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ABSTRACT
MICROSCALE MEDIUM-TO-HIGH-TEMPERATURE REACTORS VIA MODIFIED

BINDER JET PRINTING PROCESSES AND PITCH CONTROL IN NANOSPHERE
PATTERNS VIA SOFT LITHOGRAPHY

By
Xiaolu Huang

A conventional approach to making miniature or microscale reactor components (e.g., heat
exchangers, microreactors, separators, etc.) relies on silicon as a base material and MEMS
fabrication as manufacturing processes. These Si-based microfluidic devices, however, often fail
in applications involving medium-to-high-temperature operations due to lack of robust fluidic
interconnects and a high-yield bonding process required to make those devices. Here we explore
additive manufacturing (AM), also known as metal 3D printing, as an alternative platform to
produce small scale microfluidic devices that can operate at temperature much higher than what
polymers can withstand. Binder jet printing (BJP), is utilized to make stainless steel (SS)
preconcentrators (PCs) with submillimeter internal features. Small-scale PCs can increase the
concentration of gaseous analytes or serve as an inline injector for micro gas chromatography
system (micro-GC) or portable gas sensor applications. Normally, parts printed by BJP are highly
porous and thus unsuitable as fluidic components due to leaks. By adding to SS316 powder
sintering additives such as boron nitride (BN), which reduces the liquid temperature, we produce
near full-density SS PCs at sintering temperatures much lower than the SS melting temperature
and importantly without any measurable shape distortion. Next, we leverage high initial porosity
and decoupling of printing and sintering in BJP to fabricate 3D-printed heterogeneous
metal/ceramic structures that are functionally graded. Functionally-graded materials (FGMSs) are
particularly challenging to produce in AM because of the material and processing incompatibilities

caused by the thermal shrinkage/expansion mismatch and residual stress issues. We introduce a



selective-reactive sintering (SRS) process to locally tune the electrical properties of BJP-derived
SS parts. The SRS process utilizes reactive gaseous environments such as oxygen during sintering
and partially converts metal powders to more resistive metal oxides. The combination of BJP and
SRS allows the portion of the resulting structures to possess much higher electrical resistance than
the other regions, facilitating efficient electrothermal conversion for heat exchanger or reactor
applications. Moreover, the heterogeneous nature of the metal/metal oxide structures significantly
increases the temperature coefficient of resistance (TCR) compared to that of the raw metal. Large
TCR values of the heterogeneous FGM structure makes it highly sensitive to the temperature
variation, i.e., useful as resistance-temperature detectors (RTD) or anemometer-like flow sensors
at medium-to-high temperatures. The second part of the dissertation is to address the intrinsic
limitation of nanosphere lithography (NSL). NSL is known as one of the most inexpensive and
widespread nanopatterning approaches, and in conjunction with metal-assisted chemical etching
(MACE), can create an array of vertically-aligned silicon nanowires (VA-SiNWSs) for various
applications including highly-sensitive gas detectors and Li-ion battery anodes. However, VA-
SiNWs obtained from NSL and MACE are limited in their size and spacing because the array pitch
and wire diameter are inherently linked to the original nanosphere size. Here, we present
deformable soft lithography using controlled deformation of elastomeric substrates and subsequent
contact printing transfer to systematically control the lattice spacing and arrangements of the
nanosphere array. The unique aspect of our approach is to utilize a custom-made radial stretching
apparatus that allows the nanospheres to be stretched without disrupting original hexagonal
arrangements over large areas. This is different from the patterns obtained from the more
conventional uniaxial or biaxial stretching method whose anisotropic nature breaks the hexagonal

symmetry.
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CHAPTER 1
INTRODUCTION

1.1 Microreactors

Microreactors, or microchemical reactors, are miniaturized reactors in which key chemical
processes such as reactions, transport, mixing, and separation occur at the length scale of typically
less than 1 mm and can be found in many applications including sophisticated chemical reactions?,
nanomaterials synthesis? catalytic reaction®, fuel cells* and biological system®®. Microreactors
offer numerous advantages over conventional scale reactors mainly due to high surface-area-to-
volume ratio in small confinements, resulting in significant enhancements in energy efficiency,
reaction speed and yield, waste reduction, safety, reliability, production flexibility, scalability, ,
and process controllability. Therefore, more extensive research activities have been conducted to
improve the fabrication technology for microreactors and expand their applications. A higher
surface-area-to-volume-ratio delivers higher stability of chemicals, higher heat and mass transfer
rates for reactants and products, and a lower risk for explosive and hazardous reactions. In recent
years, global demand for microreactor technology has gradually increased due to major driving
factors such as increasing demand of 3D printed microreactor owing to its relative affordability
and high designing capability, increasing regulations and rising safety concerns in chemical
industry and others. Global Micro Reactor Technology Market was valued at USD 32,456 million
in 2015 and is expected to reach USD 1,08,927.1 million by 2022 expanding with a compound

annual growth rate of 19.05% ’(shown in Figure 1.1).
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1.1.1 Fabrication techniques of microreactors

1.1.1.1 Materials of microreactors

Microreactors are fabricated in a range of materials, including silicon, glass, polymer,
metal, and ceramics® 3. The selection of materials depends on target applications, especially
operation conditions such as temperature, pressure, and corrosivity of reactants and products. The
availability of manufacturing technologies also influences the choice of reactor materials. Among
the abovementioned materials, silicon is one of the first to be used as reactor structures because
microfabrication technologies established from microelectronic and microelectromechanical
system (MEMS) industries have been developed for silicon. Naturally, microreactors with
submillimeter features can be easily produced by the existing tools. Glass has been extensively
used in microfluidic and lab-on-a-chip applications mainly because transparent walls provide
direct visualization of chemical reactions and characterization. While silicon and glass are well
characterized for microreactor development in terms of creating fine external or internal features,
they are brittle and difficult to be machined, posing issues in making fluidic interconnects and

interfacing with macroscopic worlds. In addition, silicon and glass come in a form of flat plates,



and therefore, the final shape of microreactors is often limited to the planar geometry. Polymers
have also been used for microreactors and can be broadly divided into two categories:
polydimethylsiloxane (PDMS) and its modified versions and thermoplastic polymers428,
Although polymers are widely used as microreactors thanks to merits such as flexibility in
materials, a wide range of available fabrication protocols, and cost-effectiveness, they can only be
used in applications compatible with the polymer’s operation conditions. For example, they are
not or hardly suited for chemical reactions in the harsh environments such as high temperature,
high pressure, and corrosive reactants. Metallic and ceramic materials are better suited under such
harsh operating conditions. Metals, in particular, are attractive because they are not only
compatible with conventional machining processes (thus easier to make connections) but also
potentially provide better performance and long-term stability due to their superior mechanical,

thermal, and electrical properties.
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Figure 1.2 (a) porous silicon microreacto for lab-on-chip based flow through catalytical
processes as well as continuous?®; (b) a glass microreactor on a chip for chemical reaction®; (c)
PDMS microreactor used as microfluidics channel in radiopharmaceutical chemistry?! ; (d)
metal microreactor for PMMA nanoparticles fabrication??



1.1.1.2 Fabrication approaches to microreactors

A number of fabrication approaches have been employed for the construction of
microreactors. Depending on the reactor materials, different methods have been chosen including
MEMS fabrication techniques, precision machining, laser ablation, hot embossing, nanoimprinting,
etc.222> MEMS fabrication techniques such as photolithography, wet and dry etching, deposition,
and bonding?®-2%8, are perhaps most widely used in making microreactors as most microreactors are
based on silicon, glass, and polymers. However, these fabrication techniques have some
weaknesses. First, the MEMS fabrication typically requires cleanroom environments as well as
expensive equipment, significantly increasing a production cost. Next, microreactor structures
generated from MEMS-based technology cannot have arbitrary 3D shapes because the technology
has been developed on a flat surface and add or subtract materials in the direction perpendicular
to the substrate, known as 2.5 dimensional. In addition, as mentioned earlier, incompatibility with
conventional machining, robust fluidic interconnects are hard to be made for Si or glass-based
microreactors. This limitation in design freedom and fluidic connections can be somewhat lifted
if metal is considered as a base material for microreactors. Most manufacturing technologies for
metals rely on either subtractive approaches such as lathing, milling, drilling, etc., or
molding/casting approaches if the melting point is relatively low. Even though precision
machining using 5-axis CNC machines or electrical discharge machining can nowadays produce
small external features that are well below a few hundred microns, it is extremely difficult to
produce internal features with the similar size and complexity. In addition, these precision
machining approaches cannot fully address the limitation of the overall geometric complexities.

These challenges for microstructure fabrication of metallic materials can be overcome via a



recently burgeoning manufacturing process, so called additive manufacturing (AM) or also known

as metal 3D printing.

1.1.2 Metal Additive Manufacturing (AM)

Additive manufacturing (AM) is another name of 3D printing processes: 3D printing is
more commonly referred to a process for plastic/polymeric parts and AM is for metals and
ceramics. This process doesn’t require a careful and detailed analysis of the part geometry to
determine how features arrange the order, what tools and process can be used, and what additional
information need to be added to complete the part?>®. Basically, the principle of the AM processes
is straightforward; that is, the part can be fabricated directly without complicated processes using
amodel initially designed through a three-dimensional computer-aided design (3D CAD) program.
AM is the process of joining materials to make objects from CAD model data, usually in a layer-
by-layer manner, rather than removing materials from parts: in other words, converting from the
virtual CAD description to the physical resultant part.

Various AM technologies were originally developed in the late 1980°s and early 1990’s as
a prototyping tool, but have recently regained its popularities in both the academic community and
the business world. AM can revolutionize many sectors in manufacturing by offering the
advantages of reducing component build time, material waste, manufacturing cost and increasing
energy efficiency. Furthermore, AM has the potential to simplify the product design that is difficult
to be created from traditional subtractive manufacturing process. In terms of manufacturing
technology, AM is also known as additive fabrication, free form fabrication, layer manufacturing,
rapid prototyping and “3D printing”, which are also in use. A number of steps involved in

fabricating the physical parts in the AM process include CAD, STL file conversion, file transfer



to the AM machine, machine set-up, part building, removal and post-process, which are generally
applied to all AM technologies.

Metal AM gains enormous popularities in the past few years and is often dubbed as a game-
changing technology or third-industrial revolution for the following reasons: (1) the diversity of
products (or mass customization), (2) the complexity in shape, and (3) production cost independent
of production scale without significant waste. 3D printing directly connects design and
manufacturing activities. Thus, many designs perceived, including any number of variations as
needed, can be directly fed into 3D printing, enabling mass customization of producing many
variations of a product. This is quite different from mass production where dies, molds and tools
are needed to produce a massive number of parts in consistent quality. Many features such as
cavities and tortuous internal channels that are impossible to be made by traditional manufacturing
techniques can be manufactured with AM. The cost of production is independent of the quantity
of production, meaning the cost per part is the same whether making one, thousands or millions.
We will harness these advantages in fabricating the proposed meso-scale devices, mainly
microreactors.

According to ASTM F42 Committee on Additive Manufacturing®!, metal AM has been
classified into four main categories: Powder Bed Fusion (PBF), Direct Energy Deposition (DED),
Sheet Lamination, and Binder Jet Printing (BJP). In PBF (e.g., electron beam melting (EBM),
selective laser melting (SLM), and selective laser sintering (SLS)), powder is consolidated on each
powder layer locally with directed energy (electron beam or laser). In other words, a part is
fabricated by consolidating a small segment at a time. Each segment experiences a complex
thermal history consisting of directed heat input and heat extraction, which are affected by the state

of neighboring segments and chamber environment. In addition, while neighboring segments are



being heated, each segment undergoes repeated partial melting and heat treatment, rapid
solidification, and solid state phase transformations. Rapid solidification can induce the formation
of metastable phases and, in some cases, heat is extracted directionally, resulting in preferred
directional grain growth3233, The cooling rate is reported to be relatively high (up to 10° —-10* K/s
for some metals), which leads to non-equilibrium microstructures. Vilaro et al.3* reported the SLS
processing of Ti-6Al-4V exhibiting a strong texture as a result of epitaxial growth and the strong
anisotropy attributed to the reduced integrity of the resulting parts. These numerous phenomena
result in a complex and heterogeneous microstructure in the final part. In addition, some processing
defects such as micro-porosity and rough surface finish affect the final integrity of the produced
part, resulting in parts with inconsistent performances.

Many researchers have developed novel microchannels, chemical microreactor, gas
sensors and systems in metal using AM approach. Tuchinskiy et al. presented a low-cost
manufacturing process, capable of controlling the geometry and properties and carrying out the
net-shape fabrication for metal and ceramic micro-honeycombs with parallel microchannels®.
This work combines the powder and binder in the shell and places the mixture of binder and a
channel-forming filler in the core and after re-extruding the shell and core, debinding and sintering
were adopted to obtain the final micro-honeycombs®. Uhlmann et al. fabricated the titanium alloy
used for aircraft components using the SLM technology. TiAI6V4 was adopted as additive
manufacture components and showed enormous potentials in improvement of quality and
mechanical properties of the titanium alloy parts by SLM®’. Ladd et al. described a method to
direct-write 3D liquid microcomponents at room temperature and showed it is possible to direct-
write a low viscosity liquid metal into a variety of stable free-standing 3D microstructures, which

is important to print metal with properties of soft, stretchable and shape reconfigurable®®.



1.1.2.1 Binder Jet Printing (BJP)

Among various metal powder based AM systems, binder jetting printing (BJP) methods
are used in our project?®3%4° BJP is a 3D printing process which injects the binder phase onto a
powder bed to form a physical part. The standard BJP process is shown in Figure 1.3%. First,
binder droplets are jetted from a nozzle to form spherical agglomerates of binder liquid and
delivered into the target area of metal powder particles in the build bed to bind themselves as well
as to the previously printed layer. The build bed is then lowered, allowing a roller to spread a new
layer of metal powder from the powder bed. These steps are repeated until the part is completed.
Many post-processing steps are involved after printing to improve the mechanical properties of the
printed part. First, the part is removed from the build bed and transferred to an oven to temporarily
cure the binder phase for minimal structural support. Excessive (unbound) powder particles within
and around the part are carefully removed using a brush or by blowing air. The part is now
transferred to a regular convection oven to burn off the polymeric binder at low temperature
(around 460°C) followed by vacuum sintering to consolidate/densify powder particles in the part
and improve its strength. Alternatively, the part after the binder burn-out process remains highly
porous and can be sintered in a reactive environment to tune the electrical or other physical
properties of the printed part. After these steps, we obtain either a mechanically strong metal part
suitable for fluidic and microreactor applications or a metal/metal-oxide heterogeneous structure

whose properties can be used for novel applications.
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Figure 1.3 The schematic procedure of Binder Jet Printing (BJP) and post processing

1.1.3 Microreactor applications of BJP parts
1.1.3.1 Micro preconcentrator

With the fast development of miniaturization and microfabrication technologies,
researchers have developed a wide range of gas sensors to detect gaseous components in ambient
or other media. These devices are used in air monitoring for environmental applications,
explosive/illicit and harmful chemical detection for security/safety and industrial applications, and
breath analysis for medical diagnosis. In many cases, the gaseous compounds of interest are
present in extremely low concentrations. The challenge is that many gas detectors themselves do
not possess sufficient sensitivity and selectivity to be useful in such situation. Despite tremendous
efforts in improving the minimum detection limit, very different approaches have been proposed
to measure such a low concentration of gases. One approach is to implement a gas preconcentrator

and couple it with GC system*-44, A preconcentrator (PC) is the device that can collect the target



samples over a period of time and then release highly concentrated analytes by thermal desorption
in a relative narrow period (i.e., smaller volume) for chemical analysis.

Traditionally, these sampling processes of gaseous analytes are conducted using relatively
large-size instruments like thermal desorption units (TDUs) and complex procedures like solid-
phase microextraction (SPME). These systems are bulky and consume large power, unsuitable for
portable applications. A number of efforts have been made to miniaturize PCs and develop so
called microscale PCs (or micro-PCs) for the real- time detection with fast response and low power
consumption as well as portability***". Here, we consider micro-PCs as a sort of microreactors
because it involves the delivery of gaseous species, heat and mass transfer, and medium-to-high
temperature operation. The majorities of micro-PCs are built on silicon using MEMS technologies,
and as discussed earlier, Si-based microreactors (created by MEMS fabrication processes) suffer
from the lack of robust fluidic interconnects and low device fabrication yield. In this dissertation,

we propose to utilize AM, specifically BJP, to produce stainless steel PCs.

1.1.3.2 Functionally graded materials (FGM)

FGMs are advanced engineering materials in which the elemental composition or
microstructure progressively varies as a function of position resulting in the gradation in the
material properties. They are highly advantageous when the service conditions of a component
change with position (or gradient loading) and thus, to become a highly effective media, the
material requirements also locally vary accordingly. A notable example includes thermal barrier
materials in extreme-environmental applications such as aerospace or nuclear power generation®,
where the structures are exposed to extremely gradient thermal loading within the part. Another

example is an orthopedic or dental implant application in which the main body has high strength
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and lightweight but its surface should be biocompatible and wear and corrosion resistant*®°,
Numerous techniques have been developed to fabricate FGMs with compositional gradients,
including chemical vapor deposition®-°2, thermal spraying®***, combustion synthesis®®°, and
other deposition methods®’*8, These FGMs are in the form of surface coatings, well supporting
gradients over length scales of less than 1 mm. However, these techniques cannot be implemented
to fabricate any bulk FGM material made of ceramics and metals®®. Metal/ceramic FGMs with the
compositional variation over larger length scales entail completely different fabrication methods
such as centrifugal casting®®®!, tape or slip casting®*-°, spark plasma sintering®°8, and powder
metallurgy®®". A significant amount of research efforts have been made to address the material
and processing incompatibilities (due to the thermal shrinkage or expansion mismatch) and
residual stress issues. These bulk FGM structures are, without 3D printing technology, too simple
in their shape and nearly impossible to attain more complex features and overall shapes that many
modern engineering applications require. Recently, AM has received an increasing attention as a
promising technique to create near net-shaped FGM structures®. Among the various kinds of AM,
the directed energy deposition (DED) method, in which metal powder is fed into the melt pool
under a moving laser’? is most widely employed for the preparation of FGMs because the variation
of powder composition among layers can be easily achieved by two or more powder feeders. The
elemental composition and mechanical properties of such DED-enabled FGMs have been
investigated for the various graded metal alloys from Ti-6Al-4V to pure V, 304L stainless steel
(SS) to Invar 36, Ti-6Al-4V to 304L SS™3, 304L SS to Inconel 62574, and finally Ti-6Al-4V to
Invar 36”. The majority of these works are, however, focused on the feasibility of achieving

gradual compositional changes in metals without any particular application in mind. The powder
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bed systems such as BJP are ideal for the mesoscale fabrication meeting the accuracy and tolerance

required for the proposed applications.

1.2 Nanosphere lithography combined with soft lithography
1.2.1 Nanosphere lithography

Nanosphere lithography (NSL) offers a simple and low-cost approach to creating periodic
nanostructures or nanoparticles over a relatively large area’® and provides design flexibility as the
density and size of the NSL-derived patterns can be tuned at a reasonable precision- a feature that
is not commonly found in other inexpensive bottom-up methods’’. NSL produce ordered arrays of
nanometer-sized polymer or silica spheres that generally serve as lithographic masks for further
deposition or etching processes. Numerous methods have been developed to obtain the nanosphere
arrays including Langmuir-Blodogett, dip coating, spin coating, solvent evaporation, convective

assembly, and air-water interface’® 8L,

Despite an extraordinary number of the papers that report ingenious methods to
adapt/modify NSL for generating a wide variety of nanopatterns, we identify a few challenges that
are not easily met by the existing NSL-derived methods. Those limitations include (1) difficulty
in producing high-quality hexagonal array of metallic nanodots with the same arrangement of the
original nanosphere array, (2) lack of a facile and robust method to create highly-ordered, well-
separated non-close-packed hexagonal nanosphere array with a pitch much larger than the original
nanosphere diameter, and (3) lack of any approach to producing nanosphere arrays with multiple
yet controlled pitches across the same substrate. Here we aim to lay out a few novel fabrication

methods that address each of the abovementioned challenges.
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Figure 1.4 Nanosphere lithography process (NSL) to produce the nanoholes or nanotriangle
arrays®

1.2.2 Soft lithography

The concept of soft lithography was introduced in 1988 by Whiteside’s group at Harvard®?,
It is an alternative technique for nano- and micro-fabrication involving the inverse replication of a
mold with the aid of elastomeric polymers. Specifically, soft lithography utilizes an elastomer,
such as polydimethylsiloxane (PDMS), and makes use of that mold to create features with
geometries defined by the mold’s relief structure. When compared to other nanofabrication
approaches, soft lithography offers several advantages, including low cost, simplicity, and
applicability to soft materials®. Various modified versions of soft lithography have been also
proposed to create patterns well beyond what the technique was originally intended. In particular,

in conjunction with NSL, soft lithography can pick up and transfer nanosphere patterns from the
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originally-assembled surface to any target substrate. During the transfer process, the elastomeric
membrane whose surface is covered with nanospheres can be stretched to increase the pitch of the

nanosphere array, which will serve as a key technique in our study.

