Yielding Behaviour of Electron Beam
Lithography and Focused Ion Beam Made
Nanocrystalline Micro/Nanopillars
By
Matthew P. Sedore
A thesis submitted to the Graduate Program in Mechanical and
Materials Engineering in conformity with the requirements for the
Degree of Master of Applied Science

Queen’s University
Kingston, Ontario, Canada
September, 2016

***Copyright © Matthew Sedore, September 2016

Abstract
Electron beam lithography (EBL) and focused ion beam (FIB) methods were developed in house to
fabricate nanocrystalline nickel micro/nanopillars so to compare the effect of fabrication on plastic
yielding. EBL was used to fabricate 3 µm and 5 µm thick poly-methyl methacrylate patterned substrates
in which nickel pillars were grown by electroplating with height to diameter aspect ratios from 2:1 to
5:1. FIB milling was used to reduce larger grown pillars to sizes similar to EBL grown pillars. X-ray
diffraction, electron back-scatter diffraction, scanning electron microscopy, and FIB imaging were used
to characterize the nickel pillars. The measured grain size of the pillars was 91±23 nm, with strong <110>
and weaker <111> and <110> crystallographic texture in the growth. Load-controlled compression tests
were conducted using a MicroMaterials nano-indenter equipped with a 10 µm flat punch at constant
rates from 0.0015 to 0.03 mN/s on EBL grown pillars, and 0.0015 and 0.015 mN/s on FIB-milled pillars.
The measured Young’s modulus ranged from 55 to 350 GPa for all pillars, agreeing with values in the
literature. EBL grown pillars exhibited stochastic strain-bursts at slow loading rates, attributed to local
micro yield events, followed by work hardening. Sharp yield points were also observed and attributed to
the gold seed layer de-bonding between the nickel pillar and substrate due to the shear stress
associated with end effects that arise from the substrate constraint. The onset of yield ranged from 108
to 1800 MPa, which is greater than bulk nickel, but within values given in the literature. FIB-milled
pillars demonstrated stochastic yield behaviour at all loading rates tested, yielding between 320 and 625
MPa. Deformation was apparent at FIB-milled pillar tops, where the smallest cross-sectional area was
measured, but still exhibited superior yield strength to bulk nickel. The gallium damage at the outer
surface of the pillars likely aids in dislocation nucleation and plasticity, leading to lower yield strengths
than for the EBL pillars. Thermal drift, substrate effects, and noise due to vibrations within the indenter
system contributed to variance and inconsistency in the data.
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Chapter 1 Introduction
Nanostructured materials, that is materials with nano-sized features or being partly nano-sized, like
films, whiskers, pillars, or particles have emerged from the laboratory into everyday use- quantum dots
for optoelectronics, gold particles for drug delivery, surfaces for controlled wetting as examples, though
the fundamental understanding of what give these materials some of their properties and behaviours is
ongoing. Nano-specimens and nano-materials are not a new concept. There was a great deal of work in
whisker research in the 1950s and 1960s to measure the theoretical strength, c.f. [1]–[5] to list a few.
Tensile tests of the whiskers revealed size-strengthening effects in which all materials became stronger
at reduced length scales (diameters of a few micron and smaller) compared to their bulk counterpart
[1]–[3], [5]. At the time, dislocation theory and other deformation mechanics could not fully explain the
mechanisms responsible for the increases in strength and ductility. Further development of the theory
[6]–[17], and more recent experiments have revealed increases in strength at failure as well as increases
in ductility [11], [18]–[25], higher yield strength, breakdown in the Hall-Petch relationship [23], [26],
[27], and different electrical and chemical behaviours for the nano-scaled materials [6]–[11], [14], [22],
[23], [26]–[45]. At such small length scales, dislocation theory and the observation of dislocation
behaviour are used to describe this length-scale phenomenon.

Micro-/nano-sized specimens such as whiskers and pillars contain a larger surface area to volume ratio
than their bulk counterparts. It is widely accepted that image forces have a larger influence at such
small length scales [46]. Image forces directly affect the dislocation behaviour at a free surface of a
material through stress field differences due to the difference in elastic moduli [47]. A free surface may
include, but is not limited to: the outer surface of the object, grain boundaries, and any interface such as
a cracks or voids within a material. The mobility and atomic interactions of atoms near a free surface
are different than those within the bulk of a grain, resulting in an inequality of forces on atoms near the
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surface. The stress state of dislocations within a bulk material can be equalized by numerous other
dislocations. Dislocations near a free surface have an unequal stress state and are able to diffuse to the
free surface to reduce their self-energy [48]. Mobilization toward the surface results in dislocation
annihilation, leaving the resulting crystal in a more perfect state. This annihilation only occurs in the
outer most portion of the crystal or grain, specifically in close proximity to free surfaces. The force
imbalance diminishes further into the crystal as there are likely more obstacles for dislocations to
overcome, and the force required to mobilize the dislocation increases until a metastable equilibrium is
established. Image forces as well as the diffusion of dislocations to free surfaces are widely understood
and explained by dislocation theory.

When considering micro-/nano-scaled structures, the ratio of surface area to internal material increases
significantly [49], and translates into more material that is defect free at the surface and thus a material
that is expected to behave differently than its bulk counterpart. Many studies in the literature show
that micro-/nano-scale specimens demonstrate a significant increase in strength at yield and ultimate
tensile strength (UTS) as well as an increased strain-to-failure [3], [6]–[9], [13], [15], [17], [19], [32], [34],
[37], [50]–[60].

The increase of strength at the yield point and larger elastic strain prior to plasticity in micro-/nano-sized
specimens can be explained by a lower number of dislocations in smaller specimens. Dislocation
densities, ρd, within micro-/nano-sized specimens range from 2 x 106 /cm3 to 1 x 1015 /cm3 in annealed
crystals and amorphous, respectively. These densities are deceiving as three dislocations in a 100 nm
radius by 600 nm tall pillar is equivalent to a dislocation density of 1.6 x 1014 dislocations/cm3, which is
similar to amorphous materials. There are very few dislocations in a micro-/nano-sized specimen
resulting in a structurally near-perfect crystal.
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The few dislocations of the specimen typically reside within the interior of the sample as image forces
would eliminate dislocations at the free surface. For plasticity to occur, dislocations must either be
nucleated, or existing ones moved. Dislocations within the specimen can be thermally activated and
mobilize through a material i.e. diffusion, but the external shearing of the crystal lattice due to an
applied stress can also lead to dislocation activity.

Micro-/nano-sized specimens show increased ductility and brittle failure is rarely observed in the metal
specimens tested in the works above, apart from extremely low temperature or high strain rate tests.
The mobility and nucleation of dislocations is necessary for plasticity to arise, but the reduced number
of dislocations, compared to bulk samples, orchestrates isolated events of nucleation and/or
mobilization of dislocations during plastic flow. In a statistical sense, there is a lesser probability of
activating a dislocation event in micro-/nano-sized specimens than in a bulk. The stress acting on a
dislocation must also act along a vector that can enable the activation of a dislocation event, lowering
the statistical odds of dislocation activity in micro-/nano-sized specimens.

The nature of the dislocation dictates whether or not it can move for a given applied stress. Screw and
edge dislocations react differently to applied stress. An edge dislocation moves perpendicular to an
applied stress whereas a screw dislocation can move parallel to the applied stress. The simple nature of
the dislocation can determine if it is able to accommodate the stress and promote plasticity. When a
bulk sample is stressed, the probability of activating a dislocation is much higher than a micro-/nanosized specimen due to the availability of numerous dislocations of screw, edge, and mixed types, and so
the yield stress is lower. Therefore, greater force is needed in micro-/nano-sized specimens to activate
any of the fewer dislocations and an increase in yield stress is observed. Since the elastic modulus
appears to be the same for all specimen sizes [35], the elastic strain should increase as sample size
decreases for micro-/nano-sized specimens resulting in higher yield points.

-3-

The increase of the yield stress and elastic strain in general is relatively easy to understand. The
behaviour afterword is much more complex. What is causing the large increase in strength seen in
these small specimens? Why are strain bursts or significant load drops observed in the stress-strain
data? Where do dislocations nucleate? Where do they move to? These are all questions that are
currently being studied by scientists. Modeling and experimental testing have both provided some
useful insight into these questions and there are some postulated theories that are becoming more
widely accepted and will be touched upon in greater detail now.

The foundation of much of the strengthening theories is the premise that micro-/nano-scaled specimens
are relatively defect free. Going back to Koehler [48] in 1941, “Dislocations near a free surface have an
unequal stress state and are able to diffuse to the free surface to reduce their self-energy”. The
thermodynamics of the system is important in establishing an equilibrium. For pure metals, we can
imagine a more perfect crystal at a free surface than the interior, if steps and terrace-type features are
ignored. As a crystal becomes more perfect, the strength approaches theoretical limits. By extension,
ridding a crystal of defects such as impurities, grain boundaries and dislocation will increase the strength
of a material as these entities raise the internal energy of the system, lowering the force required for
yielding.

Greer et al. [52] expands on this theory to explain size strengthening effects of micro/nanopillars and
micro-/nano-whiskers.

Greer et al. postulate that dislocation annihilation and starvation, first

speculated by Uchic et al. [61], is responsible for the increased strength of a material and the step-like
behaviour seen in the stress-strain curves during mechanical testing. They propose that the pillars
contain a small amount of dislocations and other imperfections after fabrication. Dislocations near the
surface diffuse out quickly, largely due to the image forces at free surfaces, unless they are pinned by
obstacles but can be assisted by residual or external stresses. The dislocations that are within the core
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of the pillar, on the other hand, are in a metastable state and require larger forces to propagate to free
surfaces. The activation barrier for the dislocation to mobilize is realized when the material is stressed
and the dislocation is able to propagate to the surface, internal interface, or toward another dislocation.
The dislocation can reach the surface and cease to exist, reach another dislocation and annihilate, or the
two dislocations can pin one another. In all three cases, the dislocation movement gives strain without
a further increase in stress until the dislocation is removed or is pinned. If removed, the crystal becomes
more perfect and an increase in stress is required for further plasticity. If the dislocation is pinned, the
behaviour is similar to work hardening of bulk crystals. The micro-/nano-specimen will never be able to
reach theoretical strengths due to imperfections, but the decreased density of imperfections in micro/nano-specimens can result in much greater strengths than their bulk counterparts as seen in
mechanical testing [51].

Dislocation starvation is also supported by the limitation of cross-slip

multiplication. The distance a dislocation can move is bounded by the width of the sample, therefore, as
pillar diameter decreases, the space available to bow-out and multiply decreases, aiding in starvation.

Volkert and Lileodden [62] expand on this theory further, suggesting that classic explanations for
increase in yield stress through increase in dislocation density (Taylor hardening) are improbable in
micro/nanopillars. The reduction in specimen size drives dislocation diffusion to free surfaces via image
forces. The increased strain hardening, however, is believed to also be related to the focused ion beam
(FIB) preparation of pillars. During FIB milling, the gallium ion (Ga+) filled surface layer may act as a
blocking surface layer, hindering dislocations from reaching free surfaces on the exterior of the pillar.
The dislocation density will then, in fact, increase until a “break-through” of the surface layer is
achieved. The authors acknowledge that the FIB induced blocking layer may play a small role at low
stresses, but the dislocation starvation model is a more convincing mechanism for explaining the
observed size dependence and higher strengths.
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Physical experiments and computer modelling have been able to corroborate the increased strength
with the theory of dislocation starvation, and specifically, in the field of nano-materials and nanowhiskers [52][62]. Tensile testing of whiskers was at the cutting edge of research in the 1950’s and
1960’s to investigate the theoretical stress of perfect lattice, while compression testing of
micro/nanopillars has recently become the research focus. The interest in compression testing is largely
due to the improved ability to control specimen size, shape, and texture from new advances in
instrumentation and testing apparatuses.

Advances in sample fabrication and testing have enabled scientists to construct micro-/nano-sized
specimens with a higher degree of precision and control over specimen shape and size. Not only can
objects be constructed to the dimensions to be studied, but also the crystallographic orientation,
microstructural components, and impurities/obstacles within a specimen.

Increased control over experimental variables has come largely as a result of the introduction of focused
ion beam (FIB) milling. Fabricating micro/nanopillars using FIB for compression testing was introduced
in 2003 by Uchic et al. [63]. In their experiment, a focused ion beam was used to “mill” out pillars from
bulk materials for compression tests. Through a series of rough milling, shaping, and polishing, the
authors were successful in fabricating single crystal micro/nanopillars from large grains. A nanoindenter with flat-tip diamond punch was used to compress each pillar to extract the stress-strain
behaviour of these single crystal micro-/nano-specimens. Further advancement of FIB techniques have
been developed which include lathe milling, notch sensitivity tests, complex geometries, and tube
construction [64][13].
FIB milling does have three significant drawbacks [29][55]. First and foremost, Ga+ damage and Ga+
implantation into a surface can change the structure and chemistry. During milling, Ga+ ions sputter
away material. The material is removed, but often, the Ga+ remains trapped in the sample, and the
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energy deposited by the Ga+ can alter existing structures. The penetration depth is directly proportional
to the accelerating voltage and current used. Increased accelerating voltage translates to deeper
penetration by a single ion and increased current equates to more ions reaching the sample at any given
time. Larger apertures allow more ions to pass through, resulting in increased current and larger spot
size. Intuitively, larger spot sizes blast away more material, thus requiring less time to perform the task,
but more Ga+ ions are left behind in the sample surface. To combat this accumulation of Ga+ ions,
smaller apertures, lower accelerating voltages, gas assisted etching, and glancing mill geometries have
been developed to reduce the pillar to its final dimensions. Even so, FIB-milled pillars are still expected
to contain Ga+ ions. Aluminum, for example, has a tendency to segregate the Ga+ at higher levels to the
grain boundaries.

The second significant flaw of FIB milling is the dependency on bulk, usually polycrystalline material.
The bulk material, unless grown in a precisely controlled environment, almost always contains impurities
such as interstitial and substitutional atoms, vacancies, even in high purity metals. These impurities
alter the stress behaviour of the material, creating localized stress intensifiers and obstacles for
dislocations. In bulk materials, this may be acceptable as the length scales between sample size and
impurity are drastically disproportional but in micro-/nano-sized specimens, the length scales are much
closer and impurities play a more significant role in the deformation behaviour of the sample. It should
also be noted that the ability to FIB bulk material has the advantage of targeting specific sites containing
specific grain boundaries, crystal orientations, and number of grains, regardless of the composition of
the material.

Lastly, another disadvantage of FIB milling to produce pillars is that it is very costly and time consuming.
Even when using high currents to produce rough shapes relatively quickly before final polishing, a pillar
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requires several minutes, if not hours to fabricate, with a crater required around the pillar so that
compression tests can be performed without substrate interference.

Burek and Greer [65] have since established a FIB-less technique for producing large arrays of pillars
through a process using electron beam lithography (EBL) and electrodeposition. In their process, a
polymer resist was spun-cast on to a cathode seed layer and portions of the polymer were exposed to
an electron beam mask, breaking the polymer chains and that allows for selective dissolving of the
exposed polymer. The exposed portion of the resist was removed during a developing process and the
remaining template of holes was filled with material via electroplating. Electroplating fosters an
environment to produce high purity pillars with consistent microstructure, shape, and minimize the
problems associated with FIB milling. Once the holes were filled, the remaining resist was dissolved and
an array of pillars remained. One significant drawback to the FIB-less method is the inability to control
the texture of the pillars. A textured substrate used to grow the pillars can help influence the crystal
orientation but pillars grown on the same substrate rarely have significantly different crystal
orientations from one another.

The fabrication techniques described above for producing micro-/nano-sized specimens has helped
discover differences in the deformation behaviour compared to well-known bulk behaviour; the socalled “size effect”. The ability to study dislocation behaviour on much smaller length scales enables the
understanding of the local mechanisms for yielding, strengthening, stress localization, and strain
behaviour (both elastic and plastic).

To date, there have been numerous experiments on micro/nanopillars to study the effects of notch
sensitivity and defects [8], [42], alloying of materials [28], eutectic alloys [30], pre-straining [66],
twinning and reversible twinning [11], [67], metallic glass [23], [27], FIB methodology affects [31],
strengthening and plasticity [6], [7], [9], [32], influence of grain boundaries [10], [68], tensile versus
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compression testing differences [13], [34], [54], [64], crystallographic orientation [35], [37], [38], [40],
single crystal versus bi-crystal versus polycrystalline [36], [41], defect nucleation [14], the Hall-Petch
breakdown [26], critical temperature deformation in BCC materials [39], and strain rate sensitivity [33].
In many comparative studies of similar materials from different labs, chemical and preparation
differences can vary, which influence mechanical behaviour, and lead to new hypotheses. To our
knowledge, there have been no published works directly comparing mechanical behaviour of identical
base materials using FIB milling and electrodeposition methods. Such an investigation would be a
contribution to determining if both types of fabrication methods produce mechanically identical pillars,
or have differences that are negligible enough to assume that any observations and conclusions drawn
from experiments are indeed a result of the pillar and not related to the fabrication technique. This
validation is needed to justify that findings are not influenced by the fabrication process and equipment
used to perform the tests.

Though the two main fabrication methods described above are dissimilar, both can produce
micro/nanopillars with diameters down to 150 nm for FIB and 20 nm for electron beam lithography.
This report aims to compare the two methodologies of fabricating micro/nanopillars. The material to be
studied in this work is nickel. Nickel is a, face-centred cubic (FCC) material that has been studied in great
detail in the literature [50], [69]–[71].

Growing oriented single crystals via electroplating and comparing to FIB-milled single crystals would be
an ideal experiment, but as there have been no reports of successful electroplating and growth of Ni
single crystals with the geometry required here, polycrystalline nickel was studied. Furthermore,
experiments demand pillars with no taper and flat tops to ensure uniform cross-sectional area and an
even distribution of applied force to the pillar.
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The role of the substrate on the pillar growth orientation is also important in determining the properties
and behaviour of the constructed pillars. It is believed that the substrate texture, grain size, and
hardness influences the growth of the electroplated material on top and thus the quality and
characteristics of the grown pillar [72].

To objectively compare the two fabrication methods, the base material and the pillar material must be
as similar as possible for each technique. As such, electroplated material will be used to grow individual
pillars, as well as provide a film from which to FIB-mill pillars. The pillars will therefore only differ
chemically by Ga+ contamination and ion damage in FIB-milled pillars, but should otherwise be identical
in every way to grown pillars in terms of texture and chemistry.

The layout of the thesis is as follows.

Chapter 2 reviews the state-of-the-art methods to make

micro/nanopillars. The focus will be on FIB milling and electroplating techniques but other fabrication
methods such as embossing, selective etching, and “push-to-pull” systems will be briefly covered.
Finally, the current devices for mechanical testing will be introduced, with focus on compression testing
as this will be the method used in this work. Lastly, a statement of “current understanding” in the
literature will provide much of the motivational driving force for the present work. Chapter 3 describes
the instruments and experimental procedures used in the work. Chapter 4 presents the results.
Chapter 5 discusses the results in the context of the scientific literature of Chapter 2. Chapter 6 lists the
important conclusions of the thesis along with future work. Following the references are a detailed set
of Appendices describing all of the experimental procedures and recipes used in this work to allow
further research to continue at Queen’s University without difficulty.

- 10 -

Chapter 2 Introduction: Methods of Fabricating and Mechanically
Testing Micro/Nanopillars.
The fabrication processes of pillars by FIB or electron beam lithography with electroplating will be
covered in this section in detail. For completion, this section also summarize other techniques used to
make micro/nanopillars, including embossing, nano-imprinting, as well as selective etching processes
and glancing angle deposition.

2.1

Focused ion beam

Focused ion beam milling is a relatively simple method for producing micro/nanopillars. Ions, typically
gallium, are accelerated at a material, and sputters away the surface. The energy of the ions dictates
how much material is removed and the amount of damage that will occur. In the methodology of pillar
making, a crater around the pillar is also milled out, leaving enough clearance for an indenter tip to
penetrate below the bulk surface level. Micro/nanopillars can be fabricated from almost any bulk
sample and any area of interest can be milled into a micro/nanopillars such as grain boundaries, single
crystals, twin boundaries, etc.

Ion energies are controlled via the accelerating voltage and the output current. Lowering the voltage
will decrease the penetration depth of the ion into the base material and reducing the current will
decrease the beam size spread. Typically, 30-50 keV accelerating voltages are used for gallium ion
source FIBs, with 30 keV max being the norm in modern systems [73][74]. Currents upwards of 30 nA
are used for rough milling and are reduced to approximately 10 pA for precision milling and polishing
the surface of the pillars. Even when polishing, Ga+ ions damage the exterior of the pillars and can
become trapped in the sample.
An outer shell of the pillar containing the Ga+ ions can aid or hinder dislocation activity at the surface. A
saturated shell of Ga+ may disrupt dislocation nucleation at the outer surface of the pillar and can act as
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an obstacle for diffusion of dislocations to the free surface [62]. This can lead to a higher density of
trapped dislocations within the pillar, which can cause yielding at stresses lower than expected. Work
hardening can therefore occur sooner, and with the increased number of dislocations, plasticity is more
continuous and easily accommodated. Fracture usually take place at lower stress and strain levels
compared to more perfect pillars [16]. Less damaged pillars, containing fewer Ga+ ions, can behave in
the opposite way. Damage at the outer surface caused by Ga+ implantation can create surface defects
that stimulate dislocation nucleation at the surface. These dislocations can traverse the pillar crosssection, or become pinned, or annihilate at obstacles and other dislocations during the process. If the
dislocation is able to pass through the entire pillar, strain may occur in a stepped behaviour with no
increase in stress. Dislocation interaction results in an interaction of stress fields resulting in pinning via
attraction (stress increase), annihilation (straining halts), or repulsion (stress increase). Minimal beam
damage of the shell also permits image forces to aid in the removal of dislocations, starving the crystal
of dislocations as it is energetically more favourable to remove dislocations by diffusion rather than
nucleate additional sources within the sample interior.
Computer modelling has explored the influence of the Ga+ ions on the nucleation of dislocations at the
outer shell and analyzing the activation energies and activation volumes required for competing
processes of deformation. Current models suggest that it is easier to nucleate dislocations at the
surface compared to within the core of the pillars [16]. Surface defects such as Ga+ ions implanted in
the shell and removal of base-material atoms during milling can act as stress raisers in the atomic lattice,
lowering the amount of energy required to activate a source for deformation like nucleating an edge or
screw dislocation.

There are two types of FIB milling that have been demonstrated: annular and lathe. Annular milling is
performed perpendicular to the sample surface and is susceptible to ion spread, which can result in
column tapering such that the diameter at the top of the pillar is slightly smaller than the base. Lathe
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milling, on the other hand, is performed by tilting the work stage to mill at angles relative to the surface
while the sample is rotated. If the rotation axis is geometrically perfect, this technique eliminates
tapering but requires more time to complete, and thus more surface damage from increased gallium ion
exposure. Lathe milling also enables the fabrication of a cap for tensile testing but is limited to 2µm as
the current computer software is unable to maintain spatial awareness and thus accuracy of the beam
diminishes below 2µm [31]. The two types of milling are shown in Figure 1.

Figure 1: Schematics and scanning electron microscope (SEM) images of resulting pillar shapes using
different FIB milling parameters. a) Annular FIB schematic with resulting pillar taper. b) Lathe FIB
schematic and SEM image showing a tensile sample fabricated from lathe milling [34].
FIB milling is also used to fabricate tensile apparatuses rather than fabricating pillars in the “dog-bone”
shape to be pulled using tensile grips. Two groups [6], [75] report grip-less nano-tension or “push to
pull” experiments in which elaborate geometry is fabricated via FIB milling to allow a pillar to be tested
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in tension using a nano-indenter flat punch in compression.

These experiments rely on equal

distribution of forces through their complex geometry and require that the pillar is properly aligned to
the axes of force. The volume of material required is substantially larger thus making it difficult to target
single grains of desired orientations that are large enough and do not contain inherent flaws within the
crystal. Lastly, one runs the risk of stress intensifiers if the pillar axis and indenter tip are not all properly
aligned with one another, which will render the experiment impractical for obtaining useful results.

Locating pillars for testing after fabrication can be challenging, particularly in non-SEM indenter systems,
so groups such as Uchic et al. [76] mark their pillars with a symbol such as a ring so that they can be
found in the nano-indenter autonomously with a scanner [76]. Another method for locating milled
pillars is to create a spatial grid using the FIB, similar to a chart with latitude and longitude.

It is important to note that significant material preparation is required prior to using the FIB. The sample
surface must be prepared via mechanical polishing and then electropolishing to be suitable for use.
Electropolishing recipes for some of the more common materials are summarized in Appendix A1, which
also contains tips and tricks for electropolishing and the most common problems/solutions that arise
during electropolishing for FIB use. Alternatively, freshly electroplated material can be milled in the FIB
as electroplated surfaces are relatively flat with minimal oxide layers. Surfaces for milling should be
cleaned thoroughly to prevent contamination which can alter the beam behaviour and thus the accuracy
of milling.

2.2

Electroplating via electron beam lithography

Electroplating is an art as much as it is a science. Electroplating is commonly used to provide bright
finishes to metals to improve aesthetics and also to provide protective coatings. The objective with
electroplating is to construct a uniform plated layer that is tightly bonded with controlled chemistry. To
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achieve this objective, current density, electrolyte PH, temperature, flow rate, and electrolyte recipe are
all selected and altered to try and establish an optimal range for a given material.

Many sources [72], [77]–[79] report that current density is the most important parameter in
determining the quality of the electroplated layer. The current density directly influences the deposition
rate as well as the adhesion of plated material. Too high of a current density can yield burned platelets,
which appear blackened, while a reduction in the bond strength between platelets occurs when the
current density is too low. It is therefore best to use high current densities but not so high as to burn
the material. The current density window is typically found using a Hull cell experiment set as seen
below in Figure 2 [72]. An anode and cathode are required for electroplating. The anode can be
sacrificial which means it will break down and then deposit at the cathode but inert anodes such as
platinum are preferred since they are not consumed during electroplating. Electroplated material binds
to the cathode and the electric potential between the anode and cathode determines the level of
attraction of ions in solution to bind to the cathode. The Hull cell contains a ramped cathode to alter
the electric potential between the anode and cathode, altering the current density along the cathode.
The shorter the distance between anode and cathode, the greater the current will be and higher current
densities will be achieved. The goal is to apply enough voltage so that burnt material deposits at the
proximal end and no material attaches to the distal end of the cathode, representing the extreme limits
of current density. The operating window will be where deposits are uniform but below the point of
burning. Fick’s law [72] is used to calculate the current density (n*) at each point along the cathode and
also the growth rate at each point.
𝑑𝑐

𝑛∗ = 𝐷 𝑑𝑥 = 𝐷

𝑐∞ −𝑐𝑐
𝛿𝑁
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(1)

where D is the diffusion coefficient, c∞ is the concentration in bulk solution, cc is the concentration at
the electrode surface and N is the thickness of the Nernst Layer. Assuming 100% cathode efficiency, the
cathode current density ic is given as
𝑖𝑐 = 𝑧 ∗ 𝐹 ∗ 𝐷

𝑐∞ −𝑐𝑐
𝛿𝑁

(2)

where z is the number of electrons per ion being transferred and F is the Faraday constant of 96,490
C/equivalent.

Figure 2: Hull Cell experimental determination of covering power of electroplating solutions [72].
Since having the material just below the burning point is ideal for electroplating, it is necessary to
manipulate this burning point by adjusting the temperature of the solution and modifying the flow rate
of the solution past the substrate. Increasing the temperature of the solution is said to reduce the
thermal gradient between solution and substrate, reducing the thermal shock created when applying
voltage through the electrolyte [72]. Increasing the temperature allows for increased surface diffusion
which helps dissipate heat from the nucleation point through the movement of ad-atoms. Diffusion
helps keep the plating layer uniform while reducing burning. It is also suggested that increasing the flow
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rate will help with the heat transfer, aiding in cooling the plated material during deposition and help
prevent burning caused by thermal shock [72].

Current densities can therefore be raised when

increasing the bath temperature and increasing the flow rate to yield tightly bonded platelets while
avoiding burning. It should be noted, however, that increasing the flow rate too high can result in much
slower deposition rates as platelets can be washed away from the substrate.

Increasing the

temperature can have a similar effect on deposition rate as increased thermal energy can cause
increased vibration of particles to the point of flaking off the substrate. It is also known that lower
current densities can result in brittle material if the temperature and PH are not reduced [72].

The effectiveness of achieving a uniform plated layer is ultimately affected by the bath’s “levelling
power”, also known as the levelling action of an electrolyte. The levelling power is defined as; the ability
to form a smoother surface than that of the original substrate [72]. This can be quantitatively expressed
as

Ē=

𝑑𝑡 −𝑑
𝑅𝑧

∗ 100%

(3)

where Ē is the levelling effect, dt is the deposit thickness at the base of a groove, d is the overall deposit
thickness and Rz is the roughness of the substrate.

Covering power is also an important parameter. Covering power is the ability of the electrolyte to plate
the entire surface of an object with a reasonably uniform thickness with some deposition in recesses
and cavities [72]. The Hull cell is used to experimentally determine the covering power and a material is
said to have good covering power when a satisfactory metal deposition extends along the cathode into
the lowest current density range. Once again, the goal is to create a uniform plated layer that is neither
burnt nor porous.
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A compromise that needs to be made in the electroplating of metals comes in determining the
microstructure and uniformity of the plated material. A uniform layer of bright nickel, for example,
typically can have a fine microstructure with 0.6 µm grain diameter [72]. A sub-micrometer grain size is
almost always found with a bright uniform plated layer of material. This is largely due to the covering
power of a bath as it is a reflection of the energy of nucleation of ad-atoms at the work surface. Grain
size usually decreases as covering power increases, which also increases with increasing current density.
It therefore becomes difficult to fabricate larger single crystal pillars as it is desirable during plating to
have a high covering power, but this also yields a small grain size.

Covering power and by extension; grain size, are influenced by the nature of the substrate surface, the
composition of the surface structure, and operating conditions such as temperature and flow rates of
the bath. One way to significantly influence the grain size and structure of the plated material is to alter
the substrate surface microstructure. The substrate surface affects the texture of the plated material,
but it is also possible to manipulate the plated material’s grain structure size distribution and average
grain size [72], [77], [78], [80]. Textured and single crystal silicon wafer substrates with gold seed layers
provide a good base for producing textured pillar growth that does not fluctuate from pillar to pillar nor
grain to grain. This is important as changes in texture are usually accompanied with increased number
of grains, which in turn means fewer single crystals and less control during the testing process. The
specific orientation of the silicon wafer strongly affects the texture of the plated material. Single crystal
silicon wafers have no grain boundaries that can influence the energies of plated ad-atoms, making the
plated material less likely to form grain boundaries of its own.

The substrate for electroplating must be conductive or contain a conductive coating such as gold to
conduct current from the electroplater. The gold can be deposited by physical vapour deposition,
plasma deposition, or electroplating. Gold readily bonds well to most metals including steels, copper,
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nickel, molybdenum, etc. Gold does not readily oxidize which is beneficial as oxides can prevent proper
adherence of plated material and can also cause electrical resistance within the material, resulting in
increased voltage and consequently burning of material during plating.

