at 800
nm ML exposure. Under these conditions, the effective number of photons required
to initiate polymerization was two.

Additional 2-BIT experiments at different wavelengths and fabrication veloci-
ties should be performed to determine whether these parameters influence the order
of the effective nonlinearity changes. At some wavelengths or velocities, the best-fit
exponential to 2-BIT data might change from 2 to a higher value. This would in-
dicate exposure conditions in which other nonlinear processes affect polymerization
initiation, and would help to determine the set of exposure parameters that achieve
the best resolution.

Polymerization initiated by an 800 nm pulsed laser beam was deactivated by
addition of a second CW laser at wavelengths ranging from 740 nm to 880 nm. The
deactivation action spectrum is broad, monotonically increasing from 740 nm to 800
nm and monotonically declining from about 850 nm to 880 nm. The spectrum has
a plateau at wavelengths between 800 nm and 840 nm.

The deactivation action spectrum was measured only using 800 nm excitation.
No peaks in the spectrum were observed across the tested deactivation wavelength
range. For other excitation wavelengths, for example 770 nm, deactivation might
be more efficient at an exposure wavelength outside of the 800 nm to 840 nm range.
Measuring the deactivation action spectrum for a range of the excitation wavelengths
would provide insight into how efficiently these processes take place and would reveal

information about molecule transitions to different excitation states.
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Neither pulsed nor CW exposure at 800 nm deactivated polymerization ini-
tiated with a 405 nm CW beam. Dual-beam exposure experiments at these wave-
lengths led to enhancement of polymerization. This effect might be caused by the
excitation of benzil to a higher singlet state that cannot be deactivated, implying
that there are different excitation pathways for linear excitation at 405 nm and
two-photon excitation at 800 nm.

The linewidth and resolution enhancement experiments were performed using
800 nm ML and 800 nm CW beams, as these two wavelengths were efficient for
initiation and deactivation. Sets of line pairs were fabricated at a decreasing pitch
until the two lines were no longer separable. The smallest pitch at which two lines
were separate was 210 nm, with a linewidth of 145 + 10 nm, separated by 65
+ 8 nm. It is possible that other wavelengths for polymerization initiation and
deactivation, as well different fabrication velocities, will result in narrower lines and
a finer pitch. After the 2-BIT data for different exposure conditions have been
collected and the 3D polymerization action spectrum has been measured, the best
resolution enhancement parameters will be revealed.

Polymerization initiatation was observed in photoresists containing S-naphthil
as photoinitiator under exposure to a pulsed laser at wavelengths ranging from 745
nm to 850 nm. The measured polymerization action spectrum rises monotonically
from 850 nm to 745 nm. Shorter wavelengths may be even more efficient in initiating
polymerization.

2-BIT data were used to determine the order of the effective nonlinear absorp-

tion of S-naphthil in 1:1 SR368/499 at 0.5 wt% and 1 wt%. The measurements were
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performed with 800 nm excitation. Even though 800 nm was not the most efficient
polymerization initiation wavelength, it provided enough power for the beam to be
split into two parts that could initiate polymerization on their own. The best-fit
exponentials to the 2-BIT data were 3.0 &+ 0.2 and 3.1 4 0.2 for 0.5 wt% and 1 wt
% of p-naphthil, respectively.

The 2-BIT data will need to be measured at different excitation wavelengths
within the 730 nm to 850 nm range. The order of nonlinear absorption obtained at
each excitation wavelengths will need to be taken into account when plotting the
polymerization action spectrum. It will determine the exponent of the deactivation
efficiency at each tested excitation wavelength and represent accurate comparison
between the polymerization action spectrum and the absorption spectrum.

The photoresist was not tested for polymerization deactivation. The next steps
in this study will be testing deactivation with excitation at different wavelengths and
determining the wavelength or range of wavelengths that deactivate polymerization.
Then, measuring the deactivation efficiency at each of these wavelengths will provide
the optimal exposure conditions for resolution enhancement. The widths of the
isolated lines should be compared to those made with the addition of the phase-
shaped deactivation beam at various powers. The linewidth and smallest pitch
should be analyzed with SEM or AFM. Polymerization initiation and deactivation
should be tested using lasers at other wavelengths as well, such as 405 nm CW, 445
nm CW, and 532 nm CW.

No polymerization was observed in a photoresist composed of a-naphthil in
either 1:1 SR368/499 or SR499 at a fabrication velocity of 20 pm/sec using pulsed
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excitation at 750 nm, 800 nm or 860 nm. Because no polymerization initiation was
observed, no 2-BIT data were collected.

Only the polymerization action spectrum was measured for the pyridil pho-
toresist. The most efficient wavelengths for initiating polymerization was 730 and
740 nm. Polymerization at other wavelengths needs to be tested, including CW
light at 405 nm, 445 nm, and 532 nm. Polymerization deactivation experiments are

the next step in testing pyridil as photoinitiator.
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Chapter 7
Conclusions and future work

7.1 Conclusions

The size of the structures fabricated with conventional lithographic methods
is restricted by the Abbe criterion and is typically in the order of A/4, where A is the
wavelength of light used. Currently employed manufacturing methods in the semi-
conductor industry overcome this limit with the use of short wavelengths. However,
this approach is facing increasing costs and extreme technological challenges.