1.3 Research objectives and scopes of the dissertation

In chapter 2, we address issues associated with fabricating and operating Si-based micro-
PCs by developing stainless steel (SS) PCs. Binder jet printing (BJP), one of the metal AM
processes, was utilized to make SS PCs with submillimeter internal features. Normally, parts
printed by BJP are highly porous and thus often infiltrated with low melting point metal. By adding
to SS316 powder sintering additives such as boron nitride (BN), which reduces the liquid
temperature, we produce near full-density SS PCs at sintering temperatures much lower than the
SS melting temperature and importantly without any measurable shape distortion. Conversely, the
SS PC without BN remains porous after the sintering process and unsuitable for fluidic
applications. Since the SS parts, unlike Si, are compatible with machining, they can be modified
to work with commercial compression fitting. The PC structures as well as the connection with the
fitting are leak-free with relatively high operating pressures. A flexible membrane heater along
with a resistance-temperature detector is integrated with the SS PCs for thermal desorption. The
proof-of-concept experiment demonstrates that the SS PC can preconcentrate and inject 0.6%
headspace toluene as an in-line injector to enhance the detector’s response.

In chapter 3, we propose metal/metal-oxide functionally-gradient materials (FGM) with
tunable electrical properties using the combination of BJP and selective reactive sintering (SRS).
Metal parts built by BJP are highly porous, allowing reactants to easily diffuse into the structures.

By introducing oxygen during sintering, we can convert metal to metal oxide in a powder level

14



and thus locally modulate the structure’s electrical resistivity. Local control of the electrical
properties can be accomplished by the part geometry and placing diffusion barriers. We here show
that more than 6 orders of magnitude difference in electrical resistivity can be realized by the
proposed approach. Since only the certain region of the structure is more resistive than the others,
it enables the construction of highly efficient resistive heating element in which electrothermal
conversion takes place at the desired location within the structure. As a proof-of-the-concept
device, we create a SS microreactor with an array of posts that serve as heating elements. Heater
performance by structural Joule heating by the microreactor is compared to that of the external
heating theoretically and experimentally, demonstrating that the proposed microreactor structure
with the BJP-SRS process delivers thermal energy more efficiently to a fluid (i.e., more efficient
heat exchanger). The conversion of metal to metal/metal oxide heterostructure also induces a large
difference in temperature coefficient of resistance (TCR), increasing its absolute value by two to
three orders of magnitude. This enables the microreactor to measure the temperature and flow rate
of the fluid by simply monitoring the structure’s resistance, i.e., used as a built-in resistance
temperature detector (RTD). These types of multifunctional microreactors that can survive from
medium-to-high temperature operating conditions have not been reported to our best of knowledge.
We believe the proposed fabrication scheme can be applied to other application areas and expand
the scope of metal AM technologies.

Chapter 4 addresses the key challenge inherent to NSL-derived fabrication, namely array
pitch control without disturbing the original hexagonal arrangement. We present a facile and
robust method to create a highly ordered, well-separated, non-close-packed monolayer of
colloidal nanospheres using soft-lithographic lift-off and transfer-printing techniques combined

with radial stretching of an elastomer. A custom-made elastomer enables the elastomer substrate
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(onto which the original nanosphere array is transferred) to expand isotropically and allows the
pitch of the non-close-packed nanosphere array to be accurately controlled while preserving the
original hexagonal symmetry. A pitch increase as large as 213% can be achieved in a single
stretch-and-transfer step, which is a significant improvement from the existing technique relying
on solvent swelling. These nanosphere arrays on the stretched elastomer substrate can be
transferred to various target substrates. The effect of the stretching direction on the resulting
lattice structure will be investigated for uniaxial, biaxial, and radial stretching scenarios. Finally,
the optical response of the pitch controlled nanosphere arrays in the target substrates (e.g., Si,
glass, PET) will be studied, and it will be shown that the patterns can be used as the etching
mask to produce a mold and replica for further applications.

In chapter 5, a highly ordered hexagonal array of metallic nanodots with original
arrangement was fabricated by nanosphere lithography combined with a facile double lift-off
process. This approach overcomes the limitation of traditional lift off process with metal which is
the surface diffusion to metal on the top of surface so that well-defined metallic nanodots were
created. Here, the double lift-off process enables two consecutive metal lift-off process. The first
lift-off and the second lift-off process adopted the different metal as etching mask to create re-
entrant sidewall profile by sacrificial etching layer of the underlying metal layer to improve the
yield. This ordered metallic nanodot array also serves as an etch mask in reactive ion etching (RIE)
and is used to produce a large-area, hexagonal array of silicon nanowires exhibiting highly anti-

reflecting structures in almost all UV and visible wavelengths.
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CHAPTER 2
A BINDER JET PRINTED, STAINLESS STEEL PRECONCENTATOR AS AN IN-LINE
INJECTOR OF VOLATILE ORGANIC COMPOUNDS

2.1 Introduction

Monitoring volatile organic compounds (VOCSs) plays an import role in many application
fields such as environment monitoring, industrial safety, plant health, and human disease
diagnosis! 8. A state-of-the-art approach for VOC analysis is gas chromatography® (GC) coupled
with mass spectrometer (MS)!® or other GC detectors thanks to their ultrahigh sensitivity,
selectivity, and reliability in analyte identification. Solid-phase microextraction (SPME)*! and
adsorbent-based devices'?!? are also used to sample VOCs in the field condition in conjunction
with GC-MS. The miniaturized version of GC, also known as micro-GC, has received increasing
attentions in the last two decades'*’ due to its increased portability, high response time, and small
dead volume. Since the first demonstration by Terry and co-workers8, numerous efforts have been
made to develop the miniaturized GC system on a basis of silicon micromachining and
microelectromechanical system (MEMS) technologies'®!°. The key components of a micro GC
system include preconcentrators?®-22, separation columns®-2>, micropumps?®, microvalves?’?® and
various GC detectors?*3, Among these components, a miniaturized preconcentrator (denoted as
micro-PC) increases the effective concentration of analytes and improves the overall detection
limit and sensitivity of micro GC systems with nominal sensing technologies. Micro-PCs work by
trapping the target analytes in high surface-area adsorbents for a period of time and rapidly
releasing the trapped analytes via thermal desorption® in a narrow band. This narrow desorption
peak with increased concentration would effectively enhance the separation efficiency of micro

separation column and also increase the sensitivity of analysis. Another important functionality of
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micro-PCs is that it can be used as an in-line injector. Adsorbed species can be injected into a
column or detector without complex plumbing such as valves®,

Numerous developments have been reported on the miniaturization of PCs in micro GC
system. Manginell et al. from Sandia National Laboratories reported a microfabricated planar PC
incorporating a surfactant templated sol gel adsorbent layer to achieve efficient analyte collection
with rapid, efficient thermal desroption®*. Alfeeli et al. presented a microthermal PC device with
high-aspect-ratio 3D structures coated with a uniform polymer adsorbent film, which has sharp
reproducible desorption peak®. Lang et al. developed a micromachined PC consisting of 16 silicon
micro channels loaded with Carboxen® 1000 adsorbents to monitor a 100-ppb-level of ethylene®.
Zellers and coworkers®’ developed a sophisticated monolithic and multiple microfabricated PC-
focuser for the analysis of complex vapor mixtures to improve the thermal desorption performance
based on advanced Si-based MEMS technology. The Agah’s group reported a new approach of
enhancing the adsorption capability of the widely used polymer adsorbent Tenax TA poly(2,6-
diphenylene oxide) through its deposition on a nano-structured template due to higher surface area
of modified interior surface®. The Kurabayashi’s group demonstrated a micromachined-Si passive
vapor PC to analyze organic vapor mixtures. Toluene at concentration of ~1 ppm was captured by
means of passive diffusion and have more than 95% thermal desorption efficeiency. Finally, the
Shannon’s group reported an integrated micro gas PC and this integration system has an ultra-
small preconcentrator volume and microvalves for fast injection speeds®2.

Most of the approaches to fabricating micro PCs mentioned above were based on the Si-
based MEMS technology, in which photolithography and bulk Si etching technique like deep
reactive ion etching (DRIE) were used to create desired 3D structures. The small-scale device

produced by the MEMS technologies has advantages such as low dead volumes and thermal mass,
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leading to a higher analysis speed and less energy/power consumption. However, micro PCs have
critical challenges that are common in other MEMS-based chemical devices for gas flows and
medium-to-high temperature applications. First, MEMS fabrication typically involves multiple
cleanroom-based processes of photolithography, oxidation, reactive ion etching, bonding, etc., and
some of these processes are very expensive or time-consuming. Furthermore, fluidic
interconnections often based on glass capillary tubing need to be established between micro PCs
and other components when they are integrated in a modular fashion. One of the common
approaches is to use high-temperature glue for sealing the connections, but they tend to fail because
of repeated thermal cycling and lack of robust commercial connection solution. Therefore,
developing a straightforward approach to fabricating small-scale PCs with better fluidic
interconnection is highly desirable. Here we propose to use metal 3D printing approach to fabricate
PCs and demonstrate its applicability.

Numerous microfluidic and micro-chemical systems have been fabricated using various
3D printing technologies***2, but most of them were made of photosensitive polymers that cannot
survive in the medium-to-high working temperatures and thus make it impractical to be used in
applications such as micro-PCs. For medium-to-high temperature applications, metals and
ceramics are good candidate materials for 3D printing. However, much less work has been reported
for microfluidic or microchemical systems made from metal or ceramic 3D printing, also known
as additive manufacturing (AM). Gupta et al. explored compact titanium alloy chromatography
columns with an internal monolithic phase for use with real time bidirectional temperature
modulation capability**. Sandron et al. reported coiled planar capillary chromatography columns
which were 3D printed in stainless steel or titanium alloy and showed the potential application of

these 3D printed columns in future portable chromatographic devices*. To our knowledge, no
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work has been presented to create 3D printed PCs for GC applications. Moreover, metal devices
printed for fluidic applications have been fabricated mainly using selective laser sintering
processes, in which a removal of loose powder can be challenging for long, tortuous microchannel
geometries.

In this report, we develop a binder jet printing (BJP) approach to fabricating stainless steel
(SS) PCs by leveraging boron nitride sintering additives for high-density parts with internal
conduits. Design and material flexibility offered by BJP allows us to create sophisticated features
inside a SS channel and machine the inlet and outlet of the device for simple and robust fluidic
interconnects. The 3D-printed SS PC along with the commercial connectors were tested for gas-
tight leakage under high operating pressure. The flexible membrane heater and temperature sensor
were integrated with the 3D-printed SS PC for rapid heating with a controlled ramping rate. The
SS PCs filled with high surface area adsorbents were tested as an inline injector for trapping a
model volatile organic compound and thermally desorbing it at a higher concentration. We also
studied the effect of device thermal mass, level of insulation, and heating rate on PC performance.
The resulting device can serve as a front-end injector for portable and real-time gas sensing

applications.

2.2 Device Fabrication and Experimental Details

Design of 3D-printed SS PCs and fluidic interconnection: Figure 2.1 shows the cross-section
view of the 3D-printed SS PC design along with commercial fluidic connectors. A hollow cylinder
of 10 mm in outer diameter and 38.68 mm in length has a fluidic conduit in the center with an
array of cylindrical posts (0.75mm in diameter) to improve heat transfer characteristics. The post

gap (separation) is related to the minimum printing resolution as well as the pressure drop and heat
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conduction. Adsorbents are thermally insulating, so in order to uniformly heat the adsorbents, the
post array is placed to distribute heat more uniformly across the adsorbent bed. The center hollow
part of the device is to be filled with solid adsorbents (HayeSep D, Sigma Aldrich) to trap volatile
compounds (toluene) for PCs. On both sides of the open ends, 10-32 standard port thread was
made for suitable commercial fitting for strong fluidic interconnection with small Teflon (1/16”
OD) or glass capillary tubing (530 um OD). PEEK (polyetheretherketone)-based fittings from
IDEX Health & Science provides gas-tight fluidic connections that can operate under pressure up

to 1 MPa and temperature up to 343°C.

3D printed by BJP

Tapped port \1

Commercial
PEEK fitting

Microposted area
for adsorbents

Figure 2.1 A schematic of the proposed stainless steel (SS) preconcentrator (PC) with
commercial PEEK fitting for fluidic interconnects.

Fabrication of SS PC via BJP: Samples were fabricated using a binder jetting printing (BJP)
machine (X1-Lab, ExOne Inc., Huntington, PA) from stainless steel 316 (SS316) powder
(OERLIKON Metco (US) Inc., Troy, MI) and boron nitride (BN) sintering additive (Sigma-
Aldrich). BJP is one of the oldest metal 3D printing technologies that print structures by joining
metal powder with polymeric binder droplets in a layer-by-layer fashion. The inkjet-like head
locally delivers a binder solution to desired locations on the powder bed. The whole process can
be broken into several steps as shown in Figure 2.2. First, a 3D drawing of the device design

(Figure 2.1) was created using CAD software and imported into the BJP machine. A mixture of
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SS316 powder (average particle size ~ 14 uym) and 0.25 wt% BN sintering additive powder
(average particle size ~ 1 um) was fed to both build bed and powder supply bed. A roller ran across
from the powder bed to the build bed and spread the powder mixture uniformly (Fig. 2.2a).
Polymeric binder droplets were deposited onto the designated area of the build bed (Fig. 2.2b).
The powder spreading and binder phase printing steps were repeated (Fig. 2.2c) in a layer-by-layer
fashion (after each layer, the build bed stage is lowered while the supply bed stage is raised) till
the part was fully printed. Upon the completion of the printing, the build bed along with the printed
part was put into an oven to cure the binder phase at 195°C for 2 hours (Fig. 2.2d). After loose
powder was removed, the printed part was again put into an oven this time at 460°C for 2 hours to
decompose the remaining binder phase (Fig. 2.2e). At this point, the part was fragile and therefore
should be carefully transported to a high-temperature vacuum oven (Model G-3000, Materials
Research Furnaces, Allenstown, NH) for sintering at 1250°C for 6 hours. The vacuum pressure
was maintained at 1.33 Pa, better consolidating powder particles and helping to achieve near full-

density parts.

Membrane heater fabrication: Instead of using a built-in thermal desorption unit (TDU) in GC,
we developed a membrane heater and temperature controller to heat the SS PCs with reasonable
speed and power consumption. A membrane heater was made by sandwiching a serpentine pattern
of a thin NiCr wire (40 AWG, Coil Society Online) between two Kapton tapes (50 pm thick, Uline
Inc.). The nominal resistance of the membrane heater was around 245.7ohm. To monitor the
temperature, another serpentine pattern of a metal wire with a high temperature resistance of
coefficient (TCR) was placed on top of the heater membrane, serving as resistance-temperature
detectors (RTDs). Nifethal 70 (40 AWG, Coil Society Online) was chosen for this purpose as its

TCR is around 5.25 x 10*#/°C, which is high enough to produce sufficient resistance differences
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upon mild temperature change. The RTD resistances were measured as a function of temperature

to verify the TCR values.
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Figure 2.2 Schematics of the binder jet printing (BJP) process flow: (a) delivering and spreading
SS powder from the feed bed to the build bed, (b) spraying binder phase in the build bed
according to the design, (c) delivering and spreading the next layer of SS powder and repeat (b)
and (c) until the part is fully printed, (d) curing the part and remove loose powder, (e) burn out
binder phase in an air furnace, (f) sintering the part in a vacuum furnace.

3D printed by BJR  «

Hayesep D
adsorbent

Figure 2.3 A photograph of the cross-sectional view of the SS PC (SS316 and BN) filled with the
porous polymer adsorbent, Hayesep D. Scale bar = 3 mm.
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Preconcentrator testing: The adsorbent material, Hayesep D (100/120 mesh, Supelco, Bellefonte,
PA), is a porous polymer with a specific surface area of 795 m?/g. First, a small quantity of glass
wool was inserted at one end of the device. The adsorbent particles were poured into the PC
chamber from the other end with light tapping until it was tightly filled (see Figure 2.3). Glass
wool was also inserted at the other end serving as a placeholder for the adsorbents. Hayesep D is
a suitable candidate for trapping volatile organic compounds (VOCSs) due to its high surface area.
In this study, toluene was selected as a model VOC to test the performance of SS PCs. Figure 2.4
shows the sampling/desorption configuration used for PC testing. In the sampling stage (Fig. 2.4a),
a diluted toluene vapor (0.6% of headspace) was charged into a SS PC using a syringe pump
(Harvard Apparatus) through a 4-port valve (VICI, Inc.). The outlet of the SS PC was connected
to the mass spectrometer (MS) through an uncoated, passivated column (50-m long) to minimize
surface adsorption inside tubing during sample transport. A sampling volume of 10 mL was passed
through the SS PC, so that the adsorbents were charged with toluene. No breakthrough of toluene
was observed in the GC-MS instrument (Agilent GC-MS L). The diluted toluene sample was
prepared in a Tedlar bag by inserting 6 mL of the headspace of toluene into 10 L of clean, dry
nitrogen. In the next step (Fig. 2.4b), the 4-port valve switched its position such that a carrier gas
of Helium (a flow rate of 0.5 mL/min) flushed any residual toluene vapor in the transfer lines and
the dead volume of the SS PC, and the baseline signal of the GC-MS instrument (Agilent GC-MS
L) was obtained. In the final step (Fig. 2.4c), while the carrier gas was flowing, the SS PC was
rapidly heated to the target temperature (180°C) to thermally desorb the trapped toluene from the
adsorbents. These desorbed species were eluted and detected by GC-MS. In order to prevent heated,

desorbed toluene from being condensed inside the capillary tubing, the segment of tubing from the
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SS PC and the GC-MS oven was heated to 110°C with a custom-made heating jacket. The GC-

MS oven was also maintained at 110°C.

(@) waste Helium

Syringe
Pump Sessssssssssssmness
(b) waste Helium
PC :------------------:
Column :
V) EEE
Syringe =i
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(¢) waste Helium
PC PR :
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Figure 2.4 Schematics of sampling and injection steps using a 4-port valve: (a) in a sampling
step, a diluted toluene is trapped in a PC, (b) as a valve position is switched, a carrier gas of
helium flushes residual toluene in the transfer lines and PC, and (c) thermal energy is applied to
the adsorbents to release trapped toluene to GC/MS for detection.

2.3 Results and Discussion

2.3.1 Device design and fabrication results

Several important design and operational considerations for SS PCs include a PC volume
(i.e., adsorbent volume and surface area), dead volume, thermal mass, level of thermal insulation,
heating rate, etc. First, a PC volume is an enclosed volume occupied by adsorbents that typically
possess high surface areas per unit volume. A small PC volume means a low adsorption capacity

and is susceptible to analyte breakthrough. A large PC volume, however, takes too much time or
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power to desorb and can saturate column (or degenerate separation efficiency). Therefore, the PC
volume can be determined based on the desirable applications. Thanks to their small sizes, the
microfabricated MEMS PCs have very small PC volumes suitable for focusing and injection for
column separation. Conversely, SS PCs have a relatively large PC volume because the printing
resolution of BJP is limited to a few hundreds of microns and the features as small as ones found
in the MEMS PCs cannot be printed. Here, the PC chamber volume of our work is around 117.7
mL and the thermal mass is 119.9 mg, and thus we consider it useful for an in-line injection
application. Secondly, a dead volume is another important parameter influencing the
preconcentration factor because, if there is any dead volume, the desorbed species become diluted
and the PC performance degenerates. In our work, the dead volume is not an issue as the PC is
used as an in-line injector (to be discussed later). Thirdly, thermal mass and level of thermal
insulation are design parameters and affect the heating and cooling rates and power consumption
during the operation. Thermal mass should be minimized to increase both heating and cooling rates
and decrease power consumption. The wall thickness of the SS PCs cannot be arbitrarily small,
since the BJP parts are known to be porous (even after using sintering additives) and the thin wall
may result in gas leakage. Therefore, we explored a few different wall thicknesses to test the effect
of thermal mass for heating performance of the SS PCs. Finally, the heating rate is an operational
parameter that influences the speed of analyte desorption, i.e., the peak height and width. Therefore,
a higher heating rate should provide a higher preconcentration factor for the PC with the same
adsorption capacity. SS316, which is the PC material in our work, has a higher thermal
conductivity (k = 13~17 W/m-K) than most polymeric materials (k < 0.5 W/m-K), and thus
spreading heat from the heating element can take place more quickly and uniformly in the SS part.

