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ABSTRACT

Tools and Methods for High-throughput Materials Synthesis Using Cantilever-free Scanning
Probe Lithography

The advancement of nanotechnology is at least partially dependent on the ability to
synthesize and arrange complex nanostructures on a substrate. Nanolithography, or the
patterning of materials at the sub-micrometer length-scale, has been traditionally performed
usinga number of methods such as conventional photolithography, ion-beam etching, and
electron-beam lithography. While most of these techniques demand complex multi-step
procedures, often including vacuum environments, one recent development, polymer pen
lithography (PPL), is a desktop fabrication tool that can be used to synthesize materials on a
substrate at ultra-high-throughput and under ambient conditions. The technique usesan
elastomeric array of pyramidal tips to physically transfer an ink to a substrate with the help of an

atomic force microscopy (AFM) piezo.

High-throughput lithography techniques like PPL have established the field of
nanocombinatorics, where megalibraries of materials are synthesized over a single substrate and
screened for their properties. Advancing these lithography techniques such that we can perform
all kinds of materials synthesis, including electrochemical or thermal synthetic methods in-situ,
will greatly enhance our capabilities to create and use these combinatorial megalibraries. In
addition, new high-throughput lithography techniques may enable simpler single-substrate
biological studies and open the door to massively parallel 3D nanoprinting. In this thesis, |
developed and investigated four different, yet inter-related cantilever-free scanning probe

lithography techniques that expand lithography into unconventional materials synthesis localized
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to a tip. Chapter 1 first reviews the traditional and newly emerging high-throughput lithography
techniques as well as the path that has led towards the development of PPL. Chapter 2 describes
anovel technique to use the existing technology to perform negative (rather than p ositive)
lithography over a large substrate, while also investigating the technique's versatility in
environments and inks as exemplified by DNA-nanoparticle assemblies within an aqueous
system. Chapter 3 describesa technique termed thermal polymer pen lithography (t-PPL) and
how it can be used to pattern over large areas. . This system may be used to either deliver heat
directly to a thermally sensitive substrate or deliver thermally-sensitive materials to a substrate
with precision using a heated pen array. In Chapter 4, an invention called electrochemical PPL
(ePPL) is described, wherein the typical elastomer penarray is replaced with a hydrogel one, and
a potential difference is used to locally reduce metals onto a cathodic surface. Alloy
nanostructures can be synthesized using this technique across large areas, achieving control over
feature size, composition, and placement. Resolution downto 210 nm and height control up to a
few microns is observed. Next, Chapter 5 describes the conceptual design and fabrication of an
optoelectronic heater to be used for photo-actuated PPL. Due to the use of a single backing layer
in this technique, PPL is intrinsically limited to the repetition of patterns over a single large-area
substrate. This work represents one possibility for using light to actuate individual pensand
pattern features arbitrarily at both high speed and high-throughput. The optoelectronic heater

provides 1.5 microns of PDMS expansion, with sub-second time response in the current-profile.

Finally, Chapter 6 summarizes these advancesand provides a future outlook for these
techniques and the field of massively parallel nanolithography as a whole. Each of these

innovative methods represents a distinct path forward for nanolithography with conditions and



materials that have been hitherto unavailable to scientists and researchers. With each new tool
and technology, newavenues for exploration are revealed in the fields of combinatorics,

prototyping, and cellular studies.

Thesis Advisor: Prof. Chad A. Mirkin
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1.1 Polymer Pen Lithography

In materials science, nanomaterials have been determined to provide dramatically
different properties than their bulk counterparts because of quantum effects as well as increased
surface area to volume ratios. As research in the field progresses, so does the need for methods to
synthesize nanomaterials efficiently and with low cost. Most importantly, as new nanomaterials
are discovered every day, a systematic way to synthesize them rapidly in a variety of ways and
without the need for complex post-processing techniques is necessary. In order to create such
combinatorial megalibraries and synthesize materials using light, electrochemistry, mechanical

force, or heat, new high-throughput nanofabrication methods will be required.

The current staples of nanofabrication include photolithography?2 and electron beam
lithography3. These methods have significant drawbacks, however, especially in materials
science research. Photolithography is mask-limited, meaning that each new variation in a pattern
requires a new mask, resolution-limited, and materials-limited (not easily adaptable to soft
materials). Electron beam lithography is throughput-limited and high-cost. It is also likewise
limited in terms of materials flexibility. One approach that has been developed to work around
some of these limitations is microcontact printing.#®> This technique uses conventional
lithography techniques to create a master, then mold a “stamp” that is then coated with an ink
and used to mechanically deposit molecules onto a surface. Here, small featurescan be created
with high-throughput and low-cost, however each new pattern requires the use of a new mold
and a new stamp. Thus, the need for a new method of resist-free, mask-free nanolithography is
present and significant. Because of the diversity in materials science and chemistry, this

technique should be materials-generalizable. In other words, it should have compatibility with
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most materials and substrates, like metals, semiconductors, polymers or gels, or even cells and

proteins.

In another method called scanning probe lithography (SPL),6 a nanoscale tip, or “probe”,
is used to deposit materials onto a substrate by the transfer of either energy (i.e., photons, ions, or
electrons) or materials (“inks”). This technique is often found to be advantageous due to its
mask-less nature, as well as its lower cost and higher resolution. Also, in contrast with other
techniques, SPL can pattern a seemingly limitless spectrum of materials onto awide variety of

substrates without significant added complexities, such as a vacuum or clean-room environment.

A substantial step forward in SPL technology occurred with the development of dip-pen
nanolithography (DPN).7:8 Established by the Mirkin group in 1999, DPN involvesthe coating of
an atomic force microscopy (AFM) tip (or “pen”) with a desired molecule (or “ink”) that is
transferred from the tip to the surface of a substrate. This typically occurs via capillary transport
through a water meniscus that forms at the tip-substrate interface (Figure 1.1). One of the
greatest advantages of DPN is its site-specific deposition capabilities. In addition, the technique
does not rely on a resist, stamp, or other post-processing methods like similar methods, while
still being high-resolution. The greatest limitation of DPN, however, is the low throughput

caused by the use of a single tip ata time.
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Figure 1.1. Schematic representation of dip-pen nanolithography (DPN). As an inked atomic
force microscopy (AFM) tip comes into contact with a substrate, a water meniscus forms, which

enables the transport of molecules from the tip to the substrate with high resolution.”

In order to address this shortcoming, several efforts have been made to expand the
number of tips patterning in parallel. First to 11 pens, then 26, and eventually to 55,000 pens.
However, the production of a 2D array of 55,000 cantilevers in a single substrate was time-
consuming, very expensive, and the pens are fragile. So, nearly a decade later, polymer pen
lithography (PPL) was developed as a high-throughput, cantilever-free version of this technique
(Figure 1.2).210 Using an array of elastomer tips on a glass backing layer, PPL allows for the
parallel deposition of nanoscale features for high-throughput, large area patterning, while being
inexpensive and relatively easy to fabricate. This paved way for an increasing number of

applications from nanoscale studies of cell-surface interactionsto high-throughputscreening of
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catalytic molecules. The technique allows for rapid and inexpensive, large-scale patterning of a

wide variety of ink-substrate combinations. For these reasons, the development of PPL, which is

inexpensive, high-throughput, and versatile, in conjunction with other cantilever-free scanning

probe lithography (CF-SPL) techniques, has ushered in a new era of desktop nanofabrication.
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shown, where throughput has increased by several orders of magnitude. The time needed to



25
pattern 1 cm2 with 1 billion 100-nm dot features is plotted against the year of technology

development.1!

In 2008, the Mirkin group published the first report describing PPL (Figure 1.3).° PPL is
similar to microcontact printing as it also utilizes an elastomer stamp molded from a master.
However, itdiffers by use of its pyramidal, nanoscale tip array, which is castonto a rigid glass
slide and patterns using the mechanisms of scanning probe lithography. This cantilever-free
scanning probe technique has increased the throughput of SPL to millions of pens on the
centimeter-scale and lowered the cost of printing due to the relatively cheap materials and
methods needed to produce each array and pattern. Each pen array in PPL hasup to 11 million
pens, with sharp (<100nm) tip diameters, writing simultaneously. When the pens are brought
into contact with the surface, a meniscus forms, and colloidal moleculesare deposited onto the
substrate as the pens lift off. The feature sizes can be reliably controlled, as they are largely
dependent on the amount of time pens spend in contact with the substrate (dwell time) and the

contact pressure, or downward force of the z-piezo, on the substrate.
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Deformable
Elastomer Tips

Figure 1.3. PPL uses deformable elastomer tips as the cantilever and piezo scanners to control
the movement of the penarray. An example of a patterned array of 16-mercaptohexadecanoic

acid (MHA) particles is shown, depicting the logo of the 2008 Beijing Olympics.?
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The unique capabilities of PPL will enable it to fulfill a significant vacant role in the
nanolithography field: desktop nanofabrication. The versatility and low-cost (each elastomer pen
array is <$1 in materials cost after a mask has been made) of each pattern allows researchers to
quickly print new patterns one after another, with variable material composition and feature size
ranging from sub-100-nm up to tens of microns. PPL allows for rapid prototyping of many

materials, particularly for biological applications or for combinatorial materials screening.

Furthermore, the mask-free nature of PPL enables arbitrary patterning, and the ambient
conditions enable a wide array of hydrophilic or hydrophobic materials to be deposited without
the need for a cleanroom or complicated processing. One particular advantage of PPL is its
capability for combinatorial synthesis, whereby millions of different materials (by
simultaneously varying size and composition) can be patterned and analyzed for activity, such as
catalytic reactivity or cell-binding affinity.12.13 Techniques have been developed to predictably
vary the feature size, such as tilting the array while printing to control contact pressure or spray

coating the pen array at an angle to create a concentration gradient.12

Despite its potential, PPL has not yet become a standard lithography tool in the industry .
The simplistic nature of elastomer arrays on a glass slide has only seen minor improvements
since its conception, and it has remained a technique reminiscent of micro-contact printing,
acting as a stamping tool rather than a versatile tool for arbitrary patterning. Furthermore, it
cannot go beyond two-dimensional printing of materials. By introducing new modes of parallel
printing, PPL can be advanced to function as a versatile desktop nanofabrication tool for
arbitrary patterns or high-resolution three-dimensional structures. Pens could conceivably be

used in an array to deliver heat, electrons, or ions to a substrate in order to make chemical
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modifications at the tip. By adding electronically-active elements to the technique, PPL can
become a multipurpose benchtop tool for all kinds of nanofabrication. Such versatility will allow
for the study of new structures and materials that cannot be done at present. Herein lies the
motivation for my dissertation. In this thesis, | will describe four methods of advancements of
PPL towards arbitrary, materials-generalizable massively parallel nanolithography. First, by
utilizing PPL architecture with aqueous biological systems, negative lithography may be
performed. Second, the integration of a heating element into the PPL architecture enables
localized thermo-chemistry at each tip. Third, by integrating electrochemical deposition into
PPL, we can deposit metal locally at each tip and potentially scale the printing to a third
dimension. And fourth, by optimizing a technique for localized Joule heating of the
polydimethylsiloxane (PDMS) elastomer, thermal expansion of PPL will enable individual
actuation of each tip within an array. All of these techniques will be used to develop a greater
understanding of materials syntheses at the nanoscale, as well as the nanoscale effects thatare at

play in the system.

1.2 Ink and architectural advancements in CF-SPL

One of the unique advantages of PPL is the ability to not only spatially encode features
on a substrate with great precision, but also control both feature dimensions and composition,
depending on patterning conditions and ink solutions used. In particular, many different inks
have been used in conjunction with PPL, making it one of the most materials-versatile nano-
patterning tools available. PPL pen arrays can be "inked" by drop-casting, spin-coating, or spray-
coating. In particular, recent work has shown that by spray-coating two (or more) inks with

separate spray guns across a pen array, a compositional gradient may be feasibly patterned using
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PPL (Figure 1.4).12In addition, by varying the z-piezo extension of a pen array while patterning,
thus varying the pressure across the array, feature size can be controlled with a gradient via a tilt
of the array (Figure 1.5).14 These techniques together introduced a novel method for the
synthesis of large-area combinatorial megalibraries with variable size and composition, such that
with the proper screening technique, optimal activity among millions of multi-compositional
nanoparticles/molecules may be identified more rapidly than ever before. This presents a
transformative tool for materials science as a platform for the rapid discovery of new ideal

materials for catalysis, plasmonics, magnetics, and more.

