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Abstract

Unconventional Approaches to High Throughput Nanolithography and 3D Printing.

James Lupton Hedrick III

This thesis centers around the development and application of novel high throughput
lithography tools. These advances help: 1) establish the field of nanocombinatorics, where massive
libraries (termed megalibraries) of materials can be prepared in a positionally encoded manner and
then screened for functional activity, and 2) advance stereolithographic 3D printing of materials
by increasing the throughput, materials compatibility, and the size of the structures that can be
made. The latter has significant implications for using 3D printing in the field of manufacturing.
The first four chapters focus primarily on developing nanolithography systems to better study the
properties of nanostructures as a function of size and composition. Chapter 5 shifts from the
nanoscale to the macroscale by building off the findings in the previous chapters and applying it
to stereolithography. Finally, Chapter 6 looks towards the future of lithography and the next
possible steps in the progression of these and related lithographic tools.

Chapter 1 introduces cantilever-free scanning probe lithography (CF-SPL) as a powerful tool
in the emerging field of nanocombinatorics. At the nanoscale, small changes in the size and
composition of materials can dramatically affect their chemical reactivity, catalytic activity, energy
capture capabilities, and mechanical properties. To probe material properties at these length scales,

specialized tools are needed for both synthesizing and characterizing them. In addition to
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controlling size and composition, new tools must be developed to efficiently probe the possible
combinations. The development of CF-SPL techniques has allowed inexpensive, reproducible,
and high throughput patterning of both hard and soft nanomaterials over large areas (> 1 cm?).

Chapter 2 addresses the problem of patterning uniformity and density limitations that have
traditionally limited CF-SPL. Polymer pen lithography (PPL) utilizes an array with millions of
pyramidal pens to deposit single attoliter features on a surface. However, the pen array is composed
of a soft polymer that results in increased feature sizes due to poor control over the force applied
by the pens on the surface. Extending this technology to include a hard-transparent array that
exhibits a force-independent contact area improves its patterning capability by reducing the
minimum feature size (~40 nm), minimum feature pitch (<200 nm for polymers), and pen-to-pen
variation.

Chapter 3 examines the use of CF-SPL to create megalibraries and its implication on the field
of nanocombinatorics and materials discovery. The ability to synthesize millions of particles on a
single 4 cm? chip in parallel creates an unprecedented way to explore the materials genome. This
is done through a dual spray coating approach to deliver ink to polymer pen lithography (PPL)
arrays in which combinatorial libraries with size and composition gradients can be synthesized,
creating a platform for printing complex nanoarrays for screening. Combining this new inking
system with a materials synthetic strategy such as scanning probe block copolymer lithography
(SPBCL) enables the printing of nanoparticle libraries, with features that systematically vary in
terms of size and composition. Such libraries then can be screened for different properties. The

nanoparticle library can include structures composed of single metals, metal oxides, multimetallic
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alloys, and janus structures. This novel approach enables the synthesis and screening of an
extraordinarily large material parameter space.

Chapter 4, like Chapter 2, addresses the problem of patterning uniformity and density
limitations that have traditionally been inherit to CF-SPL with systems that deliver energy rather
than materials. Beam pen lithography (BPL) is built upon platform related to PPL, but where the
tips are used as light guides to pattern photochemically. Pen-to-pen height variation from the array
fabrication process results in non-uniform apertures, a major problem that limited the wide-spread
use of BPL. Previous aperture fabrication methods relied on spin coating photoresist onto uniform
arrays which works to some extent for thousands of pens but no longer possible when scaling to
millions of pens in a single array. To overcome this problem, a new type of etching technique was
invented to make more uniform apertures: liquid mask etching. Utilizing a liquid mask enables the
protection of the BPL arrays in a uniform way regardless of height. This results in the synthesis of
2.84 million uniform apertures with sizes as low as 250 nm. These new arrays are then used in the
development of a CF-SPL nano 3D printer that utilizes the liquid mask as protection during
printing.

Chapter 5 builds on the nano 3D printer from Chapter 4 but takes it out of the CF-SPL system
and explores it in the opposite end of the length scale spectrum. With High Area Rapid Printing
(HARP), it is possible to fabricate 3D printed parts at an unprecedent rate. As a proof-of-concept,
a printer utilizing HARP was built with continuous vertical print rates exceeding 430 mm/hr with

a record-breaking throughput of 3.75 ft*/hr.
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Chapter 6 discusses the future of CF-SPL and HARP. There is a bright future for both
nanolithography and additive manufacturing. While neither are in their infancy, both can still

dramatically change our lives.
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A wider palette of resins. (A) A hard, machinable polyurethane acrylate part with
a hole drilled against the print direction to demonstrate durability and isotropic
properties, (B) a silicon carbide ceramic printed lattice stands up to a propane
torch (~2,000°C), (C, D, E) a printed butadiene rubber structure(C) a relaxed
state and (D) under tension, (E) polybutadiene rubber returns to expanded lattice
after compression, (F) a 4 ft tall hard polyurethane lattice printed in 3 hours. Scale
barsin (A-E)are 1 Cm. ... 101
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made from an ABS-like polyurethane acrylate resin exhibit isotropic mechanical
properties (ASTM D638) and are comparable to a part cast from the same resin
(solid black line). (B) Fused deposition modeling with ABS yields parts with
anisotropic and weaker mechanical properties (red, green, and blue lines) when
compared to injection molded parts (solid black line; ASTM D638, Type 4 dog
bones). For comparison, the vertically printed HARP part is shown (dashed black
line, ASTM D638, Type 1 dog bone) and exceeds both the tensile strength and
elongation of the injection molded ABS. HARP also enables high spatial
resolution and print fidelity as evidenced by: (C) the variation between designed
and printed features as a function of feature size down to a size of ~300 pm (below
this, the ability to resolve parts becomes inconsistent) using a light-patterning
engine with an optical resolution of 100 um. Data points are mean values, and
error bars represent the standard deviation across ten 5 mm tall posts printed in
differing regions of the print-bed. Red lines represent the bounding constraints of
+1 pixel for the light patterning engine. (D) a CT (computed tomography) scan
between a printed part and its CAD design file to reveal volumetric correlation.
Scale baris 1 Cm....oooiuiuiiii i 102
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1. Chapter One

Nanocombinatorics with Cantilever-Free Scanning Probe Arrays

Catalysis ~ Nanomaterial Synthesis _
Plasmonics Nanobiology

Reprinted/adapted with permission from Brownt, K.A.; Hedrickt, J. L.; Eichelsdoerfer, D.
J.; Mirkin, C. A., “Nanocombinatorics with Cantilever-Free Scanning Probe Arrays.” ACS

Nano 2019, 13, 8-17. Copyright 2019 American Chemical Society.
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1.1. Cantilever-free Scanning Probe Lithography

One of the cornerstone advantages inherent to nanotechnology is that miniaturized systems
occupy less space, and therefore extraordinarily large numbers of components can occupy small
areas.!” The semiconductor industry has taken full advantage of this fact by continually increasing
the areal density of electrical devices in microelectronics to the point where each processor now
contains billions of transistors.* From a research perspective, this scaling presents major
opportunities because it, in principle, allows one to multiplex experimental conditions to perform
classes of experiments that involve too many permutations to be undertaken at the bench-top scale.
While miniaturization is important from an efficiency perspective, materials that are nanometer-
scale can exhibit properties that differ from those observed at the bulk scale. For example,
nanometer-scale metallic nanoparticles exhibit enhanced activity as heterogeneous catalysts and
nanoscale domains of biomolecules can cooperatively interact with biological cells to dictate the
formation of focal adhesions, which in turn, can affect important processes like differentiation.> ¢
This field that involves the massive parallelization of experimental conditions at the nanoscopic
scale where properties emerge is known as nanocombinatorics or combinatorial nanoscience.’” Due
to the wide range of applications of nanotechnology, this field is ideally suited to address questions
that require screening enormous numbers of experimental conditions in fields including

biotechnology, catalysis, and nanoelectronics.
The success of combinatorial nanoscience experiments, and consequently the major
challenges in this field, are dictated by how effectively nanomaterials can be synthesized and
screened. Two areas where this challenge is abundantly clear are catalysis and tissue engineering.

In heterogeneous catalysis, it has been shown that nanoparticles can exhibit higher activity than
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one would expect based upon their surface area.>® This synergistic effect has been hypothesized
to arise from a number of sources including the curvature of the surface or high densities of grain
boundaries. However, understanding the origins of this enhancement, or simply finding the optimal
nanoparticle to catalyze a given reaction, has been a major challenge due to the difficulty inherent
in preparing large numbers of particles that only differ by a single parameter (e.g. composition or
size). In the case of tissue engineering, it is known that interactions between cells and the
extracellular matrix can dictate the phenotype and even differentiation pathway of those
cells.® 7 ° While myriad experiments have explored the behavior of cells on a variety of

surfaces,'® 1!

culture-to-culture variations complicate interpretation of these experiments.
Furthermore, patterning multiple biological materials on the scale of individual focal adhesions is
difficult because conventional patterning techniques used in microelectronics processing are not
biocompatible due to their reliance on harsh acids, bases, and organic solvents. These two fields,
catalysis and tissue engineering, represent major candidates for nanocombinatorics as they (1)
exhibit important features at the nanoscale and (2) have enough experimental parameters that they
require massive numbers of experiments to fully elucidate phenomena.

In this chapter, we overview cantilever-free scanning probe lithography (CF-SPL) as a
collection of synthetic processes that enable nanocombinatoric experiments by addressing the
challenge of making large-scale arrays of nanoscale soft materials. Conceptually, CF-SPL
represents the convergence of soft lithography!? and scanning probe lithographic techniques such
as dip-pen nanolithography (DPN) where, instead of a cantilever supporting a single pen, an

elastomeric film on a rigid backing layer supports a massive array of pens (Figure 1.1A). 1>-1°

Initially, CF-SPL was developed as a process for parallelizing DPN in a manner that addressed the
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throughput challenge associated with serial scanning techniques. While DPN was parallelized
through the development of cantilever arrays,'®!® the widespread applicability of these approaches
were limited by the reliance on delicate structures made through complex micromachining. The
first CF-SPL approach is known as polymer pen lithography (PPL) and utilizes a massive array
(11 million pens were initially demonstrated) of elastomeric pens to define patterns using a
material transfer process analogous to DPN.!*> Based upon this architectural advance, a host of
experiments and protocols have been made possible, including those that achieve nanoscale feature
resolution across centimeter-scales — patterns that represent control over seven orders of magnitude
in length or 14 orders of magnitude in area.'®?' This advance is particularly relevant for
nanocombinatorics as CF-SPL allows one to rapidly and arbitrarily pattern hard and soft materials
with nanometer-scale features over large spatial scales. Previous reviews touched on how material
transport in CF-SPL differs from transport in DPN?% 23 or the evolution of CF-SPL.!"-2!-24 Herein,
we review recent progress and future directions of this discovery platform with a specific focus on
the scientific questions that can be addressed using CF-SPL to perform nanocombinatorial
experiments. As case studies, we discuss recent advances in understanding nanoparticle-based

heterogeneous catalysis and directing the differentiation of stem cells with nanopatterned surfaces.
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Figure 1.1. Cantilever-free scanning probe lithography (CF-SPL). (A) Schematic showing the
evolution from a cantilever-based scanning probe with a single tip to an array of probes resting
on an elastomeric film on a glass slide. (B) Schematic and electron micrograph depicting self-
assembled monolayers printed using CF-SPL.? From ref (25). Copyright 2010 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim. Reproduced by permission of John Wiley & Sons, Inc.
(C) Schematic and fluorescence image depicting matrix-ink features printed using CF-SPL.?
Reprinted with permission from ref (26). Copyright 2013 American Chemical Society. (D)
Schematic and electron micrograph depicting on-site chemistry being performed in features
printed by CF-SPL, specifically, the synthesis of single metal nanoparticles in polymer
nanoreactors.?’” Reprinted with permission from ref (27). Copyright 2010 National Academy of
Sciences.

1.2. Directly Writing Materials with CF-SPL
The principal reason that CF-SPL probes are enabling tools for combinatorial nanoscience
is that they can be used to directly write patterns of a specified “ink” on a surface. In this arena,
CF-SPL benefits from a large body of work wherein DPN has been used to pattern myriad
materials including biological molecules such as DNA or proteins, magnetic nanostructures,
nanoparticles, viruses, and polymers.?®-37 Much like the invention of DPN,*® material transport

using CF-SPL was first demonstrated through writing self-assembled monolayers (SAMs)
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composed of the small molecule 16-mercaptohexadecanoic acid (MHA) onto gold surfaces using
PPL (Figure 1.1B).!>3% The initial focus on SAM-forming molecules was due to the fact that small
molecules are an important class of inks that represent a modular way of defining surface
chemistry. Specifically, PPL-patterned SAMs have been used for applications such as
immobilizing proteins,” nanoparticles,*® directing the surface-initiated growth of polymers to
produce microelectrode arrays,*' and preparing anti-fouling surfaces.*?

While SAM-forming molecules are a modular way of dictating surface chemistry, it is
often advantageous to directly write more complex or diverse materials. An alternate paradigm for
direct writing utilizes inks containing water soluble polymers such as polyethylene glycol (PEG)
with typical molecular weights of ~2 kDa.?**3 Such polymers are an important class of patterning
material because they can be used as a vehicle for the transport (or “matrix”) of larger materials
such as nanoparticles (Figure 1.1C).*>%* Phospholipids and cholesterol have also been used as a
matrix for the deposition of nanomaterials.*> Furthermore, matrix materials can be engineered to
bind to the material of interest, a principle which was demonstrated by using the block copolymer
poly(ethylene oxide)-b-poly(vinylpyridine) to transport metal salts onto surfaces in a process
known as scanning probe block copolymer lithography (SPBCL).?” ¢ Interestingly, SPBCL
highlights a use of polymers beyond acting as a matrix for transport as the deposited polymer
features can also serve as nanoreactors that facilitate chemical reactions such as the synthesis of
inorganic nanoparticles?’ or Staudinger ligation (Figure 1.1D).%’

It is important to note that the soft material composition of PPL pen arrays also make them
capable of patterning materials that cannot be patterned using conventional DPN. Specifically, it

has been found that nonpolar solvents can be absorbed into the pen array to allow the patterning
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of water insoluble materials such as poly(styrene)-b-poly(vinylpyridine).?® In this way, CF-SPL
provides greater materials diversity than DPN.