However, the adsorbent materials have low thermal conductivity, (in case of porous polymer, k =
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0.01~0.03 W/m-K), so we put an array of cylindrical posts within the PC chamber to better
distribute thermal energy.

Figure 2.5a and 2.5b shows the photographs of two SS PCs of the same design: one made
of SS316 powder only and the other made of SS316 powder and BN additives. By inspecting the
appearance of these two PCs, we observe that the PC with SS316 and BN is smaller in size and
shinier (more silvery) than one with SS316 only. The diameter of as-printed SS PCs was 10.42
(note that the designed diameter is 10 mm). After sintering them at 1250°C for 6 hours, the
diameter of the resulting devices was 9.79 mm for the 3DP PC with SS316 only and 9.3 mm for
the 3DP PC with SS316 and BN. A smaller size of the 3DP PC with SS316/BN can be attributed
to the fact that the sintering additive, BN, reduces the liquidus temperature of SS316 and increases
the part's density, leading to the smaller size. It is well known that BN reduces the temperature at
which liquid phase of SS is formed, but the extensive formation of liquid phase due to a larger BN
quantity can substantially distort the shape of the part. A similar shape distortion can happen if the
part is sintered at temperatures higher than the desired level. In our previous work*>® | the optimal
quantity of sintering additives at various sintering temperatures was determined to maximize the
density of SS420 and SS316 parts without noticeable distortion of the part shape. Therefore, the
sintering condition used in this work was based on those previous works. Another reason that the
sintering additives can increase the part's density is a large difference in particle size. The size of
BN powder particles is around 1 um while that of SS316 powder is around 14 pm. Therefore, when
two powder particles are well mixed, the BN powder particles penetrate into the interstitial spaces
between SS316 powder particles and fill in the gap, effectively decreasing the porosity and

improving the density. The incorporation of BN into SS316 also helps to improve the surface
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Figure 2.5 Photographs of the as-sintered PCs (10-mm in diameter and 38.68-mm in length)
with (a) SS only and (b) SS and BN; optical microscope images of the cross-sections of the as-
sintered PC with (c) SS only and (d) SS and BN, scale bar=5000um; SEM images from the
cross-sections of the as-sintered PC with (e) SS only and (f) SS and BN, scale bar = 100 um,
(inset) zoomed-in images of the red-marked area, scale bar = 10 um, (g) histogram of pore
areas in the images (e) and (f).
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smoothness of the fully-sintered part*>®. The shinier (more silvery) surface of the 3D-printed PC
with SS316/BN (see Figure 2.5b) results from the better surface smoothness*.

The porosity level of the BJP parts can be estimated by directly visualizing their cross-
section and performing image analysis. The samples were cut in half and polished using a lapping
film with 1-um grit. The optical images of the cross-sectional views of both samples (3D-printed
PCs with SS316 only and with SS316/BN) can be found in Fig. 2.5(c) and 2.5(d). The SS316/BN
PC exhibits more reflective surface than the SS316-only PC, indicating that the former sample is
less porous and has fewer light scattering pits. The scanning electron microscope (SEM) images
in Fig. 2.5(e) and 2.5(f) show the porosity level in details for both samples. The SS316-only PC
shows significantly more pores (darker regions corresponding to the pores in the structure) than
the SS316/BN PC. Specifically, four SEM images from various regions of the samples were
analyzed to estimate the percent porous areas, revealing that the areal porosity is about 8.05% and
0.92% for the SS-only PC and SS316/BN PC, respectively. This means the SS316/BN PC is denser
than the SS316-only PC, corroborating the size difference of the sintered parts. The porosity of the
3D-printed PCs is particularly important in device testing and performance because it influences
gas leakage through the device walls. While the porosity of 8.05% in a structure may not cause a
leakage (in case spherical pores are randomly distributed), as the inset image of Fig. 2.5(e) displays,
the pores were formed at powder boundaries during sintering and are highly elongated and
connected. Therefore, one can perceive that there may be a percolation path of gas molecules
through the structure even with a relatively low porosity. When BN is incorporated in the SS
structure, those elongated pores mostly disappeared (see Fig. 2.5(f)) and the observed pores were
more isolated and rounded, suggesting that a gas leakage is less probable through the structure.

Figure 2.5(g) shows the pore area distributions of both samples for the same-size imaging area
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(using Fig. 2.5(e) and 2.5(f)). It clearly demonstrates that the total number of pores is far fewer for
the SS316/BN PC. In addition, it is shown that there are many more small-size pores in the SS316-
only PC, but the small-size pores tend to merge favorably when BN is present in the powder

mixture.

2.3.2 Fluidic interconnect and leak test

In order for micro-PCs to function in chemical analysis system, they need to be connected
to other components such as separation columns and sensors. Unless monolithically integrated®®
each of these components is modularly integrated and typically connected via polyimide-coated
glass capillary tubing*"® . The majority of micro-PCs are based on Si, which is brittle and difficult
to be machined for fluidic connections. Therefore, capillary tubing was attached to the inlets and
outlets of Si devices with the help of high-temperature glues or adhesives®”. Such approaches
are not sufficiently robust for many temperature cyclic operations causing mechanical/thermal
stresses and can be susceptible to contamination and large dead volumes. In our case, the 3D-
printed PCs are easily machinable because the part was made from SS; and therefore commercial
compression fitting can be used to create leak-tight, robust and low dead volume connection to
capillary tubing. It is also important to point out that, unlike the gluing approach, the compression
fitting can support much higher pressure operation and tubing can be easily replaced.

Typically, metal additive manufacturing (AM) techniques including BJP provide near net
shapes of desirable parts and thus should be able to generate threaded holes for compression
fittings for the SS PCs. But the surface roughness inherent to BJP (in fact, other AM techniques
also suffer from the surface roughness issue) is too high to provide a leak-tight seal with fittings.
Post-processing steps including polishing or tapping can be used to generate smooth surface for
fittings. In the beginning, we attempted to fabricate the PCs from both SS420 and SS316 powders.
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While SS 300 and 400 series are generally machinable, we found that SS420 parts became difficult
to be machined because residual carbon remaining from the binder burnout process got
incorporated into SS420 during sintering, rendering the part to be hardened (i.e., becoming
martensitic) and making it difficult to be machined. Therefore, we fabricated SS316 PCs and
tapped inlet and outlet holes for 10-32 port fitting. PEEK fitting was then used to connect capillary
tubing with the SS PCs (see Figure 2.6) as the plastic material has low thermal conductivity and

reduces heating budget.

Figure 2.6 A photograph of the SS PC (with BN) connected with the commercially available
PEEK fitting (for 1/16” tubing, IDEX Health & Science). Scale bar = I cm.

Leak testing was performed for two SS316 PCs with and without BN sintering additives.
After the PEEK fitting and tubing were inserted into the inlet and outlet of the PC, the assembled
part was immersed into an isopropyl alcohol (IPA) bath. The presence of leaks upon a gas flow
would form bubbles in the solution. Figure 2.7a in Supplementary Information shows that no
bubble was observed (meaning no leakage) when an air pressure up to 500 kPa was applied to the
dead end through the SS316/BN PC. Conversely, significant air leak was observed from the
SS316-only PC (see Fig. 2.7b) when a small air pressure (~ 64 kPa) was applied. This observation
is consistent with the porosity levels seen from the SEM images in Fig. 2.5 and image analysis
results discussed thereafter. The video clips of leakage testing of these two SS PCs are available

in Figure 2.8 and Figure 2.9. It is also important to note that no apparent leak was observed from
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the PEEK connection area. Since the device with no leakage is desired for the PC application, we

only consider the SS316/BN PC for the rest of the work.

Figure 2.7 Leak test of air applied to the dead end through the SS PCs with a) SS316 with BN
and b) SS316 only. The PCs were immersed in an IPA solution.

Figure 2.8 Video clip of leak test for SS316 only sample: when N2 go through the SS316 only
sample with small pressure (~64kPa), a big leak (bubbles) was observed (a-c) on the surface of
the sample wall, meaning high porosity of the sample.
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Figure 2.9 Video clip of leak test for SS316/BN sample: 500kPa pressure of N2 was flowing to
dead end PC (SS316 with BN) system and no leak (bubble) was found in the 3DP sample and

connection between sample with tubing. This leak-tight results attribute to the near full dense
structure when BN was used to improve the dense of sample after sintering.

2.3.3 Membrane heater and RTD sensor characterization

Release of adsorbed species from the PC is typically accomplished by thermal desorption.
In this work, a custom-built heater was fabricated and attached to the PC to increase the unit
temperature. In order to minimize the form factor (and in turn the associated thermal mass), we
have developed a thin, flexible membrane heater that wraps around the SS PC. A heating rate and
final PC temperature are important experimental parameters; therefore, a thin, flexible temperature
sensor was also developed and integrated to the heater/PC for feedback control of temperature.
Figure 2.10(a) shows a schematic of the membrane heater/sensor stacked on top of each other
between the thin polyimide membrane (Kapton® tape). The heater layer was made of a serpentine
pattern of a thin nickel chrome (NiCr) wire (80 um in diameter) while the sensor layer was made
of the similar serpentine pattern of a thin nickel-iron (NiFe) wire (80 pm in diameter). NiCr has a
small coefficient of thermal expansion (CTE, a = 1~15 x 10 /K), which is suitable for heating
application because the resistance of the wire resistor does not vary significantly upon heating.
Conversely, NiFe70 has a relatively large CTE value (o= 4000~4500 x 10 /K), making it feasible
to be used as a resistance-temperature detector (RTD) because a small change in temperature can

cause a measurable response in wire resistance. Figure 2.10(b) shows the top-down view of the
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fabricated heater/sensor stack. The wire was closely weaved in a serpentine pattern with a uniform
pitch to increase the total resistance value (resulting in a higher response for RTD) as well as to
achieve more uniform heating. When 14.6 W of power was applied to the heater, the stack was
rapidly heated to 315°C in 12 sec. The uniformity of the temperature distribution across the
membrane heater/sensor can be seen in Fig. 2.10(c). Figure 2.10(d) shows the SS PC wrapped with
the membrane heater/sensor and assembled with two PEEK fittings. The thermal conductivity of
PEEK is much lower than SS, so during the heating period, we assume that the conduction loss to
the fittings is not as significant as the convective loss through the outer heater surface. Finally, the
resistance (R) of the RTD sensor was measured as a function of temperature (T) to obtain the actual
CTE value. Figure 2.10(e) shows the linear behavior of the R-T relationship with fitting parameters
of the slope of 0.0865 and the intercept of 19.9. The CTE, a, of the RTD sensor was computed by
taking slope/intercept, which is 0.00435. This value is within the range of the NiFe’s CTE. Either
fitted line or calibrated R-T data is used in monitoring the temperature of the SS PC simply from

reading the resistance value of the RTD sensor.
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Figure 2.10 (a) A schematic diagram of a flexible membrane heater and resistance-temperature
detector (RTD), (b) a photograph of the fabricated membrane heater and RTD using the
Kapton® films, NiCr and NiFe wires; wires were weaved in a serpentine pattern to increase the
overall length and resistance, scale bar = 10 mm, (c) an IR image from a thermal camera when
14.6 W of power is applied to the heater, (d) a photograph of the SS316/BN wrapped with the
heater/RTD, scale bar = 15 mm, (e) a calibration curve for the RTD sensor.

2.3.4 In-line injection performance of the 3DP PCs

The proposed SS PC works by sorption trapping followed by thermal desorption of high
surface area adsorbents. Before testing the device for in-line injection performance, we need to
ensure that the adsorbents can be heated to the target desorption temperature, which is about 180°C
for Hayesep D. We also note that the temperature of the membrane heater can be monitored via
the RTD sensor, but not the SS PC itself. Once the SS PC is attached to the heater, the overall
thermal mass increases significantly, slowing down a heating rate and reducing the final achievable

temperature. In addition, a carrier gas flowing inside the SS PC reduces the device temperature
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further. Therefore, a series of experiments was conducted to find the appropriate membrane
temperature that provides sufficient heating power for the SS PC to reach 180°C for a given flow
rate. Our experiments showed that when the membrane heater was heated to approximately 350°C,
the center region of the SS PC (measured by a thermocouple probe) reached 183°C for a constant
helium flow rate of 0.5 mL/min.

A heating rate, i.e., how rapidly the SS PC reaches the target temperature, depends on
thermal mass, applied power, and level of thermal insulation. Smaller thermal mass is more
beneficial in terms of thermal performance metrics such as ramp-up time and powder consumption.
Our approach to reducing thermal mass is to remove the outer materials of the fully sintered
SS316/BN part by means of machining. The diameter of the SS PC was reduced from 9.3 mm to
7.69 mm, reducing thermal mass from 13773 mg to 9373 mg. We also tried to print SS PCs with
thinner wall, but the parts became too fragile to be handled during the powder removal and curing
steps. Figure 2.11(a) shows the temperature profiles as a function of time when the membrane
heater was heated to the same target temperature (and same ramping rate) for 3 minutes to each
PC of two different thermal mass. The temperature of the SS PC with smaller thermal mass was
raised to 180°C in about 85 sec while one with larger thermal mass reached the maximum
temperature of 160.5°C in about 370 sec. Therefore, for the rest of the study, we present the
experimental results from the PC with smaller thermal mass.

Another important factor in heater/PC performance is thermal isolation. There are three
main heat loss in the PC: convective and radiative losses around the surface area of the membrane
heater and conductive loss to the fluidic connectors at both ends. We use PEEK fittings to minimize
the conductive loss, and further improvement in thermal isolation to the sides is difficult to be

achieved. But the convective/radiative loss around the membrane heater can be significantly
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reduced by wrapping a high-temperature insulation mat around the PC. A thin Al foil was
sandwiched between two layers of insulation mat to further prevent a radiative loss. Figure 2.11(b)
shows the different temperature responses of the same SS PC with different thermal insulation
condition - no insulation vs an insulation layer. The same power of 4.5 W was applied to heat the

SS PC. We can observe that the center region of the SS PC can heat up to around 180°C in 15 mins
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Figure 2.11 Temperature profiles of the SS PC (SS316/BN) (a) with different thermal mass (no
insulation); (b) with and without thermal insulation (9372.5 mg sample); (c) a family of the
temperature profiles of the SS PC with different heat ramping rates; (d) the mass spectrometer
responses for the direct splitless injection of 0.5 mL of 0.6% headspace toluene (blue line) and
for the thermal desorption peak of toluene after sampling of 10 mL of 0.6% headspace toluene
into the SS PC.

without insulation while the temperature of the center region rises to 320°C in 15 min. This means

that thermal insulation allows the PC to reach the target temperature more rapidly or with less
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power consumption. However, the insulation layer impedes a cooling process, represented by the
slower decay of the temperature in Figure 2.11(b). This means that one has to wait longer before
the next run can be initiated. Therefore, a decision of whether thermal insulation should be
integrated depends on the operational requirements (power consumption vs. speedy recovery).

The center hollow part of the device is to be filled with solid adsorbents (HayeSep D, Sigma
Aldrich) to trap volatile compounds (toluene) for PCs (see Fig. 2.3). When the adsorbent materials
such as Hayesep D are subject to the temperature beyond the suggested level (~ 180°C), they start
to degrade and lose the adsorption capacity. Therefore, an open-loop control of temperature (i.e.,
the PC temperature simply controlled by the level of constantly applied power) may be
inappropriate for a long-term use of the porous polymer adsorbents. We use the integrated RTD
sensor to maintain the PC temperature at the target level by means of feedback control. Figure
2.11(c) shows the temperature profiles of the SS PC with various heating rates from 3°C/s to
20°C/s. The highest heating rate (20°C/s) can have the absorbents reach the desorption temperature
(180°C) in about 100 sec. With the other heating rates of 15, 10, 5, and 3°C/s, the time it takes to
180°C is 110, 117, 136, and 166 sec, respectively. For the desorption testing, we chose 20°C/s for
heating rate for a fast response. In the future, we can further reduce the thermal mass of sample
through changing the design or machining out more mass of sample, which is also an advantage
of 3D printing technology for fabricating PCs.

Finally, the role of the SS PC as an inline injector is demonstrated using toluene as a model
volatile organic compound. When 0.5 mL of 0.6% diluted toluene from the headspace in the
sampling bag was directly eluted to the GC/MS via splitless injection, the relatively small peak
was observed (blue line) in Fig. 2.11(d). To enhance the detector’s response, we sampled 10 mL

of the same diluted toluene (0.6%) into the SS PC. We observed the toluene peak during the
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sampling process, meaning that the adsorbents were fully charged. Upon the heating of the PC to
the target desorption temperature (for Hayesep D, 180°C), the trapped toluene would be released
in a relatively short time period and the concentrated pulse would be delivered to the detector by
the carrier gas. The red line in Figure 2.11(d) shows the concentrated toluene peak after thermal
desorption (see Fig. 2.12 for the toluene verification by the mass spectrometer). The area under
the curve in the chromatogram can be related to the amount of the detected molecules. The ratio
of the peak areas for both signals was estimated to be 14.2, which is less than the sampling volume
ratio of 10/0.5 = 20. It can be attributed that some toluene may have been lost during the purging
step and by condensation inside the connectors/tubing. In the end, if the SS PC is placed in front
of a gas detector, it can be used to trap VOCs of low concentration and make an injection of more

concentrated analytes at any desirable time without resorting to valve operation.
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Figure 2.12 Mass-spectrometer signal of the desorbed analyte from the SS PC, confirming that
the peak is associated with toluene.
2.4. Conclusion

Recent advances in additive manufacturing (AM) or metal 3D printing technology have
enabled the fabrication of freeform metallic parts with intricate features. However, metallic parts

with the complex internal features for microchannel/microreactor applications are difficult to be
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achieved by the more common AM technologies such as selective laser sintering and selective
laser melting due to difficulties associated with powder removal from the internal cavities. Binder
jet printing (BJP), one of the oldest AM methods, offers advantages including easier powder
removal and less built-in stress in the sintered parts and can be used to make microchannel or
microreactor parts for medium-to-high-temperature applications. The key challenge is that metal
parts built from BJP are highly porous upon sintering and not suitable for fluidic applications. In
this paper, we show that the addition of sintering additives such as boron nitride (BN) can facilitate
the sintering of stainless steel (SS) to create near fully-density SS parts. Reduction in porosity by
BN has been visualized and quantified via image analysis. The proof-of-the-concept device,
namely preconcentrator (PC), has been built for preconcentration and inline injection of volatile
organic compounds. Unlike the miniature or microscale PCs that were commonly built on silicon,
the SS PCs can be machined to be compatible with commercially available fittings, which enables
long-term, robust fluidic connections suitable for medium-to-high-temperature applications. We
have shown that the SS PC filled with the Hayesep D adsorbent can trap low-concentrated toluene
and enhance the detector signal by more than 10 times. In future, more work is geared toward to
reduce the thermal mass of the device by optimizing the BJP process, and smaller thermal mass
will allow a faster heating rate, which will sharpen a desorption peak and improve the overall

detection response.
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CHAPTER 3
ADDITIVELY MANUFACTURING MICROREACTOR WITH EFFICIENT
ELECTROTHERMAL CONVERSION
3.1 Introduction

Metal three-dimensional (3D) printing, also referred as additive manufacturing (AM), is
considered an emerging, disruptive manufacturing technology, which has been increasingly
adopted by industries for high value-added products such as aerospace components or in a low
volume production such as customized biomedical implants. The selective deposition of metal
powders in a layer-by-layer fashion to build 3D parts is radically different from the conventional
manufacturing processes mostly designed for mass production. This technology allows the near
net-shape fabrication of extremely complex designs that are difficult or impossible to fabricate
with traditional manufacturing techniques. However, another breakthrough technology innately
offered by the same metal 3D printing that has not been fully explored is in the fabrication of
‘freeformed’ heterogeneous materials. One important class of such materials is functionally graded
materials (FGMs).