Figure 1.4. (a) A PPL array before inking is (b) inked using two spray guns delivering two
different aqueous molecular inks. (c) By patterning using this coated array, a compositional
gradient of particles is deposited onto a substrate. (d) By selective chemical vapor deposition

(CVD) growth, in this case single-walled carbon nanotubes (SWCNTs) are grown and
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simultaneously analyzed using Raman spectroscopy in order to identify the optimal catalyst for

SWCNT growth.t
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Figure 1.5. PPL provides precision control over resolution by varying z-piezo extension of the
pen array or varying the deposition time. (a) Here, dot size of MHA features is plotted against
relative z-piezo extension, using an array of 15,000 pens at room temperature with relative
humidity of 40%. (b) Optical image of a 4-inch wafer containing 11 million polymer pens. (c)

Shown is an optical micrograph of etched gold circuit patterns having both nanometer and
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micrometer-sized patterns. (d) Periodic array of prostate specific antigen labeled with AlexaFluor
antibodies is patterned, demonstrating the ability to control feature size based on both increased

force (z-extension) and dwell time.14

Because PPL uniquely does not require any vacuum or high-temperature environment,
nor any complicated post-processing steps, it is uniquely suited towards biological studies.
Seeding cells over patterned fibronectin, DNA, or allergens enables scientists to study cell-cell
and cell-environment interactions rapidly. Because of the high-throughput nature, these studies
can be done rapidly and without the need for as many controls when working with a single
substrate. Recently, varying shapes of fibronectin focal adhesions were patterned on a substrate,
and the relationship between cell morphology, cytoskeletal architecture, and programmed cell

behavior, in this case stem cell differentiation (Figure 1.6).1°



32

a
Square Dot Matrix

b

Anisotropic Square

Inverse Anisotropic

FTERL LR

0
At : Coss \ ST

B DAPI WE Actin

Figure 1.6. (a-d) MHA-fibronectin dot pattern designs on the left and representative
fluorescence micrographs of the actin cytoskeleton in human mesenchymal stem cells seeded on

each pattern (right).1°

Another revolutionary ink to be used in CF-SPL was block copolymer-based inks,

incorporating a method called scanning probe block copolymer lithography (SPBCL). 16 In this
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case, for the first time polymers are used not solely as a viscous transport solution but as
individual nanoreactors that can serve to synthesize inorganic nanoparticles. This work has been
developed beyond only single nanoparticles, but has proven most interesting for patterning
multi-metallic nanoparticles made of up to 10 distinct elements.1”-1® Using SPBCL in
conjunction with a CF-SPL tool like PPL enables the rapid discovery of multimetallic

nanoparticles for a wide variety of applications spanning electrocatalysis and plasmonics.

In the realm of architectural advancements of CF-SPL, which is the primary focus of this
thesis, only limited progress has been made. In 2011, hard-tip, soft-spring lithography (HSL) was
developed as a follow-up to PPL, in a major advancement towards increased resolution.20 In this
technique, the elastomer backing layer remains, but the pyramidal tips are replaced with hard
silicon ones, in order to achieve consistently high resolution, but continue to take advantage of
the elastomer backing layer as the deformable "cantilever." However, this method has very rarely

been utilized because of the complex and difficult pen array fabrication process.

In order to compromise between fabrication complexity and feature size resolution, hard
transparent arrays were developed for PPL in 2016.21 In this work, a typical elastomeric PPL
array is fabricated, and then it is coated with a thin (~175 nm) silica layer, in order to
demonstrate a force-independent contact area with minimum feature sizes downto ~40 nm, and

minimal pen-to-pen variation (Figure 1.7).
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Figure 1.7. Hard transparent arrays use a thin silica coating in order to reduce minimum feature
size and keep pen-to-pen variation minimal by redistributing the force to the backing layer rather

than the tips.2

Other CF-SPL modifications and variations include changing the PDMS material to
include PEG such that they absorb water better and patterning is not affected by environmental
humidity. Also, other polymers besides PDMS have been explored, and often PPL has seen the
use of two elastomers of different moduli, such that the pens are stiffer than the backing layer
material. In this way, the dependence of feature size on force is minimized, especially among the
pens. In 2012, a new method of CF-SPL was developed by coating the probe arrays with
multilayer graphene.22 In this way, the tips not only become more resistant to wear, but also
bring about high electrical and thermal conductivities, potentially making way towards
electrochemical or thermal CF-SPL. This method shows promise for novel CF-SPL patterning

methods but requires complex fabrication and post-processing steps. In addition, a few methods
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have been presented for independently actuated pen architectures, but they have not yet been

fully realized, as will be described in Chapter 5.

Finally, perhaps the greatest architectural advancement thus far to CF-SPL is beam pen
lithography (BPL).23.24 This approach uses the very same elastomeric pen arrays as in PPL, but
this time coated with an opaque, typically metal thin film with apertures etched out of the apex of
each pyramidal pen (Figure 1.8). This pen array is then combined with a digital micromirror
device (DMD) and a light source, such that photolithography can be performed through each
individual aperture at each tip independently of one another. If the apertures are etched with a
high enough degree of resolution, this may even lead to subwavelength patterning entering the
near-field regime. This method is particularly powerful because it not only provides the potential
for diffraction unlimited photolithography, but also arbitrary photo-patterning across a single
substrate within environmental conditions. Some have also done this without an aperture, in
particular by using a high-refractive index material.?> One notable advancement in the BPL
architecture has been observed using microfluidic channels to flow different chemical reagents
onto a substrate without ever replacing the array, thus enabling multicomponent structural

printing, such as for brush copolymers.26-28
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Figure 1.8. (a) Beam pen lithography (BPL) uses a digital micromirror device (DMD) to
individually actuate pens in a pen array. (b) These pens are coated with an opaque (typically Au)

thin film, and etched at each tip using either focused ion beam, photolithography, or mask -
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enabled etching processes, such that small, subwavelength aperturesallow light to penetrate to

the material that is being patterned.2*

1.3 Future Outlook of CF-SPL

CF-SPL shows promise in more ways than one. What remains is to fully develop the
remaining technologies needed to maximize its usage and demonstrate that potential to the global
scientific community. Not only does CF-SPL show promise in nanocombinatoricsand materials
discovery, which will perhaps be the most significant challenge to materials scientists over the
next several decades, but also provides new ways to quickly prototype and manufacture
nanoparticles, microstructures, cellular assays, and more from a desktop nanofabrication

environment, in (typically) ambient conditions and with little to no post-processing required.

Developments like SPBCL will propel the use of CF-SPL as an essential tool for
materials discovery of multimetallic nanoparticles, especially for catalysis and plasmonics.
Meanwhile, architectural advancements like HSL and hard transparent arrays will continue to
improve the tool. Pursuits of individual actuation are ongoing by several groups, including in this
thesis, and with that next hurdle will come a wide avenue of opportunities for single-substrate
analysis and highly flexible patterning, prototyping, and printing that is unparalleled by any other
high-throughput lithography tool. At the same time, actuated BPL, while materials-limited by
photo-sensitive materials, already provides this advantage and continues to be a projected route
notonly for rapid high-throughput near-field photolithography, but also nanoscale 3D printing
by integrating the printing with an aqueous environment and using the tool in a manner similar to

stereolithography.
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2.1 Introduction

Colloidal nanomaterial assemblies are promising for applications in many fields
including electronics, optics, catalysis, or magnetics due to their structure-induced unique
optical, electronic, magnetic and catalytic properties.2%30 Many different tools such as wet-
chemistry methods and top-down lithography methods have been developed to synthesize and
pattern these nanoscale building blocks with controlled size, shape and composition.2° Bottom-
up approaches, or the assembly of nano-sized building blocks into hierarchical structures have
proven to be powerful tools in controlling the structural parameters of a final assembly. Well-
developed assembly approaches include interface/template-assisted, field-induced, diffusion-
controlled, and ligand-directed strategies.?1-33 Among them, DNA-mediated assembly is
powerful because of independent control over the nanoparticle core and DNA bonds. Size, shape
and composition of cores can be tuned to achieve different functionalities,3*3> while DNA bonds
can be adjusted to change length, strength and selectivity of colloidal crystals, making DNA-
mediated assembly a truly versatile and highly valuable functional assembly technique.

New revenues for integration of colloidal crystals into functional devices were opened up
upon the introduction of step-wise DNA-mediated assembly.36 It has been demonstrated that
DNA-mediated assembly combined with top-down e-beam lithography could enable DNA-
density changes on a surface, otherwise using gold posts as the first layer, or trenches on the
surface to build anisotropic hierarchical structures.37.38 However, e-beam lithography is time-
consuming and intrinsically low-throughput. DNA-mediated assembly can be also integrated
with photopatterning approaches to achieve patterns via azoDNA-connected NP assemblies,

where light-induced photoisomerization of azobenzene molecules can be used to control the
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opening and closing of DNA bonds between nanoparticle building blocks to selectively remove
unwanted nanoparticles. However, this approach requires specifically designed azobenzene-
modified DNA rather than unmodified DNA with random sequences. Moreover, it is still
challenging to achieve massive parallel patterning of colloidal nanomaterials on surfaces into
predesigned shapes.

CF-SPL provides us with a powerful approach to pattern nanoscale features on surface in
a massive parallel manner.!* PPL pen arrays were fabricated using conventional
photolithography methods. Each pen array consists of thousands of tips which can be used to
print nanomaterials on surfaces. Feature size is highly dependent on a few critical parameters
including humidity, ink viscosity, applied force and dwelling time.® Although quite powerful,
there are few reports of using polymer pento remove, either chemically or physically, material
from surfaces or to construct hierarchical structures, which can be powerful in integrating mu lti -

compositional materials into one surface to achieve multi-functionality.

2.2 Results and Discussion

In this chapter, | describe a method for creating hierarchical patterns of colloidal
nanomaterials by combining DNA-mediated surface assembly with the PPL architecture, which
can be used to selectively remove unwanted nanoparticles post-assembly. This method is
hereafter called “negative polymer pen lithography”, or n-PPL. Substrate preparation, DNA-NP
stepwise growth preparation, and the broad patterning processare schematically represented in
Figure 2.1. First, a commercially available centimeter-scale Si wafer is coated with a uniform
thin film of 8 nm Au (with 2 nm Cr as an adhesion layer) using e-beam evaporation. Second, the

as-prepared Au-Si substrate is immersed in an anchor DNA solutionat 0.5 M NaCl overnight to



42
functionalize the surface with a dense layer of DNA strands via gold-thiol bonds. Third,
programmable atom equivalents (PAEs) with DNA linkers complementary to the anchor DNA
on substrate are added to the solution and gradually attach to the substrate via DNA
hybridization. PAE solutions are prepared by first functionalizing spherical gold nanoparticles
with thiol DNA strands and then attaching linker strands. Then, the PAE monolayer is agitatedly

rinsed in buffer solutionsfor three rounds to remove physically adsorbed materials.

DNA
Au deposition functionalization é § § g § §
Si substrate Au-Si substrate DNA-Au-Si
Stepwise
PDMS PPL Array growth

Patterning in B Optical
aqueous buffer ' ' ' ' " alignmenton

i

environment dry substrate

Pattern Negative PPL DNA-NP multilayers

Figure 2.1. Substrate and nanoparticle multilayer preparation and patterning process are

schematically illustrated.