One alternative way to satisfy the demand of for ever-smaller features and
decreased manufacturing costs is to use a photolithographic technique based on
light in the visible or near-IR. The combination of two-colors of light has shown
promising results for fabrication of sub-100 nm features. One color is used to initiate
polymerization and the second color is used to deactivate the process, leading to a
creation of isolated features with size on the order of A/40. However, for applications
requiring multiple patterning steps, the size of the features increases, as compared to
that of isolated ones. This loss of resolution arises from the build-up of the exposure
tails at each exposure step.

The 2-color approach can be improved by adding a third color. In 3-color
lithography initiation and deactivation take place from different chemical states,

thus avoiding competition between the polymerization and deactivation processes.
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One color excites photoinitiator molecules to a chemically inert state. From this
state the second color deactivates molecules. The third color brings any remaining
molecules from the chemically inert state to one that can produce ree radicals and
initiate polymerization. This approach allows us to avoid the exposure tail build-up,
and therefore to achieve better resolution.

Understanding photoinitiator properties and selecting the right candidates is
crucial for performing 3-color lithography. In Chapter 3 we introduced the 2-beam
initiation threshold (2-BIT) method for in situ measurements of the order of ef-
fective nonlinear absorption in the photoresist. Photoinitiators tested were Lucirin
TPO-L, Irgacure 369, Irgacure 651, Irgacure 819, and crystal violet lactone. The
order of effective nonlinear absorption was determined for each one of them. It was
shown that conventional techniques of measuring the order of nonlinear absorption
in solvents are not sufficient, as the photoinitiator behaves differently when it is
immersed in the monomer mixture.

Chapter 4 focused on the study of a negative-contrast photoinitiator bis-
[4-(diphenylamino) stryl]-1-(2-ethylhexyloxy), 4-(methoxy)benzene (KL-68). This
type of photoinitiator exhibits efficient deactivation, so that it can undergo self-
deactivation from the excitation laser pulses. Negative-contrast photoinitoators,
such as KL68, have a proportional velocity (PROVE) dependence, i.e. the size
of the fabricated features decreases with exposure. Polymerization initiation in a
KL68-based photoresist was demonstrated to depend nonlinearly on the fabrication
velocity. It was shown that increasing the temperature of the sample can lead to

complete suppression of polymerization. Temperature dependence studies were per-
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formed using either an objective heater or a second laser to induce local temperature
change. 532 nm CW light on its own did not initiate polymerization. However, ex-
posure of the photoresist sample to 532 nm prior to polymerization initiation with
pulsed 800 nm light prevented polymerization in the exposed regions. A variety of
dyes were tested in the photoresist for enhancing the temperature change.

The 3-color lithography principles were discussed in detail in Chapter 5. It has
been shown that biacetyl, a vicinal diketone, can be used as a radical photoinitiator.
Polymerization was initiated under pulsed exposure at various wavelengths ranging
from 730 nm to 870 nm, with pulsed 400 nm light, and with CW 405 nm and
445 nm light. The order of effective nonlinear absorption, determined via 2-BIT,
increased from two to almost three as the exposure wavelength increased. This
result indicates that other processes are involved, and affect the nonlinearity. The
most efficient wavelength for polymerization initiation was 790 nm, as determined
from the polymerization action spectrum. The deactivation action spectrum was
measured for a combination of excitation and deactivation wavelengths, ranging
between 730 nm and 940 nm. The most efficient deactivation was achieved when
the excitation beam was set between 820 nm and 840 nm and the deactivation
beam was at 900 nm. The width of the isolated lines was 200 + 20 nm under pulsed
exposure to 800 nm alone. Addition of a phase-shaped deactivation beam at 800
nm CW decreased the linewidth to 90 & 10 nm. The smallest pitch at which lines
were still separate was 240 nm with the corresponding linewidth of 200 4+ 10 nm. It
was found that polymerization initiated by pulsed 400 nm, or CW 405 nm light, or
CW 445 light nm was not deactivated by any other wavelength tested at any power.
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Studies of additional potential 3-color photoinitiators were discussed in Chap-
ter 6. The other vicinal diketones tested were benzil, a-naphthil, S-naphthil, and
pyridil. Three of the tested molecules, benzil, S-naphthil, and pyridil were shown
to act as photoinitiators in an acrylate-monomer-based photoresist. Polymerization
initiation was detected under exposure to pulsed light at wavelength ranging from
730 nm to 850 nm in all three photoresists. Polymerization was deactivated in the
photoresist containing benzil under exposure to a second CW laser at wavelengths
ranging from 740 nm to 880 nm. Resolution enhancement was tested under exposure
to pulsed 800 nm light to initiate polymerization, and CW 800 nm to deactivate
polymerization. The best pitch at which two lines were separated was 210 nm, with
a linewidth of 145 4+ 10 nm. The order of the effective nonlinear absorption was
measured with 2-BIT. It was found that the effective number of photons required
to initiate polymerization in the benzil-based photoresist is two under exposure to
pulsed 800 nm light. 2-BIT experiments were performed in photoresist containing

[-naphthil and the best-fit exponentials to 2-BIT data were 3.

