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Abstract

Fabrication techniques, and mechanical behaviours of vertically aligned cylindrical nanopillars of various
metals, including tin, bismuth, palladium, indium, rhodium and cobalt have been presented in this work.
These, vertically aligned, cylindrical nanopillars of various diameters have been fabricated via an electron
beam lithography and electroplating method. Microstructural properties of these pillars were studied
using high resolution scanning electron and transmission electron microscopy. A non-destructive
synchrotron X-ray microdiffraction (uSXRD) technique was used for the characterization of tin and
indium nanopillars.

The results indicated single crystal body-centered tetragonal structured tin, polycrystalline
rhombohedral bismuth, single crystal tetragonal indium, and nanocrystalline palladium, cobalt and
rhodium nanopillars. The mechanical properties of these structures were studied by uniaxial compression
under a nanoindenter outfitted with a flat punch diamond tip. The strain rate sensitivities and flow stresses
were analyzed for each material.

Single crystal tin and indium nanopillars showed size-dependent flow stresses where smaller diameter
pillars exhibit greater attained strengths. The observed size-dependence matches closely to that previously
reported for single-crystalline face centered cubic metals at the nanoscale.

Polycrystalline bismuth nanopillars showed a size effect with a change in the deformation mechanism
from grain boundary mediated mechanisms to dislocation processes as the pillar diameter approached the
average grain size. Nanocrystalline palladium pillars showed an inverse size effect where a decrease in
strength was seen for pillars with smaller diameters.

Finally, a thorough study is presented on the buckling behaviours of 130nm diameter palladium, cobalt
and rhodium nanocrystalline pillars with various height-to-diameter ratios and the elastic moduli of these

materials are extracted.
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Chapter 1: Introduction

1.1 Bulk Scale Mechanical Compression and Tensile Tests

Tension and compression tests are the most common types of mechanical testing of materials in bulk
scale. According to the American Society for Testing and Materials (ASTM), the yield strength, yield
point, Young's modulus, stress-strain curve, and the compressive strength of a material can be obtained
from a standard compression test. However, these tests are mostly used to find the relationship between
the average normal stress and the normal strain of materials.

If the material does not fail due to a shattering fracture, and it does not go through buckling or barrelling,
the compressive strength of the material is dependent on the strain and the geometry of the test specimen.

In a compression test the materials to be tested are specially prepared in the form of a right circular
cylinder with a flat surface at both ends and are dimensioned in a way to avoid buckling. The test
specimen is then compressed and the applied load and the deformation (change of length) of the pillar are
recorded at frequent intervals. The stress-strain relationship can be evaluated by the translation of load

and displacement to stress and strain respectively. The average normal Stress (o) is calculated as below:

Where F is an external force applied uniaxially on the test specimen and A is the cross sectional area of
the cylinder on which the load is applied. There are two common methods of evaluating the cross
sectional area; If the initial cross sectional area of the test specimen is used for the evaluation of stress, it
is known as engineering stress. If the calculations include the changes in area at each instant of the test,
the stress can be evaluated as the load divided by the cross sectional area at each instant, known as the
true stress.

Strain (¢) is simply a measure of relative deformation of a body. This deformation can be explained as a

vector representing the displacement of each point on a deformed material relative to its initial position.



The engineering normal strain which is commonly evaluated in compression tests can be evaluated as
below:

Al
=7

€
where [, is the initial length, and Al is the change in length of the test specimen.
The stress-strain curve shows the elastic and plastic behaviour of the material. In a compression test, the
curve begins with a region where the material follows Hooke’s Law which states a linear relationship
between the stress and strain, until the material yields at its Yield point. This is known as elastic
behaviour: if the load is removed anywhere in this region, the material will return to its initial shape.
Beyond this point, the material deforms plastically and will not return to its original shape and length if

the applied load is removed. Most materials deform plastically; our interest is in the plastic deformation

of metals. The various reasons behind this deformation are known as deformation mechanisms.
1.2 Plastic Deformation Mechanisms of Metals

1.2.1 Dislocation Creep
The plastic deformation of metals is usually associated with the existence of defects known as
dislocations. A dislocation is a one-dimensional crystallographic defect in a crystal structure. It’s what
deviates the structure from a perfect defect-free crystal and corresponds to dislocated atoms in the
structure. The atoms can be dislocated in two ways: edge and screw dislocations.
The movement of dislocations through the crystal under stress results in the plastic deformation of the
material. Therefore, the plastic behaviour of material depends on the density (length of dislocation lines

per volume) and dynamic properties of these dislocations [1].

1.2.2 Grain Boundary Sliding
Grain boundaries are two dimensional defects that result in the plastic deformation of polycrystalline
materials. They are the interface between two grains in a polycrystalline material.

Grain boundaries limit the movement of dislocations and therefore reducing the grain size of materials is



a common method of strengthening materials; the dislocations will need more energy to change direction
and move between grains. This is known as the Hall-Petch effect which will be discussed in detail in

Chapter 5.

1.3 Micro and Nano Scale Mechanical Testing

The study of materials in nano and submicron scale has been the focus of many researchers in recent
years. There are various reasons why a material’s nanoscale properties matter. First and foremost, there
are several sources that show that materials behave differently in submicron and nano dimensions [2]. The
strength of material, specifically, is known to increase when the size of the samples reaches the size of the
material microstructures.

It is very important to take into consideration the inaccuracies in results due to erroneous testing methods
in this scale. Recently, many testing methodologies have been presented with the attempt to minimize the

inaccuracies of existing mechanical testing methodologies in micro and nano scale.

1.3.1 Conventional Nanoindentation Experiments

Nanoindentation is a common and powerful tool for measuring the elastic modulus (E) and hardness (H)
of a material; generally in this method, a three sided pyramid shaped indenter tip known as a Berkovich
tip, is indented into a test sample. The E and H values are extracted based on the analysis of unloading
data obtained from a cycle of loading and unloading [3]. One disadvantage of the conventional
indentation methods is that it does not allow the direct measurement of the flow stress; the flow stresses
are calculated with the assumption that the hardness and yield strength are linearly related [33].

Although this method is widely used in determining the hardness of thin films, it has been argued that the
properties of the substrate, to which these thin films are attached, can affect the results of the nano-
indentation tests [4]. Nix Et al. studied the effect of substrate on the nano-indentation measurement of
film properties and found that this effect was mostly evident in the case of hard films on a soft substrate
[5]. Other indentation uncertainties have been extensively studied on events such as sink-in and pile-ups

of the material in response to tip penetration. Studies by Pharr and Tsui show an overestimation of film



hardness as much as 68% in the case of soft films on hard substrates [6] and up to 100% (depending on
penetration) in hard films on soft substrates [7] due to a “substrate-induced enhancement of indentation
pile-up”.

Another important concern with the conventional nanoindentation method is the geometry of the nano-
indenter tip and the introduction of strain gradients. During nano-indentation, only a small volume under
the indenter is plastically deformed hence the introduction of non-uniform stresses and strains.

N.A. Sakharova et al. studied this effect for 3 common indenter tip geometries (Berkovich, Vickers and
Conical) and found that distinct mechanical properties were seen for some materials using different
indenter geometries. The depth at which the material plastically deforms is also dependant on the
geometry of the tip [8].

A study on the nanoindentation of nanocrystalline Ni with geometrically different indenters showed a
strong dependence of the material hardness on indenter geometry [9]. The common pyramid shaped
indenter tips create a localized stress concentration at the tip and edge points of contact with the test
surface, which results in a non-uniform strain and stress distribution.

All the above reasons highlight the need for a more precise testing method for accurately characterizing

time dependant mechanical properties of material at nano scale.



1.3.2 Micro-Compression Tests
Uniaxial compression tests on cylindrical pillars, known as “micro-compression tests” were first
implemented by Uchic et al to overcome the strain gradient effects of previous nanoindentation methods
[10]. This method allows the study of the flow properties of material in small scale.
The test consists of the preparation of nano and micron scale cylindrical pillars of the material to be
tested, followed by the compression of these pillars using a nano-indenter by replacing the Berkovich tip
with a flat diamond tip, which distributes a homogeneous stress-strain throughout the specimen. Figure
1.1 shows a schematic of commercially available nano-indentation systems for micro-compression tests
and the relative position of the test specimens [2]. This tool allows the collection of load, displacement,
displacement rate and harmonic contact stiffness data at frequent intervals. Using this data, several
mechanical parameters such as stress-strain characteristics and strain rate effects on flow stress can be
extracted. With this method, pillars with a finite number of dislocations can be fabricated and tested,;
thereby allowing the study of dislocation movement through the pillar volume and also the interactions of
the dislocations with nearby free surfaces [4].
This method has been used extensively for the studies of a small sub-set of single crystalline metals (i.e.
Ni ([11]-[14], Au ([15]-[20]) , Cu ([21]-[24]), Mo ([4],[19],[25]-[29]) and others ([27], [29-[33]) with
cubic structures with relatively high melting temperatures mostly with a homologous temperatures less
than 0.5. With the exception of some experimental work that has been done on Indium [33], there has

been little focus on metals with low melting temperatures.

1.3.3 Compression Test Specimen Preparation
Various methods have been implemented for preparing the pillars used for the micro-compression tests.
FIB milling is the most common method, where the nano or micron sized pillar is milled out of a bulk
crystal using a focused Ga* ion beam. A drawback of this method that has been addressed in literature is
the potential defects caused by Ga’ penetration into the pillar through the milling process (Ga*

implantation); however, the value of this penetration is known to be no more than 60nm [16]. Besides Ga”



implantation, another disadvantage of the FIB technique, and most other techniques, is that the test
specimen is not free standing, as it would be in a bulk mechanical compression test. Since one end of the
pillar is fixed, the boundary conditions differ from that of a standard compression test. This can be
compared to the aforementioned effects of hard tests specimens on soft substrates during conventional
nano-indentation tests. Although attempts have been made to correct for the lateral movement of the pillar
into the substrate and the plastic deformation of the substrate in the analysis of the stress strain curves, the
effect of the possible plastic deformation (when the fabricated pillars are stronger than the substrate they
are attached to) is rarely addressed. This can happen when the fabricated pillars are initially defect free, or
become dislocation free during the compression process (dislocation annihilation) [34]. Therefore the
bulk substrate, though of the same material, becomes much softer than the pillar itself. Finally, the
fabrication time of these pillars can be very long, even multiple days in the case of larger pillars sizes
[35].

Another method recently used for the fabrication of the test specimens is electroplating the metal into
photo-resist templates patterned by photolithography [36]. Substrate deflection is minimal in electroplated
pillars which are fabricated on a substrate much harder than the metal that is being tested.

Greer et al. compared the strength of FIB milled Ni pillars versus electroplated pillars and the results
showed that the electroplated pillars were generally stronger on average. However, despite which method
is used for the fabrication of the compression test specimens, the pillars have shown a “size effect” in the
value of flow stress in terms of a relationship between the flow stress and pillar diameter [16]. This size
effect has been seen in all studies of FCC nanopillars to date and will be discussed in detail in the

following section.
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1.3.4 Size Dependant Behaviour of Material
If a structure with nano scale dimensions is a single crystal consisting of a single grain (i.e. no two
dimensional defects) and very few or no dislocations, it is reasonable to assume the material will deform
at very high strengths near theoretical strength. Size-dependant mechanical properties of materials have
become a great area of focus for researchers in the past decade.
All studies on single-crystalline FIB-fabricated ([11]-[33]) and electroplated ([16],[23]) nanopillars have
shown an inverse relationship between pillar diameter (D) and flow stress (o), as illustrated below:

ox DY

The parameter y is the power-law exponent. Uchic et al. showed in their work that most size dependent
strengthening data for nanoscale FCC single-crystalline metals, such as Ni, Au, Cu, and Al, could be
collapsed onto a single line by plotting the normalized resolved shear effective stress versus pillar
diameter [2]. The result of this normalization showed that a power-law exponent of ~ -0.6 was for studied
FCC metals [2]. However, even though higher strengths have been achieved in smaller dimensions, these
strengths are far from theoretical strengths.
An overwhelming majority of experimental work has been concentrated on a small subset of single-
crystalline metals with cubic structures and high melting temperatures (i.e. Ni ([11]-[14], Au ([15]-[20]) ,
Cu ([21]-[24]), Mo ([4],[19],[25]-[29]) and others ([27], [29-[33])). Several sound theories have been
presented to explain this size dependant behaviour of cubic single-crystalline nanostructures. However,
there remains a need for the study of other classes of material in nano-scale. Pollycrystaline
nanostructures and low melting point metals with low symmetry crystal structures are among the material
classes that have rarely been studied [33]. Also, properties such as strain rate sensitivity have often not
been addressed.
In this work the plastic deformation of single crystal tin, with a body centered tetragonal crystal structure,
rhombohedra polycrystalline bismuth, nanocrystalline face centered cubic palladium and tetragonal
indium single crystal nano-pillars is presented. Different size-dependant behaviour is seen for each
material based on the pillar diameter. Tin and indium single crystals show similar results as previously
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studied single crystals; the pillars get stronger as the pillar size decreases. In bismuth nanopillars, the
pillars begin to get stronger only for pillar sizes less than a certain diameter. Finally, for palladium
nanocrystalline pillars with grain sizes less than 50nm, an inverse size effect is seen. For this material and
pillar structure, a decrease in pillar size results in an increase in flow stress. Chapters 2-5 present
experimental work and results for each of these 4 materials and presents possible theories to explain the

behaviour of these four metals in nano dimensions.



Chapter 2: Mechanical Behavior of Single Crystal Tin Nanostructures

2.1 Background on Sn Applications and Mechanical Properties

Tin, with its low melting temperature, ductility, excellent wetting properties, high electrical conductivity
and high electrical reliability ([37]-[39]), is often known as a promising replacement for lead in the
microelectronics industry. It is used for elemental metal and alloy solders for chip packaging.

Since tin and tin-alloy structures used in microelectronic solder technology are part of the load bearing
components, their mechanical properties approaching the nanometer scale are critically important for
product reliability and lifetime. Another interesting application of tin is in the area of lithium ion battery
anodes, where nanostructured tin-based anodes are being studied in order to improve charge storage and
anode lifetime [40]. Thorough understandings of nanoscale tin deformation mechanisms are needed in
order to attain the desired functionality and lifetime of these small-scale components.

This study seeks to achieve two goals: First, a process is presented for the fabrication of cylindrical tin
nanopillars. Secondly, these fabricated pillars are utilized for the time dependent study of the mechanical
behaviours of tin in micro and nano scale by uniaxial compressive loading (micro-compression tests).

The results presented here will help to understand how tin nanostructures behave during mechanical
deformation. In addition, the new knowledge gained from this work will expand the current understanding
in small-scale mechanical properties to the deformation mechanisms governing low melting temperature
nanostructures. The melting temperature of tin is ~ 232 °C, corresponding to a homologous temperature
of approximately 0.6 in ambient conditions.

At room temperature, tin exists as its (-allotrope, also known as white tin. It has a body centered
tetragonal (BCT) crystal structure with c/a = 0.5456 [41]. According to Yang and Li, there are twelve
possible slip systems in the tin crystal and at least six possible for BCT tin [41].