In order to electroplate material in the form of pillars, a polymer mask is needed with an array of holes
to guide the electrodeposition of material. To create this polymer mask, spin-coating a polymer layer
over the seed layer is usually applied. Poly-methyl methacrylate (PMMA) is the most commonly used
polymer used in spin-coating but poly-styrene-poly-methyl methacrylate is another common polymer
that can be used for different lithographic procedures. Different polymer chemical structures react to
different wavelengths of light so these must be considered prior to using them as a pattern template.
The thickness of the spun-cast layer determines the pillar height so the thickness needs to be controlled
during the spin-coating step. The composition of the polymer resist as well as spinning speeds are
carefully chosen to create a desired thickness. For example, PMMA resists with greater amounts of
anisole in solution are more viscous and result in thicker polymer layers and faster spinning results in
thinner coatings. Full documentation for PMMA resists as well as additional polymer recipes and spincoating speeds are presented in Appendix 2.

Electron beam lithography and photo-lithography are patterning techniques in which an electron beam
or ultraviolet (UV) light of a specific wavelength modifies the spin-coated polymer. The beam size for
electron beam lithography limits the precision of the process whereas the objective lenses and focal
point limits the precision of photo lithography. Most electron beam lithography systems can achieve a
minimum beam size of 50 nm with advanced systems reaching sub 5-10 nm [73], [74]. In contrast,
photo-lithography systems can achieve spot sizes near 400 nm. Working conditions differ based on the
precision required and the size of the pattern that is to be made. Electron beam lithography processes
in pillar fabrication uses currents in the 20-650 pA range and accelerating voltages between 20 keV to

- 19 -

100 keV depending on the thickness of the polymer layer, with greater voltage required for thicker
polymers. Lower currents are used for fine features and for polishing edges of the pattern. The electron
beam rasters across the sample until the pattern is finished. Photo-lithography controls exposure using
dose (time exposed), but instead of rastering across the sample, a series of mirrors and lenses
manipulate the UV source to expose the entire pattern simultaneously [81].

The polymer resist acts in an identical manner to film cameras. When exposed to light or an electron
beam, the polymer bonds are broken and the exposed polymer separates from the bulk. The exposed
polymer regions become damaged and are removed during a developing step similar to developing rolls
of film in a camera. The polymer that was not exposed to the beam hardens during the development
procedure and acts as a template for depositing material. Proper beam dosages during the lithography
phase will determine the smoothness of the final pattern as well as ensuring that the beam penetrates
the entirety of the polymer coating.

Depending on which material is to be deposited and the desired structure of the pillars, different
electrodeposition recipes are used. Recipes and conditions for electroplating/electrodeposition are
described later. Once the material has been fully deposited, the final step is to dissolve the remaining
polymer, which leaves the pattern created by the lithography. This is done using common solvents such
as acetone. Figure 3 shows a schematic of the entire electron beam lithography and electroplating
process.
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Figure 3: Schematic representation of FIB-less process to make micro/nanopillars for compression (left)
and tensile testing (right) [65].

2.3

Other fabrications techniques

There are other less common techniques for pillar fabrication, which are included in this section for
completeness only. The techniques of nano-imprinting/embossing [82], [83], fabricating arrays of
micro/nanopillars in porous alumina through selective etching [45], [84], and glancing angle deposition
(GLAD) [85] are seldom used for mechanical testing and advancing deformation theory of materials.
These techniques are primarily used to create large arrays of pillars for uses in coatings, photonics, and
performing electrical, magnetic, and optical experiments.

Nano-imprinting/embossing is a technique similar to minting of coins [83]. Embossing is similar to
casting in that a mold determines the final shape of the object. The amount of plastic flow possible
within the mold is dictated by the feature size and temperature. Simply put, the smaller the feature,
- 21 -

e.g. micro/nanopillars, the increased flow required, and consequently, a higher temperature is needed
to perform the process. Materials with low melting temperatures such as aluminum, silver, and gold are
suitable for embossing. Embossing is unreliable for constructing small pillars below tens of micrometers
and one cannot control pillar orientations or the degree of crystallinity (polycrystal, bi-crystal, or single
crystal). It is documented that size-dependent properties begin to occur near the 20-40 µm range for
micropillars, with some alloys beginning at sizes below 5µm [61]. This size limitation has made
embossing impractical for micro/nanopillars fabrication for the purpose of characterization and
development of size-dependent theories. Nano-imprinting, however, does have the advantages of
producing large arrays of pillars relatively quickly and is easily reproduced once the molds are
constructed. Unfortunately, the lack of control involved in this technique prevents scientists from
making any discerning observations for developing theories about micro/nanopillar deformation
mechanisms.

Electroplating using porous alumina as the masking agent is another technique explored to manufacture
large numbers of micro/nanopillars [45], [84].

Similar to growing micro/nanopillars in a PMMA

template, pillars are grown in the pores of an alumina coating. The alumina pores vary in size and shape
and the distance between grown micro/nanopillars is irregular due to the random porosity structure of
the alumina. The pillars can be grown with a specific orientation and several pillars can be grown
simultaneously, but the lack of control on the spacing and sizing of pillars makes this technique almost
useless for mechanical testing and characterization. The resulting arrays of micro/nanopillars can
provide averages of stress-strain behaviour but individual deformation mechanics cannot be confirmed
at this time. Until the porosity of the alumina can be controlled to have a predictable array of pores
with known spacing in between, using porous alumina for masking is not desirable and is not
investigated in this work.
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Glancing angle deposition (GLAD), is yet another technique for fabricating arrays of micro/nanopillars
[85]. A vapour source is used to deposit material on a substrate. The substrate tilt angle relative to the
vapour source effectively alters the pillar spacing by shadow effects. Angles of 0 to 60o do not produce
shadowing, therefore films are deposited. Above 60o, shadowing occurs and the degree of shadowing
controls the spacing between nucleation sites on the surface. As the incident angle to the source
increases, the spacing between nucleation sites also increases until 90o is reached and total shadowing
occurs in which a film can no longer be deposited.

Rotating the substrate also changes the

microstructure and shape of the deposited material. Rotating the substrate during deposition promotes
helical pillars, rotating pillars at pauses in deposition creates zigzags, and deviations away from straight
pillar growth results in a change from columnar grain growth to more random as the rotation angle and
speed of rotation increases.

Other variations of micro/nanopillar fabrication include hollow pillars/tubes made using multiple stage
lithography processes [86]. Pillars are made from polymer material or metals with a low melting
temperature and are subsequently electroplated with a metal with a much higher melting temperature.
The base material is then melted away, leaving behind hollow pillars. Similarly, composite pillars can be
constructed to study adhesion and other surface phenomenon.

2.4

Theory of plastic deformation and size effects for nickel

Rate dependent dislocation mediated plasticity of metals can be described by thermal activation theory.
Every dislocation event has a discrete activation energy and characteristic activation volume. The
activation of an event depends on several factors: temperature, work put into a system via a force, the
rate at which the force is applied, dislocation type, and the type of obstacle limiting movement. It is
known that activation events such as nucleation will have a different activation barrier to another event,
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i.e. dislocation cutting of a dislocation forest, but it is not always clear as to which event is dominating
the mechanics of deformation within a material until a profile is established.

The activation barrier and energies required to overcome such a barrier were summarized nicely by
Kocks, Argon, and Ashby [87]. Assuming a system is already at equilibrium, the energy needed to initiate
a yield event is determined by the glide resistance or area under the activation profile curve. At 0 K the
energy represents the athermal limit. Energy to overcome this barrier can be added to this system by
heating, work by applying a force, or through entropy changes (ignored in this work). According to Sastry
and Tangri [88], the effect of temperature is limited to approximately one third the melting temperature
of the material (0.3Tm), as diffusion rates are too slow below this temperatures to allow dislocations
activity through non-glide processes. Figure 4 shows the temperature dependence of the yield strength
and the yield strength normalized by the temperature dependent Young’s modulus, E, for nickel taken
from Köster [89]. The temperature range of thermally activated glide for nickel is theoretically below
0.3 x 1728K, or 518K, which is illustrated in Figure 4 by the asymptotic decrease in yield strength into
this range before it drops significantly again due to another mechanism. Correcting the yield stress by
the elastic modulus shows this decrease may be pre-empted at 400K, but there are reported nonlinearity in E with temperature for Ni that make this correction unreliable above the Curie temperature
of 627k [90], [91].

Similar temperature dependence has been demonstrated by the change in

compressive yield strength of nanocrystalline nickel in Figure 5 [92], but the effect of temperature is less
than in bulk polycrystalline nickel even though the applied stresses are higher.
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Figure 4: Temperature dependence of yield strength of nickel 200 [93], and the yield strength normalized
by the temperature dependent Young’s modulus [89].

Figure 5: Temperature and strain rate dependence of the yield strength of nanocrystalline Ni. Note that
the temperature axis is numerically correct, but the temperature symbol and unit are given incorrectly as
the inverse [92].
The activation work, ΔW, describing the plastic flow is related to the product of the shear force and the
activation volume and is the foundation of the glide resistance profile. Additional energy available from
thermal fluctuations, shaded portion under the peak in Figure 6, can reduce the activation work
required.
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The shape of the profile is related to the event taking place and describes the structural configuration of
the obstacle. The profile shape can change with temperature, but less with strain rate. Changing the
strain rate simply changes the work needed to cross the energy barrier as the thermal input remains
constant. Changing the temperature on the other hand is much more complex. Not only will there be a
change in the work required for plastic flow, there will also be a rate dependence due to temperature. It
is well known that increasing temperature will increase the rate of the process at a given stress.

The statistical and experimental rates of activation were described by Gibbs [94], based upon the
framework for producing the activation profile curves of Basinski [95]. The activation profile and
essential equations for describing a thermally activated deformation process are briefly presented.

Figure 6: The sheared glide-resistance diagram, glide resistance against Burgers vector multiplied by
activation area (bΔa). The total and shaded areas under the curve represents the Helmholz, F, and
Gibbs free energy contributions, G, respectively [87].
For the case where Gibbs free energy is zero, the applied force required to reach the peak stress is,
𝜏̂

𝐹𝑜 = 𝑏 ∫0 𝛥𝑎𝑑𝜏𝑙𝑖𝑛𝑒

(4)

where a is the activation area of the dislocation, d is the characterization activation distance of the
obstacle, and  is the applied shear stress. When the stress is below the peak of glide resistance, the
rate of thermal activation as statistically expressed by Gibbs [94] is:
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𝛤 = 𝐴 exp (−

𝛥𝐺
)
𝑘𝑇

= 𝐴 exp (−

𝛥𝐹−𝜏𝛥𝑎𝑑
)
𝑘𝑇

(5)

where A is structural constant containing frequency factor and entropy terms. The rate is inversely
related to a waiting time for the event to happen, so that faster applied strain or stress rates at a given
temperature reduce the probability of contributions of thermally activated flow to the plasticity. The
rate of thermal activation can be related to the laboratory plastic strain rate via a modified Orowan
equation, shown here for one dimension, x, only
𝜀̇ = 𝑏𝑥̇ + 𝑏𝑥 ̇

(6)

where  is the mobile dislocation density. Thus, the instantaneous plastic strain rate can be written as

𝜀̇ = 𝐴′ exp (−

𝛥𝐹−𝑎𝑑
)
𝑘𝑇

(7)

The key experimental parameter to be derived from this equation is the activation volume, V, [96]

𝑉 = 𝑘𝑇

𝜕𝑙𝑛έ
𝜕𝜎

∣𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 = 𝑏Δ𝑎𝑑

(8)

Determining the activation volume at yield for different temperatures in effect gives the activation
profile as long as the profile does not change with temperature and strain rate; the so-called constant
structure condition. In a strain rate controlled experiment, assuming constant temperature in all cases,
the stress can be measured such that a faster strain rate demands dislocations move faster through an
array of obstacles, requiring higher stress. Furthermore, the activation volume can be determined. In
contrast, in a stress rate controlled experiment, similar behaviour is expected; a faster loading rate will
provides less time for a thermal fluctuation so that a higher stress may trigger plasticity, but it can also
be pre-empted by brittle behaviour as dislocations are required to become mobile very quickly.
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Materials in which it is required to move strongly pinned dislocations, or nucleate new sources are
susceptible to yield point phenomenon.

The attempts to determine the obstacle profiles in bulk materials have proved useful but isolating a
single event is difficult. The geometry, size, and processing conditions of a test sample play a crucial role
in the response of a material during loading. It is well known that geometrical differences such as
adding edges and corners will add stress intensifiers while high aspect ratios of height to cross sectional
area are prone to buckling during compression testing. It is also well known that larger samples of
identical material compared to smaller samples will contain more defects and dislocations with larger
line lengths are more probable, which changes the deformation behaviour of the specimen. Finally,
different processing techniques are known to alter the texture of the specimen so that the slip systems
requiring the lowest energies to activate may become aligned or may no longer be aligned so a decrease
or an increase is observed in the respective yield stresses.

2.5

Mechanical testing of micro/nanopillars

The Introduction of FIB milling has allowed scientists to target single crystal grains, bicrystals, and
specific grain orientations. Electrodeposition methods have increased the control of the purity, grain
size, texture, and allowed for the creation of even smaller specimens relative to FIB milling. Once
fabricated, these pillars require mechanical testing to understand their physical properties, and assess
the theory of plastic deformation. Ideally, testing should be designed to run the thermodynamics of
deformation.

Mechanical testing of pillars is lumped into two major categories; micro/nano compression testing and
micro/nano tensile testing; similar grouping to bulk material testing.

The major problem with

performing tests at such small length scales is the inability to grip samples as one would for bulk
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material testing, especially for tensile testing. It is quite easy to pre-deform specimens, simply by
gripping the micro/nano specimens and accidently twisting or shearing the pillar.

The base of the pillar is physically attached to the substrate and this aids in mechanical testing but needs
to be taken into consideration as it changes the stress state of the pillar. The substrate bond aids in that
a grip is no longer needed to hold the base of the pillar in place. The pillar is stuck in place through
chemical bonding with the substrate, but this is less than appealing. Special care is needed when
gripping the top to avoid bending/twisting the pillar, causing deformation and end effects can arise
during compression testing. End effects, put simply, are the effect of the grips on the gauge region of
the sample. In bulk material compression testing, samples are big enough to situate between two
compression platforms and are allowed to slide, preventing rotation and bending stresses. In the case
of micro/nano samples, it is impossible at this time to create a pillar and move it into a position to be
tested. This is why pillars are fabricated with one end bonded to the substrate.

During compression experiments, the pillar must have a height to diameter aspect ratio of 6:1 or less to
avoid buckling of the pillar. End effects are encountered at ratios below 2:1 because the gauge region is
not sufficiently long to accommodate bulging of the sidewalls nor does it allow a uniform stress across
the sample for slip characterization. The stress states at the ends of the pillars become more complex
and the results obtained are convoluted. Most pillars in the literature thus far have aspect ratios
ranging from 2:1 to 6:1 for compression testing as described by Burek and Greer for their
electrodeposited, grown pillars [65].

Pillars fabricated for tensile tests are more sophisticated as a “dog-bone” shape is normally required to
pull on one end of the pillar. The obvious exception is the push-to-pull systems as introduced above.
The dog-bone can easily be made by FIB annular milling, or allowing mushrooming during
electrodeposition. The top grip of the testing apparatus requires customization, usually by FIB milling.
The grip cannot be simply adjusted in size to accommodate different sample sizes nor can it physically
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close on a sample. A mechanical interlock between the pillar cap and the grip via a keyhole is created as
shown in Figure 7. The gauge region of the pillars for normal tensile tests can be as tall as necessary as
end effects are negligible and buckling does not occur. Pillars undergoing tensile/compression cycling
still require the appropriate aspect ratios to produce acceptable results during the compression stroke.

Figure 7: Schematic of tensile grip with capped pillar for tensile testing.
Another requirement for mechanical testing is to be able to control the loading or displacement rates.
The resolution of the system limits the accuracy of the force applied, or the strain rate. When samples
are a few microns or less in size, noise within the testing system can play a significant role in the test.
Even a 0.1 µN change in force due to noise can result in a 12.7 MPa change in applied stress on a 100 nm
diameter pillar. It is therefore crucial to have a testing apparatus that has a very high accuracy of force
and displacement control. It is equally important to situate such an apparatus in a stable environment,
free from vibration from outside factors, and in a room that has a stable temperature and humidity to
avoid thermal drift and moisture effects.

The fabrication of micro-/nano-sized specimens from un-alloyed nickel is limited to a few articles [45],
[50], [69], [75], [97]–[99] with fewer studying the mechanical response to compression testing [50], [69],
[97], [98]. Frick et al. [50] in 2008 studied FIB-milled <111> oriented pillars, observing multiple slip bands
on the surface of their pillars post deformation, which followed a step-like, stochastic stress-strain
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behaviour as shown in Figure 8 and a size-strengthening effect in Figure 9. More recently, Mohanty et al.
[97]fabricated pillars from an electrodeposited nanocrystalline nickel film and performed compression
tests at varying temperatures and loading rates in attempts to determine the activation volume.
Stochastic behaviour was not observed in the Mohanty et al. work, but work hardening was observed
(Figure 10), which they attributed to geometrical artefacts, namely the taper of each pillar as strain
localized towards the top of each pillar, where the smallest cross sectional area was located.

Figure 8: (a) SEM image of 1µm Ni pillar after compression taken at 70◦ tilt illustrating multiple slip
bands. (b) Accompanying engineering and true stress–strain behavior, with two intermediate unloading
cycles demonstrating linear elastic behaviour. Test progression indicated by dashed arrows [50].
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Figure 9: Representative compressive true stress–strain behavior for <1 1 1> oriented Ni pillars of various
diameters ranging from 2µm to below 200 nm. Unloading/reloading portions of the curve have been
removed for clarity [50].

Figure 10: Engineering stress–strain curves for micro-compression of nanocrystalline nickel at a
controlled strain rate of 0.001 s−1 [97].
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2.6

Current understanding

As stated earlier, studies in the 1950’s and 1960’s and more recently, the 2000’s and 2010’s showed
size-strengthening of micro and nano specimens. A wide variety of tests have been performed to study
dislocation dynamics, role of crystal orientation, defects, and their roles in the behaviour of micro/nano-sized specimens. The main focus of micro/nanopillar studies has been the observation of size
effects in strengthening related to the pillar diameter, scaled with the number of grains in the pillar
(from single crystalline to polycrystalline). Data for copper [16] and nickel [50] shows a d-0.7 relationship
to the stress, smaller than the Hall-Petch exponent, while Greer et al. [10] have even shown a positive
slope.

A few studies have applied thermal activation theory to their data to calculate apparent activation
volumes to help identify the fundamental deformation process, but due to the influence of processing
conditions during the fabrication of pillars, and the delicate mechanical systems used to compress each
pillar, results obtained thus far have been inconsistent in deciphering the deformation mechanics at the
micro/nano-scale.

Studies by Mohanty et al. [97] and Yang et al. [92] on nanocrystalline nickel, and Jennings, Li, and Greer
[33] on single crystalline copper investigated thermal activation in greater detail by altering either the
strain rate or temperature at which the compression tests were performed. Jennings, Li, and Greer
determined the activation volume of their sub-micron single crystal copper pillars to be less than 10 b3,
agreeing with atomic simulations of dislocation nucleation from a free surface [33]. Yang et al.
calculated an increases in activation volume from 3 to 11 b3 as the temperature was increased from 77k
to 298K [92]. Mohanty et al. [97] calculated the activation energy at yield using strain rate information
to be approximately 102.5 kJ/mol and 93±9 kJ/mol using hardness data, and both calculations are close
to the boundary diffusion activation energy of 115 kJ/mol for nickel[97]. For comparison to bulk nickel
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deformation behaviour, Sastry and Tangri [88] measured much larger activation areas increasing from
60 b2 to 1130 b2 (equivalent to V = 24 b3 to 445 b3) at 77 to 250K, and an activation energy of 1.2 eV/at
(=116 kJ/mol) at 250K.

It would seem opportunistic to study the activation of yielding at the small length scales due to the
limited interactions of dislocations, impurities, as sample sizes approach modelling length scales. It is
also reasonable to expect that specific yielding mechanisms can be isolated and measured to determine
the individual activation energies/volumes for competing processes of deformation to initiate yield. One
could then directly compare the results to models of similar sizes to enhance the knowledge in this field
of study.

Finally, it may be possible that the fabrication methods for micro-/nano-sized specimens affects the
deformation behaviour. Previous comparisons between FIB milling and lithography techniques [25], [60]
have not revealed any significant differences in strengthening though the starting materials were
different.

2.7

Motivation and objectives

One of the great interests of nano-sized materials and specimens are their very high yield strengths. It is
therefore beneficial for scientists to fully understand the mechanisms for yield at all length scales at
which plasticity is observed, and be able to predict the onset and process of yielding of these materials
in order to fully utilize them. How, for instance, can this strengthening-effect be scaled up to increase
the strength and elasticity of materials at the bulk scale? The material savings alone would be highly
beneficial from an economical and environmental standpoint. Unfortunately, due to the limitations in
fabrication techniques and testing capabilities, there remain relatively few studies this millennium in
quantifying the mechanisms of yield at the micro/nano scale. Recent studies have looked into
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dislocation activity along grain boundaries [36], [68], [100], single crystal slip [17], [37], [39], [44], [66],
[95], [101], role of crystal orientation [28], [35], [37], [38], [44], [50], and very rudimentary experiments
into the thermal activation of yielding at the micro/nano scale, specifically in comparing FIB-milled and
electrodeposited pillar response to different loading rates.

Increased experiments and study of the thermal activation for yielding should be performed at the
micro/nano scale to further our understanding of plastic behaviour. The unique parameters of the tests
and specimen sizes allows a true comparison between modelling and experimental work as the length
scales coincide with one another.

Another motivation for the present work is to properly compare the two main fabrication methods, EBL
and FIB, for producing micro/nanopillars, and determine if the two techniques produce the same
product. Will the deformation yielding behaviour of pillars differ between the two fabrication
techniques? This work aims to answer these questions and put an end to the debate of whether FIBmilled pillars are vastly different than grown pillars.

The specific objectives of this thesis are to:


Reliably produce FIB-milled and electrodeposited pillars of identical sizes and microstructures.



Develop mechanical testing methods to determine yield points and observe stress-strain
behaviour of individual pillars.



Compare the yielding behaviour of FIB-milled and electrodeposited pillars to determine any
differences in strength and performance.

The scope of this work has been limited to test only a few loading rates at ambient temperatures to
observe any changes in yield behaviour. Only electroplated nickel will be used for both FIB-milled and
grown pillars. Nickel was selected because there are several recipes for electroplating on metal surfaces
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[72], [75], [77], [79], [102]–[107], providing many references to compare the mechanical properties of
plated nickel in this project to other works in the literature. Nickel also has a melting temperature of
1708K so thermal activation experiments can be performed below 512k, avoiding the need to cool down
the pillars for thermal activation experiments. This work aims to compare the two methods with
identical starting material. A more definitive evaluation will be performed to better understand the
yielding behaviour of specimens prepared through each technique. The focus is to produce accurate
results that are highly repeatable to act as a framework for further investigations of this kind in nickel
and other materials.
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Chapter 3 Experimental Procedures
The entirety of this work involves many different steps and optimizations for each process. The overall
process, however, can be summarized in a rather simple procedural outline. The outlined procedure
may require fine tuning, depending on material selected, but the basic steps to follow are as follows:

1.

Prepare copper substrate through metallography techniques

2.

Deposit gold seed layer on copper substrate

3.

Electroplate thick nickel film

4.

Construct polymer separator

5.

Spin on photoresist and perform photo-lithography if desired

6.

Spin on PMMA and perform electron beam lithography

7.

Electroplate material on patterned substrate

8.

Remove polymer around pillars

9.

Focus ion beam mill additional pillars

10.

Perform mechanical testing on fabricated pillars

Each of the aforementioned steps will be discussed in greater detail below. A brief introduction to the
apparatuses used will be followed by the process in which substrates were prepared for this work.
Electroplating procedures are described in greater detail, including descriptions of the spin-coating and
lithography techniques. These will be followed by pillar fabrication via growing pillars through
electroplating and shaping pillars using focused ion beam milling. Finally, mechanical testing of the
pillars will be described in which parameters for compression testing will be defined.
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3.1

Apparatuses

3.1.1 Laurel spin-coater
A spin-coater is a piece of equipment used to uniformly apply a thin polymer film to a substrate (Figure
11A). The spin-coater contains a series of vacuum chucks for various substrate sizes. The vacuum chuck
holds the substrate in place while a substrate is spun. A significant pressure drop inside the chuck is
needed to ensure the sample does not shoot off while spinning. Pressures below 30 kPa are desirable
for small samples used in this work.

The vacuum chuck as well as many other features are controlled via a touch screen input panel, seen in
Figure 11B. Spin speeds, spin durations, accelerations and decelerations can all be programmed within
the settings of the spin-coater. It is beneficial to create a spinning procedure for every thickness of
polymer and type of polymer used. For this work, a 5 µm profile and 10 µm profile were made for the
SU-8-5 polymer while a series of procedural settings for thicknesses ranging from 400 nm to 5 µm were
constructed for poly-methyl methacrylate (PMMA) coatings. Once programmed, the substrate is placed
on the vacuum chuck, sealed in place, and liquid polymer resist is added before the program is initiated.
Baking the substrate prior to and post spinning is important and will described later in this work.
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Figure 11: A) Laurel spin-coater apparatus. B) Touch display of the Laurel spin-coater. Display shows a
common spinning cycle for a SU-8 coating of 5µm thick.
Cleaning the spin-coater after spinning is important to remove unused resist and prevent polymer buildup on surfaces, especially the chucks. This is performed using acetone and deionized water for the
polymers used in this work. Other solvents may be required for other polymer resists.

3.1.2 RAITH electron-beam lithography SEM
The SEM used in this work is a Raith developed by Pioneer and the computer aided design (CAD)
software and writing program “Nano Pattern Generator” was also developed by Pioneer. The Raith SEM
has a LaB6 electron source with 5 nm minimum spot size. This resolution is responsible for the high
degree of precision needed for constructing accurate arrays of micro/nanopillars, with capabilities of
constructing pillars with diameters smaller than 100 nm. To obtain this accuracy, the user must focus on
the substrate at several thousand times magnification. When focusing on the polymer resist, the
electron beam will expose the resist and initiate the deterioration of the polymer. It is therefore
recommended that a region of the polymer that is not important should be the target of the focusing. It
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is sometimes helpful to add silver dust on the polymer surface to provide a substance to focus upon that
is unreactive to the electron beam. Another technique is to focus on a sacrificial wafer of identical
working distance and focal plane.

Apertures available in this work were 7.5, 10, 15, 20, 30, 60, and 120 µm. Patterning done in this work
was performed using the standard 30 µm aperture, but more precision can be achieved at smaller
apertures and larger apertures would reduce the time needed for patterning due to the higher beam
current.

Once focused, the beam is blanked and the patterning software is used to create arrays of pillars with
the desired dwell time (time spend with beam in one spot) as well as the intensity of the beam. The goal
is to dwell long enough to fully expose the polymer and the intensity needs to be great enough to fully
penetrate the polymer. The intensity will dictate the excitation volume i.e. the scatter of electrons into
the sides of the polymer (greater equals more). Large intensities will have a greater penetration depth,
which will decrease the time required to expose a specific point but will decrease the accuracy and
resolution as there will be a larger electron scatter. Lengthening the dwell time exposes the polymer for
longer periods of time which is needed with low intensities, but dwelling too long will increase the
degree of scattering. Dwell time and intensity both determine the depth of penetration but a balance is
needed to minimize write time and reduce the scattering of electrons. The combination of dwell time
and intensity will ultimately determine the dose used for determining overall parameters of the
lithography process.

3.1.3 Mask-less photo-lithography
The Intelligent Photo Lithography (IMP) system uses ultra-violet (UV) light of either 365 nm or 435 nm
wavelengths to create patterns in polymer resists. Both positive and negative resists can be used as the
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pattern can be inverted to expose a pattern or expose everything except the pattern. A series of lenses
and mirrors work together to reflect and focus the light toward desired areas for exposure. Exposing
smaller features is easier and has better accuracy and precision compared to blanking a small pattern.
This is largely because the mirrors and lenses can focus all the light into a small region rather than trying
to create a small shadow.

The size of the features that can be patterned is directly related to the zoom of the lenses used for
imaging. A higher magnification lens such as 20X objective lens combined with the standard 5X imaging
lens is useful for patterning small exposure windows with features down to 1 µm and a 4X objective lens
combined with the 5X imaging lens is useful for larger exposures containing features greater than 5µm.

The UV lamp is controlled separately from imaging so that a proper focus can be established without
exposing the polymer to UV light. This is beneficial as the polymer will not crosslink or break down while
focusing using the visible spectrum of light. Time required to focus and pattern is greatly reduced
without damaging the polymer pattern. The dose of UV light is controlled through exposure time only.
The intensity of the UV rays cannot be altered, unlike electron beam lithography.

3.1.4 International Micro Industries electroplater
The electroplater used in this work was manufactured by International Micro Industries. Approximately
9L of electroplating solution is circulated continuously by one pump through a filter and heating/cooling
chambers. A second pump supplies the liquid to the plating chambers, each containing a platinum anode
and 3 wafer pins that connect to the cathode. This electroplater was originally designed to plate large
wafers (4” x 4”) so a sample holder that is electrically conductive is needed to plate smaller samples
(Appendix A4).
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A continuous DC current is applied to the solution within the plating cups. This current is controlled by a
control box in which the plating current, striking current, and current increase rate are all set manually.
Three different current steps can be performed in one plating cycle. A timer is used for each plating
strike and plating cycle. The control box ensures constant current by adjusting the voltage as
electroplating material will alter the resistivity of the substrate. A maximum of 12V DC can be applied to
the sample through the connector pins.

Nitrogen gas was used at a rate of 3L/min to aerate the solution and to minimize contamination on the
substrate surface. Furthermore, a titanium mesh insert creates turbulent flow over the sample which
will aid in mass transport of ions. The flow of plating solution past the sample is controlled by the
second pump via a flow dial. It is suggested by the manufacturer [108] that the flow should be increase
until liquid gently cascades over the plating cups to allow the solution to recirculate and allow
contaminants to pass through the filter. This recommendation is qualitative yet plating recipes require
different quantitative settings for determining flow rates, many of which are in L/min or L/s, rather than
pump. Trial and error was used to find the best flow rate for electroplating solution.

The temperature is monitored using a thermistor and the solution can be heated using a conduction
heater, or cooled by a chilling unit. Maximum temperature can reach up to 90oC and minimum
temperature can dip below -20oC depending on the chiller capabilities and operating environment of the
electroplater. It is worth noting that any small scale electroplater chiller can be used with this system.

3.1.5 Focused ion beam
A Micrion 2500 focused ion beam was used in this work to make square pillars. The FIB has a gallium
source for ion milling as well as attachments to spray material such as tungsten to act as a protective
coating during milling. A nickel grid is used when focusing the beam as imaging through FIB is a
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destructive process, especially with large apertures. Stigmators and apertures must be aligned properly
prior to milling to ensure accuracy and uniform beam shape. Each aperture must be optimized any time
the accelerating voltage is modified.

Accelerating voltage and aperture size both determine the level of destruction caused by the gallium
ion. Large accelerating voltages equates to gallium ions possessing higher energies and will penetrate
further into a material. Larger apertures allow more ions to reach the surface simultaneously. Larger
apertures that produce currents such as 1-5 nA are typically used for rough milling, 100-700 pA for
shaping to correct dimensions, and 10-20 pA for polishing milled surfaces [25], [31], [52], [61]–[63], [76],
[109], [110]). Accelerating voltages used for rough milling are typically 40-60 keV, 30-50 keV for shaping
and 50-60 keV for polishing [63][73][74]. When rough milling, the user attempts to remove as much
material as possible in the shortest time, hence the large energy and increases current. Shaping requires
low enough energies to avoid ions from penetrating into the desired object, but currents are high
enough to remove material quickly. Polishing is performed at high energies, but directed at the outmost
edge of the object. The small polish area combined with low current enables a very small scatter of ions,
which is needed for polishing the outer surfaces to be as defect free as possible without ion penetration.