1.3. Control over feature size with CF-SPL
With any discussion of a patterning technique, it is important to address the ability to
control the size of the patterned features. Due to the fact that depositing small molecules from a
scanning probe is understood to be a diffusion process,*® the principal experimental factor used to

38,48

control feature size is dwell time. In the case of patterning polymeric or liquid inks, transport

can be understood to be a fluid flow3*4°

and retraction speed can be used as an additional parameter
to dictate feature size.>® Elastomeric pens, as used in PPL, add an additional factor for controlling
feature size as the pens themselves may deform, resulting in a force-dependent contact area
between the pen and surface.’!> 52 Furthermore, the ability to locally control pressure allows the
exploration of tip-directed chemistry: for example, force has been used to control the kinetics of
the Huisgen reaction® as well as the Diels-Alder reaction.>* While a force-dependent feature size
indicates that pen arrays must be level with respect to the patterning surface in order to write
uniform arrays of features, the force-distance relationship is predictable, thus providing a way for
algorithmically leveling the pen array with respect to the surface.’>-’

While leveling a pen array with respect to a surface is important for uniform patterning,
one advantage of PPL in the context of nanocombinatorics is that deliberately tilting an array with
respect to a surface will generate gradients in feature size (Figure 1.2A).7 This capability was later
verified to also allow a gradient of lipid features to be patterned in a single process.>® The ability

for a uniform array of pens to generate a predictably non-uniform array of features is a critical

aspect for performing nanocombinatorics. Beyond gradients of feature sizes, ideally, one would
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be able to generate arbitrary features with each pen independently. Borrowing techniques from the

59, 60

microfluidics community, pressurized microchannels can actuate individual pens by moving

them in and out of contact with a surface.t!- 2

However, the scalability of this method is poor as
separate pneumatic controls are required for each pen. In contrast, local thermal actuation can be
used to reliably actuate pens by taking advantage of the high coefficient of thermal expansion
inherent to elastomers (Figure 1.2B).%% %* Strikingly, this method can be used to move pens at
speeds over 300 pm/s through distances of several micrometers using powers commensurate with
those required to operate cantilever-based probes that are thermally actuated, % thereby making
it an appealing method for facile large-scale pen actuation. Recently, a method was demonstrated
that further improved on the scalability of actuation wherein the pen array was rendered partially
opaque through the inclusion of carbon-nanotubes into the elastomeric support and local light
absorption was used to actuate pens.®’ This photothermal method was shown to be able to move

pens up to three micrometers out of plane using modest illumination intensities, providing a path

towards massively parallel actuation.
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Figure 1.2. Printing features that vary in size and composition with CF-SPL. (A) Tilting the pen
array with respect to the surface allows one to synthesize features whose sizes vary across the
sample.? From ref (25). Copyright 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
Reproduced by permission of John Wiley & Sons, Inc. (B) Thermally actuating individual tips
allows for printing arbitrary features and stitching together patterns written by multiple pens.®
Reprinted with permission from ref (68). Copyright 2013 National Academy of Sciences. (C)
Spray-coating the pen array with different inks from multiple nozzles allows for a gradient of ink
compositions to be written using a single pen array.%® Reprinted with permission from ref (69).
Copyright 2018 National Academy of Sciences. (D) Ink-jet printing can be used to ink individual
pens such that patterns with arbitrary compositions can be written.”® From ref (70). Copyright
2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. Reproduced by permission of John
Wiley & Sons, Inc.

1.4. Control over feature composition with CF-SPL
In addition to controlling feature size, it is necessary to control feature composition. Both
drop casting and spin coating have been successfully used to introduce a uniform quantity of ink

across arrays for patterning single-material patterns.!> 3° While patterns of a single material are
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important for some applications, intentionally synthesizing patterns with spatially heterogeneous
compositions is more powerful from a combinatorial perspective. Toward this end, recent work
has shown that by spraying different ink solutions from multiple nozzles onto a pen array, pens
can be inked with a continuous linear compositional gradient in a manner that allows
compositional gradients to be synthesized using PPL (Figure 1.2C).

Typically, the pen-to-pen spacing in CF-SPL is tens of micrometers, allowing direct inking
via low resolution additive methods. For example, inkjet printing can be used to deposit inks into
a periodic array of wells. Subsequent dipping of a PPL pen array into these wells allows for
independent control over the ink coating each pen in the array, a process that has been used to
pattern multi-component protein arrays (Figure 1.2D).”! Integrated microfluidics can also be used
to automatically fill such ink wells.”>7* Additionally, one can microcontact print as well as pipette
inks onto large regions of the array to specify the ink composition for predetermined blocks of
pens.”* 75 These approaches have allowed PPL-based experiments to pattern chemically
inhomogeneous patterns to serve as stamp pads for subsequent functionalization”® and for direct
writing onto microdevices.”’ It is worth emphasizing that the ability to directly write dissimilar
soft materials in coordinated nanoscale regions is a key advantage of CF-SPL as it is difficult if
not impossible to achieve by other techniques, especially those that require sequential exposure
and development processes.

1.5. Pen array architectures

An important advantage of the cantilever-free architecture is that pen arrays themselves are

modular: pen composition can be chosen to obtain desired printing properties. Originally, the pens

and elastomeric backing film were composed of either commercially available
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polydimethylsiloxane (PDMS) or a stiffer formulation known as hard PDMS (Figure 1.3A).1>3°
Pens composed of PDMS have also been modified to include PEG to allow them to better absorb
water for humidity-independent patterning.’”® Other polymers besides PDMS have been explored,
and stiffer polymers result in a slightly decreased sensitivity to applied force in terms of feature
size.” Building on this realization, by making a polymer pen array composed of two elastomers
of different moduli (i.e. the pens are stiffer than the backing layer), it is possible to reduce the
sensitivity to tip-sample extension and more reliably print small features.®® More drastic alterations
to pen array architecture have been explored including making the pens different heights to encode
a distribution of feature sizes,?! or using close packed spherical microparticles as pens.®? Finally,
the planar architecture of these pen arrays allow them to be easily coated with graphene, a process
which renders them conductive and reduces wear during tip-sample contact.®® Interestingly, the
idea of coating pen arrays has translated to the biological realm where enzyme-coated pen arrays

have been used to drive chemical transformations in a contact-dependent manner.3*
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Figure 1.3. CF-SPL pen array architectures. (A) Elastomeric pens are used for polymer pen
lithography (PPL).!> This technique has the advantage that tips can be intentionally deformed to
adjust feature size without changing writing speed. From ref (15). Reprinted with permission
from AAAS. Copyright 2008 AAAS. (B) Hard silicon pens are used for hard-tip, soft-spring
lithography (HSL) which achieves consistently high resolution across centimeter scales.®®
Reprinted with permission from ref (85). Copyright 2011 Springer Nature. (C) Elastomeric pen
arrays that are coated with an opaque layer can be used for diffraction-unlimited near-field
photolithography provided that sub-wavelength apertures are constructed at the apex of each
pen.3® Reprinted with permission from ref (86). Copyright 2010 Springer Nature.

A key observation in CF-SPL was the realization that by making the pens rigid but retaining
the compliant backing layer, one can achieve force-independent patterning. Specifically, in hard-
tip soft-spring lithography (HSL), arrays of pyramidal silicon pens on a PDMS backing layer are
used to reliably print features as small as 40 nm over centimeters (Figure 1.3B).%” The mechanical
properties of these pens are well understood in that they exhibit linear force-distance relationships
and their spring constants can be tuned in the 7 to 200 N/m range, a range consistent with
intermediate to high stiffness cantilever-based systems.®® Interestingly, due to the linear
dependence of the spring constant on the geometric properties of the pen array, the spring constant

in HSL can in principle be specified with greater precision than is commonly obtained in

cantilever-based systems in which the spring constant is dependent on geometric parameters such
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as cantilever length and thickness to the third powers.?® Importantly, more easily synthesized PPL
pen arrays can be modified to have the same force-independent patterning capability of HSL —
PPL arrays coated with silica using a low temperature plasma enhanced chemical vapor disposition
step were found to have the force-independence inherent to HSL, while at the same time, retaining
the optical transparency of PPL.%

1.6. Patterning with Energy

While many of the enabling capabilities of CF-SPL stem from directly depositing
materials, the ability to direct the transfer of energy bears extreme promise for realizing synthetic
capabilities for nanocombinatorics. An early example of transferring energy with CF-SPL was the
use of HSL to mechanically deform polymeric surfaces.®” Since this observation, graphene-coated
HSL pen arrays have been used to pattern with electrical energy or heat with sub-100 nm
resolution.®

In general, the most widely used lithographic methods use light to define patterns,”! and
CF-SPL has been extensively explored in this context. The transmission of light through
elastomeric pyramidal pens has been studied from the perspective of photolithography®? and
adaptive optics,” but the attainable resolution is not better than the far-field diffraction limit when
unmodified elastomeric pyramids are used.”* In contrast, by depositing opaque layers on the
pyramidal pen arrays that have sub-wavelength apertures at the tip of each pen, the pen arrays can
be used for diffraction-unlimited lithography (Figure 1.3C).”> This approach, known as beam pen
lithography (BPL), has been used to pattern 100 nm scale features over centimeters. In this context,
light is an especially useful form of energy for patterning because it can be massively multiplexed

with relative ease using technologies such as digital micromirror devices. Such multiplexing
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capabilities grant the ability to pattern arbitrary nanoscale features with each pen in a centimeter-
wide array.”® This technology has been utilized as a lithographic tool to define nanoreactors to
synthesize oxide nanostructures in high throughput.®’

Due to the widespread interest in patterning with light, many cantilever-free pen array
architectures for optical lithography have been explored. For example, pen arrays coated with
metal films featuring apertures at the tips of each pen have been made serially by focused ion beam
milling® or in parallel using either reactive ion etching or electrochemical processes.”® %3190 It has
also been shown that pens without apertures (i.e. those that feature continuous metal films across
the entire pen array) still allow one to pattern, but with lower resolution.!!-! The degradation in
resolution associated with having no apertures is somewhat mitigated if the pens are composed of
a high refractive index material.!®* Alternatively, carbon black can be placed in the space between

the tip array in the surface,'®

as was originally reported in the context of light valves.”
Importantly, detailed study of the optics of BPL has shown that an opaque film on the backing film
is very important for reducing unwanted illumination in all cases.**

A recent advance that has great significance for the prospects of performing
nanocombinatorial studies using CF-SPL is the ability synthesize materials using BPL in a fluid
environment. This concept was first proved by synthesizing nucleotide nanoarrays in an aqueous
environment.!% Significantly, these first explorations showed that, much like immersion

lithography techniques used by integrated circuit manufacturers, '’

operation in a high refractive
index environment can increase the resolution of BPL.!% Furthermore, by encompassing the BPL

pen array inside a microfluidic channel with inlet and outlet ports, it is possible to introduce a

series of chemical reagents without removing the pen array, thus allowing for the synthesis of
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multi-component structures such as multi-color brush polymers.'%®

This advance is particularly
enabling because it means that BPL could be used to synthesize highly complex biomolecular
arrays with higher resolution than is possible using far-field optics.!?” Additionally, BPL is well
suited for use with the myriad photochemistries that have been explored to define functional
surfaces, of which applications in biology are particularly promising.'!°
1.7. Combining patterning with energy and materials

Ultimately, there are many ways of patterning using energy, but a truly enabling capability
afforded by CF-SPL is the ability to simultaneously deliver materials and energy with the same
pen array. Indeed, the local delivery of energy can be used to control both feature size and structure
composition, and the combination of the two can yield distinct structures. For example, a BPL
pen array has been used to directly write polymer features containing carbohydrate precursors.!'!!
The pen array was subsequently used to illuminate each individual feature for a prescribed amount
of time, thereby controlling the degree of carbohydrate polymerization. Thus, two independent
variables were controlled: (1) the area of the pattern (dictated by material transfer) and (2) the
chain length of the carbohydrate (dictated by illumination).!!! Since then, several other synergistic
approaches have been explored, including sequentially printing chemicals and modifying them
with light,®* or modulating the ink itself through photopolymerization or photoisomerization

reactions to change patterning dynamics in situ.!'?

Because of the multiple degrees of freedom,
and the ease of multiplexing the delivery of light, these approaches exhibit considerable promise

for realizing multicomponent libraries for nanocombinatorics.
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1.8. Nanocombinatorial studies with CF-SPL

Based on these synthetic capabilities, reports of nanocombinatoric experiments performed

using CF-SPL have begun to emerge. The first example was a study of the differentiation of
mesenchymal stem cells as a response to their local extracellular environment. Specifically, by
utilizing a tilted-PPL patterning experiment to generate a gradient of features composed of
extracellular matrix (ECM) proteins, it was possible to ascertain the ECM protein density that
allowed cells to adhere and differentiate down osteogenic pathways (Figure 1.4A).” Cell biology
experiments such as this are an ideal use of CF-SPL due to the connection between the length
scales of the experiments: cells tens of microns in size are commensurate with typical pen-to-pen
pitches while the focal adhesions are tens to hundreds of nanometers, which is the scale of
individual features written by CF-SPL.” It was also recently shown that multi-component patterns
composed of up to three independently patterned biomolecules can be used to interact with cells,
as was shown in experiments exploring the interactions between MCF7 cells and combinatorial
sets of patterns of proteins.” Interestingly, multicomponent patterning was achieved in this case
by using different oligonucleotide strands that were subsequently used to orthogonally immobilize
different peptides.” Such complex multicomponent patterns of biomolecules can also be used to
capture rare circulating tumor cells.!!® In another promising example of combinatorial studies of
cell-surface interactions enabled by CF-SPL, arrays of allergens were patterned using PPL and
used to study the activation of mast cells (Figure 1.4B).!'* Finally, by combining PPL with self-
assembled monolayer laser desorption-ionization (TCAL-SAMDI) mass spectrometry, it is
possible to quantify the enzymatic activity of individual cells in massively parallel arrays, in a

post-cell lysing format.!!>
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Figure 1.4. Nanocombinatorial studies using CF-SPL. (A) Tilted polymer pen array experiments
were used to pattern a surface with a gradient of fibronectin features between 475 and 1200 nm in
size. The behavior of mesenchymal stem cells was observed to be dramatically different using
epifluorescence microscopy.'!® Reprinted with permission from ref (116). Copyright 2012
National Academy of Sciences. (B) Patterned allergens were used to study the activation of mast
cells. The green activation signal (left) and purple colocalization signal (middle) are merged with
a bright field image (right).!!” From ref (117). Copyright 2016 Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim. Reproduced by permission of John Wiley & Sons, Inc. (C) Up to five-
component nanoparticles synthesized using a combination of CF-SPL and scanning probe block
copolymer lithography (SPBCL).!'"® From ref (118). Reprinted with permission from AAAS.
Copyright 2016 AAAS. (D) First example of combinatorial screening with a single CF-SPL
patterned array to discover an optimal catalysis for the synthesis of nanomaterials.%® Reprinted
with permission from ref (69). Copyright 2018 National Academy of Sciences.

A second major example of nanocombinatoric studies relying on CF-SPL is the study of
nanoparticle-based heterogeneous catalysis. Together with SPBCL, CF-SPL represents a way of
reliably patterning single nanoparticle features with controllable sizes and compositions in desired
locations. Indeed, it was recently shown that in addition to two-component alloys,!!® as many as

five-component alloys can be robustly synthesized with predictable composition and structure
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(Figure 1.4C).!2° Since synthesizing these structures is difficult through other means, this
methodology allows one to synthesize and study particles from a vast size and compositional
parameter space to identify structures that are worth investigating at a larger scale. As the first
example of this, the catalytic reduction of 4-nitrophenol using CF-SPL patterned nanoparticles
revealed that AuPd alloy nanoparticles have enhanced catalytic activity compared to their
monometallic counter parts.!! In the field of electrochemistry, the combination of CF-SPL based
experiment and computational predictions prompted the discovery of AuCuPt nanoparticles as
high performing catalysts for the hydrogen evolution reaction.!?! Recently, CF-SPL was used to
generate combinatorial megalibraries that were compatible with high-throughput automated
experimentation'?? to allow nanoparticles chosen from the AuCu parameter space to be rapidly
screened for the growth of single walled carbon nanotubes.®® Importantly, these experiments led
to the discovery of AuzCu; as a previously unidentified optimal composition (Figure 1.4D). These
examples have set the stage for CF-SPL to provide a rapid means of determining the structure-
property relationships that govern nanoparticle heterogeneous catalysts in a nanocombinatorial
setting.

These two nanocombinatorial studies serve as examples that CF-SPL can be used to realize
arrays of nanoscale structures with sufficient variety and complexity to enable diverse experiments
and that there is knowledge to be gained by performing these types of experiments in diverse fields
ranging from biology to catalysis. In the coming years, it is expected that many more examples
will come to light. This trend will become increasingly apparent as advanced materials and devices
are realized through non-traditional patterning approaches. For instance, electron beam

lithography was used to pattern DNA molecules which templated the assembly of optical
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metasurfaces.'?® CF-SPL is ideally suited for these type of patterning tasks where soft or bioactive
materials are patterned with spatial control over their composition.

