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Abstract

Fabrication techniques, and mechanical behaviours of vertically aligned cylindrical nanopillars of various
metals, inclding tin, bismuth, palladiunindium, 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. Microstmaitpropertiesof these pillars were studied
using high resolution scanning electron and transmission electron microscopy. -desiarctive
synchrotron Xr ay mi crodi ffraction (&SXRD) t echtniamgflue was
indium nanopilhrs.

The results indicated single crystal bodygentered tetragonalstructured in, polycrystalline
rhombohedrabismuth, single crystal tetragonal indium, andanocrystalline palladiumgobalt and
rhodium nanopillarsThe mechanical properties of theseistures were studied by uniaxial compression
under a nanoindenter outfitted with a flat punch diamondtip. strain rate sensitivities and flow stresses
were analyzed for each material.

Single crystal tin and indium nanopillars showstde-dependent 8w stresses where smaller diameter
pillars exhibit greater attained strengths. The observeddgpendence matches closely to that previously
reported for singkerystalline face centered cubic metals at the nanoscale.

Polycrystalline bismuth nanopillahowed 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 effextawdenrease 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 heightliameter ratios and tredastic moduli of these

materials are extracted.
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Chapter 1: Introduction

1.1 Bulk Scale MechanicalCompression andT ensileTests

Tensionand compression tests atbe mostcommontypes of mechanical testing of materiatsbulk

scale According tothe American Society for Testingnd Materials(ASTM), the yield strength, yield
point, Young's modulus, stresain curve, and the compressive strength of a material can be obtained
from a standard compression testowever, these testire mostly used to finthe 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 theygebthe test specimen.

In a compression teghe materiad to be tested are speciajpyepared in the form of éght circular
cylinder with a flat surface at both endsd aredimensiomrd in a way to avoiduckling. The test
specimen is then compredsand the applied load and the deformation (change of length) of the pillar are
recordedat frequent intervalsThe stressstran relationship can be evaluated by the translation of load

and displacement to stress and strain respectiVblyaverage norm@&8tress,, is calculated as below:

Where"Ois an externalforce applieduniaxially on the test specimen andis thecross sectionadrea of

the cylinderon which the load is appliedhere are two common methods of evaluating ¢hass
sectional aredf the initial crosssectionalarea of the test specimen is used for the evaluation of stress, it
is known asengineering stressf the calculations include the chamg@ area at eacimstant of the test,

the stress can be evaluated as the load divided by the cross sectional area at eadinavetaat the

true stress

Strain - is simply a measure of relative deformation of a bddhis deformation can be explainedaas

vector repesenting thalisplacemenbf each point on a deformed matenielative b its initial position



The engineering normal strain which is commonly evaluated in compressioraaste evaluated as

below:

whered is the initial lengthandw ds the change in length of thest specimen

The stresstrain curve shows the elastic and plastic behaviour of the matkrialcompression test, the
curve begins with a regiowhere tt mat er i al foll ows Hookebs pLaw
between the stress and straumtil the material yields at it¥ield point. This is known as e&ic
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 retuits toriginal shape and length if

the applied load is removeMost materiad deformplastically; our interest is in the plastic deformation

of metals Thevarious reasons behind shileformation are known dgformation mechanisms

1.2 Plastic Deformation Mechanisms of Metals

1.2.1 Dislocation Creep

The plastic deformation of metals is usuallgssociated withthe existence of defects known as

A

whi

dislocations A dislocation is eonedimensionalcrystallographic defect in a crystal structuret 6 s wh a't

deviates the structurfom a perfectdefectfree crystal and corresponds to dislocated atoms in the
structure. The atoms can be dislocated in two waadge and screw dislocations

The movement fodislocations through the crystal under stress results in the plastic deformation of the
material. Therefore he plastic behaviour of material depends on the defisitgth of dislocation lines

per volume)and dynamic properties of these dislocatidijs

1.2.2 Grain Boundary Sliding
Grain boundariesre two dimensional defecthat result inthe plastic deformatio of polycrystalline
materialsThey are the interface between two grains in a polycrystalline material.

Grain boundaries limit the movementditlocationsand thereforeeducing the grain size of materials is



a commormethod of strengthening materials; the dislocations will need more energy to change direction
and move between grainshis is known as the Haketch effect which will be discusken detail in

Chapter 5.

1.3 Micro and Nano ScaleMechanical Testing

The study of materials in nano and submicron scale has been the focus of many researchers in recent
years. There are various reasonswhyat er i al 6 s nanoscale properties

are severasourceghat show that materials behave differently in submicron and diamensiong2]. 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 NanoindentationExperiments
Nanoindentatioris a commorand powerful tool for measuring the elastic modulus (E) and hardness (H)
of a material;generally inthis methodathree sided pyramid shapedenter tip known as Berkovich
tip, is indented into a test samplenelE and H values are extracted basethenanalysis of unloading
data obtained from a cycle of loading and unloadiB 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 asaption that the hardness and yield strength are linearly r¢&2gd
Although this method is widely used in determining the hardness of thin films, it has been argued that the
properties of the substrat®d which these thin films are attachexhn affect the resultsf the nane
indentation test$4]. Nix Et al. studied the effect of substrate on the namfentation 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 suchimasthkileups

of the material in response to tip penetmnatiStudies by Pharr and Tsui show an overestimation of film



hardness as much as 68% in the cassofiffilms on hard substratef6] andup to 100% (depending on
penetration) in hard films on soft substrafésdue toafi s u b dnduced terehancement of indentation
pile-u p. 0

Another important concern with the conventional nanoindentation method is the geontbiynahe
indenter tip and the introduction of strain gradieBtsring naneindentation, only amall volume under

the indenter is plastically deformed hence the introduction oclunéfiorm stresses and strains.

N.A. Sakharova et al. studied this efféot 3 common indenter tip geometridBefkovich, 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 alsalatgpen he
geometry of the tip8].

A study on thenanoindentatiorof nanocrystalline Ni with geometrically different indenters showed a
strong dependence of the material hardness on indenter ged®jetiyhe common pyramid shaped
indenter tips create a localizetress concentration at the tip and edge points of contact with the test
surfacewhich results in a neaniform 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 saeate.



1.3.2 Micro-Compression Tests

Uni axi al compression tests o ncompredsionhn d st s al wpr el &

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 nand amcron scale cylindrical pillarof the material to be
testedfollowed by the compression of these pillars using a fiadenter by replacinthe Berkovich tip

with a flat diamond tipwhich distributes a homogeneous strggain throughout the specime-igure

1.1 shows a schematic of commercially available riadentation systems for micimompression tests

and the relative position of the test specim@isThis tool allows the collection of load, displacement,
displacement rate and harmonic contatiffness data at frequent intervals. Using this da&veral
mechanical parameters such as stetsin characteristics and strain rate effects on flow stress can be
extracted.With this method pillars with a finite number of dislocations can be fedted and tested,;
thereby allowing the study of dislocation movement through the pillar volume and also the interactions of
the dislocations with nearby free surfagéls

This method has been used extensively for the stofli@small sukset of singe crystalline metals (i.e.

Ni ([11]-[14], Au ([15]-[20]) , Cu([21]-[24]), Mo ([4],[19],[25]-[29]) and otherg[27], [29-[33]) with

cubic structures with relatively high melting temperatunestly witha homologous temperatures less

than 0.5. With the exception of some experimental work that has been dimkuom[33], therehas

been little focus ometals with low melting temperatures.