The depth of milling is controlled by setting a dose, similar to EBL. The shape of each mill must also be
set as well as the direction and pattern of the beam scan. A dose profile is generated during a FIB mill
which provides useful depth information. The ions will penetrate different materials at different rates so
changes in slope of the dose profile represent a change of material, electroplated Ni to gold to copper
for example. The shape of the milled object is controlled through a nano-pattern generator for creating
circles, donuts, squares, etc. overlaid onto images acquired from the FIB imaging mode. The overlay
allows for precise milling on specific locations such as a grain boundary for bi-crystals, inside a grain for
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single crystal, or in an area populated with grains for polycrystals. Lastly, the mill direction helps with
the removal of debris and can alter the surface taper or presence of defects.

3.1.6 MicroMaterials Nanotest Vantage nano-indenter
As-fabricated and annealed pillars from both FIB-milled and electroplated fabrication processes were
plastically deformed using a MicroMaterials test system with a flat tip seen in Error! Reference source
not found.A and Error! Reference source not found.B, to measure the general stress-strain responses.
The capabilities and the limitations of the nano-indenter are subject to how the apparatus applies a
load, acquires the depth signal, and calculates the displacement during a compression test.

≈1cm
Figure 12: MicroMaterials nano-indenter system used for micro-compression tests. A) Boron Nitride flat
tip mounted to pendulum and substrates mounted on sample stage for indentation. Scale bar ≈1 cm for
reference. B) Pendulum system with load controlling magnet at top and displacement measuring
capacitor plates at the base of the pendulum.
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A 10 µm flat tip acts as a platen for compression testing while the mounted substrate is the base platen.
The tip is oriented horizontally and attached to a vertical pendulum. The top of the pendulum consists of
a spool of copper wires around a small metal disk. A magnet directly across from the spool applies an
attractive force which is measured by the resistance change in the spool. The force of the magnet is
controlled by altering the voltage through the magnet/spool system and is specifically calibrated to
ensure the load produced by the tip on the substrate is accurate. The tip resides on the pendulum below
a pivot point so as the magnetic force is applied, the tip is propelled toward the substrate in a controlled
manner. Capacitor plates directly behind the indenter separate as the tip is propelled forward and the
resulting change in capacitance is used to measure the depth of the penetrating tip. The pendulum also
has a sliding pendulum counter weight that keeps the system in balance.

The system is inherently load controlled through a 500 mN load cell administered by the magnet, and
any displacement controlled experiments rely on feedback loops of the capacitor plates that generate
the depth signal. Displacement controlled tests are therefore less accurate as there are overshoots in
loads and displacements, and a small delay in measurements. Tests involving low loads and/or fast
strain rates have inconsistencies in the displacement rate, making strain rate controlled tests
undesirable. All tests were chosen to be load-controlled and the resulting displacements and times
measured during the test are used for determining strain rates and activation profiles.

The stability of the nano-indenter is influenced by the temperature of the testing chamber and by
extension the temperature of the room it inhabits. Thermal drift occurs when there are temperature
fluctuations during a compression test and changes the depth signal of the apparatus [44], [52], [97],
[111], [112]. It is known that thermal drift causes fluctuations in the data which can lead to a
misrepresentation of strengths at yield, strength at UTS and Young’s modulus, even with thermal drift
correction software. The thermal drift is even more influential when testing temperatures are elevated
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[111]. To counteract any changes resulting from thermal drift, a thermal correction is implemented in
which a load is held while depth signal is monitored. Unfortunately, thermal drift is not always
consistent and the correction that is applied to all data points may not be accurate. The best option is to
wait until the temperature is constant so that thermal drift correction is not needed, as done in this
work.

It is equally as important that focal and cross-hair calibrations are done properly. An incorrectly
performed focal plane calibration will prevent the apparatus from finding the substrate surface, making
a compression test impossible.

In addition to compression testing of pillars, the nano-indenter was used to determine the hardness of
the electroplated nickel. A Berkovich tip was used instead of the flat tip for hardness measurements. Six
indents in both X and Y directions, spaced 400 µm apart were performed in the centre of the substrate,
creating a cross pattern. A load of 300 mN was applied at a rate of 2 mN/s and removed at a rate of 5
mN/s. The unloading portion of the load-displacement curve was used to determine the hardness of the
material through post analysis area functions within the NanoTest Vantage software.

3.1.7 Buehler Micromet micro-hardness
To measure the hardness of substrates, a Buehler Micromet micro-hardness tester, equipped with a
Vickers tip and 3 N load cell, was utilized. The selected load is applied for 30 seconds through the Vickers
indenter tip, removed, and the area of the indents were measured. The distances between opposite
corners of the datum were measured to determine the area of the indent and the hardness was
calculated using a Vickers area function within the software of the machine. The hardness is presented
in Vickers (Hv) but is easily converted to MPa by multiplying by 9.81 N/kg.
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Twelve Vickers micro-hardness indents were made approximately 400 µm apart. Six indents were
created in both the X and Y directions forming a cross at the centre of each substrate. This was
performed for both as-received and annealed samples.

3.1.8 Rigaku x-ray diffractometer
A Rigaku, 12 kW rotating anode source with an Euler cradle mounted on a Huber four circle goniometer
was used to measure texture data for as-received, annealed, and electroplated substrates. Incomplete
pole figures of 0 to 80 degrees in χ are captured using a chromium point-shaped source operating at 190
mA and 50 kV. A vanadium filter was used to reduce background noise.

The substrate holder and detector are able to move to positions θ and 2θ respectively with an accuracy
of 0.025 degrees. To access the pole figure space, the substrate holder was tilted in χ from 0 to 80o, in
increments of 5o, and rotated about θ from 0 to 360o in increments of 4o. The sample is also oscillated
vertically in order to improve the sampling statistics. Nickel planes scanned were {111}, {200}, and {220},
which correspond to 68.60, 81.30, and 133.88 degrees respectively in 2θ. The substrate can tilt along
the χ-axis as well as rotate around the θ-axis while oscillating in the z-axis. Tilting in five degree
increments from 0-80 degrees through the χ-axis, rotating 360 degrees around the θ-axis, and oscillation
along z-axis generates approximately 65% of the total pole figure. Surface effects such as surface relief
and roughness can distort signals at higher angles therefore tilt angles larger than 80 degrees are
unreliable and were not gathered.

3.1.9 FEI Nova NanoSEM 450
The Nova NanoSEM 450 is one of the main tools used to characterize substrates and pillars in this work.
It is a field emission SEM with energy dispersive x-ray spectroscopy (EDS), beam deceleration imaging,
and is equipped with a Bruker electron back-scatter diffraction (EBSD) detector for crystallographic
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mapping. Accelerating voltages between 5 keV and 20 keV, spot sizes of 5 nm to 7 nm were used in this
work.

For imaging, “Field free” mode was used as nickel can develop a magnetic field. There is a delay in the
signal with magnetic materials such as iron and nickel and this delay needs to be accounted for to
produce crisp images that are focused properly. A stage voltage bias helps reduce the possibility of
charging and the formation of an electric field by applying a voltage to the sample holder, promoting the
movement of electrons from the surface of the material to the SEM stage.

Immersion mode is useful for high magnification imaging with increased resolution on the surface to
show slip bands and surface defects. This mode, however, cannot be used with magnetic materials and
was not used in this work.

Energy dispersive x-ray spectroscopy (EDS) was performed to analyze the chemistry of the electroplated
substrates to determine the purity of the plated nickel. General scans for all elements as well as specific
scans for trace elements were performed with EDS. General scans identify large peaks, representative of
the key elements present. Known trace elements from electroplating processes and metallography
techniques were also targeted to determine if there were any impurities in the electroplated material.

Lastly, electron back-scatter diffraction (EBSD) was attempted on pillar cross sections to characterize the
grain size and crystal orientations within grown and FIB-milled pillars prior to and post deformation. The
surface targeted for EBSD must be tilted 70 degrees to satisfy the Bragg condition for determining the
crystal orientation at any given point of an EBSD map. The small size of the pillars makes EBSD difficult
to perform as substrate surface roughness can block the incident beam or path to the detector. Stage
drift is also a factor and may contribute to elongated or compressed EBSD maps.
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3.2

Electroplating procedure

Electroplating nickel is a well-documented process [10], [45], [56], [70], [71], [79], [103], [113], [114],
and by starting with a well-documented plating solution and conditions, changes to the recipe can be
easily compared to the other results in the literature.

3.2.1 Substrate selection
Fabricating pillars through electroplating methods requires a substrate that is electrically conductive,
can bond well with the electroplated material or seed layer, and is rigid to avoid bending during
handling and mechanical testing. Substrates for electroplating consisted of stainless steel sheet metal,
and as-deformed and annealed copper sheets. Stainless steel is recommended for Ni plating as the bond
adhesion is very strong, requiring no gold seed layer, saving costs. Copper is highly conductive, but
requires a gold seed layer due to misfit strains at the nickel/copper interface. Stainless steel sheet metal
samples of 0.2 mm thickness were cut into 1 cm x 1 cm squares. These substrates, however, proved too
flexible for the nickel to adhere, so instead, 1.5 mm thick, rolled copper was used for the rest of the
studies.

As-received copper substrates were in an as-deformed state. To study the influence of the substrate on
characteristics of the electroplated nickel, additional as-deformed copper samples were annealed at
480oC in a nitrate salt bath for 24 hours to fully recrystallize and promote grain growth, thus altering the
texture and internal stresses. All heat treated samples contained an oxide layer that requires removal
prior to electroplating.

Mechanical surface polishing of as-deformed and annealed copper sheets was performed using silicon
carbide emery papers of 120-1000 ppi (P220-P2000). Polishing continued with 6µm diamond solution on
a lap wheel followed by 0.05 µm colloidal silica polishing. The samples were then chemically polished
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using Mitchell’s solution [115] containing 45 mL acetic acid, 45 mL ortho-phosphoric acid, and 10 mL
nitric acid, on a lint free, tightly woven cotton cloth spread over a flat glass surface. The solution was
poured onto the cloth and samples were dragged through the solution and rinsed with distilled water.

As-received copper was compared with annealed copper from the same part of the rolled sheet to
measure grain size, hardness, and texture using optical microscopy, SEM, micro-hardness and x-ray
diffraction methods. Average grain size was measured through standard line methods from optical
micrographs. Vickers micro-hardness tests were also performed to compare the relative hardness
between copper substrates. Lastly, x-ray diffraction was performed to determine the texture variation
between the two substrate conditions. The annealed copper substrates were found to be softer, but
the crystallographic texture had become increasingly random, thus reducing the influence of substrate
crystallographic texture on the crystal growth orientations of the electroplated nickel.

It was later determined that copper was too soft of a substrate for mechanical testing of nickel pillars,
which is inherently harder. The softer copper yielded under the pressure when the nickel pillar was
elastically deforming. Consequently, a thick nickel layer was electroplated on top of the gold seed layer
(on the annealed copper substrate) for 10 minutes to produce a nickel layer that is approximately 10-15
µm thick. This thickness was chosen as it prevents any plastic zone created under the pillar from
reaching the copper sub-layer. The electroplated nickel develops an oxide layer so any further
electroplating for pillar growth is difficult as the oxide inhibits further nucleation and therefore an
additional gold seed layer was added. The nickel foundation layer also ensures that FIB-milled and asgrown pillars contain very similar crystallographic and chemical structures apart from the ion induced
damage during FIB milling.

- 50 -

3.2.2 Nickel electroplating
The nickel plating was done in a standard Watts bath consisting of (240-340 g/L nickel sulfate (NiSO4 *
6H2O), 30-60 g/L nickel chloride (NiCl2 * 6H2O) and 30-40 g/L boric acid (H3BO3)). A platinum coated
titanium mesh acted as the anode and the conductive substrate was as the cathode.

Stainless steel substrate
Nickel plating on stainless steel substrates was first evaluated. Several experimental conditions were
studied using various condition combinations to better understand the effects of temperature, flow
rate, and current density on the quality of plated nickel on stainless steel substrates. Stainless steel
samples were cut to be approximately 1 cm2 to ensure that all characterization techniques (SEM, X-ray
diffraction, etc.) could be performed post electroplating. The small size of the substrates posed a slight
problem as they were too small to use directly in the original plating apparatus. The electroplater
requires that all three electrical contacts in each plating cup are in electrical contact so that voltage and
current can be monitored and controlled by the electroplater controller. It is true that the flow of
electroplating solution will provide even contact between connector pins but a rigid holder is still
required to hold the sample flat and prevent it from flowing away. It was therefore necessary to
construct a new sample holder and bridge the electrical contacts to maintain consistent electrical
current throughout the sample. Refer to Appendix A4 for specifications for the sample holder.
A control sample was constructed using the recommended conditions of 50oC, 500 rpm pump flow rate,
and a current density of 500 mA/cm2 (Appendix A3). A modified factorial experiment was performed to
determine the most stable conditions for electroplating. The temperature was increased by 10, 20, and
30oC while keeping the other conditions the same. An additional three samples were fabricated by
changing the flow rates to 750, 1000, and 1250 rpm. Finally, current densities were altered to 600, 700,
800, and 900 mA/cm2. The deposited layer was thick enough to be examined by SEM. The uniformity as
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well as thickness could be approximated by observing the edge and comparing the height of the
deposited layer relative to the substrate thickness. The measurement was done for all samples to study
the effects of changing the current density, flow rate, and temperature, and their effects on the porosity
and thickness of the plated Ni layer.

Copper substrates
Switching to thicker copper substrates that would not flex required a further set of experiments to
determine appropriate electroplating conditions. As mentioned above, nickel does not bind well to
copper, and a seed layer of gold is required to enable strong adhesion. A gold seed layer, estimated to
be 5 nm thick, was plasma deposited on all Cu substrates using a Hummer VI-A sputtering system, which
was operated in DC current mode without any pulsing. The voltage control of 8 was selected and the
gold deposition was performed at approximately 70 millitorr for 3 minutes while the current was
maintained at 10 mA.
All temperature/flow rate combinations of 40, 50 and 60oC as well as 500, 1000, and 1500 rpm were
used to create a 3x3 contour plot, mapping the thickness of plated material for each recipe. The current
density was held constant at the suggested values of 500 mA/cm2 [116] for the nine samples in attempt
to find a region of plating stability controlled by the temperature and flow rate parameters. Once the
temperature and flow rate were determined, a further nine experiments were run in which the current
density was changed from 350 to 750 mA/cm2 in increments of 50 mA/cm2 while temperature and flow
rate were held constant. Next, the most stable current density was selected and a 2x2 factorial matrix to
verify temperature and flow rates was evaluated to finalize the plating conditions. Lastly, random
duplicates of experimental conditions were tested to determine the variance of the electroplater. A
summary of all the conditions is outlined below in Table 1. Samples used for constructing contour plots
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were grouped in batches and all batches were randomized to eliminate electroplater variance between
samples.
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Table 1: Summary of nickel plating trial conditions. All samples were plated for 600s. T1 represents stable
temperature from samples 1-9 (batch 1). F1 represents the stable flow rate from samples 1-9. C1 is the
most stable current density from samples 17-20 (batch 3). T1 was found to be 55oC, F1 found to be 1100
rpm and C1 was determined to be 525 mA/cm2.
Sample #

Order of plating

Temperature (oC)

Flow Rate (rpm)

Current Density
(mA/cm2)

1

7th

40

500

500

2

6th

40

1000

500

3

9th

40

1500

500

4

4th

60

500

500

5

1st

60

1000

500

6

5th

60

1500

500

7

2nd

80

500

500

8

3rd

80

1000

500

9

8th

80

1500

500

10

11th

T1

F1

350

11

15th

T1

F1

400

12

13th

T1

F1

450

13

16th

T1

F1

500

14

10th

T1

F1

550

15

14th

T1

F1

600

16

12th

T1

F1

650

17

17th

T1

F1

700

18

18th

T1

F1

750

19

20th

T1-5

F1-250

C1

20

22nd

T1-5

F1+250

C1

21

21st

T1+5

F1-250

C1

22

19th

T1+5

F1+250

C1

After the desired plating conditions were determined, a final four copper substrates were electroplated
for 600s. Two of the substrates were annealed for 24 hours at 480oC prior to electroplating while the
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remaining two substrates were as-received in as-deformed state. It was assumed that the electroplating
conditions would not require altering as each set of substrates were chemically identical and their
electro-conductivities are the same. The hardness, texture, and grain size of each specimen was
determined using Vickers micro-hardness, x-ray diffraction, and optical microscopy, respectively.

3.3

Spin-coating procedure

Spin-coating is the process used to coat a substrate material with a uniform polymer layer. Prior to spincoating the surface of each sample was cleaned with iso-propyl alcohol (IPA), dried with nitrogen gas
(N2), rinsed with de-ionized water and finally dried with additional N2. The copper/gold substrate must
then be heated to 180oC for 5mins using a hot plate to dehydrate the substrate material, preventing a
moisture barrier from forming between the substrate and the polymer layers. The substrate was then
cooled back to room temperature, and mounted on a Laurel spin-coater so that the centre of the sample
was in line with the axis of rotation.

For thick masks of 2 to 5 µm, a 950PMMA A polymer resist (solids: 11% Anisole) was used, and for
thinner masks of 250 nm-2 µm, a PMMA polymer resist (solids: 6% Anisole) was used. Guidelines for the
relationship between spin-speed and spin-coating thickness were provided by ©MicroChem Corp [117]–
[119] and previous work by other users at Kingston Nanofabrication Lab (KNFL) with the same spincoater [120]. Spin speeds versus film thickness curves were calibrated to the rpm of the spin-coater for a
desired resist thickness. Spinning speeds were increased at a rate of 300 rpm/s until the desired speed
was reached, held for 30s to produce a uniform coating, and then decelerated at 300 rpm/s until
stopped. After coating the samples, the substrates were baked on a hot plate at 180oC for an additional
60 or 90 min for the thin and thicker coating, respectively, to harden and evaporate excess solvent
within the polymer resist. After the lithography process (section 3.4), the PMMA was developed in a 1:3
solution of methyl-isobutyl-ketone (MIBK) and IPA for 60s. A final bake at 180oC for 15 mins was
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performed to stabilize and harden the PMMA and was only done for dose analysis of lithography. A
hardened polymer is more difficult to remove and therefore was not hardened when pillars were grown
inside the PMMA. Removal of the polymer layer after electroplating was done using acetone, but this
can also be performed by standard cleanroom solvents such as photoresist thinner or specific
photoresist removers [117]–[119].

SU-8-5 photoresist is used for producing large features such as pads for FIB milling and the spin-coating
process is very similar to PMMA. The substrates are pre-baked on a hot plate for 5 mins at 200oC, cooled
to room temperature and mounted on the spin-coater. A pre-coating of ©MicroChem OmniCoat is
recommended to be applied to make polymer removal easier after electroplating.
The process for applying SU-8 is very similar to the PMMA. The pre-heat was done at 200oC for 30 mins
to dehydrate the substrate, cooled to ambient temperature, and then the polymer was spun on to the
material. A bake at 65oC was done for 5 mins to increase the uniformity of the polymer layer prior to
exposure. A post exposure bake for 2 mins at 95oC was needed to crosslink and stabilize the exposed
polymer and then developed for 1 min in SU-8 developer, rinsed with IPA and dried with N2. A final bake
at 180oC for 15 mins was done to harden the polymer.

It was desirable to spin-coat half the sample with PMMA and either coat the other half with SU-8, or
leave it completely exposed for FIB milling. This facilitates the ability to make larger features in SU-8
such as large pillars and small features for pillars using electron beam lithography. Leaving one half
exposed allows for polymer-free FIB milling. A schematic of a standard sample is illustrated in Figure 13.
To achieve the hybrid coating, a barrier was needed to separate the two polymers during spin-coating. A
barrier was created using a two-part epoxy JB WELD™ that can withstand up to 600oC, and does not
conduct electricity. The barrier is approximately 3 mm in height and 0.5 mm thick and mounted along
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the midline of the substrate to prevent polymers from flowing over top of one another during spincoating. This barrier was removed after electroplating by breaking it off and grinding it flat with a file.

All spin-coatings were administered in a grade 1000 cleanroom to reduce contamination from airborne
particulates. Ultra-violet filters in the clean room prevent unwanted exposure as this would distort the
PMMA and SU-8 resist layers.

Figure 13: Schematic of PMMA and SU-8 polymers for EBL and photolithography, divided by JB WELD™
separator.

3.3.1 Electron beam lithography
Fabricating arrays of holes in the PMMA polymer mask was done through electron beam lithography
(EBL) techniques. After samples were coated with a PMMA negative resist and pre-baked, samples were
introduced to a Raith SEM with lithography capabilities. For step-by-step instructions on how to operate
and perform the electron beam lithography, refer to the Appendix.
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Autodesk 2016 was used to design all patterns used for EBL and photo-lithography purposes. Computeraided-design (CAD) files for dose arrays, growth rate arrays and final pillar arrays were modified for
different thicknesses of polymer. Dose arrays for EBL consist of 16 holes of eight different diameters,
ranging from 100 nm to 2.5 µm in Figure 14A. Growth arrays and final pillar arrays contain 30 holes of 6
different diameters in Figure 14B.

Figure 14: CAD pattern for EBL patterning. Designed in AUTODesk2016 and converted using KLayout. A)
Dose array of holes 100 nm to 2.5 µm in diameter for EBL and scale bar is 4 µm wide. B) Pattern of circles
0.5 µm to 3 µm in diameter spaced 20 µm apart and scale bar is 10 µm for reference.
The dose and dwell time of the beam must be carefully selected to ensure that the polymer is cleaved all
the way down to the substrate base while minimizing any undercut or overcut. A dose array is therefore
needed for different polymer thicknesses and substrates. Before a dose array can be run, optimum
beam conditions must first be determined. Beam condition optimization was performed using double
Gaussian Monte Carlo simulation using Nanosuite 6.0, developed by Raith and Pioneer (Figure 15) of
various beam accelerating voltages. The polymer type, thickness, substrate layer compositions and
thicknesses were input into the simulation tool in which 1000 electrons were shot at the virtual material
at 10, 20, and 30 keV. The accelerating voltage influences the excitation plume of the electrons (electron
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scatter) when the electrons reach the substrate. An increased accelerating voltage penetrates deeper
into the material, but may ricochet off the substrate surface, increasing electron scatter. It can also be
seen that the electrons follow a straighter path that will result in smoother and straighter sidewalls
required to template pillar growth. Consequently, 30 keV was used for all electron beam lithography
patterning in this work.

Figure 15: Monte Carlo Simulations of electron beam penetrating PMMA to the substrate. A-C) Electron
trajectories when travelling through the PMMA polymer and embedding into the substrate. D-F) Density
of electrons where brighter is more concentrated.
Proper beam alignment through focusing, aligning aperture, and adjusting stigmators are required to
ensure that the design is patterned as accurately and precisely as possible. In the final procedure, the
beam was focused down to a spot size of approximately 5 nm, and then blanked. The sample was

- 59 -

moved into position for patterning. The beam rasters in a manner specified by the software across the
sample where the holes are to be made, and blanked when the beam rasters across polymer that is not
to be exposed. For large patterns, a large field of view is used for patterns that do not require a high
degree of accuracy or precision as tapering is unavoidable due to beam deflection. Tapering of 3-5o was
expected using a smaller field of view (<100 µm) to increase the accuracy and minimize tapering from
reduced beam deflection, but not so small as to require stage movement for every hole, which
substantially increases the time and therefore cost for patterning.

Two dose arrays were made on each of the eight samples, using different conditions. Multiple dose
arrays were needed to better understand how the software calculated relative doses. Doses from 1000
to 3000 µC/cm2 in 100 µC/cm2 steps were manually programmed for one row while an automatic dose
array of 1000 up to 9000 µC/cm2 in 100 µC/cm2 steps was also written in another row. It was important
to formulate a dose range that would include all doses suggested within the literature, and account for
differences in accelerating voltages between the Raith and those used in other works. Table 2
summarizes the doses used for the different polymer thicknesses.

Table 2: Summary of PMMA thickness's and dose arrays.

Thickness

Dose Type

Dose Range (µC/cm2)

Dose Step (µC/cm2)

0.4 µm

Auto

300-9000

100

0.4 µm

Manual

300-3000

100

2 µm

Auto

1000-4000

100

2 µm

Manual

100-3000

100

3 µm

Auto

300-3000

100

3 µm

Manual

1000-3000

100

5 µm

Auto

1000-4000

100
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5 µm

Manual

1000-3000

100

After the dose array, the polymer resist was developed for 60 seconds in a 1:3 solution of mono-isobutyl
ketone (MIBK) and isopropyl alcohol (IPA), followed by a rinse of de-ionized water.

3.3.2 Photo-lithography
Photo-lithography relies on polymers reacting to a specific wavelength of light to break down the
polymer. A 365 nm wavelength of UV light was used for exposures on SU-8. Photo-lithography was
performed in a clean room to prevent contamination from dust particles and avoid unwanted UV
exposure. The patterns were create using an Intelligent Maskless Photo-lithography (IMP) system. The
system requires an external CAD file of the pattern. CAD files were created using Autodesk 2016
(student edition). CAD files were saved as R12/LT2 DXF or bmp formats for correct processing by the
IMP system. The pattern consisted of 14 holes of 7 different sizes, and a locating donut as a landmark to
easily find the pattern. A dose array was constructed for each thickness of polymer with various
diameters of holes. Doses were dictated by exposure time since wavelength and intensity of the UV light
are constant. An initial dose spanning from 10 to 600 seconds in 30 second increments was performed
to find a dose approximation for each thickness of SU-8. A second dose array with five second
increments was performed to refine the solution for the exposure time for each polymer thickness. A
summary of the smaller dose array conditions is given in Table 3.

Table 3: Summary of SU-8 dose array conditions.
SU-8 Thickness (µm)

Hole Diameters (µm)

Dose (s)

Increment (s)

3

1-6

20-70

5

5

2-10

30-90

5

10

2-10

45-125

5

- 61 -

The SU-8 polymer was then baked to stabilize the polymer, developed using SU-8D, and hardened so
that the dose array was visible by optical microscopy.

3.3.3 Final sample lithography – role of hole size on pillar growth
Once all doses were optimized for the different thicknesses of PMMA and SU-8 polymers, samples for
pillar fabrication could be made. A series of samples for growth analysis were constructed with PMMA
templates of various thicknesses. Each growth sample contained approximately 6000 pillars, broken into
arrays of 30 pillars which contained six rows and five columns. Each row consisted of a different
diameter hole to study how the size of hole influenced the growth of pillars.

All final lithographic samples were prepared with both a PMMA and SU-8 section, separated by a wall.
The more viscous and permanent SU-8 was applied first and photo-lithography of 50 µm square pads
was done in preparation for FIB milling. The PMMA was applied afterwards and EBL was used to make
approximately 6000 holes of six different diameters, scaled to the thickness of polymer to keep a 2:1 to
5:1 height to diameter ratio. Additionally, samples were fabricated with PMMA on one half and the
other half left bare for FIB milling of the nickel film.

3.4

Electroplating for characterization and growth rate determination

The growth rates from the electroplating conditions were determined to help select the growth times
for specific pillar heights and diameters. Gold-coated copper samples were first used to establish plating
growth rates without polymer masks. To incorporate the polymer masks, Ni plating was done with
constant conditions of 55oC, 1100 rpm flow and 525 mA/cm2, but varied plating times of 30 to 300s in
30s increments. These tests were performed randomly to ensure plating variance between samples was
noted. Cleaning the substrate prior to plating is also important to ensure successful bonding between
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the seed layer and deposited material. Isopropyl alcohol was used to clean the copper samples. The 10
samples were plated immediately after one another to minimize variance through contamination of the
plating solution. Table 4 lists the conditions and order of sample plating used for growth rate analysis.

Table 4: Summary of growth rate conditions for polished copper samples with gold seed layer in Ni
electroplating solution (Watts bath).

Sample

Dimensions

Surface Area

Electroplating

Time Plating

Order of

(cm x cm)

(cm2)

Current (mA)

(s)

Electroplating

A

0.89 x 1.38

1.228

644.8

30

5

B

0.84 x 0.83

0.697

366.0

60

2

C

0.99 x 0.93

0.921

483.4

90

6

D

0.91 x 1.15

1.046

549.4

120

8

E

0.92 x 1.25

1.15

603.8

150

1

F

0.83 x 1.24

1.029

540.3

180

9

G

0.86 x 1.08

0.929

487.6

210

3

H

0.95 x1.05

0.998

523.7

240

7

I

0.86 x 1.28

1.101

577.9

270

10

J

1.03 x 0.98

1.009

529.9

300

4

Additionally, two as-received samples and two annealed samples were plated with nickel using identical
settings of 525 mA/cm2, 1100 rpm, and 55oC for 600s. These four samples were used to study the
substrate influence on microstructure, texture, and hardness.

In pillar fabrication, a substrate sample will contains arrays of holes of varying diameters such that
thickness to diameter ratios were held between 5:1 and 1:1. For example, a 2 µm thick polymer mask
contains arrays of holes of 0.5 µm, 0.75 µm, 1 µm, 1.25 µm, 1.5 µm, and 2 µm in diameter. The thickness
to diameter ratios prepared are typical of those in the literature. It is known that large ratios above 6:1
can buckle during compression testing, and ratios below 3:1 risk the influence of end effects [65]. For
growth rate analysis, ratios down to 1:1 were used to cover a wider spread of growth conditions with
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fewer substrates. The selection of polymer thickness and diameters of holes permits the study of the
growth rate for the aforementioned factors. To fully study the growth rate kinetics, electroplating can
only be performed for specific timed experiments. Subsequently, a group of four samples was
electroplated to evaluate the changes in growth rate with respect to polymer thickness, and hole
diameter. The four samples include; plating of polymers: (1) 400 nm thick for 60s, (2) 3 µm for 120s, (3)
2 µm thick plated for 60s, and (4) 2 µm thick for 120s. It was expected that the growth rate will decrease
when the depth of the hole increases and increase when depositing in larger diameter hole. This is due
to the shallower concentration gradient of deeper holes and equivalent mass transport of material into
holes [72]. The same volume of material should be deposited at the same time, regardless of the
diameter of the hole so narrower holes should fill up more quickly as there is less volume within the
hole. The grown pillars’ heights, growth rates, and cross sectional structures were characterized by
combinations of SEM and FIB, after first stripping off the polymer with acetone. A summary of the times
and dimensions used for growth rate analysis is shown below in Table 5.

Table 5: Sample conditions for determining the influence of dimensions on the electroplating growth
rate.

Polymer Thickness

Diameter of Holes (µm)

2 µm

0.5, 0.75, 1, 1.25, 1.5, 2

2 µm

0.5, 0.75, 1, 1.25, 1.5, 2

400 nm

0.1, 0.15, 0.2, 0.25, 0.3, 0.4

3 µm

Aspect Ratios

Plating time (s)

1:4, 1:2.6, 1:2,
1:1.6, 1:1.3, 1:1
1:6 , 1:4, 1:3,

0.5, 0.75, 1, 1.5, 2, 3

1:2, 1:1.5, 1:1

60
120
60
120

The current density was calculated using the total substrate area as the current is distributed evenly
over the entirety of the substrate, and not calculated from the exposed surface area of the plated
surface. The exposed areas are simply the only parts that were electroplated.
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3.5

Pillar fabrication

As stated previously, pillars can be fabricated by multiple methods; here FIB milling (top down
approach), and electroplating within a patterned mask (bottom up) were used. These two approaches of
making pillars are quite different, and previous works comparing these two methods with similar
materials have not provided any conclusive evidence suggesting that each process produces pillars with
identical properties. Part of the reason is that the starting base material and grown material have been
different. This work, on the other hand, directly compares the two methods by fabricating pillars using
the top-down and bottom-up approaches both from electroplated material. The plated material has
identical chemistry, texture, age, and process conditions. This allows for a true comparison between
identically-sized pillars contrasted by the two fabrication methods.