FGMs are advanced engineering materials in which the elemental composition or
microstructure progressively varies as a function of position resulting in the gradation in the
material properties. They are highly advantageous when the service conditions of a component
change with position (or gradient loading) and thus, to become a highly effective media, the
material requirements also locally vary accordingly. A notable example includes thermal barrier
materials in extreme-environmental applications such as aerospace or nuclear power generation?,
where the structures are exposed to extremely gradient thermal loading within the part. Another

example is an orthopedic or dental implant application in which the main body has high strength
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and lightweight but its surface should be biocompatible and wear and corrosion resistant?3.
Numerous techniques have been developed to fabricate FGMs with compositional gradients,
including chemical vapor deposition*®, thermal spraying®’, combustion synthesis®®, and other
deposition methods'®!t, These FGMs are in the form of surface coatings, well supporting gradients
over length scales of less than 1 mm. However, these techniques cannot be implemented to
fabricate any bulk FGM material made of ceramics and metals!2. Metal/ceramic FGMs with the
compositional variation over larger length scales entail completely different fabrication methods
such as centrifugal casting™#, tape or slip casting'®>8, spark plasma sintering'®2!, and powder
metallurgy??2*. A significant amount of research efforts have been made to address the material
and processing incompatibilities (due to the thermal shrinkage or expansion mismatch) and
residual stress issues. These bulk FGM structures are, without 3D printing technology, too simple
in their shape and nearly impossible to attain more complex features and overall shapes that many
modern engineering applications require. Recently, AM has received an increasing attention as a
promising technique to create near net-shaped FGM structures?2. Among the various kinds of AM,
the directed energy deposition (DED) method, in which metal powder is fed into the melt pool
under a moving laser® is most widely employed for the preparation of FGMs because the variation
of powder composition among layers can be easily achieved by two or more powder feeders. The
elemental composition and mechanical properties of such DED-enabled FGMs have been
investigated for the various graded metal alloys from Ti-6Al-4V to pure V, 304L stainless steel
(SS) to Invar 36%2, Ti-6Al-4V to 304L SS?, 304L SS to Inconel 625%', and finally Ti-6Al-4V to
Invar 362, The majority of these works are, however, focused on the feasibility of achieving

gradual compositional changes in metals without any particular application in mind. The powder
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bed systems such as BJP are ideal for the mesoscale fabrication meeting the accuracy and tolerance
required for the proposed applications.

The binder jet printing (BJP) process is known to produce parts not suitable for most
structural applications due to the insufficient consolidation of the powder in the finished part. In
fact, the relative density of metallic parts attainable by BJP may range about 50-60% of a
theoretical density, which is substantially lower than the green compacts (up to about 85%)
produced by powder metallurgy (P/M) or other AM technologies. The final consolidation step in
BJP typically requires the infiltration of a low melting-point metallic material like bronze, which
fills the open pores of the printed powder. The presence of the low melting-point material
deteriorates the mechanical properties of the printed part, limiting the applications of the BJP
technology only for rapid prototyping. However, the disadvantages of BJP process can offer us the
novel approach to obtaining metal-ceramic FCGs with tunable electrical, thermal, and mechanical
properties combined with a selective-reactive sintering (SRS) process.

In this chapter, we present the combination of SRS combined with the BJP process with
stainless steel (SS) to obtain the microreactor with tunable electrical resistivity which could be
used as thermal heating component. The SRS process utilizes oxygen as a reactive gaseous
environment during sintering and allows the metal powders to partially be converted into more
resistive metal oxides. Porosity present in an as-printed BJP part facilitates diffusion of reactants
allows them to reach inside the printed structures. The gradiency or heterogeneity in the material
properties can be generated when diffusion of the reactants is controlled by the part’s geometry or
reaction conditions such as temperature and duration. The resultant metal/metal-oxide hybrid
structures make the portion of the SS part more resistive, facilitating structural heating and more

efficient electro-thermal conversion. A much higher temperature coefficient of resistance for the
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metal/metal-oxide structure renders the microreactor to be highly sensitive to the temperature
variation and used as a resistance temperature detector (RTD) and hot-wire anemometer for

monitoring in-situ flow rates without integrating separate sensors.

3.2. Design considerations — theoretical study

One common microreactor design is shown in Fig. 3.1. An array of posts within the reactor
is inserted in a cavity to enhance heat transfer and better distribute thermal energy within fluid
stream. During a cold start or when reactions of interest are endothermic, process heating is
required to preheat reactants and reactor chamber. Specifically, we are interested in a transient,
high-temperature reaction in which rapid heating and cooling of the reactors are important. A good
example is a micro preconcentrator (as discussed in Chapter 2) where rapid cyclic heating and
cooling are needed for analyte sampling and desorption. Due to the convenience and portability,
electrical heating is considered as the most popular heating method and therefore chosen with two
possible heating scenarios (see Fig. 3.2): (1) external heating represented as a constant heat flux
exerted on both top and bottom reactor surface (referred to as external heating) and (2) direct Joule
heating of the post array structures represented as volumetric heat generation within them (referred
to as structural heating). We conducted a theoretical investigation on the preferred heating scenario
in terms of heating/cooling speed and energy efficiency. Both analytical and computational tools

are used to verify the experimental outcome.
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Figure 3.1 A schematic design of a posted microreactor

As for the analytical approach, we could simplify both heating scenarios by considering
only a single post from the microreactor and approximating it to a 1-D fin problem. Since the
boundary conditions are symmetric, only the half of the post is considered in the problem for both
cases. The structural heating case, i.e., a Joule heating through the post, can be modeled by
including a volumetric generation term in the governing equation with the top surface subject to a
convective boundary condition (Fig. 3.2(a)). In the external heating case (Fig. 3.2(b)), amembrane
heater is attached onto the top surface of the microreactor, which can be treated as a constant heat

flux.
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Figure 3.2 Schematics of two different heating scenarios for the posted microreactor: a) direct
Joule heating by passing electrical current through the structure; b) external membrane heating
at the tip surface

Case 1: Structural heating scenario

The dimensional governing equation is

92T - T)+q"'_1ar
m ) T T 4ot

32 mo<x<l,

a—T=0 and at x =1L, kﬂ+
t ox

which is subject to the boundary conditions — at x =0, 5

h(T —T,) = 0, and the initial condition, for t = 0, T(x,0) = T,. Here, T is the temperature
distribution of the post, x is the distant measured from the center of the post, T is the fluid
temperature to which the post is exposed, h is the convective heat transfer coefficient, k is the
thermal conductivity of the post, g”’* is a volumetric generation rate, and m? = hP/kA. (P = nD,

A: = tD?%4). Using the following dimensionless variables, the dimensionless temperature T =

T-Teo

TR the dimensionless distance ¥ = x/L, and the dimensionless time T = at/L?, one can

non-dimensionalize the governing equation and boundary/initial conditions. Therefore, the

dimensionless mathematical description becomes
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Using the separation of variables, one can obtain the following dimensionless temperature solution.
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Case 2: External heating scenario:

The dimensional governing equation is

0°T ) 10T _
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which is subject to the boundary conditions — at x = 0, ‘;—Z =0andatx =1L, —kg— = qg, and

the initial condition, fort =0, T(x,0) =T,

Using the separation of variables, one can obtain the following temperature solution.
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Using the following dimensionless variables, the dimensionless temperature T = Dk
0

the

dimensionless distance ¥ = x/L, and the dimensionless time t = at/L? , one can non-
dimensionalize the governing equation and boundary/initial conditions. Therefore, the

dimensionless mathematical description becomes
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The dimensionless temperature solution is
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Figure 3.3 illustrates the whole package of the COMSOL simulations of temperature results
in balance state for structure heating and external heating. When the same boundary condition,

heat energy and same flow rate of gas were applied, the COMSOL results show the temperature

65



of sample is higher for structure heating approach than external heating. Figure 3.3 demonstrates
that the relationship of sample temperature to time changes. From the figures, we could observe
that structure heating could heat up the sample faster in a higher temperature than membrane

heating approach and achieve the static temperature in short time.
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Figure 3.3 COMSOL simulation result for temperature of structure with time of (a) flow rate is
2L/min and power is 1W; (b) different power for different flow rate
3.3 Fabrication challenges and proposed fabrication scheme
3.3.1 Material and fabrication challenges

From the previous discussion, we have theoretically shown that the structural heating
method is more energy-efficient and delivers heat to the target regions in the microreactor more
rapidly. In order to concentrate heating in the micropost region for better heat transfer

characteristics, the ideal design would be to have almost all voltage drops occur across the post
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array, meaning that the electrical resistance of the microposts should be much higher than the rest
of the structure and circuit. However, if one considers making microreactors out of metal, it is
extremely difficult to produce metal microreactors with capability of structural heating because
the electrical resistance of the microreactor would be very small. Specifically, considering that the
minimum achievable feature size of the common AM equipment is on the order of a few hundred
microns (200~500 um), we will assume the following dimensions for the microreactor: 0.5~2 mm
for diameters of each post, 20 ~ 100 for the number of posts, and 10~20 mm for the height of posts.
To meet the optimal heater resistance of 20~100 Q (which does not require high-voltage or high-
current power supplies), the electrical resistivity (pe) of the microreactor materials needs to be on
the order of 0.1 Q'm (or electrical conductivity, e = 1~10 S/m). Figure 4 shows the electrical
conductivities of the common engineering materials from conductors to insulators. The materials
whose electrical conductivity falls between 1 and 10 S/m are indeed semiconductors such as
silicon, germanium, gallium arsenide, etc. To our knowledge, AM technology for such
semiconducting materials with tunable electrical properties has not been reported. If the common
AM-compatible metal powders such as SS or Ti are used to build the microreactor of the same
dimension, the overall resistance value would be below 0.001 Q, which is not practical as a heating
element. If the common ceramic materials such as alumina or zirconia are used, the resistance
value would be too high (> 1 GQ), which is again not practical. Therefore, lack of the proper
resistive materials poses a significant challenge in producing the microreactors with more efficient

structural heating capability.
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Figure 3.4 Plot of electrical resistivity for the common engineering materials.

3.3.2 Proposed approach — SRS

One potential approach is to employ the mixture of conducting (metallic) powder and
insulating (ceramic) powder. This metal-ceramic composite approach to modulating electrical
resistivity has been explored by many researchers?®. There is an important issue when adopting
this mixture method for AM. Generally, metal and ceramic powders have very different melting
temperatures, i.e., the melting temperatures of the common ceramics like metal
oxides/nitrides/carbides are several thousand degrees in Celsius, much higher than those of the raw
metals or alloys. Because the sintering temperature is directly related to the melting temperature
of the materials, this means that, if excessive energy is applied to sinter ceramic powder, a large
amount of metals will evaporate from the melt pool and a net shape of the printed part would be
significantly distorted. In case of PBF or BJP, the uniform delivery and spreading of the ceramic
and metal powder mixture on a build bed would be also challenging due to the difference in the

particle size distribution and its density discrepancy.

68



diffusion barrier

r v Yy v-ysyvyy yv yyyy v
3 'AIT_A f‘38420 Qaft{ ":ATA T_A TA.

—>
metal/metal
oxide hybrid
structure

reactant
(e.g.0,) _

Figure 3.5 A schematic diagram of the selective reactive sintering (SRS) process, which allows
the SS420 powder particles in the BJP-printed structure to react with reactive (e.g., oxygen)
environment. The resulting structure is a metal/metal-oxide hybrid structure with new physical
properties.

Therefore, in this work, we propose Selective-Reactive Sintering (SRS), also known as
chemically-induced sintering (CIS), combined with the innovative BJP technique, to obtain metal-
ceramic heterogeneous structures with tailored gradient electrical properties. SRS employs
thermally-activated chemical reactions between metal powder particles within the printed structure
and atmospheric gases. Figure 5 schematically shows the concept of SRS — selective nature of
sintering can be realized by impeding reactant diffusion. It is important to note that the
compositional gradient materials of the resulting structures (e.g., gradual change from metal to
ceramic) can be easily realized by locally controlling the reactant diffusion. Let us take a single
post with a circular cross section as an example. Each post consists of numerous microparticles
with interstitial spaces that form open pores. A gaseous reactant first reacts with the microparticles
situated at the exterior of the post. The material changes — from metal to ceramic - occur due to
the chemical reaction while they are being sintered, reducing the porosity of the structure. The

concentration of the reactant decreases towards the center of the post because of not only the mass

transfer resistance but also the constant depletion of the reactant. Therefore, a progressive
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compositional variation is naturally built in the radial direction, i.e., more metallic phase in the
core and more ceramic phase in the shell (see the further discussion in later section). Also note that
the similar diffusion-reaction phenomenon takes place at the individual particle level. The particle
located close to the outer surface of the post is likely to be fully converted to the ceramic phase
while that in the center of the post tends to remain more metallic. For example, in such arrangement,
the electrical conductivity of the post is controlled by the size of the metallic core as well as the

overall conversion.
3.4 Materials and methods

3.4.1 Fabrication procedure

Binder jetting printing (BJP) machine (X1-Lab, ExOne Inc., Huntington, PA) was utilized
to fabricate the 3DP sample from stainless steel 420 (SS420) powder (Oerlikon Metco (US) Inc.,
Troy, MI). BJP is one of the oldest metal 3D printing technologies that print structures by joining
metal powder with polymeric binder droplets in a layer-by-layer fashion. The inkjet-like head
locally delivers a binder solution to desired locations on the powder bed. The entire process can
be broken into several steps as shown in Fig. 3.6. First, a 3D drawing of the device design was
created using CAD software and imported into BJP machine. SS420 powder (average particle size
~ 30 um) was fed to both build bed and powder supply bed. A roller ran across from the powder
bed to the build bed and spread the powder uniformly (Fig. 3.6a). Polymeric binder droplets were
deposited onto the designated area of the build bed (Fig. 3.6b). The powder spreading and binder
phase printing steps were repeated (Fig. 3.6¢) in a layer-by layer fashion (after each layer, the
building bed stage is lowed while the supply stage is raised) till the part was fully printed. Upon
the completion of the printing, the build bed along with the printed part was put into an oven to

cure the binder phase at 195°C for 2 hours (Fig. 3.6d). After the loose powder was removed, the
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printed part was put in the furnace to decompose the remaining binder phase at 460°C for 2 hours.
At this point, the structure is very fragile and could not be handled or used for any application due
to the weak property. To perform the proposed SRS process, the 3DP sample was reacted with
oxygen at 950°C to convert SS structures into various metal oxide phases (FexOy and/or CrxOy).
An extent of oxidation can be controlled by the oxidation temperature and duration, which
drastically changes the structure’s physical properties. During the oxidation, a slow ramping rate
(1°C/min) was used to ensure that oxygen diffuses into the inner powder particles in each post. To
minimize oxidation of the top and bottom sides of the reactor, we placed the sample between quartz
plates. While our intention was to selectively oxidize the post array, the quartz plates couldn’t

prevent oxidation from taking place on the top and bottom surfaces. Therefore, both surfaces of
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Figure 3.6 Schematic figure of BJP process of microreactor design and SRS process with
oxygen.
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the microreactor were polished to remove the surface oxide layers and expose the underlying
metallic part for electrical contacts. To reduce the contact resistance, a thick layer (~ 5 um) of
copper was sputtered (~ 102 mbar of the background pressure) on both sides’ surfaces. Electrical

wires were soldered at the corner of the Cu layer for further testing.

3.4.2 Materials characterization

Scanning electron microscopy (JEOL 6610LV) was performed on the cross-section of the
post after the SRS process to investigate an extent of the oxidation through the post and powder
particles. Energy Dispersive X-ray Microanalysis (EDS) was also performed in the same
instrument for elemental analysis and to obtain compositional mapping from the surface. X-ray
diffraction (XRD, RIGUKA) was conducted to reveal the crystal structure and chemical
composition of the metal oxide phases formed after the SRS process. The weight of the samples

was measured using an analytical balance (XS205DU, Mettler-Toledo Inc.).

3.4.3 Heating experiments

External heating approach — The membrane heaters were fabricated by sandwiching a
serpentine pattern of a NiCr wire (40 AWG, Coil Society Inc.) with two thin (~ 50 um) layers of
Kapton® tape (1-inch wide, U-Line). The heater temperature was monitored with resistance-
temperature detectors (RTDs) that were also custom-made in a similar manner using a NiFe wire
(40 AWG, Coil Society Inc.). The membrane heater and RTD were integrated by placing them on
top of each other with an adhesive layer. The fabrication details for the heater and RTD can be
found in Chapter 2. Each microreactor was sandwiched between two membrane heaters/RTD. The

same power was applied to both heaters to be able to apply for the symmetric boundary condition.

Structural heating approach — Two wires (24 AWG, Belden Inc.) were soldered onto the copper

layer of each side of the microreactor. Four wires were used for heating and sensing and also help
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to reduce any potential contact resistance. A constant DC power supply (100 V, 3 A, Konrad Inc.)
was connected through a custom-made PID circuit to maintain the microreactor temperature at a
constant level. Since the microreactor temperature can be monitored by measuring a change in
electrical resistance of the microreactor. The resistance-temperature relationship of the

microreactor was separately calibrated in an oven.

Visualization — To reduce heat loss to ambient during visualization experiment, a 3D-printed
plastic package along with a ceramic insulation mat was employed to insulate the five faces of the
microreactor. In-situ variation of the microreactor temperature was visualized at the open side by
means of an IR camera (SEEK Thermal Pro). The IR temperature was cross-checked by

monitoring the resistance readings from the microreactor or RTD sensor.

3.4.4 Flow sensor experiments

The calibrated temperature-resistance relationship of the microreactor can be used for both
temperature and flow rate sensors. The microreactor sample was placed in the flow-cell 3D-printed
package (VeroWhite, Connex 350 3D printer) for fluidic connections. Insulation layers (ceramic
fiber mat) were used between the microreactor and package to reduce the heat loss and protect the
package from high-temperature working conditions. The package was designed with two separate
parts that were assembled to fully enclose with inlet and outlet ports. The inlet port was connected
to a flow meter (0 ~ 4 L/min, Omega Inc.) to control a dry N2 flow (99.99%, Airgas Inc.). The
outlet port was left open to ambient with the thermocouple inserted to measure the outlet
temperature of the N2 flow. Like hot-wire anemometers, the temperature of the microreactor would
change as a function of the flow rates — the higher the flow rate, the cooler the reactor temperature
for a given power. In fact, we explored two sensing modes: constant power vs. constant

temperature. In the former mode, the electrical power applied to the heater was fixed, and the
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reactor temperature was measured as a function of the flow rate. In the latter, as the flow rate

changes, the power required to maintain the same reactor temperature was measured.

3.5 Results and Discussion

3.5.1 Fabrication results and resistivity measurements

Figure 3.7 shows the photographs of a SS420 microreactor at various stages of the sample
preparation. An as-printed BJP part of the microreactor (whose overall dimension is 19 mm, 11
mm, and 16 mm) was shown in Fig. 3.7a. Once the binder phase was fully removed during the
burn-out step, the sample became very fragile and weak due to a high level porosity and weak
adhesion among powder. Figure 3.7b shows the sample after oxidation at 950°C for 6 hours. The
dark teal color of the sample indicates that the surface level of the microreactor was fully oxidized.
In order to make the sample oxidized uniformly, low ramping rate (1°C/min) was adopted to heat
up 3DP part to 950°C for oxidation. The metal oxide was expanded to larger dimension (shows in
Table 3.1, the diameter and the height of the post column were increased) and the color of
microreactor became dimer (Fig. 3.7b) due to the oxidation of metal powder. At this point, the
3DP sample is completed with much stronger property and ready for further applications. From
Figure 3.7c, surface polishing was needed to expose the metal part and make the connection with
power supply for Joule heating approach. In order to have uniform connection for individual post
to distribute the energy, thin layer of copper (~5um) was coated on the top of the sample surface
(Fig. 3.7d). Soldering was used to make the strong connection between the wire and 3DP to

conduct the current so that transfer the heat.
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Figure 3.7 Photographs of a BJP-printed microreactor: (a) after printing, (b) after oxidation, (c)

after polishing, (d) after copper coating for electrical contact. Scale bar: 1mm

Since the metal oxides (FexOy and/or CrxOy) has a lower density than SS, the part expands

upon oxidation. The resultant dimensional changes were monitored with the optical microscope

(Nikon LV100) and shown in Table 1. About 9.2 ~ 16.5% of the size increase was observed, and

the volume expansion would be related to the local conversion of metal to metal oxides.