1.3.3 Compression TestiSpecimenPreparation
Various methods have beanplemented for preparing the pillars used for the mampression tests.
FIB milling is the most common methpodherethe nano or micron sized pillés milled out of a bulk
crystal using a focused Gin beam. A drawback of this method that has beleinessed in literature is
the potential defects caused by ‘Gaenetration into the pillar through the milling process *(Ga

implantation);however, the value of this penetration is known to be no more than[@6hrBesides Ga



implantation, another disadatage of the FIB techniquand most other techniques, 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 standamhpessiontest. This can be
compared to the aforementioned effects of hard tests specimens on soft substrates during conventional
nancindentation tests. Although attempts have been made to correct for the lateral movement of the pillar
into the substrate arttle plastic deformation of the substrate in the aislgf the stress strain curvése

effect of the possible plastic deformati(when the fabricated pillars are stronger than the substrate they

are attached fais rarely addressed. This can happernmvthe fabricated pillars are initially defect free, or
become dislocation free during the compression process (dislocation annihijadgnYherefore the

bulk substrate, though of the same material, becomes much softer than thetsglfaFinally, 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
photoresist templates patterned by photolithograj@®}. Substrate deflection is minimal in electroplated

pillars which are fabricated on a substnaigch harder than the methht isbeing tested.

Greer et al. compared the strength of FIB milled Ni pillaessuselectroplated pillars and the results
showed that the electroplated pillars were generally stronger on avelagever, despite which meitd

is used for the fabrication of the compression te
value of flow stress in terms of a relationship between the slo@ssand pillar diamete[16]. This size

effect has been seen in all studasFCC nanopillars to date and will be discusgedletail in the

following section
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Figure 1.1: Commercially available Nanoindentatin System for micro compression tests (adapted from [1])



1.3.4 SizeDependant Behaviour of Material
If a structurewith nano scale dimensions 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 wilkiteigfbrm
at very high strengths near theoretical stren§thedependnt mechanical properties of materials have
become a great area of focus for researchers in the past decade.
All studies on singlerystalline FIBfabricated([11]-[33]) and electroplate¢[16],[23]) nanopillars have
shown an inverse relationship betwgedfar diameter’Q and flow stress,(), as illustrated below:

. 90

The parameter is the powedaw exponent. Uchiet al. showedin their workthat most size dependent
strengthening data for nanoscale FCC shugiestalline 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 othis normalization showed that a powaw exponent of ~0.6 was forstudied
FCC metalg2]. However, even though higher strengths have laebrevedn 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 temperdaiiveeNi ([11]-[14], Au ([15]-[20]) ,
Cu ([21H24]), Mo ([4],[19],[25]-[29]) and otherq[27], [29-[33])). Several sound theories l@been
presented to explain this size dependant behaviour of culgjtesrystalline nanostructuresiowever,
there remains a need for the study of other classes of material inscelroPollycrystaline
nanosructures and low melting point metals with low symmetry crystal structuseamong the material
classes that havarely been studiefB3]. Also, properties such as strain rate sensitivity have often
been addresde
In this work the plastic deforrtian of single crystatin, with a body centered tetragonal crystal structure,
rhombohedrapolycrystalline bismuth, nanocrystallineface centered cubic palladium anetragonal
indium single crystal nangillars is presented. Different sizedependant behaviour is seen for each
material based othe pillar diameter Tin andindium single crystals shosimilar results as previously
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studiad single crystals; the pillars get stronger as the pillar size decreadgismath nanopillars, the

pillars begin to get stronger only for pillar sizes less than a certain diameter. Finalpalléatium
nanocrystalline pillars with grain sizes less than 50nm, an inverse size effect is seen. For this material and
pillar structure, a decrease in pillaizes results in an increase in flow stress. Chaptebs p2esent
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 ofSingle Crystal Tin Nanostructures

2.1 Background on SnApplications and M echanicalProperties
Tin, with its low melting temperature, ductility, excellent wetting properties, high electrical conductivity
and high electrical reliabilitf[37]-[39]), is often known as a promising replacement for lead in the
microelectronics industry. It is used fdemental metal and alloy solders for chip packaging.

Since tin and tiralloy structures used in microelectronic solder technology are pénedoad bearing
components, their mechanical properties approaching the nanometer scale are critically important for
product reliability andifetime. Another interesting application of tin is in the area of lithium ion battery
anodes, where nanostrud tinbased anodes are being studied in order to improve charge storage and
anode lifetime[40]. Thorough understandings of nanoscale tin deformation mechanisms are meeded i
order to attain the desired functionality and lifetime of these ssnalk corponents
This studyseeks to achieve two goalsirst, a process is presented for the fabrication of cylindtical
nanopillars.Secondly, hese fabricated pillars are utilized for tivae dependerdgtudy of themechanical
behavioursf tin in micro and nano scal®y uniaxial compressive loadingnicro-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 wilhed the current understanding

in smallscale mechanical properties to the deformation mechanisms governing low melting temperature
nanostructures. The melting temperature of tin is ~°Z3Zorresponding to a homologous temperature

of approximately 0.6n ambient conditions.
At room temper at u-alletrope,taiscnknogix asswhite tina I has a lsody fxentered
tetragonal (BCT) crystal structure with c/a = 0.5486]. Accordingto Yang and Li, there are twelve
possible slip systems in thattrystal and at least six possible for BGT[41].

However tin has shown to have three active slip systems under inderdatioom temperature

pp PP Php pIThp p T p 142

The dimensions of the burger vectors abep pp M@ 1 ppMATp T p Vi XIPRTTp 1t
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@ @ ¢ to b[43). The shear modulus of tin is 17.93 GPa at room temperfd@teLike many other
me t a |l s -tin ekhibitslstraib rate sensitivity where the flow stress varies with the deformation rate.
Strain rate and other time dependent mechabielviours such asreep deformation, of bulkcale tin
have been studied in detail by Shefldyl], Frenkelet al. [45], Weertman and Bree#6], Breen and
Weertman47], Yang and Li[43], Chu and Li[42], Mohamedet al.[48], Raman and Berriche9], and
Mayo and Nix[50]. They observed that the relationshigtween the creep deformation rate and stress
» can be described by a simple relationship:

-0,
Althoughtin has been extensively studiand characterized in bulk scale, and its mechanical properties
have been well documented,date there are no investigations on the setlle deformatiobehaviours
of tin nanostructures. Nearly all studielsmaterial in nanoscaleeveal that metalsyhen reduced to the
nanoscale, exhibit remarkably different mechanibahaviour as compared to that in bulf18]

demonstratinghe 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 thischapter the small scale plastic deformationtiof nanopillars were studied by uniaxial compression
tests on vertically aligned, individuglisolated nanopillars fabricated by electroplating technigass.
stated inChapter 1, thelectroplatingmethodwas chosen as a replacement for the FIB methods used in
previous works to eliminate surface damage effegtéch often associated with nanopillar fabrication

techniques.

