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ABSTRACT

As nanotechnology continues to advance, the need for smaller, structurally complex mate-
rials has grown. However, these microscopic (10%) and nanoscopic (10%) structures often
display unexpected changes in mechanical properties as compared to their macroscopic
counterparts. Nanomechanical studies investigating size-effects in stiffness, strength, re-
coverability, ductility, and fracture, reveal an intimate interplay between the breakdown in
continuum behavior and the energetic landscape of microstructural mechanisms. Additive
manufacturing opens new opportunities to explore this microstructure-mechanics relation-
ship as it enables the micro- and nano-scale production of novel materials and microstruc-
tures. While existing studies on structural and functional materials highlight the unique
size-scale behavior, a large gap remains in our understanding of the complex relationship
between microstructure and material performance. This work investigates the interactions
and mechanisms that give rise to emergent nanoscale phenomena. With microstructural
characterizations, we demonstrate the role of boundaries and interfaces on mechanical and
mechanically-coupled behavior in (1) dense nanowire arrays, (2) nano-architected nanocrys-
talline zinc oxide, and (3) highly-twinned additively manufactured metallic systems. This
work provides critical insights into the mechanisms underlying the observed emergent
phenomena and further opens our fundamental intuition for microstructure-mechanics re-

lationships in materials at the nanoscale.
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Chapter 1

INTRODUCTION

One of the foundational perspectives in the study of materials is that atomic-level processes
have profound e ects on the macroscopic (or observable) behavior. From explaining fun-
damental relationships to identifying key engineering considerations, the nano-scale world
provides unique insight into the mechanisms which in uence and occasionally dominate
material performance. With careful thought, we can leverage these tiny tools to answer the
guestions and puzzles uncovered during the exploration of materials (new and old) and their
phenomena.

A vast body of work has laid the framework for this atomistic perspective and provides both
mechanistic and energetic models which elucidate how microstructure begets perfadcmance
However, the picture is far from complete. This thesis aims to contribute its own piece to
the puzzle within the eld of nanomechanics, a discipline where size matters because of
its marked impact on material behavior. The following work characterizes the relationship
between boundari@slength-scale, and mechanical or mechanically coupled behaviors in
materials. It examines the importance of the interface in structures made through traditional
nanofabrication techniques and leverages advancements in additive manufacturing at micro-
and nano-length scales to explore new but not yet fully understood functional materials
including zinc oxide (ZnO), copper (Cu), nickel (Ni) and cupronickel alloys. Through this
fundamental investigation of microstructure and length-scale, we seek to provide insight
into the mechanistic understanding of emergent nanomechanical phenomena and lay the
foundation for future design and engineering of these materials on the nanoscale.

The remainder of the introduction will provide speci ¢ context and background for the
techniques, theory, and concepts relevant for contextualizing the research contained within
the body of this work.

Lperformance here is de ned as the observed or anticipated behavior of a material in its post-processed
form or as a component. Properties will refer to the fundamental, theoretical, and/or thermodynamic response
of only the material. Performance can have a stochastic element stemming from variation within or between
produced materials. Properties are typically universal for a speci ¢ material.

2We will generally consider various types of boundaries with a focus on free surfaces, twin boundaries,
and grain boundaries including coincident site lattice (CSL) boundaries.



1.1 Micro- and Nano-Scale Fabrication Traditional 2D Techniques
Lithography

Lithography is a technique by which a speci ¢ pattern is printed or written into material. For
small-scale fabrication, this is typically achieved by changing the solubility of a photoresin
or photoresist through photolithography (sometimes referred to as optical lithography). It
can be done with a speci ¢ wavelength of lighor an electron beam (known as e-beam
lithography). Depending on the formulation of the resist it will either increase solubility
(positive-tone) or decrease solubility (negative-tone) with respect to the developer solution
when exposed. After exposure and development the remaining photoresist will be either a
copy of the mask (positive-tone) or an inverse image (negative-tone).

Photolithography uses physical masks to block out light in speci ¢ patterns. The technique
is fast and e ective for large areas, and resolution is limited by the wavelength of the light
source. State-of-the-art instrumentation can produce features down to 40 nm using-ultra
deep UV sources? ]. Conversely, e-beam lithography rasters an electron beam in the
desired pattern to expose the photoresist. This allows resolutions below 10 nm but can
be quite time intensive and require signi cant optimization of write parameters [90]. For
this reason, the technique is best suited for patterning requiring high-resolution or precise
feature alignment.

Lithography is primarily coupled with etching and deposition processes whereby the resist
now acts as the mask to expose (or shield) areas of the substrate. These techniques are
a critical tool for controlling material placement and removal in nanofabrication and are
widely used in creating new nanotechnologies [42, 43, 132].

Deposition

Deposition can be carried out through a variety of methods depending on the desired
thickness, material, and level of conformity to the substrate. Though not exhaustive, we
will outline the more commonly used techniques and those most relevant to the experiments
and literature discussed in this thesis.

Atomic Layer Deposition (ALD) conformally coats the surface of a structure by depositing
one atomic layer at a time. Of the deposition techniques discussed in this section, it has the
highest resolution for Im thickness and can form extremely smooth surfaces [116]. Though
more limited that other methods in the range of available materials, ALD has been widely

3This is often a blue or lower-energy UV light, though some chemistries require green or deep UV sources.
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adopted in nanofabrication designs and even used to make hollow nanolattice structures
[141, 175, 221].

E-beam physical vapor deposition is a technique which uses a high-energy electron beam
to vaporize materials which are precipitated from the gaseous phase onto a substrate. The
technique is a line-of-site deposition, meaning it can only coat surfaces perpendicular to
the throwing direction and cannot coat shadowed areas. E-beam deposition can produce
Ims of a wide array of metals and oxides with thicknesses between several nanometers
and microns [78]. Used in a variety of applications for chip-based devices and coatings
[22, 78, 107, 182], the technique provides a robust and relatively fast method for coating
structures.