Stepwise growth is applied to assemble PAEs into multi-layer assemblies on surfaces. The
Au deposition and DNA functionalization of the substrate steps are similar to the aforementioned
monolayer sample preparation. However, instead of using one type of PAE to generate a
monolayer, two complementary PAEs (type A and B) are adopted to grow multiple layers on
surfaces. The first layer is composed of type B PAESs since the DNA strands on the substrate are

complementary to the type B linkers. The second layer can be grown by transferring the
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monolayer sample into type A PAE solutions, since the type A PAES can grow on top of the type
B PAE monolayer. By alternating type A and type B PAE solutions, one can achieve multilayer
PAE assemblies with highly controlled thickness. Throughout this work, a five-layer PAE
assembly is adopted as a proof-of-concept.

A polymer pen array is optically aligned to a non-treated Si wafer in air. The heights and
substrate features are ensured to be consistent between this sample wafer and the actual
substrate. Once the stage and pen array are aligned, the dry wafer is replaced by the prepared
substrate, and covered, immediately, with 0.5 M NaCl buffer solution. The pen arrays are
brought into contact with the array as usual and patterning occurs within the aqueous
environment. The major challenge here is to ensure that the pens are in contact with the
substrate, but nottoo much. This is easily determined by using the z-extension distance of the
aforementioned dry sample as a reference, then visualizing a slight color change at the tip of
each polymer pen as soon as contact (and material removal) occurs. The array is rinsed with
ethanol for three rounds and then dried in air before and after each use. The force applied by the
piezo causes the PAEs to be disrupted and moved where there is contact. Movingthe pen array
across the substrate creates negative line features, and pressing once creates negative point
features. In this way, one can easily “carve out” the desired pattern for the hierarchical structures.

The pen array used in these experiments is shown in Figure 2.2a. With it, cm-scale areas of
DNA-mediated nanoparticle assemblies were negatively patterned and imaged, as shown in
Figures 2.2b and c. Samples were embedded in silica using a sol-gel process to transfer into
solid state prior to scanning electron microscope (SEM) characterization. High-resolution SEM

images of the pattern reveal that PAE particles were pushed to the side of the feature, due to a
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steric hindrance caused by the PDMS tip once in contact with the substrate (Figure 2.2d). The

resulting feature size is tunable and can be as small as ~500 nm.
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Figure 2.2. (a) A 30 um-pitch polydimethylsiloxane (PDMS) PPL array, as seen by optical
microscope, with sharp tips, as observed in (b), was used to negatively pattern “N” shapes from a
DNA-mediated nanoparticle assembly. The sample was then embedded in silica to observe in the
solid state under a scanning electron microscope (SEM) (c, d), where the localized removal of
programmable atom equivalents (PAESs) is apparent. The non-silica-embedded sample was

imaged using optical microscopy in water as well (e).

One significant advantage of PPL is its ability to control feature dimensions with relative
precision, as well as creating gradients of feature sizes and compositions over a single surface.
Herein, we adapt the PPL technique to be a negative lithography method for DNA-mediated
assemblies, and as such we must adapt the precision resolution and spatial control afforded to us
by PPL. By aligning our substrate with the pen array, then tilting the patterning stage at various
angles, we are able to create a gradient of variable z-piezo distances (and therefore variable
applied force) across a single substrate. It was found that the piezo distance significantly affects
feature size, as in PPL, and the feature dimensions can be plotted against z-distance in a linear
fashion (Figure 2.3a). SEM images of silica-embedded patterned dot features of DNA
assemblies are shown as a representation of each point on the plot. A unique advantage of n-PPL
Is its capability to move beyond single point features and create line features with ease, a task
that has proven challenging with conventional PPL. The line features’ width can also be
precisely controlled by varying z-distance, which is shown in Figure 2.3b using a tilt pattern
once again. Again, SEM images of silica-embedded patterned line features are highlighted within

the plot. Feature dimensions can be controlled from 200 nm up to 4 um, as observed thus far.
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Figure 2.3. Tilting the stage during patterning creates a gradient feature size in both point (a) and

line (b) features across a single substrate. These dimensions are plotted against calculated z-
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distance in order to provide size control during patterning from 200 nmto 4 um. Scale bars =1

um.

In order to fully understand how the nanoparticles are being removed at each patterning
location, a series of experiments was performed where features were backfilled with different
molecules to observe which would bond to the bare surface created by patterning. The results of
these experiments can be seen in Figure 2.4a-c. First, a typical pattern was made without
backfilling, then it was silica-embedded and imaged using SEM (Figure 2.4a). Then the same
pattern was repeated on an identical substrate, this time backfilled with type A PAE alone, and it
was again silica-embedded and image. And lastly the same pattern was repeated once more, but
this time backfilled with type A linker along with type A PAE. It became apparent from these
experiments that thiolated DNA and linker DNA remain intact on the substrate during the
patterning process. What seems to be destroyed is the bond between the hybridized sticky ends

between linkers, which is to be expected, as they have the weakest bonds within the system.

Non-backfilled Backfilled with A PAE Backfilled with A linker and A PAE

Figure 2.4. Patterns were successfully backfilled with new PAEs.
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This set of experiments not only serves to better understand the bond-breaking that is
occurring during n-PPL, but also demonstrates the potential for this technique to be used for
multi-compositional hierarchical DNA-mediated lithography. By backfilling with
complementary linkers attached to nanoparticles of different size or composition, one could
feasibly create heterogeneous surfaces with relative ease. In fact, because the patterning is done
in a fluid system, this could even be done in a single step, which is unprecedented. By flowing a
new linker-NP solution across the substrate after each patterning step, several different NPs
could be patterned in precise geometries across a single substrate, all in under a few hours, and
done without any vacuum, high-temperature, or clean-room setup. Thus, complex, functionalized

3D nanostructures could be built within a few days with minimal laboratory requirements.

2.3 Conclusions

In summary, | have demonstrated a proof-of-concept example combining DNA-mediated
assembly and polymer pen printing techniques to fabricate hierarchical structures out of colloidal
nanomaterials on surfaces. In contrast to the conventional working principle of PPL where inks
are coated onto the polymer tips and transferred to surfaces to form nanoscale features, we take
advantages of the mechanical forces induced by polymer pen arrays to selectively remove
unwanted DNA-functionalized nanoparticles on surfaces. Remarkably, centimeter scale patterns
of colloidal assemblies with nanoscale features were successfully achieved usingthisapproach.
In fact, it was remarkably facile to reproduce different images, especially with line features, as
shown in the "N" pattern in Figure 2.2. Since DNA-mediated assembly is expandable to many

hard and soft colloidal nanomaterials, this approach opens up new avenues for generating
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complex structures with both high-throughput and nanoscale resolution, and can be applied to

build next-generation optical, catalytic and biological functional devices.
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3.1 Introduction
Thermal energy is a universal stimulus for material conversion, being used to trigger
chemical or physical reactions in virtually any material. When this concept is brought to
nanoscale volumes of material, only very short bursts (hano to microseconds) of heat are
required. These qualities have lent materials heating to be used in conjunction with scanning
probe lithography to rapidly cure, evaporate, melt, or otherwise change material at the
nanoscale.3?40 By heating a scanning probe tip (typically through resistive heating), highly
precise patterning may be achieved with resolution otherwise unseen. This technique is called

thermal scanning probe lithography, or t-SPL (Figure 3.1).41

t-SPL was first introduced in 1992 by the IBM Research Laboratories, where a typical
AFM cantilever was heated using a laser in order to create indents in a polymeric thin film.42 The
resistive heaters came soon after that, where a voltage bias is applied acrossa cantilever in order
to induce heat. These resistive heaters are typically incorporated just above the tip of the
cantilever, and they enable ultra-fast heating and cooling due to their small size. Atthis point, t-
SPL can be broadly divided into two patterning methods: energy deposition or materials
deposition. In energy deposition, heat is transferred to an existing inked substrate, such that the
material is being locally modified, either physically (melting, evaporating) or chemically. In
materials deposition, the ink is pre-existing either on the tip or in the patterning chamber as a
gas. The heated tip is typically then used to melt the material from the tip to the substrate or via

CVD from a precursor material.39:40

One of the most significant challenges to the broad, commercial usage of t-SPL is its

limited throughput. Efforts have been made to increase this throughput, with 10 probes inarow,
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or the "Millipede project” at IBM, where parallel arrays of up to 4096 independently -controlled
thermal cantilevers were developed for the use of reading/writing data.#344 In addition, the
Mirkin group demonstrated one architectural advancement of PPL that turned it into a thermal
heating array using a graphene coating (see Chapter 1), but this technique is complex and has

inconsistencies when patterning.22

In order to broaden the capabilities of t-SPL, here | have developed a simple to fabricate,
inexpensive, and easily reproducible massively parallel cantilever-free thermal scanning probe
lithography tool called thermal polymer pen lithography, or t-PPL. This method uses the existing
elastomer array and architectural platform of PPL in conjunction with conductive metal backing
layer and coating, as well as a commercially available ceramic heater in order to induce localized

thermal transfer over the scale of millions of pens ata time.
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Figure 3.1. Schematic of thermal scanning probe lithography (above) and its capability (below)
for ultra-high-resolution, spatially-precise patterning of silicon using a thermal resist

(poly(phthalaldehyde)).4

3.2 t-PPL Development and Technology
In order to make the technology easy to fabricate, compatible with existing
commercially-available CF-SPL platforms, and inexpensive, only straight-forward design

changes were made to the PPL architecture to develop t-PPL (Figure 3.2). This includes the use
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of a 24 W ceramic heater that operates on a simple applied voltage, with temperature control up
to 400 °C. The pen array was fabricated using the common photolithography fabrication methods
described elsewhere, using PDMS,10 but using an aluminum plate as the backing layer, rather
than glass. The aluminum plate is thoroughly polished and cleaned with ethanol and water, then
plasma-cleaned in order to increase oxide presence for PDMS-adhesion. The aluminum plate
enables rapid thermal transfer from the heater to the pen array. The PDMS array is then cured
onto the aluminum plate and coated with 100 nm Au using an e-beam evaporator. This coating
will notonly sharpen the tips and provide higher resolution patterns with more consistent pen -to-
pen variation, but it also provides a thermally conductive layer for rapid heat transfer. The
coating is deposited with a mask that is compatible with TERA-print instruments for electrical
alignment. Finally, the ceramic heater is adhered to the backing layer directly using polyimide
tape. The tape is placed over the heater and plate such that it also thermally insulates the piezos
and pen array holder from the direct heat of the heater. Electrical leads from the heater are

connected to a power source with alligator clips.
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Figure 3.2. Schematic of thermal PPL (t-PPL) pen array. The PDMS PPL array is affixed to an
aluminum plate, serving as the backing layer, then coated with a thin film of Au in order to
provide more efficient thermal conduction while also enhancing resolution consistency. A
ceramic heater is adhered to a PPL array using polyimide tape (thermally resistant) for easy

replacement while also providing insulation for instrument safety.

This pen array is finally loaded into a TERA-fab M-series instrument used for CF-SPL
(Figure 3.3), where the array holder is made from PEEK (polyether ether ketone), which has a

high melting point and glass transition temperature (343 and 143 °C, respectively), such that the
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radiative and conductive heat from the array does not affect it. The pen arraysare then brought
into contact with the surface of a sample substrate (not the desired substrate) that is either
electrically conductive or has been given a deposited border of Au for electrical conductivity. In
this way, the Au coating of the pen array can be used alongside the metal of the substrate to
perform alignment by electrical contact, as well as contact point detection. The substrate is often
placed atop a thermal sink in order to minimize thermal damage to the instrument while also

improving the cooling speed.

Alignment and contact point detection is performed after the pen array has reached the
desired temperature, largely because of thermal expansion of the PDMS. As has been well-
documented, PDMS expands significantly with heat. However, rather than attempt to fight
against that, I chose to embrace that expansion and make sureany andall expansion has been
allowed to occur by leaving the hot (or warm) pen array to equilibrate its size before performing
levelling. One drawback of this method is that because heating is slightly uneven between the
center and edges of the pen array, there tends to be a bowing effect. This can be mitigated in the
future by re-arranging the heaters into four smaller heaters working in parallel. In order to
determine the damage to the Au coating after heating and PDMS expansion, the pen arrays were
imaged in SEM both before and after patterning, and it was found that while some cracks

occurred after very high temperature (>250 °C), the thin film remained largely intact.
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Figure 3.3. Images of pen array loaded into TERA-fab M-series instrument for patterning (left)

and t-PPL pen array (right).