However, tin has shown to have three active slip systems under indentation at room temperature:
(110)[111], (110)[001], (110)[010] [42]

The dimensions of the burger vectors are b[111] = 0.4411nm,b[001] = 0.3157 nm,b[010] =
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0.66293 nm [43]. The shear modulus of tin is 17.93 GPa at room temperature [43]. Like many other
metals, bulk B-tin exhibits strain rate sensitivity where the flow stress varies with the deformation rate.
Strain rate and other time dependent mechanical behaviours such as creep deformation, of bulk-scale tin
have been studied in detail by Sherby [44], Frenkel et al. [45], Weertman and Breen [46], Breen and
Weertman [47], Yang and Li [43], Chu and Li [42], Mohamed et al. [48], Raman and Berriche [49], and
Mayo and Nix [50]. They observed that the relationship between the creep deformation rate (¢) and stress
(o)can be described by a simple relationship:
&§=Ko"

Although tin has been extensively studied and characterized in bulk scale, and its mechanical properties
have been well documented, to date there are no investigations on the small-scale deformation behaviours
of tin nanostructures. Nearly all studies of material in nanoscale reveal that metals, when reduced to the
nanoscale, exhibit remarkably different mechanical behaviour as compared to that in bulk [18]

demonstrating the need for separate studies on material properties in nano scale.
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2.2 Experimental methods

2.2.1 Fabrication of Pillars

In this chapter, the small scale plastic deformation of tin nanopillars were studied by uniaxial compression
tests on vertically aligned, individually isolated nanopillars fabricated by electroplating techniques. As
stated in Chapter 1, the electroplating method was chosen as a replacement for the FIB methods used in
previous works to eliminate surface damage effects, which often associated with nanopillar fabrication

techniques.

Figure 2.1 shows the integration scheme used to produce tin nanopillars. The fabrication method involves
lithographic patterning of polymethylmethacrylate (PMMA) resist with electron beam lithography,
followed by tin electroplating into the prescribed resist template. Preparation of the substrate began with
Si (001) wafers, which were coated with a 20 nm-thick titanium adhesion layer and a 100 nm-thick gold
layer deposited by electron beam evaporation. The metalized substrates were spin coated with various
dilutions of 950 kD PMMA dissolved in anisole (MicroChem Corp.), then baked at 180 °C for
approximately 15 minutes to cure the PMMA. An array of holes with various diameters was patterned in
the PMMA resist by exposure; using a Leica EBPG 5000+ electron beam lithography system operating
with an acceleration voltage of 100 kV. The patterned PMMA layer was developed in 1:3 solution of
methylisobutylketone and isopropyl alcohol (IPA) for ~ 60 seconds followed by a five second rinse with
IPA. The resulting feature size after PMMA development was holes of 70 to 920 nm in diameter. Before
electroplating, the silicon wafer was diced into square 1 cm? chips with the patterned PMMA resist

template in the chip center.
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Figure 1.2: Nanopillar Fabrication Process

13



Tin electroplating was performed under alternating current conditions using a parallel two-electrode
configuration. The tin plating solution was made in-house and consisted of 22 g/L tin(Il) sulfate (95.5%,
Alfa Aesar) and 75 g/L sulfuric acid. About 200 mL of the prepared solution was used for electroplating
prior to deposition to ensure its homogeneity. The gold/titanium seed layer underneath the resist template
acted as the cathode, and a high purity tin rod (6 mm diameter, 99.9985 %, Puratronic® from Alfa Aesar)
was used as a soluble anode. The plating bath was maintained at room temperature and mechanically
stirred throughout the deposition process. A Teflon backing and custom gold coated brass clips were used
to mount the PMMA coated substrates in the solution and electrically interface with the gold/titanium
cathode layer. The total cathode area, which included the patterned PMMA coated substrate, a blank 1
cm2 chip, and the gold clips, was maintained at ~ 3.5 cm2, and the distance between the anode and the
cathode was kept at approximately 25 mm.

Tin electroplating was initiated with a short current pulse at 50 mA/cm2 for 5 seconds. This step was
necessary to promote metal nucleation in all pores and to increase the final nanopillar yield and
homogeneity. Subsequently, electroplating was conducted using an alternating current technique with 0.5
seconds of cathodic current at 7.5 mA/cm2 followed by 0.1 seconds of anodic current at 5 mA/cm2. The
alternating current technique was used to promote homogeneous deposition. Total plating times ranged
from 15 to 60 minutes depending on the pillar diameter and desired aspect ratio, with shorter times for the
smaller diameters. After the electrochemical deposition, the PMMA resist was stripped in acetone for at
least 30 minutes. Prepared tin nanopillars are expected to have a native oxide thickness approximately 5
to 8 nm, which was observed by transmission electron microscopy of tin nanowires electroplated in
polycarbonate membranes [51].

Using the above conditions, a yield of 100% was achieved for different sample sizes and the final chips
consisted of 15625 pillars located in a 125x125 square array with a distance of 10 um between pillars.
Among these samples, several pillars were investigated using a scanning electron microscope and pillars
with a uniform cylindrical structure and a diameter to height aspect ratio of ~2-3 were selected and

mapped for uniaxial compression tests. Based on simulation results by H. Zhang, this aspect ratio of two
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does not exhibit stress misreading due to plastic buckling. Elastic Euler buckling is also not a concern in
these experiments since it will not occur even for soft pillars for aspect ratios below 25 [5]. The samples
were annealed at room temperature for a period of 2 weeks prior to compression.

The silicon chips with the pillar arrays were then mounted onto a flat stub using a lacquer. A lacquer was
used in order to ensure that there is no lateral movement of the sample during the compression test and
also to ensure the alignment of the pillars and the nano indenter. In his study, H. Zhang also simulates the
effect of the alignment of the nano indenter on the accuracy of the compression tests and shows a
decrease of the measured elastic modulus with an increase in the alignment of the pillar and indenter (i.e.

the angle between the flat end surface normal of the indenter and the pillar axis) [5].

2.2.2  Microstructural Characterization Using Synchrotron X-ray Microdiffraction

The microstructure of as-fabricated and uniaxially compressed 920 nm diameter tin nanopillars was
characterized by the pSXRD technique at the Beamline 12.3.2 at the Advanced Light Source Synchrotron
facility of the Lawrence Berkeley National Laboratory. Conventional structural characterization methods,
such as electron backscattered diffraction and transmission electron microscopy, were not employed since
exposure of low-melting temperature metals to high energy electron beams can result in localized joule
heating. This may lead to the activation of thermally assisted processes like dislocation climb, defect
annihilations, and grain growth. The unique capability of this technique as a local nanoplasticity probe
stems from the continuous range of wavelengths in a white X-ray beam.

This allows Bragg's law to be satisfied even when the lattice is locally rotated or bent, resulting in the
observation of asymmetric broadening/streaking in the Laue diffraction peaks. Since geometrically
necessary dislocations (GNDs) are directly related to the local lattice curvature, this technique can be used
to determine the density of GNDs [52]. This has proven to be useful in the study of length scale effects
involving uniaxially compressed submicron pillars of single-crystalline gold [53], nanoindented bulk
copper single crystals [54], low melting temperature electroplated indium nanopillars [33],and nanoscale

Cu/Nb single-crystalline multilayer materials [55]. The symmetric broadening of the Laue diffraction
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peaks, in the mean time, is useful to provide an indication of the relative of statistically stored dislocations
(SSDs) [56].

Samples were mounted on a precision XY Huber stage and the uSXRD Laue diffraction patterns were
collected using a MAR133 X-ray charge-coupled device (CCD) detector and analyzed using the XMAS
software package [52]. Once the array of pillars was located using the synchrotron X-ray
microfluorescence scanning, fine diffraction scanning was performed on the nanopillars of interest. The
results from the Laue diffraction peak provide microstructural information of the tin nanopillars, such as
crystal orientations, stresses/strains, dislocation densities and configurations. A comparison of the
dislocation densities and configurations of tin nanopillars before and after the compression test would

elucidate the plasticity involved during the deformation.

2.2.3 Pillar Compression
The compression tests were performed on a nanoindenter (Nanolndenter G200, Agilent Technologies
Inc.) at the Nanomechanics Laboratory at the University of Waterloo. The indenter functioned at
Dynamic Contact Mode (DCM) and was equipped with a custom-made diamond 8um x 8um flat punch
indenter tip. All pillar sizes were compressed uniaxially, at 3 different nominal engineering strain rates:
0.01 s, 0.001 s, 0.0001 s™. This strain rate is defined by the ratio of the constant pillar length change

over time (displacement rate) to the initial pillar height.
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2.3 Results and Discussion

Figure 2.2 shows an SEM image of an array of the fabricated tin nanopillars with a diameter of ~920nm.
This figure demonstrates the high production yield of these nanopillars fabricated using the presented
technique.

To demonstrate the versatility of the nanoscale fabrication processes developed in this work, tin
nanopillars with diameters between 70 and 920 nm were prepared and inspected using a SEM.

Each pillar was dimensioned after being imaged with a scanning electron microscope. Figure 2.3 (a-€)
show representative micrographs of the solid and vertically oriented tin nanopillars with smooth side
walls.

As fabricated, tin nanopillars with a diameter of 920 nm were characterized using the non-destructive
uSXRD Laue diffraction technique. Smaller nanopillars were not tested due to the lack of reliable
diffracted X-ray signals. Close up views of the (406) and (624) diffraction peaks taken from a Laue
diffraction pattern obtained from a single as-fabricated tin nanopillar are shown in Figures 2.4 (a) and (b)
respectively. For this tin nanopillar, only one unique Laue diffraction pattern (not shown) belonging to a
body-centered tetragonal (BCT) crystal was identified for the entire nanopillar volume. This indicates that
the tin structures produced for this work is likely single-crystalline. However, another possibility is that
the specimen consists of a very large grain which occupies the majority of the nanopillar volume and
remaining grains are too small to diffract enough incident X-ray signals for detection. In either case, it is
clear that the mechanical response of such a small specimen would be dominated by dislocation activities
in the single large tin crystal. From the Laue diffraction pattern, the tin nanopillar was indexed as a body-
centered tetragonal (BCT) tin with nanopillar axis oriented almost along the <110> crystal direction. It is
important to note that only a very small fraction of fabricated nanopillars were investigated by the
uUSXRD technique, thus the analysis presented in Figure 2.4 does not necessarily apply to the ensemble of
nanopillars. However, the results shown in Figure 2.4 are a good indication that it is likely the

electroplating parameters employed that produce tin nanopillars consisting of large grains.
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The two representative peaks in Figures 2.4 (a) and (b) are diffuse in nature, which is consistent with the
small nanopillar dimensions. The geometry of the peaks is mostly circular which strongly indicates a well
annealed tin crystal with no excess initial dislocations of the same signs, i.e. no GNDs. To quantify the
Laue spot intensity profile, the tin nanopillar (406) peak was further analyzed along the intensity traces at
a particular direction and along the 20 axis, as illustrated in Figure 2.5 (a). The intensity profiles were
fitted with Lorentzian curves as shown in Figure 2.5 (b). The full-width half-maximum (FWHM)
measurement shows a peak broadening of 0.439° for the (406) Laue diffraction spot. This peak
broadening consists of three contributions: crystal size effect, instrumentation, and the possibility of

random dislocation storage during fabrication of the nanopillars, i.e. non-zero initial dislocation density.

2.3.1 Fabrication of Pillars

Figures 2.6 (a) — (c) shows the representative engineering stress—strain curves obtained from uniaxial
compression experiments of tin nanopillars with average diameters of 920 nm, 560 nm, and 350 nm
respectively. These specimens were compressed with the same engineering strain rate of ~ 0.001 s-1. The
stress — strain curves show that the nanopillars exhibit strain bursts or softening events after initial
yielding. Such strain bursts are believed to be associated with sudden catastrophic shear failures along

crystallographic slip planes.
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Figure 2.2: (a) SEM image of an array of ~ 950 nm diameter tin nanopillars showing characteristic disproportionate
plating with many overplated specimens. (b) Close up SEM image of a typical overplated tin nanopillar
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Figure 2.3: SEM images of as-fabricated tin nanopillars with diameters of (a) 920, (b) 590 nm, (c) 335 nm, (d) 130 nm, and
(e) 70 nm. All SEM images taken at a 700 stage tilt

20



Figure 2.4: Representative quantitative uSXRD analysis of an uncompressed ~ 920 nm diameter tin nanopillar. (a) SEM
image of the tin nanopillar and (b) Laue diffraction pattern generated throughout the nanopillar volume (c) (406) Laue
diffraction peak; (d) (624) Laue diffraction peak.
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Figure 2.5: (a) The peak broadening due to crystal rotation of the (406) Laue diffraction spot . (b) This Laue spot has a
FWHM of 0.4390. It was measured from the intensity line scan in (a).
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and (c) 350nm. All deformed with strain rate of ~0.001 s-1.
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2.3.2 Post Compression Pillar Analysis

To further understand how small-scale tin structures behave plastically, all nanopillar specimens were
carefully inspected before and after compression using high resolution SEM. Typical electron
micrographs of tin nanopillars with diameters of ~ 920 nm, ~ 560 nm, and ~ 350 nm before and after
uniaxial compression at strain rate of ~ 0.001 s are shown in Figures 2.7, 2.8, and 2.9, respectively.
These figures show two distinct plastic flow features - crystallographic shear off-sets and material
extrusion.

Both deformation features were observed for all three nanopillar sizes. Even though fine crystallographic
slip lines are not apparent on the post compression images, examples of gross deformation by shear along
crystallographic planes can be found in these SEM micrographs. This type of crystallographic shear
behavior has been reported in almost all deformed single-crystalline metallic nanopillars ([11]-[20], [27]-
[33]). Another deformation characteristic that can be found in Figures 2.7 to 2.9 is sidewall surface
wrinkles and bulges perpendicular to the loading direction. All compressed tin nanopillars showed this
type of plastic deformation where the compressive strain is compensated by material extrusions from the
nanopillar sidewalls. The material extrusion type of deformation in tin nanopillars is not unexpected. At
high homologous temperatures, a large number of slip systems will be activated which allows
deformation in a greater number of crystallographic slip planes to occur simultaneously. The consequence
is that fewer discrete slip planes are observed in the post-compression nanopillar, and instead strain

resembles extrusion like deformation.
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Figure 2.7: Pre and post compression SEM images of ~ 920 nm diameter tin nanopillars.
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Figure 2.8: Pre and post compression SEM images of ~ 560 nm diameter tin nanopillars
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Figure 2.9: Pre and post compression SEM images of ~ 350 nm diameter tin nanopillars.
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2.3.3 Strain Rate Sensitivity

Engineering flow stresses of tin nanopillars measured at 5.0 % nominal strain are plotted as a function of
strain rate in Figure 2.10 (a). The data in this plot includes results from nanopillar compressions of three
different diameters: 350 nm, 560 nm, and 920 nm. For the two largest nanopillar sizes of 560 nm and 920
nm, the results clearly show that the tin flow stresses are sensitive to the deformation rate. The data
reveals that the material strength is low when the structure is deformed slowly. In contrast, the yield
strength increases when the specimen is compressed at a fast strain rate. In order to show a clear trend of
strain rate sensitivity, the average flow stress values of 560 nm and 920 nm diameter nanopillars are
plotted in Figure 2.10 (b), where the error bars correspond to one standard deviation. Figure 2.10 (b)
shows a noticeable increase in 920 nm diameter tin nanopillar strength from ~ 46 to 112 MPa when the
strain rate increases from 0.0001 s-1 to 0.01 s-1. Similarly, for the 560 nm diameter tin nanopillars, the
data shows an increase from ~ 61 to 96 MPa for the same increase in strain rate.

The general relationship between the uniaxial strain rate and creep stress has been well documented and is
displayed in Eq. (2.1). To compare the tin nanopillar strain rate sensitivity with the bulk samples from the
previous studies, the data from Figure 2.10 (b) were fitted with Eq. (2.1). The stress exponent extracted
from this curve fit is approximately 5.54 +/- 1.53, where the spread corresponds to one standard
deviation. This value agrees with the single -crystal impression creep results reported from Chu and Li
[42], with exponent values measured near room temperatures in the range of 4.4 to 5.0. The results
indicate that the strain rate sensitivity of single-crystal tin nanostructures is similar to bulk.