Figure 21 showsthe integration scheme used to produce tin nanopillars. The fidmicaethod 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 ceal with a 20 nnthick titanium adhesion layer and a 100-thiitk 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 C8@or
approximately 15 minutes to cure the PMMA. An araiyholes with various diameters was patterned in

the PMMA resist by exposur@ising a Leica EBPG 5000+ electron beam lithography system operating
with an acceleration voltage of 100 kV. The pattdriMMA layer was developed in 1:3 solution of
methylisobutylketone and isopropyl alcohol (IPA) for ~ 60 seconds followedlfivg second rinse with

IPA. The resulting feature size after PMMA development was lafl&® to 920 nm in diameter. Before
electoplating the silicon wafer was diced into square 1°ahips with the patterned PMMA resist

template in the chip center.

12
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Tin electroplating was performed under alternating current conditions using a paraleletirode
configuration. The tin plating solution was madehuse and consisted of 22 g/L tin(ll) sulfate (95.5%,

Alfa Aesar) and 75 g/L sulfuric acid. About 20Qraf the prepared solisn 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®fdrémsal)

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 sodution 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 thedatisde an
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
homogendy. 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 homogemEmosition. 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 membrangsl].

Using the above conditiona yield of 100% was achieved for different sample sizes and the final chips
consisted of 15625 pillars |l ocated in a 125x125 s
Among these samples, several pillars were investigated using a scanontrgnet@croscope and pillars

with a uniform cylindrical structure and a diameter to height aspect ratio -8f w&re selected and

mapped for uniaxial compression tests. Based on simulation results by H. Zhang, this aspect ratio of two

14



does not exhibit stes 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 be[@\v Zhe samples

were annealed at room temperature for a period of 2 weeks@iGompression.

The silicon chips with the pillar arrays were then mounted onto a flat stub using a laBdaequer was

used in order to ensure that there is no lateral movement of the sample during the compression test and
also to ensure the aligremt 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 alighthenpillar and indenter (i.e.

the angle between the flat end surface normal of the indenter and the pill§bjaxis)

2.2.2 Microstructural Characterization Using Synchrotron X -ray Microdiffraction
The microstructure of a®bricated and uniaxiallgompressed 920 nm diameter tin nanopillars was
characterized by the €SXRD technique at the Beaml
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 lowmelting temperature metals to high energy electron beams can result in localized joule
heating. This may lead to the activation of thelynaksisted processes like dislocation climb, defect
annihilations, and grain growth. The unique capability of this techniq@el@sal nanoplasticity probe
stems from the continuous range of wavelengths in a whitg/eam.
This allows Bragg's law toebsatisfied 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 aenais technique can be used
to determine the density of GNIPSZ]. This has proven to be useful in the study of length scale effects
involving uniaxially compressed submicron pillars of sirgfhestalline gold[53], nanoindented bulk
copper single cryats[54], low melting temperature electroplated indium nanopil[8&,and nanoscale

Cu/Nb singlecrystalline multilayer material§55]. The symmetric broadening of the Laue diffraction
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peaks, in the mean time, is useful to provide an indication of ldwveeof statistically stored dislocations
(SSDs)[56].

Samples were mounted on a precision XY Huber st at
collected using a MAR133 -Xay chargecoupled device (CCD) detector and analyzed using the XMAS

softwae package[52]. Once the array of pillars was located using the synchrotrerayX
microfluorescence scanning, fine diffraction scanning was performed on the nanopillars of interest. The
results from the Laue diffraction peak provide microstructural infdonaof 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 theplasticity 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 wittuatommaded i amond 8em x 8em f |
indenter tip. All pillar sizes were compressed uniaxially, at 3 different nominal engineering strain rates:
0.01 &', 0.001 &, 0.0001 8. 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 22 shows an SEM image of an array of the fabricated tin nanopillars with a diameter of ~920nm.
This figure demonstrasethe highproductionyield of these nanopillarsabricated 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 inspectadsidihng

Each pillar was dimensied after being imagewith a scanning electron microscopégure 23 (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 thdeastmctive

e SXRD Laue diffraction technique. Smal |l er nanopi
diffracted Xray signals. Close up views of the (406) and (624) diffoa peaks taken from a Laue
diffraction pattern obtained from a singlefabricated tin nanopillar are shown in Figug4 (a) and (b)
respectively. For this tin nanopillar, only one unique Laue diffraction pattern (not shown) belonging to a
body-centeed tetragonal (BCT) crystal was identified for the entire nanopillar volume. This indicates that
the tin structures produced for this work is likely singhgstalline. However, another possibility is that

the specimen consists of a very large grain whicbupies the majority of the nanopillar volume and
remaining grains are too small to diffract enough incidemaysignals for detection. In either case, it is
clear that the mechanical response of such a small specimen would be dominated by dialdosties

in the single large tin crystal. From the Laue diffraction pattern, the tin nanopillar was indexieddys
centered tetragonal (BCT) tin with nanopillar axis oriented almost along the <110> crystal direction. It is
important to note that onlg very small fraction of fabricated nanopillars were investigated by the

e SXRD techniqgue, thus t2aoesnotankcygssgrapplypgorthe smsemblead i n F
nanopillars. However, the results shown in Fig@ré are a good indication # it is likely the

electroplating parameters employtadtproduce tin nanopillars consisting of large grains.
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The two epresentative peaks in Figured @a) and (b) are diffuse in nature, which is consistent with the

small nanopillar dimensions. The geetry 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 anadyaed the intensity traces at

a particular direction and aabda).Jhetintersity prdfileaweres , as
fitted with Lorentzian cwres as shown in Figure.2 (b). The fullwidth halfmaximum (FWHM)
measurement shows a pelkoadening 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.ezeranintial dislocation density.

2.3.1 Fabrication of Pillars

Figures2.6 (a)i (c) shows the representative engineering dtetssin 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 engistain rate of ~ 0.00tk The

stressi 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

crystallggraphic 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 asfabricated tin nanopillars with diameters of (a) 920, (b) 590 nm, (¢) 335 nm, (d) 130 nm, and
(e) 70 nm. All SEM images taken at a 700 stage tilt
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Figure 2.4: Representative quantitative uSXRD analysis of an uncompressed ~ 920 nm dieter tin nanopillar. (a) SEM
image of the tin nanopillar and (b) Laue diffraction pattern generated throughout the nanopillar volumgc) (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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2.3.2 PostCompressionPillar Analysis

To further understand how smabltale 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 ~ 0.001ase shown in Figure.7, 2.8, and2.9, respectively.

These figures show two distinct plastic flow featuresrystallographic shear offets 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 songtalline metallic nanopillar§11]-[20], [27]-

[33]). Another deformation characteristic that can be found in FigArégo 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 compensateatdryal extrusions from the
nanopillar sidewalls. The material extrusion type of deformation in tin nanopillars is not unexpected. At
high homologous temperatures, a large numberslip 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 thecpogpression 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 postcompression SEM images of ~ 350 nm diameter tin nanopillars.