Alignment and contact point detection is done using the TERA-fab software, which uses
applied bias and current detection to determine contact between the gold coating and the
conductive edges of the substrate. After this has been performed with a sample (in order to
mitigate levelling marks on the final substrate), the sample is replaced with the final substrate,
and patterning occurs. The penarray is brought down into contact with the substrate, and when

done, itis lifted off above the substrate a few inches. This step should be done quickly such that
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radiative heating does not affect the patterning process, especially when dealing with an energy -

transfer mode of t-PPL.

Much like t-SPL, t-PPL can be used in either energy-transfer mode or materials-transfer
mode. In order to demonstrate both uses, first energy transfer was performed using an image -
reversal photoresist (AZ 5214E). The processing of this photoresist importantly includes a
crucial heating step at 110 *C, where after UV-exposure, the resistis crosslinked. Without the
heating step, the crosslinking does not occur. So, a Si wafer was spin-coated with this
photoresist, and flood-exposed with the requisite UV light. The exposed resist was then pattermned
with t-PPL to locally crosslink the resist. The entire wafer was then washed thoroughly with
acetone to remove the un-crosslinked resist. The resultant features were imaged with optical
microscopy (Figure 3.4),and measured with a profilometer, and determined to be ~10 um tall
features with ~5 um width. These preliminary experiments demonstrate the ability of this
technique to locally affect the thermal chemistry of a material with ultra-high-throughput that is

unprecedented.
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Figure 3.4. t-PPL delivers localized heat at each tip location. Using an image-reversal
photoresist (AZ 5214E), where a crosslinking agent in the resist formulation activates at

temperatures above 110 °C, areas of a photoresist were selectively crosslinked using t-PPL.

The energy-transfer mode presents a unique potential for high-throughput nanoscale 3D
printing of metals, semiconductors, or polymeric resists. An arguably more interesting method of
printing is by so-called materials-transfer or melt printing. In order to investigate this further,
gelatin methacryloyl (gelMA) was used due to its reversible thermal gelation that can be
thermally crosslinked through photopolymerization. This material has been widely used for 3D

printing of tissue constructs and cell adhesion. Due to its high water content, small molecule
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permeability, biocompatible nature, and its integrin-binding sites, geIMA adheres encapsulates
and adheres to cells exceptionally well. Thus, developing a way to rapidly 3D print gelMA for
tissue engineering and cell assays over large areas with high-throughput will enable many

avenues of research to be explored more rapidly than ever before.

To that end, warm (60 *C) gelMA is spin-coated onto a t-PPL array in order to coat the
pens, and then itis allowed to cool to room temperature (Figure 3.5). These pens are then
warmed to 60 *C and brought into contact with a Si substrate in order to pattern small features.
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Figure 3.5. t-PPL tips coated (top half) with gelatin methacryloyl (GelMA), ready to be

patterned.
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100 pm

Figure 3.6. Patterned GelMA features on an Si substrate, as seen under an optical microscope.

After lift-off, the resulting pattern was imaged using an optical microscope
(Figure 3.6). This especially took trial-and-error, due to the finicky nature of precision viscosity
of the gelMA. It must be just warmed enough to flow off the pens, while not being so warm that
pools of hydrogel are deposited onto the substrate. This hydrogel can be combined with a
photoinitiator and flood-exposed after patterning in order to permanently crosslink the gel into
the desired morphology. Then, the patterned hydrogel may be used for cell assays and tissue

engineering with high-throughput.

3.3 Conclusions and Future Outlook

To summarize, t-PPL has been developed in such a way that ultra-high-throughput

patterns may be synthesized with the precision and resolution and unique materials-versatility of
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t-SPL, while also opening avenues for high-throughput nanoscale 3D printing. The pen array
fabrication process is inexpensive and facile, and the patterning method usesthe commercially -
available TERA-fab instrument, providing the technology another head-start. Here, | have
described two methods of patterning with these pen arrays, energy-transfer: patterning a
deposited thermally-activated resist with hot probes, and materials-transfer: flowing a viscous

hydrogel off the tips by reducing viscosity with heated (or warmed) probes.

The technology not only offers exciting potential for high-throughput 3D nanoprinting
and even tissue engineering and cell-assays, but also could be used to deposit nanoparticles. In
one work, for example, the materials-transfer mode of t-SPL was used to flow a polymer-
nanoparticle (PMMA and Fe3;0,4) composite off of heated tips onto a substrate, thenetching the
polymer off with an additional plasma cleaning step (Figure 3.7).4> This method enables the
printing of single nanoparticles as well as arbitrary lines and morphologies of clustered
nanoparticles, making it an ideal method for printing in electronics, especially in circuit design or
repair. This can be theoretically expanded to many pre-prepared polymer-nanoparticle composite
inks as well, and it may even be expanded to performin the z-direction, such that 3-dimensional

nanoparticle colloidal structures can be generated with ease and high-throughput.
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Figure 3.7. Example of thermal dip-pen nanolithography being used to pattern nanoparticles
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with high resolution and in a straight line for potential use in electronics for circuit building and

repair.4s

Finally, this iteration of t-PPL may be seen as the precursor to more precise, optimized
patterning tools that may use individual pen actuation by optoelectronic heating or laser
irradiation, such that this can also be a more arbitrary patterning technique. Other modifications
may include incorporation of a thermoelectric heater under the substrate for more controlled heat
flow, as well as a thermocouple integrated such that pen array temperature can be more easily
measured and changed in real-time. This work represents the beginning of t-PPL, and while there
are improvements to be made, | have herein demonstrated the potential and capabilities for the

technique in this thesis.
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4.1 Introduction

Metal micro- and nano-structures have widespread applications in the fields of
electrocatalysis, electronics, plasmonics, and magnetics.*6-49 In order to synthesize, prototype,
and discover structures with enhanced activity, methods for printing libraries of materials with
control over their size, composition, and location on a single substrate are required.12.49.50
Bottom-up syntheses, compared to the often-used top-down methods, present a potential solution
to this challenge, as metal features may be patterned arbitrarily with defined placement and size
control. One commonly used bottom-up technique, electrochemical deposition, possesses many
benefits wherein both the volume and composition of deposited metal features can be tuned by
controlling precursor composition, applied potential, and contact area.>-53 While it is a fast,
inexpensive, and highly versatile technique, it has typically been limited to conventional thin -

film electroplating or more recently, serial single nanostructure deposition.>4.55

Scanning probe techniques have shown promise for site-specific nanoscale metal printing
via the electrochemical deposition of metals onto a conducting substrate.>4-66 One such method
used a nanopipette or AFM tip loaded with a metal salt solution to reduce a metal directly onto a
cathodic surface for 3D printing of metallic structures.>456.57.59.6062 |n another technique, a metal
ion-embedded hydrogel was molded into a pyramidal shape and used for electrodeposition via
the diffusion of metals ions through the hydrogel and reduction on a surface .63.64 However, in all
cases, the use of a single tip makes patterning large-areas cost- and time- prohibitive, thus
limiting their application in the preparation of single-substrate libraries. A scalable approach may
be possible through an existing large-area patterning technology: PPL. The architecture of PPL

allows millions of pens to act in parallel, and has been shown to enable the formation of single -
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substrate libraries with tens of thousands of spatially encoded features, or megalibraries.12 The
PPL platform is thus ideal for the high-area, high-throughput generation of libraries of

electrochemically deposited nanomaterials.

Here, we describe a method of massively parallel, localized electrodeposition using a
hydrogel pen array, termed electrochemical polymer pen lithography, or ePPL. ePPL combines
the scanning probe capabilities of PPL with the flexibility of electrochemical deposition by
integrating a metal salt-loaded hydrogel pen array with a three-electrode electrochemical cell.
This architecture allows for the parallel deposition of a variety of metals with control in the x, y,
and z directions using >10,000 pens over cm-scale areas. An illustration of this technique is
provided in Figure 4.1. In addition, ePPL eliminates the need for solution-phase surfactants,
cleanrooms, or vacuum environments. Importantly, this all-in-one lithography tool has the
capacity to generate megalibraries of mono- or multi-metallic nanomaterials, enabling vast
investigations in materials properties, as well as the ability to rapidly prototype 2D/3D metallic

structures.
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Figure 4.1. Exaggerated 3D rendering of electrochemical PPL (ePPL) procedure. As a metal
salt-embedded hydrogel is brought into contact with a cathodic surface repeatedly using a piezo,

metal micro/nano-structures are reduced sequentially.

4.2 Experimental Section

Fabrication of pen array masters

Masters were fabricated following procedures outlined in prior reports.0 In brief, a
photoresist, Shipley S1805, was spin-coated on a silicon <100> wafer with a 5000 A thermal
oxide layer (NOVA Electronic Materials, LLC.). The wafer was soft baked at 115 °C for 80 s

and cooled to room temperature. Using a mask aligner (Suss MJB4; Suss MicroTec), the wafer
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was UV-exposed to pattern 15 x 15 um? squares with a 30 um pitch; 30 um was used for all the
data shown here, but arbitrary pitch distances up to 120 um have been successfully used as well.
The patterns were developed in MF-319 developer for 60 s and rinsed with water. To remove the
oxide layer before the etching step, the patterned Si wafer was immersed in a buffered HF
solution. The patterns were then selectively etched in potassium hydroxide, which results in an
array of inverted pyramids. Pyramids form due to an anisotropic etchwhich etches the <100>
face of silicon ~74 times faster than the <111> face. The surface of the Si wafer was coated with
fluorinated silane to facilitate the lift-off process of the hydrogels by making it
superhydrophobic. Masters were cleaned periodically by sonicating for ~10 min in methanol,

then rinsed with DI water and dried.
Metal Deposition Solutions

Ni, Pt, and Ag electroplating solutions were purchased from Technic, Inc. Ni-Co
electrolyte solution was prepared by combining 22 g Ni(NO3),-6H,0 and 2.2 g Co(NO3),-6H,0
in 40 mL DI water for a 10:1 molar solution, and 22 g of both Ni(NOj3),-:6H,0O and

Co(NOg3),-6H,0 fora 1:1 molar solution.
Preparation of Polyacrylamide Hydrogel Solution

A gel stock solution was prepared by dissolving 2.38 g acrylamide and 0.25 g bis-
acrylamide powders in 100 mL DI water, which is enough to fabricate 1-2 pen arrays. The curing
process was initiated by adding 880 uL of 10 wt% ammonium persulfate (APS) and 88 uL of
tetramethylethylenediamine (TEMED) to the stock solution. All chemicals were purchased from

Sigma-Aldrich, Inc.
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Assembly of an Electrochemical Cell

The setup of the three-electrode cell is shown in Figure 4.2b. The custom 3D
electrochemical cell was designed using AutoCAD, and printed by Protolabs, Inc. In order to
attach the acrylamide hydrogel to an indium tin oxide (ITO)-coated glass slide (Nanocs Inc.), the
surface was functionalized with 3-(trimethoxysilyl)propyl methacrylate (Sigma-Aldrich) in
toluene (1:3 by volume) via vaporization in a sealed chamber. The functionalized ITO glass slide
was attached to the top of the cell using double-sided tape. The cell was then placed directly onto
an Si master, and the gel solution was poured into and around the cell through the reference
electrode well at the corner of the cell. The gel was cured for no longer than 20 min at room
temperature. The molded gel was removed from the master and soaked in a Ni, Pt, Ag, or Ni-Co
metal deposition solution for at least 3 h or overnightin order for the metal saltsto diffuse into
the hydrogel. The entire cell was mounted to an AFM head for patterning, and the ITO substrate
was clipped to a long wire, which served as the counter electrode. To create a functional working
electrode (or a substrate), a long wire was connected via a flat alligator clip to a gold-coated
glass slide. An Ag/AgCl electrode in 3 M NaCl (BASI, Inc.) was used as a reference electrode
and inserted gently into the well at the corner of the cell, along with additional metal deposition

solution.