1.9. Conclusions and Outlook of Nanocombinatorics and CF-SPL

Collectively, the studies described above represent not only the power of CF-SPL as an
enabling synthetic tool for nanocombinatoric studies, but also the potential of CF-SPL as a
discovery tool. However, synthesis is only half of the nanocombinatoric challenge — screening the
product rapidly becomes a rate-limiting step as the scale of the experiments continues to increase.
Given the success of CF-SPL for nanocombinatorial synthesis with millions of discrete features,
the need in nanocombinatorics shifts from improving CF-SPL resolution and throughput to the
development of methods that can analyze these patterned systems at a rate comparable to their
production. With the development of this versatile platform, it is possible to expand the materials
genome by utilizing the nanoscale in a way that was not previously possible before now.

In closing, CF-SPL brings capabilities to the table in terms of throughput, materials
versatility, and pattern complexity, all in a low cost — and therefore widely adoptable — format.
The ability to positionally encode nanoscale domains of soft and hard materials across centimeters
has ramifications that spans chemistry, biotechnology, and materials science; thus, CF-SPL may

be regarded as an “experimental sandbox” that enables diverse experiments.
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2. Chapter Two

Hard Transparent Arrays for Polymer Pen Lithography
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Reprinted with permission from Hedrick, J. L.; Brown, K. A.; Kluender, E. J.; Cabezas,
M. D.; Chen, P.-C.; Mirkin, C. A. Hard Transparent Arrays for Polymer Pen Lithography.

ACS Nano 2016, 10, 3144-3148. Copyright 2016 American Chemical Society.
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2.1. Increasing Density with Hard Transparent Arrays for Polymer Pen Lithograph

One limitation of previous studies of catalysts with PPL was poor signal from having a low
catalytic density of nanostructures synthesized using a polymeric pen array. In PPL, each pen
deposits ink when it comes into contact with a surface. The pens deform in a force dependent
manner that can be conceptually separated into (1) a tip deformation that increases the tip-sample
contact area and (2) a deformation of the support that does not change the tip-sample contact area.
While the force dependent increase of contact-area upon deformation is useful as a means to vary

feature size,’® 124 123

it limits the minimum achievable size and sensitizes patterning to variations
in pen array height.!?¢ As a result, the minimum feature size achieved by PPL is larger than the
smallest written by its cantilever-based predecessor dip-pen nanolithography (DPN), which
features non-deformable pyramids in contact with the surface, by a factor of ~3.126133 The
dependence of feature size on tip-sample force further limits pattern uniformity because of: (1)
uncertainty in knowing the tip-sample height and (2) variation of tip height across the array. While
both of these factors are reported to be under ~250 nm, there is nearly a 1:1 relationship between
extension and feature size, so this effect can be quite significant when considering the desire to
write large scale arrays of sub-micron features,!26 134 135

Significantly, if the elastomeric pens are replaced with rigid silicon pens (while retaining
the elastomeric backing film), force-independent patterning is possible.!3® 137 This technique,
known as hard-tip, soft-spring lithography (HSL), offers an 8 um range in extension over which

the feature size does not change. The drawback to HSL is that making each pen array consumes a

50 pum thick Si wafer, in contrast to PPL which utilizes pen arrays that can be casted nearly
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indefinitely from a single Si mold. Additionally, HSL pens are not transparent, which precludes
their use for patterning with energy via optical methods.*® 138 Other attempts to improve resolution
of PPL have relied on using pen arrays composed of other polymers or hard polymer pens on a
soft elastomer support.!3*-14! These approaches reduce the feature size dependence on force by at
most ~1/4, but none have produced extension-independent patterning. In order to have effective
combinatorial synthesis, evaluation of small features with consistent and predictable sizing at a
high density is necessary. To improve PPL for this application, a new cantilever-free pen array
architecture is presented that affords the ability to write with high resolution in an extension-
independent manner using transparent pen arrays that are simple modifications of inexpensive PPL

pen arrays.
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Scheme 2.1. Fabrication process for hard transparent polymer pen arrays.
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The central hypothesis of this work is that by coating PPL pen arrays with a thin hard layer,

the tip of each pyramid will retain its shape during patterning because strain due to tip-sample

contact will be absorbed by the elastomeric layer (Scheme 2.1). Specifically, coating PPL pen

arrays composed of polydimethylsiloxane (PDMS) with silica using plasma-enhanced chemical

vapor deposition (PECVD) was found as an effective way to construct pen arrays capable of

patterning small molecules and polymers at high resolution without dependence on tip-sample
contact force.

In principle, the presence of a conformal hard layer could enable pen arrays to write in a

consistently high resolution and extension-independent manner. However, depositing a hard

142-144 and delamination.!#’

material on a soft material is challenging and often results in buckling
To address this problem, a low temperature PECVD process was developed to minimize the degree
of thermal expansion that would lead to residual strain between the hard layer and the elastomeric
pen array. Specifically, this deposition process was carried out at 200 °C using 900 mTorr with
500 scem SHa, 1420 sccm Oa, and 30 W of high frequency power. By performing spectroscopic
ellipsometry of films grown on Si wafers, a growth rate of 0.92 + 0.01 nm/s was extracted with a
refractive index of 1.49 £ 0.01 at a wavelength of 630 nm, as expected for silica. While silica films
grown on PDMS films could not be measured using ellipsometry due to the buckling pattern that
emerged, this periodic buckling pattern itself was used to compute the film thickness (Figure 2.1A

and 2.1C).!*® By assuming that the modulus of the silica film is the same as bulk silica, the rate of

deposition of silica on the PDMS surface was calculated to be 0.55 &+ 0.03 nm/s (Figure 2.1B).
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Figure 2.1. (a) Wrinkle wavelength as a function of silica thickness. (b) Silica thickness
as a function of deposition time (slope 0.55 + 0.03 nm/s). (c) Bright-field image of silica
deposited onto a slab of PDMS, 200 um scale bar. (d) Dark-field image of hard
transparent array when it is at the goldilocks thickness of 175 nm, 50 pm scale bar. (e)
Dark-field image of shattered hard transparent array tips after patterning rhodamine 6G
when silica thickness is too thin at 83 nm, 50 um scale bar. (f) Bright-field image of hard
transparent array when silica thickness is too large, here 250 nm, buckling goes through
the tips, 100 um scale bar.

In order to determine the optimal thickness of silica that would allow for force- independent
patterning, five PPL pen arrays were coated with silica films of different thicknesses and
subsequently evaluated for their morphology and behavior during tip-sample contact. When the
thicknesses were small (< 100 nm), the force on the pens during contact caused the thin silica layer
to delaminate from the tip (Figure 2.1E). In contrast, when the thickness was large (> 250 nm), the

buckling effect was so great that it substantially deformed the pens and perturbed the uniformity
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of the pen array (Figure 2.1F). Pen arrays with ~175 nm thick silica films were found to be optimal
compromises that mitigated these effects (Figure 2.1D). While CVD-grown silica was found to be
robust for patterning, it has been previously noted that exposing a PDMS film to an O plasma
forms a silica film on the surface of the PDMS.!#7 This observation could explain the change in
writing performance of PPL pen arrays following repeated exposure to Oz plasma, however this

approach to deposit silica layers is impractically slow for generating robust hard layers.

— oM
Figure 2.2. Patterning MHA using (a) a hard transparent array and (b) a polymer array,
both with an extension sweep covering 5 pm piezo range with 1.5 pm/s extension and
withdraw speed and no dwell time at full extension. Patterning MHA using (c) a hard
transparent array and (d) a polymer array, both with an extension sweep over 5 um piezo
range with 100 um/s extension and withdraw speed and 5 second dwell time. All scale
bars are 2.5 um. Images were taken using lateral force microscopy using AFM.

In order to explore the force-dependent feature size of polymer arrays versus hard
transparent arrays, 16-mercaptohexadecanoic acid (MHA) features were patterned onto gold
whereby each pen wrote 25 individual dots in an array that varied in extension across the pattern
with a constant dwell time. MHA was chosen because it is well known to form monolayers on
gold and has been patterned extensively by PPL and DPN.!3° Features written by polymer arrays

were observed using atomic force microscopy (AFM) to be square with edge lengths that depended
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on extension. The square morphology originates from the deformation of the tips during patterning.
In contrast, the features written by hard transparent arrays were found to be independent of tip-
sample force over a 5 um extension range (Figure 2.2B and 2.2C). PPL performed with hard
transparent arrays is more reminiscent of conventional DPN, which generates circular features
with dwell time-dependent diameters (diffusion-mediated).!?>

While force-independent patterning will allow for more consistent patterns, intentionally
varying pen deformation allows one to pattern macroscopic gradients by tilting the pen array with
respect to the patterning surface, which enable nanocombinatoric patterns of a gradient of
features.!?% 125 148130 T order to regain this ability in these hard transparent arrays, it was
hypothesized that tilting the array and approaching the surface slowly would result in a
positionally-dependent tip-sample contact time, giving a gradient of feature sizes as a result of an
increase in diffusion time between the tip and substrate. To test this hypothesis, a patterning
experiment was performed in which extension was increased over a 5 um range with a 1.5 pm/s
approach and retraction speed. At most, this would result in a ~3 s difference in tip-sample contact
time for every micron difference in extension. Indeed, after patterning, MHA features ranging from
250 nm to 1 um in a smooth size gradient were observed (Figure 2.2A and 2.2B). This is an
important capability as it allows one to contemplate constructing nanocombinatoric arrays for
experiments with PPL arrays coated with silica by making gradients of feature sizes.!?* 15!

As polymers comprise an important class of inks, it is important to verify that hard
transparent arrays can pattern polymer inks effectively. In order to test this capability, polymer
arrays and hard transparent arrays were used to pattern a square dot array with an extension that

varied over 5 um after being inked with a 5 mg/mL solution of the block copolymer poly(ethylene



45
oxide)-b-poly(2-vinyl pyridine) (PEO-6-P2VP, Mn=2.8-b-1.5 kg'mol™!) in water. In this
experiment, the approach speed was 100 um/s, which indicates that varying tip extension over a 5
um range had a negligible effect on the fixed 2.5 s tip-sample contact time.

Following patterning, AFM imaging revealed that features written by conventional
polymer arrays exhibited a large square contact area while those written by hard transparent arrays
had small round contact areas that were independent of extension (Figure 2.3A and 2.3C).
Furthermore, as with patterning alkanethiols on gold, it was possible to vary the feature size of
polymers by changing approach speed. Specifically, the tip extension was varied by 4.2 um while
writing a dot array with an approach speed of 3 um/s, resulting in gradients of feature sizes from

40 to 160 nm (Figure 2.3B and 2.3C).

Figure 2.3. Patterning polymer ink with an (a) extension sweep over 5 um piezo range with
100 pm/s extension and withdraw speed using hard transparent arrays and a dwell time of 2.5 s
at full extension, (b) hard transparent arrays extension sweep over 4.2 um piezo range with 3
pum extension and withdraw with no dwell time at full extension, and (c) PPL extension sweep
over 5 um piezo range with the left half corresponding to the conditions in (a) and the right half
corresponding to (b). Scale bars are 2.5 um. Images were taken with AFM in taping mode.

As previously discussed, effective screen of catalysts requires higher density patterns and

a problem associated with tip deformation is that it can limit feature pitch. While small molecules
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that covalently bind to the patterning surface are robust after patterning, large molecules that
physically adsorb to a surface, such as polyethylene glycol, can be disturbed after patterning
because they behave as fluids in the high humidity environment needed for patterning.!> 133
Because of this phenomenon, if the tip-sample contact diameter is on the order of the feature pitch,
the tip will perturb neighboring features when patterning. With polymer arrays, this manifests as
a row of features merging into a single large feature. In principle, this would be mitigated with
hard transparent arrays because of the lack of tip deformation. Specifically, by patterning PEO-b-
P2VP, hard transparent arrays yielded feature pitches of 175 nm with a hexagonal array (Figure
2.4A and 2.4B). By switching from a square pattern array to hexagonal pattern array, the feature
density was even further increased by ~15%. The capability of patterning smaller pitches indicates
that it is possible to pattern extraordinary numbers of features. Specifically, by patterning 14,641
polymer dots with each of the four hundred thousand pens in a 14.5 cm? array, it was possible to
generate a total of 5.9 billion polymer dot features (Figure 2.4C and 2.4D).

Cantilever-free scanning probe lithography is poised to become an important tool for
rapidly performing nanocombinatoric experiments.'?* 149-151 In this work, it is shown that the use
of hard transparent arrays allows one to write higher density and more reliable patterns than is
possible using polymer pen arrays. While this silica coating was found to render patterning of
polymers and small molecules to be force-independent, it also enables a method of writing
gradients with force-independent probes. Importantly, hard transparent arrays are a simple post-
modification of polymer pen arrays, indicating that the barrier to adoption is extremely small.
),154

When combined with a technique like scanning probe block copolymer lithography (SPBCL

156 which utilizes PEO-b-P2VP and a metallic precursor to direct the on-surface and spatially
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confined synthesis of metal nanoparticles, one can create high-density nanoparticle arrays with
potentially important implications in areas such as plasmonics, nanomagnetics, and catalysis.!*”
158 Ultimately, the ability to directly write billions of discrete features on a surface is a significant
advance for nanolithography and could open avenues for using cantilever-free scanning probe
lithography as a combinatorial discovery tool, especially when combined with a technique to

combinatorially ink an array.
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3. Chapter Three

Synthesis of Nanocombinatorial Megalibraries

Reprinted with permission from Kluende;, E. J.; Hedrick, J. L.; Brown, K. A.; Rao, R.;
Meckes, B.; Du, J.; Moreau, L.; Maruyama, B.; Mirkin, C. A., Catalyst Discovery through
Megalibraries of Nanomaterials. Proc. Natl. Acad. Sci. USA 2019, 13 (1), 8-17. doi:

10.1073/pnas.1815358116. Copyright 2019 National Academy of Sciences.
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3.1. Combinatorial Synthesis

High throughput screening is an invaluable tool for scientific discovery in many fields.!>-
161 As a key technology for discovery, high throughput approaches enable the ability to synthesize
combinatorial libraries of compounds and simultaneously probe numerous reaction conditions that
allow for the study of a variety of samples in unison. As such, combinatorial libraries have been
utilized in diverse fields including: catalysis, drug discovery, and basic cell biology.'®*16* Such
massively parallel experiments are typically performed using advanced liquid handling systems
that deposit nanoliter scale fluid volumes into plates with as many as 1536 distinct wells.!®®
However, the path to utilizing smaller volumes with higher throughput faces major challenges as
techniques for depositing controlled quantities of chemically specific materials are limited. Ink jet
printing, both through electrohydrodynamic jetting and ultrasonic focusing, can in some cases
generate sub femptoliter-scale volumes, but is limited in throughput by serial printing afforded by
a single nozzle and low registration accuracy resulting from the dewetting process. Similarly, the
direct write of materials from a physical scanning probe, such as dip-pen nanolithography, can
reliably pattern sub-attoliter volumes, but throughput is a critical limitation. PPL and related
technologies, including SPBCL, deposit attoliter quantities of ink onto the surface, but have been
been limited to a single ink type for each experiment. Chemical heterogeneity has proven more
difficult to systematically introduce as the only methods that have been explored for inking tips

are microcontact printing of blocks of tips or individually inking them using ink jet printing. While

these present an advantage in terms of scaling, one ink jet printing operation is needed to ink each
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individual pen with ~50 micron pitch, which will subsequently be used to pattern thousands of
features with a sub-micron pitch. It is still not practical to scale to millions of pens. Indeed, for
many types of experiments, independent control over every pen in the array is unnecessary because
a linear continuum of ink composition is desirable. From this perspective, advances in how to
rapidly ink polymer pen arrays with non-uniform ink composition would bear important
implications for the synthesis of combinatorial arrays for rapid materials discovery.