27



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 Figur@.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 sengitithe 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
strainrate sensitivity, the average flow stress values of 560 nm and 920 nm diameter nanopillars are
plotted in Figure2.10 (b), where the error bars correspond to one standard deviation. EZi0réo)
shows a noticeable increase in 920 nm diameter tin ndarogitength from ~ 46 to 112 MPa when the
strain rate increases from 0.0001 $0 0.01 sl. Similarly, for the 560 nm diameter tin nanopillars, the
datashows an increase from ~ 61 to 96 MPa for the same increase in strain rate.
The general relationshipetween the uniaxial strain rate and creep stress has been well documented and is
displayed in Eq.4.1). To compare the tin nanopillar strain rate sensitivity with the bulk samples from the
previous studies, the data from Fig@&0 (b) were fitted withEq. 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 singteystal 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 singtgstal tin nanostructures is similar to bulk.
Figure 2.11 shows the tin nanopillar engineering flow stress resultsuned 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 stadard 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 nanopillarghéxdn 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 the nanopillar cannot account for the increase in stréogimall tin nanopillars.
Similar sizedependent 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 smalkcale mechanical properties of metals, it was illustrated that gsingl&alline metallic
nanopillar specimens which exhibit yield strength size effects fallowmpirical powelaw relationship
between the strength of the samplg &nd the nanopillar diametéd):

, 80 ¢§
The parametér is the powellaw exponent. In their work, Uchiget al. showed that most sizéependent
strengthening data for nanoscale FCC shugjestalline 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 normalizain showed that a powdaw exponent of ~ 0.6 was seen for
most FCC metalsRecently, the smalicale mechanical properties of body centered cubic (BCC) metals
have also been explored in uniaxial compression and tefdiBR[19],[26],[31],[28]-[29],[57]). It is
interesting to note that the deformation characteristics and size effects observed fecrgstgléne
BCC nanopillars deviate from FCC specimens for reasons attributed to crystal stfi@rgs7]). For
example, Kimet al. [27] showed thaBCC tungsten, molybdenum, tantalum, and niobium have size
effect power law exponents €9.44,-0.44,-0.43, and-0.93 respectively, and Haat al. showed BCC
vanadium has a size effect power law exponent§.GB[32]. These values are quite differermrir the
FCC results summarized by Uchet al[2]. To compare the size dependence of BCT tin structure with
the FCC and BCC specimens, flow stress data from Figure were fitted with Eq.24.2) and an
exponent value 0f0.572 +f 0.114 was obtained, a va very close to the FCC power exponent(of
observed by Uchic but not the BCC values. This suggests that even though tin has a different crystal
structure (BCT verss FCC) the smalkcale mechanical properties BET tin may operate by a similar
sizedependent 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 ~ 282 During deformation in ambient conditions, a greater
number of slip systems are thermally activatedhatalswith low melting temperatures. According to a
recent review on tin deformation mechanisms by Yang arjd1]j 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, Nagasak§b8] report that the CRSS of the tin (100)[010] slip system decreases nearly
exponentially in the temperature range of 200 K to 320with the CRSS values reduced from
approximately 0.7 MPa to 0.2 MPa. The CRSS values for other tin slip systems, such @s pip&

¢ p p psystem, also exhibits near exponential temperature sensitivity. It requires roughly 4.6 MPa to
shear this plane andrdction at 200 K, but only 1 MPa near 320 K. The significant reduction of the
CRSS values at room temperatuimeconjunction with thelarge 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 dethifespection of a BCT tin unit cell reveals that it

has a close resemblance of a FCC diamond stru@feln 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 differerttiacefmre,

a BCT tin unit cell contains four atoms with each atom having four neaegghboursand can be
interpreted as a distorted diamond cubic strudib®e Therefore, the similarity between the strength size

effect in BCT tin and FCC metals at thenoscale is not unreasonable.
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Figure 2.10: (a)Log i log plot of engineering flow stress measured at ~5% strain as a function of engineering strain rate for
tin nanopillars tested in this work.
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2.3.4 & S X RIudy of Deformed Tin Nanopillars
To understand the tin nanopillar deformati on mec
used to characterize their microstructures and dislocation density after deformation. EiRifes and
(b) show SEM micrographs of a tin nanopillar befarel after compression to approximately 22.0 %
engineering strain respectively. The strain rate used to compress this specimen was ~'.0.001 s
Crystallographic shear offets and lateral surface wrinkling/extrusion are both observed ipodte
compresin SEM image. This is consistent with the deformation mechanisms observations in Figures
2.7, 28, and2.9. The stredsstrain data collected from uniaxial compression of this tin nanopillar is
plotted in Figure2.12 (c). The stress strain behavior inclues similar strain bursts to those illustrated
previously in Figure2.6. It is important to note that this particular pillar was only characterized by
e SXRD after the compressi on t e dsfabricated stateThe UISXRDnat i o n

analysis of the deformed tin nanopillar again identified only one unique-bentered tetragonal (BCT)

Laue diffraction pattern for the entire nanopillar volume, indicating the compressed nanopillar is single
crystalline. The Laue diffraction pattern indicatdhe compressed tin nanopillar is BCT with the plane
normal to the vertical axis of the pillar close to the tin (204) pl@n®. individual Laue diffraction spots

of (204) and (105) were extracted from this pattern and plotted in Figur24a) 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 similarttee asfabricated tin nanopillar shown in Figuge4 (a) and (b).
Qualitative analysis of the (204) Laue diffraction peak in Figut8 @) were also conducted along the
intensity traces at a particularand al ong the 2d axi s. This profile
shown in Figure2.13 (c). The FWHM value of this peak broadening is approximately 0.458° for the
compressed tin nanopillar. When compared with the peak broadening betwiednicaded and post
compression spots shown in Figu$3(b) and2.13 (c), the results show that there is an angular width

di fference of ~ 0.019A. Thi s variati on i s within
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technique. The angular resolution ireth ¢ SXRD experi ment s -couledldevive t e d
(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 erystal siz
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 Laukffraction results discussed here suggest that the defect
density in this tin nanopillar after compression is very similar to tHatagated tin nanopillar described

in Figure 4. This may indicate that the nucleation and multiplication rates of digtecaluring 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 repted earlier by Budiman et dI53] in an exsitu study of singlerystalline

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 shawfa)
and (b) respectively, with the correspondingengineering stress strain curve displayed in (c).
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2.4 Conclusions and Recommendations

In this chapter, the fabrication and integrattenhniques 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 showiedt tin nanopillars have asize effect simir to all other

single crystal FCC metals that are stddimder micrecompression. Finally, aneshe st ructi ve & S)
microstructural characterization on a compressed pillar showed no drastic increase in dislocations. This
suggests that the dislocati@mnihilation at the surface of the pillar dominates the rate of dislocation

generation or multiplicatiowithin 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. Thiald be attributed to the different deformation mechanisms during compression
and different initial pillar micrestructures (e.g. dislocation densities). Mistauctural characterization of

all these pillars before and after compression tests would mesalinore thorough understanding of the

plastic deformation of this materiia nanoscale
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Chapter 3: Polycrystalline Bismuth Nanostructures

3.1 Background on Bi applications andM echanicalProperties

In this chapter, the mechanical properties of dical bismuth pillars with nanoscal@giameters and
polycrystalline microstructures are presented.