Figure 2.11 shows the tin nanopillar engineering flow stress results measured at 5.0 % nominal strain
plotted as a function of feature size. These structures were compressed at a constant strain rate of ~ 0.001
s™. The figure also includes the average values from each nanopillar size where the error bars correspond
to one standard deviation. The attained stresses at ~ 5.0 % engineering strain are approximately 72.8 +/-
36.3 MPa, 96.4 +/- 33.9 MPa, 131.5 +/- 39.1 MPa for 920 nm, 560 nm, and 350 nm diameter tin

nanopillars respectively. As shown in Figure 11, tin nanopillars exhibit a size effect where reducing the
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sample dimension produces stronger specimens. Since the nanopillars tested in this work were
electroplated, rather than fabricated using standard focused ion beam (FIB) milling techniques, arguments
of ion beam damage to the nanopillar cannot account for the increase in strength for small tin nanopillars.
Similar size-dependent strengthening has been reported previously for metallic nanopillars fabricated in
Ni ([11]-[14], Au ([15]-[20]) , Cu ([21]-[24]), Mo ([4].[19].[25]-[29]) . In A recent review by Uchic et al.
[2] on the small-scale mechanical properties of metals, it was illustrated that single-crystalline metallic
nanopillar specimens which exhibit yield strength size effects follow an empirical power-law relationship
between the strength of the sample (o) and the nanopillar diameter (D):
o x DY (2.2)

The parameter y is the power-law exponent. In their work, Uchic et al. showed that most size dependent
strengthening data for nanoscale FCC single-crystalline metals, such as Ni, Au, Cu, and Al, could be
collapsed onto a single line by plotting the normalized resolved shear effective stress versus pillar
diameter [2]. The result of this normalization showed that a power-law exponent of ~ 0.6 was seen for
most FCC metals. Recently, the small-scale mechanical properties of body centered cubic (BCC) metals
have also been explored in uniaxial compression and tension ([18]-[19],[26],[31],[28]-[29].[57]). It is
interesting to note that the deformation characteristics and size effects observed for single-crystalline
BCC nanopillars deviate from FCC specimens for reasons attributed to crystal structure ([18], [57]). For
example, Kim et al. [27] showed that BCC tungsten, molybdenum, tantalum, and niobium have size
effect power law exponents of -0.44, -0.44, -0.43, and -0.93 respectively, and Han et al. showed BCC
vanadium has a size effect power law exponents of -0.79 [32]. These values are quite different from the
FCC results summarized by Uchic et al.[2]. To compare the size dependence of BCT tin structure with
the FCC and BCC specimens, flow stress data from Figure 2.11 were fitted with Eqg. (2.2) and an
exponent value of -0.572 +/- 0.114 was obtained, a value very close to the FCC power exponent of -0.6
observed by Uchic but not the BCC values. This suggests that even though tin has a different crystal
structure (BCT versus FCC) the small-scale mechanical properties of BCT tin may operate by a similar
size-dependent mechanism to FCC metals. One of the possible explanations of the similarity may be due
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to the low melting temperature of tin at ~ 232 °C. During deformation in ambient conditions, a greater
number of slip systems are thermally activated in metals with low melting temperatures. According to a
recent review on tin deformation mechanisms by Yang and Li [41], there can be as many as 12 possible
activated slip systems in a tin crystal, which is similar to FCC crystals. In addition, it has been well
documented that the BCT tin critical resolve shear stresses (CRSS) are very sensitive to temperatures. For
example, Nagasaka [58] report that the CRSS of the tin (100)[010] slip system decreases nearly
exponentially in the temperature range of 200 K to 320 K, with the CRSS values reduced from
approximately 0.7 MPa to 0.2 MPa. The CRSS values for other tin slip systems, such as the (111)1/
2[111] system, also exhibits near exponential temperature sensitivity. It requires roughly 4.6 MPa to
shear this plane and direction at 200 K, but only 1 MPa near 320 K. The significant reduction of the
CRSS values at room temperature in conjunction with the large number of thermally activated glide
planes available for dislocation motion may also explain why the nanoscale deformation behaviour of
BCT tin is similar to other FCC metals at nanoscale.

In addition to the low melting temperature of tin, a detailed inspection of a BCT tin unit cell reveals that it
has a close resemblance of a FCC diamond structure [59]. In addition to the one atom at the center and
eight atoms at the corners of the tin unit cell, there are four other atoms on four different faces. Therefore,
a BCT tin unit cell contains four atoms with each atom having four nearest neighbours and can be
interpreted as a distorted diamond cubic structure [59]. Therefore, the similarity between the strength size

effect in BCT tin and FCC metals at the nanoscale is not unreasonable.
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2.3.4 pSXRD Study of Deformed Tin Nanopillars
To understand the tin nanopillar deformation mechanisms in greater details, uSXRD techniques were
used to characterize their microstructures and dislocation density after deformation. Figures 2.12 (a) and
(b) show SEM micrographs of a tin nanopillar before and after compression to approximately 22.0 %
engineering strain respectively. The strain rate used to compress this specimen was ~ 0.001 s™.
Crystallographic shear off-sets and lateral surface wrinkling/extrusion are both observed in the post
compression SEM image. This is consistent with the deformation mechanisms observations in Figures
2.7, 2.8, and 2.9. The stress—strain data collected from uniaxial compression of this tin nanopillar is
plotted in Figure 2.12 (c). The stress — strain behavior includes similar strain bursts to those illustrated
previously in Figure 2.6. It is important to note that this particular pillar was only characterized by
uSXRD after the compression test. No information was collected in the as-fabricated state. The uSXRD

analysis of the deformed tin nanopillar again identified only one unigue body-centered tetragonal (BCT)

Laue diffraction pattern for the entire nanopillar volume, indicating the compressed nanopillar is single-
crystalline. The Laue diffraction pattern indicates the compressed tin nanopillar is BCT with the plane
normal to the vertical axis of the pillar close to the tin (204) plane. Two individual Laue diffraction spots
of (204) and (105) were extracted from this pattern and plotted in Figures 2.12 (a) and (b), respectively.
The shapes of these two Laue spots are fairly regular with circular geometry suggesting random
distribution of dislocations due to the nanopillar deformation. Qualitatively, the Laue diffraction peaks of
this deformed specimen are similar to the as-fabricated tin nanopillar shown in Figure 2.4 (a) and (b).
Qualitative analysis of the (204) Laue diffraction peak in Figure 2.13 (a) were also conducted along the
intensity traces at a particular y and along the 26 axis. This profile was fitted with Lorentzian curves as
shown in Figure 2.13 (c). The FWHM value of this peak broadening is approximately 0.458° for the
compressed tin nanopillar. When compared with the peak broadening between as-fabricated and post
compression spots shown in Figures 2.13(b) and 2.13 (c), the results show that there is an angular width

difference of ~ 0.019°. This variation is within the experimental error and resolution of the uSXRD
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technique. The angular resolution in the uSXRD experiments is limited by the charge-coupled device
(CCD) camera pixel size which translates to resolution limit of ~ 0.03° in the Laue spot width
measurement. No significant change in the peak broadening is expected here from the small crystal size,
as well as the instrumentation from before to after the deformation. It is then also reasonable to propose
that there is no significant change in the peak broadening due to random dislocation density associated
with the nanopillar deformation. The Laue diffraction results discussed here suggest that the defect
density in this tin nanopillar after compression is very similar to the as-fabricated tin nanopillar described
in Figure 4. This may indicate that the nucleation and multiplication rates of dislocations during the
uniaxial compression process are offset by the dislocation annihilation rate at the nanopillar surface.
There is no significant increase or accumulation of dislocations in these small tin structures. Such a
finding is similar to that reported earlier by Budiman et al. [53] in an ex-situ study of single crystalline

gold nanopillars fabricated from by FIB milling, despite different crystal structures.
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Figure 2.12: Representative quantitative uSXRD analysis of a ~ 950 nm diameter tin nanopillar after uniaxial
compression to ~ 22 % engineering strain. Pre and post compression SEM images of the tin nanopillar are shown in (a)
and (b) respectively, with the corresponding engineering stress — strain curve displayed in (c).
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compression to ~ 22 % engineering strain. Laue diffraction spots of (204) and (105) are shown in (a) and (b) respectively.
The axes used for intensity measurements are illustrated in (c). The peak intensity of the (204) Laue diffraction spot (d)
yields a FWHM of 0.458°.
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2.4 Conclusions and Recommendations

In this chapter, the fabrication and integration techniques for the production of BCT tin nanopillars was
presented. Pillars with diameters less than 100nm were successfully fabricated and tested. The studies on
strain rate sensitivity and flow stress showed that tin nanopillars have a size effect similar to all other
single crystal FCC metals that are studied under micro-compression. Finally, a non-destructive uSXRD
microstructural characterization on a compressed pillar showed no drastic increase in dislocations. This
suggests that the dislocation annihilation at the surface of the pillar dominates the rate of dislocation

generation or multiplication within the pillar.

More than 300 tin nanopillars compressed in this work and the results show a wide scatter in the values of
the flow stresses. This could be attributed to the different deformation mechanisms during compression
and different initial pillar micro-structures (e.g. dislocation densities). Micro-structural characterization of
all these pillars before and after compression tests would result in a more thorough understanding of the

plastic deformation of this material in nanoscale.
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Chapter 3: Polycrystalline Bismuth Nanostructures

3.1 Background on Bi applications and Mechanical Properties

In this chapter, the mechanical properties of cylindrical bismuth pillars with nanoscale diameters and
polycrystalline microstructures are presented.

The mechanical properties of bismuth have yet to be studied at the nanoscale. Due to its low melting
temperature (~ 272 °C), bismuth and its alloys are particularly relevant as lead-free solders in the
microelectronics industry ([60]-[62]). Since solders are typically part of load bearing structures in
microelectronic packaging [60], the functionality and lifetime of such components are often associated
with their mechanical reliability.

Bismuth is particularly interesting at the nanoscale due to its unique electronic properties which can vary
between metallic, semimetallic, and semiconducting depending on sample size, geometry, and
microstructure [63]. Therefore, knowledge of nanoscale bismuth deformation characteristics will play an
important role in the future design of reliable bismuth-based lead-free solders and nanoelectronic devices.
Bismuth has a rhombohedra crystal structure and its space group is classified as R3 m with a = 4.736 A,
and o = 57°14’ [64]. The shear modulus of this material is approximately 12.8 GPa [65]. In bulk, bismuth
is relatively brittle when compared with other low melting temperature materials, such as indium, tin, and
lead. In fact, it has been documented that bulk bismuth single-crystals cleave under uniaxial tensile stress
along (111) or (111) crystallographic planes [66]. The bulk-scale mechanical properties of bismuth
specimens have been previously characterized in uniaxial compression ([67]-[68]). Das and Bever [67]
preformed compression tests on polycrystalline bismuth columns 9.5 mm long by 5 mm in diameter at
strain rates of 2.2 x 10°s?, 2.2 x 10° s, and 2.2 x 10* s™. These specimens contain grains with a cross-
sectional area of approximately 0.35 mm? per grain. It was demonstrated that flow stresses of bulk

polycrystalline bismuth increase with the deformation rate at room temperatures. A wide range of steady
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state high temperature (>0.5*Tm) creep results from polycrystalline metals have demonstrated that a

general relationship exists between the strain rate (¢ ) and creep stress (o):

¢ =Kom (3.1)
where K is a material constant that depends on diffusivity and elastic modulus [69]. The degree of strain
rate sensitivity is commonly characterized by the stress exponent, n. By fitting the flow stress values
(measured at ~ 5.0 % strain) reported by Das and Bever [67] for various strain rates with Eq. (3.1), the
bulk polycrystalline bismuth stress exponent in ambient conditions was determined to have a value of
9.88. Otake et al. [68] evaluated the mechanical behaviors of bulk bismuth single-crystals under uniaxial
compression. These samples were deformed with strain rates of 8.5 x 10° s* and 8.5 x 10* s*. They
measured the critically resolved shear stress (CRSS) of bismuth single-crystals along two slip systems,
(111)[110] and (001)[110], over the temperature range of 77 to 538 K. The (111)[110] system is the
primary slip system of bismuth at room temperature. In contrast with bulk polycrystalline bismuth, Otake
et al. (68) showed that the CRSS of the two slip systems tested are strain rate sensitive only when the
testing temperatures are below the critical temperature defined by Seeger’s theorem [70]. Above this
critical temperature, the strength of single-crystalline bismuth does not exhibit deformation rate
sensitivity. For the slip systems (111)[110] and (001)[110], the critical temperatures extracted from
their results, are approximately 300 K and 460 K respectively. This indicates that the bismuth primary slip
system is not expected to exhibit pronounced strain rate sensitivity in ambient conditions.
The electroplating solution chemistry and deposition parameters selected for this work generate a
polycrystalline bismuth deposit with a wide distribution of grain sizes ranging from 0.1 ym to 1 um.
Given the overlap between this distribution and the range of nanopillar diameters fabricated, the influence
of feature size and grain size on the mechanical properties of nanoscale metals was observed.
The grain size produced by the electroplating process is independent of the nanopillar size. As such, the
number of grains and the volume fraction of the grain boundaries within a bismuth nanopillar decreases as
the nanopillar diameter decreases. Consequently, larger bismuth nanopillars produced in this work are
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completely polycrystalline in nature, while the smaller nanopillars have microstructures approaching a
single-crystalline state. Uniaxial compression results show that large bismuth nanopillars exhibit strain
rate sensitivities and flow stresses that closely matches bulk polycrystalline bismuth nanopillars [67]. On
the other hand, smaller bismuth nanopillars are significantly less sensitive to the deformation rate, a
mechanical behavior characteristic of bulk bismuth single-crystals [68], yet display remarkably high

strengths.
3.2 Experimental Methods

3.2.1 Pillar Fabrication

Similar to the tin nanostructures, bismuth nanopillars were fabricated with an electron beam lithography
and electroplating method shown in Figure 2.1. Prepared nanopillars with diameters ranging from 130 nm
to 1100 nm were subsequently characterized by uniaxial compression in a nanoindenter outfitted with a
flat diamond tip. The strain rate sensitivity of these bismuth nanostructures was investigated by
performing compressions at three different deformation rates: 10%s®, 10® s, and 10 s-1.

Prior to bismuth electroplating, the patterned PMMA coated substrates underwent a 15 second O2 plasma
descum process using a reactive ion etcher (RIE) system at the Center for Integrated RF Engineering
(CIRFE) lab at the University of Waterloo. The RIE operated at room temperature with a chamber
pressure of 102 mTorr, plasma power of 20 W, and O2 flow rate at 40 sccm. The nanopillar yield was
significantly improved due to this process since the O2 plasma descum removed residue or contaminants
that may have remained in the exposed PMMA features. However, the O2 plasma was not performed for
the smallest exposed features in order to avoid excessive widening of the final nanopillar diameter. The
02 plasma process was observed to have a negligible effect on the actual mechanical properties of
bismuth nanopillar. The prepared wafer was diced into square 1 x 1 cm? chips with the patterned PMMA
resist template in the chip center before electroplating.