Patterning Procedure

Before patterning, the pen arrays were aligned to the substrate using the optical alignment
method described previously.? Controlled potential electrolysis (CPE) was performed to generate
each feature. Once the tips were in contact with the substrate, a constant voltage was applied

using a potentiostat (BASi EC Epsilon) for a given amount of time, depending on the metal used
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and thickness desired (Table 4.1). The speed of the piezo in the x-y and z directions was set to
0.1 um/s, allowing each pen tip to be replenished with metal ions before patterning the next

feature.

Table 4.1. Applied voltages and minimum deposition times used for each metal deposition.

Metal Applied Voltage Minimum Deposition
(mV) Time ()

Ni -950 20

Ag -950 10

Pt -500 10

Ni-Co -550 60

Characterization of Patterns

The patterned images were observed using optical microscopy (Zeiss Axio Imager.M2m)
and scanning electron microscopy (SEM; Hitachi SU8030). The height and surface roughness of
the patterned features were analyzed using atomic force microscopy (AFM; Dimension Icon;
Bruker). Using NCHR-50 cantilevers (Nanoworld), images were acquired in tapping mode at a
scan rate between 0.10 — 0.99 Hz with a spring constant of 42 N/m. The imaging was performed
at room temperature, and the collected datawas analyzed using NanoScope Analysis software.
Elemental analysis was performed via energy dispersive spectroscopy, fitted onto SEM (Hitachi
SUB8030) and X-ray photoelectron spectroscopy (XPS, Thermo Scientific EscalLab 250 Xi) to

characterize the composition of the patterned features.
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4.3 Single Metal Patterning

In order to use the existing PPL platform and architecture for electrochemical deposition,
a pen array that can be embedded with metal ions while still retaining its fidelity (i.e., stiffness
and sharp tips) is needed. Here, we chose a polyacrylamide hydrogel to support the localized
electrochemical deposition of metal "inks" because it is easily cured into a mold, can be
chemically affixed to a stiff conductive substrate by way of an acrylate monolayer, and absorbs
and transmits aqueous solutions through its polymer network. A pre-polymer solution was
poured into a silicon master and covered with an acrylated ITO-coated glass slide. As the
hydrogel cured into the form of a cm-scale pen array, italso adhered to the surface of the ITO,
which serves as the counter electrode. The ITO slide also maintains the planarity of the array,
allowing the user to uniformly engage the pens that comprise the array with the substrate during
the patterning process. Its optical transparency makes levelling straightforward. The pen arrays
were then loaded with metal salt solution, which functions as both the metal source and the
electrolyte. To perform precise and consistent electrodeposition, this hydrogel was incorporated
into a three-electrode fluid cell (Figure 4.2a,c). An Ag/AgCI reference electrode is used to
monitor the applied voltage and current, and a conductive substrate (i.e., Au-coated Si-wafer)
serves as the working electrode. In a typical experiment, the pen array is brought into contact
with a conductive substrate using an AFM (Figure 4.2b), and a voltage is applied, which reduces

metal ions at each pen location.
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Figure 4.2. Experimental setup of ePPL. (a) Schematic of a three-electrode cell designed to hold
the hydrogel array, electrolyte, and reference and counter electrodes in place during patterning.
(b) Optical image of fabricated polyacrylamide hydrogel pen arrays, which were prepared by
curing the hydrogel within a silicon master (scale bar =30 um). Images on the right show a pen
array during the patterning process, highlighting how contact was determined: pens (top) out-of-
contactand (bottom) in-contact with the substrate (working electrode) (scalebars =15 pum). (c)
Photograph of the experimental setup in a Park AFM, showing the cell, electrodes, electrical

leads, and optical microscope used for leveling.

In order to determine the potential required to affect electrodeposition, cyclic
voltammetry (CV) experiments were performed. Both reduction and oxidation peaks are
observed at three different scan rates (Figure 4.3), indicating that the ePPL system behaves

similarly to a general diffusion-limited system. The experimentally determined E;;, is -0.453 +



73
0.004 V (vs. Ag/AgCl), consistent with the reduction potential of Ni2* to Ni(s), which is -0.459

V (vs. Ag/AQCI) for a 1.32 M solution. While -0.453 V is sufficient to deposit Ni, the rate of
deposition at this potential is low. Therefore, a higher potential (-0.95 V) was used, while taking

care to avoid potentials (<-1.0 V) at which point the onset of gaseous hydrogen evolution occurs

and bubbles disrupt the deposition process.

15
/
0-
<
=
w =151
c
)
=
8 -304 —o0.02vst
—20.05vs
—o0.07Vvst
-45 T v T v T v ! i
-0.6 -0.4 -0.2 0.0 0.2

Voltage (V vs. Ag/AgCl)

Figure 4.3. CV scans for a Ni-embedded hydrogel 3-electrode cell at three different scan rates,

indicating both reduction and oxidation potential peaks.

To verify the consistency of patterning with the three-electrode cell, a proof-of-concept
experiment was performed using a hydrogel pen array loaded with a nickel electroplating
solution (~1.32 M) and an Au-coated Si-wafer as the substrate (or working electrode). The
hydrogel with the counter and reference electrodes was loaded onto an AFM, and the contact

point of each tip across the array with the substrate was determined optically as the center of the
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pyramidal tip changes from black to white upon contact (Figure 4.2b). To deposit a pattern of
three Ni features in a line, a reduction potential of -950 mV was applied for 30 sat the point of
contact for each penin a single array (Figure 4.4a). The resulting features had an average width

of 4.5 +0.1 um (SE), indicating the relative uniformity of the patterning across the substrate.
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Figure 4.4. Patterning capabilities of ePPL. Optical micrographs of patterns of (a) Ni on an Au
substrate (scale bar = 100 um), (b) Ag on an indium tin oxide (ITO) substrate (scale bar =20
um), and (c) Pt on an Au substrate (scale bar =100 pum). The Pt pattern consists of an array of 13
dots arranged as the letter “N” at each pen location. AFM images of (d) a single “N” (scale bar =
10 pum) and (e) a single Pt particle (scale bar = 500 nm). (f) The associated line scan of the

particle in panel (e).
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To confirm that the observed metal features were electrochemically deposited rather than
physically transferred from the hydrogel, two sets of control experiments were carried out. In the
first, no features were observed when Ni patterning was performed withoutan applied voltage
(Figure 4.5). In the second test, a patterned sample was thoroughly rinsed with water and then
sonicated to remove any residual salt from the substrate (Figure 4.6). Even after this aggressive
washing, the patterns remained, indicating that the observed features are not remnant salt or

liquid residues from the hydrogel, but rather metallic features adhered to the substrate.

a Clean Substrate

Figure 4.5. Control patterning experiment shows that an applied voltage is needed for metal
deposition to occur. An Au-coated Si wafer was scratched with a cross and imaged before (a)
and after (b) typical Ni patterning with 0 V applied. No patterned features are observed. Scale

bars =50 mm.
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Figure 4.6. Optical images of a substrate with Ni features before and after extensive rinsing
indicate the presence of reduced metal. (a) An Au-coated Si wafer was patterned with an array of
3 Ni features fromeach tip (b) washed thoroughly with water, and then (c) sonicated for 30 s in
water. While the features faded after agitation, this experiment shows that the patterned features

are reduced metal on the substrate and not salt residue. Scale bars =30 pm.

To test the versatility of this lithographic tool, arbitrary patterns were generated using
various metal inks such as Ptand Ag in addition to Ni, as well as a different substrate (ITO). The
resulting patterns were characterized via AFM and XPS (Figures 4.4b-d, 4.7). For instance, the
letter “N”” was printed on an Au-coated Si-wafer using Pt where a reduction potential of -500 mV
was applied for 10 s. This resulted in a pattern comprised of 13 features per pen with an average

diameter and height of 777 £ 81 nm and 166 = 7 nm, respectively, as determined via AFM

(Figure 4.4e1).
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Figure 4.7. X-ray photoelectron spectroscopy (XPS) patterns of the patterned samples confirm
the presence of metal on the respective substrates. (a) Ni features on an Au-coated Si wafer. The
peaks at 856 eV and 873 eV (left) are expected Ni 2p peaks. Au 4f peaks are observed at 84 eV
and 87.7 eV (right). (b) The peak at 73 eV (left) indicates Pt on Au-coated Si substrate with Au
4f peak at 84 eV (right). (c) The presence of the Ag is confirmed by the peaks at 367 eV and

373.6 eV (left), and the peaks at 486 eV and 494.5 eV (right) are assigned to Sn 3d from the
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ITO-coated glass slide. The main peaks in the deposited features are all oxides due to rapid

oxidation upon exposure to ambient conditions.

Additionally, with this technique, the dimensions of printed features can be controlled,
demonstrating the potential of ePPL for high-throughput printing of 3-dimensional metallic
structures. The width of each feature depends largely on pen-substrate contact area, where the
smallest diameter achieved was ~210 nm (Figure 4.8), which corresponds approximately with
the sharpness of each tip. Two methods were used to control feature height: (i) varying the
deposition time and (ii) layer-by-layer deposition. In the first case, we found that, as expected,
the height of a Ni feature increased with deposition time (Figure 4.9a). It is important to note
that a thin base layer was observed for all deposition times; this is particularly obvious at 5 and
20 s. We hypothesize that as with Dip-pen Nanolithography,”.67.68 an electrolyte meniscus
initially forms as the pens come into contact with the substrate, and ions in this meniscus are
reduced first, resulting in a thin layer (Figure 4.10). As the ions in the meniscus are depleted,
however, reduction occurs directly from the hydrogel. Because the hydrogel contact area is
smaller than that of the meniscus, the following layers are smaller in width as well, as evident at

later time points.
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a - b-
c - d -
Figure 4.8. Scanning electron micrographs of patterned Pt features on Au-coated Si wafer,

highlighting the high-resolution capability of ePPL. The black features indicate Pt particles with

diameters ranging from ~210 nm to 280 nm. Scale bars =500 nm.
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Figure 4.9. Feature dimensions are controlled by depositiontime and layering. (a) Optical and
AFM images of a pattern consisting of 4 Ni features where height was controlled by varying the
deposition time. (b) Optical and AFM images of a pattern with 2 Ni features where size is
controlled by depositing multiple layers of Ni, 60 s at a time. Features shown are 10 vs. 1 layer.

Scale bars =5 um.
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Figure 4.10. Schematic depicting the hypothesized mechanism of ePPL deposition. (1) First,
metal reduction occurs preferentially from the meniscus that forms between the tip and the
substrate upon contact. (2) Once ions are depleted from the meniscus, reduction occurs directly

from the hydrogel, at the tip-substrate interface. (3) When the tip is lifted, the shape and size of
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the resulting structure corresponds to the shape of the tip-substrate interface, along with a very

thin layer from the meniscus.

Feature height can also be controlled by depositing metals in a layer-by-layer fashion. A
nearly two-fold increase in height was observed for a feature with 10 layers versus that of a
single layer (Figure 4.9b). Here, growth occurred in both the height and width of the features as
deposition occurs outwards over time, likely due to the hydrogel pen acting as a physical barrier
to increasing feature height. This may be overcome by more precise tuning of each layer height
with corresponding z-movement. Therefore, using this layer-by-layer method in combination
with control over the deposition time, this technique can be used to generate 3D metallic

structures of varioussizes in a high-throughput manner.