To avoid bulk material behaviour, the sample size needs to be reduced to the point where it is unlikely
to contain more than 1 dislocation source within a specimen. The size at which this point occurs is
subject to the material processing conditions. Amorphous materials with dislocation densities above
10^18 per m3 would translate to approximately 1 dislocation per µm3. More reasonable values of 10^12
dislocations per m3 results in approximately 1 dislocation for every 30 µm3 of material. It seems safe to
assume that sample sizes below 30 µm3 should contain less than two dislocations. The size of pillars
chosen for this work is limited to 10 µm3 of material to restrict the number of possible dislocations
within the specimen. For the remainder of this work, it will be assumed that each specimen contains 1
or fewer dislocations prior to mechanical testing.

3.5.1 Focused ion beam milling of pillars
The proposed methodology for fabricating pillars through FIB-milling begins with the electroplated Ni
substrate, opposite to lithography grown pillars (Figure 13). Pillars were spaced 20 µm apart, sufficiently
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large to allow clearance between the indenter tip and the crater side-wall during compression testing of
individual pillars. FIB-milled pillars were constructed to match the dimensions of lithography grown
pillars for direct comparison.

Instead of milling pillars directly from the substrate, which requires the fabrication of a large crater
around the pillar so that there is sufficient clearance for the platen during compression tests, grown
pillars were shaped and reduced in size using the FIB. Grown pillars were spaced 20 µm apart so craters
would not be needed, and thus saving time in in the FIB. Grown pillars that did not contain a cap, and
were not suitable for mechanical testing due to tapers or aspect ratios smaller than 2:1 were milled by
FIB and reduced to more suitable dimensions for mechanical testing. Rough milling was performed in a
Micrion 2500 using a 200 µm aperture at 50 keV, producing an estimated current of 550-600 pA. Pillars
were reduced to approximately 1.3 x 1.3 µm squares and rough milling was performed until the
substrate was reached. The rough milling process is not a precise task so the dimensions of the pillar
cross section were expected to be approximately 1.0 to 1.2 µm wide. The rough milling also caused
some of the substrate to be milled away from the base of the pillar, which resulted in the pillar
increasing in height but still within the target aspect ratio of 2:1 to 6:1. A total of nine pillars were
fabricated this way and their dimensions were measured post milling using an SEM and tilting to 45o to
view the pillar height and taper angle. Polish milling was not performed nor were the pillars annealed so
to maximize FIB damage to the pillars. Damaging the pillars provided an ability to compare the effects
caused by FIB milling to the unaltered, grown pillars made by lithography and electroplating alone.

3.5.2 Electroplated pillars
Electroplated pillars were fabricated using the above methods for substrate preparation, spin-coating,
lithography and electroplating processes. Using the growth rate data and analysis, it was found that
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electroplating for 45s was needed for 400 nm polymer masks, 120s for 2 µm tall pillars, 150s for 3 µm
tall pillars, and 180s for 5 µm tall pillars.

Pillars were electroplated until mushroom caps above the polymer surface appeared, signalling pillars
were of the desired height. The mushroom caps also provide a larger landmark which is beneficial when
locating pillars for testing. In most cases, the bright spot of the mushroom cap was directly over the
centre of the pillar, which is ideal for mechanical testing as it avoids any potential bending moments
through misalignment. Special care is needed to select appropriate pillars with no caps or small caps
that are above the centre of the pillar. Large caps are not ideal as it becomes increasingly difficult to
maintain the appropriate force balance through the pillar and ensure the indenter tip is centred with the
pillar.

If electroplating is performed for too long, large mushroom caps will continue to grow until they impinge
with nearby caps. Removal of the caps is thus the best option. A removal procedure is suggested, and
consists of first hardening the PMMA through a post bake process at 180oC for 30 mins. Hardening the
PMMA acts as a protective shield against deforming the pillars as objects can withstand relatively large
hydrostatic forces with no deformation [121]. The shield enables the caps to be delicately ground off
without deforming the pillars using metallography methods.

After the caps were removed, the PMMA template/shield was dissolved away in an acetone bath and
rinsed with IPA. The final array of pillars were located, mapped, and mounted on the indenter stage for
testing.

3.6

Mechanical testing

The stress-strain behaviour of individual pillars can be determined by specialized mechanical testing.
Ideally, the test can show strain bursts from dislocation avalanches, dislocation nucleation (for yield
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point determination), strain hardening, as well as standard UTS and point of fracture. Testing at
different temperatures and strain rates can also reveal information about the rate dependent processes
controlling plasticity.
Pillars suitable for compression testing were identified in the SEM. The sample stage was tilted 45o so
that the heights, diameters, and pillar caps could be measured. Measurements along the tilt direction
were divided by the cosine of 45o to ensure proper scaling to determine the appropriate height of the
pillars. Pillars were sorted into three classes to distinguish a good pillar from acceptable pillars and
acceptable from undesirable pillars. An ideal pillar has straight sidewalls, flat top, no shoulder at the
base nor cap on the top, with a height to diameter aspect ratio of 3:1 to 5:1. Pillars with taper less than
5o taper, spherical caps smaller than 150% of the diameter, and aspect ratio of 3:1 to 5:1 will be
classified as a “good” pillar. “Acceptable” pillars contain a taper between 5o and 15o, cap diameters from
150% to 300% but still maintaining a desired aspect ratio 0f 2:1 to 5:1 will be used to test apparatus
capabilities and determine appropriate loading rates for good pillars. Finally, all other pillars were
classified as unacceptable and were not tested.

The capabilities and the limitations of the MicroMaterials nano-indenter are subject to how the
apparatus applies a load, acquires the depth signal, and calculates the displacement during a
compression test. Preliminary tests reveal that a noise level of at least 0.05 mN is constant and as high
as 0.1 mN, regardless of how thermally stable the apparatus remains. The noise is attributed to
vibrations of mechanical systems within the building such as ventilation systems, motors used to move
the substrate holder and microscope lenses, and environmental factors such as people walking around
the building and opening/closing of doors. The noise is reduced with an air-table configuration, but is
not a perfect dampener of all vibrations. Noise levels up to 0.1 mN were common and therefore needed
to be considered when fabricating pillars. Pillars with small cross sectional areas may experience yield at
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forces within the noise band and would be impossible to determine from the compression tests. To
observe a low stress yield event near 400 MPa (lower than expected) with a force of 0.15 mN or larger,
the nickel pillar radius must be at least 350 nm. Keeping this in mind, the smallest pillars tested
contained radii greater than 350 nm to ensure that yielding occurred far enough above the noise band
to be easily determined. Fortunately, once the force exceeds the noise band, the data gathered above
0.1 mN appears to be vibration-free and the yielding of a pillar can easily be monitored.

It is important to note that focal plane and cross-hair calibrations required to position the platen directly
on the pillar are performed on the substrate surface, yet the tops of the grown pillars are at least 2 µm
above that plane. Focussing on the pillar top is less exact, so the top of the pillar may be slightly above
or below the focal length. Keeping this in mind, pre-contact of the surface that occurs during every
indentation sequence was done at the slowest velocity possible of 0.02 µm/s until the smallest force
limit of 0.02 µN was established to ensure that data was acquired before pillar deformation. It is
understood that 0.02 µN falls within the noise level, which can cause a premature force limit stop, but it
was more important to avoid loading each pillar unexpectedly at a loading rate that cannot be
controlled. Premature load limit stops are observed by a large displacement prior to any significant
loading and were corrected as necessary.

Pillars selected for testing were targeted a second time using the nano-indenter’s microscope
attachment. Each pillars was centred within the cross hairs and the focal point of the lens was moved to
coincide with the top of the pillar.

A series of experiments using the nano-indenter will provide useful data in comparing manufacturing
techniques, justifying the use of FIB-milled or electroplated pillars for experiments or provide a
measurable bias for each methodology.
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3.6.1 Electroplated pillars
The lithography and electroplating process produces hundreds of pillars in a short timeframe, and at
relatively low cost compared to FIB-milled pillars. The number of good pillars for testing was a small
percentage of the total number of pillars but acceptable pillars were more plentiful and allows one to
modify testing conditions to better understand the limitations and capabilities of the nano-indenter
without sacrificing good pillars. Of the 3000 to 6500 pillars per substrate, approximately 10% were
suitable for testing and fewer than 2% were very good pillars used for final testing.

Strain rates in the literature range from 1E-5/s to 0.2/s but few studies have ventured above 0.01/s.
Reported values of Young’s modulus and yield stresses are 30-400 GPa and 100 to 1800 MPa
respectively for pillars [50], [69], [93], [99]. The indenter used in this work is load-controlled and strainrate tests could not be performed with any reliability, so conditions were modified to find the slowest
stable loading rate (lower limit) to act as a reference point for rate dependent experiments. The
methodology for determining the test conditions are outlined in Appendix A8.

3.6.2 FIB-milled pillars
The stable testing conditions found through compressing electroplated pillars were used to compress
FIB-milled pillars. Due to the cost and time required to fabricate FIB pillars, mechanical testing of FIBmilled pillars was done at the end of this work, once the mechanical testing and methodology for
characterizing the electroplated pillars had been perfected.

3.6.3 Rate dependent experiments
Only “good” annealed electroplated and FIB-milled pillars were used for rate dependent experiments.
All tests were performed at ambient temperatures of 24.9-25oC (297.9–298k) for FIB-milled and 25.6525.8oC (298.65-298.8k) for EBL grown, well below 0.3Tm or 242oC (515k) for pure nickel, but at the
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transition point from low temperature thermally activated deformation of region I to athermal flow
characteristic of region II [87]. The MicroMaterials instrument is capable of high temperature testing,
but not lower temperatures down into Region I. Furthermore, the MicroMaterials instrument is a loadcontrolled system, so it cannot do independently controlled displacement rate experiments needed for
strain rate sensitivity measurements, and therefore loading rate experiments were used in this study.

Prior to any rate-experiments, an “acceptable” pillar was compressed using the slow 0.0015mN/s
loading rate to check that the apparatus was stable. If the apparatus was not stable, another
“acceptable” pillar would be tested every 60 mins until stability was reached. After a successful test was
completed, the system was deemed stable and rate dependent tests would start. A “good” pillar was
compressed at 0.0015 mN/s until a suspected failure was observed on the generated load-displacement
curve followed by elastic loading observed when the indenter tip reaches the substrate or fractured
material.

Additional pillars of “good” quality were also tested until suspected failure at different loading rates of
0.003 mN/s, 0.0075 mN/s, 0.015 mN/s, and 0.03 mN/s, which correspond to loading rates that were 2x,
5x, 10x, and 20x faster than the base rate respectively. At least three pillars were compressed at each
loading rate and a minimum of two successful tests at each loading rate were gathered. If the loaddisplacement curves were noticeably different in shape and magnitude for two pillars compressed at the
same rate, additional tests were performed to determine outliers and inconsistencies.

The load, displacement, and time are displayed during each compression test. After determining that
approximate yield and failure strengths of a pillar at a selected loading rate, a final compression test was
performed in which the loading was stopped just as yielding began. Halting the test during yielding was
used to provide insights into the deformation behaviour of the pillar. Since the tests are performed exsitu, the elastic to plastic transition cannot be visually observed nor can any work hardening be directly
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observed. Instead, the compression test was stopped during a yield event in an attempt to observe the
yield deformation.

After testing of the electroplated pillars, FIB pillars were tested. Three pillars of the nine FIB-milled
pillars were compressed at a loading rate of 0.0015 mN/s, identical to the slowest rate of the
electroplated pillars. One pillar was compressed until failure while deformation in the other two pillars
was halted after a large strain occurred. Three more FIB-milled pillars were also compressed at a faster
loading rate of 0.015 mN/s to observe any response to loading rate change. Due to the additional cost
and time required to fabricate pillars through the FIB process, electroplated pillars were still used to test
the stability of the system prior to compressing FIB-milled pillars. All successful deformation
experiments are summarized in Table 6.
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Table 6: Summary of good deformation test conditions including size, loading rate, and aspect ratio. All
tests were performed at ambient temperature between 24.9 and 25.8oC.

Type of Pillar

Loading Rate
(mN/s)

Type of Test

Size
Ht. x Diam. (µm)

Aspect Ratio
Ht. : Diam.

EBL + plating

0.015

Rate

3.4 x 0.84

4

EBL + plating

0.03

Rate

2.7 x 0.86

3.1

EBL + plating

0.003

Rate

3.4 x 0.88

4

EBL + plating

0.0075

Rate

2.9 x 0.91

3.2

EBL + plating

0.015

Rate

4.8 x 1.57

3

EBL + plating

0.015

Rate

3.8 x 0.93

4

EBL + plating

0.003

Rate

3.4 x 0.78

4.4

EBL + plating

0.0075

Rate

2.8 x 0.84

3.3.

EBL + plating

0.0075

Rate

2.9 x 0.85

3.4

EBL + plating

0.003

timed

2.1 x 0.93

2.3

EBL + plating

0.03

Rate

3.3 x 0.83

4

EBL + plating

0.0075

Rate

3.05 x 0.85

3.6

EBL + plating

0.015

Rate

3.23 x 0.88

3.7

EBL + plating

0.0075

Rate

5.5 x 1.8

3

EBL + plating

0.0015

timed

3 x 1.095

2.7

EBL + plating

0.0015

timed

2.8 x 0.88

3.2

EBL + plating

0.0015

timed

3.1 x 0.95

3.3

EBL + plating

0.0015

timed

4 x 0.84

4.7

EBL + plating

0.0015

timed

3.1 x 0.92

3.4

EBL + plating

0.003

timed

2.2 x 0.88

2.5

EBL + plating

0.0015

timed

3.2 x 0.96

3.3

Square FIB

0.0015

timed

3.3 x 1.25

2.1

Square FIB

0.0015

timed

2.4 x 1

2.4

Square FIB

0.0015

Rate

3.1 x 1.02

3

Square FIB

0.015

Rate

1.9 x 1.04

1.7

Square FIB

0.015

timed

2.7 x 1.05

2.5

Square FIB

0.015

Rate

2.4 x 1.1

2 to 1
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Chapter 4 Results and Analysis
4.1

Substrate characteristics

Kanani [72] has been documented that the substrate can influence the growth characteristics and
properties of electroplated material deposited on the substrate and that the crystallographic texture of
the underlying substrate and seed layer can greatly influence the texture of the plated material. It has
additionally been shown that pillar axis texture affects the yield strength as well as UTS of the
micro/nanopillars because the crystal orientation during compression testing influences which slip
systems activate [28], [30], [35], [37], [38], [40], [100], [122]. In this part of the work, the influence of
as-received versus annealed copper substrates on the nickel plating hardness, microstructure, and
texture was examined.

Figure 16 shows an optical image of an as-received Cu substrate after surface preparation. The grain size
was calculated through a standard line method using a minimum of five images and four lines per image
and the average grain size was found to be 5.1 ± 1.1 µm. As expected, the annealed copper, shown in
Figure 17, has a larger average grain size of 16.2 ± 7.3 µm.

- 74 -

Figure 16: Optical micrograph of a polished, as-received copper sample, etched using Mitchel’s solution.
Average grain size of 4-6µm and twin boundaries are apparent. Scale bar shown is 10 µm.

Figure 17: Optical micrograph of polished, annealed copper sample etched using Mitchel’s solution.
Average grain size of 15-20 µm with less twin boundaries. Scale bar shown is 10 µm.
The Vickers hardness was measured for the as-received and annealed samples. The average hardness
measured with a Vickers micro-hardness tester for as-received and annealed copper substrates were
0.92 ± 0.03 GPa and 0.72 ± 0.02 GPa respectively. Annealing is expected to promote grain growth,
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resulting in softer grains, largely a result of stress relaxation of the crystals and the diffusion and
annihilation of dislocations, acquired in cold-working of the material during processing.

Nano-indentation using a Berkovich indenter tip was performed on Ni plated samples to determine if
substrate hardness changed the hardness of the plated material. Nickel plated on as-received substrates
had an average hardness of 1.7 GPa with a range from 1.4-2.4 GPa using a Vickers micro-hardness tester
while Ni plated on annealed substrates had an average hardness between 2.0-2.4 GPa when using the
nano-indenter. Annealed Nickel had a measured average hardness between 1.9 and 2.5 GPa using the
nano-indenter. The nickel hardness does not drop after annealing, which is to be expected as the
electroplated material is already in a relaxed state and grain growth was not observed. It is unclear as to
why the hardness of the plated nickel increases even though the substrate hardness decreases. To
better evaluate this change, crystallographic information is required to interpret the results.

The soft copper and harder nickel combination may pose a problem during compression testing. It is
possible that the nickel will push into the copper substrate during compression tests, which will modify
the deformation behaviour of the pillar. SEM and FIB imaging will be required to characterize the
deformation behaviour and determine if a harder substrate is required for further tests.

Textures between substrates and plated material were compared to determine the orientations of the
pillars that would be grown as well as expected properties due to growth direction such as hardness and
strength.

Incomplete x-ray pole figures of the substrates and plated materials were measured using the conditions
specified in section 3.1.8. The MTM software [123] was used to calculate the orientation distribution
function and recalculate the complete pole figures (Figure 18) for easy comparisons between samples.
The pole figures show nickel has a strong cube texture (16x random) on annealed copper substrates, but
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weaker cube texture (6x random) on as-received copper substrates. The as-received copper substrates
contain a {100} cube texture with remnants of {111} while the annealed copper contain a more random
texture with some {111} components.

Figure 18: Recalculated {111} and {200} pole figures of Ni on AR and annealed copper as well as
recalculated {111} and {200} pole figures of annealed and AR copper substrates. Countour intensities are
given as times random.
Electron back-scatter diffraction (EBSD) was performed on a cross section of the nickel film to determine
the crystallographic orientation of individual nickel grains and confirm the x-ray texture data. Bruker
Esprit 2.0 was used to collect the data at a working distance of 18 mm, tilt of 70o, and 20 keV
accelerating voltage. Raw EBSD maps of the cross section can be seen in Figure 19. Figure 19A illustrates
the contrast between the copper substrate (top) and the nickel film (bottom) and Figure 19B maps only
the nickel film. Figure 20 shows the calculated pole figures obtained using MTEX 4.3.2/MATLAB R2013a
relating to the map in Figure 19B. Since the EBSD was performed on a cross section, the data was
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rotated to correspond with the substrate normal direction to match the growth direction and is shown
in Figure 21.

Figure 19: EBSD maps of Nickel (base) electrodeposited on copper (top). Maps do not overlap perfectly
with captured SEM image due to stage drift in the vertical direction. A) Nickel columnar nanocrystalline
grains grown on large copper grain. B) Map of nanocrystalline nickel only.

Figure 20: Raw EBSD pole figures and stereographic triangle corresponding to the map in Figure 19B of
the cross section of the nickel film, plotted using MTEX 4.3.2 and MATLAB R2013a.

Figure 21: Pole figure data of Figure 20 rotated 90 degrees about X to align with growth direction (top of
film) to observe growth crystallographic orientations, plotted using MTEX 4.3.2 and MATLAB R2013a.
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The pole figures obtained by EBSD differs slightly from the x-ray data as it shows a stronger {110} fibre
texture rather than {111} or cube {100}. The difference could be a result of the larger number of grains
sampled during x-ray diffraction, or calibration intensity error due to the nickel being a thin film rather
than a bulk powder sample that was used to perform the calibration. Unavoidable stage drift accounts
for the compressed map but should not distort the misorientation signal.

The columnar grain size was measured as 91±23 nm using standard line methods across the sample but
due to the variation in height of each grain due to stage drift, only a rough approximation can be made.
It should also be pointed out that the grain structure of the pillars are assumed to be similar in size and
orientation to the film characterized here. Due to surface roughness, a clean line of sight to perform
EBSD of cross-sectioned pillars was not possible. An estimation of grain size was also made from FIB
images similar to Figure 45 and was found to be 140 ± 45 nm with difficulty in obtaining contrast
between similarly oriented grains, so it is expected that the grain size is smaller than observed in the FIB
images.

The hardness of 1.9 – 2.5 GPa, combined with a grain size of 91±23 nm is comparable to values found by
Hughes et al. [105]. Their findings for electrodeposited nickel are shown in Figure 22. The vertical lines
represent the range in the grain size while the horizontal lines correspond to the span in hardness of the
nickel film.
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Figure 22: Microhardness dependence on reciprocal square root of grain size; rectangles define 95%
confidence limits [105]. Vertical lines represent grain size of 91±23 nm and horizontal lines represent
equivalent Vickers microhardness of 1.9 to 2.5 GPa measured in the electrodeposited nickel of the
present work.

4.2

Electroplating conditions

Nickel was electroplated on the gold seed layer on the copper substrates. To characterize the plated
material, cross sections of the sample were cut, polished and viewed in a JEOL-840 SEM, using a
tungsten source at 10 keV. The thickness of each plated layer was measured for the various conditions
and a thickness contour plot (Figure 23) was constructed to determine stable plating conditions at a
given current density. As seen in the plot, maximum thickness occurs near 1100 rpm flow and 55oC.
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Figure 23: Contour plot at 500 mA/cm2 to determine stable conditions for Ni electroplating. All samples
were plated for 300s in a Watts bath by direct current continuous plating.
The stable current density was determined at constant flow rate and bath temperature of 1100 rpm and
55oC, respectively. The average current density was determined to be 500±150 mA/cm2. The final
thickness of each plated layer is summarized in Figure 24. A stable region of non-porous material lies
between 500 and 550 mA/cm2 so 525 mA/cm2 was chosen as the best current density for Ni plating.
Porosity was unexpected as increased current density promotes more tightly bonded material. It is
possible, however, that the adherence force of ad-atoms is too great to allow diffusion of atoms on the
surface to fill valleys and cavities on the surface. This translates to faster vertical growth in which
unfilled valleys and cavities develop into pores. It is more likely that burned platelets, which are
expected at higher current densities, are beginning to occur and these platelets are unable to adhere
properly to the plated material. The burnt platelets fill the Nernst layer and are later washed away,
leaving behind large valleys that cannot be filled properly, producing a porous structure.
- 81 -

Thickness (µm)

Thickness of Plated Layer Versus Current
Density
50
40
30
20
10
0

porous
porous

300

400
500
600
Current Density (mA/cm2)

700

Figure 24: Plated material thickness with increasing current density for DC continuous plating. All
samples were plated at 55oC for 600s at a flow of 1100 rpm. Porous material seen above 600mA/cm2.
To confirm the plating temperature and flow rates were ideal with the newly found stable current
density, a 2x2 matrix containing temperatures of 50 and 60oC, and flows of 850 and 1350 rpm was
created to determine thicknesses. It was expected that the optimal conditions would be in the centre
and interpolating between the thicknesses generated would prove sufficient for reliable plating
conditions. This 2x2 matrix is shown in Table 7. Optimal conditions for stability and growth were found
to be 525 mA/cm2, 1100 rpm, and 55oC using a standard Watts bath and direct current continuous
plating.

The growth rate of Ni on gold/copper substrates was observed. The plating time varied from 30s to 300s
in 30s increments, and the optimal conditions were found to be 525 mA/cm2, 1100 rpm, and 55oC, which
were used for all samples. Plated samples were mounted and material was removed to reveal the plated
layer thickness on the substrate, as shown in Figure 31. The plated Ni layer was measured in 9 locations
and the average thickness, minimum and maximum thicknesses were recorded. Figure 29 shows that
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the growth rate follows a logarithmic function with a peak around 120s and the log-log plot of growth
versus time shows two distinct slopes in Figure 30, relating to different growth rates during the
electroplating process: nucleation and overlapping. It should be noted that sample B did not
electroplate on the first attempt and thus a second plating sequence was required. It was believed that
the sample was not in electrical contact with the sample holder during the first attempt.

Table 7: Final 2x2 matrix of Ni plating conditions. Each sample was plated for 600s via direct current
continuous plating in a standard Watts bath at 525 mA/cm2.

Temperature

Thickness (µm)

50oC

60oC

Flow

19

21

850 rpm

21

22

1350 rpm

Thickness (µm)

The chemistry of the plated Ni was checked using energy dispersive x-ray spectroscopy (EDs) analysis to
determine if there was any contamination in the plated material. A series of surface scans revealed high
counts of Ni with numerous traces of copper and fewer of gold. The underlying copper substrate coated
with gold is the likely sources of these trace elements. An example of the scans obtained can be seen
below in Figure 25. The chemistry appears to match that of nickel 200 [93].
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Figure 25: Energy dispersive x-ray scan of electroplated nickel on a copper substrate for 600s at 525
mA/cm2, 55oC, and 1100 rpm flow rate. Trace levels of the gold seed layer are observable. Expected
contaminants such as sulfur were not observed in the scan.

4.3

Spin-coating and dose arrays

After spin-coating, dose arrays were used to determine the desired exposure parameters for
photolithography as well as dwell times and current densities for electron beam lithography. Refer to
section 3.3 for specific parameters. To evaluate the dose arrays, a Zeiss optical microscope was used to
determine the penetration depth of the holes and if the holes contained any over/undercut as
illustrated by rings around the holes shown in Figure 28.

It was found that the preparation and spin-coating procedure affected how the polymer material
reacted to exposure. It was noticed that longer baking times for the PMMA made the polymer harder
and as a result, required higher doses through longer dwell times and/or higher currents to fully
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penetrate the polymer. It is therefore very important to prepare the samples using identical processes
so that the lithography conditions do not change from sample to sample.

The dose array for photolithography is solely determined by exposure time to 365 nm UV light. A large
dose array of 30-120s was first used to find an appropriate time span to perform a more accurate dose
array with smaller time increments. Figure 26 shows an example of the large dose array and shows a
large range of exposure times (30-195s). Full penetration of large features occurs near 45s while smaller
features appear fully at 75s for 5 µm thick, thus a window between 30 and 90s was performed on a
second sample. A section of the results of the second dose array is shown in Figure 27. It is apparent
that all smaller features do appear at 65s but are more crisply defined at 70s with no improvements past
70s, making 70s the desired exposure time for 5 µm thick SU8 photoresist.

Figure 26: Optical image of the large UV dose array on SU8 photoresist spun onto copper substrate with
gold seed layer. Doses range from 30-195s in serpentine format from top left to bottom right in 15s
intervals.
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Figure 27: Optical image of a dose array performed on SU8 photoresist. Full penetration occurs at 65s
and crisp edges are seen at 70s with no improvements with more lengthy doses.
It was determined that the best dose for each polymer depended largely on the thickness of the
polymer layer. The appropriate doses for the samples used are summarized in Table 8.
Table 8: Summary of exposure conditions for lithography processes. SU-8 requires photolithography with
365 nm wavelength and PMMA requires electron beam lithography.
Polymer

Thickness (nm)

Exposure time (±5s) or Dose (±100 µC/cm2)

SU-8

400

60 s

SU-8

2000

70 s

SU-8

5000

70 s

SU-8

10000

75 s

PMMA

400

1500 µC/cm2

PMMA

2000

1600 µC/cm2

PMMA

3000

1800 µC/cm2

PMMA

5000

2200 µC/cm2
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Similar to photolithography, EBL requires dose arrays to determine appropriate beam and writing
conditions. There is a challenge in that both the dwell time (exposure) and intensity of the beam can be
modified to produce different results. A long dwell time with low intensity can have an identical dose as
a short dwell time with high intensity. Monte Carlo simulations were used to determine the appropriate
intensity of beam to use to ensure the best penetration with minimal scatter. Simulations involving 1000
electrons shot at a 2 µm PMMA resist, covering a nickel substrate, seen in Figure 15, revealed that larger
accelerating voltages (increased intensity) have a better penetration into the polymer, but also an
increased electron scatter when electrons rebound off the substrate. It is assumed that less high energy
electrons are needed to create the same size holes compared to lower energy electrons. This should
translate into less overall scatter of electrons upon reaching the substrate and less deviation along the
sidewalls. Higher intensities were therefore chosen to be used, eliminating one of the variables for dose
arrays.

The accelerating voltage was set at the maximum possible of 30 keV, and the dwell times modified
during the dose array to create a linear range of doses from 300-3000 µC/cm2 for manual arrays and
300-9000 for automatic arrays. It was found that the best doses of 1500 µC/cm2 for 400 nm, 1600
µC/cm2 for 2 µm, 1800 µC/cm2 for 3 µm and 2200 µC/cm2 for 5 µm thick PMMA matched well with prior
literature [65]. A sample array is shown below in Figure 28A-C to illustrate the variation between low
dose and desired dose for a thickness of polymer. It can be seen in A that the holes are small or have not
penetrated the full thickness of the polymer, suggesting underexposure (too low of dose). Holes in B, on
the other hand, are much more visible but small holes are still not present. The small holes are similar to
fine features and are therefore needed for accuracy. Finally, the holes in C are very crisp with no extra
rings around the edges from overexposure.
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Figure 28 A-C: Identically patterned dose arrays in 2µm thick PMMA using Raith EBL. A: Doses of 300 to
600 µC/cm2 (left to right). B: Doses from 1000 to 1400 µC/cm2. C: Doses from 1500-2000 µC/cm2.

4.4

Ni electroplating growth rate determination on Au/Cu substrate

The electroplated nickel growth rate was determined by cross-sectioned samples. Each sample was
mounted in epoxy to protect the film surface and then polished mechanically before optical micrographs
were taken of the cross section. The thickness of the Ni film was determined from the micrograph using
the GIMP 2.8.18 software [124]. A minimum of nine measurements were used to obtain an average
thickness of the Ni layer. The progression of the nickel thickness with increasing plating times is shown
below in Figure 29, analysed using a log-log plot in Figure 30 to determine approximate electroplating
coefficients, and an example of how thickness measurements were obtained are in Figure 31. The linear
portion for determining the coefficient α should be brought to the origin which will change the
coefficient from 1.3 to 0.4 which is more consistent with the literature of 0.5 [72].
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Figure 29: Nickel film thickness versus time. Electroplating conditions for nickel on a copper substrate
were 525 mA/cm2, 55oC, and 1100 rpm flow rate.
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Figure 30: Double natural logarithmic curve of thickness versus time for growth of film. Steeper portion
at the start relates to nucleation of deposits and shallow region corresponds to 1D growth of the Ni film.
Equations for linear fits to the data are shown.
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Figure 31: Example of thickness measurements in µm across a cross section of Ni plated on Cu at 525
mA/cm2, 55oC, and 1100 rpm flow rate for 180s (upper sample) and 240s (lower sample) using “Perfect
Screen Ruler 3.0” image analysis software.
Initial growth rate experiments of Ni on a gold seed layer on copper substrates reveal that the growth
rate is not linear. An average of nine thickness measurements for every sample were taken for each of
the ten samples plated. A minimum thickness, average thickness and maximum thickness of the plated
Ni were recorded. The most obvious observation is that the data has an unusual peak between 100 and
170 seconds. The other noticeable trend is that growth rate slows down. A logarithmic function was fit
to the data to help determine any general relationship between plating time and Ni thickness. The
logarithmic function suggests that plating starts fast and slows down which is evident in the data points.
Unfortunately, this plating behaviour will not be true for electroplating pillars. The main difference is
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that a polymer resist will separate the Ni ad-atoms from the substrate and create much more defined
chemical gradients as well as limit mass transfer into the holes. To study this behaviour properly,
samples were made to include 6750 holes of 6 different diameter. A 15x15 array of 30 holes broken into
5x6 array based on hole diameters was created using EBL. A 400 nm thick PMMA sample and 2 µm
sample PMMA were plated for 60s each, and a 2 µm and 3 µm PMMA samples were each plated for
120s. The current selected for these tests was calculated by totalling the exposed surface area and
multiplying by the 25 mA/cm2. An array of holes similar to Figure 32 was completely filled for the 400
nm thick PMMA, resulting in mushrooming (Figure 33 and Figure 34). The 2 µm thick PMMA did not
show any mushroom caps so influences on the growth rate from hole depth and diameter could be
examined (refer to Appendix A6 for more details). The 3µm sample plated for 120s also did not reveal
any mushrooming.