Electroplating was used to deposit polycrystalline bismuth into the patterned PMMA resist template. The

electroplating solution contained 1.3 M hydrochloric acid, 1.1 M glycerol (ultrapure HPLC grade, Alfa
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Aesar), 0.3 M tartaric acid (99 % purity, Alfa Aesar), 0.2 M sodium chloride, and 0.2 M bismuth
trichloride (BiCl3, 98 % purity, Alfa Aesar). This solution was prepared one hour prior to use and was
maintained at 40°C with constant mechanical agitation throughout the deposition process. The
gold/titanium seed layer underneath the PMMA resist template acted as the cathode and an 11 mm
diameter bismuth rod (99.99% purity, Alfa Aesar) was used as a soluble anode. Prior to each deposition,
the bismuth rod was mechanically polished to remove surface contaminants and the native oxide layer. A
Teflon backing and custom gold coated brass clips were used to mount the PMMA coated substrates in
the solution and electrically interface with the gold/titanium cathode layer. Both electrodes were
submerged 3 cm into the plating solution and separated by 3 cm from each other. The total cathode area,
which included the patterned PMMA coated substrate, a blank 1 cm? gold/titanium coated silicon wafer
chip, and the gold clips was maintained at approximately 3.5 cm? For the electroplating process, a
constant current density value of 7.5 mA/cm? was maintained. The target aspect ratio (height/diameter)
was 4:1 and the deposition time was adjusted according to the desired nanopillar height. After
electroplating, the PMMA resist was removed with acetone. All of the specimens were annealed in
ambient conditions, corresponding to a homologous temperature of 0.55, for at least seven days prior to
microstructure characterization and mechanical testing. This annealing period allows reduction of
fabrication induced defects and grain growth to reach a steady state. Five different bismuth cylindrical
structures with average diameters of approximately 130 nm, 230 nm, 540 nm, 840 nm, and 1100 nm were

successfully fabricated.

3.2.2 Pillar Compression
The uniaxial compression tests of bismuth nanopillars were performed using an in-situ nanoindenter
(Nanomechanics Inc, Knoxville, TN, USA) equipped with a custom diamond flat punch tip with a
diameter of 8 um. To investigate the strain rate sensitivity of these bismuth nanostructures, three different
target deformation rates were used: 10% s, 10 s, and 10 s™. The strain rate was defined by the ratio

between the constant prescribed displacement rate and the initial height of the nanopillar being tested.
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3.3 Results and Discussion

Representative scanning electron microscopy (SEM) images of as-fabricated bismuth nanopillars with
diameters ranging from 130 to 1100 nm are shown in Figures 3.1 (a) - (e). Figure 3.1 (a) reveals an image
of an 1100 nm diameter specimen which clearly shows the polycrystalline nature of the electrodeposited
bismuth. The grain boundaries are visible, as well as small voids on the nanopillar surface. From SEM
analysis, the grain size appears to be well distributed from roughly 100 nm to grains on the same order as
the nanopillar diameter (i.e. near 1 pum). The average grain size measured from SEM images of ten
different 1100 nm diameter specimens was 280.5 +/- 55.7 nm. Figure 3.1 (b) shows a smaller nanopillar
with diameter of 840 nm. Again, grain boundaries are visible on the sidewalls of this nanopillar.

However, the number of grains included in this specimen is less than the nanopillar shown in Figure 3.1
() which illustrates that the total number of grains which can be accommodated within a nanopillar
reduces with size and the sidewalls of smaller nanopillars become progressively smoother as illustrated in
Figure 3.1 (c) — (e).

Beyond SEM analysis, the microstructure of the 1100 nm diameter bismuth nanopillars were also
characterized by using transmission electron microscopy (TEM). Individual bismuth nanopillars were
sectioned and polished by using the focused ion beam (FIB) milling method [71]. The thinned bismuth
nanopillar foils were then transferred to a TEM lift-out grid via Omniprobe nanomanipulator. Figures 3.2
(@) and 3.2 (b) reveal the bright field and dark field TEM images of a cross-sectioned bismuth nanopillar
with diameter of 1100 nm. The grain boundaries were highlighted in Figure 3.2 (b) and show a large size
distribution from roughly 100 nm to near 1 um. These images confirm the polycrystalline nature of the
electroplated bismuth and also show that the naonpillar is dense without a significant amount of porosity.
A few nanometer scale pores are observed in these figures; however, it is not clear that if they are artifacts
produced during the FIB milling or intrinsic voids generated during the electroplating process. Additional
TEM inspections also indicated that the bismuth nanopillar microstructure is well annealed with very few

defects.
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Figure 3.1: SEM images of as-fabricated bismuth nanopillars with diameters of (a) 1100 nm, (b) 840 nm, (c) 540 nm, (d)
230 nm, and (e) 130 nm. All SEM images taken at a 70° stage tilt.
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Figure 3.2: (a) TEM bright field image and (b) TEM dark field image of an 1100 nm diameter bismuth nanopillar. The
grain boundaries of this nanostructure are highlighted in (b).
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3.3.1 Stress-Strain Rlationships and Size Effects

Figure 3.3 (a) to (e) shows representative engineering stress — strain curves generated from the uniaxial
compression of bismuth nanopillars with diameters of 1100, 840, 540, 230, and 130 nm, respectively. All
of these results were collected at a medium deformation rate of 10 s™. The figures reveal that for
bismuth nanopillars with 1100 nm and 840 nm diameters, the stress — strain curves are generally smooth
and display some strain hardening and softening behaviors. As the nanopillar diameter is reduced, the
stress — strain behavior becomes much more stochastic and a higher frequency of displacement bursts is
observed.

In order to fully understand the deformation mechanism of these small bismuth structures, all specimens
were inspected by high-resolution SEM after uniaxial compression experiments. Figures 3.4 (a) to (e)
display representative SEM images of deformed bismuth nanopillars with diameters of 1100 nm, 840 nm,
540 nm, 230 nm, and 130 nm respectively. For the compressed 1100 nm diameter nanopillar, Figures 3.4
(a) reveals that plastic strain is carried by the protrusion of grains from the sidewalls via grain boundary
sliding and rotation. Interestingly, no discrete crystallographic slip lines are observed. Assuming the
topographic features observed in Figure 3.4 (a) are a good representation of the overall deformation
behavior, the mechanical deformation of 1100 nm diameter bismuth nanopillars appears to be dominated
by grain boundary mediated mechanisms. Further examples of grain boundary mediated deformation in
other 1100 nm diameter nanopillars are illustrated in Figure 3.4 (f). Again, plastic strain is carried by
grain boundary activities, which are clearly visible in these deformed specimens. Figure 3.4 (b) shows a
smaller bismuth nanopillar with diameter of 840 nm. In these slightly smaller specimens, grain boundary
mediated deformation also appears to be the dominant deformation mode. In addition to grain boundary
sliding and rotation, a small portion of the 840 nm diameter nanopillars also exhibited discrete
crystallographic slip lines on the nanopillar surface. However, this deformation mode is very rare for the
840 nm diameter nanopillars. As the feature size is further reduced to 540 nm diameter bismuth
nanopillars, discrete crystallographic slip lines are readily visible, as observed in Figure 3.4 (c). In

contrast to the larger nanopillars, post-compression SEM analysis revealed that plasticity of 540 nm
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diameter specimens is not governed by grain boundary mediated mechanisms. Instead, deformation is
dominated by dislocation glide, which is confirmed by the presence of discrete crystallographic slip lines
on the nanopillar surfaces. This suggests that a transition from grain boundary mediated deformation to
dislocation glide as the dominant deformation mechanisms has occurred. Further examples to illustrate
this transition are shown in Figure 3.4 (g). Evidence of deformation dominated by dislocation glide is also
observed in 230 nm and 130 nm diameter bismuth nanopillars, as illustrated in Figures 3.4 (d) and (e),
respectively. These features have the diameters smaller than the average grain size. Both specimens show
crystallographic slip lines on the smooth specimen sidewalls, without any obvious grain boundary sliding
or rotation.

The SEM images displayed in Figure 3.4 clearly show that grain boundary mediated deformation is the
primary mechanism for 1100 nm and 840 nm bismuth nanopillars. In contrast, the deformation of bismuth
nanopillars with 540 nm and smaller diameters is dominated by dislocation glide as revealed by the
presence of crystallographic slip lines and without obvious evidence of grain boundary mediated
deformation. The crystallographic slip lines observed in Figure 3.4 (g) are very similar to those ubiquitous
with the deformation of virtually all other single-crystalline metals studied at the nanoscale ([11]-[20],
[27]-[33]). This transition from grain boundary mediated deformation to dislocation glide may be
attributed to the change in ratio of feature size to number of included grains. For large bismuth nanopillars
that contain many crystals, the grain boundary area to volume ratio is very high. Therefore, the
mechanical deformation is dominated by grain boundary mediated mechanisms because the CRSS is
greater than the frictional stress between the grain boundaries. As the feature size is reduced, while the
grain size distribution remains the same, the total number of included grains decreases, as well as the
grain boundary area to volume ratio. Eventually, when the nanopillar diameter approaches the average
grain size, the deformation will be localized to only a few grains or even a single grain. In this case, the
nanopillar deformation will be dominated by dislocation glide along the active slip systems as in the case

of single-crystals.
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Figure 3.3: Representative engineering stress — strain curves for bismuth nanopillars. All specimens were deformed with a
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The engineering flow stresses measured at 5.0 % engineering strain for all bismuth nanopillars
successfully compressed in this work are plotted as a function of strain rate in Figure 3.5. Figures 3.5 (a)
and 6 (b) show that the 1100 nm and 840 nm diameter bismuth nanopillars display low strengths when
compared with smaller specimens. The data also reveals that these specimens exhibit clear strain rate
sensitivity, with faster deformation rates leading to higher mechanical strength. In contrast, the flow
stresses of 540 nm diameter bismuth nanopillars, shown in Figure 3.5 (c), is nearly in-sensitive to strain
rate. Interestingly, this change in deformation rate sensitivity coincides with the transition of nanopillar
deformation mechanism from grain boundary mediated deformation to dislocation glide, as revealed
previously by the post-compression SEM analysis. The average strengths of 540 nm diameter specimens
are also slightly higher than the larger two sizes. Moving further to 230 nm diameter nanopillars results
plotted in Figure 3.5 (d), it is clear that the strain rate sensitivity is virtually non-existent and the average
strengths are now much greater than the larger nanopillars. Figure 3.5 (e) reveals the flow stress results of
the 110 nm diameter structures which indicate these specimens are the strongest bismuth nanopillars
tested in this work.

To quantify the size-dependent strain-rate effect described above, the average engineering flow stresses
from Figure 3.5 are re-plotted in Figure 3.6 (a) and fitted with Eq. (3.1). The error bars shown in this plot
correspond to one standard deviation. The stress exponents extracted from the flow stress show that 1100
nm and 840 nm bismuth nanopillars have stress exponent values of 12.10 and 10.83 respectively. These
values are closely matched and indicate that a similar deformation mechanism is operating in these two
different sized specimens. Remarkably, the strain rate sensitivity of the largest two nanopillar sizes are
also comparable with the bulk polycrystalline data published by Das and Bever [67], which is also plotted
in Figure 3.6 (a). These polycrystalline bismuth rods were tested in uniaxial compression yield a stress
exponent of 9.88 when the data is fitted with Eq. (3.1) and bulk polycrystalline bismuth results match

closely with those of 1100 nm and 840 nm diameter nanopillars.
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Figure 3.4: Post-compression SEM images of (a) 1100 nm, (b) 840 nm, (c) 540 nm, (d) 230nm, and (e) 130 nm diameter
bismuth nanopillars. Additional post-compression SEM images of (f) 1100 nm and (g) 540 nm diameter specimens to
illustrate the transition in deformation mechanism from grain boundary mediated deformation to deformation dominated
by dislocation glide. All SEM images taken at a 70° stage tilt.
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Figure 3.5: Log — log plots of engineering flow stress measured at 5.0 % strain as a function of engineering strain rate for
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diameter nanopillars. The error bars indicate one standard deviation
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The stress exponents calculated for smaller bismuth nanopillars with diameters of 540 nm and 230 nm are
32.25 and 34.57, respectively. These values are significantly larger than the stress exponents calculated
for 1100 nm and 840 nm diameter nanopillars discussed above, as well as the bulk polycrystalline
bismuth [67]. As seen from Eq. (3.1), larger stress exponent values indicate decreasing strain rate
sensitivity, where a value approaching infinity is completely insensitive to deformation rate.

The large stress exponent values for the smaller bismuth nanopillars suggest that a reduction in feature
size has significantly diminished the influence of deformation rate. A lack of strain rate sensitivity in bulk
bismuth single-crystals was also observed by Otake et al. [68]. Their results showed that the CRSS of
bismuth primary slip system(111)[110] is insensitive to the deformation rate at temperatures greater than
~ 300 K. Hence, the results of the strain rate analysis suggest that the 540 nm and 230 nm diameter
bismuth nanopillars deform by a similar mechanism as bulk bismuth single-crystals. The previous
postcompression SEM analysis demonstrated that reducing the bismuth nanopillar size from 840 nm to
540 nm in diameter was accompanied by a transition from grain boundary mediated deformation to
deformation which is dominated by dislocation glide. As such, the lack of strain rate sensitivity observed
in 540 nm and 230 nm diameter specimens may be explained by an increase in the ratio of grain to feature
size and the resulting transition in dominant deformation mechanism. Therefore, it is reasonable to
suspect that the strain rate sensitivity of smaller bismuth nanopillars will be similar to the singlecrystal
deformation behavior. The effects of grain boundary mediated deformation on strain rate sensitivity were
also observed in other metals. Mayo and Nix [72] performed a nanoindentation creep test on pure tin
polycrystalline specimens. Their data showed that the strain rate sensitivity measured when the
indentation contact area includes grain boundaries is ~ 44 % greater than those results obtained when the
indentation was localized within a single grain.

The size-dependent deformation mechanism in bismuth nanopillars observed here highlights the
importance of identifying the actual operating deformation mechanisms in any material prior to
establishing conclusions on nanoscale mechanical properties. For example, variations in the strain rate

sensitivity exhibited by metallic nanopillars may not be necessarily the result of dislocation dynamics.
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Interplay between grain size and feature size — i.e. a grain size effect — may also contribute to the change
in the mechanical response during compression tests. This is particularly important for specimens with
polycrystalline or nanocrystalline microstructures. Figure 3.6 (b) shows the average engineering flow
stresses measured at 5.0 % engineering strain as a function of bismuth nanopillar diameter. The 1100 nm
and 840 nm diameter bismuth nanopillars exhibit strengths which are comparable to each other and only
slightly greater than the bulk polycrystalline value [67]. In the case of 540 nm diameter nanopillars, the
average flow stresses are slightly greater than the larger specimens. There are two possible explanations
for this observed increase in mechanical strength. Firstly, reduced sidewall roughness in 540 nm bismuth
nanopillars significantly eliminates the presence of stress concentrators which can weaken the nanopillar.
Figures 3.1 (a) and 3.1 (b) clearly show the 840 nm and 1100 nm diameter nanopillar consist of a large
amount of grain boundaries which cause small voids on the nanopillar surface. These surface features can
act as stress concentrators and reduce the mechanical strength of the structure. For smaller nanopillars
with diameter of 540 nm, Figure 3.1 (c) shows the number of grain boundaries contained within the
structure is greatly reduced and the nanopillar surface is much smoother. The elimination of stress
concentrating surface topography will most likely increase the structural strength of the bismuth
structures. Alternatively, the change in dominate deformation mechanism exhibited by the 540 nm
diameter nanopillars may also be responsible

for the increased strength. It is reasonable to assume that in the case of deformation dominated by
dislocation glide, the effect of nanopillar surfaces will yield a similar size-effect as seen in the
compression of single-crystalline metallic nanopillars (i.e. smaller is stronger) ([11]-[33]). This idea is
further supported by the flow stresses of 230 nm and 130 nm diameter nanopillars, which are
considerably stronger than bulk polycrystalline bismuth. Moreover, it is clear that a progressive size effect
in the strength of bismuth nanopillars 540 nm in diameter and smaller exists like in virtually all other
studies of single-crystalline cubic metals at the nanoscale. As shown in chapter 1, in a recent review by
Uchic et al. [2] on the nanoscale mechanical properties of metals, it was illustrated that singlecrystalline

metallic nanopillars which exhibit yield strength size effects follow an empirical power-law relationship
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between the strength of the sample (o) and the nanopillar diameter (D):
ox DY

(3.2)

where the parameter [ is the power-law exponent. In their work, Uchic et al. showed that most size

dependent strengthening data for nanoscale face centered cubic (FCC) single-crystalline metals (i.e. Ni,

Au, Cu, and Al) could be collapsed onto a single line by plotting the normalized resolved shear effective
stress versus pillar diameter and the result of this normalization yielded a power-law exponent of -0.6. In
the case of rhombohedral bismuth nanopillars with diameters 540 nm and smaller, flow stress data from
Figure 3.5 (b) were fitted with Eq. (3.2) and the power-law exponent value of -0.851 was obtained, as

shown in Figure 3.5 (c).