Table 3.1 dimension of microreactor after printing and after oxidation

Sample dimension | Diameter of | Length of post | Length of plate | Height of plate
post (mm) (mm) (mm) (mm)

Before oxidation 1.6 12.05 18.69 1.96

After oxidation 1.86 13.17 20.56 2.25

Dimension increase | 16.5% 9.24% 10% 11.7%
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Figure 3.8 weigh change of microreactor at different oxidation time

Figure 3.8 shows the weight change of the microreactor samples as a function of different
oxidation durations when the oxidation temperature was set at 950°C. After binder phase was
completely burnt out, the structure became highly porous as reported by our previous study®C.
When this structure is exposed to the oxygen environment at elevated temperatures, oxygen
molecules diffuse through the pores between powder particles and start to react with the particle
surface. The sample weight increases by about 26.7% when oxidized for the initial 30 min at 950°C
(ramping time included). The weight gain is around 33.1% for 2 hours of oxidation, indicating a
continuous growth of the oxidation layer on the powder surface. However, the weight growth rate
was significantly slowed down after 4 hours (i.e., around 34.55%, 35.5%, and 37.7% weight

increase for 4, 6, and 8 hours of oxidation, respectively). The slower weight gain is expected
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because the existing oxide layer acts as a diffusion layer to oxygen molecules, impeding further

oxidation of the metal core.

An electrical resistivity change of the SRS sample is shown in Fig. 3.8(b) as a function of
different oxidation durations. For the microreactor with the same post dimension, the resistivity
increases with the oxidation duration, marking 6 orders of magnitude increase in resistivity in case
of the 1.5-mm sample. The resistivity of the sample primarily depends on the extent of oxidation,
i.e., the thickness of the metal oxide layer vs. the size of the metallic core. When a longer oxidation
time was adopted, more powder particles were oxidized more extensively. As the metal oxide layer
becomes thicker, it is harder for electrons to go through the depletion area (metal oxide layer),
resulting in a larger electrical resistance. The post size influences the extent of oxidation.
Figure 3.8b suggests that the resistivity of the 1.5- and 2-mm post structures does not change from
2 to 4 hours of oxidation time while that of the 1-mm sample increases significantly (2 orders of
magnitude increase). An onset oxidation time at which the resistivity significantly changes
depends on the post diameter. For the microreactor with a smaller post size, the metallic core gets
converted at a shorter oxidation time. The onset oxidation times for the 1-mm, 1.5-mm, and 2-mm
samples are 2, 4, and 6 hours, respectively. For the 1.5 mm post sample, the resistivity increases
from 0.000338 Q.m for 2-hour oxidation time to 0.0007247.1 Q.m for 4-hour oxidation time while
it jJumps to 0.179 Q.m for 6-hour oxidation time. This behavior of a sudden increase in resistivity
may be related to the unoxidized (or less-oxidized) core size. Since the metallic core remains
unoxidized (however small the metallic core is), the electron finds their way to flow (percolation
network) without much resistance, i.e., relatively small electrical resistivity. When the oxidation
duration is long enough to oxidize powder particles in the core/center of the post, the surface of

the majority of metal powder particles within the post is essentially oxidized, leading to a
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significant increase in resistivity. Therefore, a sharp increase in resistivity occurs at a point when
the powder residing in the last conducting percolation path becomes oxidized on their surfaces. At
this point, electrons are forced to conduct through the metal oxide barriers. The electrical
conduction through the hybrid metal/metal-oxide structures (in a powder level, a metal core with
an oxide shell) can be modeled as a series of parallel and series resistances. Since the resistivity of
SS is 7~9 orders of magnitude smaller than that of iron oxides/chrome oxides, the total resistance
will be dominated by the thickness of the oxide shell and the number of the oxide-oxide contact
resistances. The contact area also needs to be factored in as the actual contact area is smaller than
the nominal area. A quantitative modeling of the electrical behavior requires more in-depth study,
and therefore, here we focus on the qualitative description of the SRS (oxidation) processes

through the post structure and within SS powder.
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Figure 3.9 (a) SEM image of the cross-section of a BJP-printed SS420 column/post (1.5mm
diameter) after the SRS process; SEM images of the single powder particle located in the center
(b), middle (c), and at the edge (d) of the column in (a); (e) EDS elemental scan revealing the
oxygen/(iron and chromium) ratio of each location for each powder, which proves the property
control of the structure. Scale bar: a: 500 um; b-d: 10 pum.

Figure3. 9(a) shows the SEM image of the cross-section view of the whole post column
(1.5-mm sample) with the 2-hour SRS/oxidation process. It also shows the gap between the post
and polymer encapsulating material. Each SS powder particle situated at different locations
(indicated by the letters b, ¢, and d in Fig. 3.9(a)) is further focused — (b) powder in the center area
of the post, (c) powder in the half-way between the center and edge of the post, and (d) powder in

the edge area of the post. All of the images (b-d) show that the SS powder particles were oxidized
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and converted to the hybrid structure with the metallic core and oxide shell. It also shows that the
powder particles are connected by the oxide layer. The SEM images show that the powder surface
was oxidized to form an oxidation shell. It was well established that there are internal and external
growths for the oxidized layer when metal was oxidized®! %, The growth rate of the internal oxide
layer depends on the rate of oxygen diffusion. For the powder at the edge area, oxygen was
sufficient and most of them could diffuse into the oxide layer so that the growth rate of oxide layer
was fast and the more internal powder was oxidized than the center powder since the oxygen was
less surrounding the center powder. It could be predicted that the thickness of oxide layer of edge
powder should be larger than the center powder. The EDS analysis supports this conclusion that
the oxygen presents in the center part and middle part of the powder for the edge powder, indicating
the oxide layer for edge powder includes the middle and center part, while the oxide layer is just
the edge part of the powder for the center and middle powder. The oxygen ratio could be obtained
from EDS results demonstrated highest at the outside oxidation shell, following the edge area and
then middle area and center area. And for center powder and middle powder, there is no oxygen
shown in the center area and middle area, indicating that just outside surface of powder was
oxidized and no oxygen diffuse into inside of powder. For the edge powder (Fig. 3.9d), the
O/(Fe+Cr) ratio is 3.08%, 38.46%, and 46.12% for the center area, middle area, and edge area,
respectively. For the center powder (Fig. 3.9b) and middle powder (Fig. 3.9c), the O/(Fe+Cr) ratio
is 0%, 0%, 15.58% and 0%, 0%, 34% for the center area, middle area and edge area. These analysis

data are clearly proven the previous conclusion of diffusion theory of metal oxidation process.
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Figure 3.10 SEM images of the cross section view of SS420 post/column (1.5 mm diameter) for
oxidation 2 hours (a) and oxidation 6 hours (b); (c) EDS elemental analysis of the oxygen/(iron
and chromium) ratio of each location of the center powder for 2h and 6h oxidation. Scale bar: a
and b: 500 pm.

As we demonstrated in weight change and resistance section, when oxidation time varies
from 2 hours to 6 hours, the weight increase from 31.1% to 35.5%, while the resistance changes
from 0.000338 Q.m to 47.1 Q.m. From Fig. 3.10a and 3.10b, we could observe that it is more
porous of the 3DP for oxidation 2 hours and metal oxide layer would grow outside and fill in the
pore with 6 hours oxidation. And Figure 10c shows that there is oxygen present in the center area
and middle area of powder in the center of the post for 6 hours oxidation sample, which indicates
the oxygen diffuse to the center area of the powder so more metal oxide in this sample. Our
hypothesis is that the metal oxide layer would grow outside and merge together and oxygen would
diffuse inside the powder to react with powder and form metal oxide with longer oxidation time.
The small weight (4.4%) increase for longer oxidation time result from the growth of outside metal

oxide layer which is small amount. For resistivity of sample, since the metal oxide layer was grown
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outside and formation of metal oxide inside the powder, the thickness of the metal oxide increase

of the powder is much thicker, which induce the hugh increase of the resistivity of microreactor.

20 30 40 50 60 70 80 90 100
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Figure 3.11 XRD pattern of FezO4 at different thickness of oxidation sample

Figure 3.11 presents the X-ray diffraction (XRD) pattern information of sample to
demonstrate the oxidation level for the different area (center area, middle area and edge area) in
the sample. From the patterns, a series of characteristic peaks (220), (311), (400), (422), (511),
(440), which are in well accordance with the inverse cubic spinel phase of FezOa, were observed.
In this sense, all the patterns are very similar, meaning crystallization of Fe3O4 is same at the
different thickness level in sample. From edge to center, there are one peak disappear and two
extra peak occur. The peak position shows that the disappeared peak is for Fe2Os and the arising
peak is for FeO. Based on the oxygen diffusion theory we hypothesized above, oxygen amount
would decrease from edge surface part to center part, causing more metal oxide formed at the edge
and less in the center, which was supported by XRD analysis. The peak represents the intensity of
the material and large peak means more amount of the material. It is shown that the intensity of

Fe2O3 was decreased from edge to center and FeO increased from edge to center.
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Figure 3.12 (a) I-V characteristics of the SS420 microreactor sample (1.5-mm diameter, oxidized
for 6 hours) as a function of the sample temperature; (b) a schematic showing the interface
between two metal/metal-oxide particles after the SRS process; (c) energy band bending after
metal and metal oxide contact.

The graph in Figure 3.12a shows |-V characteristics of 3DP oxidized sample at different
temperature condition. It presents the trend that the resistance was decreased from 9.35MQ to
2.1MQ when the temperature of sample heated from room temperature to 100°C, which illustrates
the semiconductor behavior (resistance decreases with temperature increases). These 1-V curves
are symmetrical and nonlinear, implying that there is no bias and have Schottky barrier. With
temperature increased, when the same voltage was applied, the current (1) passing through the
Schottky barrier junctions is much more nonlinear function of voltage, meaning more

semiconductor behavior was observed.

Figure 3.12b shows the situation of metal powder and metal oxide contact after oxidation.

The XRD pattern shows the metal oxide is Fe3sO4 so the metal-semiconductor contact is SS/FezO4

83



contact. When the metal powder and the semiconducting metal oxide layer are brought in contact,
the electrons from the n-type FesO4 semiconductor are flowing to the metal powder resulting in an
depletion layer at the interface in the semiconductor. From the energy band model point to view,

this situation is described by the building of a band bending in the semiconductor (qAVs).

The I-V curves in Figure 3.12a result from back to back Schottky Barrier from the depletion
layer (Figure 3.12b) in metal oxide part formed between metal powders. From SEM images, the
metal oxide layer thickness (barrier width) is much larger than the mean free path of electrons, the

conduction through this structure was dominated by diffusion theory. The current density J is given
by

dn(x)
dx ]

J = qn(x)u,E(x) + Dy,

av(x)
dx

Where y,, = éDn and E(x) = — , V(s) represents the electrostatic potential and n(x) the

electron density at the distance x from the interface, W is the carrier/electron mobility and q is the

elementary charge.
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Figure 3.13 (a) Temperature-resistance relationship (calibration performed in an oven) of the
microreactor sample (SRS conditions at 950C, 6 hours); (b) a plot of the TCR values for the
common engineering materials

Figure 3.13a shows the resistance ratio (R/Ro) with temperature of different samples. With
the temperature increased, the resistance of sample decreased, showing semiconductor behavior,
opposite performance of metal. The curve is nonlinear which means the temperature coefficient of

resistance (TCR) is variable with temperature change. The TCR a is given by

The trend relationship in the plot between R/Ro to temperature could be obtained from the

experiment results is
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R% = —0.338In(T) + 2.0101

Where R is the original resistance at room temperature. This equation could be adopted to express
the resistance with temperature relationship of this material, the obtained results calculated from
this equation and from experiment is highly close (R?=0.999). The resistance of sample could be
predicted at higher temperature using this equation, for example, the R/Ro would be 0.08222 when
temperature is 300°C. Average TCR a of this material is around -0.0102(1/°C), which is much
larger than TCR of Ni (~0.006 /°C) that is the largest TCR material among common engineering
metal. Thanks to this high TCR, this material could be used as resistance temperature detector
(RTD) to monitor the temperature change by measuring the resistance change. The measured
temperature is within 1% of the experimental error measured in Celsius degree in the oven. The
error bar in the plot represents R/Ro deviation for different sample at certain temperature condition.
With the temperature increase, the prediction of microreactor resistance would have more error

deviation.
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Figure 3.14 (a) A required power to maintain the same temperature of microreactor to different
flow rate for two heating approach; (b) temperature of 3DP microreactor to different flow rate
when different power was applied; (c) Temperature of 3DP microreactor to different power with
different flow rate for Joule heating; (d) Temperature of 3DP microreactor to different power
with different flow rate for membrane heating; (e) Temperature of 3DP microreactor to different
power when flow rate is 2.4L/min for two heating approach; (f) dry N2 temperature measurement
at the exit of 3DP microreactor with insulated packaging (4.2W of applied power and 1L/min of

the N2 flow rate)
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As we discussed in the previous section, membrane heating and Joule heating were adopted
as heating scenarios for exchanging heat energy. Due to the high TCR, this material could be used
as flow rate sensor. With the changing flow rate, the temperature of the sample would vary since
heat capacity coefficient (h) changes. One key factor of heat efficiency is power consumption to
heat up the sample at certain temperature. The relationship between temperature of 3DP sample
and flow rate of dry N2 was presented in Figure 3.14a when power was applied. The solid line
represents Joule heating approach, which could obviously heat the sample into higher temperature
compared with membrane heating (dash line) when same power was applied at the same flow rate.
Same color line was known the same power. For example, when 3W power was applied to sample,
the temperature of 3DP achieves around 134.8°C at flow rate of 2L/min while the temperature of
3DP obtains around 96.11°C at the same condition. From Figure 3.14a, we could observe that
temperature of sample was higher when more power was applied to sample for both membrane
heating and Joule heating approaches. With the flow rate of N2 increased, the temperature of
sample has the same decreased trend for both heating approaches because more heat energy was
lost and purged away which increase the heat convection between 3DP sample and surrounding
environment. The temperature of 3DP sample decrease from 121°C to 97.9°C when flow rate
changes from 1L/min to 2L/min for Joule heating at 2W power, while temperature ranges from
92.3°C to 71°C for membrane heating at the same condition. Figure 3.14a obviously demonstrated
that structure heating scenario has more efficiency to heat up the structure than membrane heating
at the same flow rate and the temperature of sample could decrease with the flow rate increasing,

which can be used as flow sensor to monitor temperature of sample and correlated to the flow rate.
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Figure 3.14b demonstrates the power consumption applied to 3DP sample to maintain the
temperature at 137°C when different flow rate of dry N2 was purged to the sample. The result
shows that the power consumption increased because more heat would be lost with larger flow
rate. The power consumption by Joule heating is smaller than membrane heating when same flow
rate was adopted, implying Joule heating is much more effective than membrane heating. For
example, at 1L/min of flow rate, 2.92W was applied to sample for Joule heating to maintain
temperature at 137°C while 4.21W was needed to apply for membrane heating. Figure 14b also
present the power consumption difference between these two heating approach would be enlarged
with increasing flow rate to maintain same temperature of sample, 0.314W difference at flow rate
of OL/min to 2.24146W difference at 2L/min. Therefore, with higher flow rate of gas, Joule heating
would consume much less energy compared with membrane heating in order to obtain same

temperature.

Figure 3.14c-d illustrate the sensitivity of flow sensor caused by Joule heating and
membrane heating approaches. Sensitivity is a key criterion to distinguish the sensor how fast or
how large the response or signal changes when the condition of sensor varies. From Fig. 14c and
d, we could observe that the change of 3DP temperature is almost linear with the change of power
applied to sample for flow rate from OL/min to 2.4L/min, indicating the sensitivity is constant and
the temperature of sample could be predicted with power changes. Figure 14e shows temperature
of 3DP response to different powder when the same flow rate was adopted at 2.4L/min for two
heating scenarios. The results demonstrated that the slope of the line for Joule heating is larger
than membrane heating, which means the sensitivity is higher to monitor the 3DP temperature for

Joule heating approach when the same power and same flow rate was applied to sample.
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A constant flow of room-temperature N2 was fed into the inlet, and N2 temperature was
measured at exit (shown in Fig 3.14f). This test manifests the effectiveness of the microreactor as
a process unit. The Joule heating of microreactor is superior in terms of the transient response.
After 3 min, the increase in N2 temperature at exit was more than 100% larger for the Joule heating
method (room temperature to 62°C) compared to the external membrane heating method (room

temperature to 40°C).

3.6 Conclusion

A robust and facile approach was investigated by Binder Jet Printing (BJP) by stainless
steel powder combined with selective reactive sintering (SRS) process in oxygen to fabricate 3DP
microreactor with tunable electrical property which is critical for structure heating. The
performance of the microreactor as a process heating unit in terms of steady-state and transient
operation condition was studied from modeling and microstructure analysis for Joule heating and
membrane heating. And the results demonstrate Joule heating was adopted as heating scenario to
maximized the heat transfer rate. The growth of the metal oxide layer process with different
oxidation time condition was studied and discuss hypothesis of the weight change and resistivity
change during the oxidation process. Longer oxidation time make the microreactor showing more
semiconductor behavior, resulting from the thick metal oxide. With long SRS process in oxygen,
a microreactor with high temperature coefficient of resistance (TCR) (~-0.102/°C) was obtained
and shows the electrical conductance of microreactor is highly sensitive to a temperature variation.
Thanks to the high TCR, our fabricated microreactor was used as resistance temperature detector
(RTD) at high temperature. By monitoring the resistance of microreactor, we can estimate the

reactor temperature inside. Moreover, a change in a flow rate can be detected by measuring the
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resistance change. If the microreactor is properly calibrated with various flow rates and heating

condition, it can measure the absolute flow rate.
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CHAPTER 4

PITCH CONTROL OF HEXAGONAL NON-CLOSE-PACKED NANOSPHERE
ARRAYS USING ISOTROPIC DEFORMATION OF AN ELASTOMER

4.1 Introduction

Two-dimensional assemblies of colloidal particles have received tremendous interest as
facile and inexpensive templates for a wide range of periodically-ordered submicron/nanoscale
patterns3. In its simplest embodiment of so-called colloidal lithography, where colloidal
nanospheres are crystalized into a hexagonal-close-packed monolayer on a substrate, an array of
truncated tetrahedral nanostructures can be generated upon material evaporation through the
interstitial sites between the neighboring colloidal spheres. Such nanostructure arrays, if
constructed out of noble metals, exhibit plasmonic properties and optical (i.e., Raman, fluorescent)
enhancements and are therefore widely used in sensing*’ and optoelectronic applications®°.
However, the type of the nanostructures derived from the close-packed array is rather limited, and
more complex nanostructure array can be obtained by separating the spheres and carrying out
additional processes such as soft lithography, (angled) evaporation, etching, and annealing?.
Examples of the resulting nanostructures generated from the non-close-packed monolayers include
honeycomb patterns'>*2, ordered porous films*!4, and arrays of nanodiscs>'¢, nanorings®’8,
nano-crescents®?, nanocores and nanowires?>2*. Non-close-packed monolayers significantly
increase the versatility of colloidal lithography and the available types of nanostructures over

structures derived from a closed-packed monolayer.

A number of methods to fabricate non-closed-packed monolayers using colloidal
lithography have been proposed, with an emphasis on control over the interspacing of colloidal

nanospheres. They can be categorized into four approaches®. First, direct crystallization of
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colloidal particles at the oil/water interface can yield ordered non-closed-packed monolayers?2°.
However, maintaining the ordered arrangements of the particles during the transfer process (from
the oil/water interface to a solid surface) is challenging because the position of the particles can be
easily disturbed during solvent evaporation. Second, a simple spin-coating technique has been used
to fabricate non-closed-packed monolayers®. A solution containing monodispersed nanospheres
IS spin-coated over a flat surface, forming a non-close-packed array embedded in a polymer thin
film. Upon removal of the polymer film, large-area, non-close-packed monolayers of colloidal
nanospheres can be produced. Due to etching selectivity, colloidal nanospheres need to be
inorganic, and thus only silica nanospheres have been utilized. Precise control over the interparticle
distance is also difficult to obtain. In a related technique, polymer-grafted nanoparticles were self-
assembled to create a 2D non-close-packed array with limited pitch control?’. The third and fourth
approaches convert closed-packed monolayers into non-close-packed architectures and are
considered to be the most straightforward and effective because the periodicity of the non-close-
packed array is somewhat guaranteed as long as the regularity of the close-packed monolayer can
be maintained during the post-processing of taking nanospheres apart. The third approach is to
etch highly-ordered close-packed monolayers and reduce the size of the nanospheres using reactive
ion etching. The array pitch can be modulated by the initial nanosphere size. Despite its
experimental simplicity, the etching approach presents some drawbacks, including the
degeneration of the quality of the individual nanospheres (e.g., induced surface roughness and

deviation from the spherical shape) and the disruption in array regularity?®2°,

The fourth approach, perhaps the most versatile approach to create non-close-packed
monolayers, combines controlled deformation of elastomeric substrates with soft lithographic

transfer®®-32, After the close-packed nanosphere array is transferred onto the elastomer surface, its
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initial pitch, which is the same as the diameter of the nanospheres, can be modulated by stretching
or swelling of the substrate. Solvent swelling of the elastomer (e.g. polydimethylsiloxane (PDMS))
induces isotropic expansion of the substrate, increasing the array pitch while preserving the
original hexagonal order. However, solvents used to swell PDMS are not compatible with the
common polymeric nanosphere materials like polystyrene, limiting the choice of colloidal
materials. The maximum strain realized by swelling is also constrained to < 50%, requiring multi-
step swelling/transfer processes to achieve a large separation between nanospheres®®3L,
Mechanical deformation of the elastomer substrate via stretching offers better control of the lattice
spacing and arrangements, but so far, is limited to uniaxial or biaxial stretching. Since the self-
assembled 2D colloidal array is composed of numerous crystalline domains, with each domain
possessing the hexagonal arrangement but pointing at random orientation, anisotropic deformation
of uniaxial and biaxial stretching results in a non-close-packed array with broken hexagonal
symmetry and non-uniform lattice structures. Therefore, fabrication of well-separated, non-close-
packed monolayers with the original hexagonal arrangement is still difficult to realize?®, and a
simpler approach is highly desirable to increase the flexibility of colloidal lithography and the type

of accessible nanostructures.