Here, I describe a method for inking PPL pen arrays with a linear gradient of ink
composition using a dual-spray coating procedure. While inking PPL pen arrays may be a new
task, the process of coating materials with uniform thin films is a widely used industrial process
encompassing methods that include spin coating, dip coating, and spray coating. The advantages
and drawbacks of these techniques are well known; spin coating is compatible with high viscosity
inks but is limited to relatively small surfaces. Spray coating requires relatively low viscosity
solutions, but is extremely scalable.!>* 1% However, both of these methods are typically optimized
to generate uniform films. Here, we study the radial distribution of spray-coated ink and explore
the possibility of using multiple spray coating nozzles with overlapping distribution areas as a
method for inking pen arrays with a compositional gradient. Importantly, by combining a
compositional gradient in one dimension with a size distribution in the other, we synthesize

centimeter-scale surfaces coated with a combinatorial array of sub micrometer soft materials.
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Scheme 3.1. (A) PPL array before inking, (B) dual spray coating of two different inks onto the
PPL array to make composition gradients, and (C) patterning combinatorial libraries of
nanomaterials by mounting the PPL array to a piezo scanner.

In order to explore spray-coating as a method for depositing linear gradients onto surfaces,
the radial distribution of the gradient was evaluated by performing a spray-coating operation on a
target substrate and mapping its distribution to a gaussian plot (Figure 3.1D). In particular, a
commercially available Harder Steenbeck Infinity CR plus airbrush was loaded with aqueous ink
composed of 10 mg/ml rhodamine 6G and 5 mg/ml poly(2-vinyl pyridine -b- ethylene oxide)
(P2VP-b-PEO) and sprayed with a air flow pressure of 20 psi onto a piece of blank printer paper
being held at distances of 5, 10, 15, and 20 cm from the surface. The choice of a colored ink enables

the evaluation of the spray scatter from a scanned grayscale image (Figure 3.1B).
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Figure 3.1. (A) Diagram of how to position spray guns to PPL array based on size, (B)
scanned spray used to quantify intensity, scale bar 5 cm (C) linear full width half max slope
showing a linear scaling trend for PPL arrays, (D) equation fitting of spray intensity data at
different distances.

Quantitative evaluation of this distribution was done by examining the intensity of the
image in a line across the center of the image, which shows a linear full width half max (FWHM)

of radial spray distribution 0.2717 (Figure 3.1C). Utilizing this trend, it is possible to tailor the
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airbrush separation from the second airbrush as well as the PPL array based on the dimensions of
the array being inked with simple linear relationship (Figure 3.1A). In this work, a 1.5 cm by 1.5
cm PPL array was used. Utilizing the relationship between FWHM and separation distance, the
dimension of this PPL array requires separation of 5 cm between spray guns and 20 cm from the
target.

While spray-coating a uniform film on a flat surface is well understood problem, forming
a compositional gradient on a surface decorated with a periodic array of pyramidal tips could
introduce problems stemming from inhomogeneous drying and diffusion of the constituent
materials. Considering a small molecule with a diffusion constant D ~ 3.5%10° ¢m?/s, one may
compute the time over which molecules of interest will diffuse between pens and across the whole
array.'®” In particular, for 1.5 cm width pen array with a pen to pen pitch of 120 pm, the molecule
will diffuse between pens in ~20 s and across the whole array in ~400 days, predicting an extremely
long window over which drying can occur and still maintain the compositional gradient.
Importantly, we hypothesize that allowing for enough time for diffusion to occur around a specific
pen may be very important as it could allow for localized diffusive mixing of the multicomponent
ink sprayed near a given pen (Figure 3.1A). In order to test this, two aqueous inks were synthesized
consisting of 5 mg/ml P2VP-b-PEO and 10 mg/ml of a fluorophore (quantum dots). The peak
emission wavelengths of the two fluorphores were different (i.e. one at 490 nm and the other at
575 nm), such that under a fluorescence microscope the inks would be distinguishable without
fluorescent overlap. A typical inking procedure consisted of simultaneously spraying the two inks,
each aimed at different edges of the PPL pen array. The solutions were then allowed to completely

dry and the process was repeated once to ensure uniformity of the gradient across the array. Once
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the array was completely dried, optical microscopy was used to characterize the ink distribution in
the vicinity of the pens. Specifically, by observing a pen in the center of the array, such that it was
exposed to both inks being sprayed, dark field (Figure 3.2B) and fluorescence (Figure 3.2C)
microscopy revealed a uniform ring of ink around a pen, suggesting both uniform mixing and that

capillary effects during drying result in the ink being localized around the pen.!68-170
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_—
1 Evaporation

Aggregation
_/\/\_‘—M

Figure 3.2. (A) Proposed mechanism of ink evaporation following spray coating in which
evaporation and diffusion leads to homogenous mixing of the inks and preferential deposition
of the ink on the pens. Optical image of a single pen under (B) dark field and (C) fluorescence
showing preferential inking at the base of the pen.



55

Figure 3.3. PPL array spray-coated with a composition gradient. (A) Photograph and (B)
confocal micrograph of the composition gradient spray coated onto the PPL array.

In order to test the hypothesis that local mixing can equilibrate the ink concentration in
the vicinity of individual pens but not across the array and can be subsequently transferred to the
substrate, two aqueous inks were synthesized consisting of 5 mg/mL P2VP-5-PEO and 10
mg/mL of a fluorophore. The peak emission wavelengths of the two fluorophores were different
(i.e. one, Rhodamine 6G, at Aex = 528 nm; Aem = 551 nm and the other, Sulfo-Cyanine5 NHS
ester at Aex = 640 nm; Aem = 670 nm), such that the inks would be spectrally distinguishable using
a fluorescence microscope. A typical inking procedure consisted of simultaneously spraying the
two inks, each aimed at the center of opposing edges of the PPL pen array. The solutions were
then allowed to completely dry, and the process was repeated to ensure uniformity of the
gradient across the array. To characterize the gradient, the whole PPL array was imaged utilizing
a confocal microscope. In order to maintain high resolution to visualize the nanoscale features
across the whole array, thousands of images where taken on two tracks, one for each

fluorophore, and subsequently stitched and stacked to make a single image with 268 million
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pixels (Figure 3.3B). The counter propagating changes in fluorescence contrast indicate that the
spray-coating was indeed localized to either side of the array as a clear contrast change was
observed when scanning from one side of the array to the other. In order to quantify the
distribution of the ink, the image stacks were averaged to construct a profile plot of fluorescence
intensity (Figure 3.3B). The dual gradient could be seen by eye as seen by the camera image in
Figure 3.3A.

In order to verify that spray-coated PPL pen arrays can be used to pattern surfaces with the
same compositional gradient, a dual spray-coated PPL array was used to print polymer dots onto
a substrate (Figure 3.4D). Prior to patterning, the pen array and patterning instrument were
incubated post-leveling in a chamber held at 90% relative humidity (RH) for 30 min to ensure that
the ink was hydrated. Subsequently, PPL was performed with each pen in the array being used to
print a 30 x 30 array of dot features ( ~800 nm) on a silicon wafer that had been vapor coated with
hexamethyldisilazane to render the surface hydrophobic (Figure 3.4C). Given that this 126 x 126
pen array contained 15,876 pens, the final pattern was composed of over 14 million discrete
polymer features (Figure 3.4A). To characterize this massive array of features, large-scale
fluorescence images were acquired, which clearly showed a macroscopic gradient in fluorescence
across the patterned surface (Figure 3.4A). Indeed, the average fluorescence intensity is well

described by a linear gradient across the entire patterned surface (Figure 3.4B).
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Figure 3.4. Large scale gradients of patterned nanomaterials. (A) Stitched confocal fluorescence
image of a compositional gradient of two different fluorophores in patterned polymeric domes,
scale bar is 2 mm, and (B) fluorescence intensity across of each region. (C) A magnified
fluorescence image showing a single tile from (A), illustrating the dot arrays pattern, as well as
the resolution of (A). (D) Schematic of the airbrush position during spraying.

To demonstrate the reproducibility of this system, we used new spray guns that are the
same model and make. Then we spray-coated ink with two aqueous inks, both with 5 mg/ml P2VP-
b-PEO and one also having 10 mg/ml fluorescein to offer fluorescent contrast. Prior to patterning,
the pen array and patterning instrument was held at 90% relative humidity (RH) for 30 min to
ensure that the ink was hydrated. Subsequently, the array was used to print a 30 % 30 array of dot
features on a silicon wafer that had been vapor coated with hexamethyldisilazane to render it
hydrophobic (Figure 3.5C). To characterize this massive array of features, large-scale fluorescence
images were acquired, which clearly show a macroscopic gradient in fluorescence across the

patterned surface (Figure 3.5A). Indeed, the average fluorescence intensity is well described by a

linear gradient across the entire patterned surface (Figure 3.5B).
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Figure 3.5. (a) Stitched confocal fluorescent image of compositional gradient with the left side
sprayed with P2VP-b-PEO and no dye and the right side sprayed with P2vP-b-PEO and a

fluorescent dye, (b) fluorescent intensity across (a) with distance directly matching, and (c) a
single tile from (a), illustrating the dot arrays pattern as well as the resolution of (a).

3.2. Size as a Combinatorial Parameter

In addition to inking the pen arrays with uniform quantities of ink while varying their
composition, it is possible to vary the quantity of ink on each pen as a means to change the rate of
ink deposition. In this way, size gradients can be formed. It is important to note that while similar
linear gradients have been previously achieved by patterning with pen arrays that have been
deliberately tilted to change tip-sample contact area or contact time across the array, controlling
feature size with ink loading affords the option of realizing non-linear and even non-monotonic
gradients in patterned feature size.?’*’ In order to explore the concept, a single spray gun was used
to deposit a gradient of ink quantity by spraying an aqueous solution of 5 mg/ml P2VP-b-PEO and
10 mg/ml rhodamine 6G onto one edge of a PPL array. Following the same protocol that was used

in the previous experiment, the pen array was used to print a 25 x 25 array of dot features, which
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was subsequently characterized by large scale fluorescence imaging (Figure 3.6A). The imaging
revealed a clear gradient in fluorescence intensity across the array. Unlike in the previous
experiment, the intensity variation was based upon a change in deposited feature size, a conclusion
supported by measurements of the average feature size by atomic force microscopy (AFM)
performed at different regions across the array (Figure 3.6B-D). Indeed, the average polymer
feature size was observed to increase from 190 nm to 290 nm from the left to right side of the
deposited pattern. It is important to note that while similar linear gradients have been previously
achieved by patterning with pen arrays that have been deliberately tilted, controlling feature size
with ink loading affords the option of realizing non-linear and even non-monotonic gradients in

patterned feature size.

00 Height Sensor  10.0 umv 00 Height Senor 10.0 um 00 Height Sensr 10.0 um
Figure 3.6. (a) Fluorescent image of a printed pattern generated by printing with a pen array
sprayed only on the right side with 20 mM Rhodamine 6G. AFM images show the varying size
of written features as they increase from the (b) left, (c) middle, and (d) right.

3.3. Megalibrary Synthesis
While the ability to generate patterns with compositional or size gradients separately is
enabling, realizing combinatorial patterns with control over the size and composition of every
feature in the pattern is the ultimate goal for high throughput screening. In addition to inking the

pen arrays with uniform quantities of ink while varying their composition, it is possible to vary
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the quantity of ink on each pen as well as composition at the same time. In order to explore the
ability of spray-inking to generate such combinatorial libraries, a dual-spray inking experiment
was performed in which the two airbrushes loaded with aqueous inks containing a hygroscopic
polymer and a fluorophore were aimed above two adjacent corners of the pen array (rather than

along a line that passes through the center of the array) (Figure 3.7 and 3.8E).

B]

Figure 3.7. PPL array spray-coated with both a size and composition gradient. (A) Photograph
and (B) confocal micrograph of the composition and volume gradient spray coated onto the PPL
array, which results in a composition and size gradients when patterned.



Following the same patterning protocol as above, the pen array was used to write a
massive scale array of dot features which were subsequently characterized with large scale
fluorescence microscopy and atomic force microscopy (AFM) (Figure 3.8). Once again,
variation of the features along the x axis resulted in a near linear fluorescent intensity gradient,
but the features were no longer uniform along the y axis. AFM data show a non-linear gradient
from 642 £ 46 nm to 1.1 + 0.02 um in diameter and 17 £ 9 to 3.6 = 0.6 aL in volume (Figure

3.8C).

61
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Figure 3.8. Large scale nanopatterned gradients of composition and size. (A) Stitched confocal
fluorescence image of compositional and size gradients of two fluorophores in polymeric domes.
Scale bar is 2 mm. (B) Average fluorescence intensity of each fluorophore across the array and
(C) average total fluorescence intensity (blue curve) in the vertical axis plotted with the average
volume of individual features as measured by AFM (red dots, error bars representing standard
deviation). (D) High resolution darkfield micrograph of a region showing the patterns written by
four pens. Scale bar is 50 um. (E) Schematic of the airbrush position during spraying. (F) AFM
of the largest patterned features (1.10 + 0.02 um) at the top of the array, and (G) AFM of the
smallest patterned features (642 + 46 nm) at the bottom of the array. Scale bars are 3 um.

3.4. Nanoparticle Megalibraries and Their Applications

With the power to synthesize megalibraries, the key is to pair it with the right screening
technique. While my PhD was the development of the synthesis side, I have been able to work
with great collaborators to start to answer this problem for certain applications. The original idea
of the megalibraries platform was to pair it with scanning probe block copolymer lithography
(SPBCL). To go into greater detail from Chapter 1, SPBCL is a technique that was invented in the

Mirkin group (Scheme 3.2)!5% 156 157 that deposits attoliter volumes of ink with high spatial
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resolution. The ink is composed of two components: a block copolymer and a metal precursor that
is coordinated to the vinyl pyridine group of the block copolymer. The patterned polymer dome
acts like a nanoreactor, forcing all the metallic precursors to aggregate together and form a single
nanoparticle through a two-step heating process. In the first step, the temperature is heated up such
that the polymer does not degrade but the metallic precursor starts to dissociate with the pyridine
group and subsequently aggregate together. Then the nanoreactors are heated up to 500°C where
the polymer burns away and the metallic precursor is reduced to form a single nanoparticle. In
addition, multiple metallic precursors can be incorporated into the ink. In this way a single
multimetallic nanoparticle can be synthesized in each nanoreactor. Furthermore, this process is not
limited to metals that are miscible with each other. This feature allows the formation of Janus
nanoparticles that have two or more separate domains and a phase boundary. Since the nanoreactor
forces the precursors to form a single nanoparticle, nanoparticles can be made that are not currently
possible by any other method. This has allowed for the synthesis of monometallic to pentametallic
nanoparticles with every combination in between. This combinatorial way of synthesizing
nanoparticles is making it possible to simply and efficiently synthesize nanoparticles that can be

screened.
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Scheme 3.2. “Polymer-Mediated Tip-Directed Synthesis of Alloy Nanoparticles Using SPBCL
The process consists of five steps: (i) Multiple metal ion precursors are coordinated onto a block
copolymer, poly(ethylene oxide)-block-poly(2-vinylpyridine) (PEO-b-P2VP). (ii) The polymer
is cast onto AFM tips or polymer pen arrays and then deposited at desired locations on a
substrate. (iii) The substrate is annealed at 150 °C under Ar, allowing the metal ions to aggregate
in the polymer nanoreactors. (iv) The substrate is thermally annealed at 500 °C under H: to
reduce the metal ions and decompose the polymer, forming single alloy nanoparticles in each
reactor. (v) The as-prepared alloy nanoparticles are utilized to catalyze the reduction of 4-
nitrophenol into 4-aminophenol.”!” Reprinted with permission from ref (157). Copyright 2015
American Chemical Society.