3.4 Conclusions

Compared to the studies in chapter 2 on tin single crystal nanopillars, the electroplated Bismuth nano
pillars showed a polycrystalline structure in the case of the larger pillar sizes allowing a study on the size
effects and strain rate sensitivity of a polycrystalline nanostructure. Bismuth showed two types of size
effect. First due to a reduction in the number of grains (i.e. lower grain boundary area to pillar volume),
and therefore a change in the dominant deformation mechanisms from grain boundary sliding to
dislocation processes within a grain, the larger pillar sizes (1100nm and 840nm) were lower in strength
than the smaller sizes. When the pillar reaches a diameter near the grain size, and the entire pillar consists
of a single grain, the pillars exhibit a deformation similar to that seen in single-crystals mediated by
dislocation processes and therefore show another size effect where the pillar strength increases as a

function of pillars size due to dislocation processes mostly attributed to dislocation starvation.
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Chapter 4: Nano-crystalline Palladium

4.1 Background on Nanocrystalline Metals and Pd Applications

Palladium is the least dense and lowest melting temperature metal among the platinum group metals
(PGMs). It has an FCC crystal structure with a high melting temperature of 1828.05 K.

In macro scale, with a great increase in surface area, palladium is used as a sensor to monitor hydrogen at
very low concentrations by adsorption [73].

With a similar density to that of Silver and because of its light weight, palladium is also used extensively
as a jewellery metal [74]. In the electronic industry, palladium is a cheaper replacement of gold for the
electro plating of the electronic components [74]. Palladium and palladium based alloys are known to be
used for dental crowns and bridges in dentistry [74]. Finally, due to its compatibility with human tissue,
palladium is used for the treatment of cancer (most commonly prostate cancer) in the medical industry
[75].

In this chapter, using the fabrication methods presented in previous chapters, nanocrystalline palladium
nanopillars were fabricated and characterized. A nanocrystalline material is a material with an average
grain size of less than 100nm [76]. TEM images show average grain sizes of 20nm or less for these
fabricated pillars.

In bulk scale, a polycrystalline material deforms with the movement of dislocations and their pile up and
interactions at grain boundaries which impede the motion of dislocations. By decreasing the grain size,
the number of piled up dislocations can be minimized and would lead to higher energies needed to deform
the material. It is simply easier for a dislocation to move within a rather ordered grain than through a
disordered grain boundary from one grain to another. This results in a great strengthening effect in
nanocrystalline materials compared to their bulk counterparts. The Hall Petch effect is a well known
relation between the yield stress (a,,) and grain size(d) of a material based on this concept:

k
ay=00+—y

Vd
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where o, and k,, are material specific constants. Based on this relation, materials should become stronger
as the grain diameters decreases. However, several studies of nanocrystalline materials with grain sizes
smaller than 100nm have shown to not follow this relation. At nanoscale, smaller grain sizes seem to
results in a decrease in the strength of the materials and this is known as the Inverse Hall Petch effect. So
there exists a critical grain size after which the Hall petch effect will invert, and the strength of the
material will stay constant or even decrease.

The palladium nanopillars prepared using the electroplating method described in this work were
nanocrystalline with a grain size of less than 20nm.

There are several theoretical and experimental studies of nanocrystalline material in bulk scale. However,
when it comes to the deformation of material with nanoscale dimensions the behaviour of material has
shown to be different. Nanopillars are surface dominated structures and made up of a limited of number
grains, with limited sources for plasticity. Therefore their deformation behaviour is expected to differ
from that of bulk nanocrystalline material. Although there has been a vast amount of research on single
crystal nanopillar deformation, there has been very little experimental work done on the deformation of
polycrystalline nanopillars, with only some studies on Ni and Cu ([77]-[78]). This is merely due to the
difficulty in the preparation of bulk nanocrystalline material. Greer et al. studied the deformation of 60nm
grained Ni nanopillars and found that the pillar strength decreases with a decrease in pillar diameter (i.e.
the Nickel nanopillars softened as the pillar size decreased). This size effect differs from the previously
presented size dependant strengthening of single crystal and polycrystalline metals including the ones
presented in chaper 2 and 3 ([11]-[20], [78]).

Properties of bulk scale palladium nanocrystals prepared using other methods such as physical vacuum
deposition method [79] and inert gas condensation [80], have been studies however there is no literature
on the fabrication, or the study of mechanical behaviour of nanocrystalline palladium at nano and micro
scale using this method.

The deformation mechanisms of nanocrystalline metals, including Pd are mostly limited to MD
simulations ([81]-[83]); there is not much experimental work done on the plastic deformation of these
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metals. Due to the nano-sized near perfect crystals, the operation of dislocation sources is very limited
and therefore other deformation mechanism are expected to cause the plastic deformation of these metals.
It is believed that the grain boundary structures of nanocrystalline metals are very disordered thereby
requiring high energies for dislocation movement between grains.

The studies of Birringer on the elastic properties of nanocrystalline palladium and copper found that these
metals yield at stresses 10-15 times than those in coarse-grained annealed metals [84]. Nieman et al. were
among the first to test the tensile properties of nanocrystalline metals where they observed a yield stress
~7 times greater than a bulk palladium sample with large grain sizes [84].

Grain boundary diffusion creep is also known to be a dominant mechanism in the deformation of
nanocrystalline materials. Based on a review by D. Wolf, it seems to be accepted in the literature that the
deformation in nanocrystalline material is dominated by dislocation processes up to a certain grain size. In
the literature, at a grain size of about 30 nm, the deformation mechanism of nanocrystalline material
transits from dislocation processes to grain boundary processes. After this critical size, a softening effect
is seen where as the grains get smaller, the material yield strength and flow stresses decrease. As

mentioned previously, the inverse Hall-Petch effect is a term associated with this size effect.

4.2 Experimental Methods

Palladium nanopillars were prepared using the same electron beam lithography and electroplating
techniques mentioned in previous chapters. A palladium electrolyte purchased from Technology Without
Limits Inc. was used to deposit nanocrystalline palladium into the patterned PMMA resist template.

This solution was maintained at 22°C with constant mechanical agitation throughout the deposition
process. The gold/titanium seed layer underneath the PMMA resist template acted as the cathode and a
platonized titanium metal rod was used as a soluble anode. The total cathode area, which included the
patterned PMMA coated substrate, and a blank 1 cm2 gold/titanium coated silicon wafer chip, was kept at
1 cm?. For the electroplating process, a constant current density value of 18 mA/cm2 was maintained. The

target aspect ratio (height/diameter) was 3:1 and the deposition time was adjusted according to the desired
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nanopillar height. After electroplating, the PMMA resist was removed with acetone. Three different
palladium cylindrical structures with average diameters of approximately 140 nm, 240 nm, 550 nm were
successfully fabricated. The uniaxial compression tests of palladium nanopillars were performed using an
in-situ nanoindenter (Nanomechanics Inc, Knoxville, TN, USA) equipped with a custom diamond flat
punch tip with a diameter of 8 um similar to the methods mentioned in previous chapters. To investigate
the strain rate sensitivity and the possible size effects of these fabricated pillars, each pillar size was

compressed at 3 nominal strain rates.

4.3 Results and Discussion

4.3.1 Fabricated Pillar Structures
Palladium pillars with different diameters and height to diameter aspect ratios were fabricated using the
methods explained in the previous sections. Figure 4.1 shows SEM images of the fabricated nanopillars
with diameters ~490nm, ~220nm and ~125nm. The average height to diameter ratios of the pillars studied
for compression were kept under 3 to avoid buckling. Buckling seemed to be a more apparent issue in the
micro-compression of high-strength material. Some ~125nm Pillars were fabricated with aspect ratios up
to 10 and the mechanical behaviour of these pillars were also studied to determine the buckling load of

these pillars. Details of this study are presented in chapter 6.

The microstructure of a 500 nm diameter palladium nanopillar was also characterized using transmission
electron microscopy (TEM). An individual palladium nanopillar was sectioned and polished by using the
focused ion beam (FIB) milling method [71]. The thinned palladium nanopillar foil was then transferred
to a TEM lift-out grid via an omniprobe nanomanipulator. Figures 4.2 (a)-(b) reveal the bright field and
dark field TEM images of a cross-sectioned palladium nanopillar with a diameter of 500 nm. As it can be
seen n figure 4.2-(b), only a few number of grain boundaries can be identified based on this TEM study
however these images confirm the polycrystalline nature of the electroplated palladium, and show the few

identified grains are of nanometer size. This TEM study was done only on the 500nm pillar size and since
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the plating conditions were kept constant for each pillar size, it is reasonable to assume that all fabricated
pillars have the same grain size and are nanocrystalline. However, more TEM studies need to be done to
confirm this.

Compared to the single crystal pillars, where the pillar top forms based on the crystal structure, the
palladium nanocrystalline pillars grow in a uniform manner with flat top surfaces. This makes them
suitable for microcompression tests by minimizing the non-uniform stress distributions during the initial

contact of the pillar and the nanoindenter.

4.3.2  Stress-Strain Relationships
The engineering stress versus the engineering strain results were extracted from the load-displacement
outputs of the indenter. Figure 4.3 shows 3 representative curves from the compression of 500 nm
palladium nanopillars with an average height to diameter ratio of 2.5. Several pillars were compressed
and the attained flow stress at 8% strain was extracted for each pillar. By an analysis of post compression
SEM images, pillars that had buckled during the compression tests were eliminated from the results. The
average value of the flow stress at 8% strain for the 15 remaining good data points compressed at a strain

rate of 0.001 s™* was ~1.97 + 0.315 GPa showing the reproducibility of the data.

In bulk, the strength of nanocrystalline metals are expected to be much higher than that of polycrystalline
metals with coarse grains based on the Hall Petch effect. As seen from a representative stress-strain curve
for the 500nm nanopillars, these pillars attain a strength of about ~1.97 &+ 0.315 which is much higher
than any value seen in the literature. Early studies by Nieman et al. showed a yield strength ~7 times
greater for bulk nanocrystalline Pd than annealed coarse grained Pd which has a tensile yield strength of
~40 Mpa ([84]-[85]). Sanders also studied the tensile properties of nanocrystalline palladium and was
able to reach a yield strength 10-15 times larger than the course grained palladium. For bulk scale
nanocrystalline palladium with grain sizes from 10-100nm, the tensile stress at 0.2% strain was reported
to be 250 MPa [84]. Although this attained value is much higher, in another study, Sanders argues that

these values are still lower than the expected values and are not compatible with the extrapolation of
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coarse-grain Hall-Petch data to the nanocrystalline regime. Sanders relates this to the imperfections in
sample perpetrations and shows that a compressive yield strength in the orders of 1 GPa can be reached
for palladium and Cu nanocrystalline specimens [86]. The attained strength of the palladium nanopillars
prepared by electroplating method is slightly higher than the values obtained by Sanders which can be

attributed to near zero impurity or flaw in these nanosized pillars.

73



Figure 4.1: SEM images of as-fabricated palladium nanopillars with diameters of (a) 120, (b) 240 nm, (c) 540 nm. All
SEM images taken at a 70° stage tilt
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Figure 4.2: (a) TEM dark field image of the full length of a ~520 nm palladium nanopillars along with diffractoin pattern.
(b) Dark field high magnification image of a section of the palladium nanopillar (c) Dark field high magnification image
of a section of the palladium nanopillar
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Figure 4.3: (a) TEM dark field image of the full length of a ~520 nm palladium nanopillars along with diffractoin pattern.
(b) Dark field high magnification image of a section of the palladium nanopillar (c) Dark field high magnification image
of a section of the palladium nanopillar
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4.3.3 Strain Rate Sensitivity
In the previous chapters, we showed that a relation exists between the flow stress (¢) and the strain rate

(&) at which the nanopillars are compressed which can be explained with a power law fit:

§=Ko"

where K is a material constant that depends on diffusivity and elastic modulus [69], and n is the stress
exponent. The value of n for single crystal material was similar to the stress exponent in bulk scale
deformation in the case of Sn and In single crystals (refer to chapters 2 and 6). For nanocrystalline
material in bulk scale, based on simulations ([87]-[89]) and some experimental work , the strain rate
sensitivity of the stress (m = 1/n) is expected to be much higher than their coarse grained counterparts.

Wei et al. studied the role of grain boundary sliding and diffusion in the control of strain rate sensitivity of
nanocrystalline materials for various grain sizes [90]. Their study shows that this increase in strain rate
sensitivity is also a function of strain rate and is only true for lower strain rates (<10™/s in the case of nc
Cu). Their results show that for a fixed grain size for nanocrystalline Cu, the strain rate sensitivity
increases rapidly for strain rates less than 10e-6/s due to primarily GB diffusion and sliding deformation
mechanisms. For strain rates between 10e-6/s and 10e-4/s, GB creep and grain interior plasticity
contribute to the deformation and therefore the strain rate sensitivity increase is at a lower rate. Finally,
the results show that at strain rates above 10e-2/s, the primary dislocation mechanism is “dislocation

controlled plasticity in grain interiors” where the deformation is strain rate insensitive.

Due to limitations in the load controlled nanoindenter tool that was used for the compression tests, we
were not able to study the deformation of the 500nm Pd nanopillars at strain rates lower than 10E-3/s. For
the 3 strain rates higher than 10E-3, the results shown in figure 4.4 indicate that the flow stresses
extracted from the compression tests at different strain rates are very similar with a low strain rate
sensitivity of ~ m = 0.068 - i.e. the flow stress is nearly independent of the strain rate. These results

agrees with the simulation [87] and experimental data [91] for nanocrystalline Cu with an average grain
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size of 30nm which showed that at higher strain rates (>10e-3/s) grain interior plasticity is the dominant
deformation mechanism rather than grain boundary sliding (which is argued to be dominant deformation

mechanism in nc material).

4.3.4 Size Effect
In the microcompression single crystals, an inverse relation was seen between the pillar diameter and
pillar strength. However, the results for nanocrystalline palladium show a different trend. As it can be
seen in figure 4.5, a softening effect is seen with a decrease in pillar diameter. The strength of a
nanocrystalline palladium nanopillar drops from ~~1.97 GPa for a 500nm pillar to ~713 MPa for a
100nm pillar. Representative stress-strain curves for pillars of different diameters shown in figure 4.6 also
verify this size effect. This decrease in strength was also seen by Greer et al. in the microcompression of

nanocrystalline Nickel nano pillars with an average grain size of 60nm.