In this chapter, we present a facile and robust method to create a highly-ordered, well-
separated non-close-packed monolayer of colloidal nanospheres using soft-lithographic lift-up and
transfer-printing techniques combined with radial stretching of an elastomer. A custom-made
radial stretching stage enables the elastomer substrate to expand isotropically and allows the pitch
of the non-close-packed nanosphere array to be accurately controlled, while preserving the original
hexagonal arrangement. The non-close-packed nanosphere array picked up by the elastomer stamp

can be transferred onto a variety of target substrates. Unlike the solvent-swelling approach, this

100



stretch-and-transfer (SAT) process is compatible with any colloidal material, and a pitch increase
as large as 213% (490 nm original pitch increasing to 1532 nm) can be achieved in a single stretch-
and-transfer step with accurate pitch control. Similar pitch control would require at least three
cycles of the swelling-and-transfer process. The maximum pitch achievable in the single SAT
process depends on the compliance/stretchablilty of an elastomer like PDMS, and its implication
on the spatial uniformity and the nonlinear stretching behaviors will be discussed. In particular,
the effect of the stretching direction on the resulting lattice structure will be investigated for
uniaxial, biaxial, and radial stretching scenarios. These nanosphere arrays transferred onto the
various receiving substrates (e.g., Si, quartz, plastics) modify the optical response of the substrate

and serve as an etch mask or a mold for the subsequent generation of the nanostructures.

4.2 Experimental Details

Preparation of Nanosphere Arrays: The substrate preparation was similar to a previous report?.

Briefly, a 22 mm square coverglass was ultrasonically cleaned in acetone and isopropyl alcohol
for 5 min each. The coverglass was further cleaned in a piranha solution (H2SO4: H.O> = 3:1) for
30 min and subsequently in a standard cleaning solution (H202: NH4sOH: deionized water= 1:1:5)
for 30 min to render its surface hydrophilic. The coverglass was then thoroughly rinsed with DI
water and stored in DI water until used. Polystyrene nanospheres with a nominal diameter of
490 nm were purchased from Polysciences Inc. and mixed with a 400:1 solution of methanol:
Triton X-100 as 3:1 (3 parts of polystyrene nanosphere stock solution, 1 part of a mixture of
methanol and Triton X-100). In order to form a hexagonally close-packed monolayer, the
nanosphere solution was spin-coated onto each coupon at 400, 500, and 1400 rpm (for 30s, 2 min,

and 10s, respectively). The nanosphere-coated substrates were then dried overnight.
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Stretching and Transfer process: The NSs were etched in an RIE (Nordson March RIE-1701)

to reduce the nanosphere size and separate them. The parameters for the RIE plasma were 10 sccm
of pure O, 100 mTorr of a process pressure, and 30 W of the RIE power. Unless noted otherwise,
the etching time was controlled to reduce the NS diameter to 250 ~ 280 nm. A 20-nm-thick Al
layer was evaporated on top of the NS arrays in an Edwards Auto 306 Evaporator (background
pressure about 8 x 107 Torr). Polydimethylsiloxane (PDMS) with different ratios of 10-to-1 to 50-
to-1 (the weight ratio of the PDMS prepolymer to the curing agent) was mixed and molded to
create a sheet of 2 mm thickness. It was cured for three hours at 60°C. A circle with a diameter of
30 mm was cut out from the PDMS sheet using a punch. This piece served as a PDMS stamp and
was used to pick up the nanosphere array from the initially-deposited substrate. This was
accomplished by pressing down the PDMS stamp on top of the array at 60°C and peeling it away
from the substrate at a fast (> 10 cm/s) speed in order to ensure that most of the nanospheres were
picked up. The PDMS stamp with the Al-coated nanosphere array was then placed in a home-made
radial stretcher and stretched with a maximum strain of approximately 500%. Prior to the transfer,
a target substrate was coated with a thin layer (< 100 nm) of the SU-8 adhesive (Microchem, SU-
8 2100 diluted with a SU-8 thinner solution). The stretched PDMS was brought into contact with
the adhesive-coated substrate at 95°C. Uniform pressure was applied until the SU-8 was cured by
the heat. The PDMS was slowly peeled away from the target substrate, and the non-close-packed

array was transferred to the new substrate.

Imaging and Analysis: SEM images were obtained using a Hitachi S-4700 11 FESEM/Edax

Phoenix EDS instrument. Image analysis was performed using ImageJ software. Transmission
optical measurements were acquired using a Craic Microspectra 121 microscope with a 10x

objective.
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Nanoimprinting process: Once the PS nanospheres with an Al layer were transferred onto the

SU-8-coated Si substrate from the stretched (~ 100%) PDMS membrane, RIE (Nordson March
RIE-1701) was used to etch the SU-8 layer with the Al-coated nanospheres acting as an etch mask.
The parameters for the RIE plasma were 10 sccm of pure O2, 100 mTorr of a process pressure, and
30 W of an RIE power. After removing the SU-8 layer, another RIE recipe was used to etch the Si
substrate to obtain the Si mold. The parameters for this recipe were 16 sccm of CF4, 4 sccm of Ar,
50 mTorr of a process pressure, and 130 W of an RIE power. To promote the mold release after
the nanoimprinting step, the Si mold surface was treated with Repel Silane (GE Healthcare Life
Sciences Inc.). An adhesion promoter (ZAP-1020, Chemoptics Inc.) was applied onto the PET
film. A few droplets of the UV polymer (ZPUA, Gelest Inc.) were placed on the surface of the Si
mold, and a PET film was pressed on top of it. The PET-film/Si-mold stack was put under the UV
light (400 W, 365 nm), and the UV polymer was cured through the transparent PET film. After a
desired time lapsed for curing the UV polymer, the PET film was peeled off from the Si mold, and
the inverse patterned (nanohole array pattern) was imprinted onto the UV polymer on the PET
film. With the same nanoimprinting step repeated, the pattern of the original nanopillar array was

transferred onto the receiving Si substrate.

4.3 Results and Discussion

Figure 4.1 outlines the procedure of the proposed SAT process to generate a non-close-
packed hexagonal PS nanosphere array with a tunable pitch on various substrates. Briefly, a PS
nanosphere solution is spin-coated on top of a cleaned, rigid substrate (e.g. cover glass or silicon)
to obtain a hexagonally-ordered close-packed nanosphere array assembled by the intricate balance
between centrifugal and evaporation-induced capillary forces®*34, Subsequently, Reactive lon

Etching (RIE) reduces the diameter of the prepared nanospheres by a small amount (< 35%) to
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maintain the hexagonally-ordered arrangement and smoothness of the nanosphere surface.
Extensive etching of PS nanospheres typically introduces undesirable features including the rough
surfaces and shape irregularities?®2°. Aluminum or silver is then evaporated on top of the reduced
nanospheres. In the next stage, metal-coated nanospheres are transferred onto the surface of a
PDMS elastomer sheet. This thin (~ 2 mm) PDMS stamp is highly compliant and thus can be
brought into intimate contact with the nanospheres without applying significant pressure. Prior to
detachment, heat (~ 60°C) is applied to the stack to improve the adhesion between the PDMS and
nanospheres. Note that due to the Kinetically adjustable adhesion of PDMS®*3¢, a faster peeling
speed is likely to pick up more nanospheres and improve the yield. The PDMS stamp with the
transferred nanospheres is then placed onto a home-made stretcher device which can fix and stretch
the PDMS stamp radially. This radial stretching process allows the PDMS membrane to be
stretched equally in all in-plane directions, further separating the nanospheres while retaining their
original hexagonal order. The maximum pitch of the nanosphere array depends on the compliance

of the PDMS stamp, which can be controlled by a mixture ratio of the resin and its curing agent.

polystyrene b
nanosphere

donor
substrate

g adhesive layer f

Figure 4.1 Schematic diagram of the PDMS-based stretching and transfer process used to
fabricate variable pitch nanostructures with hexagonal order and constant diameter (ball:
nanosphere, yellow: PDMS, white: aluminum layer, pink: adhesive layer)
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After the PDMS stamp is stretched to a desired level, the array of the Al-coated
nanospheres on the PDMS stamp is transferred into a target substrate coated with a thin adhesive
layer. The adhesive layer provides stronger bonding to the nanospheres compared to PDMS,
facilitating the 2" transfer process. After the 2" transfer, the Al-coated side of the nanospheres
faces upward on the receiving substrate and can serve as an etch mask. A portion of the adhesive
layer not covered by the nanosphere array can be etched in RIE to expose the underlying substrate.
The metal films on the nanospheres are much sturdier as an etch mask than the polystyrene
nanospheres, and therefore, a wider class of substrates can be etched in RIE. One critical point is
that the thickness of the adhesive layer should be comparable to or smaller than the size of the
nanospheres to ease the removal of the adhesive layer when necessary. In our study, a thin SU-8
layer (50~100 nm) was spin-coated onto the target substrate prior to the nanosphere transfer,
significantly improving the transfer yield. The target substrate was heated to 95°C, which is the
curing temperature of SU-8. Since the glass transition temperature of polystyrene is around 100°C,
the PS nanospheres were not deformed during the transfer and retained their shape. From the SAT
process, the nanospheres can be transferred from the originally-assembled substrate to any target
substrate, while the array pitch can be modulated without disturbing the hexagonal order of the
array. In the end, we can obtain patterned nanostructures with the nanospheres acting as a mask or

mold in various substrate materials, such as silicon, glass, quartz, plastics, etc.

4.3.1 Array pitch control

Unlike the linear stretching stage that most research groups have employed, our custom-
made stretcher (Figure 4.2a) was designed to radially stretch a thin elastomeric membrane up to

500% to preserve the hexagonal symmetry of the original nanosphere array. Figure 4.2b-4.2f

105



shows the radial stretcher in action: the PDMS membrane with an array of the Al-coated
nanospheres was stretched at different nominal strains of 0%, 50%, 70%, 100%, and 200%,
respectively. Here the strain ¢ is defined as (D — Do)/Do, Where Dy is the diameter of the suspended
PDMS membrane in the unstretched state and D is the diameter after stretching. Dimmer color
was observed for the nanosphere region in case of the larger strain and can be attributed to the
larger separation between the nanospheres. After transferring the stretched nanosphere array in Fig.
4.2f (e = 200%) onto a Si wafer (Fig. 4.29), rainbow colors can be clearly observed due to a grating
effect®”. This vivid color also indicates that the hexagonal order arrangement of nanospheres has

been well preserved during the double-transfer process.

Since the PDMS stamp is used to change the pitch of nanospheres, the extent to which the
pitch can be controlled is related to the maximum strain achievable by PDMS. The amount by
which PDMS can be stretched before failure depends on a mixture ratio of the PDMS prepolymer
and curing agent as well as the stretching direction. Uniaxial stretching typically allows PDMS to
be stretched more than biaxial or radial stretching. When the PDMS membrane is stretched
uniaxially, it shrinks in the other two directions (width-wise and thickness-wise), which allows the
stamp to be stretched further. But when it is stretched biaxially or radially, the expansion takes
place in two dimensions (in-plane) and all the deformations need to be accommodated by thinning
of the membrane, causing the membrane to fail at a lower strain. Over 125% stretching was
reported for 10:1 PDMS (10 parts of prepolymer and 1 part of curing agent) when uniaxially
stretched®®, but from our experiments, the PDMS membrane with the same mixture ratio failed

around 89% of radial stretching.
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Figure 4.2 Camera images of (a) a radial stretching device on which a PDMS stamp with the Al-
coated PS nanosphere array is mounted (the gray square pattern in the suspended PDMS sheet
indicates the nanosphere array region); (b-f) the PDMS stretched at different strains at b. 0%, c.
30%, d. 70%, e. 100%, and f. 200%. (g) the 200% stretched sample of the nanosphere array
transferred to the Si wafer. (Scale bar: a: 20 mm; b-c: 10 mm; d-f: 15 mm; g: 5 mm)
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Figure 4.3 The maximum strain at failure (rupture) is plotted for various weight ratios of the
PDMS prepolymer and curing agent. The strain is applied using a radial stretching apparatus,
and the maximum strain by radial stretching is substantially smaller than that of the uniaxial
stretching case.

More importantly, the maximum strain at which PDMS can tolerate without failing
depends on the weight ratio of the prepolymer and curing agent®*4°. In general, PDMS with a lower
prepolymer-to-curing-agent ratio is more compliant, leading to a larger strain at failure. The
maximum strain at which PDMS fails under radial stretching has not been reported; therefore, we
carried out radial stretching test for several mixture ratios of PDMS and recorded the maximum
strain for each condition (see Figure 4.3). The mixture ratio of 10:1, 25:1, 33:1, and 50:1 resulted
in an average maximum failure strain of 89%, 102%, 123%, 305%, respectively. It was previously
found that PDMS with less curing agent leaves a large portion of the prepolymer unreacted and
less cross-linked, making it softer*t. From our results, we conclude that the nanosphere array pitch
can be extended by about three-fold (with a 50:1 mixture of PDMS) from the single SAT process.
Further reduction in the amount of curing agent in the mixture may allow PDMS to be radially
stretched more than 300% but would not work here due to the difficulty in transfer printing.

Excessive unreacted prepolymer from the low prepolymer-to-curing-agent-ratio PDMS weakens
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it mechanically and makes its surface extremely tacky. Therefore, after transferring the
nanospheres to the target substrate, it is very difficult to peel off the PDMS membrane from the
substrate without ripping its edge. Figure 4.4 shows that the PDMS residue remained on the surface
of the target substrate after stretching and transferring with the 50:1 PDMS membrane. This limits
the maximum pitch achieved by the single SAT process. In this work, we used a 33:1 PDMS
membrane for the SAT process of up to 100% strain and the 50:1 PDMS membrane for over 100%

strain.

Figure 4.4 Camera image of the transferred nanosphere array from the 50:1 PDMS membrane
onto the Si substrate. The green region shows the PDMS residue left after transfer printing of the
nanosphere array. The red bounded region is the residue-free region showing the transferred
nanosphere array. This result suggests that the 50:1 PDMS membrane or membranes with a
lower prepolymer-to-curing-agent ratio is unstable and too sticky, making it extremely difficult
to be peeled off after being brought into contact with the receiving substrate (Scale bar = 4 mm).

Figure 4.5 depicts the SEM images of the Al-coated nanospheres transferred onto the Si
substrate with 8 different strains from 0% to 300%. Prior to the SAT process, all samples were
identically etched in RIE and coated with Al, resulting in nanospheres with an average diameter

of 342 nm arranged in a hexagonal lattice structure (see Figure 4.5a for the unstretched sample,
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i.e., 0%). Nanospheres were etched in RIE to facilitate the initial pick-up process as the etched
nanospheres exhibited a better adhesion to the PDMS membrane?2. We also found that the etched
nanospheres tend to move individually and independently during the stretching process, allowing
the array to better preserve its regularity. The yield of the SAT process was estimated by counting
the number of missing vs. transferred nanospheres in the array on the receiving substrate. The
nanospheres that were successfully transferred but severely displaced from the hexagonal
arrangement were treated as missing ones. Analysis of the multiple SEM images indicates that the
process yield is greater than 95% regardless of the applied strains, helping to conserve most of the

nanospheres for future use (Figure 4.6).

Figure 4.5 SEM images of the non-close-packed nanosphere array after transfer onto Si
substrates with strains of: a. 0%, b. 25%, c. 30%, d. 50%, e. 70%, f. 100%, g. 200%, h. 300%.
Inset: high magnified views of each image (Scale bar: 2 um and 300 nm

The pitch of the original array is the same as the diameter of the unetched nanospheres,
estimated at 490 nm. The SEM images in Fig. 4.5 show that the hexagonal arrangement of the
original nanospheres was well preserved, even for the sample with 300% strain, and the distance

between the adjacent nanospheres was proportional to the strains. The lattice spacing of the crystal
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structures increased from 608 nm to 1364 nm as the strain increased from 30% to 300%. Although
the hexagonal symmetry of the array was preserved, the pitch uniformity as a function of the

applied strain was also of interest. It can be speculated that a larger strain may disturb the array
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Figure 4.6 Low-magnification (500x, 1000x, 2000x) SEM images of three different SAT samples
(100, 200, 300% strains) showing that the SAT process can work over a large area with a
process yield of more than 99%.

lattice more due to the increased relative motion of nanospheres on the PDMS surface during
stretching and an uncertainty associated with the transfer printing of the nanospheres from the

more heavily stretched membranes. The disturbance of the array lattice was quantified by
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measuring the center-to-center distance between two neighboring nanostructures in the SEM

images?®.

o
=]
o

[+
o

'S
=)

Frequency (%)
8 &

-
o

o

u0% before
m0% SAT
m30% SAT
m50% SAT
m70% SAT

L.

550 600 650 700 800 850

Pitch (nm)

750

35 o
~— 30 A
= 25 1

u100% SAT
m200% SAT
m300% SAT

€ 920 s
o 15 o
I 10 1

1100 1300 1500
Pitch (nm)

o o

‘. . III|
900

700 1700

C 2000
1800 } -7
1600 } -

E L -~

£ 1400 ) il

£ 1200 | e

S 1000 | P @
soo } -~ @

600

400 . . .