While the previous sections with dual spray coating experiments focused on patterning
gradients with easy to detect fluorophores as a proof-of-concept, it is important to validate that
combinatorial libraries may be generated using substances where the function can in principle
dramatically change across the array. When combined with SPBCL, functional multimetallic
nanoparticles with gradients of composition can be synthesized. To determine if combining
SPBCL and dual spray-coating will generate compositional gradients, we explored the patterning
of metal ion-loaded block copolymers that can be quantified using X-ray fluorescence (XRF).!”!
To explore the patterning of these inks, a pen array was dual spray-coated with spray guns with

aqueous solutions of P2VP-h-PEQO, one with 18.75 mM auric acid and the other with 18.75 mM

sodium tetrachloropalladate. Following spray inking, this pen array was used to pattern features
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on a hexamethyldisilazane- coated silicon wafer. The resulting features were characterized using
XRF, which allowed for the calculation of the local atomic ratio of Au to Pd in sections across the
array (Figure 3.9). As expected, the atomic ratio of Au to total Au and Pd varied from 9% to 88%.
Therefore, this is an effective technique for preparing PPL arrays, inked with compositional

gradients, and useful for synthesizing combinatorial libraries of nanoparticles by SPBCL.
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X-Ray Fluorescence

A
& Atomic % Au m Atomic % Pd
- 1001
X .
804 ¢
&
.
c
(o) 60- u
Q.
g 40+ .
O [ ]
3 204 =
= [ ]
<
0 ) ¥ I ' I
0 5 10 15 20

Distance (mm)

Figure 3.9. 14 million bimetallic nanoparticles synthesized in parallel with a compositional
gradient. (A) X-ray fluorescence profile of Au-Pd alloy composition of SPBCL patterned array
taken with a 3 mm slit, note that the last point is at the edge of the array. (B) SEM of SPBCL Au-
Pd nanoparticles. Scale bar is 2 pm.

Qualitatively, it is observable (Figure 3.9 that going from the Au-rich (right) to Pd-rich (left)
side of the substrate, the Au L fluorescence intensity decreases while the Pd Ka fluorescence

intensity increases as would be expected (Figure 3.10). Quantitative analysis of the Au and Pd

relative atomic percentages were conducted using corrected areas under the Pd Ka (21177 eV) and
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Au LB (11443 eV) fluorescence lines, with peak areas fit to a Gaussian distribution after
background subtraction using Origin 8.6 graphing software. Intensity values were corrected for
dead-time, incident beam intensity, elemental cross-sections, detector efficiency, and attenuation

due to species present between the sample and detector at the relative fluorescence line energies.
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Figure 3.10. Au L and Pd Ka Fluorescence Intensities. The Au L fluorescence line intensity
(left) increases towards the Au-rich side of the sample and decreases towards the Pd-rich side.
No signal is observed for the case of a blank substrate (green). The Pd Ka fluorescence line
intensity (right) decreases towards the Au-rich side of the sample and increases to a well-defined
peak (blue) towards the Pd-rich side of the spectrum. +3 Au refers to a 3 mm offset from the
sample center towards the Au-rich (right) side, and +3 Pd refers to a 3 mm offset from the
sample center towards the Pd-rich (left) side.

Here, we have shown that by spray-inking PPL pen arrays, it is possible to synthesize
combinatorial megalibraries containing millions of sub-micron features over centimeter-scale
regions. The physical processes that make this capability possible include the mixing of sprayed
inks during the drying process and capillary effects that bring the majority of the applied material
to the pens. These relationships suggest a subtle connection between ink viscosity, volatility, and
surface tension which warrant further exploration.

Importantly, the simplicity with which it is possible to define these combinatorial arrays of

nanomaterials bears important consequences for many fields of study as such arrays could be
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useful as discovery platforms in areas as diverse as nanophotonics, heterogeneous catalysis, and
drug discovery. The applications and possibilities of this megalibrary system has already been
demonstrated with the discovery of a new optimal carbon nanotube catalyst as outlined in Chapter
One. Gradients of Au-Cu bimetallic nanoparticles were synthesized and screened for activity by
in situ Raman spectroscopy with respect to single-walled carbon nanotube (SWNT) growth. AuzCu
was identified as the most active composition (Figure 1.4 D). This composition of nanoparticle has
never been identified as a catalyst for SWNT growth before this experiment. With more studies
like this not only will new materials for applications be discovered, but also a deeper understanding

of structure-function relationships can be derived.



4. Chapter Four

Liquid Mask Etching and Nanoscale 3D Printing
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4.1. Liquid Masks for Microfabrication Processes

Utilizing polymer pen lithography (PPL), large area combinatorial libraries have been
fabricated and screened through direct deposition of material onto the surface. While this system
is powerful, it is limited to direct patterning of materials. Beam pen lithography (BPL) was
developed to further broaden the nanolithography capabilities of cantilever-free lithography by
delivering energy rather than material. In this way, it opens cantilever-free scanning probe
lithography to the toolbox of chemistries available and well developed for photolithography. This
gains access to a large library of materials, but with a higher resolution and without the need of a
clean room. BPL utilizes the pyramidal pens from PPL that are coated with a reflective surface
coating such as gold with apertures at the apex of the tip of each pen. These apertures allow the
user to deliver energy via light in a highly-controlled manner by funneling the light sent through
the pyramid to the apertures. When the aperture is smaller than the diffraction limit of light and
the array is sufficiently close to the surface, sub-diffraction limit features can be obtained.*® One
major limitation in BPL as is the case with PPL is an inhomogeneity in the apertures formed over
large areas due to a pen-to-pen height variation inherent to the fabrication of cantilever-free arrays.
This variation occurs during the fabrication of the silicon master that acts as a mold to cast the
polymer pen array due to variations in the etching of the array as well as the tolerances of the
square base dimension from the photolithography steps. These ultimately result in height variations
of the array that can be greater than 1 um in size. The most notable way to solve this is by having
higher tolerances at every step of the master fabrication. This has shown some success with smaller
arrays in the low thousands but does not work as one scales from 9,100 pens to well over a million

pens. For this reason, a new technique for a new aperture fabrication or master fabrication is
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needed. While master fabrication improvements are possible, the most viable solutions are outside
the realm of research labs and thus would never see adoption, so I pursued a new aperture

fabrication method. For this same reason, hard transparent arrays were developed in Chapter 2.
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Scheme 4.1. Etching beam pen arrays both previous method and liquid mask etching. (A) Etching
beam pen arrays through a spin coated photoresist mask.*® (B) Liquid mask etching of beam pen
arrays that enables even etching across inhomogeneous arrays.

In the BPL system, this pen-to-pen height variation issue still needs to be addressed since it
results in variations in aperture size as a result of how it is fabricated. The current method for
etching apertures into beam pen arrays is to 1) spin coat a uniform layer of photoresist onto an Au
coated pen array, 2) perform a top down dry etch to expose the pyramid tip at a given height from
the base of the pyramid, 3) perform a wet etching step to remove the exposed gold, and 4) remove
the remaining photo resist (Scheme 4.1A).!"? E-beam lithography has also been successful in
defining sub-diffraction apertures.®® However, this technique is prohibitively time consuming and
impractical for defining apertures in a large scale. To scale up to millions of pyramids, it is
necessary to develop a new method for etching that accounts for pen-to-pen height variation. When
spin coating over large BPL arrays, there exists local uniformity (on the millimeter scale) but

global inhomogeneity from one side of an array to another (several centimeters). This is most
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evident in when there is a gradient in the backing layer thickness from one side of an array to the
other. In this situation, attempting to apply an even masking layer on top of the pens with a height
gradient will cause a gradient of tip exposure through the masking layer (i.e. some features will be
over exposed and above the mask while some will remain well below the mask completely un-
exposed). Such variations in exposed areas eventually leads to inhomogeneous structures in
etching of the apertures. Also, while the local uniformity equates to an even layer of photoresist,
the pen to pen variation requires a different coating condition for each pen. Thus, aperture variation
can be multiple microns in size even with a target of nanometer scale apertures. To advert such an
occurrence, a self-leveling mask can be implemented to adopt the contours of the features by
coating the irregular surface in way that leaves evenly exposed features. Having a mask that can
evenly coat the tip of every pen rather than evenly coat relative to the base is necessary for even

etching. To create this, a new type of protective mask has to be used: liquid mask.
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Scheme 4.2. Liquid mask etching process. (A) The process starts with polymer pen
lithography array. (B) Gold is deposited onto the array followed by thiol fluorinated surface
treatment. (C) Oil is spin-coated onto the array and (D) heat treated to allow oil to form menisci
between the pens. (E) Etching process in gold etchant bath as the oil layer retracts as the gold
resolves from (i-iv). (F) Beam pen arrays after etching with oil still on that is then (G) washed to
remove the oil and is then ready for use.

By spin coating a fluoro-oil over a fluoro functionalized BPL array, this self-leveling liquid

mask can be used rather than a photoresist that is chemically inert to the etching solutions (Scheme
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1B and 2). When the oil layer is thinner than the height of the BPL array, the interaction between
the oil and the BPL array enables the oil to wet the pyramids and form meniscuses between each
pyramid. Since a meniscus is formed rather than a flat layer, the tip exposure is not dependent on
the pen height since the oil wicks up to the apex of the tip (Figure 4.1A). This eliminates microscale
problems of tip to tip variation and macroscale problems like backing layer variation across the

array.
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Figure 4.1. Beam pen array etching process. (A) Scheme of liquid mask evenly covering tips
regardless of height, (B) diffraction pattern formed as the oil wicks up the tip apex, and (C) exposed
apertures by overspinning after etching to better visionalize the array.

Many different fluoro-oils were experimented with to optimize the etching of BPL arrays.
While lower viscosity oils coated the array more uniformly, it is more prone to displacement by
the etching solution when submerged into the etching bath. Higher viscosity oils on the other hand
would not properly wet the array at room temperature but performed better as a mask since the
higher viscosity gave properties closer to that of a photoresist. In order to obtain both of these

features together, a high viscosity oil was spin coated onto a BPL array. Then, the array was heated

on a hot plate to lower the viscosity and allow the oil to evenly wet the array (Scheme 4.2D). This
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was followed by a final spin coating step to create the proper three-phase interface at the apex of
each pen. This three-phase interface consisted of the solid pen, liquid oil, and air (Scheme 4.2E).
By having all three come perfectly together, it enables etching to occur right at this point. Under
the microscope, this can be seen by diffraction lines appearing at the tip (Figure 4.1B). The array
was then allowed to cool back to room temperature prior to being placed into the etching bath.

Now, multimillion pen arrays can be uniformly etched over a 1.75” by 1.75” area with an
average aperture size of 266 nm by 354 nm and a 3-9% variance in size across the entire array
(Figure 4.2). This method has increased uniformity and shows promise for reaching sub

diffraction apertures with future optimization of etchant and spin coating conditions.

Figure 4.2. Large area uniform beam pen etching. (A) Stitched SEM image of hundreds of
uniformly etched pyramids, scale bar 100 um. Zoom in SEM image of the (B) top left, (C) top
right, (D) bottom right, and (E) bottom left corners of the array showing high aperture uniformity
across the entire array, scale bar 10 pm.
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This new conformal-masking technique enables the fabrication of mega-BPL arrays,
consisting of over 4 million individual pens with highly uniform aperture dimensions. This
represents over a 500-fold increase in the number of successfully etched beam-pens on a single
array from previous reports.*® The surface-tension of fluids gives them the propensity to
overcome gravitational forces at the micro-scale and to climb surfaces forming menisci. By
exploiting this interaction, we are able to generate conformal masks which coat the pens from the
apex down, irrespective of pen-to-pen height variations, prior to wet etching of the metallic
layer. We can then use etchant reaction time and concentration to control the size of aperture
formation. Importantly, the high degree of reproducibility of BPL pen array fabrication allows
for standardization of BPL array hardware and its integration into semi-automated printing
systems. We have integrated our pen designs with automated patterning tools provided by Tera-
Print, LLC so as to enable the wide-scale application of this highly versatile platform technology.
With the Tera-Print E-series, a pattern was fabricated with varying the exposure time and force.
This resulted in a pattern with feature sizes varying from 350 nm to 1.2 um utilizing 300 nm
aperture beam pen array (Figure 4.3). Ultimately, this method has increased uniformity and
shows promise for reaching sub diffraction apertures with future optimization of etchant and spin

coating conditions.
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Figure 4.3. Pattern made using liquid masked etched array and Tera-Print E-Series
instrument. Each pen was spaced 30 um apart and patterned a dot array that had variations in
exposure time and contact force resulting in feature size range from 350 nm to 1.3 um from 350
nm apertures.

4.2. Nanoscale 3D Printing over Macro Length Scales

BPL has been optimized to print a library of hard and soft materials on a 2D surface.
Furthermore, BPL builds off of traditional photolithography, enabling an even larger library of
materials yet to be utilized and adapted to BPL. When transitioning from two to three dimensions
in a print, new factors must be considered. One of the most important factors is that continuous
printing can lead to fouling of the BPL array. In a solution, polymerization occurs at the tip leaving
a residue of polymerized ink, which does not occur for a traditional photoresist. This will build up

over time and result in either blocked light or shearing off gold from the array resulting in

enlargement of the aperture. To overcome this challenge, I have developed an antifouling coating.
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This coating is made from a fluoro-oil that thinly coats the pen array. With this liquid coating, any
damage cause by polymerized ink will self-heal by the very nature of being a liquid. In addition,
the inert nature of the fluoro-oil makes it compatible with our orthogonal ink chemistries.

To ensure that the ink phase does not wet between the oil and array, two steps have been put in
place. First, the gold surface has been fluorinated to promote adhesion between the array and oil
layer. Second, the entire beam pen system has been inverted and an ultra-high density fluoro-oil
has been chosen. In order to utilize this new configuration with an anti-fouling layer, a whole new
system was built. Previous PPL and BPL systems were made by modifying atomic force
microscopes (AFMs), but this route is not possible for an inverted system. Here, I have built a
dedicated system from the ground up (Figure 4.4A). Utilizing a force sensor, an actuator in the z
direction is placed in contact with the surface of the array. UV light was then turned on and the
substrate was retracted at 1 pm/s (Figure 4.4B). With a 2 pm aperture, 4 um pillars were printed

(Figure 4.4C).

~ o B

Figure 4.4. Cantilever-free scanning probe lithography 3D printer. (A) Image of inverted
BPL system designed for continuous nanoscale printing. (B) Image of the fluid cell with
print coming off of inverted beam pen array. (C) Patterned polymer pillars from inverted
BPL system, scale bar 20 pm.
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5. Chapter Five

High Area Rapid Printing with Fluid Flow Technology
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5.1. Introduction

Additive manufacturing has been a disruptive force in the fields of design and
manufacturing '7>'7%, It has been used primarily for prototyping, drastically reducing the time
between product ideation to manufacturing, but has recently begun to make notable progress in
the manufacturing sector 7 180, While there have been many important advances in the printing
of 3D plastics '8!, one of the most promising additive manufacturing approaches is
stereolithography (SLA), which utilizes photocurable liquid resins that can be chemically
formulated to yield materials with a large range of attractive mechanical properties 82 183,
Conventional SLA operates by using UV light to cure liquid photoactive resins on a vertically
moving plate; this is done repeatedly and results in a desired 3D object consisting of stacked 2D

layers 84

. DeSimone and co-workers introduced a field-changing variation on SLA called
continuous liquid interface printing (CLIP), which utilizes oxygen inhibition to create a reaction
‘dead-layer’ 185136 This ‘dead-layer’ prevents adhesion between the emerging part and the bottom
of the print vat, removing the need to repeatedly mechanically cleave the part from the vat '**, This
continuous print approach increases vertical print speeds 100-fold, while simultaneously removing
material defects intrinsic to the aforementioned layer-by-layer lamination approaches. With this
advance, SLA was transitioned from prototyping to direct manufacturing. However, with CLIP, it
is the oxygen ‘dead-layer’ that is both its enabler and limiter. The polymerization reactions
employed in SLA photoresins are highly exothermic, and at 100-fold faster print speeds, heat
dissipation is daunting '87- 188, Moreover, by requiring a dead-layer, which is delivered in the form

of a gas and acts as a thermal insulator, CLIP has limited cooling options which can span the area

of the print bed. For this reason, commercial systems that utilize CLIP rely on small print beds or
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slower vertical print speeds so that structures can be printed without generating temperatures that
result in part degradation.