In Chapters 1 and 2, it was shown that in a single crystal nano pillar, the existence of free surfaces
mediated the dislocation starvation process resulting in an increase in pillar strength with an increase in
pillar surface area to volume ratio. In nanocrystalline material however, since dislocation processes are
not the dominant mechanisms, it is reasonable to assume that surfaces will act as defects and features that
are on the surfaces of a pillar can act as stress concentrators which could result in a reduction of the pillar
strength. As the pillar size reduces, the ratio between the area of the cylindrical pillar and its volume
increases (this ratio is ~2.67/r for a cylinder with a constant height to diameter ratio of 3). Also, the free
surfaces on the nanopillar structure may activate deformation mechanisms that are not seen in the bulk

scale deformation of nanocrystalline metals.
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Figure 4.4: Engineering Strain vs. Engineering Stress for 540 nm Palladium nano-pillars under compression (b) SEM
images of 240 nm Palladium nano-pillars going through plastic deformation before (left) and after (right) compression
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Figure 4.5: Engineering Strain vs. Engineering Stress for 550 nm palladium nano-pillars under compression (b) SEM
images of 240 nm Palladium nano-pillars going through plastic deformation before (left) and after (right) compression
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Figure 4.6: log-log plot of Flow Stress measured at 8% Strain for 550 nm Pd nanopillars as a function of strain rate.
Strain rate sensitivity ~m=0.68
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Figure 4.7: Log-log plot of engineering flow stress measured at 8.0 % engineering strain for 550 nm, 240 nm, and 120nm
diameter Pd nanopillars. The error bars indicate one standard deviation.
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4.3.5 Conclusions and Recommendations
Incredibly high strength palladium nanopillars with nanocrystalline structures were fabricated and tested
under uniaxial compression. The results showed that unlike the studied single crystal nano pillars under
compression, palladium nanocrystalline metals show no increase in the flow stress of the pillars as the
pillar dimensions gets smaller. In fact, an inverse size effect is seen where smaller pillars deform more
easily and at lower stresses. Plastic buckling was severe even for shorter pillars with height to diameter

aspect ratios of less than 3.

Since these palladium nanopillars exhibit high strengths, it is important to account for the errors that
would be associated with the elastic deformation of the substrate prior to the start of the deformation of
the pillar. This was less of an issue for low strength Sn and Bi nanopillars on gold substrate but should be

considered for future studies on this material.
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Chapter 5: Indium Nanostructures: A Sophisticated Behavior under Micro-compression

5.1 Background
In this chapter, the mechanical properties of indium in sub-micron and nano-scale are studied under the
uniaxial compression of indium nano pillars. Indium has a low melting temperature of 156°C
corresponding to a homologous temperature of 0.7 in ambient conditions. At room temperature, indium
crystallizes in the faced centered tetragonal (FCT) structure with / = 1.075 which is only slightly
different from that of an FCC structure [92]. There is evidence that at room temperature, the most densely
packed planes are (001) and (101) [92].

Using the electroplating method, we were able to fabricated 1.25x1.25 mm arrays of pillars of diameters
0.12-1um, each 10 um apart. Through tests on more than 200 pillars of each size, we were able to analyse
the data with a great degree of confidence and we observed an inverse relationship between the pillar
diameter and flow stress. Previous studies of indium nanopillars showed no size effect [33]; this can be
due to the fact that the real region where the size effect becomes apparent was not reached in those studies
[33]. This size effect was mainly seen in pillars of diameters less than 450nm. The strain rate dependency
of the flow stress of the nanopillars was also studied as a function of pillar diameter by pillar
compressions at 3 different strain rates.

In the study of materials in nanoscale, what is interesting is that in most of the materials tested, even at
pillar sizes of less than 200nm, although a size effect is seen, the strength of the pillars are nowhere near
theoretical strength even though it is highly unlikely of high dislocation populations to exist in such small
volumes.

In the literature, only molybdenum pillars grown by directional solidification of an NiAl-Mo composite
were seen to yield at shear stresses of G/26 which is the range expected for theoretical strength (G/30 to
G/10). In most studies, the test specimens were fabricated through FIB milling and even if the section of
the bulk material from which the pillar was milled was dislocation free, near surface dislocations will be

induced after the exposure to high energy Ga ions [4].
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Here, we show that most pillars of sizes 240-140nm fabricated are either dislocation free and yield at
theoretical strength, or become dislocation free during the compression test through a phenomenon known
as “mechanical annealing”. This could be used to study the strengths required to deform a perfect indium

single crystal.

5.2 Experimental Methods

Similar to Sn, Bi and Pd nanopillars presented in Chapters 2,3 and 4, indium nanopillars were fabricated
using the EBL and electroplating technique. Electroplating was chosen as a replacement for the FIB
methods used in previous works to eliminate surface damage effects, often associated with nanopillar
fabrication techniques.

The final pillars were fabricated by the electrodeposition of indium metal into the hole pattern template.
Prior to electrodeposition, the resist templates underwent a 15s oxygen plasma descum process at room
temperature, 102 mTorr chamber pressure, an oxygen flow rate of 40 sccm and a plasma power of 20W
using a reactive ion etcher at the University of Waterloo’s center for integrated RF engineering. This step
was added to increase the hydrophilicity of the pore interior thereby increasing the homogeneity of the
electroplating.

The electroplating process was performed using the conductive Ti/Au layer as the cathode, and a high
purity indium metal slab as a soluble anode submerged in to a sulfamate based plating bath purchased
from the Indium Corporation of America. The experiment was set up so that the cathode and anode were
placed 1 inch apart, both submerged into 20 mL of the plating solution which was held at room
temperature and was mechanically stirred during the process. The conditions for the electrodeposition
was an initial 10mA/cm? current pulse for 3 seconds which created an indium seed layer, no more that
20% of the final pillar height. The current was then decreased to conduct the electroplating at 1mA/cm?
for different plating times based on pillar diameter and desired height. Finally, the PMMA resist was
etched off by soaking the samples in acetone for 30 minutes.

Using the above conditions, a yield of 100% was achieved for different sample sizes and the final chips
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consisted of 15625 pillars located in a 125x125 square array with a distance of 10 um between pillars.
Four pillar sizes were fabricated using the above process, and the final pillar diameters were ~140nm,
~240nm, ~560nm and ~1070nm. Among these samples, several pillars were investigated using a scanning
electron microscope and pillars with a uniform cylindrical structure and a diameter to height aspect ratio
of ~2-3 were selected and mapped for uniaxial compression tests. Based on simulation results by H.
Zhang, this aspect ratio of ~2-3 does not exhibit stress misreading due to plastic buckling. Elastic Euler
buckling is also not a concern in these experiments since it will not occur even for soft pillars for aspect
ratios below 25 [5]. The samples were annealed at room temperature for a period of 2 weeks prior to
compression.

As in the case of Sn, Bi and Pd, the silicon chips with the pillar arrays were then mounted onto a flat stub
using a lacquer; a lacquer was used in order to ensure that there is no lateral movement of the sample
during the compression test and also to ensure the alignment of the pillars and the nano indenter. The
compression tests were performed on a nanoindenter (Nanolndenter G200, Agilent Technologies Inc.) at
the Nanomechanics Laboratory at the University of Waterloo. The indenter functioned at Dynamic
Contact Mode (DCM) and was equipped with a custom made diamond 8um x 8um flat punch indenter
tip. All pillar sizes were compressed uniaxially, at 3 different nominal engineering strain
rates: 0.01 ~1,0.001 ~1,0.0001 ~. This strain rate is defined by the ratio of the constant pillar length
change (or displacement rate) to the initial pillar height. Note that the indenter controls the load with a
proportional feedback control system, to keep the displacement rate constant. A proportional gain of 6e-3
was experimentally evaluated to optimize the control algorithm. The actual displacement versus time is
plotted in figure 5.1 for data taken from the indenter for compression tests with constant displacement
rates ranging from 0.2 — 20 / which shows a reliable control of the displacement rate by the indenter. The
achievement of controller stability after a strain burst was key for indium compression tests where several

strain bursts were seen.
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Figure 5.1:Time-Displacement plot showing constant displacement rates during the compression tests ranging between
0.2-20 nm/s
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53 Results and Discussions

Figure 5.2 shows the final fabricated pillar with diameters ranging from 0.14 — 1.07. Figure 5.3 shows a
cross sectional FIB cut of these pillars indicating that these pillars are solid. The results of the
compression tests were compared as the compressive flow stress of the nanopillars at 5% engineering
strain for two strain rates. Previous studies of nanopillars present flow stresses at various engineering
strains (ranging from 2 — 10%) [2].When finding the value of strain at which the data was analyzed, we
took into consideration the taper at the top of the pillars and found a saturation point on the stress strain
curve for which the data could be trusted. The data extracted from 2-8% strain were plotted and compared
(not presented here) and the data for ~ 4-8% were within the plastic region for each pillar size and so 5%

data was used for the analyses [2].

5.3.1 Strain Rate sensitivity (Stress Exponent)
Figure 5.4 shows the average flow stress at 5% nominal strain at three different strain rates for various
pillar sizes, where the error bars correspond to standard deviation. As seen in this plot, there is a clear
relationship between the pillar compression strain rate, and the flow stress for all different pillar sizes.
This relationship is seen in terms of an increase in pillar strength with an increase in strain rate.
Generally, flow stress is known to be a function of strain rate and temperature. Previous nanoindentation
creep experiments by Lucas and Oliver [93] on indium single crystals have shown a general relationship
between strain rate (¢) and stress (o)

&§=Ko™

Where K is a constant related to material properties (diffusivity and elastic modulus) and the power law
exponent n is known as the stress exponent. This stress exponent is usually used to characterize the
deformation behaviour or more specifically, the dynamic dislocation behaviour of the crystal [94].
To compare our results with previous bulk experiments on indium, the flow stresses at 5% strain in figure
5.4 were fitted separately for each pillar size using a power-law fit. As shown on the plot, the stress

exponent calculated from the average data is ~4.7-5.5 for different pillar sizes. This is very close to the
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values measured from nanoindentation tests by Lucas and Oliver which shows a value of 5-7 for single
crystal indium and falls in the range expected for dislocation creep [93].

J. Weertman also presents the creep rate of indium versus stress at various temperatures for a bulk indium
sample [95]. His data for experiments at 301 — 304 K was extracted and plotted along with our data at
room temperature ~295 K shown also on figure 5.3. The shift in stresses to the left of the x axis for our

data indicates a clear size effect between the bulk data obtained by Weertman and our data starting at 1.
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Figure 5.2: SEM images of Fabricated (a) 120 nm (b) 240 nm (c) 560 nm and (d) 1020 nm diameter indium
nanopillar
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Figure 5.3: FIB cross sectioned indium nano pillar (a proof of pillar solidity)
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Figure 5.4: Strain rate as a function of Average flow stress at 5% strain for pillar diameters ranging from 140-1070nm-
error bars correspond to standard deviation.
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5.3.2 Size Effect
All studies on single-crystalline FIB-fabricated ([11]-[33]) and electroplated ([16], [23]) nanopillars have
shown an inverse relationship between pillar diameter (D) and flow stress (). The data was fitted with a
power law:
ox DY

According to a review by Uchic et al, other studies have shown a power law exponent of -0.61to -0.97
for various FCC metals. Indium nanopillars showed a clear size effect when entering the range of pillars
with diameters less than 450 nm. Various plots are presented to indicate this size effect. Figure 5.5 shows
the flow stress at 5% strain for all pillar diameters at two strain rates; a significant difference in strength is
seen between the 1.070 um and the 140nm pillars. The flow stresses at 5% strain for one strain rate
0.01 s~ were plotted in Figure 5.6 (a) and a power-law fit was used to fit a curve through the average
values of flow stress as a function of pillar diameter. This yielded a power law exponent of ~y = —0.55
which indicates that indium shows a similar result to that of most single crystal FCC metals [2]. Figure
5.6 (b) shows a linear plot of flow stresses of indium nanopillars vs pillar diameter. Finally, representative
stress-strain curves have been presented in figure 5.7 along with pre and post compression images in

figure 5.8 (a)-(d) also showing this size effect.
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Figure 5.6: (a) log-log plot of Flow Stress at 5% Strain as a function of Pillar diameter (b) linear plot of Flow Stress at 5%
Strain as a function of Pillar diameter
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Figure 5.6: (a) log-log plot of flow stress at 5% strain as a function of Pillar diameter (b) linear plot of flow stress at 5%
Strain as a function of Pillar diameter
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Figure 5.7: Engineering stress vs. engineering strain for 4 different pillar sizes
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Figure 5.8: SEM images of (a) 1070 nm, (b) 560 nm, (c) 240 nm (d) 120 nm indium nanopillars before (left) and after
(right) compression
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Figure 5.8: SEM images of (a) 1070 nm, (b) 560 nm, (c) 240 nm (d) 120 nm indium nanopillars before (left) and after
(right) compression
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Figure 5.8: SEM images of (a) 1070 nm, (b) 560 nm, (c) 240 nm (d) 120 nm indium nanopillars before (left) and after
(right) compression
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Figure 5.8: SEM images of (a) 1070 nm, (b) 560 nm, (c) 240 nm (d) 120 nm indium nanopillars before (left) and after
(right) compression
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5.3.3 Reaching Theoretical Strength
In addition to the size effect explained in the previous section, another size related strengthening is seen in
the pillars. Some of the fabricated pillars underwent deformation at a very high strength close to
theoretical strength. This was mostly seen in smaller pillars sizes (140 — 240nm). Figure 5.9 compares
the engineering stress versus strain for two ~240nm indium pillars. These pillars were fabricated on the
same substrate, all conditions, including plating conditions, annealing time, etc, were kept constant
between the two pillars and the compression tests were done at a similar rate and on the same day. As
seen in figure 5.9, one pillar attains a flow stress of ~363 MPa at 5% strain which corresponds to ~ 9.2%
of the bulk shear modulus, G = 4.35 GPa [33] and the other at 48 MPa which is about an order of

magnitude lower. This indicates that the stress at which the first pillar deforms falls within the expected

theoretical strength for metals (~G/30 - G/10) [33]. Although there are no visible differences between
the two pillars (Figure 5.10 (a) and (b)), previous microstructural characterization of indium nanopillars
fabricated using this technique by the uSXRD technique shows that indium nanopillars which exhibit
flow stresses approaching the theoretical value are pristine and do not contain any measurable initial
dislocations [33]. In contrast, the low strength indium nanopillars are believed to contain a non-zero
initial density of fabrication induced dislocations, resulting in their bulk-like attained strengths and strain
rate sensitivity. Therefore, it can be said that the main factor that induces this type of size effect is the
initial dislocation density. The pillar undergoing deformation is initially dislocation free and therefore it

yields at a strength near theoretical.

103



500 |

400 """""""" "' """" oo /~~* """"""""
D Y Type ||

oo L

oo ——

wol { S o

Engineering Stress (Mpa)

0 005 01 015 02 025
Engineering Strain

Figure 5.9: Engineering Strain vs. Engineering Stress for 240 nm Indium nano-pillars going through Type | and Type 11
deformation
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Figure 5.10: SEM images of 240 nm indium nano-pillars going through (a) Type I (b) and Type Il deformation before
(left) and after (right) compression
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5.3.4 Mechanical Annealing (Dislocation Annihilation)

More high strength pillars were expected in the smaller sizes (<240nm). However, most o f these pillars
deformed in an extraordinary manner. As it can be seen in figure 5.11, the pillars seem to reach a very
high stress value after a certain percentage of strain. This was seen in ~90% of the ~140nm and ~60% of
the ~240nm pillars that were compressed. Some reached theoretical strength after 5-10% strain while
others underwent more than 30% strain before reaching the theoretical strength. Figure 5.9 (a) shows two
240 nm indium nanopillars that deform at low load during the initial portion of the test but the load
increases suddenly for both pillars, before 1% strain at points 1 shown on the figure, and the pillars start
to deform under high strength followed by a crystallographic shear at point 2. The post compression SEM
images in Figure 5.12(a)-(b) verify the final crystallographic shear of the pillars.

This behaviour is similar to that of Ni Crystals studied by Z.W. Shan (34) at the National Center for
Electron Microscopy at Lawrence Berkely National Laboratory. In this study, they were able to directly
observe the microstructural evolution of the pillars in relation to the mechanical data with a unique
instrument which allows nano scale compression tests inside a Transmission Electron Microscope (TEM).
They were able to perform and record in situ compression tests of Ni pillars with ~160 nm diameter and
850nm in length. By examining the recorded data, they observe a sharp increase in load, almost near
theoretical strength. As it can be seen in figure 5.13 (c), after 170nm of compression, the pillar starts
deforming at a much higher strength. Post TEM images shown in figure 5.13 (b) confirmed that the
remaining portion of the pillar remained dislocation free [34].