Electrodeposition is a method of electrolysis which deposits material from a solution onto a
conductive substrate. Through control of the temperature, pH, current density, and electrical
potential, various nanostructured surface morphologies can be formed [166, 203, 223].
In conjunction with masking techniques, electrodeposition has also been used to form
nanopillars and more complex structures [97, 201].

Etching

As a chemical process, etching provides an e ective method for large-scale, parallelized
removal of material that typically leaves an atomically smooth surface with minimal residue
or microstructural transformation. Wet-etchants refer to solution-based reactions that strips
the material from the solid interface into the solution. Depending on the material and
solution interactions, an etch can be isotropic (i.e., equal rate of removal from all directions)
or anisotropic (i.e preferential removal of atoms from a particular crystallographic plane)
[77].

Conversely, dry etching utilizes plasmas to strip material from an exposed surface. These
techniques, known as Reactive lon Etching (RIE), are far more directional than wet etching
and eliminate the need for handling dangerous chemical solutions [88, 120, 185]. RIE also
allows for greater control and precision during the etching process. However, the process
recipes often require far more optimization as speci ¢ chamber conditions can greatly
impact the surface interactions.

Focused lon Beam Milling

Another powerful method for nanoscale removal of material is through a technique known
as focused ion beam (FIB) milling. Using principles similar to that of scanning electron
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microscopy, a beam of ions is focused and rastered in a particular pattern to mill away the
desired material. FIB systems are used in a variety of ways including to expose cross-
sections and areas of material [56], prepare specimens for TEM analysis [63, 95, 138],
fabricate samples for nanomechanical testing [16, 189], and depositing metals such as
platinum and tungsten [162].

There are several ion sources readily used in FIB milling with gallium as the most common.
However, gallium is problematic during the preparation of certain materials as it can alloy
with the substrate and subsequently in uence local microstructure [138, 228]. Other sources
such as xenon, argon, neon, and helium reduce interactions between the beam and material
making them more attractive for damage-sensitive samples [8, 23, 112]. Additionally cryo-
FIB can reduce damage to samples by cooling down the system. This technique is most
commonly employed with biological and light element samples [140, 216].

FIB-milling is a technique heavily used in the eld of nanomechanics and microstructural
characterization and is instrumental to the work presented in this thesis (and other doc-
toral work not outlined here). This method for material removal also underpins much
of the foundational work on mechanical size e ects and is a critical tool in probing the
microstructure-mechanics relationship of speci ¢ microstructural features. Further discus-
sion of these elds can be found in Section 1.4 and 1.5.

1.2 Micro- and Nano-Scale Additive Manufacturing

Figure 1.1: Schematic of Photopolymer Complex Synthesis Method for Zinc Oxide.
Using a resin containing zinc ions, the structure is printed (b) with two-photon lithography
to form a solid zinc-ion containing polymer. Subsequently (c) the structure is heated in
air to remove the organic material and leave behind a zinc oxide 3D structures. (Image
reproduced with permission from Ref. [209].)
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At the macroscale, additive manufacturing (AM) shows great promise as a new materials-
processing technique. In additional to enabling otherwise unmachineable parts, materials
printed through AM can produce unusual microstructures such as extremely high dislocation
densities, columnar or dendritic grain shapes, and gradients of cyrstallographic phase
[68]. As is further discussed in Section 1.3, microstructural features govern mechanical
behavior; thus AM processing may hold promising new avenues for engineering mechanical
properties and material function. These novel microstructures also open opportunities
for advancing fundamental investigation of atomic-level processes and further Il in our
energetic understanding of deformation mechanisms.

For the micro- and nano-scale, additive manufacturing has great potential to advance small-
scale devices. Additive processing methods provide an extraordinary opportunity for nano-
architecting materials; however, at (and below) the microscale, material selection is limited
[82]. This is due, in part, to the challenge of controlling materials and chemistries at the
nanoscale with high spatial con nement. However, many techniques have been developed to
open up this materials space. These techniques are typically based in interactions facilitated
by an energetic beam (laser, electron, orion beam) [31, 110, 159, 180, 184, 190, 217], surface
tension [62, 87, 152], or extrusion [7, 81, 177]. Appendix A provides more information on
many of the reported small-scale AM techniques.

The additive manufacturing used in this work is a novel method for printing metals and
oxides known as Hydrogel Infusion (HI). This technique is a based in photolithography but
applies a series of treatments to the printed hydrogel component in order to produce the
desired material. We utilize two variants of the HI technique: the photopolymer complex
synthesis or PCS approach (Figure 1.1) where metal ions are contained with the resin
[209, 210] and the swell-in approach (Figure 1.2) where metal salts infuse the hydrogel
after printing [170, 211]. Then, the metal ions contained in the hydrogel are converted to
an oxide during calcining. If desired (and thermodynamically possible) the oxide can be
reduced to its parent metal or metallic alloy. One bene t of this technique is the range of
materials produced and high-resolution of the nal components.

Chapters 3 and 4 characterize the microstructure and mechanically related behaviors of ZnO
printed through PCS using two-photon lithograghyrhe materials are between 200 nm

and 5 min feature size. Chapters 5 and 6 characterize the microstructure and mechanical
properties which arise from Cu, Ni, and cupronickel alloys printed through the swell-in

4Two-photon lithography uses special photoinitators that require a two photon event to induce polymer-
ization. This allows for very small voxels (or volume pixels) when printing as only the focal point of the laser
is likely to be energetic enough to generate a two-photon event.
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