7.2 Future work

7.2.1 Advancing the 2-BIT technique

The 2-BIT method for in situ measurements of the order of effective nonlinear
absorption can be further advanced beyond the approach discussed in Chapter 3.
Results presented in this thesis were obtained using a single beam divided into two

parts and recombined at the sample. Therefore, the wavelength of both beams
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was the same and the timing between pulses of the two beams was limited by the
repetition rate of the oscillator. If two separate beams were involved, the wavelength
of each of two beams could be changed independently, allowing us to gather data
about photoinitiator excitation pathways. In addition, changing the repetition rate
of the separate beams using a pulse picker and adjusting the timing between beam
pulses would allow to measure excited state transitions of the photoinitiator in the

monomer matrix.

7.2.2 Refining the experimental setup

The resolution improvement experiments were performed using a radial po-
larizer to change phase of the deactivation beam and to produce two lobes along a
lateral direction. The distance between the maxima of the deactivation beam in this
case cannot be varied. If the initiation beam was set at the polymerization thresh-
old value, the size of the beam might be much smaller than the distance between
the points of the maximum intensity of the deactivation beam and, therefore, de-
activation might be insufficient (Fig. 7.1A). One way to overcome the gap between
focal points of the initiation and deactivation beam is to increase the size of the
deactivation beam focal volume via raising the beam intensity (Fig. 7.1B). Unfortu-
nately, as we saw in case of biacetyl, when the deactivation beam power surpasses
a certain threshold the deactivation efficiency decreases, polymerization can even
be promoted. Precise overlapping of the polymerization and deactivation beams is

not enough for most optimal deactivation conditions. The ability to vary the size
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of the deactivation beam other than by changing the beam intensity will allow us
to reach higher pitch and smaller feature sizes (Fig. 7.1C). One way to do so is to
separate the deactivation beam into two parts and recombine them at the sample.
The distance between two deactivation beams can be changed using sets of prisms
and translation stage or by using a beam splitter and a mirror to control position

of one part of the deactivation beam with respect to the other.

A B C

Figure 7.1: Schematics of possible alignments of initiation and deactiva-
tion beams. A) Deactivation beam (green) is overlapped with the initi-
ation beam (red); however there is a present gap between deactivation
beam lobes and the focal point of the fabrication beam. B) Deactivation
beam focal volume is increased by adjusting the laser intensity to assure
more precise overlap of the two initiation and deactivation beams. C)
The position of the deactivation beam maxima is changed without rais-
ing the intensity of the deactivation beam, allowing for more efficient
deactivation.

7.2.3 Customize materials

We have shown in Chapter 5 that polymerization initiation in a phototresist
containing biacetyl can take place through triplet-triplet annihilation (TTA). Elim-
inating TTA during the excitation and deactivation processes would allow us to
attain higher resolution. This goal could be achieved by customizing the photoresist
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by linking the photoinitiator molecules to acrylate monomers to inhibit diffusion.
The steric hindrance of such molecules would make them less likely to undergo
TTA. One of the challenges of producing a photoinitiator-lined-monomer resin is to
provide high enough concentration of the photoinitiators to overcome the radical
formation threshold to initiate polymerization. The photoinitiators also should be
evenly distributed in the resin to assure a uniform polymerization rate under con-
stant exposure. Some of the parameters that need to be tested are polymerization
initiation in the phototoresist consisting completely of photoitiator-linked-monomers
versus a mixture of free photoinitiator added to the linked monomers. The exact
ratio of free photoinitiators versus those linked to monomers in the resin will need

to be established through polymerization and deactivation efficiency experiments.

7.2.4 Single photon polymerization in thin films

In this thesis we have tested materials suitable for 3-color lithography using
MAP for rapid screening of molecules for their potential applications as 3-color
photoinitiators. In the long term, 3-color lithography will be performed using a
single-photon excitation sources. CW light is easier and less expensive to produce
than pulsed laser light, and will be easier to incorporate in the existing industrial
lithography setups. Typically, in MAP the size of the laser focal volume limits
the fabrication area. The height of the fabricated structures can be limited with
the use of the phase mask, as in the 2-color approach. However, with the use of

thin films, the necessity of limiting the height of the resultant features with phase-
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shaping elements is no longer needed. Instead, the height will be determined by the
thickness of the photoresist film. The photoresist suitable for 3-color lithogrpahy
will be spin-coated into thin films. Polymerization initiation and deactivation will
be performed by combining CW 405 nm, or 445 nm and 800 nm or 532 nm light.
Because the axial resolution will be determined by the thickness of the thin film,

the phase-shaping elements will be used to control the transverse resolution.
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