Because of the damage that is caused by exposure to high energy ion or electron beams, it is not possible
to perform such in situ tests on indium in order to confirm the results shown in figure 5.13 is in fact a
vanishing of dislocations. But there are several evidences that can lead us to believe that this behaviour of
indium is similar to that of Ni pillars, i.e. the pillars attain high stresses due to “mechanical annealing” in

which the mere application of mechanical stresses results in the escape of dislocation.
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Figure 5.11: Engineering Strain vs. Engineering Stress for two ~240 nm Indium nano-pillars (shown in figure 5.12) going
through Type 111 deformation
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Figure 5.12: SEM images of ~240 nm indium nanopillars going through type I11 deformation before (left) and after
(right) compression (stress-stress strain relations shown in figure 5.11)
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5.4 Conclusions

In conclusion, fabricated indium nanopillars showed 3 types of size effects. First, among the pillars
deforming at low stresses, a power-law exponent of ~-0.55 similar to that of most FCC single crystals
was seen. The second type of pillars were pillars that deformed at strengths ~10 times larger than the first
group of pillars. These pillars are believed to be pristine crystals. Finally, the third type of pillars began
their plastic deformation at low strengths but showed a drastic increase in flow stress and continued
plastic deformation at strengths near theoretical. These pillars are believed to consist of very few
dislocations which are forced out of the pillar by applying pure mechanical stress.

This phenomenon raises questions about the accuracy of compression of high strength FIB fabricated
pillars. The substrate of these pillars is of the same material as the pillars but a dislocation free pillar is
much harder than the bulk substrate and this can lead to a “sink in” of the pillar into the substrate. Shan et
al. explain this as a “hard spike punching into relatively soft ground” [34]. The movement of the pillar
into the bulk substrate in the case of high strength pillars can result in lower readings of the strength of the
pillar. There have been attempts to correct for this plastic deformation, or deflection of the substrate [16]
but the deformation might not be entirely plastic when the pillar is an order of magnitude stronger than
the substrate it’s attached to. This sink in of the pillar was not Seen in our experiments since an indium

pillar at theoretical strength is still softer than the bulk silicon/gold substrate it is attached to.
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Chapter 6: Inelastic Buckling of Palladium, Cobalt and Rhodium Nanopillars

6.1 Introduction

Submicron and nanometer scale electroplated polycrystalline metallic structures are commonly used in
microelectromechanical systems (MEMS) and nanoelectromechanical systems (NEMS) [96-98]. In many
cases these devices, such as M/NEMS sensors, require components with large surface area to volume
ratios in order to increase their sensitivity and overall performance. To achieve this, micron to nanometer
scale metallic structures with high aspect ratios (length/width) are often employed. For example, Favier et
al. [96] used palladium mesowire arrays to construct hydrogen gas sensors and switches, while another
research group [97] fabricated metal resonators using rhodium. In MEMS packaging, small scale and high
aspect ratio cobalt structures are used as heating components to assist solder bonding [98]. In order to
design and fabricate mechanically robust M/NEMS devices, it is important to understand the deformation
mechanisms of high aspect ratio nanostructures that they comprise of. Recently, as reviewed by Uchic et
al. [99] and Greer et al. [100], it has been demonstrated that the mechanical properties of metals may be
strongly dependent on the physical dimensions of the structures. Through uniaxial compression tests on a
wide range of crystalline metals, such as, gold [101], molybdenum [102], tin [103], bismuth [104], and
others [100], it was shown that the plastic flow stresses may increase significantly as the dimensions of
the structures are reduced to the submicron and nanometer scales. This smaller-is-stronger size
dependence in the strengths of metallic nanostructures has been well established through compression
tests of metal columns with moderate length-to-radius aspect ratios, typically between 4 and 8. However,
few studies have investigated the buckling behavior of polycrystalline metal nanostructures under uniaxial
compressive stresses. Understanding failure by buckling in high aspect ratio metal nanostructures is
ultimately vital in the design of reliable nanoscale devices, since they often consist of long slender
components.

A common model to describe the bulk scale elastic buckling behaviors of high aspect ratio columns is
Euler’s formula, which relates the critical load of buckling (P;) to the elastic modulus (E) and the second
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moment of inertia (I):

cr (KL)Z (1)

where L is the length of the columnar structure and K is the boundary constraint factor. The moment of

()

inertia (1) for a cylindrical structure with radius (r) is 4 When the uniaxial load is greater than the

critical value, any external disturbance to the structure may lead to a catastrophic failure via buckling. The
Euler model performs well when the column length is significantly greater than the radius and the
deformation is purely elastic. However, for intermediate-length columns, the buckling load deviates from
the Euler model since the material may begin to buckle with applied stresses greater than the proportional
limit. In order to predict this critical buckling load accurately for structures with smaller length-to-radius
ratios, a tangent modulus method was developed by Engesser [105]. This method is an extension of the
Euler model where the elastic modulus (E) is substituted with the tangent modulus (E;) in Eq. (1). The
tangent modulus is defined as the slope at any specific point on the uniaxial compression stress — strain
curve. When the applied stress is less than the proportional limit, the tangent modulus has the value of the
elastic modulus. However, tangent modulus becomes smaller beyond the proportional limit. Hsin et al.
[106] extracted the elastic modulus of individual silicon nanowires by using uniaxial compression
technique with an atomic force microscope cantilever beam. The lengths of these nanowires were
hundreds of times larger than their respective radii. With the assumption of pure elastic buckling, they
were able to extract the elastic properties of the nanowires. Chang et al. [107] also used the buckling
technique to characterize the Young’s modulus of long titanate nanowires fabricated by a hydrothermal
process. To the best of our knowledge, there is no detailed study on the buckling behavior under uniaxial
compression of individual polycrystalline metallic nanostructures.

In this chapter, a detailed study is performed in order to further understand catastrophic buckling failure
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mechanisms of polycrystalline metallic cylindrical columns with diameters near 130 nm. The three
materials selected for this work are palladium, cobalt, and rhodium, with elastic moduli of ~117 GPa [84],
~208 GPa [108], and 379 GPa [109], respectively. The columnar nanostructures were fabricated by an
electron beam lithography and electroplating approach, and have final length-to-radius ratios in the range
of 4 to 20. The electroplated nanopillars all posses fine grained microstructures with an average grain
sizes less than 100 nm. As such, the fabricated nanostructures are considered polycrystalline. Through
uniaxial compression in a nanoindenter outfitted with a flat diamond tip, the tangential moduli of these
materials were extracted from the measured buckling load results through use of Eq. (1). The calculated
results are slightly smaller than with the bulk elastic moduli. In addition to characterization of the critical
loads for buckling failure, this study also investigates the ductility of these metallic nanostructures.
Inspections of the failed specimens by scanning electron microscopy (SEM) revealed that the cobalt and
rhodium samples exhibit fracture near the middle of the column after buckling. In contrast, palladium

specimens did not fracture even though they were plastically deformed with strain greater than ~ 24 %.

6.2 Experimental Methods

6.2.1 Electron Beam Lithography Process
Palladium, cobalt, and rhodium nanopillars were fabricated using similar electron beam lithography and
metal electroplating methods presented in the previous chapters [110]. A schematic drawing of the
processing steps is illustrated in Figure 2.1. In comparison to conventional focused ion beam (FIB)
milling of small scale metal columns for mechanical tests, the nanopillars prepared in this study are free
of artefacts generated through high energy Ga+ ion exposure. Additionally, smaller specimens (< 200 nm
diameter) are produced with virtually no tapering, which allows for the generation of high aspect ratio
structures. Silicon substrates with [111] out-of-plane orientation were coated by electron beam
evaporation with a 20 nm thick titanium adhesion layer followed by a 100 nm thick gold layer. The

substrates were then spin coated with a 1 um thick layer of 950 kD polymethylmethacrylate (PMMA,
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MicroChem Corp.) electron beam lithography resist. A Leica EBPG 5000+ electron beam lithography
system operating with a 100 kV acceleration voltage was used to pattern an array of 130 nm diameter
holes. Following the exposure, the PMMA resist was developed for 60 seconds with a 1:3 solution of
methylisobutylketone and isopropyl alcohol. The prepared wafer was diced into square ~ 1 cm2 chips

with the patterned PMMA resist template in the chip center before electroplating.

6.2.2 Nano-pillar Electroplating

Galvanostatic electroplating technique was used to deposit palladium, cobalt, and rhodium into the
patterned PMMA resist templates. The palladium tetrammine (I1) chloride based electroplating solutions
were manufactured by Technology Without Limits (West Warwick, RI) while the rhodium plating
solution was provided by Krohn Industries Inc. (Carlstadt, NJ). During deposition, the palladium and
rhodium electroplating solutions were maintained at room temperature and ~ 40 °C, respectively. The
cobalt electroplating solution was prepared in house with ultrapure water and contained 0.2 M cobalt (1)
sulphate heptahydrate (CoSO4-7H20, 98 % purity, Alfa Aesar) and 0.1 M boric acid (H3BO3, 98 %
purity, VWR). The pH of the cobalt electroplating solution was adjusted close to 6 using a 1.0 M NaOH.
In all cases, the gold/titanium seed layer underneath the PMMA resist template acted as the cathode. A
Teflon backing and custom gold coated clips were used to mount the PMMA coated substrates in the
solution and electrically interface with the gold/titanium cathode layer. A platinized titanium mesh (Stan
Robinstein Associate Inc.) was used as the anode for both palladium and rhodium electroplating, while a
5 mm diameter cobalt rod (99.95% purity, Alfa Aesar) was used as a soluble anode for cobalt
electroplating. In all cases, both electrodes were submerged approximately 3 cm into 200 mL of the
plating solution and separated by roughly 2.5 cm from each other. The total cathode area, which included
the patterned PMMA coated substrate, a blank 1 cm2 gold/titanium coated silicon wafer chip, and the

gold clips was maintained at ~ 3.5 cm2. For the palladium, cobalt, and rhodium electroplating processes,
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a constant current density value of 18 mA/cm2, 2.2 mA/cm2, and 9 mA/cm2 was maintained,
respectively. The deposition times were adjusted according to the desired nanopillar height. After
electroplating, the PMMA resist was removed with acetone.

The as-fabricated microstructures of a 1000 nm diameter palladium and 500 nm diameter cobalt
nanopillars were characterized by transmission electron microscopy (TEM) and electron diffraction
measurements. Larger nanopillar specimens were selected for TEM analysis due to the difficulty
preparing thin TEM samples from smaller 130 nm diameter specimens. These larger pillars were prepared
by an identical electron beam lithography and electroplating method as describe above, but with a larger
circular opening in the PMMA resist template. The nanopillars selected for TEM analysis were cross-
sectioned using standard FIB techniques for TEM sample preparation. The sample preparation and TEM
imaging were conducted at the Canadian Centre for Electron Microscopy at McMaster University in
Hamilton, ON, Canada. To avoid Ga+ ion induced microstructural damage during the various FIB milling
processes, the nanopillars were first coated with thick protective carbon layers by electron beam assisted
and ion beam assisted deposition techniques. After FIB cross-sectioning, samples were lifted out of the
substrate and transferred to a TEM lift-out grid using a micromanipulator and standard lift-out
methodology. A FEI Titan 80-300 TEM operated at 300 kV was used to perform imaging and electron

diffraction measurements on the cross-sectioned nanopillars.

6.2.3  Uniaxial Compression Testing

An in-situ nanoindenter (Nanomechanics Inc, Knoxville, TN, USA) equipped with a custom 8 x 8 pm2
diamond flat punch tip was used for the uniaxial compression testing of electroplated palladium, cobalt,
and rhodium nanopillars. The as-fabricated nanopillars were inspected by scanning electron microscopy
(SEM) prior to mechanical testing. A deformation rate of 1 nm/s was selected for all specimens

compressed in this work.
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6.3 Results and Discussions

6.3.1 Nanopillar Geometry and Microstructure

The geometry, surface topography, and microstructures of as-fabricated nanopillars were analyzed using
high resolution SEM and TEM. Figures 6.1(a) to (c) show representative SEM micrographs of
electroplated 130 nm diameter palladium, cobalt, and rhodium specimens. The nanostructures shown in
Figure 6.1 all have similar length-to-radius ratios near 10. In all of the structures, the side walls are
relatively smooth and do not possess any voids or pores. The columns are oriented near perfectly normal
to the substrate and, unlike nanopillars produced by conventional FIB milling, there is virtually no
tapering present. The uniformity in radius throughout the nanopillar length is a critical feature for
specimens tested in this work in order to prevent stress concentrations which may lead to premature
catastrophic failure. Figures 6.2 (a) and (b) show dark field TEM images of 500 nm diameter palladium
and 1050 nm diameter cobalt nanopillars respectively. The TEM analysis reveals that the as-fabricated
nanopillars are solid and without any internal voids. The electron diffraction patterns collected from these
two specimens confirms that the electroplating conditions produce a polycrystalline microstructure. A
high-resolution SEM micrograph of a 1050 nm diameter rhodium nanopillar is shown in Figure 6.2 (c).
This image clearly indicates that the electroplated rhodium is also polycrystalline with grains that are

smaller than 100 nm.
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Figure 6.1: SEM micrograph of as-fabricated nanopillars - (a) palladium; (b) cobalt; and (c) Rhodium. All structures
have diameters of ~130nm and aspect ratio (L/r) near 10. All SEM images taken at a 70° stage tilt.
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Figure 6.2: (a) TEM dark field image of the full length of a 520 nm palladium nano-pillar along with diffraction pattern.
(b) TEM dark field image of the full length of a ~520 nm Cobalt nano-pillar along with diffraction pattern. (c) High
magnification SEM image of 1050nm Rhodium nanopillar
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Figure 6.3: (a) TEM dark field image of the full length of a 520 nm palladium nano-pillar along with diffraction pattern.
(b) TEM dark field image of the full length of a ~520 nm Cobalt nano-pillar along with diffraction pattern. (c) High
magnification SEM image of 1050nm Rhodium nanopillar
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Figure 6.4: (a) TEM dark field image of the full length of a 520 nm palladium nano-pillar along with diffraction pattern.
(b) TEM dark field image of the full length of a ~520 nm Cobalt nano-pillar along with diffraction pattern. (c) High
magnification SEM image of 1050nm Rhodium nanopillar
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6.3.2 Post Compression SEM Analysis

To gain understanding of the deformation mechanisms operating in the electroplated nanopillars, all
specimens were compressed at ~ 1 nm/s and inspected with high resolution SEM. Figure 6.3 (a) to (c)
displays the post compression SEM images of typical deformed palladium nanopillars with length-to-
radius ratios near 3.4, 8, and 18 respectively. It is evident that the compressed palladium specimens do not
buckle when their initial height is less than 3.4 times their radius. Figure 4 (a) shows that low aspect ratio
palladium nanopillars deform uniformly with isotropic increase in cross-sectional area. The compressed
nanopillar also has a barrel like shape, with a greater increase in diameter near the mid-point of the
column. For taller palladium nanostructures, Figure 6.3 (b) shows the structure begins to exhibit failure
by bending under the compressive stress. However, there is no crack formation or significant change in
nanopillar diameter near the bending midpoint. Finally, Figure 6.3 (c) shows that palladium
nanostructures with large aspect ratios demonstrate significant deformation when compressed uniaxially.
Buckling is the clear deformation mechanism, and although this specimen has been bent by nearly 90°, no
crack or other fracture event is observed. Further inspections of other deformed high aspect ratio
palladium nanopillars revealed that specimens with length-to-radius ratios near 20 may bend plastically
up to 119° without crack formation. This corresponds to a linear engineering strain approximately 24 %
on the outside surface of the nanopillar. Thus, high aspect ratio palladium specimens exhibit a very high
ductility during deformation at the nanoscale. It is also important to note that the deformed palladium
nanostructures are all well adhered to the gold layer underneath, regardless of deformation mechanism.
Additionally, strong adhesion at the palladium/gold interface impedes lateral shifts during compression.
The same is not true for the palladium/nanoindenter interface at the top of the nanopillar, which may shift
laterally as observed in Figure 6.3 (c).