In this chapter a ‘dead-layer’ free approach to rapid SLA printing, HARP (high-area rapid
printing), which is capable of continuously printing over large areas and at rapid vertical print
speeds. The printer operates on the principle of a UV-curable resin floating on a bed of flowing
immiscible fluorinated oil to minimize interfacial adhesion at the build region. Aizenberg and co-
workers have demonstrated the great breadth of de-wetting behavior possible when utilizing
fluorinated liquids imbedded within solid matrices for applications in medicine and marine
biofouling 8% 10, HARP builds upon this concept by keeping the fluorinated phase in constant
motion relative to the emerging printed part, further decreasing the adhesion forces (i.e., static vs.
dynamic) and generating a solid-liquid slip boundary. By replacing traditionally static and solid
interfaces with a mobile liquid, the HARP 3D printer has the vertical print speed of CLIP but with,
in principle, a limitless print bed size. The oil can be recirculated through a heat exchanger to cool
or heat the build region and maintain thermostatic control across the entire print bed. Additionally,
the oil can be continuously filtered to remove the micro-particulate solids, which are generated by
SLA and decrease resolution through light-scattering (commonly referred to as ‘clouding’) ™!,
Finally, since HARP does not require an oxygen ‘dead-layer’, it can be used with both oxygen-
sensitive and insensitive ink chemistries, significantly increasing the scope of applicable resins

and resulting materials.
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5.2. Flow Profile of Flowing Interface
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Figure 5.1. Flow profile of a mobile interface that enables continuous printing. (A) Scheme of a
3D printed part emerging from the HARP 3D printer, (B) velocity profile under printed part at
different flow speeds demonstrating the presence of a slip boundary (colors represent increasing
volumetric fluxes, g, red is ¢ = 0.21 mm/sec, orange is g = 0.30 mm/sec, green is ¢ = 0.44 mm/sec,
teal is g = 0.56 mm/sec, blue is ¢ = 0.66 mm/sec, violet is ¢ = 0.75 mm/sec; open markers are
experimental data points from particle imaging velocimetry and continuous lines are fits from an
analytical model), and (C) scheme inset of the slip-boundary flow profile under the part with a
representative flow profile depicted.
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HARP operates through a mobile liquid interface which creates a shear stress beneath the
emerging part and results in a slip boundary (Figure 5.1). The slip boundary allows for the
solidified part to be continuously retracted from the print interface, without the need for a rate-
limiting mechanical cleavage step. In the system here, fluorinated oils (perfluoropolyether
copolymers, such as Solvay Fomblin Y or Chemours Krytox GPL) were chosen for their omni-
phobic properties and higher densities relative to that of common SLA resins. While other
immiscible liquid systems were explored, including densified water and glycols, neither of these
aqueous options produced the same quality of de-wetting behavior with the emerging 3D printed
part and resulted in lower-quality print production (Figure 5.2). A pair of inlet and outlet manifolds
were fabricated to distribute a laminar flow of oil across the print-bed with a uniform velocity
profile (Figure 5.3). This flow profile ensures that the oil layer remains optically uniform across
the build platform (i.e., no turbulence giving rise to optical distortions at the oil/resin interface)
and results in a uniform interfacial-shear stress being applied to all solidified parts. Additionally,
the oil flowing through this system can be cooled and used as a UV-transparent heat sink that spans
the build platform, enabling thermostatic control of the print process. Heat removal from the build-
region becomes a limiting bottle-neck for other rapid-print techniques, forcing the print process to
slow down to maintain thermostatic control. Here, we have integrated active heat dissipation in
direct contact with the build-region to maximize the rate of overall heat dissipation without the

added thermal resistance of a glass-window or oxygen feed layer.
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Figure 5.2. Example Part Printed on Glycol. ASTM D638 Type 1 dog bones printed on (A)
fluorinated oil, and (B) glycerin. As can be seen, parts printed on glycerin result in ‘flaky’ and
hollow parts owing to the subpar de-wetting behavior of the immiscible phase. Scalebar is 1 cm.
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Figure 5.3. Manifold flow profile. (A) Scheme depicting the oil flow loop, (B) scheme of the
manifold system and flow profile that ensures a uniform flow across the print bed, (C) image of a
machined aluminum manifold design; 15 wide with 2 scale bar, and (D) time lapse of tracer
particles floating within the uniform flow field at a consistent rate (30” wide, 18" deep).
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To confirm our hypothesis of a slip-boundary being central to our printer’s operation,
particle imaging velocimetry was used to analyze the cross-sectional fluid-flow profile as the oil
passed beneath a printed part (Figure 5.4).!°? Slip-boundary conditions are notoriously difficult to
observe due to randomized optical reflections which occur at the interfaces under study, resulting
in noisy data.!®* '%* To rectify this problem an analytical model, allowing for the possibility of
either a slip or non-slip boundary condition, was fit to the center of the flow-profile (i.e., where
high quality data can be collected). The model allowed for a classical Navier slip-boundary to arise
when the interfacial shear-stress exceeded a given critical shear-stress.!”> From this analysis, the
slip-boundary model best captured the dynamics of the experimental data (Figure 5.1B, Section
5.4, and Figure 5.5). This is best reflected in the experimental velocity profiles (vi(y), open markers
in Figure 5.1B) as a function of the oil flow rate (increasing volumetric flux, from red to violet)

and the corresponding Navier slip model fits (solids lines, Figure 5.1B).

Solid Block E Solid Block

Flowing Interface

4am am @m @

Figure 5.4. Particle flow velocimetry. (A) Optical image of the PIV experiment in process. The
bottom layer consists of oil with light scattering micro-particles (white dots). (B) Labeled

overlay of (A) with components color-coded for clarity. (C) Representative flow profile of the
mobile interface calculated from particle-tracking analysis; the white box represents the region of
interest and the blue line represents the poly-line from which v.(y) is exported, and the small
green arrows represent the flow velocity vector field at each point.
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Figure 5.5. Fluid Flow Profiles and Model Fit. (A) velocity profile under printed part at different
flow speeds demonstrating the presence of a slip-boundary (colors represent increasing
volumetric fluxes, g; red is ¢ = 0.21 mm/sec, orange is ¢ = 0.30 mm/sec, green is g = 0.44
mm/sec, teal is ¢ = 0.56 mm/sec, blue is g = 0.66 mm/sec, violet is ¢ = 0.75 mm/sec; open
markers are experimental data points from particle imaging velocimetry and continuous lines are
fits from an analytical model). (B) The same experimental velocity profiles as in (A), but
overlaid with model fits when the model is constrained to non-s/ip boundary conditions.
5.3. Oil Flow, Particle Image Velocimetry, and Modeling of Slip Boundary

Central to the HARP 3D printing technology is the mobile liquid interface. This flow is
critical as it generates a shear-stress with the emerging object and mitigates the adhesive and
cavitation forces between the bottom of the printed part and the oil. In scenarios without oil flow,
as the cross-sectional area becomes larger the oil is pulled above the average oil level in the vat to
create a bubble of oil. Eventually, gravity overcomes this force and the bubble of oil drops, often
resulting in the failure of the part. Alternatively, when the oil is allowed to flow at even modest
fluxes a slip-boundary is formed, and the cross-sectional area of the part being printed can be
drastically increased.

Particle image velocimetry (PIV) was used to observe the oil flow behavior as a function

of the volumetric pump flow rate (50% to 100% power). Video was collected of right-angle
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scattering, and then processed in PIVlab. Within PIVlab, the following settings were used to

generate a velocity map profile:

(¥

(ii)

(iii)

(iv)

)

vi)

(vii)

a region of interest was defined under the printed part (corresponding roughly to
the area indicated in Figure 5.4C)

the image stack was pre-processed with the CLAHE filter (10 px), high pass filter
(50 px), denoise filter (5 px), and auto contrasting

the PIV analysis was performed with the default settings of a FFT PIV algorithm,
a Pass 1 integration area of 64 px and step of 32 px, a Pass 2 integration area of 32
px and step of 16 px, a linear deformation interpolator, and a Gauss 2x3 sub-pixel
estimator

post-processing vector validation was performed with a vy limit of 20 px/frame
and removal of vectors outside of 2x the standard deviation of the vector set; this
removes outlier reflections at the interfaces or in regions where there are solid
objects

a vertical poly-line was drawn through the region of interest (starting in the glass
aquarium bottom, up through the oil, and into the solid ‘printed’ object); the
lateral velocity (vx) along this y axis was exported for analysis

each volumetric flux condition (50%, 60%, 70%, 80%, 90%, and 100% pump
intensity) was off-set corrected based upon where the poly-line from step (v)
began and ended (i.e. Ay offset correction between data series)

vectors overlapping with solid objects or influenced by the ‘moving-average’

integration area (based upon the pass integration areas used in step (iii)) near the
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edges of the solid object were discarded; this was easily detected by looking for
the inflection point in the 2"¢ differential of the experimental data (d*(vy)/dy?);
typically this was data within 500-1000 pm of a boundary

The resulting experimental data of this PIV analysis is plotted in Figure 5.1B, vi(y), as
open data points for a range of pump speeds. The velocity data can be integrated across the y-
axis to give rise to the volumetric fluxes, g, for each pump speed (i.e. red corresponds to 50%
pump speed or ¢ = 0.21 mm/sec, orange is 60% pump speed or g = 0.30 mm/sec, green is 70%
pump speed or ¢ = 0.44 mm/sec, teal is 80% pump speed or g = 0.56 mm/sec, blue is 90% pump
speed or ¢ = 0.66 mm/sec, and violet is 100% pump speed or g = 0.75 mm/sec). Not surprisingly,
there is a direct linear relation between the pump seed and volumetric flux with R?=0.995.

A quick inspection of the velocity profiles suggests that there is a slip boundary at the
glass/oil interface as well as the oil/part interface; this is based on the fact that simple extrapolation
of the data near the walls would not result in v.(y=0mm) = Omm/sec or v,(y=8.19mm) =~ Omm/sec.
Based upon this observation, an analytical model was applied assuming that the boundary
conditions would abide by the Navier slip above a critical slip yield stress and would be symmetric.
The Navier critical-stress slip boundary condition was applied to the planar Poiseuille flow
simplification of the Navier-Stokes equation. The derivation is included below for completeness.

The full Navier-Stokes equation for pressure-driven flow between two infinite plates (i.e.,

Poiseuille flow) spaced 2/ apart can be simplified to:

d’vy _ —G —dP

G =—. . .
dy? u , where dx 1S an unknown constant equation (7)
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The Navier critical-stress slip boundary condition can be described as:

0 ) le:ih = Tc

Uxly=+n = {i( T 7).
B (thy=sn)=7c) Tly—sn > Tc equation (ii)

where the velocity at the walls (i.e., Vx|, -4 ) is zero and abides the non-slip boundary condition
when the wall shear, 7| y=+h, 1s below a certain critical wall shear stress, 1.. When above that
critical shear stress, the velocity at the walls takes on a traditional Navier slip boundary condition
where B is the slip coefficient (in this scenario we are assuming Bglassioil = Bpart/oil = ).

These equations can be made dimensionless by defining the following dimensionless
variable groupings. Here, / is the distance from the center of the channel to the wall (i.e. the gap

height is 2/4), and p is the viscosity of the oil:

U, | . Gh
= 2 o TS
2 T.h . £
T , gt
AT Y= ~ Bh

The nondimensional versions of equation (7) and (#7) are:

az(u@) _ _¢

dy? equation (iif)
Ul _ { 0 : 6 <

y=+1 — 2 2

o B(G-1) ;G>1 equation (iv)
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Equation (iii) can be integrated twice to yield:

.\ _ —Gy? &
o= , Thay+6 equation (v)

Equation (iv) can be used in conjunction with equation (v) to solve for Ci and C> under the

conditions where G < 1 and G > 1 to yield:

, Z(1-y%) ;6=
Uy =

G , A
5(1 F2B —y)—B &51 equation (vi)

Equation (vi) can be brought back into dimensional space to yield:

2%(hz—yz) ; Gh < 1,
v (y) =

© G2 2 gk . :
2 Hegge (B Tch) s equation (vif)

In equation (vii), we find two fitting constants in the conditional statement, G and 1.. For ease of

fitting this discontinuous equation to the experimental dataset it is convenient to define a new

rouping, @ = E, and to eliminate the unknown variable G so that this ratio can be the new fittin
grouping C g

constant and used to decide the conditional statement alone (thus allowing for a potential solution

to converge quicker during error minimization). This substitution yields:
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T
Ze (h%2 — 2 s h<
Ufit(}’) — e N ”) )
x i T¢c 2 2 Tch .
ﬂ(h =t (ﬁ_ Tch) R equation (Viii)

Now we have an equation describing the lateral velocity as a function the y-axis position,
v(¥), with a series of known constants, and unknown fitting constants. The known constants
include the viscosity of the oil, p=0.0722 g/(mm sec), and the height of the gap, 24=8.19 mm. The
unknown constants include the critical wall shear-stress at which slip begins to occur, T with units
g/(mm sec?), the slip coefficient, f with units mm?sec/g, and the ratio a with units of mm.

For our dataset, a series of vi(y) for varying pump speeds, both 1. and  are global material
constants while a is dependent upon G=-dP/dx and thus the pump speed. In other words, 1. and 3
are constant for all data series within the set, but a will change depending upon which data series
we are fitting. For this reason, it’s useful to redefine the dataset as v(y,i) with fitting constants 1,
B, and a; where i represents the index of a specific data series (i.e., pump speed is 50%, 60%, etc.)
for a total of 8 fitting constants. For the five a fitting constants, there is the additional constraint
that they must maintain a linear relationship with their corresponding pump speeds.

The total error between the model and dataset can be calculated as

g= Zizy“""x(y = Uxf g G )l], where i is the index for each data series within the data set, and
minimized as a function of the fitting constants t., B, and o;. This results in the fitting values
converging to T = 11x10°% g/(mm.sec?), B = 7.37x10"2 mm?sec/g, and o ranging from 6um to 2pm
for the range of pump speeds (50% to 100%). As expected, the linear relation between o and pump

speed is maintained with R?=0.995. The resultant model fit is represented by the solid lines within
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Figure 5.1B of the main text. Lastly, as was qualitatively observed earlier, all experimental
conditions appear to have slip-boundaries. This is confirmed given that all values of a are less than
h=4.1mm. This can be further confirmed by forcing the model to accept the non-slip condition
(i.e., remove the conditional option during the fit analysis) and then, examining the goodness of
fit. Obviously, from the plots in Figure 5.4 the non-slip condition is a substantially inferior model

for understanding the dataset.

5.4. Thermal Imaging of Active Heat Dissipation

Central to HARP’s high-volumetric throughput is its ability to actively dissipate the heat
generated by the photo-polymerization reactions. The fluorinated oil, which constitutes the mobile
interface, can be cooled or heated prior to entering the build area to regulate the temperature during
the print process. Without this system, rapid vertical print speeds of even modestly sized parts
quickly exceed the smoke point of the resin. These extreme temperature swings (AT=120+°c) result
in variable reactivities across the print-bed, thermal warping/cracking of the printed material, and
uncontrolled clouding which limits lateral resolution; ultimately these factors result in a deformed
object and failed print (Figure 5.6). HARP regulates the temperature of the build region by actively
removing heat directly at the point of generation, rather than passively dissipating the heat into the
resin vat and ambient surroundings. This enables the HARP print process to maintain its rapid

vertical print speeds without the need to slow down to allow for the system to passively cool itself.
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Figure 5.6. Impact of Thermal Control on Part Resolution and Clouding. On the left, a 3D
printed part in which thermal control is lost near the base of the part (Figure 5.7A). This loss of
control gives rise to ‘clouding’ and a loss of lateral resolution. On the right, the same 3D printed
part with the added benefit of oil flow and cooling to dissipate heat (Figure 5.7C) results in
thermal control being maintained and thus lateral resolution of the printed part being maintained.
Scalebar is 1 inch.