0 100 200 300
strain (%)

Figure 4.7 a) Pitch distributions measured from 150 nanospheres at different strains (light green
for 30%, orange for 50%, and brown for 70%) and non-stretched array before and after transfer
(blue for the original assembly and violet for the original assembly transferred without
stretching). b) Pitch distributions measured from 80 nanospheres at larger strains (green for
100%, purple for 200%, and navy for 300%). ¢) Plot of the measured pitch as a function of
actual strain. The dotted line is the nominal pitch calculated from the applied strain.
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The histograms of the array pitch distribution for different strains are shown in Figure 4.7a
and 4.7b. Note that a nanosphere array prepared by colloidal lithography typically exhibits intrinsic
point and line defects. In order to minimize the effect of the defects on the pitch measurement, we
selected from each sample the defect-free domains whose sizes are in the range of 10 um?. See the
Figure 4.8 for more detailed description on the pitch measurement. “0% before transfer” means
the nanosphere array in the originally-assembled substrate before it was transferred to the PDMS
membrane. “0% SAT” indicates the nanosphere array transferred to the Si substrate without being
the same (493 nm for blue and 490 nm for violet) but the “0% SAT” sample exhibits more spread
(standard deviation = 5 nm for blue and 9 nm for violet) in the distribution, suggesting that the
transfer printing process introduces a small degree of disturbance in the array. The histograms of
the pitch in Figure 4.7a-b indicate that the average pitch and standard deviation of the stretched
nanosphere arrays at 30%, 50%, 70%, 100%, 200% and 300% are 608 nm (13 nm), 699 nm

(14 nm), 731 nm (18 nm), 794 nm (22 nm), 1080 nm (60 nm), and 1364 nm (79 nm), respectively.
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Figure 4.8 (a) SEM image of the 100% SAT sample. The yellow-boxed region represents the
defect-free crystalline domain, (b) the black-and-white converted image with the proper

threshold delineating the boundary of the nanospheres (Image-J). The red boxed regions are
excluded for the analysis because of the apparent line defects from the initial assembly stage.
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stretched. Comparison of these two histograms (blue and violet in Figure 4.7a) reveals the effect
of the transfer printing processes on the array lattice. The mean values of the pitches are essentially
The average pitches and standard errors of all the samples at different strains are shown as
a single plot in Figure 4.7c. The breath of the standard errors indicates the degree of array
disturbance, which increases with larger strain. This is expected because the action of stretching
will bring out more uncertainty in the transfer printing process. The straight dotted line is the
nominal pitch calculated from the applied strain. The discrepancy between the nominal and actual
pitch is rather small for the strain from 0 to 100%, indicating that the PDMS membrane was
stretched in accordance with the strain imposed by the radial stretcher. However, a significant
increase in deviation from the actual pitch is observed for larger applied strains. For example, the
nominal pitches of 30% and 200% stretched samples are 637 nm and 1470 nm, respectively, and
the averaged actual pitches obtained via SAT were 607 nm and 1080 nm, respectively. Therefore,
the percent ratio of the actual pitch over the nominal pitch is 95.3% for the 30% sample, but 73.5%
for the 200% sample. One hypothesis for this mismatch between the applied strain and actual pitch
is that the PDMS membrane deformation is spatially non-uniform. It may be that the edge of the
membrane stretches more than the center region because the membrane is gripped by the radial
stretcher. The closer the gripping points (i.e., by the edge), the larger the stress applied to the
membrane (i.e., the edge region of the membrane getting stretched more than the center region).
To test this hypothesis, we investigated the spatial uniformity by imaging the nanospheres
near the center vs. edge of the nanosphere patterns after the SAT process. Note that all the images
and pitch measurements shown in Figure 4.5 and 4.7 were obtained from the center region of the
nanosphere pattern on the PDMS membrane. In Figures 4.9a, b and ¢, we compare the pitch

distribution of the nanospheres near the center to those near the edge of the samples stretched
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100%, 200% and 300%, respectively. In the case of the 100% stretched sample, the difference in
the array pitch between the center and edge regions is small, i.e., 794 nm + 21 nm for the center
and 814 nm + 68 nm for the edge. On the other hand, the 300% stretched sample exhibits a
significant increase in the pitch from the center (1364 nm = 79 nm) to the edge (1533 nm +
127 nm). To better summarize the overall trend of the mismatch between the applied strain and
actual pitch for both center and edge region, we plot the ratio of the actual to nominal pitch
(denoted as a pitch ratio) over the entire range of the applied strains (see Figure 4.9d). This pitch
ratio quantifies how much a portion of the PDMS membrane was stretched relative to the applied
strain. Regardless of the applied strain, the edge region of the nanosphere pattern always shows a
larger pitch ratio, meaning less stretching in the membrane center and more stretching away from
it. The discrepancy in the pitch ratio between the center and edge regions grows larger for larger
applied strain. In addition, the nanosphere array near the pattern edge always exhibits a broader
pitch distribution, which is accentuated with larger strain. This reflects how the radial stretcher
pulls the membrane apart. As can be seen from Figure 4.2, 10 fingers are equally distributed around
the membrane to stretch it radially. At large strains, the membrane between the two adjacent
gripping points tends to retract inward, creating a non-uniform strain field in the membrane near

the fingers, and increasing the variability in the array pitch.
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Figure 4.9 Pitch distributions measured from 80 nanospheres in the center and near the edge of
the PDMS membrane for the various applied strains of a) 100%, b) 200%, and c) 300%; d) a
ratio of the actual pitch to nominal pitch in the center and at the edge as a function of different
strains from 30% to 300%.

Interestingly, the actual pitch near the edge of the nanosphere pattern is still smaller than
the nominal pitch calculated from the applied strain. Note that the overall size of the nanosphere
pattern is around 1 cm by 1 cm (see Figure 4.2g) while the freestanding portion of the PDMS
membrane in the stretcher apparatus is 1.7 cm in diameter. When the pattern is transferred to the
center of the PDMS membrane, the pattern edge is a few millimeter from the membrane edge.
Therefore, we speculate that the PDMS membrane is stretched more near its edge, accounting for

the remaining discrepancy in pitch. Because the edge portion gets stretched more extensively, the
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membrane thins near the gripping points and can be easily ripped at large applied strains (see

Figure 4.10).

Figure 4.10 (a-d) Camera images showing the stretching process until membrane failure. From
d, the membrane ripping first happens at the edge (between the adjacent gripping points). The
red dash line in d) shows the ripped line.

4.3.2 Control of array structure

One advantage of creating a non-close-packed array via mechanical deformation of a soft
substrate is the ability to modulate the nanosphere array pitch with high precision as well as to
create various lattice structures. Previous studies reporting the SAT approach®®3! employed
uniaxial stretching of the stamp substrate, which can alter the lattice structure of the non-close-
packed array due to anisotropic deformation. An interesting aspect of uniaxial stretching is that the

resulting lattice structure depends on the stretching direction with respect to the array configuration
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(see Figure 4.11 and 4.12 for the SEM images and schematic illustration). For example, an as-
prepared 2D nanosphere array is made up of numerous crystal domains of hexagonal-close-packed
arrays with random orientations. Therefore, uniaxial stretching causes each of the crystal domains
to be stretched differently because their lattice structures are aligned differently with respect to the
stretching direction. The SEM image in Figure 4.13a shows multiple crystal domains of the SAT
sample made by uniaxial stretching of 100% nominal strain. The lattice structure of each domain
differs from one another due to the anisotropic deformation. The Fast Fourier Transform (FFT) of
each domain exhibits the crystalline lattice (see Figure 4.11A), but when these different domains
are combined for FFT, a distorted lattice structure is clearly seen (see the inset of Figure 4.13a).
Biaxial stretching also induces anisotropic deformation and leads to the various Bravais lattice
structures as shown in Figure 5b and Figure 4.11B. In the same work3%3! two-step uniaxial
stretching was also utilized instead of biaxial stretching with the pre-stretched array being
transferred to another PDMS substrate and stretched at a direction different from the initial
stretching direction. Lattice structures such as rectangular, square, and oblique arrays can be
produced from the as-prepared hexagonal nanosphere arrays. Since the SAT method based on
uniaxial/biaxial deformation unavoidably breaks the hexagonal symmetry, maintaining the
original hexagonal lattice structure across all the randomly-oriented crystal domains, requires that
the stamp be stretched in an isotropic manner, necessitating radial stretching. Indeed, regardless of
the initial orientation of the crystal domains, the radially-stretched sample preserves the hexagonal

lattice structure of all the arrays on the substrate (see Figure 4.13c and Figure 4.11C).
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Figure 4.11 SEM images and Fast Fourier Transform (FFT) data for the PS nanosphere arrays
stretched and transferred to the Si substrates with (A) uniaxial, (B) biaxial, and (C) radial
stretching of 100%, respectively. The FFT technique is used to study the periodicity of micro-
and nanostructure arrays and observe the lattice spacing and structure of the arrays. The FFT
data was collected from multiple crystalline domains (1~4) and from the entire image (far right).
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Figure 4.12 Schematic of the stretching direction with respect to the original hexagonal array in
case of (a-b) uniaxial and (c) biaxial stretching.
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Figure 4.13 SEM images of the nanosphere array with stretching in three different directions
and FFT data: a. uniaxial stretching 100%; b. biaxial stretching 100%, and c. radial stretching
100%, Insert: FFT figures for each SEM image.
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4.3.3 Transfer the Array to Various Surfaces and Applications

Strong hydrophilicity of the substrates is important when directly assembling nanospheres
suspended in an aqueous solution into a 2D array*?. Therefore, substrates with insufficient
hydrophilic surfaces must be functionalized or otherwise treated to improve their wettability for a
high-quality 2D assembly. Here, we employ the SAT technique to transfer highly-ordered
hexagonal arrays onto the surface of any target material, such as glass, quartz, and flexible
substrate. A thin adhesive layer (e.g., 60 ~ 100 nm-thick SU-8 layer) was spin-coated on the
surface of the target substrate to improve the adhesion with the nanospheres. Figure 4.14 shows
Al-coated nanosphere arrays transferred onto a Si coupon (Fig. 4.14a), a quartz disc (Fig. 4.14b),
and a plastic film (polyethylene terephthalate, PET) (Fig. 4.14c). Prior to the transfer to the target
substrates, the nanosphere arrays were etched and coated with Al (resulting in an average diameter
of 342 nm), transferred onto the PDMS stamp and stretched by 100%. The color observed on each
surface indicates the regularity of the nanosphere array preserved during the SAT process. Three
SAT samples of the Al-coated nanosphere arrays on the quartz discs were studied for their optical
characteristics. As shown in Fig. 4.14d, the transmission spectra were measured for each sample
(0%, 50%, and 100% SAT on the quartz substrates). The transmission measurement from a blank
quartz disc was used to normalize the data. The transmission spectrum of the 0% stretched sample
has a broad dip related to the strong reflection and/or absorption of the Al-coated nanosphere
pattern that is centered around 1050 nm. This spectral feature shifts to about 1280 nm for the 50%
stretched sample. Thus there is an apparent dependence of a dip position as a function of pitch.
The overall transmission increases with the stretch percentage because the more the array is

stretched, the less dense the array, and the more transparent the substrate (see Fig. 4.14d).
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Figure 4.14 Camera images of 100% SAT nanosphere array on a. silicon wafer, b. quartz, c.
flexible PET film; d. the transmission spectra of the three SAT samples (0%, 50%, 100%) on the
quartz substrates; e. an array of the fabricated Si nanopillars (insert SEM image: top-view of the
Si nanopillar array); f. the pattern of the UV polymer as the original etched Si mold (insert SEM
image: top-view of UV pattern array). Scale bar: a-b: 8 mm; c¢: 15 mm, e-f: 2 um.

Finally, the Al film coated on the nanospheres can serve as an etch mask for substrate
etching. The PS nanospheres of 490 nm nominal diameter were etched to 330 nm in RIE and
deposited with a 20 nm-thick Al layer. Once picked up by the PDMS stamp and stretched to 100%,
the Al-coated nanospheres were transferred to the SU-8-coated Si substrate. The underlying SU-8
layer as well as the Si substrate was etched in Oz and CF4/O2 plasmas, respectively. Figure 4.14e
shows an array of Si nanopillars fabricated with the nanosphere mask. This Si nanopattern was

utilized as a mold to create a UV nanoimprint replica. Briefly, we first created the inversed pattern
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of a UV polymer (ZPUA, Gelest Inc.) on a PET film, which was then used to transfer the
nanopattern onto a new Si substrate using UV nanoimprinting lithography. The pattern of the UV
polymer on the original etched Si mold was replicated on the new Si surface (see Fig. 4.14f),
suggesting that nanostructures initially patterned by the nanosphere lithography template can be
reproduced many times because of the nature of the nanoimprinting process. This feature is
important when the exactly same pattern is required for the specific applications. As illustrated in
Fig. 4.13, the stochastic nature of self-assembly in nanosphere lithography cannot produce the
exactly same pattern — i.e., each time nanospheres are assembled on the non-patterned surface, the
resulting assemblies are different in terms of the grain size, location and orientation. Therefore,
the combination of the nanosphere lithography and nanoimprinting lithography provides an
inexpensive platform for reproducibly producing nanopatterns. With the flexibility offered by our
SAT approach, the pitch of the resulting hexagonal nanopatterns is not limited to the original

nanosphere dimensions but can be substantially modified over a large area.

4.4 Conclusion

We combined colloidal lithography and deformable soft lithographic transfer in a simple
and robust technique that creates well-separated, highly-ordered, large area 2D arrays of hexagonal
nanospheres. To overcome the limitations of the previous approaches such as solvent swelling
and uniaxial/biaxial stretching of an elastomer substrate, our custom radial stretching apparatus
permits isotropic deformation of a deformable substrate like PDMS. As a result, our modified
arrays maintain their original hexagonal arrangement over large areas and regardless of the initial
crystalline orientations. We demonstrated that the prepolymer-to-curing-agent-ratio of PDMS
could be tuned to achieve an increase in pitch as large as 213% in 2D nanosphere assemblies using

a single stretching-and-transfer process. The array pitch measured from the image analysis was
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always smaller than the nominal pitch calculated from the applied strain, and the discrepancy grew
larger with increasing strain due to the spatial non-uniformity of the PDMS stretching. The
hexagonally-ordered non-close-packed nanosphere array was transferred onto target substrates
including a Si wafer, quartz, and plastics. The arrays were employed as etch masks and molds for
fabricating periodic nanostructure arrays which may be useful in sensing and optoelectronic

applications.
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CHAPTER 5

FABRICATION OF METALLIC NANODOT HEXAGONAL ARRAYS USING
NANOSPHERE LITHOGRAPY AND DOUBLE LIFT OFF

5.1 Introduction

Metallic nanoparticle and nanodot (or nanodisc) arrays attract great interest thanks to their
versatility and utility. They exhibit localized surface plasmon resonances, which enhance optical
absorption, scattering, and focusing®®. As a result they have been used in applications including
biosensing’®, optical antennas® and surface enhanced Raman scattering (SERS)*6. Nanodot
arrays have also been used in various patterning processes, where they serve as masks for etching
and evaporation, seed materials or reaction substrates for nanostructure growth!’, and molds for
replication'®. Simultaneous control of particle size and their relative arrangement is important in
ordered nanodot arrays for optical applications®. Many top-down and bottom-up methods have
been used to fabricate ordered arrays of metallic nanostructures, including photolithography,
focused ion beam milling?>?*, electron beam lithography??, self-assembly?, and template-based
methods using nanosphere lithography?42% or an anodized alumina membrane?’. Among them,
nanosphere lithography (NSL) offers a simple and low-cost way to create periodic nanostructures
like metallic nanoparticles/nanodots over a relatively large area?®. Moreover, NSL provides design
flexibility, as the density and size of the NSL-patterned nanoparticles can be tuned — a feature that
is not commonly found in other inexpensive bottom-up methods?°.

NSL relies on a spin-coating or controlled convective/evaporative process to produce two-
dimensional (2D) colloidal crystals in a hexagonally close-packed array on a substrate®®. The
nanospheres in the array can serve as a physical mask. Due to the simple nature of the NSL

templating method, ordered metal nanoparticle arrays are easily fabricated by combining NSL with
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metal evaporation®®. A wide variety of metal nanoparticle array geometries have been fabricated
by controlling the number of nanosphere layers during metal deposition31-33, deposition angle and
duration®**°, thermal- or e-beam treatment of nanospheres??, and post-treatment of the obtained
nanodot arrays. However, the majority of the nanodot arrays obtained from the NSL template are
restricted to the hexagonally ordered triangular arrays as the metal layer is deposited into interstitial
spaces among nanospheres®. To our surprise, metallic nanodot arrays with the same arrangement
as the original nanosphere array have been rarely found in literature. One approach is to use a
combination of NSL templating, hydrophobic treatment, and subsequent site-selective electroless
deposition®37. Another is to utilize the NSL-based hemispherical elastomer stamp together with a
nano-transfer printing method®. However, the resulting nanodots from these methods are
irregularly shaped or noncontiguous compared to the nanodots obtained from the physical vapor
deposition of metals. The type of the nanodot materials is also restricted due to the limited
compatibility of the electroless deposition or transfer printing. Therefore, a scalable fabrication
procedure of creating a well-defined, high quality hexagonal array of metallic nanodots with the
same arrangement of the original nanosphere array needs to be developed.

In this chapter, we combine NSL templating with a facile double lift-off process to obtain
a high-quality hexagonal array of metallic nanodots, i.e., in the same arrangement as the original
nanosphere array. Here, the double lift-off process denotes two consecutive metal lift-off steps. In
the first step, an initial metal layer is deposited over the reduced nanosphere array which serves as
a lift-off mask. In the second step, the first metal layer now serves as another lift-off mask for the
target nanodot metal. Because the lift-off processes are performed twice, the resultant
nanostructures are discrete features with the same placement as the original nanosphere template.

This combined technique produces a highly-ordered hexagonal array of well-defined metallic
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nanodots over a relatively large area. In order to assist the second lift-off step, we employ two
different metal layers and create re-entrant sidewall profiles by sacrificial etching of the underlying
metal layer, significantly improving the lift-off yield. This ordered metallic nanodot array also
serves as an etch mask in reactive ion etching (RIE) and is used to produce a large-area, hexagonal
array of silicon nanowires exhibiting highly anti-reflecting structures in almost all UV and visible

wavelengths.

5.2 Experiment Section

Substrate preparation: The substrate preparation was previously reported?. Briefly, four-inch

single-side-polished silicon wafers (Montco silicon, <100> orientation and 500 pum in thickness,
N-type, 8-12 Q cm) were cut into 2 cm by 2 ¢cm coupons, which were ultrasonically cleaned in
acetone and isopropyl alcohol for 5 min. The Si coupons were further cleaned in piranha solution
(H2S04: H202 =3:1) for 30 min and subsequently in standard cleaning solution (H202: NH4OH:
deionized water= 1:1:5) for 30 min to render their surfaces hydrophilic. The coupons were then
thoroughly rinsed with DI water and stored in DI water until used.

Nanosphere Lithography: Polystyrene nanospheres (nanospheres) with a monodisperse diameter

of 0.5 um were purchased from Polysciences Inc. and mixed with a 400:1 solution of methanol:
Triton X-100 as 3:1 (3 part of nanosphere, 1 part of a mixture of methanol and Triton X-100). In
order to form an hexagonally close-packed monolayer, the nanosphere solution was spin-coated
onto each coupon at 400, 500, and 1400 rpm (for 30s, 2 min, and 10s, respectively). The
nanosphere-coated substrate was then dried overnight.

Nanodot Fabrication: The nanospheres were etched in an ICP-RIE (Oxford Plasmalab System

100) to reduce the nanosphere size and separate them. The parameters for the RIE plasma were a
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mixture of O and CF4 (40 and 10 sccm, respectively), 20 mTorr of a chamber pressure, 800 W of
an ICP power, 10 W of a platen power, and -20°C for platen temperature. Etching time was
controlled to reduce the nanosphere diameter to 230~250 nm. The bilayer of 50-nm-thick Al and
50-nm-thick Au was evaporated on top of the nanosphere arrays in a Temescal e-beam evaporator
(background pressure less than 1 x10°Torr). A semiconductor dicing tape or cured
polydimethylsiloxane (PDMS) stamp was used to remove the nanospheres and obtain the nanohole
array in the Al/Au film. The Al layer was undercut to create a re-entrant sidewall profile by
immersing the sample into the Al Etchant Type A solution (16 part H3POas, 1 part HNO3, 1 part
HAc, 2 parts H20) for 10s. Next, a 25-nm-thick Cr layer was evaporated on the substrate also
using a Temescal e-beam evaporator. In the final lift-off step, the coupon was immersed into the
Al Etchant Type A solution with mild sonication for 1 min. The coupon was cleaned with a copious
amount of DI water and dried for imaging.

Si Nanowire Fabrication: The silicon substrate was etched using the Cr nanodot array as an etch

mask in the ICP-RIE (Oxford Plasmalab System 100). Tapered SiNWSs were produced using
60 sccm of SFe and 8 sccm of O,, 800 W of ICP power, 7 W of platen power, and a platen
temperature of 110°C.

Imaging and Analysis: SEM images were obtained using a Carl Zeiss SMT Supra 55 (field-

emission high-resolution SEM) instrument. Image analysis was performed using ImageJ.

5.3 Results and Discussion

5.3.1 Challenges of conventional lift-off process
Hypothetically we can consider two approaches to obtaining the desired metallic nanodot

array by combining the NSL technique with physical vapor deposition. The first approach is to
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create the 2D polystyrene (PS) nanosphere array on a substrate already coated by a thin metal
layer®®, reduce the nanosphere diameters by RIE, and then dry etch the metal layer directly using
the nanosphere array as an etch mask (see Figure 5.1a). The challenge of this approach is that for
a given dry etch chemistry for the metal film, the PS nanospheres function poorly as the etch mask.
The second approach is a double lift-off method, as shown in Figure 5.1b, - the first nanosphere
lift-off using a relatively thick metal film is followed by a second lift-off with a thin film of another
metal. The thickness of the metal layer in the first lift-off step should be larger than that in the
second lift-off step, so that the second metal film breaks at the edge of the protrusion and the
underlying metal layer is etched through the formed gap. Prior to the double lift-off process, the
nanosphere size is reduced with RIE to a desired diameter. Ideally, the line-of-sight nature of
physical vapor deposition enables the first (thicker) metal layer to have a straight sidewall, which
in turn assists the subsequent lift-off. However, in reality, when a 2D nanosphere array is used as
a deposition mask, the line-of-sight evaporation leads to a positive slope of the deposited metal
layer (see Figure 5.1c). When the mask layer exhibits a positive slope in the sidewall profile, the
subsequent metal evaporation step forms an uninterrupted contiguous film, which is detrimental
to the final lift-off process. The formation of the positive slope in the metal layer obtained from
the NSL-based lift-off process can be attributed to two factors: (i) the surface diffusion allows
metal atoms to migrate towards the space underneath the reduced nanospheres (see the inset of
Figure 5.1c) and (ii) more importantly, dynamic shadowing from the metal film deposited onto the
nanospheres renders the film deposited on the substrate to be three dimensional and prismatic®.
The latter effect is fundamental in vacuum deposition and becomes significant when a thick metal
film is deposited through the NSL-based mask. Assuming the vapor flux is perpendicular to the

substrate, the vertical growth of the metal film is always accompanied by the lateral growth on the
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masking structure (in this case, nanospheres). Thus, the lateral deposition of metal on the
nanospheres effectively reduces the opening of the masking structure, producing a positive

sidewall profile of the resulting metal film.