Post compression SEM images of cobalt nanopillars with initial length-to-radius ratios near 5, 7, and 14
are shown in Figures 6.4 (a) to (c) respectively. The post mortem analysis reveal that cobalt specimens

behave in a very similar manner to palladium where buckling characteristics are not exhibited until the

121



height of the structures are at least seven times larger than the radius. Interestingly, Figure 6.4 (c) reveals
that the deformed cobalt specimens fracture near the middle of the structure with a bending strain similar
to the palladium nanopillar shown in Figure 6.4 (c). This suggests that the cobalt nanostructures are less
ductile than palladium. However, it is clear that the nanopillar failure shown Figure 6.4 (c) is not brittle
fracture since the top and bottom sections of the cobalt specimen remain attached.

Figures 6.5 (a) to (c) display the deformation character of rhodium nanopillars with length-to-radius ratios
of 5, 7, and 17. Again, a similar buckling to palladium and cobalt nanopillars is apparent in rhodium
specimens, with higher aspect ratio structures demonstrating failure by buckling. Similar to cobalt,
fracture is observed in the deformed high aspect ratio rhodium specimen shown in Figure 6.5 (c).
Rhodium, like palladium and cobalt, shows excellent adhesion to the underlying gold substrate, and no
lateral shifting at this interface is observed. Contrastingly, the top nanopillar interface for all materials is

not mechanically constrained and free lateral shifts occur.
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Figure 6.3. Post compression SEM micrographs of Pd pillars with different aspect ratios (L/r) of (a)3.4, (b) 8, and (c) 18.
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Figure 6.4. Post compression SEM micrographs of Co pillars with different aspect ratios (L/r) of (a) 5, (b) 7, and (c) 14.
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Figure 6.5. Post compression SEM micrographs of Rh pillars with different aspect ratios (L/r) of (a) 5, (b) 7, and (c) 17.
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6.3.3 Load-Displacement Behaviors

The load-displacement responses of palladium, cobalt, and rhodium nanostructures are summarized in
Figure 6.6 (a) to (c), respectively. Figure 6.6 (a) shows the influence of length-to-radius ratio on the
resistance to applied loads of 130 nm diameter palladium nanostructures. Clearly, increasing nanopillar
height results in a weaker structure which sustains far less compressive force. This is expected since the
onset of buckling deformation occurs when the length-to-radius ratio reaches a value near 7, as was
observed in post-mortem SEM analysis. For buckled nanopillars with length-to-radius ratios of at least 7,
the load-displacement curves show a clear instability shortly after reaching the maximum load. The
maximum load the nanostructures can support before failure by bulking is characterized as the critical
load of buckling (P,). Figure 6.6 (a) shows that the critical load values exhibited by palladium nanopillars
reduce as the columnar structures become taller with constant initial cross-sectional area.

The load-displacement curves of cobalt and rhodium nanopillars are plotted in Figure 6.6 (b) and (c),
respectively. Like the palladium results, shorter cobalt and rhodium nanopillars sustain the highest critical
load values prior to failure. These figures also show that for nanopillars which have the same aspect
ratios, the cobalt nanostructures support more mechanical load than palladium before buckling. This is
expected since cobalt has a bulk elastic modulus two times that of palladium. According to Eg. (1), the
critical load of buckling Py is directly proportional to the elastic modulus of the material. A similar
observation is made when comparing rhodium nanostructures to cobalt and palladium.

The critical loads corresponding to catastrophic buckling failure for palladium, cobalt, and rhodium
nanopillars are summarized in Figures 6.7 (a) to (c) respectively. The buckling loads are plotted as a
function of length-to-radius ratios. The results presented in Figure 8 only include data from nanopillars
that exhibit buckling deformation after the compression tests, which generally corresponds to a length-to-
radius ratio greater than 7. From Figure 6.7, a significant dependence is observed between the critical
applied load prior to deformation by buckling and the nanostructure aspect ratio. For palladium

nanopillars (Figure 6.7 (a)), the maximum load supported reduces rapidly for length-to-radius ratios
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between 7 and 15. A very similar observation is made in Figures 6.7 (b) and (c) for both cobalt and
rhodium nanopillars, respectively. However, also in Figures 6.7 (b) and (c), as the nanopillar length-to-
radius ratio is increased beyond 15, the critical load values begin to stabilize and reduce with column

height at a much slower rate.
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Figure 6.6. Representative engineering stress—strain curves of 130nm diameter pillars (a) Pd, (b) Co, and (c) Rh. All

pillars were deformed at a displacement rate of 1nm/s.
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Figure 6.6. Representative engineering stress—strain curves of 130nm diameter pillars (a) Pd, (b) Co, and (c) Rh. All
pillars were deformed at a displacement rate of 1nm/s
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Figure 6.6. Representative engineering stress—strain curves of 130nm diameter pillars (a) Pd, (b) Co, and (c) Rh. All

pillars were deformed at a displacement rate of 1nm/s
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It is important to note that a constant displacement rate was used for all hanostructures compressed in this
work. As a result, the materials are actually deformed by a range of strain rates, defined as the
displacement rate divided by the initial nanopillar height, with taller specimens being compressed at
slower strain rates. It has been recently shown in the compression of molybdenum, indium, tin, bismuth,
and copper nanopillars that strength of these materials are strain rate sensitive at the nanoscale. In order to
demonstrate that the strain rate does not affect the critical load results presented in this work, a series of
compression experiments were performed at different displacement rates on palladium, cobalt, and
rhodium nanopillars with the aspect ratios of 16, 14, and 11 respectively. These specimens were
uniaxially compressed with displacement rates in the range of ~0.2 nm/s and 20 nm/s. The critical
buckling load results are plotted as a function of the deformation rate in Figure 6.8. The measured critical
loads plotted in Figure 6.8 show virtually no change in all three materials with two orders of magnitude
change in displacement rate. Therefore, variance in the actual strain rate used to compress the nanopillar
specimens in this work are not expected to influence the final critical load results.

The critical loads, P, of palladium, cobalt, and rhodium nanopillars were plotted in Figures 6.9 (a) to

(c) as a function of the effective cross-sectional area, (KL)Z . In this analysis, the interface between the
nanopillar and substrate is assumed to be perfectly bonded, while the nanopillar/nanoindenter interface is
assumed to free to move. These assumptions were based on the actual observations of the deformed
structures, such as those micrographs revealed in figure 6.3-6.5, where the base of the pillars were
restrained from lateral motion and the top interfaces allow to slide freely. The corresponding constraint
factor (K) for these boundary conditions has a value of 2.0 [105]. According to the Euler and the tangent
modulus buckling models, the elastic modulus of very long slender structures or tangent modulus of
intermediate length pillars can be extracted from the linear slope of these plots. The data in Figure 6.9 was
fitted with the linear relationship and revealed that the slope for palladium, cobalt, and rhodium

nanostructures are 90 +/- 6 GPa, 175 +/- 9 GPa, and 375 +/- 23 GPa, respectively. The quoted error

spread corresponds to one standard deviation. These values are slightly smaller than the bulk elastic
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modulus of the corresponding materials. A summary of these values is presented in table 6.1. Sanders et
al. [84] characterized the elastic modulus for bulk scale samples of nanocrystalline palladium samples
with an average grain size of 16 nm by uniaxial tensile test. Their results showed that the material has an
elastic modulus value near 117 GPa, which is slightly greater than the upper limit of the results measured
in this work. The elastic properties of bulk nanocrystalline cobalt specimens were measured by
Karimpoor et al. [108], also by uniaxial tensile tests. They show the elastic modulus value of 208 +/- 23
GPa, which also greater than the current results. Bulk coarse grained rhodium specimens have moduli of
379 GPa [111] is again slightly greater than the averaged modulus results presented here. These
comparisons indicate that the slopes extracted from Figure 6.9 are not identical to elastic modulus of the
corresponding materials. Instead, it is the tangent moduli as described by the Engesser model. This is
often observed during the compression buckling for intermediate length structures such as those studied in

this work.

132



o
o
al

(mN)

r

C

o
o
@
-
!

Critical load, P
o
8
B
O
o

TS
Aspect ratio, L/r

Figure 6.7. Plot of critical buckling load as a function of aspect ratios (L/r) (a) Pd; (b) Co; and (c) Rh nanostructures.
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Specimens Bulk modulus Nanopillar tangent R’
(GPa) modulus (GPa)

Pd 117 [13] 90 +/- 6 0.94

Co 208 [14] 175 +/-9 0.96

Rh 379 [15] 375 +/- 23 0.95

Table 6.1. Summary of measured elastic modulus values for palladium, cobalt, and rhodium nanopillars and their bulk

counterparts.
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6.4 Conclusions

Polycrystalline palladium, cobalt, and rhodium nanopillars with diameters of 130 nm and length-to-radius
ratios in the range of 4 to 20 were successfully fabricated. Through uniaxial compression tests, the
buckling behavior and critical buckling loads of these nanostructures were characterized. The critical
buckling loads were shown to be insensitive to displacement rate. By extracting the slope from the critical
load versus effective area plots, the tangent moduli of the fabricated nanopillars were calculated to be 90
+/- 6 GPa, 175 +/- 9 GPa, and 375 +/- 23 GPa for nanoscale palladium, cobalt, and rhodium respectively.
SEM inspection of the buckled nanostructures reveal that palladium nanopillars do not exhibit fracture
despite nearly 24 % of engineering strain, and are significantly more ductile than similar cobalt or
rhodium nanostructures. In contrast, cobalt and rhodium specimens with length-to-radius ratios near 20

display crack formation after buckling.
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Chapter 7: Conclusions and Future Research Directions

Before small scale mechanical testing methods were implemented, most mechanical properties of
materials were known to be independent of their shape and geometry. All materials studied in this work
show that when the dimensions of the material structures are reduced to nano scale, they plastically
deform at strengths and with mechanisms different from that of their bulk counterparts. This proposes a
need for a new study of the behaviours of all materials in this scale.

Our results showed different types of size-dependant deformation for the 4 materials studied.

In single crystal tin and indium, and polycrystalline bismuth nanostructures with 1 grain, the pillars
showed a strengthening effect with a decrease in pillar size. This strengthening was attributed to
dislocation starvation in nanoscale rather than a multiplication of dislocations in bulk single crystal
structures. In simple words, with the existence of free surfaces, the dislocations leave the pillar structures
faster than new dislocations are generated. In nanocrystalline palladium however, the existence of free
surfaces mediated the deformation process and resulted in an inverse size effect where the pillars became
softer at smaller diameters (or smaller surface area to volume ratios).

Another size effect was seen in polycrystalline bismuth nanostructures; if the size of the pillars was near
the size of the material grain size, the pillars exhibited higher strengths. This was attributed to the
existence of grain boundaries in larger pillars and a transition between grain boundary mediated processes
to dislocation processes in small pillar sizes.

Finally, a forth type of size effect was seen in indium nanostructures; some pillars were able to reach flow

stresses near theoretical strength after the application of purely mechanical strain.

7.1 Micro-tensile Tests
Although many micro-compression tests have been conducted, the tensile behaviour of most metals at
nano scale are yet to be studied. In situ tensile testing equipments have the capability of performing nano

scale tensile tests on specially designed specimens [111]. An important part of the tensile test methods is
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the fabrication of these specimens. Using the electroplating methods shown in this work, tensile test

specimens could also be fabricated.

7.2 Variable Temperature Tests

Temperature effects on the deformation behaviour of all the presented materials would be another
interesting research direction. To the best of our knowledge, there is no data presented on the high or low
temperature behaviour of material under micro-compression. The nanoindenter is operational at
termperatures 20° above and below room temperature allowing a range of temperatures that materials can
be studied under micro-compression. However, load holding tests performed on fused silica showed great
thermal drift for very small changes in temperature. This drift will highly affect the compression results at
high temperatures, especially for the smaller pillar diameters, resulting in an over or under estimation of
the flow stress. Tests on a group of 1000 nm and 200nm indium nanopillars shown in figure 7.2 and 7.3
respectively, present a comparison between the room temperature data and tests run at 32°C with 2-3°C
variations in temperature. For these tests, the heating process was done via an incandescent light bulb
which was shut off at the beginning of each test. This method resulted in a rather stable temperature for
the period of pillar compression. The variation (decrease) in temperature was higher for the lower strain
rates due to longer times for these compression tests. This result is reflected in the presented data showing
an apparent decrease in the flow stress for a decrease in strain rate in the case of 240 nm pillars. For the
1000nm pillars this effect is less visible.

In conclusion, to study the effects of temperature on the plastic deformation of materials using micro and
nano indentation methods, one needs to present accurate drift correction methods. And due to the extreme
sensitivity of the indenter to temperature changes, the temperature needs to be held constant during the

entire compression test.
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Figure 7.1: High temperature flow stresses at 5% strain for Ium indium nanopillars at 2 different stain rates compared to
room temperature tests
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Figure 7.2: High temperature flow stresses at 5% strain for 200nm indium nanopillars at 3 different stain rates compared
to room temperature tests
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7.3 Statistical Analysis

Impact energy of the indenter with the pillars depends on the mass of the indenter and the velocity of its
approach to the compression test specimen. Usually, an approach velocity of 10nm/s is used in these tests
which corresponds to an impact energy of about 2-5 eV. A. B. Mann saw, that by reducing the approach
velocity, less scatter was seen in their data [112]. The argument is that the initial impact of the pillar can
be the cause of dislocation initiations. For example, it might well be that the smaller indium nano pillars
are all initially pristine and dislocations are only generated by the initial impact of the nanoindenter. All
our tests were conducted with an approach velocity of 10nm/s. A statistical analysis on a large group of
pillars with different surface approach velocities would show the effects of this parameter in micro-
compression tests.

Also, in Sn and In nano pillars, two different deformation behaviour were seen. Figure 7.3 (a) shows a
representative indium nanopillar deformed by extrusion and Figure 7.3 (b) shows a 1000nm indium
nanopillar deformed by crystallographic shear. Although extensive statistical analysis has not been done,
crystallographic shear seems to be a more dominant deformation mechanism in the smaller sized indium
nanopillars. A study on the distribution of these deformation types and their effects on pillar flow stresses
is another path for future research. Along with extensive uSXRD studies on pillar microstructures prior to
and after compression an explanation of this extrusion type deformation can be presented. One proposed
explanation is that in a pillar with multiple slip systems, the dislocations stay within the pillars changing
directions from one active slip plane to another resulting in lower flow stresses whereas in the case of

crystallographic shear, the pillar moves along one slip plane until it reaches a free surface.
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Figure 7.3: Indium ~1070 nm pillars showing two differnt forms of deformation : (a) barrelling (b) barrelling followed
by plastic crystallographic shear
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7.4 In-situ Experimentss

Finally, in order to fully understand the behaviour of these metals at each point of the mechanical micro-
compression test, nano scale compression tests inside a Transmission Electron Microscope (TEM) should
be conducted for these materials, similar to the experiments run at the National Center for Electron
Microscopy at Lawrence Berkely National Laboratory [34]. This will result in a more thorough

understanding of the different mechanisms contributing to the plastic deformation.
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