Additionally, three 3 µm thick PMMA samples were plated for 180, 240, and 300s and three samples of 5
µm thick PMMA were plated for 180, 240 and 300s. For these samples, the current was determined in a
method similar to the thinner samples but yielded no caps, even after 600s. It was later realized that the
current density is not dictated by the surface area of exposed substrate to the bath solution, but rather,
the current distributed through the base of the substrate. This realization means that the current used
for a substrate will be identical, regardless of the amount of exposed surface within the polymer. Higher
currents were therefore used for the latter 3 µm and 5 µm samples with mushrooming taking place at
plating times above 180 seconds. The number of caps at 180s were few and far between allowing for
proper pillar measurements. Longer plating times resulted in more caps and coalescing of neighbouring
caps but some cap-less pillars still remained, shown in Figure 35.
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Figure 32: Optical image of hole array created by EBL in PMMA with 20µm spacing between points.
Overlap of holes is seen because of problems with the stage control for this specimen.

Figure 33: Optical micrograph of Ni plated within 400 nm PMMA resist. Visible mushrooming has
occurred meaning that Ni has grown outside of the polymer resist.
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Figure 34: Scanning electron image of 400 nm tall Ni pillars with mushroom caps. PMMA resist has been
removed and loose pillars will fall off (middle row).

Figure 35: SEM image of typical electroplated array of Ni pillars grown in a 3 um PMMA mask for 210s.
The location and size of pillars are randomly distributed.
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Tilting the samples 45o within the SEM allowed quantitative measurements of the heights, base and top
diameters of the pillars. In addition, observations were made of the volume of material grown in each
hole and observations could be made about the shape and roughness of the pillars. The distribution of
pillar sizes is inconsistent as shown in Figure 36, but follow a statistical distribution (Figure 37). It is
known that larger holes will have better mass transport but larger volume to fill and that smaller holes
contain less volume but receive ad-atoms at a slower rate. The different mass transports should be
balanced somewhat by the volume needed to fill each hole. There is however inconsistency between
holes of identical size as some pillars have grown out of the polymer, while others have yet to grow half
of the desired height of 3µm. Without studying the fluid dynamics of the system and mastering
electroplating techniques, this variation is expected for all experiments in this present work. A height
distribution chart (Figure 37) was constructed to better compare the heights of pillars and notable
observations are listed as such:


The diameter at the base of the pillar is up to twice in size of the desired hole diameter, shown
by a larger taper at the base of the pillar.



The top diameter of a pillar is approximately 0.25-0.35 µm larger than the desired hole
diameter; the thicker the polymer, the greater the error.



Larger holes are relatively more accurate in targeted hole diameters, compared to smaller holes;
signifying that the error is a constant value rather than a percentage.



The distribution of pillar heights seems to follow a Gaussian distribution. The tallest pillars
appear to be within large holes. Larger holes contain larger volumes of material. Both of these
observations suggest greater mass transfer of ions to larger holes. There also seems to be more
variation when thinner resists are used. Heights within a specific diameter of hole could vary as
much as 0.7 µm in 2µm thick PMMA resist whereas for a thicker 3µm sample, it was less (0.4
µm).



There is no apparent influence of polymer thickness on growth rate. Pillars grown in identically
sized holes contain similar volumes when normalized with plating time. The difference in pillar
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height can be attributed to the taper. Thicker polymer allows greater beam scattering within the
resist, which results in a greater taper and thus a reduced height.

Figure 36: FIB secondary electron image illustrating distribution of as-grown nickel pillars fabricated from
an EBL array.
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Figure 37: Typical distribution of pillar heights from one nickel electrodeposition process obtained from
28 pillars.
The focus of this work is not to determine optimal EBL and electroplating conditions for all
electroplating, but rather to provide a foundation for growing pillars using in-house equipment and
experimental evidence for easy troubleshooting of problems associated with the lithography and
electroplating processes. It is obvious from the initial results that the taper is undesirable and should be
minimized. Beam spread will be accounted for in later lithography processing to reduce tapering and
produce geometrically accurate pillars.

4.5

Mechanical testing of pillars

4.5.1 Familiarization with equipment
The micro/nanopillar compression tests were performed using the MicroMaterials instrument installed
at the Reactor Materials Testing Laboratory (RMTL). This is a new instrument with little user experience
for micro/nanopillar compression. Before compression experiments were begun, time was spent
understanding the operation of the instrument as a nano-hardness tool. A series of nano-indentation
tests were performed using a Berkovich tip. Depth and load controlled indents were performed to
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determine the relative noise of the system and to benchmark the stability and capabilities of the system.
Figure 38 plots load controlled curves illustrating the noise and instability of the nano-indenter. Notable
portions of each curve are the shallow start, the difference in slope of the loading and unloading
portions, and the plateau at the top of each curve. The shallow portion at the beginning of each test
indicates a high compliance, suggesting asperities on the surface or a soft surface layer that will
compress under the applied load. The difference in loading slopes between tests is a well-known
response to differing loading rates, and the unloading slopes are similar, which is also expected as
unloading should be fully elastic. The interesting artifact of the 8mN curve is the deviation at 50 nm
displacement in which the load increases but displacement decreases. This is a perfect example of how
thermal drift affects the displacement signal during an experiment. The plateau at the top of the curves
is the displacement caused by thermal drift while holding the maximum load for 30s. Testing at ambient
temperatures should not invoke a creep response, but it may be possible, yet unlikely, for a viscoelastic
response to occur, which can occur when the material is able to relax when loading stops.

Figure 39 shows 30 seconds of the dwell data, showing the thermal drift of the system and a more
detailed evaluation of the system instability over a longer period of time. Thermal drift data was
gathered post indentation, once the load is removed to 30% of the maximum. Thermal drift data is
therefore acquired while load is held constant, similar to the hold at a maximum force, but with the
lower force and ambient temperature, no creep or viscoelastic response is possible so a true measure of
the thermal drift of the system is made. For the 0.5, 2.0, 3.0, and 5.0 mN tests, thermal drift data was
gathered at 0.15, 0.6, 0.9, and 1.5 mN, respectively. The thermal drift data collected at 0.15 mN is just
above the noise band but sudden drops in displacement are indicative of additional noise spikes.
Thermal drift was calculated to be approximately 0.5-1.4 nm/s during experiments. The most stable
experiments measured for thermal drift still contained a drift of 0.3 nm/s. The thermal drift tests make
measuring the modulus of elasticity impossible. The drift at the beginning of each test may be different
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than the drift collected at the end, and collecting thermal drift at the beginning of each test requires the
pillar to be loaded, held at a load to measure the thermal drift, and then the compression test is
resumed after the thermal drift data has been collected. The change of stress state and, by extension,
the displacement rate is altered, resulting in inconsistent loading rates, and experiments of this sort
would be flawed. Thus, all experimental data presented in this work was not drift corrected.
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Figure 38: Proportional load test on electroplated nickel to determine stability of nano-indenter.
Waviness in the loading curve (left side) represents noise from vibration or instability via thermal drift
during the test. Both curves are load controlled to reach different maximum forces of 4 and 8mN in 200s.
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Figure 39: Thermal drift dwell post-indentation data for each nano-indenter compression. Large spikes
accompany tip movement through deformation or lateral movement due to surface roughness.
Initial tests indicated that the stability of the entire system was achieved after approximately 60 mins
from closing the indenter chamber, but samples were left in the apparatus for at least 6 hours
beforehand to reach an apparent steady state. Noise was determined to be at least 0.1 mN for the first
tests but this value reduces to 0.05 mN once the room temperature became constant and vibration
from environmental factors fully stabilized. Noise of 0.05 mN would result in approximately 64 MPa
error for 1 µm diameter pillars. These values are approximately 10% or less than yield strength at room
temperature and were deemed acceptable. It is understood that the noise in the data is dampened at
larger loads (above 0.1 mN) as the system naturally stiffens due to the increased tip area-to-surface
contact and data collected beyond this point becomes more accurate

The thermal drift data does not show any relation to load. Any fluctuations in temperature causes
thermal expansion and contraction of materials, resulting in a deviation of the capacitor plate signal for
an apparent change in displacement even when no load is applied. A predictably stable system will have
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a linear thermal drift curve and becomes increasingly stable as the drift rate approaches zero (flat line).
It is therefore crucial for all experiments that the temperature within the chamber remain constant.

It was also noticed that loads above 100 mN and displacements greater than 10 µm during a test will
increase the noise of a subsequent test. Additionally, it was found that depth-controlled tests use
feedback loops and overshoots in load and/or depth greater than 0.5 mN and 50 nm, respectively, were
present and undesirable. Compression testing was therefore run under load control as it was more
accurate for determining the exact force and displacement from a compression test.

4.5.2 Trial tests
Trial compression tests were performed to evaluate the system for testing pillars. The tests used a 10
µm flat tip punch on 1.5 µm diameter Ni pillars on a copper substrate. The loads ramped from 0.2 mN to
1.0 mN. A loading rate of 0.0015 mN/s was chosen to provide a controlled rate to observe yielding. It
was first observed that yielding of the pillars occurred between 70 and 150 µN (Figure 40 and Figure 41),
less than the 200-500 µN expected for 1 µm Ni pillars [50].
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Figure 40: Load-displacement response of a 1.5 µm diameter Ni pillar on copper substrate at loading rate
of 0.0015 mN/s to 0.4 mN. Yield occurs at approximately 0.12 mN (approximately 70 MPA).
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Figure 41: Load-displacement response of another 1.5 µm diameter Ni pillar on copper loaded to 0.5 mN
at 0.0015 mN/s. Yield detected by a change in loading slope at 0.16mN (approximately 90 MPA).
The results suggest that the copper substrate may be yielding prior to any deformation by the pillar as
the yield stress is approximated to a range of 50-100 MPa, which is in the yield range for high purity
annealed copper [125]. Only an approximation can be made as the true cross sectional area is unknown
but estimated to be equal to the cross sectional area of the overlying pillar. SEM images were taken at a
45o tilt angle and revealed a ring at the base of the pillar. This indicated that the annealed copper was
yielding prior to any deformation to the pillar as seen in Figure 42. To prevent this behaviour, a
subsequent layer of Ni was electroplated on the base layer. Note, this second layer required an
additional seed layer of gold.
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Figure 42: SEM image of Ni pillar compressed into copper substrate. Crescent surrounds the copper yield
zone at base of pillar and larger crescent away from the pillar outlines the indenter tip compression mark
in copper substrate.
Pillars grown on the new nickel layer showed increased yield strength. A sample of the engineering
stress-strain curves is illustrated in Figure 43 and the respective force-time and displacement-time
combination plot is in Appendix A8, demonstrating the force control of the indentation system. Without
imaging the pillars during deformation, the calculation of each stress-strain curve is guesswork at best.
Initial noise at the beginning of the test suggests that the indenter tip settled on the top of the pillar
before uniformity of the load was applied. The apparent yield strength is approximately 430 MPa. This
value is lower than other reported yield strengths for <111> and <110> growth oriented or
nanocrystalline nickel pillars [50][69]. Annealed electroplated pillars were also tested to compare any
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differences resulting from the annealing process. The stress strain curves of as-electroplated and
annealed electroplated Ni pillars are shown in Figure 44 and there is no discernable difference between
the samples. Both types of pillars exhibit stochastic behaviour, yielding between 600-900 MPa, work
hardening, and large strain to failure. This is to be expected as the electroplating relies on ad-atoms
attaching at higher energy locations and re-ordering to reduce their self-energies. The reordering to
minimize self-energy is much the same as relaxation during annealing. Annealing is not required for the
electroplated pillars, but is an important contribution in regards to later FIB-milled pillars.

Further characterization revealed that the pillars grown typically contain columnar grains, aligned
primarily with the column axis (Figure 45). It is expected that the grains are mostly <110> and <111> in
nature to match the x-ray texture data and EBSD maps of the Ni film.
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Figure 43: Engineering stress-strain behaviour of an electrodeposited 3µm tall nickel pillar with 2µm
diameter. Loading rate was 0.05 mN/s. Thermal drift is responsible for positive displacement during
unloading
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Figure 44: Engineering stress-strain curves of electroplated and annealed electroplated Ni pillars
compressed at a loading rate of 0.0015 mN/s.

Figure 45: FIB electron image of a cross section of an electrodeposited 5µm tall nickel pillar with a field of
view of 10 µm. The pillar illustrates key features: (1) non uniform cross section; (2) gold seed layer
between nickel pillar and nickel film; (3) columnar grains; (4) over-grown “cap”.
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4.5.3 Mechanical testing for rate dependence of EBL Ni pillars
After determining the correct conditions for compression experiments, the “good” pillars were located
and measured as before. Pillars were compressed at the selected loading rates of 0.0015, 0.003, 0.0075,
0.015 and 0.03 mN/s, corresponding to baseline, double, five, ten, and twenty times faster, respectively.
Due to the various responses, it was necessary to test at least three pillars for every loading rate. Two
pillars of similar dimensions, compressed at identical loading rates have presented three obviously
different responses as seen in Figure 46 and at least one other behaviour was observed. The first
common response seen is a linear elastic region with a quick fully elastic to fully plastic transition with
very little work hardening, followed by a large deformation indicating fracture (2.5 x 0.88 µm pillar).
Another distinctly different behaviour is the large strain (greater than 40%) at loads of only 100-300 MPa
and then a transition to an almost elastic behaviour with almost no strain until the elastic-to-plastic
transition and fracture like the first behaviour (2.2 x 0.88 µm pillar). The third behaviour is similar to bulk
material testing in that an elastic zone is followed by a gradual elastic-to-plastic transition, work
hardening and then fracture (3.3 x 0.8 µm, 2.1 x 0.93 µm, and 3.4 x 0.78 µm pillars). Additionally,
behaviour of some pillars show stochastic flow between 150 and 400 MPa, followed by elastic loading
and then a gradual elastic-to-plastic transition with work hardening before fracture. An example of
stochastic behaviour is shown by the 2.2 x 0.88 µm pillar in Figure 47.
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Varying Yield Behaviours of EBL Pillars at
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Figure 46: Engineering stress-strain response of compression tests of annealed Ni pillars at an identical
loading rate of 0.003 mN/s. Yield stress of approximately 2400, 750, 750, 700, 600, and 350 MPa for the
3.4 x 0.78, 2.1 x 0.93, 3.3 x 0.8, 3.4 x 0.88, 2.2 x 0.88, and 2.5 x 0.88 µm sized pillars respectively.
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Figure 47: Engineering stress-strain curve with stochastic behaviour of a 2.8 x 0.88 µm annealed Ni pillar
compressed at 0.0015 mN/s.
By increasing the initial loading rate, it was expected that the mechanical response of the pillar would
change from soft with a lower yield stress to increasingly harder and a higher yield point. The response
to changes in loading rate were inconsistent. The yield stress did go up in some cases, but also remained
the same or decreased for loading rate increases. Strain at yield and failure, though unreliably
measured, were also different from test to test, showing no trends with respect to loading rate.
Stochastic stress-strain yielding behaviour was only witnessed during slow loading rate compression
tests with EBL pillars. It was also noticed that gradual yielding with work hardening reached higher yield
stresses and increased stress before failure compared to tests that exhibited sharp yielding behaviour.

The various pillar responses to compression testing make it difficult to correlate the loading rate to the
compression response of the pillars. It is even more difficult when 2 pillars at different loading rates
demonstrate similar stress-strain behaviour. Some questions arise when observing the stress-strain
behaviour. Why are pillars compressed at different loading rates showing very similar stress-strain
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curves yet pillars of nearly identical size, compressed at identical loading rates display different
behaviours and strengths?

Attempts were made to stop the compression tests just at incipient elastic to plastic transition to try and
examine the pillar by SEM to interpret the deformation mechanism responsible for yielding. A summary
of engineering stress-strain curves and pre- and post-deformed images of the same pillars is provided in
Appendix A9.

The yield point for each curve was calculated using a 0.2% strain offset from the steepest linear region
prior to a plastic event. The yield stress was plotted versus the loading rate in Figure 48 and grouped
into the five behaviours classified earlier of: gradual yield with work hardening, sharp yield with no work
hardening, stochastic then gradual yield, gradual yield then stochastic, and strain then gradual yielding.
For stochastic behaviour, the first strain burst above 0.1 mN was used to determine the yield point. The
data shows that stochastic behaviour seems to occur, or was only detectable at slow loading rates, and
gradual yielding appears to initiate at higher stresses than sharp yielding behaviour. The data can be
described as a range of yield stresses that show no loading rate correlation. In addition, the amount of
stress increase from first detectable yield point to observed failure stress, or hardening that occurred, is
plotted versus the loading rate in Figure 49. In classical deformation theory of a positive strain rate
sensitive material, the stress increase is higher for the more rapidly deformed material due to strain
hardening. Note that the engineering stresses were used, because a true stress cannot be reliably
calculated at the maximum loads without an accurate measure of strain. The data here is very
inconsistent, even among similar yielding event types, and suggests behaviours more typical of dynamic
strain ageing behaviour where faster deformation rates can be softer than slower rates.
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Figure 48: Yield points of electrodeposited pillars. Pillars are grouped into five categories based on their
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Figure 49: Increase in stress from initial yield point to observable failure of electrodeposited nickel pillars.
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Thermal drift and vibration of the nano-indenter affected all results gathered, including the Young’s
modulus. Stable tests reveal that the Young’s modulus varied between 35 and 440 GPa. Values obtained
from the most linear portion of the unloading curve give Young’s modulus values to be 50-350 GPa but
these measurements still occur during thermal drift. Since the indentation system is not infinitely stiff,
an attempt was made to correct the pillar displacement by subtracting off the displacement
contribution due solely to the system, i.e. substrate, substrate holder, and indenter tip. The elastic
displacement of the platen contacting the substrate was used to determine the stiffness of the system
with the corrected displacement, dc = dr – L/S where dr is the total instrument displacement reading, L is
the applied load and S is the measured stiffness. The result gave only a 2 to 3% increase in elastic
modulus, which is negligible.

The Young’s modulus was also measured during cross-hair calibration tests from the unloading portion
of the load-displacement curves. The larger cross sectional area and smoother curves made this
procedure more reliable. Young’s Modulus of the nickel film was found to be 170-220 GPa which is in
good agreement with literature values of 190-200 GPa [93], [116], [125].

4.5.4 Mechanical testing of FIB-milled pillars
Three of the rough-milled pillars were compressed at two loading rates: 0.0015 mN/s and 0.015 mN/s.
The pillars exhibited stochastic behaviours, especially at the faster loading rates and the overall stressstrain response can be seen in Figure 50 and Figure 51 for 0.0015 and 0.015 mN/s, respectively.
Attempts were made to stop and unload the specimens before large deformation or failure for SEM
imaging. Pillars 2, 3, 4 and 5 were successfully unloaded before failure. Plastic deformation is primarily
located at the tops of the pillars were the taper cross-sectional area was smallest. SEM images in Figure
53, Figure 54, Figure 55, Figure 56, Figure 57, and Figure 58 show the pre- and post-deformation FIBmilled pillars.
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The first indication of yield was also tracked through a 0.002 strain offset from the elastic region, or the
onset of the first strain burst, and these values are plotted in Figure 52. The Young’s modulus was also
calculated from initial loading of FIB-milled pillars and values ranged from 16 to 350 GPa, similar to EBL
deposited pillars.

Figure 50: Stress-strain response of FIB-milled square nickel pillars compressed at 0.0015 mN/s.

Figure 51: Stress-strain response of FIB-milled square nickel pillars compressed at 0.0015 mN/s.
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Figure 52: Variation in yield stress with loading rate for FIB-milled square nickel pillars.

Figure 53: SEM image of FIB-milled Pillar 1. A) Before compression at 45o tilt showing gold seed layer. B)
Post compression at 60o tilt containing slip bands and cleavage of pillar, possibly along gold layer.
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Figure 54: SEM image of FIB-milled Pillar 2 showing large taper and gold seed layer as horizontal line at
base of pillar. A) Before Compression 45o tilt B) Post compression 60o tilt with yielding at top of pillar.

Figure 55: SEM image of FIB-milled Pillar 3. A) Before Compression 45o tilt B) Post compression 60o tilt
with yielding at top.

Figure 56: SEM image of FIB-milled Pillar 4. A) Before Compression 45o tilt B) Post compression 60o tilt
with little discernible deformation except flattening of the top and maybe a slip step at the gold seed

- 113 -

layer. The molding of the top to the platen would result in the steep load increase just before it was
unloaded.

Figure 57: SEM image of FIB-milled Pillar 5. A) Before Compression 45o tilt B) Post compression 60o tilt
with yielding near top of pillar.

Figure 58: SEM image of FIB-milled Pillar 6. A) Before Compression 45o tilt B) Post compression 60o tilt
showing fully compressed pillar flat with expanded cross-section to substrate surface.
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Chapter 5 Discussion
The focus of this work was to provide the foundation for fabricating pillars at the micro/nanometer scale
in such a way that was simple and repeatable. Investigations into fabrication technique and procedure
were undertaken to better understand every step of the fabrication process and to relate each step to
the final product. Additionally, mechanical testing of the pillars is an important aspect into uncovering
the deformation behaviour and the mechanics responsible for the size effects demonstrated in the
literature.

Beginning with substrate selection, each aspect of pillar fabrication and testing in this work will be fully
discussed and recommendations for further testing and analysis will be made.
The cross sectional areas of the roughly milled FIB pillars were 1 – 1.5 µm2 and aspect ratios were within
1.7:1 to 4:1 (height to width). Grown pillars tested contained diameters from 0.78 to 1.6 µm and heights
between 2.1 to 5.5 µm while maintaining desired aspect ratios. Tests were done at controlled ambient
temperature (~298K) and loading rates were varied from 0.0015 mN/s to 0.03 mN/s to probe indenter
operation stability, and rate effects on deformation behaviour.

It is unclear if any size effects are observed from difference in pillar dimensions tested in this work but
the strengths of the pillars are much higher than in bulk nickel and comparable to other Ni
micro/nanopillars values found in the literature [18], [50], [97]. The yield points for each FIB-milled
nickel pillar ranged between 320 MPa to 620 MPa, well above the UTS for bulk nickel. Yield points of
grown pillars range from 108-1820 MPa, with the majority of pillars yielding above the UTS of bulk
nickel.
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A “smaller is stronger” relationship may be claimed but the transition point where the Hall-Petch
breakdown occurs for nickel was not investigated as pillars with cross sections greater than 1.8 µm
across were not fabricated in this work, nor below 0.75 µm. The narrow range of pillars tested provides
a small window into the deformation response of electroplated, nanocrystalline nickel pillars. Further
investigation is needed to determine the true nature of the strengthening. The theories of dislocation
annihilation and limited source arms for increased strength at the micro/nano scales are compelling,
and the pillar behaviours observed in this work do not contradict or present any evidence to the
contrary.

This work also provides some insights into the difficulties of micro/nanopillar fabrication and things to
avoid to successfully perform mechanical testing at the micro scale.

5.1

Substrate effect

Preliminary results of nickel plating proved that the initial stainless steel sheets were too flexible to be
used in this work. The nickel film cracked and de-bonded from the stainless steel during handling. The
switch to copper substrates was an optimistic endeavor. The increased conductivity of the substrate was
appealing as it would provide a more uniform distribution of current and it was assumed that the
electroplating would be more uniform in height across the substrate. The increased thickness of the
copper substrates provided the rigidity required to handle the specimens, avoiding the potential for debonding of the electroplated layer.

The copper substrate, however, did create one problem. The copper substrate was softer than the nickel
and could deform prior to the pillars, and a new strategy was developed to ensure the pillars did not
sink into the substrate. Growing an initial nickel electroplated film on top of the copper, on top of which
to grow the nickel pillars, seemed to be a viable solution to the soft substrate problem, but the adhesion
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between nickel growths and the gold seed layer was insufficient in most cases and will be discussed in a
later section.

The influence of substrate grain size did not seem to affect the grain size of the electroplated nickel. The
crystallographic texture, on the other hand, was affected and showed an increase in <111> and <110>
texture components after the copper was annealed to a weaker texture. The rolling texture of asreceived copper substrates hindered the growth along the <111> and <110> directions, commonly seen
in nickel plating [126]. The ease in growing along <111> and <110> on the annealed substrate is
indicative that recrystallization and grain growth occurred during the copper annealing process, which
results in a more random texture and larger grain size as confirmed by x-ray and optical microscopy. The
apparent texture change of the nickel shows a strong dependency to the texture of the copper
substrate, agreeing with previous literature [72], but not in the sense where the texture of the substrate
was transferred into the electroplated material. The aspect ratio of the pillars is also suggested to
influence the deposition process of nickel within the polymer according to Maurer et al. [126]. Aspect
ratios above 1:1 height to diameter should be energetically more favourable for producing <110>
growth and <111> is more favourable below 1:1 ratios. These growth orientations were both seen in the
nickel film, stemming from a small aspect ratio during initial nucleation forming <111> grains, and
increasing aspect ratios created between nickel islands for <110> grains.

Nickel plating on copper results in misfit strain due to the slight lattice mismatch, requiring dislocations
at the interface to accommodate the difference [127]. A thin gold layer is commonly used as a seed layer
at the copper/nickel interface to reduce the misfit strain and because gold is highly conductive, it acts as
a working cathode. Gold was also used as a seed layer between the nickel film and nickel pillars. The
misfit strain is no longer an issue but any nickel oxide layer is not as conductive as copper or gold,
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reducing the current density in the film and making it more difficult to nucleate new deposits of nickel.
The gold seed layer on nickel ensured that nickel could be deposited for pillar growth.

5.2

Electroplating conditions

The optimization process for producing a uniform and stable nickel was important in avoiding porous
structures and to better understand the influence of temperature, current density, and flow rate on the
growth and uniformity of the electroplated nickel. This work was not a study of nickel electroplating so
recipes and advisory notes from the literature were relied upon to grow pillars from an electrolytic
solution.

Modifying temperature and flow rate of the bath solution may have helped with the uniformity of the
deposited film but it became clear after the fact that current density played the most important role
when depositing material. The current density is calculated using the total substrate surface area of the
side to be coated, and not just the area exposed to ad-atoms being deposited. This realization occurred
after the PMMA had been patterned to contain over 6000 holes as it was believed that by increasing the
number of holes, the current passing through the substrate could be larger to reach the desired current
density. The Micro Industries electroplater cannot provide currents less than 0.1mA so it was believed a
large number of holes were required to have control of the current density to make it approximately
525mA/cm2. As this was the lower limit of the machine, it was important to use the highest current
density without causing burning or porosity that was still uniform in thickness.

The currents used for electroplating within the holes was calculated using the premise of only exposed
surface counted towards current density and as a result the tens of milliamps applied to the substrate
wasn’t enough for electroplating to occur. After realizing the mistake made, and that current density
was calculated on substrate size alone, the number of holes created during the lithography process
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could be changed to any desired number. The current density could also have been lowered (it was no
longer required to have such a high current density), but it was kept at 525 mA/cm2, which is within the
recommended range suggested in the literature for a Watts bath. It is recommended that future work
be done to use lower current densities in attempt to grow larger grains and possibly single crystals.

The current density also affects the growth rate of the electroplated film. Increasing the current density
speeds up the growth rate which was to be expected. Increasing the current density supplies more
energy for ad-atoms to surmount the energy barrier for nucleation and growth by binding to other adatoms. Higher current densities results in increased nucleation and is seen in the nanocrystalline grain
structure of the pillars made in this work. Once all nucleation sites have been covered, growth of the
film is vertical from the first nucleated grains, resulting in the columnar growth seen in the pillars grown
in this work.

The growth rate of the nickel film is not a linear function of plating time, but once the data is converted
to a ln-ln plot, two distinct regions can be observed. This behaviour represents the two stages of plating:
nucleation and 1-D growth. The steep linear region of the curve in Figure 30 in section 4.4 is
representative of the nucleation phase and once it is corrected to pass through the origin, the slope of
0.44 matches well with literature of 0.4-0.7 for nanocrystalline nickel[72]. The second flat region is
indicative of 1-D growth as all nucleation sites have fully overlapped and all growth is limited to the zdirection and the calculated 0.14 for the slope in this work is comparable to 0.15, found in the literature
[72].

It is interesting to note the peak in thickness at 120s of plating and reduction in thickness at 180s. The
number of data points included suggests that these are not outliers, but no obvious mechanism
responsible. One may speculate that the order of plating samples may impact the quality of the plating
solution as the first sample plated was 120s which corresponds to the peak in the data. The order should
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not affect the sample plated for 150s which was 9th in the order of substrates plated yet still had the
greatest minimum thickness measured. Another possibility is that the film is not as uniform as expected
and that an increased number of measurements along additional cross sections are. The distribution of
pillar heights provides a clue in this regard. The array of pillars contain an assortment of undergrown
and overgrown pillars, distributed randomly across the sample. The thickness distribution may follow
suit and measurements may have taken place in a thick region for the sample plated for 120 and 150s
and a thin region on the sample plated for 180s. The general trend for film growth was still established
but the growth rates are not expected to be exact for pillar fabrication. Due to the added polymer layer,
the mass transport of ad-atoms affects the growth rate and by extension, the fluid dynamics, which
influences the mass transport are contributing factors on the growth rate. A general claim can be made
that increasing plating time will increase the growth of pillars, regardless of flow rate, but the random
distribution of pillar heights for all samples is difficult to quantify. There are many more factors involved
in pillar growth such as the fluid dynamics across the sample so the size and shape of the substrate and
substrate holder must also be considered, which is well beyond the scope of this work and will not be
talked about any further.

5.3

Lithography

Electron beam lithography (EBL) is a crucial component for fabricating small pillars with consistent
geometry. The size and shape of the holes affect both the final shape and size of the pillar grown in that
hole. Any deviance along the sidewalls of the hole may be mimicked by the pillar so it is important to
make straight-walled holes for producing the “ideal” pillar. This work challenged the capabilities of the
EBL apparatus and provided insights into the benefits and limitations of using patterned substrates for
growing pillars. Adjustments were made throughout this work that eliminated the need for
photolithography but the recipes and information gathered may be useful for future works.
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One of the more significant features of EBL that is unavoidable is beam deflection and beam spread
through a polymer substrate. Polymers such as PMMA react to electron beams and are broken apart.
When the breaking of the polymer chains takes place, the electrons are rebounded, or deflected away
from the intended target. The electrons may penetrate the sidewalls of the intended hole, which in turn
breaks apart more polymer and the hole created is larger than intended with tapering from base to tip
and a shoulder at the substrate/polymer interface can materialize. To counter these issues, accelerating
voltages are increased and the write-field (field of view) is reduced in attempts to keep the electron
beam straight to cleave through polymer chains with minimum scattering. Another benefit to an
increased accelerating voltage is that each electron can travel further when cleaving through the
polymer so fewer electrons are needed to produce each hole, reducing the time required to pattern the
substrate. The problem with higher accelerating voltages is that there is greater potential for electrons
to reach the substrate and rebound, which increases the shoulder at the bottom of the hole. In all cases,
the beam alignment and focus must be very precise to minimize the spot size and the spread of the
beam during lithography. It is also important to note that nickel produces a magnetic field when charged
with electrons so attempts were made to minimize electron exposure as the field may increase the
beam spread and the hole would be larger than the pattern dictated. PMMA has a sharp transition point
with respect to exposure dose, meaning that once an electron loses a little energy, it no longer cleaves
through the polymer. The Monte Carlo simulations are misleading as the taper of the hole is much less
than the beam spread seen in the simulations would suggest. Straight sidewalls are made, even with the
beam spread and potential magnetic field complications.