4.4 Multimetallic Patterning

Because this technique is diffusion-based, multiple metals may be absorbed by the
hydrogel at once, such that multimetallic features can be patterned as long as they have
comparable reduction potentials. To test this, a hydrogel pen array was saturated with a 10:1
nickel-cobalt salt solution and used to pattern Ni-Co alloys, one of the known hydrogel evolution
reaction (HER) catalysts, onto an Au-coated silicon wafer at -550 mV. Inorder to understand
the composition of the deposited features, a surface characterization tool like XPS is needed.
Because this is a surface-sensitive technique, larger features were patterned in order to generate
sufficient signal (Figure 4.11a), although smaller features are possible (Figure 4.12). These
large features were patterned with fully extended pentips resulting in a pyramidal structure that

corresponds to the shape of the pen tip (Figure 4.11a inset). AFM analysis shows that these
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patterned features are ~80 nm tall, with a base layer of ~12.5 x 12 ym2 and 10 nm in height

(Figure 4.13).
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Figure 4.11. Deposition of Ni-Co alloys. (a) Optical micrograph of a large-area pattern of >10
um Ni-Co features. The large feature size enables accurate elemental characterization. Inset
shows a single feature. (b) XPS characterization of these patterns indicates that both the Ni and

Co are present mainly as oxides. Auger peaks have been subtracted for clarity.
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Figure 4.12. Optical micrograph of Ni-Co particles patterned onan Au substrate. Scale bar = 50

um.
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Figure 4.13. (a) AFM height profile of a large Ni-Co feature, and (b) AFM line scan across the

large feature in (a), location indicated by dashed line. Scale bar =3 um.
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To confirm the presence of reduced Niand Co, XPS analysis was performed. The Ni 2p
and Co 2p spectra show two major peaks corresponding to the 2ps, and 2py,,each followed by a
satellite peak. As shown in Figure 4.11b, the 2p peaks are best fit with three Gaussian curves for
both Ni and Co suggesting the presence of three different chemical environments. For Ni, the
appearance of a peak at 852.6 eV suggests that some of the patterned Ni is in a metal-like
environment. The major peak is at 855.6 eV, however, indicating that most of the Ni exists as
Ni(OH),. This oxidation is expected since the patterning was performed under ambient
conditions and the ink solution contained H,0O. Also, Ni(OH); is easily oxidized to oxyhydroxide
(NiOOH) in the presence of water, thus explaining the minor peak at 857.2 eV.5% Similar
behavior is expected for Co, and this explains the peak at 783.7 eV which can be attributed to
CoOOH." Additionally, the Co exists in a metal-like environment as evidenced by the peak at

778.4 eV, however, the majority is in hydroxide form as suggested by the main peak at 781.1 V.

The composition ratio of Ni-Co was analyzed using energy-dispersive X-ray
spectroscopy (EDS) and XPS. EDS data reveals a 3.56:1 ratio of Ni:Co (atomic wt%) in the
printed structures (Figure 4.14) while XPS analysis based on the area of the 2p3, peaks results in
a similar Ni:Co ratio of 3.86:1. Due to the different reduction potentials of Ni and Co, the
composition ratio can be tuned by changing the applied voltage (Table 4.2). An increase in Ni
content is observed as a more negative potential is applied. Another approach to control
composition of deposited materials is to inject a gradient of inks across a single hydrogel pen
array. With either of these methods, ePPL can be used to create a compositional variation of

alloys across a single substrate.
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Figure 4.14. Energy-dispersive X-ray spectroscopy (EDS) characterization of a Ni-Co feature
indicates the presence of both Ni and Co in the deposited region. Ni-Co was patterned on an Au-
coated SiO, wafer with a chromium adhesion layer. Corresponding metal peaks are labeled.

Scale bar=5 pm.

Table 4.2. Chemical composition of Ni—Co deposited alloys as obtained by X-ray photoelectron

spectroscopy (XPS).

Ratio Applied Ni% Co%
Ni:Co Potential at/at at/at

(mV)

10:1 -525 77.3 22.7

10:1 -550 79.4 20.6

10:1 -575  81.1 18.9
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1:1 -525 38,5 61.5
1:1 -550 409 59.1
1:1 -575  41.7 58.3

4.5 Conclusion

In conclusion, we reporta new cantilever-free electrochemical patterning approach based
upon the concept of ePPL. While we present the proof-of-concept ability to synthesize mono-
and bi-metallic features, this approach should be extendable for patterning other alloy materials
with control over size and composition across a single substrate. The high-throughput materials
generality of the approach, combined with its ease of use, make it attractive for many purposes.
For example, suchatool could be usedto create combinatorial megalibraries.12:50 in order to
systematically study and discover ideal catalyst materials for applications spanning the chemical
and energy fields. Finally, it may be possible to expand the scope of ePPL to other charged ink
compositions, including conductive organic molecules, such as diazoniums, peptides,

oligonucleotides, or conducting polymer materials.



87

CHAPTER FIVE:

ACTIVE POLYMER PEN LITHOGRAPHY
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5.1 Introduction

The past few decades have seen a surge in research and development of nanolithography
techniques brought about by the need to precisely control the size, position, and composition of
nanoscale features.8-10 Highly driven by the microelectronics industry, these advancements have
unfortunately left a gap in technology for the nanoscale patterning of soft materials, such as
biomaterials. Uniquely suited to address this issue, PPL enables nanoscale patterning of soft or
hard materials over virtually any large-area substrate. However, while high in throughput, PPL at
its current state is a “stamping” tool, meaning that images must be repeated at each pen location,
typically 60-200 pum apart. This becomes most problematic in research that uses nanoscale

features to investigate effects over a larger area, such as in studies of cell adhesion or migration.

Cellular migration is fundamental to many biological processes as well as technological
advancements such as tissue engineering.’t As they move, cells interact with extracellular matrix
proteins with nanoscale surface topographies and geometries, making it crucial to understand the
effects of nanoscale cues.13.7273 However, in order to observe cell movement over a large area,
new technology will be required. Advancing PPL from a stamping tool to an active patterning
technology with individually actuated pens would allow complex, non-symmetric patterning of
soft materials over a large area to observe cell adhesion and migration. Thus, this project aims to
develop a new method of patterning, called active PPL, to pattern many complex nanoscale
migration pathways in order to better understand how cells respond to directional cues over long

distances.

In order to achieve active PPL, we begin by considering the challenge of addressing each

individual pen within an array. Established mechanisms such as DMD arrays enable efficient
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illumination of an image at the microscale. Using this technology, we must then consider photo-
responsive materials which can actuate the PDMS pens within the device. These include photo-
active hydrogels, liquid crystalline elastomers, materials with a photo-thermal response, or
photoconductive materials. Photo-active hydrogels are ones which are crosslinked with a photo -
responsive molecule such that the polymer network contracts/expands upon light exposure and
water is released and re-absorbed.”* However, one can eliminate photo-active hydrogels due to
the reported slow response times (up to 20 minutes) as well as the high levels of humidity
required in order to repeatedly re-hydrate the gel, which is incompatible with the electronics of
the DMD. Liquid crystal elastomers can produce significant expansion upon lightexposure and
do notrequire any particular atmospheric conditions.’> However, the azobenzene isomerization
required for light-activated expansion is a relatively slow process through a micron-scale film,

which makes this a nonideal candidate for efficient large-scale patterning.

In nanolithography, many methods have been developed for patterning in one of two
broad mechanisms: serial or parallel printing. Serial printing can be thought of as analogous to
one pen writing on paper, and includes methods such as electron beam lithography, laser writing,
or DPN. This method is fundamentally slow and low in throughput, but it is amendable to
arbitrary patterning. Parallel printing, as in photolithography, microcontact lithography, or PPL,
is analogous to woodblock printing, where each new pattern requires the fabrication of a new
mask or mold. These techniques are very high-throughput but have low flexibility in patterning.
A major goal of this work is to develop a technique, active PPL, that bridges serial and parallel

nanolithography methods and acts as a high-throughput and flexible nano-scale printing tool.
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Before thoroughly discussing active PPL, it is important to note that significant work was
done to actuate arrays of DPN cantilevers. Prior to the complete development of PPL, parallel
DPN was used for higher throughput scanning probe nanolithography.’® At this stage, cantilevers
were fabricated from using silicon micromachining processes. To achieve active cantilevers
capable of individual actuation, metal films were deposited onto the cantilevers to create thermal
bimorphs, wherein the different thermal expansion constants of the two materials were used to
induce downward motion of the cantilevers when current is applied (Figure 5.1). While this
method proved interesting and effective, due to the difficulty of scaling such fragile and

expensive DPN cantilevers, the technique is less relevant to the nano-patterning field today.””-7°

Figure 5.1. lllustration of actuated DPN using thermal bimorphs. This method is difficult to

scale up, fragile, and expensive to manufacture.”®

After PPL was developed, the question of active penarrays was again brought up in order
to increase the complexity of patterns made with this architecture. Here, to address each
individual elastomeric tip, pneumatic chambers were fabricated behind each tip, and the air
pressure within the chamberswas individually controlled using an external pneumatic controller

(Figure 5.2). This method was not optimized beyond its proof-of-concept demonstration for two
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pens at a pitch distance of 250 pum, due to the impracticality of large-scale pneumatic control

necessary for arrays with tens of thousands or millions of chambers and pens.80

Pneumatic chamber

Increase pressure
Writing surface

MHA dot \! !
A

Figure 5.2. Schematic of pneumatic chambers and optical image of fabricated chambers behind

PPL tips. The air pressure inside the chambers expands to “push” each tip towards the substrate

for patterning.80

The second attempt to achieve active PPL provided more reliable actuation and
demonstrated actuation using 16 pens. In 2013, the Mirkin group demonstrateda technique for
actuation by thermal expansion of each PDMS elastomer pen via electrical heatersfabricated on
the glass layer beneath each polymer pen tip (Figure 5.3).81 Upon heating, the PDMS pens were

shown to expand without significant cross-talk between pensor degradationin performance. In
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this design, the heaters were made of ITO as a transparent conducting element where resistive
heating was induced through an ITO coil by sending a currentacross each heater. The heat was
transferred to the elastomer, which locally expanded both substantially and quickly. This
demonstrated that heat is a reliable mechanism for significant expansion and rapid actuation
(response times on the order of milliseconds). However, as with the pneumatic chambers, this
technique failed in scalability to the level of thousands, or even millions of pens—as the

electronic circuitry that would be involved in creating thousands of individually addressable

heaters is complex and expensive.

Figure 5.3. lllustration and image of actuated PPL using patterned resistive heaters.8!

To create an easily scalable system, the most efficient method to address each pen at a
large scale would be to use light. When coupled with a digital micromirror device (DMD), light
can easily address each tip. This is well studied and, in fact, is used for actuated BPL where
large-scale arbitrary patterning using an array of apertures bore from a gold-coated PPL array has

been demonstrated (Figure 5.4).23.24 Here, light from the DMD shines through the apertures onto
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a photoresist to induce a photochemical reaction. Each pen in this apparatus is aligned to a
patterned array of light from an LED directed by a DMD. Images can be arbitrarily loaded into
the software of the DMD to project light in a pattern, and the timing can be corrected in order to
sequentially display certain light images once pens are in contact. While this was a significant
leap forward in the field of desktop nanofabrication, this tool is limited to patterning onto
photochemical materials such as photoresist. By extending large-area arbitrary patterning to PPL,
the capability of nanoscale patterning will become highly generalizable and unspecific to feature

or substrate materials.