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

Bismuthis 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
microstructurgd63]. Therefore, knowledge of nanoscale bismuth deformation characteristics will play an
important role in the future design of reliable bismhb#sed leadree solders and nanoelectronic devices.
Bismuth has a rhombohedra crystal structure and its space grdapsigied as B m with a = 4.736 A,

and U1 4464 5The shear modulus of this material is approximately 12.8[6®aln 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 siagistals cleave under uniaxial tensile stress
along pp @ i p p crystallographic plane§66]. The bulkscale mechanical properties of bismuth
specimens have been previously characterized irxiahi@ompressior([67]-[68]). Das and Bevef67]
preformed compression tests on polycrystalline bismuth columns 9.5 mm long by 5 mm in diameter at
strain rates of 2.2 x 10s?, 2.2 x 10°s*, and 2.2 x 18 s*. These specimens contain grains wittr@ss
sectional area of approximately 0.35 fmper 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 resfriten polycrystalline metals have demonstrated that a

general relationship exists between the strain ra}e(d creep stress)

- v, oP

where K is a material constant that depends on diffusivity and elastic m¢@gjlushe degree dftrain

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 Bévgrfor various strain rates with Eq3.1), the

bulk polycrystalline bismuth stresxponent in ambient conditions was determined to have a value of
9.88.0take et al[68] evaluated the mechanical behaviors of bulk bismuth sitrgtgals under uniaxial
compression. These samples were deformed with strain rates of 8:5¢ 40d 8.5x 10 s*. They
measured the critically resolved shear stress (CRSS) of bismuth-cipsfials along two slip systems,

p P pPPTT and TT TT ppPTT, over the temperature range of 77 to 538 K. Thep ppptt system is the

primary slip system of bismuth atam 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 tempegaturd e f i ned by [30 Algpeertidss t heo
critical temperature, the strength of singlgstalline bismuth does not exhibit deformation rate
sensitivity. For the slip system® p popmt and Tt 1T pppPTT, 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 parametdexted for this work generate a
polycrystalline bismuth deposit with a wide distr
Given the overlap between this distribution and the range of nanopillar diameters fabricated, the influence
of feature ste 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 boundariesaithismuth nanopilladecreases as

the nanopillar diameter decreas€@onsequently, larger bismuth nanopillars produced in this work are
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completely polycrystalline in nature, while the smaller nanopillars have microstructures approaching a
singlecrystalline state. Uniaxial compression results show that large bismuth nanopillars exhibit strain
rate sensitivies and flow stressethat closely matches bulk polycrystalline bismuttdnopillars[67]. On

the otherhand, smaller bismuth nanopikaare significantly less sensitive to the deformation rate, a
mechanicalbehavior characteristic of bulk bismuth singlystals[68], yet displayremarkably high

strengths.
3.2 Experimental M ethods

3.2.1 Pillar Fabrication
Similar to thetin nanostructurejismuthnanopillars were fabricated with an electron beam lithography
and electroplating methahown in Figure.1. Prepared nanopillars with diameters ranging from 130 nm
to 1100 nm were subsequently characterized by uniaxial compression in a nanoindemted ovitfi a
flat diamond tip. The strain rate sensitivity of these bismuth nanostructures was investigated by
performing compressions at three different deformation ratéss1a0°%s?, and 10 s-1.
Prior to bismuth electroplating, the patternedN®Mcoated substrates underwent a 15 second O2 plasma
descum process using a reactive ion et¢ReE) systemat the Center for Integrated RF Engineering
(CIRFE) lab at the University of Waten. The RIEoperated at room temperatungth a chamber
pressureof 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. HowéeeQ2 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 mechaperéiep of
bismuth nanopillarThe prepared wafer was diced into square 1 x 4ctips 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

electroplaing 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 (BiCI3, 98 % purity, Alfa Aesar). This solution was pmegiaone hour prior to use and was
maintained at 4 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% puwritAlfa 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 sidadirates 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 ded substrate, a blank 1 Eigold/titanium coated silicon wafer

chip, and the gold clips was maintained at approximately 3% Eor the electroplating process, a
constant current density value of 7.5 mAfawas maintained. The target aspect ratio (héiggmmeter)

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 eeatpre 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 usimgsim nanoindenter
(Nanomechanicdnc, Knoxville, TN, USA) equipped with a custom diamond flat punch tip with a
di ameter of 8 em. To investigate the strain rate
target deformation rates were used? ¥9, 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-fabasated bismuth nampillars with
diameters ranging from 130 to 1100 nm are shown in Figulg®) - (e). Figure3.1(a) reveals an image

of an 1100 nm diameter specimen which clearly shows the polycrystalline nature of the electrodeposited
bismuth. The grain boundaries angible, 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 di ameter (i .e. near EMimages)of.tenThe av
different 1100 nm diameter specimens was 280.%53/7 nm. Figure3.1 (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 includiedthis specimen is less than the nanopillar shown in Figure

(a) 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 smaodtstragsd in
Figure3.1(c)i (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 ging the focused ion beam (FIB) milling metHdd]. The thinned bismuth
nanopillar foils were thetransferredo a TEM lift-out grid via Omniprobe nanomanipulator. FiguBe3

(a) and 2 (b) reveal the bright field and dark field TEM images of a esestioned bismuth nanopillar

with diameter of 1100 nm. The grain boundaries were highlighted in F3g2(b) and show a large size

di stribution from roughly 100 nm to near 1 &m. T
electroplated bismuth and also show that the naonpillar is dense without a significant amount of porosity.
A few nanometer scalpores 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 nanopiliarostructure is well annealed with very few

defects.
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Figure 3.1 SEM images of adabricated bismuth nanopillars with diameters of (2)1100 nm,(b) 840 nm,(c) 540 nm,(d)
230 nm, and(e) 130 nm. All SEM images taken at a 7Ustage 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 StressStrain Rlationships and Size Effects
Figure3.3 (a) to (e) shows representative engineering siregin curves generated from the uniaxial
compression of bismuth nanopillars with diameters of 1100, 840, 540, 230, and 130 nm, respalitively.
of these results were collected at a medium deformatitm of 10° s*. The figures reveal that for
bismuth nanopillars with 1100 nm and 840 nm diameters, the $tetsmin curves are generally smooth
and display some strain hardening and softening behaviors. As the nanopillar diameter is reduced, the
stres 1 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 higresolution SEM afteuniaxial compression experiments. FiguBg (a) to (e)
display representative SEM images of deformed bismuth nanopillars with diameters of 182 mm,
540 nm, 230 nm, and 130 nm respectively. For the compressed 1100 nm diameter nanopillar3.Bigures
(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 Fig®d (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
other 1100 nm diameter nanopillars are illustrated in Fi@uédf). Again, plastic strain i€arried by
grain boundary activities, which are clearly visible in these deformed specimens. F@(b¥ shows a
smaller bismuth nanopillar with diametafr 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 exhibitedtedisc
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 linese readily visible, as observed in Figudel (c). In

contrast to the larger nanopillars, posmpression 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 thenanopillar surfaces. This suggests that a transition from grain boundary mediated deformation to
dislocation glide as the dominant deformatimechanisms has occurred. Further examples to illustrate
this transition are shown in FiguBe4 (g). Evidence of deformation dominated by dislocation glide is also
observed in 230 nm and 130 nm diameter bismuth nanopillars, as illustrated in Biguidsand (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 dispgyed in Figure3.4 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 disloggittn as revealed by the
presence of crystallographic slip lines and without obvious evidence of grain boundary mediated
deformation. The crystallographic slip lines observed in Figutég) are very similar to those ubiquitous

with the deformation of viually all other singleerystalline metals studied at the nanosdfld]-[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.gframarge 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 steebetween the grain boundaries. As the feature size is reduced, while the
grain sizedistribution remains the same, the total number of included grains decreases, as well as the
grain boundary area to volume ratio. Eventually, when the nanopillar diaapgisraches 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 singlecrystas.
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The engineering flow stresses measured at 5.0 % engineering strain for all bismuth nanopillars
succesfully compressed in this work are plotted as a function of strain rate in Bduféigures3.5 (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 retlegtishese 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 Rdrife), is nearly irsensitive to stiia