! i | ! 3
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R e e S

! ] ! 3

Figure 5.1 Hypothetical approaches for NSL-based metal nanodot fabrication; (a) metal etching
with the nanosphere mask (green = target metal layer), (b) double lift-off (purple = sacrificial
metal layer), (c) challenge of the double lift-off process —dynamic shadowing and lateral particle
diffusion create a positive sidewall profile and impede subsequent lift-off.

5.3.2 Our approach combined NSL with double lift-off

To address this issue, we deposit a bilayer of two dissimilar metals in the first lift-off step
and selectively undercut the bottom layer. This creates a negative or re-entrant sidewall profile in
the initial metal film, assisting the second lift-off step. Figure 5.2 shows the key fabrication steps
to generate a hexagonal array of metallic nanodots using the modified double lift-off process. Each
of the steps is depicted in the SEM images in Figure 5.3. Unlike the general double lift-off process
that usually employs one sacrificial layer for etching the structure, this modified process require a
sacrificial metal bilayer to mitigate surface diffusion on the bottom metal layer and lead to a cap-

like structure.
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Figure 5.2 (a-f) Schematic diagram of the proposed double lift-off process to fabricate metallic
nanodots (white: nanospheres, purple: sacrificial metal layer, yellow: cap metal layer, and
green: target metal layer). Each 3D diagram has an accompanying cross-sectional inset image
for clarity.

A simple spin-coating technique was used to create 2D colloidal crystals on silicon
substrates (Figure 5.2a)*L. Prior to spin-coating, the silicon substrates were cleaned in a standard
cleaning solution to render their surfaces hydrophilic (see the Experimental section). Dispersion
of polystyrene (PS) nanosphere (500 nm in nominal diameter) and surfactant was spin-coated in
multiple ramping/spinning steps to create a uniform nanosphere monolayer. The nanosphere size
was then reduced to half the initial diameter in RIE using a plasma discharge in a mixture of O>
and CFg, resulting relatively smooth nanospheres (see Figure 5.2b)%°. With the reduced nanosphere
array as a masking layer, a bilayer of 50-nm-thick Aluminum (Al) and 50-nm-thick gold (Au)was
deposited on top of the reduced nanospheres and Si substrate (Figure 5.2c). The metal-decorated

nanospheres were then removed from the substrate either by scotch tape, solvents such as
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chloroform, or a flat viscoelastic stamp made of polydimethylsiloxane (PDMS) (Figure 5.2d). For
reasons illustrated earlier, the 100-nm-thick bilayer film exhibits a positive slope on the sidewall,
which inhibits the subsequent liftoff process. Figure 5.3a and 5.3b show cross-sectional scanning
electron microscope (SEM) images of the Si sample after bilayer deposition and nanosphere lift-
off, respectively, and clearly show the bilayer’s positive slope. If we used this metal layer as a
shadow mask and proceeded with the second lift-off step, the subsequent metal layer would form
a continuous film and prevent etchants from attacking the underlying the first metal layer, i.e.,

failure of the second lift-off step.

Figure 5.3 SEM images of the key process steps: (a) as-deposited 2D colloidal crystal of 500 nm
PS nanospheres, (b) size reduction in PS nanospheres etched by ICP-RIE, (c) reduced
nanospheres coated with a bilayer of 50 nm of Al and 50 nm of Au, (d) nanospheres removed
using tape or a PDMS stamp to leave the Al/Au bilayer with nanohole arrays (Note: a positive
sidewall profile is clearly visible), (e) sacrificial Al layer etching to create the re-entrant
sidewall profile, (f) deposition of 25 nm of Cr. All scale bars are 200 nm.
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To create a re-entrant sidewall profile, we etched the bottom layer (Al) of the bimetallic
sacrificial layer just slightly to create an undercut structure, with the Au layer overhung as shown
in Figure 5.3c. The cross-sectional inset image in Figure 5.2d also schematically shows this
undercutting step. Controlling the etch rate and etch time is critical to achieving the proper
undercut structure. Obviously, the Al layer needs to be etched sufficiently to remove the positive
slope, but if it is etched too long, the top Au layer will lift off or its overhang structure will collapse.
Once the desired re-entrant sidewall profile was obtained, a final (3 chromium (Cr) layer was
deposited to form the nanodot array (see Figure 5.2e and 5.3d). The Cr thickness was smaller than
that of the Al (1%) layer, creating a gap between the two layers to facilitate the last lift-off process.
Finally, the substrate was immersed in an Al etchant solution to allow the etchant to attack the
underlying Al layer and complete the lift-off of the Al/Au layer (Figure 5.2f). Figure 5.4 shows
SEM images of the resultant hexagonal array of Cr nanodots in various magnifications and viewing
angles. The highly ordered Cr nanodot array was obtained over a large area (> 20 mm?) (see
Figure 5.4a) with a negligible defect density (< 3%). Defective nanodot areas arise either from the
initial nanosphere assembly or from the first lift-off step (i.e., nanosphere removal). Since this
paper deals with the nanodot fabrication via the double lift-off process, we focused on the defects
occurring during the lift-off processes. Figure 5.4b shows a representative zoom-in image of the
Cr nanodot array with a few missing nanodots (observed in the left middle and bottom row), which
we attribute to incomplete nanosphere removal during the initial lift-off process. Dry lift-off (using
a tape or PDMS stamp) was more effective than wet etching of nanospheres. The patterning defect

rate, however, is very low — according to Figure 5.4b, 5 missing out of 437 nanodots amounts to
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only 1.1%. In addition, the position of the nanodots precisely matches the original nanosphere

array.

Figure 5.4 SEM images of Cr nanodots array at various magnifications and viewing angles: (a)
and (b) from top down, (c) 70° tilted. Scale bar is 100 um for (a), 2 um for (b), and 100 nm for

(©).

5.3.3 Original order and size control

The nanodot’s size, shape and hexagonal arrangement (in comparison to the original
nanosphere array) were quantified by analyzing the SEM images for fitted diameter, roughness,
and pitch. The fitted diameter was calculated from the two-dimensional projection area of the
nanostructure (etched nanosphere, nanohole, or nanodots). The roughness factor, defined as a ratio
between the actual perimeter of the two-dimensional projection and the perimeter computed from

the fitted diameter, was also estimated. The disturbance of the array lattice was quantified by
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measuring the pitch, that is, the center to center distance between two neighboring nanostructures?®.
Figure 5.5 presents the fitted diameter, roughness factor, and pitch of the nanostructure array at
each processing step including nanosphere reduction (open square), nanoholes after the
nanosphere removal (closed square), and Cr nanodots (open circle). The histogram of the fitted
diameter in Figure 5.5a indicates that the averaged diameters of the reduced nanospheres,
nanoholes after the 1% lift-off, and nanodots are 232 nm (x4 nm), 239 nm (x4 nm), and 240 nm
(7 nm), respectively. The numbers in the parentheses and the error bars seen in Figure 5b and 5c
represent the standard deviation of more than 100 measurements. The average diameter increased
from the reduced nanosphere to the nanohole, probably because lateral growth of the metal film
on the nanospheres during the bilayer deposition, which effectively increased the nanosphere mask
size and enlarged the resulting nanoholes in the bilayer film. As a result, the nanodots were slightly
(3.4%) wider than the reduced nanospheres. The roughness of the Cr nanodots and their pitch
hardly changed from the original nanosphere array, highlighting their regular, well-defined shape

and precise arrangement (see Figure 5.5b and 5.5c¢).
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Figure 5.5 (a) Size distribution of 120 individual nanostructures at the three key process steps:
dark blue for reduced nanospheres, red for nanoholes after 1st lift-off, green for Cr nanodots.
Plots of (b) roughness factor and (c) pitch at those steps with the error bars indicate the
standard deviation, while (d) schematically shows the three metal layers involved in the double
lift-off process
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The bilayer strategy to create a re-entrant sidewall profile for easing lift-off is common for
patterning submicron or nanometer-sized metallic features with photolithography or e-beam
lithography*>#3, For example, in e-beam lithography, the e-beam resist or lift-off layer, which is
more sensitive to the electron radiation and/or developer solution, is used in the bottom layer. After
exposure, both top and bottom layer of the exposed region are developed but the bottom layer is
over-developed to create an undercut feature. In our case, the nanodots were created by exploiting
the different etch rates of three metals. As seen in Figure 5.5d, the three layers included a sacrificial
layer (Metal A), a cap layer (Metal B) that forms a bilayer for the initial lift-off, and a target layer
(Metal C) for the desired nanodot material. Care is required in selecting the metals, because metals
B and C are exposed to an etchant of Metal A during the double lift-off process and must therefore
be relatively inert to the etchant. Metals B and C can be the same material provided Metal C is
sufficiently thinner than Metal A. In our case, we chose Al for Metal A, Au for Metal B, and Cr
for Metal C, because the Al etchant (a mixture of phosphoric, acetic, and nitric acids) does not
attack Au or Cr. We cannot arbitrarily change the order of these metals. For example, Al may not
be Metal B or C because both Au and Cr etchants attack Al. This also means that there is a
limitation on the nanodot material —metals susceptible to corrosion are less likely to work. If one
wants to create Al or copper (Cu)-based nanodots, it is difficult to find an appropriate Metal A,
since Al and Cu are damaged by most metal etchants. Williams et. al. reported the etching rates
and selectivity of metals and other materials in various etching solutions for microelectronics and
microelectromechanical system applications**°. According to their work, if Al is used as the

sacrificial layer (Metal A), potential nanodot metals include tungsten, platinum, palladium, silver,
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Au, Cr, titanium, tantalum, vanadium, and molybdenum. However, copper or nickel nanodots

cannot be created because Aluminum etchant Type A etches both metals.

Figure 5.6 (a-c) SEM images (at various magnifications and tilted at 45°) of ICP-RIE-etched,
vertically-aligned Si nanowire arrays with the Cr nanodots as the etch mask. Scale bar is 40 um

for (a), 2 um for (b), and 400 nm for (c).

Finally, the hexagonal Cr nanodot array was used as an etch mask in RIE to create
vertically-aligned silicon nanowires (Si NWSs). There are other NSL-based techniques that one
could use to make the Si NWs with fewer required steps. Most notably, metal-assisted chemical
etching (MACE) combined with NSL has been extensively employed for fabricating ordered Si
NW arrays with the same hexagonal arrangement?®*6, However, this NSL/MACE approach can
introduce substantial porosity into the NWs*"# and is essentially limited to Si*®. Here we

performed cryogenic Si etching in an inductively-coupled plasma RIE (ICP-RIE) system to create
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nonporous Si NWs with extremely smooth sidewalls. Figure 5.6 reveals the SEM images of the
etched Si NWs at various magnifications and a 45° tilt. As with the nanodot array, the vertically-
aligned Si NW array extended over a large area without defects, and the hexagonal array
arrangement was well preserved. The grayscale interference pattern in Figure 5.6a reveals the
different orientations of the colloidal crystal domains carried over from the nanosphere assembly.
The Cr nanodots remained virtually intact during Si etching, and acted as a cap on each NW. The
ICP-RIE recipe was tuned to produce the tapered NW array with an aspect ratio of approximately
11.6 (see Figure 5.7). Such high aspect-ratio, tapered NW arrays are efficient anti-reflecting
surfaces®®. Our Si NW arrays exhibited strong anti-reflecting character (less than 1%) for
wavelengths ranging from 200 to 1000 nm (see Figure 5.8). Our fabrication scheme thus presents
a quick, easy, bottom-up process for creating tapered Si NW arrays for anti-reflectance

applications.

Figure 5.7 An SEM image of the ICP-RIE-etched tapered Si NW array with an aspect ratio of
approximately 11.6. The aspect ratio was calculated by dividing the height (2.8 um) of the Si NW
by the diameter (240 nm).
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Figure 5.8 Reflectance measurement (in log-scale) of the tapered Si NW array after the Cr

nanodots were removed. The laser was directed perpendicular to the substrate. The
measurement was performed using an n & k analyzer 1200 (n&k Technology).

5.4 Conclusion

We combined nanosphere lithography (NSL) and a double lift-off process in a facile, low-
cost and efficient fabrication route for large-area hexagonal arrays of metallic nanodots. In contrast
to common NSL-based metallic nanodot arrays, our method creates well-defined metal nanodot
arrays with the same configuration as the nanosphere layers used to make it. The double lift-off
process used consists of two consecutive metal lift-off steps — first using nanospheres as a mask
and then the lift-off metal as another mask for the second lift-off. We used a bilayer of two metals,
the bottom sacrificial layer and the top cap layer, and created a re-entrant sidewall profile by
undercutting the sacrificial layer to facilitate the final lift-off of metallic nanodots. The quality of
the nanodot pattern and the array periodicity was investigated using statistical image analysis and
compared to the original nanosphere array in terms of size distribution, surface ruggedness (or
smoothness) and array pitch. This nanodot array was later used as an etch mask to create vertically-

aligned Si nanowire array, and this combined approach represents a scalable and inexpensive
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fabrication of a relatively large-area, ordered array of various nanostructures. Such arrays are

potentially useful in biosensing, LSPR, SERS, and other optical applications.
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CHAPTER 6

CONCLUSION AND OUTLOOKS

One aim of this dissertation is to fabricate micro preconcentrator (PC) and micro reactor
components which could survive at medium-to-high-temperature condition for harsh operation
environments. Additive manufacturing (AM), was known as metal 3D printing, was employed to
produce the small scale microfluidic devices that can operate at high temperature than what
polymer can withstand. Unlike the conventional Si-based MEMS approach, AM can create the
devices with robust fluidic interconnects and high-yield bonding with straightforward, inexpensive
and less time-consuming process. Binder jet printing (BJP), one of the oldest AM technology,
which could produce high porous structure was adopted to fabricate the micro PC and
microreactors. Chapter 2 introduce the design and material flexible micro preconcentrator (PC)
fabricated by BJP process using stainless steel (SS) and boron nitride (BN) sintering additive as
the printing material. The BN additive could low the sintering temperature of the SS and also
improve the density of the part. Unlike the conventional approach for micro PC fabricated by
MEMS whereas the epoxy or polyimide was applied for connection which is weak and not robust,
the micro PC created by 3DP approach is compatible with commercial fitting. This high-dense part
with internal conduits has sophisticated features inside the SS channel and the part was machinable
to meet the commercial PEEK fitting connection requirements. The connection with commercial
fitting was tested under high operating pressure and resulting in gas leak-tight which could be used
in fluidic applications. Membrane heater was adopted as heating source to heat up the 3DP SS PC
for desorption. In order to improve the heat performance of PC, many critical factor of PC was
investigated, including thermal mass of PC, insulation condition of PC, and heat ramping rate on

PC. We found that low thermal mass could heat up the micro PC for thermal desorption at short
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time and achieve much higher temperature for the absorbent inside the micro PC when the heat
ramping rate was set. It was also observed that the PC could reach the target temperature more
rapidly or with less power consumption with thick insulation condition. High heating rate was
chosen for fast response of PC thermal desorption performance because this high heating rate can
have the absorbent reach the desorption temperature in a shorter time. The obtained micro PC
could serve as a front-end injector for portable micro GC system and real-time gas sensing

applications.

In chapter 3, a novel and facile approach combined with Binder jet printing (BJP) and
selectively reactive sintering (SRS) process to produce the functionally gradient materials (FGMs)-
stainless steel (SS) microreactor which could be used as thermal heating component. The SRS
process makes the microreactor has more metal oxide thickness at the edge part and more metal
thickness in the center part. This approach overcomes the limitation of conventional techniques of
metal/ceramic fabrication approach by 3D printing and adjust the property of the original printing
material by straightforward steps. The 3DP SS part was conducting post-processing in oxygen
environment and form the metal/metal oxide and obtain the tunable resistivity which is larger than
the original SS material. Two heating approaches-Structure heating and External heating were
investigated in theoretical analysis, computed simulation and experimental results. Joule heating
scenario demonstrated the better efficacy of the microreactor as an energy-efficient process heating
unit and maximize the heat transfer than external membrane heating. A high temperature
coefficient of resistance (TCR) of the modified metal/metal oxide microreactor was obtained and
was adopted as resistance temperature detector (RTD) due to its property. The changes of
resistance of 3DP microreactor is highly sensitive to the temperature variation so that the

temperature could be calculated and predicted by monitoring the resistance of microreactor.
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Moreover, purging the flow of gas also change the temperature of the sample so that it would
influence the resistance of microreactor. 3DP microreactor could be used to measure the absolute

flow rate when it is properly calibrated with various flow rates and heating condition.

In chapter 4, we present the novel approach to fabricating the pitch control of hexagonal
non-close-packed colloidal nanosphere arrays using isotropic deformation of an elastomer.
Deformable soft lithography using controlled deformation of elastomeric substrates and
subsequent contact printing transfer offers a versatile method to systematically control the lattice
spacing and arrangements of the 2D nanosphere array. However, the anisotropic nature of uniaxial
and biaxial stretching as well as the strain limit of solvent swelling makes it difficult to create well-
separated, ordered 2D nanosphere arrays with large-area hexagonal arrangements. In this chapter,
a home-made radial stretching stage was used to generate the large-area hexagonal arrangements
of polystyrene nanospheres with controlled pitch. The maximum stretchability and spatial
uniformity of the polydimethylsiloxane (PDMS) elastomeric substrate is systematically
investigated. A pitch increase as large as 213% is demonstrated using a single stretching-and-
transfer process, which is at least three times larger than the maximum pitch increase achievable
using a single swelling-and-transfer process. Unlike the colloidal arrays generated by the uniaxial
and biaxial stretching, the isotropic expansion of radial stretching allows the hexagonal array to
retain its original structures across the entire substrate. Upon radial strain applied to the PDMS
sheet, the nanosphere array with modified pitch is transferred to a variety of target substrates,

exhibiting different optical behaviors and serving as an etch mask or a template for molding.

Chapter 5 present the metallic nanodots with the same arrangements as the original
nanosphere arrays was reported by combining nanosphere lithography (NSL) with novel double

lift-off process. In this chapter, a bilayer of two dissimilar metals was employed to create a re-
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entrant sidewall profile to undercut the sacrificial layer and facilitate the final lift-off metallic
nanodots. The double lift-off process used consists of two consecutive metal lift-off steps - first
using nanospheres as a mask and then the lift-off metal as another mask for the second lift-off. The
quality of the metallic nnaodots pattern and the array periodicity is investigated using statistical
images analysis and compared to the original nanpsphere array in terms of size distribution, surface
ruggedness (or smoothness), and array pitch. This nanodot array could be used as an etch mask to
create a vertically-aligned Si nanowire array, and this combined approach represents a scalable
and inexpensive fabrication of a relatively large-area, ordered array of various nanostructures.

Such arrays are potentially useful in biosensing, LSPR, SERS, and other optical applications.

Future work:

1. Continue to work on the different functionally gradient materials (FGMs) by combining
the binder jet printing (BJP) process with different metal powder and selectively reactive
sintering (SRS) process and investigate the electrical and mechanical property of the FGMs

2. Continue to work on the nanosphere lithography (NSL) with Ecoflex or PDMS with
different thickness to create the nanosphere arrays with variable pitch and transfer to target
substrates (Si, glass, PET, etc.) by soft lithography. And the optical response of this
nanostructure need to be detected. Also continue to develop the new pattern for casting the
elastomer mold with thickness variation and study the pitch changes as the function of
applied strain.

3. Continue to investigate the wrinkle pattern with the applied strain in different elastomer
thickness area and systematically study the bilayer system with different strain stretching

and bonding process and study the optical applications.
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