\

NN

Figure 5.4. Depiction of actuated BPL. A DMD array is used to program and control the light
output through the aperture at the apex of each penand onto the substrate for large area arbitrary

nanoscale light patterning.2
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When considering light activation of a PPL array, it becomes important to consider which
light responsive materials may be viable candidates. Such materials include photo-active
hydrogels, liquid crystalline elastomers, opaque materials with a photothermal response, or
photoconductive materials. Photo-active hydrogels are ones which are crosslinked with a photo -
responsive molecule such that the polymer network contracts/expands upon light exposure and
water is released and re-absorbed.”* However, one can eliminate photo-active hydrogels due to
the reported slow response times (up to 20 minutes) as well as the high levels of humidity
required in order to repeatedly re-hydrate the gel, which is incompatible with the electronics of
the DMD. Liquid crystal elastomers can produce significant expansion upon light exposure and
do notrequire any particular atmospheric conditions. > However, the azobenzene isomerization
required for light-activated expansion is a relatively slow process through a micron-scale film,
which makes this a nonideal candidate for efficient large-scale patterning. Another approach is to
consider using the energy from the light source directly as thermal energy. Recent work showed
this using a PDMS pen array embedded with light-absorbing carbon nanotubes.8 By irradiating
the opaque elastomer with light, the excitation of absorbed photons induces heat, which
thermally expands the polymer similarly to that observed with resistive heaters. Because the
amount of heat generated is directly dependent on the number of photons absorbed, there is a
fundamental limit to the expansion that can be generated per milliwatt (mW) of light per unit
area. This limit also depends on the amount of power that can be transmitted through a DMD
per unit area. Due to this limitation and the lack of a high-power addressable light source, the
direct photothermal approach is not realizable in practice. This leaves photoconductive materials

as the most promising light active material. Specifically, hydrogenated amorphous silicon (a-
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Si:H) has the ability to rapidly increase its conductivity when irradiated with low-power light,83
and by integrating this capability into a device architecture with thermal radiation, one may be

able to utilize a-Si:H as a microscopic switch for thermal expansion.

In order to conceive of such a device architecture, one may look towards existing
methods of light actuation. One widely used device is optical tweezers, which relies on high-
power light to trap and move particles at the nanoscale. More recently, a new device technology
has been investigated called optoelectronic tweezers (OET), where instead of directly using one
high-powered light beam to control particles, large-area, directed low-powered light images,
integrated with dielectrophoresis, are used to manipulate many objects at once.8487 This
technique uses a photoconductive material to locally direct conductivity. Here, a moving
projected image is displayed onto the substrate to manipulate particles using the opto-
dielectrophoretic effect. Consequently, OET is an efficient and large area particle manipulation
technique, requiring only one hundred thousandth of the light power needed for optical tweezers.
Using inspiration from these methods of light-addressable conductivity, combined with resistive
heating, a so-called optoelectronic heating device is proposed for localized micron-scale heating

over large areas.

Use of the photo-thermal effect should be investigated thoroughly. A material would be
needed, in this case, that can absorb enough energy fromthe light source to achieve substantial
thermal expansion. Upon further investigation, volumetric thermal expansion in solids is
insufficient for active PPL, which would require at least three micrometers of linear expansion
for patterning. Even when making the material opaque for optimal light absorption, state-of-the-

art DMD arrays cannot deliver enough energy at each mirror location to cause sufficient



96
expansion. Gases and liquids observe significant thermal expansion, and in theory could be
integrated into the PPL polymer architecture to act as an expansion mechanism for each pen.
This is an option moving forward in our studies, but because it would require complex
engineering, microfabrication, and optimization, a more straightforward route was taken in this

project to deliver localized heat to each polymer pen: an optoelectronic heater.

In this device, a-Si:H is a promising candidate. It has not only been used as the principle
component for optoelectronic tweezers and an optoelectronic heating device from the
literature,88.8 but it is common in the semiconductor industry where it is an alternative thin film
solar cell material in low-energy applications such as in solar-powered calculators and watches.
An inexpensive, thin-film alternative to crystalline silicon, a-Si:H has a higher band gap and
higher absorption coefficient. Due to the high presence of dangling bonds in amorphous silicon,
largely passivated by hydrogen in a-Si:H, there is a higher defect density and lower diffusion
lengths. When integrated into a device structure, the conductivity of amorphous silicon increases
locally and rapidly upon exposure to light. Localized Joule heating can be induced in a-Si:H
when illuminated because in the dark a-Si:H acts as an insulator, but when irradiated electrons
can flow through a circuit with a resistance that generates heat. Effectively, this scheme enables
conversion of low-power illumination to a high-power electronic response from an external

power source, subsequently generating heat. The idea is illustrated in Figure 5.5.
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Figure 5.5. Conceptualization for active PPL. A DMD projector will illuminate the area behind
select pens within an array which will thermally expand and selectively deposit material onto the

substrate.

5.2 Conceptualization of Photo-actuation
In order to develop an optoelectronic heating (OEH) device for local heating and
conductivity control, optimal fabrication procedures were determined both computationally and

experimentally. The basic structure of the device can be drawn fromsolar cell technology and
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prior literature in OET, OEH, and demonstration of active PPL using resistive heaters. A
schematic of the structure and conceptual description is shown in Figure 5.6. The active layer in
the structure is a-Si:H. It is photoconductive and responds to light in order to create conductivity
in an otherwise effectively insulating material. When electrons are conducted through an
illuminated region of the a-Si:H, this acts as a resistor in the circuit. We can thus expect that
Joule heating will be produced in the area of illumination. With sufficient heating and a fast heat-
transfer mechanism, a layer of PDMS adhered to the device should then thermally expand. This
is the basic concept behind the proposed OEH device, which can be applied to use in active PPL.

To fabricate the device layersfor sufficient thermal response, careful optimization and
development was required. Material deposition used conventional photolithography methods
usinga positive tone photoresistand a UV mask aligner, electron beam evaporation for SiO,, Cr,
Pt, Ag, and Au deposition, Buffer HF to wet-etch SiO,, and RIE etching for dry etching of the a-
Si:H. The efficacy of the device was first measured using an electrometer and probe station
combined with an LED light source (Figure 5.7). Because amorphous silicon absorbs best at
629 nm (red), a red LED was integrated with the DMD projector as the light source. After
electrometer measurements, a thin film (100 um) of un-cured Slygard 184 PDMS was spin-
coated onto the device for uniform thickness, and then thermally cured. Portions of PDMS were
very carefully removed from the device using a razor blade in order to provide access to the
electrical contact pads. The heating capability of the device was then characterized using an
infrared (IR) camera equipped with a high-resolution lens for micron-scale imaging. Finally, the

expansion of the PDMS under light-illumination was measured by placing the illuminated,
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biased device underneath an AFM cantilever and measuring the deflection of the cantilever as a
function of time.

In order to demonstrate effective active PPL patterning, continued optimization of the
device will need to be done. To improve response times of the PDMS, a PPL array must be
deposited onto the device and measured to correct for the shape when measuring volumetric
expansion. Once appropriate volumetric expansion response magnitudesand times is exhibited,
then the device must be integrated with an existing BPL tool such as the TERA-fab E-Series
instrument. The DMD and scanning probe platform, along with a functionality for alignment of
the pen array with a substrate via determination of electrical contact points, will enable full
realization of arbitrary high-throughput nanoscale patterning of hard or soft materials, as has

been shown in actuated BPL.
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Figure 5.6. Schematic of active PPL design. A potential is applied across a transparent
conducting oxide layer (i.e., ITO) and a reflective metal layer (i.e., Ag), with a mostly insulating
layer of photoconductive hydrogenated amorphous silicon (a-Si:H) in between. By guiding the
flow of electrons through the a-Si:H layer, the resistive heating can be localized to micron-scale

regions, thereby thermally expanding each PDMS pen sitting atop that region.
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Figure 5.7. The setup used for characterization of the optoelectronic heating (OEH) device is
shown where an external power source applies a potential to the contact pads of the two
electrodes; meanwhile,a DMD projects light from a red LED orthogonal to the device in order to
illuminate the amorphous silicon. Measurements from an AFM cantilever, infrared (IR) camera,

or probe station would be collected from above the device.
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5.3 Optoelectronic Heating Device

To successfully achieve high-resolution heating and conductivity control using low-
power light from a DMD, inspiration was drawn from work in amorphous silicon thin film solar
cells, optoelectronic tweezer devices, and an optoelectronic heating device made in a prior work
showing micron-scale heating control for melting of a layer of hexadecane, which melts at 18
°C.8 These devices tend to use a “sandwich” structure of two thin film electrodes above and
below an a-Si:H light absorbing layer. The bottom electrode is a transparent conductor such as
ITO, which enables direct illumination of the a-Si:H, and the top electrode is highly reflective,
such as Ag or Au, effectively doubling the number of photons absorbed by the device. A
potential bias is applied between the electrodes, inducing an electric field across the
photoconducting a-Si:H. Localized light will then create charge carriers (higher conductivity) in
the semiconductor layer that are accelerated by the electric field. These charge carriers produce
heat by the Joule effect, so power for heating draws upon the electric field rather than the light
itself.

Due to the possibility of lateral heat transferand area crosstalk, the thermal conductivity
of a-Si:H is important, which is low and reportedly between 0.1 Wm-K-1and 2.6 Wm-1K-1,83.90
a-Si:H can also absorb light efficiently so that low thicknesses can be used. One-micron films
have been shown to have high absorption of 104 cm- at 630 nm.83 In contrast, crystalline Si
would need 30 um thickness for efficient light absorption, and it has much higher thermal
conductivity at 140 Wm-K-1 as well.

Because heat in the device is generated by the Joule effect, heating power is dependent on

the electrical current and voltage bias, as P=IV. Therefore, when measuring the device’s [-V
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curve, we can also get an understanding for the expected heat differential. The key in this case is
a high contrast between light and dark currents. As such, when fabricating the device, a
5 nm layer of n*-doped a-Si:H is added between the ITO and intrinsic semiconductor layers, in
order to provide better Ohmic contact. However, a rectifying junction is still necessary in order
to provide high photocurrent contrast. This comes from the Schottky contact between the
semiconductor and the Ag/Au electrode,®! and it has been reported for a-Si:H photo-sensitive
applications many times. The reason there is one ohmic contact and one Schottky contactis that
dark currents will be greatly influenced by the Schottky barrier and photocurrents less-so. High
forward bias tends to reduce such barriers since the depletion region tendsto decrease at higher
potentials. Also, at high potentials the current becomes series-resistance limited,®! and that
signifies high heat generation in the device.

The next greatest challenge when fabricating the layers of the device involves shunt
currents. Because of the relatively low-quality PECVD deposition of a-Si:H, pinholes which
create shunt currents are possible. By depositing 500 nm SiO,, then wet-etching it with Buffered
HF, the shunt currents are effectively filled in. This can later be combined with the addition of a
thin (=50 nm) SiO, barrier between pen areas for further thermal/electrical isolation.
Furthermore, the top electrode includes a 10 nm layer of Cr for adhesionand 50 nm layer of Pt as
an atomic diffusion barrier to the Ag, at 100 nm thickness. After electrode deposition, an area of
the chip is etched using RIE, and Au metal contacts with a Cr adhesive layer are deposited as

well. These steps are shown in Figure 5.8.
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Figure 5.8. Layers of thin film deposition are shown for OEH device fabrication. An example of

a completed device is shown in the corner of the figure.

The 1-V characteristics of the device were measured using a Keithley Source Meter and
probe station, shown in Figure 5.9 along with the characteristic from the device used in the
literature. It is important to notice the rectifying behavior shown in the dark current and the large
difference in contrast between light and dark currents, which will induce proper high-resolution
heating effects. In Figure 5.10, more electronic measurements are shown, including a variable
light source intensity as well as a time-response study. It is clear that we are operating near

saturation and that there is precision control of the conductivity based on light. Also, the time
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response was measured to be less than 10 ms, which indicates that the photo-response of the

device will not be a time-limiting factor when applying the device to an actuating pen array.
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Figure 5.9. I-V profile of OEH device was measured on the right, and the literature result is

shown on the left for visual comparison.
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Figure 5.10. More electronic properties of the OEH device were measured, including a) response

to different light intensities, and b) time-response of the photocurrent.
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In order to use the device for active PPL, it should generate enough heat to thermally
expand PDMS. This effect was measured using a thin film (100 um) of PDMS spin-coated onto
the device. This thickness is what is typically used as a backing layer in PPL, though it can be
adjusted. The expansion was measured using contact-mode AFM, shown in Figure 5.11. The
time response can be improved still, but this can be expected to be decrease dramatically once

the geometry of the PDMS is changed and the thickness is optimized.
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Figure 5.11. The AFM tip deflection over a layer of expanding PDMS is shown over time. The

markers indicate when lightis turned on (red) and off (black).
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5.4 Future prospects
The design of the optoelectronic heater discussed in this proposal was inspired by the
literature, including the development of optoelectronic tweezers, and optimized for the active
PPL system.84.86.88 Using a photo-conductive material and an applied voltage bias, the joule
heating effect is triggered in illuminated regions of the material. To achieve this effect, several
different photoconductors were investigated, such as CdS or conductive polymers like
polyvinylcarbazole. Hydrogenated amorphous silicon is unique among these because of its
highly tunable, disparate light and dark conductivities, which enable its function as an insulator
in the dark and as a heat-producing resistor in the light. In order to model this system and the
thermal dissipation across the active PPL device, finite element modeling can be used.
Simulation software will enable modeling of the electrical properties, thermal conductivity, and

thermal expansion of every layer within the device architecture.