Ideally, photolithography would be preferred if the technology allowed for smaller feature sizes than the
0.5 to 1µm of the IMP system used in this work. Photolithography uses UV rays of a specific wavelength
which are less prone to beam spreading or deflecting through polymer chains. Sidewalls would be
straighter and photolithography is quicker and more cost-effective for mass production of pillars.
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Additional steps would be implemented to ensure that SU-8 polymer could be removed post
electroplating, which was not done in this work.

The tapering observed in EBL pillars are affected by both the shape and size of the holes within the
PMMA, but also from the fluid dynamics of the system. During deposition, bath fluid must be able to
reach the area in which material is to be deposited, allowing ad-atoms to bind to the surface before th
fluid is circulated back out of the hole so that new fluid can repeat the process. Without studying the
fluid dynamics of the system, one cannot be sure as to what flow patterns are made within each hole. It
would seem reasonable to expect that it would be more difficult for fluid to penetrate into deep, narrow
regions such as along the edges of the hole when the growth of deposits accumulates at the centres of
the holes. As the pillar grows taller within the hole, the crevasse formed at the edge also grows deeper,
restricting fluid flow into the bottom of the crevasse. A slower deposition rate at the edges due to
restricted fluid circulation would also explain the formation of a shoulder at the pillar base, observed in
this work. Fast deposition of ad-atoms at the core and slow deposition at the edge will produce a
tapered pillar that may contain a shoulder.

5.4

Mechanical testing of pillars

The mechanical behaviour of each pillar is interpreted from the engineering stress versus engineering
strain curve as well as viewing of the pillar pre- and post-deformation. The ex situ compression tests in
the nano-indenter all contain thermal drift of unknown amounts as well as a noise band below 0.1 mN.
This section will attempt to connect the behavioural response of the loaded pillars with the images
acquired pre- and post-deformation, and link the behaviour to the known deformation mechanisms and
theories from the literature.

- 122 -

Much of the comparisons drawn in this work will be to work by Frick et al. [50] and Mohanty et al. [97]
as both studied micro/nanopillars fabricated out of un-alloyed nickel. Frick et al. studied the effects of
pillar size and crystallographic orientation on the critical resolved shear stress and hardening behaviour
of FIB-milled <111> single crystal Ni pillars during uniaxial compression. Mohanty et al. investigated the
influence of temperature and strain rate changes on the apparent activation volume when performing
uniaxial compression tests of nanocrystalline Ni pillars.

5.4.1 Elastic modulus
It was clear that the elastic response differed from pillar to pillar prior to yielding. It was expected that
faster loading rates will cause an increase in elastic strain before yield, but not the Young’s modulus, as
was observed in this and other works [88], [92], [105]. The Young’s modulus was calculated using the
steepest portion of the elastic region prior to yielding and the determined values ranged from 1 GPa to
670 GPa, with the most stable tests falling between 35 GPa and 350 GPa. Calculation of the elastic
modulus from elastic unloading curves were more consistent, showing a tighter range of 50 to 350 GPa.

The elastic region prior to local yield events shown in stochastic curves falls in the noise band and only a
few data points were used, which makes the calculation invalid. After choosing an elastic region further
along the curve between two yield events, the modulus was found to vary from 55 to 350 GPa, similar to
the values calculated from the unloading curves.

The anisotropy of nickel also needs to be taken into consideration since the pillars do not behave like
bulk material. Using elastic constants S11, S12, and S44 of 7.75, -2.98, and 8.05 TPa, respectively, for nickel
from Simmons and Wang [128], one can calculate the Young’s modulus along different directions of a
crystal from:
1
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(9)

where a11, a12, and a13 are components of a rotation matrix from a <100> cube direction to another
orientation such as <110> or <111>. Performing the rotation and calculating the Young’s modulus for
<100>, <110>, and <111> gives a Young’s modulus of 129, 227, and 305 GPa, respectively. The columnar
grains grown within each pillar may influence the elastic modulus of the overall pillar. If the majority of
the columnar grains are grown with a <100> growth orientation, aligning with the substrate normal, it
would make sense to observe a lower elastic modulus than a pillar containing a majority of <111>
oriented grains aligned with the substrate normal, which corresponds to a stiffer elastic modulus. While
it is known that crystal anisotropy will cause slight differences in elastic modulus, the spread observed
from 55 to 350 GPa requires further explanation.

The remaining spread may be from inconsistent microstructural defects such as porosity and impurities,
but the influence of thermal drift is the likely reason for the wide range of values obtained. As such,
Young’s modulus values reported in the literature for nickel pillars vary similarly from 30 GPa and 400
GPa, even though they were made with different orientations and starting materials [50], [69], [71],
[97]. The authors did not report if thermal drift affected their results but it would seem likely that
thermal drift was present in other studies of nickel pillars.

Finally, compressing pillars is an inconsistent endeavor because of the small specimen size, which
reduces the displacement possible and increases the error of the system. The elastic modulus was
additionally measured during cross-hair calibration tests of the Ni film and nano-indentation of the
nickel film using flat tip and Berkovich tips, respectively. The platen is 10 µm in diameter so the
compression of the nickel film covers a larger surface area for more accurate results. This was indeed
the case as calculated values fell between 170 and 220 GPa, which is much more agreeable with the
literature. Nano-indentation tests with a Berkovich tip also produced values within the 170 to 220 GPa
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range, which matches well with the expected Young’s modulus of approximately 120 and 200 GPa for
pure nickel and electroplated nickel, respectively [93], [129].

5.4.2 EBL pillars: stochastic behaviour and increased plastic strain at beginning of tests
Stochastic behaviour is commonly observed in the compression testing of micro/nanopillars [16]. Large
strains occur in a step-like fashion from strain bursts and elastic loading, seen at lower loads and strain
rates in this work. The prevailing theory that describes this phenomenon is dislocation nucleation at free
surfaces, combined with the operation of truncated dislocation sources, and subsequent dislocation
annihilation [16]. This idea is appealing as it effectively describes a stochastic step-like behaviour of
elastic loading, followed by bursts of strain for pillars that vary in size from 200 nm to approximately 1
µm in diameter. This behaviour is easily observed in single crystals as only one or two slip systems are
active of the maximum 12 available for face centred cubic materials. Single crystals undergoing
stochastic behaviour produce slip lines on the surface of the pillars, created when the pillar shears
during deformation and dislocations are nucleated to accommodate the strain. Slip lines were not able
to be observed in this work because imaging nickel in an electron microscope is difficult due to the
magnetic fields. Post deformation images did not reveal any slip lines, and many pillars separated from
the substrate and disappeared.

Pillars grown in this work had sub 100 nm grain size, effectively polycrystalline, and stochastic
behaviour was expected to be small and consistently occurring in undetectably discrete bursts.
Nanocrystalline materials are expected to follow a gradual yielding path with large work hardening
[104]. Polycrystalline nanocrystalline materials have numerous grain boundaries acting as sinks for
dislocations, and possess more internal surfaces for dislocations to nucleate such as triple points, aiding
in the work hardening. Dislocation activity should therefore be more constant within the nanocrystalline
pillar, producing small frequently occurring strain steps.
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The pillar dimensions should play a crucial role in the stochastic behaviour. The pillars grown and tested
in this work have approximately 1.9 µm3 of material and should therefore contain fewer than two
dislocations, assuming a dislocation density of 1x1014/m3. A separate transmission electron microscopy
study is needed to determine if there was any dislocation activity within the pillar. The size of the pillars
should bias dislocation to nucleate on the surface of the pillar and propagate through the pillar. Image
forces and annealing contribute to the removal of dislocations near the free surfaces prior to mechanical
testing, but dislocations within the core should still be trapped, especially if the grains are 100’s of nm in
size. Considering the amount of hardening from yield to failure in Figure 49, for a maximum observed
stress increase of 600 MPa, the Livingston relationship can be re-arranged to estimate the dislocation
density change as

Δ𝜎

2

𝜌 = (𝑀𝛼𝜇𝑏)

(10)

where M is the Taylor factor of 2.8, determined from the nickel film texture [123],  is the strength
coefficient of 0.5,  is the shear modulus of 120 GPa, and b is the Burgers vector of 0.254 nm. The
dislocation density increase is approximately 2x1014/m3, which for a 2.5 m3 (2.5x10-18m3) pillar leaves
0.0005 of a dislocation segment within the volume. If on the other hand, the dislocation activity is
localized into 0.01% of the pillar, then there would be five dislocations. This suggests that the
dislocation density increase cannot be the source of the hardening, and some other processes mediated
by dislocation activity occurs.

There is more than grain size that can affect the dislocation behaviour in a pillar. The process of
electroplating creates oriented grains, and finer structural features that need to be considered.
Electrodeposition growth is grouped into two steps: nucleation and overlapping. Nucleation of nickel
islands dominate the start of electrodeposition and as this process is random and energy driven,
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nucleation sites are spread out randomly across a substrate but collect at energy wells such as edges.
Nucleation sites along the substrate-PMMA edge are most likely to be filled first while nucleation occurs
slower at the core. Growth of islands near the core dominates over nucleating more islands so larger
grains are grown near the core of the pillar, as seen in Figure 45 within the results section 4.5.2. When a
pillar contains larger grains in the core and smaller grains along the surfaces, the pillar deforms
differently than if it had all small or all large grains [130]. Large grained pillars may act more like single
and bicrystals, whereas smaller-grained, polycrystalline material would show increased ductility and the
stochastic behaviour would involve smaller and regularly occurring bursts. Instead, the surface of the
pillar will yield preferentially due to the greater number of randomly oriented grains providing available
and unconstrained slip systems. The core, however, tends to have larger oriented columnar grains,
effectively a single crystal orientation, and depending upon the orientation, a larger stress may be
required to yield. The stress-strain curves measured in this work support this idea. The small
deformations prior to stochastic behaviour agrees with nanocrystalline behaviour and when the stress
reaches a threshold, the core of the pillar yields, causing the bursts, provided the grains are large
enough. The process continues until the pillar suddenly fractures when the shear band crosses the pillar,
or until a portion of the pillar near the base shears far enough to reach the substrate, effectively
increasing the cross-sectional area of the pillar. The lack of slip lines observed on the nickel pillar
surfaces could be explained by a shelled pillar structure, but is not likely due to the complexity of the
model.

A more likely explanation presented here is that a series of localized flow events are occurring
intrinsically even though the plastic deformation appears homogenous. Chen et al. [27] discovered
similar trends albeit they compressed Cu-Zr metallic glass pillars in TEM. They found that there were
load drops during compression testing yet no slip lines were observed. They attribute the response to
internal flow events that are too small to deflect the surface structure and as a result, barrelling occurs
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instead of shearing. The metallic glass structure facilitates multiple mechanisms to accommodate strain
such as increased dislocation activity and multiple orientations of grains for easy slip.

It is believed that internal flow events are occurring during the compression of the Ni pillars. The slow
loading rate allows these yield events to occur within the material and harden through dislocation
activity, whether it is through storage and/or annihilation or single arm sources. It is also known that
nickel with impurities like carbon and sulfur is susceptible to dynamic strain ageing in the temperature
range studied [88]. Porosity, even though undetected in film growth measurements by SEM cross
sectional imaging, could exist nano-scopically. Pores may act as stress risers for yielding, or as free
surfaces for dislocation annihilation. The size of the strain burst may then be related to the distance
travelled by a dislocation, slip band or twin from one surface, such as a pore or grain boundary where
nucleation can occur, to another free surface where the dislocation can be pinned or annihilated.

Internal deformation may also be linked to orientation of grains within the pillars. X-ray diffraction of
the Ni film and EBSD pole figures reveals a strong {110} component, but also with {100} and {111} grains
parallel to the surface. The applied compressive stress required to activate {111} <110> slip in {100}
grains is less than {111} grains when both are aligned with the loading axis. Schmid factors for easiest
glide for {100}, {111} and {110} are 0.408 (six systems), 0.272 (eight systems), and 0.408 (two systems),
respectively, making {100} grains likely to yield before {111} or {110} grains. It is possible that the local
yield events are simply the {100} grains deforming until the strain can no longer be accommodated by
the {100} grains alone. Once the stress is high enough that the slip systems within the {111} and {110}
grains activate, plastic strain will occur in a gradual manner, more commonly observed in bulk
polycrystalline materials. The combination of {110}, {100} and {111} oriented grains may produce a
stochastic behaviour at low stresses and a more homogenous deformation behaviour as higher stresses
as seen in the EBL pillar experiments.
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Faster loading rates of EBL pillars do not demonstrate the stochastic behaviour during compression
loading. It is suggested that the faster rates result in an increased initial elastic loading and stiffer
system. The faster rate makes it increasingly difficult for dislocations to diffuse if they nucleate, so there
is less plastic flow of material, resulting in decreased ductility. The faster rate reduces the statistical
odds of dislocations “popping” into the stiffened pillar, reducing the possibility of plastic strain bursts
occurring. The large strains prior to linear elastic loading are an indication that stochastic step-like
behaviour may still be occurring at low loads, or that surface detection during the indenter tip approach
was influenced by debris or asperities on the pillar tops.

Ryu et al. [16] ran dislocation dynamics simulations that should also be considered when explaining the
observed stochastic stress-strain behaviour. Their models considered surface nucleation as well as
internal dislocation sources and existing dislocations. They showed that pillars between 150 nm and
1000 nm in diameter will experience a combination of dislocation starvation mechanisms and single
armed sources. Surface defects may act as stress concentrators, perfect for nucleation sites of
dislocations, and once a source for dislocations is established, strain occurs until the source is exhausted
when the defect is reduced through surface re-ordering, or until the dislocations meets an obstacle,
creating a back-stress which limits further multiplication and nucleation from the source. Obstacles
include, but are not limited to: grain boundaries, impurities, voids, other dislocations, and image forces
that interact with the stress-field of the dislocations nucleated from the source. Extending this one step
further, it is possible that the size of each strain burst is relative to the obstacle spacing within the
crystal lattice or the distance between grain boundaries.

The simplest explanation for the stochastic behaviour of the EBL pillars is that the top of the pillar
flattens during initial contact with the platen. The growth of the pillar is not uniform, creating high spots
at the top of the pillar. During initial contact, stress is concentrated on the high spots, which yield until
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the platen reaches the next highest point on the pillar. Strain is observed until loading recommences on
the next high point. The process continues until the pillar is completely flat and load is applied evenly
over the entire cross sectional area. The slow loading rates allow the strain to occur in a controlled
manner with increased probability of activating dislocations to accommodate the strain, but were not
observed at faster loading rates due to the stiffer system as explained earlier.

5.4.3 Gradual strain versus sharp strain before fracture
For the purpose of categorizing each pillar response, the elastic-plastic behaviour prior to fracture, if
fracture occurred, was considered a macro-strain event and the degree of work hardening during the
strain was either higher in gradual yielding, or less in sharp yielding. Gradual yielding reached higher
stresses and strains prior to failure, exhibiting ductile behaviour, whereas the sharp yielding resulted in
less strain before failure and at a lower stress for identical loading rates. The different responses would
be expected for different loading rates, but with identical loading rates, the difference in behaviour is
noteworthy and cannot be explained by differences in procedure and methodology.

The first important observation is that post deformation images show a barreled or highly deformed
pillar when gradual yielding occurs, commonly observed in macroscopic compression tests with
frictional end constraints. After sharp yielding, no pillars were found standing. The remnants from sharp
yielding are either a small crater where a pillar once stood, or a pillar on its side next to the hole,
without any signs of plasticity of the pillar. Since the MicroMaterials instrument requires the test to be
performed in a horizontal plane, it is possible that de-bonded pillars can fall off the substrate. The lost
pillars are alarming as no deductions can be made about the deformation, so it is assumed that lost
pillars deformed similarly to pillars found pillars adjacent to the craters. It is interesting to note that in
all cases, a difference in contrast is observed between the nickel on the substrate and the nickel beneath
the pillar. A slight change is expected as nickel on the substrate would contain an oxide layer that alters
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the chemistry, changing the electron response compared to freshly exposed nickel. One would expect
that only two levels of contrast should be seen, but there are portions that are brighter still. The brighter
patches are believed to be gold, which was deposited as a seed layer. Gold is a denser material and
conducts electrons better than nickel, appearing brighter in the images. If the patches are gold, it would
seem reasonable to suggest that a shearing event is taking place or a separation is happening between
the nickel and gold caused by an adhesion problem.

Upon further review of the SEM images, it can be seen in Figure 59 that a fibril is connected between
the pillar base and the substrate. The fibril is not likely to be made of nickel as the grain size is too large
and a large amount of plastic deformation would be required to create a nickel fibril. It is more likely to
be from the more ductile gold during separation of the nickel-gold-nickel interface.

Figure 59: SEM image of a de-bonded electrodeposited Ni pillar containing a fibril (circled), joining the
base of the pillar to the substrate, and a second highly compressed pillar just to the right. The second
pillar is believed to be from the previous test, and was attached to the platen by Van der Waals forces.
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To separate the nickel from the gold seed layer, a shear force or a bending moment must be created. A
bending moment is unlikely unless the indenter tip is not centred correctly over the top of the pillar and
pushes on the outside edge of the pillar top. This is unlikely because cross-hair alignments were
performed and when done correctly, the tip deviation is kept below 1µm. The indenter tip is a 10µm
diameter platen so even when the cross-hair calibration is off as much as 3µm, there will still be
complete surface contact of the pillar top with the platen.

A likely reason for the gold-nickel separation is due to interface shear. A shear stress occurs during
uniaxial compression testing because of Poisson effects. The Poisson ratio of 0.29 to 0.31 for nickel
means that when a nickel sample is compressed and shortens vertically, it will expand outward by that
ratio. The resultant tensile stress caused by Poisson effects creates a shear component as there are
compressive and tensile stresses (-σ1 and +σ2 respectively) acting on every element of the pillar.
Assuming that the tensile stress is the compressive stress multiplied by the Poisson ratio 0.31, simple
calculation using Mohr circle predicts that the shear stress (τ) will be equal to 0.65 of σ1, acting at an
angle of 22.5o or -67.5o from the loading direction.

Assuming further that there is separation occurring between the nickel and gold, a question may arise as
to why the separation does not always occur. To answer this, one must study the bond energies
between atoms, the surface roughness, diffusion at the interface, and the morphology of each layer.
Studying this nickel-gold-nickel interface was outside the scope of this work but it can be said that the
nickel to gold to nickel transition between substrate nickel, seed layer, and nickel pillar can be affected
by many factors. Impurities at the interfaces can cause distortions in the bonding energies and impose
misfit strains, requiring dislocations at the interface. Porosity will prevent proper adhesion between adatoms, weakening the interface and add stress concentrators. A lack of diffusion between gold and
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nickel atoms will not strengthen the bonding to prevent shearing. Surface roughness can create thick
and thin areas in the gold coating from shadowing.

Another mechanism for shearing happens when a pillar is fixed to the substrate surface. In conventional
bulk material testing, the specimen is not fixed to the surface. The specimen stays in place from friction
forces but ultimately can expand during deformation. Micro/nanopillars are fabricated in such a way
that they are constrained to the substrate, restricting any base movement. The top of the pillar does
have the freedom to slide during deformation and can change the loading axis to introduce a slight
bending moment that can aid in the shearing of the opposite side of the pillar. Even if the top does not
move, the edge between the pillar and substrate, prevents the pillar from bulging out at this point from
Poisson effects, which also increases the shear stress concentration.

Gradual yielding prior to failure creates a much different looking pillar compared to sharp yielding as
shown in Figure 60. Even though the pillar has failed, the pillar remains on the substrate. The bond
between the nickel-gold-nickel was satisfactory to avoid shearing. This is easily observed by the fact that
the pillar remains vertical and that the base of the pillar does not show bulging of any kind. The pillar is
fixed to the surface which prevents the base from sliding or expanding from Poisson effects. This is
known as an “end effect” in the pillar community as the fixation influences the region of deformation
and can modify the stress state in the pillar near the fixed end. End effects are unavoidable near the
base of the pillar and that is the reason micro/nanopillars contain aspect ratios of at least 2 to1 for
height to diameter. The pillar in Figure 60 has failed and was compressed further. It is likely the upper
portion of the pillar had broken off and the aspect ratio of the remaining pillar was less than the 2:1
aspect ratio desired so end effects are obviously affecting the deformation behaviour.
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Figure 60: FIB image taken in electron mode showing a gradually deformed pillar post failure.
Another proposed mechanism for the de-bonding occurring at the gold-nickel interface is that
contaminants leftover from the lithography process were not eliminated during the development and
removal of the PMMA. Remnants of PMMA and other contaminants trapped at the interface would
prevent proper adherence of nickel ad-atoms to the surface, weakening the interface, which would
cause the premature failures along substrate-pillar interface observed in this work. The contaminated
substrate reduces the ability to nucleate nickel deposits required for pillar growth on the substrate and
as a result, nucleation may not occur or may occur at a slower rate, causing the large distribution in
pillar heights observed in this work.

5.4.4 FIB-milled pillars
The stress-strain behaviour of the rough FIB-milled EBL pillars match those in the literature. A stochastic
step-like behaviour involving strain bursts and elastic straining are observed in all pillars but larger
bursts are observed during testing at faster loading rates. This response is not surprising as the
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mechanical tests maintain a constant loading rate, through a timed format or specified loading rate, and
load drops are prevented. The stress level increases from the continuously increasing load during each
strain burst which drives dislocation propagation. Further straining occurs as the activation barrier is
overcome and the dislocation runs a mean free path until the next obstacle, or surface is met. If a
dislocation is annihilated at a surface, then another dislocation is required to continue the straining and
will operate at the same applied stress until an increase in the obstacle’s density or strength stops it. At
slow loading rates the waiting times increase at the obstacle and so elastic loading occurs, while faster
loading rates demand less waiting time to surmount the barrier and straining appears more continuous
until dislocation activity stops. It may also be possible that additional dislocation sources are activated
with the increased applied stress, contributing to the apparent continuous strain behaviour. Instead of a
small bursts of strain from each dislocation source, continuous activity is observed in the stress-strain
curve as multiple dislocation sources are active simultaneously.

Compression tests on roughly milled square pillars reveal a substantial contrast in pillar behaviour to asgrown pillars. Knowing that the core structure of the pillars are microstructurally similar in chemistry,
grain size and crystal orientation, it is easy to separate the differences between the two sets of pillars.
The FIB-milled pillars are different in only three ways: geometry, location of the base relative to the gold
seed layer, and surface damage due to ion milling.

Firstly, FIB-milled pillars are roughly square in cross section and contain a slight taper from top to base,
with the top being smaller. The square cross section, though blunted on the edges, produce sharper
features and can act as stress intensifiers. Without modelling the pillar behaviour, it is uncertain if the
cross-sectional shape influenced the stress-strain behaviour of the pillars, specifically in regards to
nucleation of dislocations at the pillar surface. The FIB used in this work was unable to perform annular
milling, due to a software glitch, so the taper could not be eliminated. Tapering produced a slightly
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different response as the stress level was highest at the smallest cross sectional area [131]. The top of
the pillar was observed to have yielded first and was consistent through all compression tests of the
rough FIB-milled pillars. It is unclear if the taper enhances any end effects so end effects will be ignored
as the pillar is unattached to the platen where the yield occurs.

The second significant difference is that the gold seed layer is contained within the pillar region and not
at the interface between substrate and pillar. Problems associated with poor adhesion strength at the
nickel-gold-nickel interface were reduced. End effects are believed to have influenced the nickel-goldnickel layer for the as-grown pillars, but seem to have been avoided during compression testing of FIBmilled pillars as the interface does not reside at the bottom of the pillar. A gold strip was seen slightly
above the FIB-milled pillar bottom, allowing the region to expand as the Poisson effects would predict.
The uniformity of the shear above the pillar bottom allows the interface to stretch when the pillar
barrels outward, instead of separating, which was seen in the as-grown pillars. The pillars with the seed
layer above the bottom are able to be stressed further until failure, which is supported by the fact that
the FIB-milled pillars reached higher stresses prior to failure in this work. The influence of the gold seed
layer is also observed in compressing pillar 1 of the roughly milled pillars (Figure 53B). It appears that
the fracture of the pillar follows the gold-nickel interface, suggesting once again that the gold seed layer
hinders the performance of the pillars and may cause premature failure.

The final difference is that the outer shell of the pillar is damaged gallium ions. Surface defects and
impurities are known to increase the local energy of a region, which makes it easier to nucleate
dislocations. The damage along the pillar side walls act as a stress concentrator, promoting dislocation
nucleation at defect sites to initiate plastic strain. Gallium ions also contribute to the behaviour of the
pillar. Gallium ions, impregnated into the top and sidewalls of the pillars are unable to diffuse deep into
the pillar and the microstructure of the outer portion of the pillar is modified. One can imagine the
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gallium ions hardening the outer shell similar to peening techniques for bulk metals. Each gallium ion
that forces its way into the nickel lattice, strains the lattice to the point that dislocations must be
nucleated to account for the localized strain imposed by the ion. Unlike substitutional or interstitial
elements, gallium is unable to diffuse to regions of lower energy within the pillar by regular means such
as vacancy diffusion. Gallium can diffuse to the surface, largely influenced by image forces, leaving
behind the nucleated dislocations introduced to accommodate the added local strain to the nickel, but
the ions can also stay put and pin dislocations at the surface of the pillar until the activation barrier is
overcome and the dislocations “pop in” to the pillar, initiating yield. Annealing the pillars post FIB-milling
may result in the point defects reorganizing into additional dislocation sources, enhancing the
probability of nucleating/multiplying dislocations, initiating plastic deformation such that the yielding
occurs. The gallium implanted within the top of the pillar may also be contribute to the localization of
yield at the tops of each FIB-milled pillar in addition to tapering. The increased damage and defects at
the top of the pillar may be avoided through the addition of a protective coating such as tungsten on the
top of the pillar. The protective coating must be harder than the pillar material to avoid yielding of the
coating, similar in behaviour to yielding of the substrate demonstrated by the first compression tests on
a copper substrate.

5.4.5 Size-effects
The intent of this thesis was not to investigate size-effects, but a comparison can be made to the work
done by Frick et al. [50] as well as Dimiduk et al. [18] on nickel-base alloys by plotting the critical
resolved shear stress of EBL pillars and FIB-milled pillars with their data in Figure 61. It should be noted
that Frick et al. [50] used a 3% strain offset while a 0.2% strain offset was used in this work so it is
expected that stresses found using the 3% strain offset should be higher than the 0.2% offset. However,
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with that being said, values calculated for the critical resolved shear stress (CRSS) are comparable to the
other works, especially when considering the FIB-milled pillar data.

Yield values of FIB-milled pillars sit nicely on the band of data formed by the Frick et al. [50] and Dimiduk
et al. data sets. Yield points of EBL pillars for the most part, also lie within the band but notable groups
above and below the trend-line require explanation.

In regards to elevated yield points, it is possible, yet unlikely, that thermal drift is responsible for
masking yield events that occurred at a lower stress value than the ones measured from the stressstrain curves. The increase in strength is more likely due to the nanocrystalline grain size, abiding by the
Hall-Petch strengthening effect.

Yield points below 100 MPa CRSS are attributed to platen-pillar contact behaviour. Pillar tops are not flat
and thus require deformation to establish uniformity. Yield events observed at low stresses are likely the
pillar top locally deforming until deformation spreads throughout the pillar. The stress-strain behaviour
of each of the pillars that yielded below 100 MPa exhibited a small strain burst at the start of the
stochastic behaviour. It therefore seems reasonable to suggest that localized deformation at the tops of
the pillar, which may be occurring when the platen starts applying loads, could be responsible for the
stochastic behaviour seen at the beginning of some EBL pillar compression tests. It would therefore
seem likely that EBL pillars may be able to withstand increased load prior to yielding if they were
fabricated with a flat top, equal in size to the rest of the pillar. It may also be possible that flat-topped
EBL grown pillars exhibit increased yield strengths over identically sized FIB-milled pillars. This may be
possible because EBL pillars would not contain any Ga+ induced damage that can act as stress
concentrators and sites for surface nucleation of dislocations needed for plasticity.
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If one disregards the strain bursts prior to work hardening, and select the yield point from the end of the
steepest elastic slope and the onset of work hardening, we see that the adjusted values of the CRSS in
Figure 62 are similar to those of the other works. Four of the six adjusted values show increased yield
strength to the FIB-milled pillars, further supporting the idea that EBL pillars may be able to withstand
greater uniaxial loads compared to their FIB-milled counterparts.

Figure 61: Double logarithmic graph of the critical resolved shear stress (CRSS) versus pillar diameter of
all EBL and FIB-milled pillars of polycrystalline Ni consisting of [100], [110] and [111] crystallographic
textures taken at a 0.2% strain offset. Also shown is the CRSS taken at 3% strain for all [111] Ni pillars
tested by Frick et al. [50] and CRSS for [269] Ni taken from Dimiduk et al. [18]. The solid line represents
the best fit power law function for [269] Ni data, and the dotted line represents an extension of this fit to
smaller diameters.
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Figure 62: Double logarithmic graph of the CRSS versus pillar diameter replotted from Figure 61 after
adjusting the EBL pillar yield values as described in the text.

5.5

Factors for successful mechanical testing of pillars

There are several factors that determine the compression behaviour of pillars, some of which can be
controlled by careful fabrication, handling, and mechanical testing procedures. FIB methodology has
been well documented, starting with Uchic et al. [61], [63], [76] and continuing into recent publications
[132], [133] and problems with FIB methodology such as retained gallium, surface damage, and tapering
all contribute to the behaviour of the fabricated pillars. Grown pillars via EBL is less documented and
some of the challenges of EBL will be brought to light in this work.
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The choice of base substrate is important. A soft substrate will yield prior to the pillar yielding so a
substrate harder than the pillar material is needed. The adhesion between the pillar and substrate also
needs to be strong enough to prevent separation, especially when a seed layer is used. Separation
creates an unstable pillar loading geometry, and the resulting stress-strain curve may not provide any
useful information about the pillar deformation behaviour.

The lithography process is crucial to the geometry and size of the pillar. The current dose, dwell time,
accelerating voltage and spread of the beam, as well as the thickness of the polymer all need to be
carefully selected to produce straight side walls with no taper or shoulder. Recommended doses in the
literature are rough guidelines as each individual apparatus behaves slightly different and the optimal
values will be different for every apparatus. The best way to determine the optimal conditions is to first
complete a lithographic dose array and fine tune the conditions by observing the shape of electroplated
pillars. A dose array cannot show the shouldering produced nor can it display tapering, but grown pillars
can show the deviation and adjustments can be made depending on the shapes of the electroplated
pillars.