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 postompression SEM analysi$he 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 Figure3.5(d), it is clear that the strain rate sensitivity is virtually #eoistentand the average
strengths are now much greater than the larger nanopillars. Bigue 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 sizelependent strairate effect described above, the average engineering flow stresses
from Figure3.5are replotted in Figure3.6 (a) and fitted with Eq.3.1). The error bars shown in this plot
correspond to one standard deviatibhe stress exponesextracted fron the flow stresshow 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 opertuasg itwo
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 [B&awhich is also plotted

in Figure3.6 (a). These polygstalline bismuth rods were tested in uniaxial compression yield a stress
exponent of 9.88 whethe data is fitted with Eq.3(1) andbulk polycrystalline bismuth results match

closely with those of 1100 nm and 840 nm diameter nanopillars.
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Figure 3.4 Postcompression SEM images of (a) 1100 nm, (b) 840 nm, (¢) 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 3.4 Postcompression SEM images of (a) 1100 nm, (b) 840 nm, (c) 540 nm, (d) 230nm, and (e) 13@iameter
bismuth nanopillars. Additional post-compression SEM images of (f) 17100 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 700 stage tilt.
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Figure 3.4 Postcompression 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 nmadieter 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 700 stage tilt.
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Figure 3.4 Postcompression SEM images of (a) 110@m, (b) 840 nm, (c) 540 nm, (d) 230nm, and (e) 130 nm diameter
bismuth nanopillars. Additional post-compression SEM images of (f) 17100 nm and (g) 540 nm diameter specimens to
illustrate the transition in deformation mechanism from grain boundary mediated éformation to deformation dominated
by dislocation glide. All SEM images taken at a 700 stage tilt.
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Figure 3.4 Postcompression 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 700 stage tilt.
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Figure 3.4 Postcompression 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) 17100 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 700 stage tilt.
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Figure 3.4: Postcompression SEM images of (a) 1100 nm, (b) 840 nm, (c) 540 nm, (d) 230nm, apd.8® 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 700 stage tilt.
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(a) 1100 nm, (b) 840 nm, (c) 540 nm, (d) 230nm, and (e) 130 nm diameiesmuth nanopillars. The average flow stress
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The stress expamts 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 abswaglh 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 singlecrystals was also obseidy Otakeet al. [68]. Their results showed that the CRSS of
bismuth primary slip systemp p pp p 7S insensitive to the deformation rate at temperatures greater than

~ 300 K. Hence, the results of the strain rate analysis suggest that the 540 nm aumal @&abneter

bismuth nanopillars deform by a similar mechanism as bulk bismuth singals. The previous
postcompression SEM analysis demonstrated that reducing the bismuth nanopillar size from 840 nm to
540 nm in diameter was accompanied by a tramsitiom 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 graia to featur
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 grairubhdary mediated deformation on strain rate sensitivity were

also observed in other metals. Mayo and Nig] 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 sizedependent deformation mechanism in bismuth nanopillars observed here highlights the
importarce 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 necigshe result of dislocation dynamics.
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Interplay between grain size and feature $ize. a grain size effedt may also contribute to the change

in the mechanical response during compression tests. This is particularly important for specimens with
polycrystalline or nanocrystalline microstructures. Fig@ré (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 strehg/hich are comparable to each other and only
slightly greater than the bulk polycrystalline val&g]. In the case of 540 nm diameter nanopillars, the
average flow stresses are slightly greater than the larger specimens. There are two possiblemxplanat
for this observed increase in mechangtaéngth. Firstly, reduced sidewall roughness in 540 nm bismuth
nanopillars significantly eliminates the presence of stress concentrators which can weaken the nanopillar.
Figures3.1 (a) and3.1 (b) clearly sha 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 structurall&onamopillars

with diameter of 540 nm, Figur@.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 stolikely 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 assuaieirththe case of deformation dominated by
dislocation glide, the effect of nanopillar surfaces will yield a similar-sifect as seen in the
compression of singlerystalline metallic nanopillars (i.e. smaller is strondgt)l]-[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 diamater smaller exists like in virtually all other
studies of singlerystalline cubic metals at the nanoscale. As shown in chapterd recent review by

Uchic et al.[2] on the nanoscale mechanical properties of metals, it was illustratesirthlacrystalline

metallic nanopillars which exhibit yield strength size effects follow an empirical plewerelationship
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between the strength of the samplg &nd the nanopillar diametdd):
” e 'O

(3.2

where the parameter is the powetaw exporent. In their work, Uchicet al. showed that most size

dependenstrengthening data for nanoscale face centered cubic (FCC)-siggtalline metals (i.e. Ni,

Au, Cu, and Al) could be collapsed onto a single line by plotting the normalized resolveeféhetare

stress versus pillar diameter and thasult of this normalizatiogieldeda powerlaw exponent 0f0.6. 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 powelaw exponent value 0f0.851 was obtained, as

shown in Figure3.5(c).

3.4 Conclusions

Compared to the studies in chapteor2tin 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. Bismutleadiwo types of size

effect. First dudo a reduction in the number of grains (i.e. lower grain boundary area to pillar vplume)
and therefore a change in the dominant deformation mechanisms from grain boundary sliding to
dislocation processes within aagm, the larger pillar size§1100nm and 840nmyere lower in strength

thanthe 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 similathat seenn singlecrystalsmediated by
dislocation processeand therefore shownather size effect where the pillar strength increases as a

function of pillars size due tdglocation processes mostly attributedlisiocation starvation.
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Chapter 4: Nano-crystalline Palladium

4.1 Background onNanocrystalline M etals andPd Applications
Palladium is thdeast dense antbwest melting temperature metal among phatinum group metals
(PGMs). It has an FCC crystal structwith a high melting temperature of 1828.05 K.
In macro scale, with a great increase irfate area, palladium is used as a sensor to monitor hydrogen at
very low concentrations by adsorptipfg].
With a similar density to that of Silver and becaus@gfght weight,palladium is also used extensively
as ajewellery metal[74]. In the electronic industry, palladium is a cheamgriacement of gold for the
electro plating of the electronic componejitd]. Palladium and palladium based alloys are kmowbe
used for dental crowns and bridges in dentigtd}. Finally, due to & 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 fabation methods presented in previous chapters, nanabiys palladium
nanopillars were fabricated and characterized. A nanocrystalline material is a material with an average
grain size of less than 100nfW6]. TEM images show average grain sizg 20nm or lessfor 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 motiondwaditions. By decreasing the grain size,
thenumber 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 aewotihis results in a great strengthening effact
nanocrystalline materials compared to their bulk counterpahis. Hall Petch effect is a well known
relation between the yield stregs and grain sizéQ of a material based on this concept:

0

Q
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where, and’Q are material specific constants. Based on this relation, materials should become stronger
as the grain diameters decreaddowever, several studies of nanocrystalline materials with grain sizes
smaller than 100nm have showm riot follow this relation. At nanoscale, smaller grain sizes seem to
results in a decrease in the strength ofitlagerials and this is known as the Inverse Hall Petch effect. So
there exists a critical grain size after which the Hall petch effect muktrt, and the strength of the
material will stay constant @vendecrease.