To quantify this ability, thermal imaging of a small test print (2” x 2” cross-sectional area)
was performed in a specialty designed miniature print vat (i.e., low-profile walls to enable imaging
across the bed). Three different flow scenarios were conducted: (i) printing without a mobile
interface or active cooling (Figure 5.7A), (ii) printing with a mobile interface to actively dissipate
heat, but with no cooling of the oil (Figure 5.7B), and (iii) printing with a mobile interface and
actively cooling the oil (Figure 5.7C). As can be seen in Figure 5.7, without flow to actively

dissipate heat the printed part quickly exceeds the sensor range of the infrared (IR) camera at 150

°C and exceeds the flash point of the resin’s primary monomer diluent (1,6-hexanediol diacrylate,
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113 °C). Similar experiments involving the generation of parts having larger cross-sectional areas
(e.g., 87 x 8”) exceed 180 °C (as evidenced by an IR non-contact thermometer gun measurement)
in the absence of an active flow to dissipate the accumulating heat. In the case presented here, the
accumulation of heat (Figure 5.7A) leads to surface temperatures in excess of 150 °C, and the part
cracks during the printing process causing a physical displacement from the stage (observable in
the final frame of Figure 5.7A, indicated by white lines overlaid upon the part; Figure 5.6).
Alternatively, the flow of oil in Figure 5.7B acts to dissipate this heat into an oil reservoir; over
time, this reservoir increases in temperature and loses its ability to effectively dissipate the heat of
the reaction. Lastly, in Figure 5.7C the oil is actively cooled while flowing to help stabilize the
reservoir temperature and surface temperature of the emerging part to 100-120°C. To further
demonstrate the scalability of HARP through cooling, a 15 x 24” x 30” part was printed in 1 hour
and 40 minutes (Figure 5.8). The average rate of heat generation during this print exceeds 200 W,
with peak thermal outputs surpassing 3,600 W at thicker sections of the print. Typically, such heat
generation rates would overwhelm a traditional printer relying upon passive heat dissipation, but
with HARP this heat can be removed via a chilling unit (e.g., ThermoFisher Scientific Merlin
recirculating chiller) by way of the mobile oil interface and a heat exchanger. It is this combination
of active heat dissipation acting in concert with the mobile liquid interface, previously described,

which yields print speeds exceeding 430 mm/hr and record-breaking throughput (3.75 ft3/hr).
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Figure 5.7. IR thermal images of an emerging 3D printed part (2” x 2” cross-section) under 3
different print conditions: (A) a stationary print interface, (B) a mobile interface, and (C) a mobile
interface with active cooling. Time is advancing between the panels going from left to right at
~500 sec increments; scale bars are 1 inch.

Indeed, thermal control is the second critical component to the HARP printing mechanism
and is one of the main advantages that allows the technology to reach an unprecedented throughput
of 3.75 ft}/hr (see Figure 5.8). One of the challenges in the SLA space is that when the polymer
resin begins to overheat, ‘clouding’ occurs. Clouding is the polymerization of free-floating micro-
particles. These particles are at a size domain (2-20 um) where they are large enough to scatter
light, thus losing control of the optical resolution of the system and of the printed object. As
thermal control is lost, clouding becomes an even greater problem — the result is that the UV-
projected cross-section begins to blur. This optical blurring results in a ‘fuzzy’ 3D printed part. An
example of this can be seen in the parts which were printed during the thermal imaging experiment

presented in Figure 5.7 of the main text. In Figure 5.6, the part on the left is an optical image of

the part printed in Figure 5.7A. On the right is the part printed with flow and cooling
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(corresponding to Figure 5.7C). At the base of the part (Figure 5.6, leff) a loss of optical resolution
clearly coincides with a loss of thermal control, as evidenced by how the crisp edges of the part
beginning to fade as the print progressed. Additionally, the cracking and displacement mentioned
can be clearly seen. For the part on the right in Figure 5.6, thermal control allows for the part edges

to remain crisp throughout the entire print process.
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Figure 5.8. High Area Rapid Printing Embodied. 3D printed part within a HARP 3D printer with
dimensions of 24” by 15” by 30” and a print time of 1 hr and 40 min. The design here is an
extended version of the lattice structure presented in Figure 5.9F. Scale bar is 1 ft.
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5.5. Expansive Library of Inks

HARP has extensive library of materials that can be printed. By not relying upon oxygen
quenching, HARP is capable of printing both oxygen-sensitive and oxygen-insensitive resin
chemistries. To demonstrate this ability, four different resins with varying properties were printed
on the HARP 3D printer to generate four different classes of materials with varied properties: a
hard polyurethane acrylate, an elastomeric polyurethane acrylate, an elastomeric butadiene rubber,
and a silicon carbide ceramic (Figure 5.9). These resins are a mix of resins found in the literature,
as well as one developed for the HARP printer.!?% 1°7 As with all SLA systems, each resin needs
to be optimized in terms of initiators and quenchers to perform in conjunction with the light engine
used and the desired vertical print rate out of the vat. The hard and elastomeric polyurethane resins
printed optimally under vertical print speeds of 120 pm/sec. The ceramic resin is unique in that it
utilizes thiolene-click chemistry, a chemistry known to be relatively oxygen-insensitive, to cross-
link the polymeric resin and produce a ‘green’ part.!*® 1°° As previously reported, this polymeric
silicone can be post-treated in a furnace at 1000°C to undergo pyrolysis to eliminate the organic
components and produce a silicon carbide structure.!®® Finally, the butadiene rubber resin required
a slower print speed (30 um/sec) owing to its lower reactivity and higher viscosity. While the post-
processing and print conditions differed for each resin, all the resins were compatible with HARP.
This makes HARP printing generally useful with stereolithographic resins currently available
through literature or commercial formulations.!*®>2*°To evaluate the properties of a part made via
the HARP continuous print process, mechanical testing was performed on a Type 1 dog bone

structure printed from an ABS-like urethane resin formulation. This was done using the protocols
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of ASTM standard D638.2°! The results show that the HARP printed material maintains isotropic
mechanical properties (Figure 5.10A) comparable to a molded part and unlike the structures made
from layered 3D printing approaches, such as fused deposition modeling (FDM; Figure 5.10B,
solid lines). The latter structures exhibit properties that are highly dependent on their print
orientation. Remarkably, the HARP printed parts exhibit mechanical properties exceeding those
of injection molded ABS plastic (Figure 5.10B, dashed vs solid black lines), one of the most
ubiquitous materials used in the manufacturing of consumer goods. In addition, the HARP printed
structures can be made with high print fidelity (Figure 5.10C-D) with a feature resolution as small
as 300 pm (the theoretical optical resolution is 100 um and is a function of the light patterning
engine).

Taken together, these advances in throughput, interface design, heat management, and
materials generality are poised to transform the way polymeric structures are prototyped and

manufactured, regardless of intended use.
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Figure 5.9. A wider palette of resins. (A) A hard, machinable polyurethane acrylate part (120
um/sec print rate, 100 pm optical resolution) with a hole drilled against the print direction to
demonstrate durability and isotropic properties, (B) a silicon carbide ceramic printed lattice (120
um/sec print rate of green polymer precursor, 100 um optical resolution) stands up to a propane
torch (~2,000°C), (C, D, E) a printed butadiene rubber structure (C) a relaxed state and (D) under
tension (30 pum/sec print rate, 100 um optical resolution), (E) polybutadiene rubber returns to
expanded lattice after compression (30 pm/sec print rate, 100 pm optical resolution), (F) a ~1.2 m
tall hard polyurethane lattice printed in under 3 hours (120 pm/sec vertical print rate, 250 um
optical resolution). Scale bars in (A-E) are 1 cm.



102

>
3
vy
\
/

N
o
)

20 1 201

Stress (MPa)
Stress (MPa)

l

10 1 101
e |
0 L] L] L] L] 0 l
0 2 4 6 8 10 12 14 16 0 10121416
Strain (%) Straln (%)
C 1501
100

—O—
—_—
—_———

Variance (um)
g o 8

-100

-150 T T U .
0 500 1000 1500 2000

Feature Size (um)

Figure 5.10. Manufacturing ready materials and resolution. (A) Type 1 dog bone structures made
from an ABS-like polyurethane acrylate resin exhibit isotropic mechanical properties (ASTM
D638) and are comparable to a part cast from the same resin (solid black line). (B) Fused deposition
modeling with ABS yields parts with anisotropic and weaker mechanical properties (red, green,
and blue lines) when compared to injection molded parts (solid black line; ASTM D638, Type 4
dog bones). For comparison, the vertically printed HARP part is shown (dashed black line, ASTM
D638, Type 1 dog bone) and exceeds both the tensile strength and elongation of the injection
molded ABS. HARP also enables high spatial resolution and print fidelity as evidenced by: (C)
the variation between designed and printed features as a function of feature size down to a size of
~300 pm (below this, the ability to resolve parts becomes inconsistent) using a light-patterning
engine with an optical resolution of 100 pm. Data points are mean values, and error bars represent
the standard deviation across ten 5 mm tall posts printed in differing regions of the print-bed. Red
lines represent the bounding constraints of £1 pixel for the light patterning engine. (D) a CT
(computed tomography) scan between a printed part and its CAD design file to reveal volumetric
correlation. Scale bar is 1 cm.
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5.6. Conclusions

With increasing adoption of 3D printing technologies in the manufacturing space, the need
to increase the throughput of printers is critical to continuing this trend. Continuous SLA systems
enable rapid vertical speeds and superior material properties, but they have not been able to scale-
up due to the extensive heat generated by the polymerization reactions. HARP’s mobile liquid
interface solves this problem. The mobile interface allows for continuous printing, is self-
regenerating, and can be used to actively dissipate heat during part production; this allows one to
create printers with larger print beds (the limit has not been reached), achieve higher throughput,
and expand the palette of printable resins. Taken together, these advances are poised to transform

the way polymeric structures are prototyped and manufactured, regardless of intended use.
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6. Chapter Six

Conclusions and Future Outlook
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Lithography has been around for hundreds of years, and its influences are critical to our
daily lives. From the fabrication of computer chips to photography to basic research, lithography
is seemingly everywhere. Surprisingly with a field as old and prevalent as lithography, advances
in this field are not uncommon. Over the past several decades, lithography has been expanding in
two key areas: nanoscale resolution and going from 2D to 3D with stereolithography. As
computers have grown more advanced, the need to create smaller and more complex devices has
risen. This required moving down from the macro scale to the micro and then to the nanoscale.
The boundary of lithography resolution has been pushed to what one can call its limits with the
ability to manipulate single atoms. With these capabilities possible, the next stage is making
these technologies accessible to a wider audience through new applications. The first necessary
component of this was through increasing the throughput of the lithographic systems. In context
of this Thesis for nanolithography, this was increasing polymer pen lithography patterning
density with hard transparent arrays and increasing beam pen lithography for thousands to
millions of pens with liquid mask etching. For stereolithography, it is getting the throughput to a
point where production time rivals that of injection molding.

The field of nanocombinatorics outlined by the first three chapters of this Thesis layout the
tools that have the potential to change the material landscape if properly used. The materials
genome encompasses a massive parameter space that has been traditionally slow to go through
and characterize. This space is further broadened when length scale becomes an additional
parameter. To date, we have only discovered and developed a tiny fraction of all the possible
structures and materials attainable through combinations of the 103 elements that define the

Periodic Table on the nanoscale. Traditionally, most major advances have been derived from serial
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approaches that involve trial and error, along with uncertainty. However, due to the precision that
these materials require to be created, a systematic and quantitative approach is necessary. The
development of nanocombinatorics, a field dedicated to systematic evaluation of nanomaterials,
enables synthesis and characterization en masse to probe the vast landscape of potential
compositions and geometries.

Ultimately, the discovery and development of the next generation nanomaterials will drive the
global economy and will be dependent upon systematic, efficient, and controlled synthesis and
characterization using nanocombinatorial approaches. One field in particular that this can impact
is catalysis. Catalysis is a thriving industry with a current demand of $19.2 billion worldwide that
was projected to increase to $24 billion by 2018.2% Increasingly, metal nanoparticles are becoming
an important part of the heterogeneous catalysis field due to their high activity and selectivity
compared to their bulk counterparts.?”> Moreover, the high surface area to volume ratio reduces
the total mass of precious metal needed. The need for efficient catalysts is not limited to a single
industry as they are essential for pharmaceutical, manufacturing, and oil production. Catalysts are
often only active over a narrow range of sizes and compositions making nanocombinatorics an
attractive approach for their discovery and optimization. This new multimetallic synthesis platform
not only has the potential to shape the field of catalysis, but also enhance diverse fields including
photonics, plasmonics, magnetism, solar energy, biology, and nanomedicine. In order to make all
of this possible, the next step relies on the development of characterization platforms. With the
possibility of synthesizing more materials on a single chip 1 cm? than in the materials database, an
equally powerful screening platform is necessary. If future researchers answer this call, then the

field of nanocombinatorics will be very bright indeed.
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Over the next couple of decades, additive manufacturing will start transitioning from a
prototyping instrument to a manufacturing one. With the increased throughput that HARP offers,
a door has been opened to use 3D printing over injection molding. HARP solves the problems
currently limiting the 3D printing field. This new technique fabricates continuous parts at
production speeds regardless of part size. Ultimately though, this just a stepping stone in a much
bigger ecosystem. As the field of 3D printing advances further into manufacturing over the coming
decades, there will not be a one be-all end-all technique that solves every need. Each product that
is manufactured needs custom parts. As printers such as HARP are developed and used, the next
component is to create a library of materials. This is an area that is only just starting to begin to
develop. As 3D printing becomes a larger component of the manufacturing sector, chemical
pipelines will start making resins. This will drop the material prices down and further push 3D
printing’s reach. This will be part of the pathway forward that will enable 3D printing to shape the
future.

This Thesis has outlined the development and applications of new tools in the field of
lithography through the bridging of length scales. When properly used, these tools can help to
bring about a greater understanding of fundamental studies as well as be applied to industrial
applications. Through the developments of the fields of manufacturing with stereolithography and
nanocombinatorics, new industries and sectors will rise and give the possibility of a greener future.