The mechanical testing of all pillars, regardless of how they were fabricated, is another important factor
for understanding pillar behaviour at the micro/nano scale. The apparatus must reside in a stable
environment, which limits vibrational noise and maintains a constant temperature. Vibrational noise, if
too high, can mask the yielding point of a pillar during a test, and temperature swings cause thermal
drift, altering displacement data to the point where the data is unusable.

External vibrations from mechanical systems within RMTL are transmitted to the MicroMaterials system
through the legs and floating table as well as through the wires used to transmit information to and
from the computer. It may not be possible to reduce all vibration transmitted through the legs and
floating table but a switch to a fully wireless system may help eliminate vibrations transmitted through
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the wires from the computer station. Internal vibrations caused by the motors and other systems
operating within the testing chamber cannot be dampened and a noise band will still remain. As such,
pillar diameters must be large enough that the yield events occur at high enough load levels to prevent
being masked by in the noise band.

Thermal drift can make the displacement increase, mimicking yielding or decrease, masking any yield
event that may be occurring. A perfectly stable Micro Materials nano-indenter apparatus, will resolve
displacements of less than 10 nm, capturing the yield events of pillars compressed as shown in this
work. The MicroMaterials indenter was the most thermally stable during nights because there was
fewer changes in temperature in the building caused by people walking in and out of the building, other
labs, and less body heat is added to the system at night as most lab users leave the facilities each night.
Due to the thermal drift sensitivity at ambient temperature, there were doubts in obtaining accurate
load-displacement data at higher temperatures needed for determining thermal activation energies.
Further testing and experimentation with the apparatus is needed to extract accurate load and
displacement data at elevated temperatures prior to any pillar testing.

The apparatus used for mechanical testing is the most important component to acquiring meaningful
and accurate load and displacement data. The inability to perform true strain rate controlled tests has
prevented the calculation of any apparent activation energies/volumes using the equations outlined by
Basinski [95]. Thermal drift and vibration, even when the system was at its most stable, were evident
and restricted the experimentation that could be performed on the pillars.
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Chapter 6 Conclusions and Future Work
Nanocrystalline nickel pillars were successfully fabricated in house using two different methods:
electroplating on a patterned substrate made by electron beam lithography and focused ion beam
milling. Pillars were fabricated with height to diameter (or length) aspect ratios ranging from a minimum
of 2:1 to a maximum of 6:1.

Electroplating conditions were optimized to produce uniformly thick, porous free nickel that was similar
to nickel 200 level chemical purity by using a Watts bath electroplating solution heated to 55oC, flow
rate of 1100 rpm, and current density of 525 mA/cm2. Lithography techniques were developed and
applied to fabricate 3 and 5µm thick PMMA patterned substrates for deposition.

Grown pillars from the electroplating process were compressed using a MicroMaterials nano-indenter,
equipped with boron nitride flat tip as the compression platen. Loading rates of 0.0015 mN/s to 0.03
mN/s were used to compress pillars that were 0.78 to 1.6 µm in diameter to observe the deformation
behaviour.

Stochastic behaviour of strain bursts were observed at slow loading rates of grown pillars, which was
attributed to local micro-yield events of the pillar, including individual grains deformation as calculated
by the Schmid factor, and the flattening of the pillar top during initial platen-pillar loading until the
contact area equals the cross-sectional area of the pillar. Sharp yielding was another behaviour observed
and believed to be caused by the gold seed layer separating from the nickel substrate or base of the
nickel pillar. The separation of the gold from nickel is likely due to the shear stress associated with end
effects that arise from anchoring the pillar to the substrate (base platen).
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Grown nickel pillars compressed at faster loading rates did not exhibit stochastic behaviour. Good pillar
tests exhibited barrelling, more typical of macroscopic compression tests with frictional end constraints.
Some pillars separated from the substrate at the gold seed layer and fell off the substrate, becoming
lost.

The Young’s modulus was measured to be 55-350 GPa, which matched values found in the literature for
nickel micro/nanopillars. The large range in Young’s modulus was attributed to microstructural
differences, thermal drift, contact compliance changes, and indirect measurement of pillar
displacement. Additional compression tests of only the nickel film substrate revealed that the Young’s
modulus was 170-220 GPa which matched well to pure, electroplated nickel.

Due to the difference in pillar behaviour, loading rate changes did not produce any discernable
differences in pillar yield points. Yield strengths varied from 102 to 1820 MPa, which is significantly
higher than bulk nickel, and falls within values given in the literature. Adjusting the data to account for
the flattening during initial loading of pillar, yield strengths were measured from 220 to 1820 MPa, with
the majority of yield strengths above 500 MPa.

FIB-milled pillars exhibited stochastic plastic straining, regardless of loading rate. Faster loading rates
caused larger strain bursts as load drops were not possibly and the stress level continuously increased.
Yielding is believed to initially occur at the top of FIB-milled pillars, due to the top end having the
smallest cross sectional area.

Seed layer separation was not observed in any of the FIB-milled pillar tests but this was not surprising
because the pillar was fabricated in such a way that the seed layer was located within the pillar instead
of at the pillar-substrate interface. The taper of the FIB-milled pillar resulted in the stress concentrating
at the top of the pillar where the cross section was the smallest and where yielding was first observed.
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The first indications of yield occurred between 320 and 625 MPa and the strength was found to be 915
to 3500 MPa. Like grown pillars, FIB-milled pillars exhibited superior strength to bulk nickel.

A clear difference was observed between grown pillars and grown pillars shaped by FIB milling. FIBmilled pillars did not de-bond from the substrate and exhibited stochastic strain bursts at fast and slow
loading rates until fracture occurred or platen reach the substrate, while EBL pillars exhibited fewer
strain bursts at the initial onset of yielding and the bursts were only observed at slow loading rates. FIBmilled pillars initiated deformation at the top and EBL pillars de-bonded at the pillar-substrate interface
or at seemingly random locations. The yield stresses of FIB-milled pillars were also more consistent, lying
between 320 to 625 MPa, whereas EBL pillars were inconsistent in the range of 102 to 1820 MPa. The
lower yield strengths of the FIB-milled pillars was attributed to the surface damage and gallium
implantation caused by the FIB milling process, which aided surface nucleation of dislocations for
plasticity to begin.

Future work should quantitatively compare EBL grown pillars to FIB-milled pillars. This work was unable
to compare pillars of the same size and geometry at the time of submission. FIB-milled pillars of 3µm tall
by 1µm in diameter are being fabricated to better distinguish the differences between EBL and FIBmilled pillars. Additionally, pillars should be fabricated without the gold layer between the nickel film
and pillar if possible. The gold layer was suspected for the de-bonding seen in this work, and though it
lead to some early pillar failures, it had a potentially positive effect in the cases where the pillar did not
topple over during testing in that it removed the bottom constraint during testing, which makes pillar
testing more akin to macroscopic compression testing

In addition to fabricating pillars, the mechanical testing at elevated temperatures should be investigated
further to determine if the MicroMaterials indenter is capable of capturing the true load-displacement
data. A heated flat tip indenter for the instrument was purchased for future use. Attempts should be
- 145 -

made to reduce the thermal drift and vibration within the apparatus to make high temperature testing
possible for mechanical testing of micro/nanopillars using the MicroMaterials indenter. Once it can be
shown that mechanical testing of pillars is reliable and accurate, smaller pillars should be fabricated to
test the limits of the apparatus and to observe any size-strengthening effects that may occur in
electroplated nickel. Studying stronger materials such as molybdenum, would also permit the study of
smaller pillars at the loads used in the present work (see appendix A1 and A3 for recipes). Larger pillars
should also be constructed to better understand the transition between bulk material behaviour and
size-strengthening effects. With the possibility that EBL grown pillars and FIB-milled pillars continue to
display different deformation behaviours from one another at all sizes, a switch from FIB focus to a
lithography approach may be encouraged to prevent the tapering of pillars and gallium damage effects.
Electroplating recipes and other deposition methods can be explored in greater detail to produce single
crystal pillars such as those made out of copper by Jennings and Greer [20] with no taper nor influence
of gallium ion damage and gallium implantation.

Comparative studies of body centred cubic (BCC) and hexagonal close-packed (HCP) materials should
also be put through the same paces as current face-centred cubic (FCC) studies to determine how the
atomic packing influences the yield behaviour of materials at the micro/nano-scale. And lastly, further
studies should be performed to study grain boundaries, phase boundaries, and other interfaces in more
detail to better understand how these free surfaces affect dislocation activity.

With the aid of modelling, increased precision in manufacturing, and more accurate mechanical testing
of micro-/nano-sized specimens, it is possible to determine and further our understanding of the
mechanisms responsible for the observed size-strengthening effects of specimens at the micro-/nanoscale. While the fabrication and testing of micro-/nano-sized specimens has come a long way in the past
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decade, there is much more to explore in the world of materials science with these micro-/nanospecimens. To quote physicist Richard Feynman “There’s plenty of room at the bottom” [134].
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Appendix
A 1:

Struers electropolishing recipes for metals using electrolytic equipment

The most common electropolishing recipes from Struers are listed immediately below, but other recipes
are described in Table 9. Tips and tricks for most common problems are summarized in Table 10.
A-2:
90 mL Distilled water, 730 mL Ethanol, 100 mL Ethylene glycol monobutyl ether, 78 mL Perchloric acid*
A-3:
600 mL Methanol, 360 mL Ethylene glycol monobutyl ether, 60 mL Perchloric acid*
A-6:
120 mL Distilled water, 700 mL Ethanol, 100 mL Ethylene glycol monobutyl ether, 50g Tartaric Acid
(added to the water and ethanol), 78 mL Perchloric acid*
A-8:
950 mL Acetic acid, 50 mL Perchloric acid*
AC-2:
60 g Sodium thiocyanate dihydrade (or 41.5 g sodium thiocyanate and 18.5 mL distilled water), 75 g
Citric acid, 800 mL Ethanol, 100 mL Propanol, 10 g hydroxychinolin (known as #8 hydroxyquinoline), 15
mL Perchloric acid. Mix ethanol and propanol. Dissolve in the hydroxychinolin. Add sodium thiocyanate.
Add citric acid. Add perchloric. If sediment develops, try adding citric first and then sodium thiocyanate
and finally the perchloric acid
D-2 (corrosive):
500 mL Distilled water, 250 mL Phosphoric acid, 250 mL Ethanol, 50 mL Propanol, 5 g Urea
E-2:
300 g Copper (II) Nitrate, 900 mL Methanol, 30 mL Nitric acid
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Copper nitrate should be dissolved in the methanol by heating slowly. Once cooled, add acid carefully
just before use.
* Use electropolishing solution immediately after mixing (recommended). Pre-made solutions must be
stored at low temperatures T<-5oC to reduce chemical reactions within the solution.
Table 9: Eletropolishing conditions for metals of interest [135].

Material

Recipe

Aluminum
Copper
Gold

Molybdenum

Nickel

Current Voltage

Temp

Time

Density

(dc)

(oC)

(min)

A-2

-

20-50

17-20

5-30s

D-2, others

0.8 A/cm2

5

50s

D-2, E-2,
others
A-3

0.8 A/cm2

low

Comments
Pure Al and dilute
alloys

50s

20-30

A-2, A-8, AC-

-10 to 14
<25

2, others

20-100s

Used before flow =5

30s-2mins

1 part H2SO4
*Platinum

1 part HNO3

0.2-0.5

1 part H3PO4

A/cm2

AC 50 Hz, small

20-30

surfaces

D-2, E-2
*Silver

Titanium

D-2, E-2,
others
A-2, A-3, A8, others

low

1.5 or 3

20

10-20

20-60

30-60

30s-2mins

* Material has no Struers recipe but is assumed to act similar to other coinage metals
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Table 10: Electropolishing procedural problems and corrections [108].

Trouble

Possible Cause

Suggested correction
Decrease voltage

Pitting

Polishing too long

Decrease time

Voltage too high

Better preparation
Different electrolyte
Increase voltage

Phases in relief

Insufficient polishing film

Better preparation
Decrease time

Unpolished spots

Stains

Waviness or streaks

Roughness

Gas bubbles

Attack after polishing current is
off

Increase agitation
Decrease voltage
Remove specimen while current
is still on
Less corrosive electrolyte

Insufficient time

Increase or decrease agitation

Incorrect agitation

Better preparation

Inadequate preparation

Increase voltage and decrease

Too much time

time

Insufficient or no film

Increase voltage
More viscous electrolyte
New electrolyte

Sludge settling

Insoluble anode product

Increase temp
Increase voltage
Decrease voltage

Pitting or etching at edges

Too viscous or thick film

Increase agitation
Less viscous electrolyte

Centre deeply etched

No polishing film at centre of
specimen
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Increase voltage
Decrease agitation
More viscous electrolyte

A 2:

Step by step substrate preparation, lithography and electrodeposition procedure

Below is a step-by-step guide for preparing substrates, spin-coating, electron beam lithography and
electrodeposition as well as relevant recipes and conditions used. Note that step-by-step guidelines
apply to the equipment used in this work and may vary for different machines, substrates, coatings, and
material deposition.

A 2.1 Copper Substrate Preparation
As-received rolled copper substrates of various sizes and shapes were used as substrates in this work.
Samples appeared to be the same thickness, cut from a larger sheet. These samples were soaked in
Mitchell’s solution to remove oxides and other contamination to the surface but caused some slight
pitting. A total of 30 samples were polished and an additional 30 samples were annealed and then
polished. A step by step procedure for substrate preparation is listed below. Annealing was performed
at 480oC for 24 hours in a salt bath to modify texture, promote grain growth, and relax the internal
strain of the crystal structure caused by previous rolling of the copper.
1. Cut samples to size
Samples larger than 1.5 cm in length or width were reduced to dimensions between 0.8 cm and 1.2 cm
in such a way as to not waste material. Cutting of samples was done using a Struers Accutum-5 disk
cutter with a 6 inch disc for non-ferrous soft alloys.
2. Remove contamination
All samples were bathed in Mitchell’s solution for 5 minutes in an ultra-sonic bath to remove surface
oxides and other contamination. If the surface was not fully cleaned, an additional 5 minutes of bathing
was repeated until clean.
3. Identify sample
Samples were labelled using an electric scribe on the top left and bottom left corners of the underside
for identification purposes.
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4. Grind sample
Using a series of silicon carbide wet-dry papers, the copper substrate surface was ground. Rotating disks
of the paper were lubricated constantly with water to remove debris and aid in reducing heat and
lubricating of the sample. The backside of the sample was taped to a finger using two-sided scotch tape.
Grit papers include 220, 320, 400, 600, and 1000 grit. The sample was maneuvered counter the rotation
to make sure the entirety of the sample was polished at each grit level. Rinsing the sample before
switching to higher grit papers was done to remove debris that could scratch the sample.
5. Diamond polish
Each copper substrate was rinsed thoroughly in water and ethanol before diamond polishing. Diamond
polishing took place on convention lap-wheels covered in dense cotton fabric. The wheel was prepared
with 6 µm diamonds as well as a typical 50% glycerine lubricant. Samples were polished with medium
force until all scratches from 1000 grit were removed, and then light pressure for an additional 5
minutes to reduce scratch depths caused by diamonds, and finally thoroughly rinsed with water.
7. Colloidal silica or alumina polish
Depending on the availability of lap wheels, 0.06 µm colloidal silica or 0.05 µm colloidal alumina was
used to perform the final mechanical polishing. Similarly to the diamond polish, a standard lap-wheel
was used. Deionized water was added to each solution to dilute the mixture and provide rinsing of the
sample during polishing. The copper was polished until mirror finish was achieved and then rinsed with
deionized water to remove any residue left behind by the silica or alumina.
8. Chemical polish
A well-worn, lint-free, 100% cotton dress shirt was stretched over a smooth flat sheet of glass, watered
down we deionized water and pulled tight to act as the polishing fabric. Mitchell’s solution was added
using a pipette to the shirt where polishing was to take place. The copper was then pushed gently
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through the polishing solution for approximately 30 seconds to smoothen the surface and reveal grain
boundaries.
9. Drying and storage
Sample drying and storage is important to the fabrication process to avoid any further oxidation and
other possible collections of contamination. Place directly in a clean sample container which may live in
another box of some kind. Place sample in desiccator to reduce moisture and preserve the excellent
surface finish.

A2.2 Gold Coating for Seed Layer
Gold coating was performed using a Hummer VI-A sputtering system to apply a 20-30 Å thick seed layer.
The gold not only serves to be an electrically conductive seed layer; it also reduces the formation of
oxides on the surface which could reduce nickel adhesion and growth of pillars. The operating
instructions for completing the gold coating process are summarized here.
1. Load samples
Remove top of Hummer VI-A as well as cylindrical shield. Place samples on platform by spacing them out
evenly. Avoid placing them on holes or directly underneath the centre of the applicator to ensure even
coating with uniform thickness. Once loaded, put cylindrical shield and top back on.
2. Pump down.
Tighten the dial that serves to allow argon flow into the chamber. Press the red button to commence
vacuum pump and hold top down tightly to facilitate a good evenly-distributed seal. When the pump
noise changes, a proper seal has been established and the user can let go of the top.
3. Cycle atmosphere
When the pump reaches a vacuum of 60 millitorr, open the argon dial until vacuum reaches normal
pressure. Close and wait until vacuum reaches 60 millitorr again. Repeat for a third cycle.

- 170 -

4. Set conditions
Conditions for best coating are:
- DC Plate with NO pulse
- Voltage Control = 8
5. Coating the gold
When the settings have been verified, turn the timer dial to 3minutes. This will cause current to flow
from the coater, through the argon to the sample. Argon needs to be added to the chamber to establish
a proper connection for stable current flow, so unscrew the dial until a jump in current occurs. Use the
dial to tune the current to approximately 10 mA. As more gold is coated on the sample, an increase of
argon is needed to keep the same current therefore requiring constant attention of the user and using
the dial to make minute adjustments. Continue this process until timer runs out.
6. Shutdown
Turn off the machine using the red power button. The pump will shut off and allow air back into the
chamber. Tighten the argon dial to prevent waste of argon gas. Wait for the chamber to re-pressurize,
remove the top and cylindrical shield and remove sample. Immediately place in clean container to
prevent dust from contaminating sample. Store in desiccator until needed for spin-coating.

A 2.3 Nickel Foundation
A nickel foundation is needed on top of the copper substrate as the copper is much too soft for
adequate compression testing. It is well known that compression surfaces must be harder to resist
deformation during testing. A 10-20 µm thick layer of electroplated nickel was deposited using a Watts
bath recipe for 10 mins. Conditions used were optimized to be 525 mA/cm2 with a pump speed of 1100
rpm at 55oC. Refer to section A3 for electroplating recipes and conditions.
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A 2.4 Spin-Coating
The process of spin-coating can be different for users with different thickness samples, size of
substrates, resists used, and types of features required. The following procedure will illustrate a
standard spin-coating recipe through step-by-step instructions. Notes are added to suggest possible
deviations and recommendations, depending on the desired final product. Spin-coating is a messy
procedure and it is important to clean off all resist residue with acetone after the process is finished.
It is advisable to fully clean and dry the substrate fully prior to spinning as any dust and debris can alter
the flow characteristics during the spin procedure. IPA rinsing and drying with nitrogen is recommended,
followed by baking or using a hot plate to remove any additional moisture within the sample. Read the
literature to determine the best recipe. An IPA rinse for 5 seconds, nitrogen spray until visibly dry, and a
hotplate dehydration at 180oC for 5 minutes were used for the copper substrates coated with gold.
1. Creating a run file
Using the Polos software on the Laurel spin-coating apparatus, a user can create individual run files. A
run file permits a customized spinning recipe with single or multi-step procedures. The ramp rates,
constant spin speeds, and deceleration rates can all be modified and the file can be given a
representative header and name to find easily. Using spin curves and literature, one can easily
customize a spin procedure for any given resist and thickness desired. Spin curves shown below in Figure
63 and Figure 64 [117]–[119] illustrate some of the possible spin speed to resist thickness ratios
important when creating the run file.
It is important to understand the properties of the polymer resist such as adhesion strength, ability to
remove the polymer to reveal features, and possible chemical reactions with the substrate or other
polymers if multi-layer patterns are to be constructed. Omnicoat or sacrificial layers of polymer may be
required if lift-off is desired.
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Figure 63: Spin speed curves for SU-8 photoresist of two different viscosities.

Figure 64: Spin speed curves to determine thickness of spun resist for 950 PMMA of varying viscosities.
2. Mounting sample
The apparatus contains a variety of chucks that help in mounting the sample. These vacuum chucks aid
in keeping the sample in place while spinning. A chuck should be selected with the largest possible hole
diameter that is smaller than the width of the sample. A dry run with the selected chuck and sample
may be required to determine if this is sufficient. A smaller chuck may be needed to ensure the vacuum
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reduces the pressure to a suitable range. For this work, pressures measured below 35 kPa were deemed
acceptable. This was accomplished using 3mm vacuum chuck.
To mount the sample, balance the sample on the chuck and centre the sample as best as possible, turn
on the vacuum pump and then select “vacuum” on the Laurel spin-coater to initiate suction to hold
sample in place. Perform dry run by closing lid and selecting “run” to observe any potential problems
prior to adding resist.
3. Apply resist
Pour resist from bottle into small beaker to avoid contaminating or wasting a lot of photo resist by using
a dirty pipette unintentionally. Depending on sample size and number of samples to be coated, use
discretion in how much resist to pour into the beaker. More resist can always be added but excess
cannot be put back into the bottles as this would contaminate the batch of resist.
Use a pipette to transfer a small amount of resist from the beaker to the sample surface. Suck up resist
into pipette. Squeeze out resist slowly to minimize air bubbles and once a steady flow of resist can be
added without air bubbles, apply resist to sample. Apply enough resist to fully cover the sample.
NOTE: if the sample edges are important to the pattern, an edge remover may be required. During spincoating, the resist is spun off the edge but when spinning finishes, surface tension and wettability effects
cause changes at the edges. The resist at the edges to bead up slightly or taper off depending on the
wettability of the substrate which leads to uneven thickness over the surface of the sample.
4. Spinning
Once the resist has been added using the pipette, the lid must be also be closed. Pressing “run” will
allow the apparatus to perform the run file using the pre-determined specifications given by the user.
5. Unmount and clean up
Open lid after spinning is complete, turn off vacuum and remove sample. If more samples are to be
coated, return to step 1 or 2 depending on thickness of resist required. When all spin-coating is
- 174 -

completed, use acetone and clean wipes to remove excess resist from the Laurel spin-coated. Remove
the chuck and thoroughly clean all components and interior of spin-coater. This will prevent polymer
from hardening and adhering to chucks which in turn could make the surface uneven, translating to
uneven thicknesses of future samples.
2.4.1 Additional Spin Curves and Resist Information
The following curves and tables are directly from PMMA and SU-8 data sheets provided by ©MicroChem
Corp the [117]–[119]

Figure 65: Spin speed curves to determine thickness of spun resist for 495 PMMA of varying viscosities.

Figure 66: Optical properties of PMMA resist for EBL, including refractive index for a given wavelength
and the Cauchy coefficient.
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Table 11: Summary of SU-8 recommended baking times for given thicknesses of resist. A pre-bake occurs
before exposing resist, soft bake is performed post exposure to crosslink and stabilize the polymer before
developing. A post-bake at 180oC for 20 mins follows all developing processes to harden the polymer.
Baking was performed on hotplate.

Figure 67: Exposure dose requirements for various thicknesses of resist. top = 365 nm wavelength,
bottom = 450 nm wavelength.

A 2.5 Electron Beam Lithography
The reference guides [73], [136]–[143] for the electron beam lithography provided by Raith and Pioneer
are very helpful and should be utilized as much as possible. The following sequence of steps is useful
after having prior knowledge of the software layout and knowledge of how the software functions,
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which is best described in those documents. The following procedure assumes that the user is familiar
with the icons and tabs within the Pioneer writing and Raith SEM Software packages.
Prior to loading and patterning on the sample, ensure that all previous steps have been completed:
sample is flat, contains seed layer, polymer is desired thickness, sample dimensions have been recorded.
Once completed, the user can perform the following steps for lithography purposes.
1. Retrieving stage
One must first load the sample into the Raith SEM/Lithography apparatus. This is done by clicking
“unload sample” in the Pioneer stage control tab. The chamber will vent and pop out to give physical
access to the stage.
Mount a sacrificial wafer that is the same height as the sample to be written. A prepared substrate
without polymer works best as it is similar in height. Mount this wafer using clips provided on stage or
use carbon tape backing to ensure samples do not move. Try to make the carbon backing smaller than
the sample, so that the carbon cannot be exposed to the SEM beam. Mount additional samples to be
patterned near to the sacrificial wafer but ensure the polymer thickness is consistent between samples.
2. Silver dust
Silver dust is used to focus on your sample without damaging the PMMA resist. The PMMA will react to
the electron beam and will “flow”, making focusing very difficult. Place a very small amount of silver
dust in the corner of the writeable area of the polymer. You will notice the writeable area as the centre
is a different colour and contains no contours until the edges. Use a toothpick or other fine tipped
material to apply the dust to the corner. Record measurements of where the silver dust is located
relative to the corner of the sample and also record where to write the pattern.
3. Load sample
When satisfied by the arrangement and silver dust locations, click the “load sample” in Pioneer. Hold the
chamber closed while simultaneous clicking “OK” on the prompts that appear. The chamber will pump
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down and takes approximately 20 minutes. After Loading, a prompt for “Resetting Coordinate System”
should appear. Select “yes” and “OK”.
4. EHT (Electron High Tension)
Turn on the EHT in the Raith software window. The EHT on icon is located in the bottom right of the
window. Right click for options and select EHT on. Notice that Pioneer default setting is to blank beam
which is desirable to avoid exposing the PMMA resist. Blanking the beam is done automatically when
driving to a specified point but not when using the joystick to move around a sample. Keep this in mind
when moving to different locations.
5. Locate sacrificial wafer
Fileopen wafermapselect wafermap that corresponds to the stage geometry and features that
matches the one used in the SEM. By holding “Ctrl” and right clicking on the wafermap, one can drive to
the locations of objects to be scanned and observed. Drive to the location of the sacrificial wafer.
To view the wafer, one must unblank the beam using Pioneer software. The SE2 detector or the In-lens
detector can be used for viewing in the SEM. The In-lens detector has a better resolution but cannot be
used above 20 KeV. The SE2 detector can function for all voltages and was solely used in this work as 30
KeV was used in all patterning. Monte Carlo simulations in the Pioneer software can help a user select
what accelerating voltage to use for a given polymer thickness and substrate. Changing the thickness of
the polymer and selecting different substrates to use will affect how the electrons penetrate the
polymer and rebound back from the substrate surface.
6. Focus on sacrificial wafer and perform beam corrections
After locating the sacrificial wafer, select the aperture that is desired. Available apertures include 7.5,
10, 20, 30, 60 and 120 µm to adjust depth of field. Smaller apertures allow less current to pass through
which can make patterning small features easier but increases dwell time and overall writing time. It is
recommended that the largest aperture that can still write the smallest features of the pattern
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accurately be used to minimize writing time while still ensuring clarity and sharpness of the pattern
features.
Adjust the brightness and contrast as one would for SEM. Tabs at the top of the Raith software are used
for selecting Brightness Contrast, Magnification/focus, etc. Functions to the left of the / are controlled
by holding left mouse button and moving side to side within the detector window. Functions to the right
of the / are controlled similarly while holding the right mouse button. Use these functions to focus on
the sample at low mags as best as possible, then increase magnification and continue to focus, repeat
until 500 000x magnification is obtained.
The scanning speed and type of scan can be modified to make focusing easier. Faster scans refresh
sooner which is better for large features and low magnifications, pixel averaging is useful for obtaining
clear images with less noise in the signal. Slower scans reduce noise but take a long time to refresh and
can make focusing difficult if impatient. Use whatever scan speed/type allows for the best focusing.
Once focused as best as possible, use the focus wobbler to correct aperture alignment and stigmators of
the beam. Proper aperture alignment will eliminate image shift during focusing while properly aligned
stigmators eliminate the appeared stretching of objects during focusing. Once corrected, focusing needs
to be performed again as best as possible and repeat aperture and stigmator corrections. Repeat as
many times as necessary. If done correctly, a contamination dot can be applied and should appear
perfectly round.
When the focus is ideal, adjust the working distance in Pioneer. Use the eyedropper to read the current
working distance (global) and click adjust to make sure the SEM reads the same as Pioneer. Once
adjusted, Pioneer can select any desirable working distance and still maintain focus. Move to 15mm
absolute working distance for patterning using XY-UV tab and drive to position.
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7. Locate corners of samples to be patterned
Once the focus has been established and working distance lowered to 15mm, one must located the
areas to be written. Double check that the sample is in in focus. Brightness and contrast will need to be
adjusted for the new working distance.
Find the sample corner nearest to the silver dust. Make the corner the origin and follow the edge to
another point. Use this second point for angle correction, using the eyedroppers p1 at the origin and p2
at point along edge to adjust. After correcting the angle, locate the silver dust particles near the corner
and save this location as a particle (one of the pre-sets) by reading that specific point, editing it to be the
correct position, and saving it for future as this is the corner of the writeable portion of the sample.
NOTE that only one origin can be specified and angle correction can only be applied to one sample at a
time.
8. Beam current measurement
The current is needed to calculate the dose, dwell time, line spacing as well as other important
parameters for writing. To attain the correct current value of the beam, drive to the centre of the
faraday cup. The cup position should be in a list of pre-sets but some minor adjustment may be needed
to fully centre the beam within the cup. Zoom in as much as possible and measure the current in the
Patterning tab in Pioneer. Measure the values multiple times to ensure that the beam current has
stabilized. Once stabilized, use the calculator tool to determine the variables for writing based on a
given dose. Note: Specify a dose and then hit the calculator for every parameter and click the dose
calculator last as this will change. If the dose does not change significantly, proceed to the next steps. If
the dose drops significantly after hitting all calculators, try using a slightly higher dose and recalculate
until the final dose calculated is approximately the desired dose.
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9. Write-Field alignment
To ensure the pattern is written in the desired location, a write-field alignment is necessary. This is best
performed on sacrificial wafer ass it spends a lot of time with the beam on which could damage the
samples with resist. An area with lots of discernible features is recommended as well as locating an
object with sharp features. Centre this sharp feature within the crosshairs and zoom in to ensure it is as
close to centre as possible.
Next, choose a pattern in Pioneer that is to be written, and “edit” the file. Select a write-field that either
A) fully encompasses the entirety of the pattern, or B) breaks the pattern into boxes that do not
intersect meaningful features of the pattern. The advantage of a larger box is reduced writing time and
no overlapping of features whereas a smaller box can be more accurate and have less beam deflection,
which leads to sharper edges of features unless features are on the box edges. Each box represents a
write-field in which the beam can write the pattern without moving the stage. Selecting a write-field will
change the magnification of the SEM and it is advised to not alter the magnification by any other
method from this point forward.
To perform the write-field alignment, select the desired write-field and then execute one of the manual
corrections in the scan manager that corresponds to the same size write-field but contains the largest
features. The software moves the stage and performs scans next to the feature that was centred in the
crosshairs. The objective is to move the new crosshairs to the sharp feature by holding “Ctrl” and
clicking on the sharp point of the feature. Repeat this process as necessary. When completed, a prompt
will appear in which a user can correct using the marks or ignore. Continue this process until the values
achieved are near to 1 (0.999x or 1.000x). Select the next write-field correction containing smaller
features and repeat the process. Continue until the feature size is the smallest for the write-field
desired.
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10. Double-check current
Repeat step 8 to verify beam current is stable as this will affect all the calculations made for patterning.
The Relative dose of 1 is specified through these calculations. Note for automatic dose arrays, the
relative dose should be a minimum value whereas for final patterning, the dose becomes a specific
optimal value that was previously found with a dose array.
11. Finalize GDsII file
The pattern to be written must have all relative doses specified prior to writing. For each polymer
thickness, a different dose is required to fully penetrate the polymer. Different features may also require
different doses to maintain shape and feature sharpness. For fabricating holes for pillars, this is
relatively simple as one dose for the pattern is needed rather than multiple. If multiple doses are
required, multiple layers in the CAD file are required and each layer is assigned a relative dose factor.
These doses will have been obtained using a dose array which will be talked about in greater detail later.
12. Drive to desired writing area
The point specified for writing the pattern is the bottom left corner of the pattern to be written, so this
needs to be considered when selecting an area to be patterned. Prior recording of orientation and
location of silver dust particle will help determine the point to start the pattern.
13. Writing a Pattern
Filenew position list. A new window will appear for all the patterns to be written. The new window
will be empty so drag and drop the patterns to be patterned in this window. If it is not empty, select all
and delete all items in position list as they are no longer relevant. To perform a dose array, drop and
drag the single pattern in the window and open the PLS manager. Select the pattern that is to be
duplicated in a matrix. Specify the size of the matrix and the separation between patterns for easy
viewing. Note that the separation is a centre to centre spacing and not the distance between outside
edges. This separation needs to be slightly larger than the pattern dimensions to avoid overlap. Set dose
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to be additive and select the percentage increase from the initial dose as calculated earlier. For example,
a calculated dose of 200 will be assigned the dose of 1.0 so adding 0.1 to that dose results into a dose of
220 for the second pattern, 240 for the third and increases by 20 for each pattern until the matrix is
filled. The doses can be manually altered later if needed. Apply the changes and note the position list
window now includes all patterns in the matrix.
Alternatively, a large GDsII file with several repeating patterns can be created and doses assigned to
each pattern in a different layer but this is not recommended. As the file size increases, so does the
processing power required to write and if processing capacity is 100%, any increase of file size will only
slow down the writing process. It is therefore advised to use a single small pattern and use the position
list to create multiples repeating units with alternative doses; Ii will write faster and permits the user to
individually alter each dose.
The matrix function can also be utilized to perform large arrays of items such as holes for pillars. Select
the matrix size and use the additive dose of 0.00 to ensure all doses are identical during writing. The
user can manipulate the dose of any single item in the position list and modify its’ position for more
customized layouts as the matrix only provides a rectangular grid of patterns.
After filling up the position list with all patterns to be written, select all items and perform the scan.
After hitting scan, Pioneer takes control of the beam and writes all patterns. During writing, it is
important to not click the mouse or any keys on the keyboard as this will interrupt the scan. A scan can
be restarted but this will rewrite previously written patterns that were already scanned. Instead, it is
recommended to find the scan in which the interruption took place and initiate a new scan from this
point forward. When the Scan is complete, continue with the next sample by repeating steps 7, 12, and
13. When all samples are finished, turn the EHT off and unload sample using stage control options.
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14. Additional comments and tips
- The pump down procedure requires 20 minutes or more to perform so ensure that all samples are
located and orientations noted prior to loading the chamber and commencing pump down.
- If the orientation of the pattern is significant, i.e. complicated patterns, an origin must be specified for
each sample as well as angle correction points.
- Stage motion, proper focus with beam correction and write-field alignments are the keys to accurate
patterns with sharp features. If the stage motion is not smooth, gets stuck, lurches forward, and is
overall hard to control, the writing will also be affected. If the stage is stuck, the scan will seize to
operate further and lurching forward will increase the distance between write-fields which can be most
undesirable, especially in continuous features. Improper focus of the beam will cause beam distortion
which can round sharp features, write in the wrong spot, and potentially be deflected onto spaces
where no exposure is wanted. Write-field alignments as explained above prevent overlapping features
from write-field to write-field. Overlapping is minimized by selecting a write-field size that fully
encompasses the design but may not be possible for large patterns with small features.