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 theoreti@ld experimental studies of nanocrystalline material in bulk .ddalgever,

when it comes to the deformation of material with nanoscale dimensiomehlgiour of material has
shown to be differeniNanopillars are surface dominated structures ane mpaf a limited of number
grains,with limited sources for plasticityTherefore their deformation behaviour is expected to differ
from that of bulk nanocrystalline material. Although there has laeesist amount of researon single
crystal nanopillar deformation, there has been very tigerimentawork done on the deformation of
polycrystalline nanopillatswith only somestudieson Ni and Cu([77]-[78]). This is merely due to the
difficulty in the preparation of bulkanocrystalline materiatzreer et al. studied the defieation 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 szt differs from the previously
presented size dependant strengthening of single crystal and polycrystalline invdtiaisg the ones
presented in chaper 2 ang[B1]-[20], [78]).

Properties obulk scalepalladium nanocrystals prepared using other pugtsuch siphysical vacuum
deposition methofl79] andinert gas condensatidB80], have been studies howewbere is no literature

on the fabrication, or the study of mechanical behaviour of nanocrystalline palladium atnelanacro
scaleusing this method

The deformation mechanisms of nanocrystalline metaisluding Pdare mostly limited to MD
simulations([81]-[83]); there is not muclexperimental work done otine plastic deformation of these
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metals.Due to thenanasized near perféarystals, the operation of dislocation sources is very limited
andtherefore other deformation mechanism are expeoteduse the plastic deformation of these metals.

It is believed that the grain boundary structures of nanocrystalline metals ardis@deredthereby
requiring high energies for distation movement between grains

The studies of Birringer on thedastic properties of nanocrystalline palladium and copper found that these
metals yield at stresses-18 timesthanthose in coarsgraired annead 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[Sidles

Grain boundary diffusion reep isalso known to be adominant mechanism in the deformation of
nanocrystalline material®ased on a review by D. Wolf, seems to be accepted in the literature that the
deformation in nanocrystalline material is dominated by dislocation procestesa gprain grain size. In

the literature, at argin 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 wheresathe grains get smaller, the material yield strength and flow stresses def&®ase.

mentioned previouslyhe inverse HalPetch effect is a term associated with this size effect.

4.2 Experimental M ethods

Palladium nanopillars were prepared using the same electron beam lithography and electroplating
techniques mentioned in previous chapters. A palladium electrolyte purchasékefrbnologywithout

Limits Inc.was used to deposianocrystallingralladiuminto the patterned PMMA resist template.

This solution was maintained 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 titarum metal rodvas used as a soluble anode. The total cathode area, which included the
patterned PMMA coated substraé@da blank 1 cm?2 gold/titanium coated silicon wafer clips kept at

1 cnt. For the electroplating process, a constant current desitg 0f18 mA/cm2 was maintained. The

target aspect ratio (height/diameter) \8alsand the deposition time was adjusted according to the desired
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nanopillar height. After electroplating, the PMMA resist was removed with ac&tbreedifferent
palladiumcylindrical structures with average diameters of approxima#dynin, 20 nm, 50 nmwere
successfully fabricated. The uniaxial compression tegtaltZfdiumnanopillars were performed using an
in-situ nanoindenter (Nanomechanics Inc, Knoxville, TN, U&4)ipped with a custom diamond flat
punch ti p wi t hsindlartbitha nmethbds mentmmhed i previehsptersTo investigate
the strain rate sensitivignd the possible size effects of these fabricated pillars, each pillar size was

compresed 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. Figutshows SEMinages of the fabricated nanopillars
with diameters ~490nm, ~220nm and ~125ime average height to diameter ratd the pillars studied
for compressionverekept under 3 to avoid buckling. Buckling seemed to be a more apparent issue in the
micro-compresion of highstrength 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 pillarsDetails of this study are presented in chafter

The microstructure of a 500 nm diamepailadium nanopillar was also characterized using transmission
electron microscopy (TEMAnN individual palladium nanopillar was sectioned and polished by using the
focused ion beam (FIB) milling methdgdl]. The thinnedpalladiumnanopillar foil was thentransferred

to a TEM lift-out grid viaan anniprobe nanomanipulator. Figuré2 (a)(b) reveal the bright field and
dark field TEM images of a crosectionedalladiumnanopillar witha diameter o600nm. As it can be
seenn figure 4.2(b), only a few number ofjrain boundariesan be identifiedased on this TEM study
however hese images confirm the polycrystalline nature of the electroglatiedlium and show the few

identified grains are of nanometgze 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 siaed are nanocrystallinélowever, more TH studies need to be done to
confirm this

Compared to the single crystal pillavéhere the pillar top forms based on the crystal structiuee,

palladium nanocrystalline pillars grow in a uniform manner with flat top surfaces. This makes them
suitable 6br microcompression tedty minimizing the noruniform stress distributions during the initial

contact of the pillar and the nanoindenter.

4.3.2 StressStrain Relationships
Theengineering stresgersushe engineering strairesults werextracted fronthe loaddisplacement
outputs of the indenter. Figude3shows 3 representative curviesm the compression of 500 nm
palladium nanopillars with an average height to diameter ratio oS2¥eral pillars were compressed
and the attaineflow stress a8% strain was extracted for each pillBy. an analysis of post compression
SEM images, pillars that had buckled during the a@sgion tests were eliminated from the restlte
averagevalue ofthe flow stress at 8% strain for tthé remaining good datpointscompressed at a strain

rate of 0.001 Swast p8oX T® p GPashowing the reproducibility of the data

In bulk, the strengthof nanocrystalline metals are expected torfehhigherthan that of polycrystalline
metals with coarse graifimsed on the Hall Petch effect. As seen from a representativesttedscurve

for the 500nm nanopillars, these pillars attain a strength of alpsstx 1@ p which is much higher

than any value seen in the literatugarly studies by Nieman et. ashowed a yield strength ~7 times
greater for bulk nanocrystalline Pd themealed coarse grained Whlich has a tensile yield strength of
~40 Mpa([84]-[85]). Sanderalsostudied the tensile properties of nanocrystalline palladium and was
able to reach gield strength 1615 times larger than theourse grained palladiurfor bulk scale
nanocrystalline palladium with grain sizes from2I@Mnm, the tensile stress at 0.2% strain was reported
to be 250 MP&84]. Although this attained value is much higher, in another study, Sanders argues that

these values adill lower than the expectadlues and are nabmpatiblewith the extrapolation of
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coarsegrain HallPetch data to the nanocrystalline regi8enders 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 specimf8@]. 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 femanosized pillars.
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Figure 4.1 SEM images of adabricated palladium nanopillars with diameters of (a)120,(b) 240 nm,(c) 540 nm. All
SEM images taken at a 7Dstage tilt
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Figure 4.2 (a) TEM dark field image of the full length of a ~520 nm lladium nanopillars along with diffractoin pattern.
(b) Dark field high magnification image of a section of the palladium nanopillar (c) Dark field lgh 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 p#ladium 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 ebesteeen the flow stress X and the strain rate

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

- 0!1

where K is a material constant that depends on diffusivity and elastic mg@@juard ¢ is the stress
exponent. The value af for single crystal material wasimilar to the stress exponent in bulk scale
deformation in the case of Sn and In single crystals (refer to chapters 2 afar 6anocrystalline
material inbulk scale,based on simlations ([87]-[89]) and some experimental workthe strainrate
sensitivity of the stresst  pA€ is expected to be much highbantheir coarse graiad counterparts