This greener future will be possible with more efficient catalysts discovered by
megalibraries as well as by moving manufacturing from injection molding to additive
manufacturing. By creating better catalysts, byproducts in chemical reactions can be minimized

and potentially reducing the number of steps. This ultimately reduces both waste and energy
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require at the chemical plant. With additive manufacturing, fabricating components is a mold free
process. By removing the need for mold fabrications, a large reduction in material consumption
is possible. Furthermore, with the ability to print on demand, warehouses of inventory are no longer
needed. Thus, it removes the need to store parts for decades in warehouses. All of these things

hold the potential to substantially impact society for the better.
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Materials:
Polydimethylsiloxane was made from a 10 to 1 ratio of Slygard 184 from Dow Corning. 16-
mercaptohexadecanoic acid (MHA), hexamethyldisilazane were obtained from Sigma-Aldrich.
Poly(ethylene oxide)-b-poly(2-vinyl pyridine) (PEO-5-P2VP, Mn=2.8-b-1.5 kg'mol™') was
obtained from Polymer Source. Glass slides (2 in.) were obtained at VWR. Monomers were
obtained from Sigma-Aldrich and TCI America. Sulfo-cyanine5 NHS ester was obtained from
Lumiprobe Corporation. Metal compounds, auric acid, sodium tetrachloropalladate, and cupric
nitrate, were purchased from Sigma-Adrich, Inc. and used without further purification. Harder
Steenbeck Infinity 2 in 1 CR plus airbrush with Harder Steenbeck fine pressure valve and Iwata
Power Jet Pro IS-975 Dual Piston Compressor were obtained from Chicago Air Supply. 4” P doped
silicon oxide wafers were obtained from Nova Electronic Materials. Oligomers were obtained from
Dymax Corporation and Gelest. Photoinitiators were obtained from BASF and IGM Resins. The
fluorinated oils were purchased from The Chemours Company and Solvay
Fabrication:
Standard fabrication of PPL arrays were made as previously reported.!3* 2% PPL arrays were then
inserted into PECVD chamber to be coated with silica at 900 mTorr while introducing 500 sccm
SH4 and 1420 sccm O3 and 30 W of high frequency power for 320 s with a base plate temperature
of 200 °C using a STS LpX CVD.
Ink preparation:

Solutions of 10 mM MHA in ethanol and 5 mg/ml of PEO-5-P2VP in water were prepared.
All arrays were plasma cleaned for 2 min under oxygen at 60 W. Fluorophore-containing inks

were aqueous solutions were composed of 5 mg/mL of PEO-b-P2VP along with 10 mg/mL of a
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fluorophore (either rthodamine 6G or sulfo-cyanine5 NHS ester). Solutions with fluorophore
compounds were wrapped in foil and kept on a shaker for 1 h. Inks for metal nanoparticle synthesis
were composed of 5 mg/mL of PEO-b-P2VP and a concentration of metal precursors with a molar
ratio of pyridine groups to metal atoms ranging from 64 (XRF measurements) to 256 (SWNT
growths). The pH of solutions containing metal precursors were brought to pH values of 3-4 and
shaken for 12-24 h.

Spray Coater:

All pen arrays were plasma cleaned for 2 min under oxygen at 60 W prior to spray inking.
The ink solutions (150 pL per gun) were spray-coated onto the array using 0.15 mm needles at 20
psi airflow using Harder Steenbeck Infinity CR plus airbrushes with an Iwata Power Jet Pro IS-
975 dual piston compressor. The two airbrushes were sprayed in unison. After spraying, the pen
arrays were placed with the pens facing up and covered for 15 min while the solution dried. Custom
airbrush holders were designed on TinkerCad, rendered in Slic3r, and 3D printed out of
acrylonitrile butadiene styrene using a SeeMeCNC Orion Delta 3D printer.
Substrate preparation:
PEO-b-P2VP based ink was patterned on silicon wafers that had been vapor coated in a desiccator
for 24 hours with hexamethyldisilazane to render it hydrophobic. MHA features were patterned
onto Au-coated silicon wafers. These wafers were coated with 5 nm Ti followed by 35 nm Au
using a Kurt J. Lesker Co. PVD 75 electron-beam evaporator.

Patterning:
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PPL patterning was performed with a Park XE-150 in a humidity control chamber at a relative
humidity between 70-95% and at room temperature. BPL patterning was performed with TeraPrint
E-series both force and exposure time where varied.
Nanoparticle Synthesis:
In order to convert polymer features into nanoparticles, the substrate was put into a tube furnace
and thermally annealed. The heating conditions were programmed as follows: ramp to 120 °C
under Ar (flow rate: 1.1 L/min) in 1 h, hold at 120 °C for 48 h, then cool back to room temperature
in 4 h, switch the atmosphere into H> (flow rate: 4.2 L/min), ramp to 500 °C in 2 h, calcine the
substrate at 500 °C for 12 h, and finally cool down to room temperature over 6 h.
Imaging:
Atomic force microscope (AFM) measurements were performed on a Dimension Icon (Bruker) to
obtain 3D profiles of the patterns. Tapping mode was used for polymeric features and lateral force
microscopy was used for MHA features. Images were processed in Nanoscope Analysis. Optical
images were taken with a Zeiss Imaginer.M2m and Zeiss LSM 800 Confocal Microscope. Images
were processed with ImageJ and Zen Blue. X-ray fluorescence was carried out at the Northwestern
J.B.Cohen X-Ray Diffraction Facility using a 18 kW Mo Rigaku. Relative fluorescence intensities
of gold and palladium were calculated from the fluorescent peaks and compared in order to give
relative concentrations of the two elements.
X-Ray Fluorescence
Data was collected at sector 5 BMD of the Advanced Photon Source. Fluorescence spectra were
collected at an incident energy of 24.8 keV using two four-element Vortex ME-4 silicon drift diode

detectors. The sample was placed in a glancing-incidence geometry with respect to the X-ray beam,
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at an angle of ~0.1°. A horizontal slit size of 3 mm was used and the sample translated in order to
probe the Au-Pd gradient at various points on the sample. The vertical slit size was adjusted
according to footprint calculation, such that the entire sample length would be measured, in order
to both maximize fluorescence counts from the elements of interest and achieve a global
representation of the Au-Pd gradient.

Beam Pen Fabrication:

BPL pen arrays are generated from Polymer-Pen Lithography (PPL) pen arrays. Once the
PDMS pyramidal arrays are formed on a 2’x2” quartz slide, these pens can be coated with 200 nm
of Au via electron-beam vapor deposition with a 2-5 nm titanium adhesion layer used to prevent
gold lift-off. Once a Au coated PPL array is formed, the array can be incubated in a 10 mM
methanolic solution of 1H,1H,2H,2H-perfluorodecanethiol (PFDT) for 8 to 24 hours to form a
fluorinated self-assembled monolayer (SAM). This SAM promotes wetting of a fluorinated oil
masking material on the pen array in subsequent steps.

A spin-coater is then used to apply the fluorinated oil masking layer, Krytox GPL-1000.
Because the viscosity of the oil varies drastically with temperature, the exact spin-recipe must be
constantly adjusted to account for minor shifts in the ambient temperature. An example spin-
sequence typically resembles an acceleration of 100 RPM/sec from 0 to 7,5000 RPM and then held
at this speed for 30 seconds; the sample is then decelerated at 500 RPM/sec until 0 RPM. The goal
of the spin-coating procedure is to achieve a thin oil layer which spans the entire pen array and
whose thickness is approximately 1 um below the apex of the gold coated pens. At room
temperature, the viscosity of the oil is quite high (~2,610 c¢ST at 20°C); at these micro-scale

thicknesses (~15 um) the oil behaves as a solid. The mask can be ‘melted’ by heating the sample
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on a hotplate at 60°C for 3 minutes. This step allows for two critical aspects. First, as the oil begins
to flow it will self-level across the entire pen array in the event there are any remnant variations in
oil thickness across the array. Secondly, allowing the oil to flow allows for the liquid mask to
climb to the apex of the gold coated pens and to form a meniscus. After 3 minutes, the pen array
is removed from the heat and allowed to cool on a level surface. This allows for the oil to thicken
and re-solidify. The meniscus around each pen can be visualized in dark-field mode using
reflective optical microscopy. A characteristic circular interference pattern can be observed around
each pen due to the curvature of the oil layer as it forms a meniscus.

Etching of the masked pen arrays is conducted using an iodine etchant solution. When the
masked pens are submerged in the aqueous etchant solution, a three-phase interface is formed. As
the gold at the apex is dissolved, the SAM resting upon the gold is removed. As the SAM recedes
with further etching, the oil mask begins to retract downward. Both the concentration and exposure
time effect the rate at which etching occurs and must be optimized. A typical etching concentration
is 2% etchant in deionized water. A typical etching time is 60 seconds. The size of the resulting
apertures can be varied by tuning these parameters. The etching can be quenched by removing the
pen array from the etchant solution and rinsing it in a deionized water bath.

Following the etching of the gold apertures, the oil mask can be removed using a perfluorinated
polyether solvent (Miller Stephenson, PFPE Re-Move) which solubilizes the oil. The pen array is
rinsed by this solvent and blown dry with a stream of dry nitrogen. With the oil removed, the pen

array and apertures can be imaged by SEM (Hitachi 8030).

Resin Formulations:

Hard, Machinable Urethane Acrylate
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IGM Resin Omnirad 819 (Phenylbis(2,4,6-trimethylbenzyl)phosphine oxide, CAS 162881-26-7)
or BASF TPO (Diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide, CAS 75980-60-8)
1,6-Hexanediol diacrylate (HDDA) monomer diluent
Dymax BT-970 (a proprietary polyurethane difunctional acrylate)
Elastomeric Urethane Acrylate
IGM Resin Omnirad 819 (Phenylbis(2,4,6-trimethylbenzyl)phosphine oxide, CAS 162881-26-7)
or BASF TPO (Diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide, CAS 75980-60-8)
Isobornyl Acrylate (IBOA) monomer diluent
Dymax BR-345 (a proprietary polyether-urethane difunctional acrylate)

Ceramic (Formulation Adapted from reference Kaollas and Georgiou'®>)

IGM Resin Omnirad 819 (Phenylbis(2,4,6-trimethylbenzyl)phosphine oxide, CAS 162881-26-7)
or BASF TPO (Diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide, CAS 75980-60-8)

Gelest SMS-992, (Mercaptopropyl)methylsiloxane homopolymer (CAS 102783-03-9)

Gelest VMM-010, Vinylmethoxysiloxane homopolymer (CAS 131298-48-1)

Butadiene Rubber (Proprietary Formulation)

IGM Resin Omnirad 819 (Phenylbis(2,4,6-trimethylbenzyl)phosphine oxide, CAS 162881-26-7)
or BASF TPO (Diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide, CAS 75980-60-8)

Mixture of Poly(butadiene) oligomers, monomer diluents, and polymerization additives
ABS-Like Urethane Acrylate (Proprietary Formulation)

IGM Resin Omnirad 819 (Phenylbis(2,4,6-trimethylbenzyl)phosphine oxide, CAS 162881-26-7)
or BASF TPO (Diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide, CAS 75980-60-8)

Mixture of polyurethane oligomers, monomer diluents, and polymerization additives
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3D Object Design, Slicing, Video Preparation, and UV Projection:

3D STL objects were designed in Blender, an open source CAD rendering software geared
towards graphic arts and video processing. These objects were then transferred into Autodesk
Netfabb, in which support structures (as needed) could be applied. Netfabb was used to slice the
STL objects and accompanying supports into 10um layer JPEG images with lateral resolutions
corresponding to the UV projection source. Once an image stack was generated, the images were
loaded back into Blender and compiled into AVI video files playing at 12 frames per second
(12fps x 10pum/frame = 120 um/sec video). Once compiled, these videos could be played via
standard video codecs and media players, such as VLC media player. Additionally, the frame
rate of said videos could be advanced or slowed within these media players (allowing the user to
run the video at a 30, 60 or 240 um/sec rate). The videos were projected through a series of DLP
(Digital Light Processing) projectors modified to project UV light. Lamp sources varied between
different printers; some projection systems utilized medium pressure Hg lamps while others used
monochromatic UV LEDs. The projectors were stitched together to create a continuous large
projection field of view (maximum projection field of view was 15” x 24” at 240 um pixel
resolution).

Fluid Flow System:

The fluid flow system consists of a low-iron glass aquarium, an outlet manifold, a four-lobe
diaphragm pump, a series of microparticulate filters, a thin-wall plate heat exchanger, and a
return inlet manifold. The inlet and outlet manifolds, responsible for removing the oil and

returning the oil to the glass aquarium, were designed to generate a uniform velocity profile
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across the build region. A recirculating chiller was plumbed through the heat exchanger to cool
the oil; the chiller unit was sized to correspond to the printers build region (i.e. smaller printers
only require a bench-top recirculating chiller, whereas the larger 157x24” build region mentioned
above required a larger Thermo Scientific Merlin-M 150 industrial chiller to sufficiently remove
heat from the system).

Printing Procedure:

Prior to printing, the fluid flow system was turned on to allow for the oil temperature to
equilibrate to a temperature between 10 °C and 15 °C. At this point the flow was temporarily
stopped to pour resin into the system, so as to avoid resin entering the outlet oil manifold, and the
flow restarted. The print stage, held by a ball-screw actuator arm, was then brought into contact
with the oil-resin interface. A 30 second UV exposure time was used to generate the initial
adhesive layer of resin onto the steel build platform, and then the video was started in
conjunction with the retraction of the build platform at 120 pm/sec. While print speeds of 240
pum/sec could be achieved, the quality of such prints and the reliability of the print process
dropped substantially.

Post Processing:

After the print was finished, the part was removed from the stage and washed in methanol to
remove any unsolidified resin. Support structures were then removed from the part manually.
Finally, ‘green’ (i.e., not fully cured) parts were placed under a high intensity Hg arc UV lamp to
complete the curing process to give the final material properties.

Particle Image Velocimetry:



132
Particle image velocimetry (PIV) was used to map the flow velocity of the system as a function of
the volumetric flow rate (50% - 100% power of the positive displacement pump utilized). The
print vat was filled with oil and resin (without photo-initiator) and the oil phase recirculated using
a pair of flow manifolds. A block was then placed in the vat at the resin-oil interface to represent
a cured part, while particulate matter was mixed with the oil and flown across the field of view
(Figure 5.4). A line laser was projected from the bottom of the vat to illuminate the particulate
matter in the oil phase to enable tracking of the oil flow profile via right-angle scattering into an
Edmunds Optics EO-1312M camera (Figure 5.4A). Videos were then converted into image stacks
using VLC media player and then processed using PIVlab, an application designed for MATLAB
to analyze the flow profile (Figure 5.4C).!%°
Photomicrography:
All optical images and videos of objects were taken with a Canon 70D camera. Particle image
velocimetry videos were collected with an Edmunds Optics EO-1312M camera. Thermal
imaging was performed using FLIR SC7650 IR camera calibrated for a sensor range of 20 °C to
150 °C.
Energy Cure and Penetration Depth Testing of Resins:

The energy cure response and depth of light penetration into the resin are critical parameters
in ensuring that a resin formulation will perform on the HARP printer. These parameters can be
measured using the protocol documented by Joe Bennett of the National Institute of Standards
and Technology (NIST, Gaithersburg, MD, USA) (29). In brief, the penetration of our UV light

being projected into the pool of resin can be described by the Beer-Lambert relationship:
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P(2)=P, exp[-z/Dp]

Where P is the UV power (mW/cm?) at some depth, z (um), away from the print interface,
P, is the power at the interface where z = 0 um, and D,, (um) is the characteristic distance
parameter describing how the intensity of light decreases as it enters the pool of resin. From this

relationship, we can rearrange to solve for the Jacobs’ working curve equation:

Cdsz : ln(Eo/Ec)

Where Cy is the cure depth (or thickness of solidified resin, pm), E, is the energy of UV
light delivered at the interface (i.e., E,=]P,d; mJ/cm?), and Ec is the critical energy of UV light
(mJ/cm?) that must be delivered to cause a solidification of resin at some corresponding depth

Ca.

With the working curve equation, one can now expose resin on a glass substrate to a known
amount of UV light from the UV source of interest (in this case, our UV patterning projector
systems for varying amounts of time) and then measure the resulting height of the cured part, Cq,
using a caliper. A series of data points corresponding to different exposure times (and thus
different values of E,) can be plotted and fit to a logarithmic curve using a non-linear least-
squares solver to yield the constants Ec and D, specific to the resin chemistry and the optical

system being tested.
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The resin chemistries most compatible with HARP typically have low E. values ranging
between 10-30 mJ/cm? and penetration depths, D,, ranging between 300 to 800 um. In a typical
experiment, a resin with a E. value between 10-20 mJ/cm? can be successfully printed at vertical
print rates of 120 pm/s (lower E. corresponds with higher chemical reactivity and stronger
photo-response). Less reactive resins with a higher E. value between 20-30 mJ/cm? can be
successfully printed at vertical print rates ranging between 20-60 um/s depending on the

penetration depth.
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