Further improvement of this device may incorporate insulation between tips such that
crosstalk is minimized, for example by patterning SiO, between each pen through
photolithography. In addition, a thermoelectric cooler may be integrated into the system as the
backing layer of the ITO (or sapphire), such that the retraction time may be quickened, and
enabling improved precision control of the temperature of the pens over time. Both of these

concepts are illustrated in Figure 5.12.
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Figure 5.12. Schematic depicting how insulating features may be patterned between pens on the

Ag backing layer, and a thermoelectric cooler may be integrated for improved reaction time and

overall temperature control.

Upon successful demonstration of an OEH device that can control conductivity
microscopically, this mechanism can be combined with ePPL (Chapter 4) or t-PPL (Chapter 3) to
develop active ePPL or t-PPL. In theory, the previously described OEH device can serve as the
substrate/working electrode, where bias is applied to the ITO and only conducts electrons and

reduces metal in localized regions defined by a DMD (in ePPL), or locally heats a substrate such
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that thermosensitive inks only pattern at each individual location. This concept for ePPL is

shown in Figure 5.13.
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Figure 5.13. Basic understanding of proposed active PPL mechanism. The working electrode
will be replaced with the OEH device which can use the changing conductivity to apply potential
selectively in regions where patterning is to occur. In this way, ePPL patterning could become a
fully functional tool for arbitrary desktop nanolithography and 3D printing of metal

nanostructures.

Successful completion of a new electronically active PPL technique will introduce
entirely new worlds of patterning and material designs. One interesting application would be to
discover possible new plasmonic metamaterial structures using simulation and modeling and
then rapidly print many different structures to experimentally discover the next most promising

structure.

Another future prospect is to use electronically-active PPL to pattern multiple inks atop
one another by coating each tip with a different ink by massively multiplexed inkjet printing.

Then, different inks can react with one another and nanoscale chemical reactors can be observed
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in a huge combinatorial library. Otherwise, inks can form on top of one another as well for use in
multi-layered structures in plasmonics and electronics. Lastly, these tools would make ideal
candidates for the design and fabrication of large area nanoscale electronic connections. This is
enabled by the tool's unique ability to pattern with independent pens at various locations over a

single substrate.
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CHAPTER SIX:

CONCLUSIONS AND FUTURE OUTLOOK
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6.1 Summary and Conclusions

Lithography is one of the cornerstones of technological development in society. In order
to synthesize, prototype, discover, and apply materials in the real world, lithography tools are
crucial. As computers become smaller and nanomaterials show new promise, our collective
understanding of the properties, synthesis, and applications of nanomaterials has become ever
more important. For that reason, lithography must become smaller as well with technology, and
tools must be developed for the widespread use of nanolithography in both research and
commercial settings. In fact, lithography tools are even important for the average home user
when we consider the widespread use of tools like ballpoint pens, laserjet printers, and home -use
3D printers. The development of nanolithography tools has been prolific in recent decades, but
we have yet to see high-throughput nanolithography methods become widespread, versatile,
inexpensive, and user-friendly. The work done in this thesis represents a small step towards that

goal.

Our existing nanolithography tools work well, but they don't cover all their bases yet.
Notably, CF-SPL techniques offer uniquely high-throughput arbitrary patterning, but they, too,
are insufficient for truly widespread use without further fine-tuning and development. In this
thesis, the architectures developed previously have been improved upon and thoroughly
investigated such that they can become more widespread in terms of materials, environments,
and capabilities. Beginning with negative PPL, we have expanded the capabilities of PPL to
include patterning in aqueous environments and through material removal rather than deposition.
t-PPL has expanded our capabilities to high-throughput thermal patterning, such that localized

thermochemistries may occur at each tip over a massively parallel (>10,000 tips) scale, and
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opened more avenues to high-throughput 3D nanoprinting, analogous to fused deposition
modeling. The invention of ePPL has expanded our capabilities to more materials, includingany
metal, metal alloy, or other charged material that may be electrodeposited, and opens more
avenues for 3D printing of metallic structures. Finally, the work done here towards active PPL
demonstrates the potential for arbitrary patterning on a single substrate that does not repeat the
same pattern at each tip location, which would enormously transform the field of CF-SPL and its
usage. By the combination of both these architectures (ePPL and active PPL), we can achieve not
only arbitrary electrochemical patterning but also arbitrary 3D printing of metals in the future.
Likewise, this may be done with t-PPL and active PPL. These tools can be utilized to explore
new plasmonic 3D metamaterials, multi-metallic features, and multi-component nanoparticle
patterning over centimeter-scale areas for a desktop nanofabrication tool compatible with either

academic or industrial research and advancement.

6.2 Future Outlook

While all four of the methods described in this thesis have beenthoroughly investigated
and developed over countless iterations of troubleshooting, all of them may be further improved
with more experimentation and technology development, as any good technological development
might. In all four cases, resolution, materials exploration, z-direction printing, and analysis of
printed materials may be further explored in order to contribute to the wealth of technology
related to nanolithography. Beyond these expected improvements and investigations, however, it
Is important to be imaginative and creative with the directions one might take with each of these

nanolithography tools.
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For example, using n-PPL of PAEs, control over ordering and microfluidic flow might

make complex multicomponent patterning very interesting. In that case, we can develop
patterned structures made up of ordered, amorphous, different sizes, and different core material
PAE assemblies all at once. Hierarchical patterns of multiple functionalities can be easily
synthesized. Proteins, for example, can be made into a PAE and printed similarly. Furthermore,
other materials besides PAEs could be explored for n-PPL, such as direct cellular patterning or

removal of enzymes or different DNA-based assemblies.

With the invention of t-PPL, the preliminary conceptual promise is shown, but this work
has barely scratched the surface of possibility. By merely observing the myriad applications of t -
SPL, we know that extending this to millions of probes working in parallel, those applications
could be done as well. However more interestingly, one exciting prospect liesin lab-on-a-chip
style tissue engineering, but doing so with such high control over x,y, and zdirections, and so

rapidly in a desktop nanofab environment, expands capabilities immensely.

ePPL, on the other hand, is a more thoroughly investigated technology, and it provides
very unique capabilities that have not been previously observed. With this new method to rapidly
prototype metallic structures, 3D metallic nanoprinting with high-throughput may be attainable
for the first time. In addition, patterning alloyed metal nanoparticles is facile, as is controlling the
size and composition across a single substrate. In this way, megalibraries with compositional and
size gradients of alloys may be patterned across a single substrate, then probed for catalytic or
magnetic activity, such that new materials discovery may be performed rapidly. Finally, the
success of ePPL with metals indicates that any charged molecule may be patterned, as long as it

can be electro-deposited and captured within a hydrogel. In this manner, all types of biological
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molecules like enzymes and DNA, as well as functionalized diazonium or conductingpolymers
may be synthesized with high throughput and dimensional control as well as spatial-arrangement

over a large-area substrate.

Finally, upon the successful completion of active PPL, one of the most significant uses of
the technology lies in studies of biological materials, especially in cellular assays. For the first
time, different shapes and structures can be patterned all across a single substrate, paving the
way for tissue engineering and more, but also encouraging a more controlled study of cell-
environment interactions, as in cell migration studies. In addition, the technology could feasibly
be used towards circuit building and repairs. Lastly, this project could be utilized in a different
way, as well, where the optoelectronic heater is used as the substrate rather than a backing layer,
such that a new method of thermal CF-SPL is born, and localized heating can occur at each

polymer pen location.
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nanoparticles for applications in electronics
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o Presented both oral and poster sessions at two international materials science
conferences, and published two peer-reviewed articles

o Mobilized results and research towards founding of start-up company,
NanoDirect, LLC in Baltimore, MD

e IMEC (Inter-University Microelectronics Center), Leuven, Belgium; Jun 2014 — Aug
2014

o Advisor: Dr. Pol Van Dorpe

o Designed and evaluated Finite-Difference Time-Domain (FDTD) simulations of
light propagation in Bragg mirrors and MMI devices, and performed
corresponding transmission measurements in SiN waveguides for next generation

photonics

TEACHING EXPERIENCE

e Northwestern Materials Science Department, Evanston, IL; Apr 2018 — Dec 2019
o Courses:
= MSE 201: Introduction to Materials Science and Engineering
= MSE 314: Thermodynamics of Materials
e Northwestern Center for Talent Development, Evanston, IL; Oct 2016 — Dec 2019
o Developed and wrote three new and distinct courses in nanotechnology,
engineering, and smart sensors, and taught weekend courses to gifted students

grades 3-9 in the Chicagoland area

LEADERSHIP EXPERIENCE
¢ Northwestern Materials Science Umbrella Society (MSUS), Evanston, IL; Aug 2018 —
Mar 2020

o Vice President

o Organized professional development events with 7-member executive board
for Northwestern graduate students, and applied for and helped manage

annual funding
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Northwestern Materials Science Student Association (MSSA), Evanston, IL; Jul
2016 — Jul 2017
o President
o Managed a12-member executive board to organize recruitment and
orientation events, social and professional events, and fundraising for a
department of over 300 students
Johns Hopkins Iranian Cultural Society, Baltimore, MD; Dec 2012 — May 2015
o President
o Organized events to bring together students interested in Persian culture, in
particular three events surrounding major Iranian holidays for the community
in the Baltimore area, including an annual Norooz banquet event for over 300

people

PUBLICATIONS

EunBi Oh*, Rustin Golnabi*, David A. Walker, Chad A. Mirkin. “Electrochemical
Polymer Pen Lithography.” In Preparation.

Rustin Golnabi*, Jinghan Zhu*, Ziyi Miao, Chad A. Mirkin. “Polymer Pen Negative
Lithography.” In Preparation.

Liliang Huang, Haixin Lin, Cindy Y. Zheng, Edward J. Kluender, Rustin Golnabi, Bo
Shen, Chad A. Mirkin. “Multimetallic High-Index Facet Heterostructured Nanoparticles.”
Journal of the American Chemical Society 142 (2020).

Rustin Golnabi, Su (Ike) Chih Chi, Stephen L. Farias and Robert C. Cammarata. “A
Continuous Flow Device for the Purification of Semiconducting Nanoparticlesby AC
Dielectrophoresis.” MRS Proceedings 1700 (2014).

Rustin Golnabi, Won Ik Lee, Deok-Yang Kim, and Glen R Kowach. “Effects of
Crystallographic Planes on Focused lon Beam Milled Patterns of Single Crystal
Diamonds.” MRS Proceedings 1395 (2012).
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e W Lee, R Golnabi, A Calabro, C Queenan, D Becker and D Kim. “Effect of Ion Currents
on the Morphology of Focused lon Beam Milled Patterns on a Single Crystalline
Diamond.” Microscopy and Microanalysis 17 (Suppl. 2), pp 698-699 (2011).

e Rustin Golnabi, Won I. Lee, Deok-Yang Kim and Glen R. Kowach. “Focused lon Beam
Milling of Crystalline Diamonds.” MRS Proceedings 1282 (2011).

SKILLS & INTERESTS

e Software: MATLAB, AutoCAD, Adobe Illustrator, LabView, Microsoft Office (Excel,
PowerPoint, Access, Word)

e Language: Fluent in written and spoken Farsi and Spanish

¢ Interests: Cooking, Biking, Backgammon