Wei et al. studied the role of grain boundary sliding and diffusion in the control of strain rate sensitivity of
nanocrystalline materiaf®or variousgrain sizeq90]. Their study shows that this increase in strain rate
sensitivity isalso a function oftsain rate and isnly true for lower strain rates (<@ in the case of nc

Cu). Their results show that for a fixed grain size for nanocrystalline Cu, the strain rate sensitivity
increasesapidly for strain rates less than 16 due to primarily GBitfusion and sliding deformation
mechanisms. For strain rates between-@88eand 10€l/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 showhat at strain rates above 1Pd s , the primary dislocation

controll ed pl as twheretheyefarnatiogis siraimratd insdngtive. or s 0

Due to limitations in the load controlled nanoindenter tool that was fosdtie compression tests, we
were not able to study the deformation of B®nmPd nanopillars at strain rates lower thai-Bls. For
the 3 strain rates higher thanELB, the results shown ifigure 4.4 indicate that theflow stresses
extracted from tb compression tests at different strain ratesverg similar with a low strain rate
sensitivity of ~& 18t @ yi.e. the flow stress isearlyindependent of the strain ratEheseresuls

agrees with the simulatid87] and experimental da{®1] for nanocrystalline Cu with an average grain
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size of 30nm which showed that agler strain rates (>16@&'s) grain interior plasticityis the dominant
deformation mechanismather than grain boundary slidiggyhich is argued to be dominant deformation

mechanism in nc material)

4.3.4 SizeEffect
In the microcompression single crystads 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
seenin figure 4.5, a softening effect is seen with a decrease in pillar diamé&ter. strength of a
nanocrystalline palladium nanopillar drops fromp®o xGPa for a 500nm pillar to~713 MPa for a
100nm pillar.Representative strestrain curvedor pillars of dfferent diametershown in figure 4 also
verify this size effectThis 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 st that ina 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 howewee dislocation processes are

not the dominant mechanisms, it is reasonable to assume that surfaces will act asrdEfeatsreshat

are on the surfaces of a pillar can act as stress concentratorscahiidiiesult in a reduction of the pillar
strendgh. 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 raticAtdfd3}Yhe free
surfaces on theanopillar structurenay actvate 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 £0 nm Palladium nancpillars under compression (b) SEM
images of 240 nm Palladium nangillars going through plastic deformation before (left) and after (ight) compression
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Figure 4.5 Engineering Strain vs. Engineering Stress for 550 nm glladium nano-pillars under compression (b) SEM
images of 240 nm Palladium nangillars going through plastic deformation before (left) and after (right) compression
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Figure 4.6: log-log plot of Flow Stressmeasuredat 8% Strain for 550 nm Pd nanopillars as a function of strain rate
Strain rate sensitivity ~m=0.68
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4.3.5 Conclusionsand Recommendations
Incredibly high strength palladium nanopillars with nanocrystalline structures were fabricated and tested
under uniaxial compression. The results showed that unlike the gsgidge 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, andrse size effect is seen where smaller pillars deform more
easily and at lower stressédastic buckling was severe even for shorter pillars with height to diameter

aspect ratios of less than 3.

Since these palladium nanopillars exhibit high strengthis, 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 nanopitiagsld substrate but shid 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, thenechanical properties ofdium in submicron and nanscaleare studied under the
uniaxial compression of indium nano pillarindium has a low melting temperature of 156°C
corresponding to a homologous temperature of 0.7 in ambient conditions. At room tempardiune,
crystallizes in the faced centered tetna@o(FCT) structure withf ™31 T which is only slightly
different from that of an FCC structui@?]. Thereis evidence that at room temperature, the most densely
packed planes are (001) and (1p29)].

Using the electroplating method, we were able to fabricated 1.25x1.25 mm arrays of pillars of diameters
012-1en, each 10 em apart . 200 pilars af gabh sizeeveetwere abla to analyse t h a
the data with a great degree of confidence wrdobserved an inverse relationship between the pillar
diameter and flow stress. Previous studiegndfum nanopillars showed no size eff§88]; this can be

due to the fact that the real region where the size effect becomes apparent was not rdaatedtindies

[33]. This size effect was mainly seen in pillars of dianseless than 450nnThe strain rate dependency

of the flow stress of the nanopillars was also suids a function of pillar diameter by pillar
compressions at 3 different strainast

In the study of materials in nanoscaldjawis interesting is that in most of the matertakted, even at

pillar sizes of less than 200nm, although a size effect is seen, the strength of the pillars are nowhere near
theoretical strengtbven thoughtiis highly unlikely of high dislocation populations to exist in such small
volumes.

In the literature, onlynolybdenum pillars grown by directional solidification of an Ndb composite

were seen to yield at shear stresses of G/26 whitlei 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 dsisoatil be

induced after the exposure to high energy Ga[idhs
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Here, we show that most pillars of sizes 24@nm fabricated are either dislocation free and yield at
theoretical strength, or become dislocation free during the compression test taphiggtomenon known
asimechanical annealingo. This could be used to st

single crystal.

5.2 Experimental M ethods

Similar to Sn, Bi and Pdanopillars presented i@hapters 2,3 and, 4ndium nanopillars werébricated

using the EBL and electroplating techniqudecEoplating 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 wee 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 ratesatdDand glasma power of 20W

using a reactive ion etcherattde i ver si ty of Waterl oobs cHEisstepr f or
was added to increase the hydrophilicity of the pore interior thereby increasing the homogeneity of the
electroplatig.

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 lagisgdbath purchased

from the hdium Corporation of America. The experent 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 aninitial 10mA/cnt current pulse for 3econdswhich created @ indium seed layer, no more that

20% of the final pillaleight. The current was thedecreasedo 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 samplesatetone for 3Gminutes

Using the above conditions, a yield of 100% was achieved for different sample sizes final tttdps
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consisted of 15625 pillars located in a 125x125 s
Four pillar sizes were fabricated using the above process, and the final pillar diameters were ~140nm,
~240nm, ~560nm and ~1070nm. Amonggdl 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 simekiits by H.

Zhang, this aspect ratio 6B-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 295]. The smples were annealed at room temperature for a period of 2 weeks prior to
compression.

As in the case of Sn, Bi and PHetsilicon chips with the pillar arrays were then mounted onto a flat stub
using a lacquer; a lacquer was used in order to ensur¢htratis no lateral movement of the sample
during the compression test and also to ensure the alignment of the pillars and the nano Tridenter
compression tests were performed on a nanoindenter (Nanolndenter G200, Agilent Technologies Inc.) at
the Nanorechanics Laboratory at the University of Waterloo. The indenter functioned at Dynamic
Contact Mode (DCM) and was equipped with a custor
tip. All pillar sizes were compressed uniaxially, at 3 different nominal nemging strain
ratesnig mMg n Mg 1 1 This strain rate is defined by the ratio of the constant pillar length
change (or displacement rate) to the initial pillar heitjfttte that the indenter controls the load with a
proportional feedhbek control system, to keep the displacement rate constant. A proportional gai of 6e
was experimentally evaluated to optimize the control algorithm. The actual displacarmattivme is

plotted in figure 5.1 for data taken from the indenter for consppastests with constant displacement

rates ranging from®& H J¥ 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-Displacementplot showing constant displacement rateduring the compression tests ranging betwe
0.2-20 nm/s
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