A 2.6 Photo-Lithography
Photo lithography using the IMP is very straightforward with relatively few steps. Prior to using the IMP,
CAD files saved as .bmp or R12/LT2 DXF formats must be fabricated with pattern to be exposed on
resist.
1. Open Autostage software
Select the objective lens and wavelength profile needed for writing. For SU-8 resist and small features
(down to 1µm), a 20x, 365 nm profile works best. Note the lens current installed as it may need to be
changed to match the profile. Check camera to ensure full gain and full shutter speed.
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2. Load sample.
Depending on the size of sample, an “unload/load sample” process may be required to avoid hitting the
lens. Use the computer software to perform this. If very small samples are used, carefully insert the
sample on the stage directly under the lens. Large samples can take advantage of the vacuum chuck but
samples in this work were too small. Open and close magnetic door when performing the
loading/unloading and ensure it is closed as the door contains a UV filter shield.
Home the sample stage (x, y, z, and tilt).
3. Turn on lamp
The lamp needs approx. 15 mins to fully warm up and stabilize its intensity. Turn it on as soon as
possible to avoid waiting later. A UV filter shields your sample until exposures are performed but light
will reach the sample for viewing in the microscope lens.
4. Load CAD file
Load the pattern that is to be exposed on the sample. Make sure the units of the CAD files match the
units of the IMP and the pattern should appear in a small window with a red or purple box in the top left
corner. The box represents the field of view of a single exposure. If the pattern is sufficiently large,
multiple exposures will be needed (discussed later). Make sure the file is set up to expose regions of
interest. Depending on the resist type (positive or negative), this may be reversed. The software will
expose all areas in white while blanking all areas in black. A grey scale can be introduced to the CAD
using layers and this will change the relative dose, similar to the electron beam lithography. Each layer
of different levels of grey will be exposed with a different dose. Only black and white patterns were used
in this work therefore experimentation and proper knowledge of the mask-less system is required to
add grey scale for multiple doses within a design.
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5. Locate and focus on sample
The sample should be loaded directly underneath the lens if possible but locating the sample may be
necessary. Begin with the z direction. Raise the stage slowly by setting a distance and stage velocity to
bring the stage up into focus. Use the arrow keys in the IMP software to specify direction the stage is to
be moved. The software prevents the stage from elevating past a certain point but if tall samples are
used, possible collisions may arise between sample and lens. Raise until the light on the sample is
visible. Depending on velocity, the light may come in and out very quickly which means the focal point
was passed. Adjust the z height until the light is bright in the image.
Go to camera controls and reduce the gain and shutter speed until the brightness is good for focusing. If
the sample is in view, continue to next step. If not, check to see if the sample will hit lens if moved in x
and y. Lower the stage until clearance is certain. Increase camera gain and shutter speed to max. Move
the stage until sample is directly underneath and adjust the z height as before. Reduce gain and shutter
to dim the light to make focusing on sample easier.
Focus the sample by moving the stage up and down very slowly. When in focus, locate a corner of the
sample.
6. Angle correction
Use the corners of the samples to align the sample with the exposure windows. Different shapes can be
used to make this adjustment but for square and rectangular samples, the rectangle geometry is best.
Find a corner of the sample and centre it in the viewing window. Set this as point 1. Follow an edge until
the next corner is reach and set this as point 2. Find a third corner and make this point 3. The software
has a calculate function to determine the angle in which it needs to rotate the stage to be square with
the exposure window. Click calculate then click set/adjust to make the stage rotate into alignment. The
points of the corners that were recorded are saved and readjusted after the rotation.
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7. Final focus
Move to the position that the exposures will be performed and refocus the sample as the polymer in the
middle will be a different height than the polymer at the corners. Once focused as best as possible
manually, click the focus button to allow the software to do a fine focus.
NOTE: this process should not expose the sample to UV light and should therefore not be harmful. It is
recommended to perform this fine focus every time the stage is moved by the user.
8. Dose array
Select “exposure matrix” from one of the drop down lists. A new window will appear in which the size of
the matrix and type of matrix that is to be patterned can be adjusted. An exposure dose array can be
constructed which varies the length of exposure in steps specified by the user. A focus matrix can also
be performed if the focus achieved by the software during fine focusing is not perfect or a combination
of dose and focus can be performed. Another feature is multiple exposure designs matrix which is
presumed to make large patterns that require multiple exposure windows at a single dose. This last
feature was not used in this work and experimentation or reading of the user manual is required to
understand this feature. The last feature to note is a “perform focus” box. This will make the computer
perform a fine focus before every exposure. This may be desirable for large arrays as the polymer height
may vary somewhat across the sample. Use with discretion as this will increase the time required to
perform the array.
Select dose matrix only and specify the size of matrix. The software will calculate the dose times based
on an initial dose that is specified by the user and a time step which is also specified by the user. It is
recommended that a dose array with unequal dimensions is performed to distinguish which exposure
corresponds to each dose. For example a 3x 5 matrix has unequal dimensions thus it is easier to
determine the direction of patterning and the respective doses whereas a 4x4 matrix may be
interpreted incorrectly if rotated. It is also recommended to have a large dose array with smaller time
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steps to easily interpolate the best exposure time. When all parameters are selected, clicking run will
give control to the computer to perform the exposures.
Note: the IMP leaves a signature (data stamp) on each exposure window which may affect the design to
be exposed. This signature is supposed to contain the exposure time to make analysis of the dose array
easier but this has been unsuccessful thus far. Instead, a misshapen object appears at the bottom of the
exposure window. It is advised to avoid including sensitive features near the bottom of the exposure
window during exposure matrices.
9. Normal exposures
After determining the focus and location to pattern, the exposure parameters are selected for the
pattern. Clicking the auto exposure will ensure enough exposure windows are created to complete the
entire CAD design. Specify the exposure time for the pattern and click ‘start’.
Note: Arrays of the design can only by performed using exposure matrix so arrays of the pattern must be
designed into the CAD file prior to loading.

A 3:

Electrodeposition recipes

The following recipes have been recently used to fabricate micro/nanopillars [25], [33], [41], [44], [53],
[65], [82], [113], [144]–[147]. These newer recipes will be the focus rather than older electroplating
recipes as the recent recipes have been proven to produce high quality micro/nanopillars. All recipes in
this section were used since 2005 to produce arrays of micro/nanopillars via the electron beam
lithography process. Figure 68 contains a schematic of the electrodeposition process as well as a sample
system. It also shows a voltage ramping process which can be used to selectively dissolve protrusions
and defects which, in turn, produces larger grains or single crystals.
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Figure 68: Electrodeposition process for depositing platinum. A) Schematic of electrode configuration for
growing micro/nanopillars. B) Actual system used for making pillars. C) Voltage-Time plot showing sawtoothed electroplating conditions [53].

Aluminum
-

No recent techniques published

Copper
-

125g/L Cu(SO4)*H2O and 50 g/L H2SO4 mixed with deionized water and reagent grade chemicals.

-

Bath temperature at STP

-

DC current of 10 to 35 mA/cm2 (over 20 mA/cm2 results in poly crystalline)

-

Gold seed layer acts as cathode while insoluble is a platinum coated titanium mesh

Gold
-

[Au(SO3)2]2- plating bath (technic Gold 25-ES, Technic Inc.)

-

Bath temperature of 60oC

-

DC current of 2.5-10 mA/cm2

-

Gold seed layer acts as cathode while insoluble is a platinum coated titanium mesh is preferred
but stainless steel or gold anode can be used

** [Au(CN)2]- is incompatible with PMMA but allows greater control of microstructure.
Other plating recipes for electroplating a gold layer are summarized below in Table 12.
Table 12: Gold plating solutions for lithography seed layer [148].

Typical gold plating solutions
System
Type of operation

Alkaline Cyanide

Buffered Citrate

Rack

Rack

Barrel
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Barrel

Buffered Phosphate
Rack

Barrel

KAu(CN)2(68%)

12V

6V

20V

20V

20V

20V

KCN

20V

30V

-

-

-

-

K2HPO4

20V

30V

-

-

40V

40V

KH2HPO4

-

-

-

-

10V

10V

K2CO3

20V

30V

-

-

-

-

K2H citrate

-

-

>50V as

>50V as

needed

needed

-

-

Temp (Celsius)

50-60

50-65

60-70

60-70

60-70

60-70

0.1-0.5

0.1-0.5

0.1-0.2

0.4-0.6

0.1-0.2

0.4-0.6

11-11.5

11-11.5

5.2-5.8

5.2-5.8

6.5-7.0

10-10.5

Current Density
(A/dm2)
PH at 25 (Celsius)

The cathode for electroplating is usually the substrate and the insoluble anode can be a platinum coated
titanium mesh, stainless steel or gold. It is important to note that higher current densities will produce a
harder gold seed layer. Recipes for alkaline cyanide, buffered citrate and buffered phosphate can be
found in Modern Electroplating 3rd edition [79].

Molybdenum
-

No recent techniques published

Nickel
-

(Ni(NH2SO3)2) solution. 20-30% sulphamate, 1-5% boric acid, and <1% nickel chloride.

-

Bath temperature of 50oC and PH of 4

-

DC current density = 25-125uA/cm2

-

Nickel foil (99% pure) anode and GaAs as cathode (or gold)

Platinum
-

10 mM chloroplatinic acid (Alfa Aeser) and 0.5 M sulfuric acid (Mallinckrodt Chemicals) in
deionized water.

-

Bath temperature at STP

-

Current density of 0.55 mA/cm2 (AC can also be used for bi-crystals or tri-crystals)
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-

Silver/silver chloride pseudo reference electrode, gold counter cell electrode, and gold seed
layer as working electrode

** ramping voltage from 0-0.5V at a rate of 30-80 mV/s, as well as removing voltage produces virtually
void free pillars with uniform structure. Reverse pulse also helps in this regard by selectively dissolving
protrusions and defects, which produces larger grains. Forward to reverse pulse of 5:1 works well. Note,
voids may still form between pillar and substrate.

Silver
-

0.34M KAg(CN)2 with 2.3M KCN and 20 µM KSeCN and deionized water

-

Bath temperature at STP

-

Current of 25mA/cm2 at -0.4V

-

Silver seed layer (70 nm) from PVD used as cathode used with platinum anode

** This technique has a maximum and minimum diameter and aspect ratio that is unknown. These
limitations can be altered by modifying the KSeCN content of the salt bath.

Titanium
-

No recent techniques published

The next set of recipes are much older yet may still be of use for micro/nanopillars fabrication. The
following recipes are from Modern Electroplating 3rd edition [79] and “The electrodeposition of
molybdenum from aqueous solutions”[149].

Aluminum
-

Diethyl ether, 400 g/L of 3M AlCl3 and 15g/L of 0.4M LiAlH4

-

Colder bath temperature is better within 15-60oC

-

Current density 20 mA/cm2 (forward), 60 mA/cm2 (reverse) 60s:10s

-

1100 soluble aluminum anode, Gold seed layer as cathode

** Absolutely no contact with water, alcohols, or other hydrogen reactive substances. Very hazardous as
it is corrosive and fumes are flammable. It is also poisoned by water or CO2 thus make in Ar or N
environment. Add AlCl3 to diethyl ether slowly then add LiAlH4. Pressurized filtration should be used to
remove impurities. 24hrs to mix/dissolve solution and moderate agitation should be performed during
the plating process.
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Molybdenum
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Acetate Baths
Table 13: Electrolytic acetate baths for electroplating molybdenum [149].

Composition

Temperature

Current Density

Time of deposition

Pre-electrolysis

(oC)

(mA/cm2)

(min)

(amp/hr)

30-60

1000

2-5

1

6.1

35-73

200-2800

2-5

0

5.8

40-85

440-1100

2-10

1.3

5.2

40-48

530

1-45

10

6

40-55

200-1000

2

9.6

6

30-65

500-3300

1-5

0

6

30-50

500

1-65

1.2

6

5g Molybdate
25 mL NH4OH
21 mL CH3COOH
5g Molybdate
25 mL NH4OH
28 mL CH3COOH
5g Molybdate
25 mL NH4OH
33 mL CH3COOH
20 mL H2O
20g Molybdate
100 mL NH4OH
112 mL CH3COOH
20g Molybdate
100 mL NH4OH
105 mL CH3COOH
1g Molybdate
100 mL NH4OH
105 mL CH3COOH
1g Molybdate
100 mL NH4OH
108 mL CH3COOH
** Baths contain 1 to

PH

20 grams of molybdic acid (85%) mixed into ammonium hydroxide (28%) and

glacial acetic acid solution. Anode is platinum or carbon. Cathode seed layer of copper, nickel, or iron.
Higher current density (increased voltage) to cover cathode followed by a decrease in current density
(voltage drop) during deposition on initial layer.
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Other Baths
Table 14: Electrolytic baths for molybdenum electrodeposition [149].
Bath Name

Composition

Temperature

Current

(oC)

Density

PH

(mA/cm2)
Potassium

5g molybdic acid (85%)
100g potassium acetate
Acetate
50 mL acetic acid (glacial)
130 mL water
Platinum anode, copper cathode
Sodium Acetate 5g molybdic acid (85%)
20g sodium acetate
36 mL acetic acid (glacial)
50 mL water
Platinum anode, copper cathode
Formate
1g molybdic acid (85%)
50g potassium formate
electrolytes
50g ammonium formate
50 mL water
Propionate
5g molybdic anhydride
74 mL propionic acid
32g ammonium carbonate
19g potassium hydroxide
28 mL water
Fluoride
5g molybdic anhydride
100g potassium fluoride dehydrate
10 mL hydrofluoric acid (48%)
70 mL water
Phosphate
2g molybdic acid (85%)
5.75g citric acid
50g disodium hydrogen
orthophosphate hydrate
3 mL ammonium hydroxide
50 mL water
** Unless otherwise stated, cathode material is gold seed layer.
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30-40

20-540

3.62

40-55

1400

3.8-4.2

30-40

600

7.8

30-40

150-400

6.8

30-50

200-2000

5

30-40

500

5.4-8

Nickel
-

240-340 g/L Nickel Sulfate (NiSO4 * 6H2O), 30-60 g/L Nickel Chloride (NiCl2 * 6H2O) and 30-40 g/L
Boric acid (H3BO3) (Watts Bath)

-

Bath temperature of 50oC

-

Current density of 500 mA/cm2

-

Either nickel rod or platinum-titanium mesh anode with gold seed layer cathode

** It is recommended that 0.5mL of hydrogen peroxide per Litre of solution is added for each day of use.
Lower current densities can result in brittle nickel if temperature and/or PH is not reduced. Lower
current densities results in less nickel sulfates and nickel chloride

Platinum
Recipe 1
-

10 g/L Platinum as “P” salt, 100 g/L ammonium nitrite, 10 g/L sodium nitrite , 0.05M ammonia

-

Bath temperature of 90oC

-

Current density of 4 mA/cm2

-

Seed layer cathode, silver/silver chloride reference electrode, and gold counter cell electrode

Recipe 2 “Thicker layer”
-

40 g/L “P” salt, 80g/L sulfamic acid

-

Bath temperature of 75oC

-

Current density of 5 mA/cm2

-

Seed layer cathode, silver/silver chloride reference electrode, and gold counter cell electrode

Recipe 3 “25 um layer”
-

5 g/L H2Pt(NO2)2SO4, sulfuric acid until PH is 2

-

Bath temperature of 40oC

-

Current density of 15 mA/cm2

-

Seed layer cathode, silver/silver chloride reference electrode, and gold counter cell electrode

Recipe 4
-

12 g/L K2Pt(OH)6, 15g/L potassium hydroxide

-

Bath temperature of 75oC

-

Current density of 7.5 mA/cm2
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-

Nickel anode and gold seed layer cathode

Silver
-

81-134 g/L KAg(CN)2, 35-50 g/L Free KCN, and 15-90 g/L Potassium carbonate

-

Bath temperature 20-28oC

-

Current density 5-15 mA/cm2

-

High quality silver anode. Gold seed layer as cathode. Anode/cathode ratio 1>=1

** Mix all but KAg(CN)2 with deionized water to create ½ total volume. Heat to 70oC, add 1.2g/L
activated carbon, and stir 1 hr, and then filter into operating tank. Add deionized water to almost total
volume (minus KAg(CN)2). Add the KAg(CN)2 while stirring.
*** Need a “strike” for good adherence. AgCN (1.5-5g/L) + KCN (75-90 g/L) added in similar way as
above. Temp = 22-30 C. Current density = 15-30 mA/cm2.

Titanium
There are no reported recipes that contain a bath temperature below than 160oC. PMMA melt at
approximately 160oC thus hot baths are not feasible. Other methods are necessary such as FIB or PVD
are required. A different polymer resist may be available to withstand the higher temperature but no
such polymers have been reported. Some authors however have reported growth of titania
micro/nanopillars using porous anodic alumina but limitations of this procedure include a lack of control
on pillar size, difficulty in performing compression tests on pillars and locating the centre of pillars when
compression tests are performed ex-situ.

A 4:

Electroplating holder and other handling

The first sample holder used for electroplating Ni was initially build for proof of concept. The holder
bridged the 3 contact pins of the electroplater to a central node. Small copper tubing was used to span
between the node and the pins and braided copper wire was inserted into each tube and centrally
braided and soldered to ensure good electrical conductance between pins and sample. Ends of the tube
in contact with the pins were flattened so that the pins could bite into the material properly instead of
sliding on a rounded surface. A sample would be taped into place at the central node with copper tape
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to ensure conductivity and adhesion to prevent being washed away during solution circulation. The
spanning tubes were coated with a non-conducting layer to prevent unwanted plating to the sample
holder. The first sample holder used is shown below in Figure 69.

Figure 69: First sample holder used when electroplating. Flat ends sit on connector pins and sample is
held to the centre with orthodontic elastics.
It was found that the first sample holder was successful for plating but had several problems. The first
and most important was that the copper tape used to hold the sample in place was conducting on all
surfaces and would be plated with Ni. This altered the current density reaching the sample and
therefore altered the plating conditions. This adhesion method also prevented the re-use of holding
samples in place. A new design was needed to hold samples in place and this required a change in the
structural support of the bridge.
The final sample holder, shown in Figure 70, took the best points from the first holder but attempted to
eliminate the flaws seen with the first holder such as excessive nickel plating on the holder and too
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much flexibility. The simplicity of the first design was used in that 3 copper tubes were used instead of
using supports. The tubes were curved so that each tube curved through the central node and the ends
reached 2 pin connectors. The 3 tubes curved through a central node that created a triangle platform
that was flat for substrates. Copper tape wrapped up parallel tubes to act as a strengthener and
maintain even conductivity throughout the holder. Ends were flattened and tube ends overlapped to
provide the same pin connector bite of both previous holders. A final thicker and more even coating of
polymer was applied to prevent plating of the holder itself. Orthodontic elastics are used to secure the
substrate to the sample holder. The elastics are insulators to avoid being plated, small so they do not
cover much of the substrate, and are not bulky to maintain a better flow of solution past the sample.

Figure 70: Final sample holder used for electroplating substrates.
It is important to always handle the sample with non-marking gloves once the substrate has been
prepared. Special care in the clean room will facilitate a better polymer coating and proper handling of
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the sample will prevent any unwanted contamination which hinders pillar growth. Carbon tipped
tweezers are used instead of metal to prevent scratching and are inert to most chemicals to minimize
corrosion.

A 5:

Electroplater user manual (summarized)

The entirety of the electroplater user manual can be found on PDF, or in hard copy with the
electroplater. This section aims to simplify and condense the manual into small workable sections. This
section does not attempt to replace the user manual, but only to summarize key components an act and
as a reference tool for users.

Safety Precautions:
All users should familiarize themselves with the user manual prior to using the electroplater. All material
safety data sheets should be utilized prior to use. Immersion heaters, pneumatically operated hatches,
leaching chemicals, and plating solutions may pose a risk to the user’s safety. Interior circuitry and
electronics should be serviced by a trained professional to avoid risks of electrocution and burns. Proper
lab apparel (apparel, goggles, gloves, footwear) should be worn while using the electroplater.

Summary of parts:
A simple diagram of the fluid circulation (piping diagram) is illustrated below in Figure 71. Further
schematics and component lists were recovered from the manual and are shown in Figure 72, Figure 73,
Figure 74, Figure 75, Figure 76, Figure 77, Figure 78, and Figure 79. Notable components that the user
should be familiar with include:
- Circulation pump (P2)
- Plating pump (P1)
- Plating cups and chamber
- Filter
- Reservoir
- Heaters within reservoir
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- Thermocouple and thermistor within reservoir
- Floats for solution level detection within reservoir
- Spill apron
- Exhaust vent
- Pneumatic hatch and control dials
- Electronic control board
- Drainage valves for solution recovery (V1)
- Internal circuitry and power supply

Figure 71: Piping diagram of International Micro Industries Inc. EPM-149 electroplater used in this work.

- 200 -

Figure 72: Electroplater rear view schematic.
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Figure 73: Summary of items in rear view schematic.
- 202 -

Figure 74: Electroplater top view schematic.
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Figure 75: Summary of components in top view schematic.
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Figure 76: Schematic of the control panel of the electroplater.
- 205 -

- 206 -

Figure 77: Control panel components list.
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Figure 78: Schematic of the controller box (rear view.)
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Figure 79: component list for the rear of the control panel.
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Set-up and installation
Find a location that has a solid floor with a surface that can tolerate minor spills. Tiled floor lab rooms
are ideal locations to install the electroplater. The electroplater requires a 20 amp power outlet and an
additional 15 amp outlet nearby on a separate breaker if a chiller is to be used at the same time. A
nitrogen tank or outlet must also be present.
The feet of the electroplater allow for easy levelling which is important for drainage and other fluid flow
dynamics within the plating cups. Once levelled, nitrogen and/or other gas lines should be installed and
power cords plugged into outlets.
To test if things work, close all valves, pour 8L of distilled or deionized water into the reservoir tank, turn
on machine and check for leaks. If satisfactory, check additional controls such as pneumatic pumps,
plating conditions, pump flow, etc.

Leaching procedure
Before plating solutions can be added to the electroplater, contamination such as dust and any potential
chemicals remaining from prior electroplating must be removed. This is easily performed through a
simple leaching procedure.
An alkaline leach is used first. Depending on how long the electroplater has not been used and/or
chemicals used in prior electroplating, a standard or severe formula is used. A standard formula is used
when the electroplater is in frequent use, in a clean environment, and little or no electroplating had
been performed with different chemicals compared to future electroplating solution. A sever formula is
used if these conditions are not met.
Standard formula:
Na3PO4 22.5 to 52.5 g/L (3 to 7 oz./gallon), NaOH (7.5 to 22.5 oz./gallon) with distilled water.
Severe Formula:
Na3PO4 60 g/L (8 oz./gallon), NaOH 60 g/L (8 oz./gallon) with distilled water
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Approximately 8L of solution is needed to fully leach the electroplater. Leaching solution should be
heated to approximately 50oC and maintained for minimum 6hrs. After 6hrs, increase pump speed
and/or remove fluid until 1 inch of solution is observable in the reservoir while pumps are on. Continue
leaching for an additional 30 mins.
Drain solution and rinse with cold water. Fill the tank with distilled water, circulate for 5 mins and drain.
This will be repeated once more to fully rinse the tank of the alkaline bath.
An Acidification must take place to finalize the decontamination process. H2SO4 at 5-10% by volume is
used. Add at room temperature to the tank filled with the water. Mixing will take place within the tank
itself which may heat to 65oC. Circulate the fluid slowly to promote cooling while mixing. After solution
is fully mixed, the solution must be allowed to settle for 30-60 minutes. Heaters should be turned off
and pumps should be off during settling.
Drain solution and rinse with cold water. Fill the tank with distilled water, circulate for 5 mins and drain.
This will be repeated once more to fully rinse the tank of the acid.
Finally, fill the reservoir with 8-10L of deionized water or distilled water and perform another rinse cycle.
Do not drain water until plating solution is prepared and ready. Keep all chambers and reservoir closed
to avoid recontamination.
Note that other sources of contamination such as filter cartridges, anodes, etc. that are in contact with
the solution should be cleaned prior to adding solution. This can be done by soaking parts in boiling
water for 60 mins or included in the leaching process if possible.

Operating Procedure
The series or steps to plate a sample is simple but any differences can drastically affect the results of the
plated material. The porosity, growth rate, burning and more can all be modified through the selection
of, flow rate, temperature, current density and plating time. Using Faraday’s Law, the principle of
electroplating is best described by the following two equations:
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𝑊=
𝑆=

𝐼∗𝐴∗𝑡∗𝑊𝑎
96500∗𝑉∗100

𝑡∗𝐶𝑝 ∗𝐼

Equation A1
Equation A2

𝑠𝑔 ∗𝐴

where W = weight of deposit (g) , I = current (A), t = time (min), Wa = atomic weight of metal to be
deposited, S = deposit thickness (µm) , Cp = practical plating rate (g/A min), sg = specific gravity of metal
(g/cm3), A = area to be plated (cm2), and V = atomic valence of metal to be deposited.
Prepared substrates are mounted within a plating cup. Large samples > 1.5cm2 may block flow of plating
solution so both cups should be used for electroplating at the same time to maintain flow equilibrium.
Cathode pins must be pressed through the polymer resist to contact substrate to maintain uniform
current. Sample holders may be needed to bridge the current to the substrate. A custom sample holder
may therefore be required to hold the sample upside-down for plating to be successful. The contact
check is a useful tool for determining if plating is possible and current is passed though all pins to the
sample. “Lid Up/Down” button is used to pneumatically lift open the chamber lid. Note 75 psi in needed
within the air hoses to successfully operate the lid.
The flow rate should be increased until the solution cascades over the cup edges. This signifies the
minimum flow rate required to produce plated deposits. An ideal scenario involves wetting of the
sample surface while keeping the back dry.
Temperature control is essential for good results and is easily controlled using the temperature control.
Scroll the wheels on the temperature controller until the desired temperature is shown. If the light is
green, the solution has reached the selected temperature within 2 degrees. A red light signifies that the
bath requires heating or cooling and will initiate heaters or installed cooling system to bring the
temperature to the specified value. A thermistor is used to act as a fail-safe to avoid sever overheating
of the solution. A dial can be set to a temperature above the operating plating temperature. If the
temperature reaches the fail-safe temperature, the electroplater will seize to continue operating and a
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buzzer will sound. This feature prevents overheating as it shuts off all power supplies to the heaters and
also cuts the power to the plating cups.
It is recommended that the solution is heater/cooled to desirable temperatures prior to increasing the
flow rate past the minimum needed for cascading. Some thermal expansion can cause an increase in
apparent fluid levels and can change the pressure within the piping, causing fluctuations in the fluid
dynamics of the system.
Current is controlled via 1 striking switch and 3 current/time switches for each cup. A strike can be set to
last for up to 9 seconds while each following current selection can be used for 99 minutes and 99
seconds. There is 3 switches to correspond to plating inside the resist, mushrooming out of the resist,
and continuous plating with coalesced mushrooms. Current selections are calculated from surface area
and current densities needed in the simple equation:
𝐼=

𝜌𝐼
𝐴

Equation A3

where I = current, ρI = current density (desired) and A = area of exposed conducting material. A will
change as plating continues but can be broken into 3 stages; A1, A2 and A3. A1 represents the surface not
covered by polymer resist. A2 corresponds to the mushrooming surface area which needs to be
averaged, and A3 corresponds to surface area of the coalesced flat surface. The time at each stage is
calculated using equation A1 and equation A2 but should be verified with experimental trials as
temperature, flow rate and current density can all influence the growth rate of the deposited material.
Select the needed currents on the control board and the appropriate ramping rate between specified
currents to maintain the current density to be as constant as possible.
Check the nitrogen input and make sure the regulator is set to 3kg/cm2. Use the N2 button on the
control panel to engage the nitrogen and adjust to 50 L/min. This nitrogen will act as an air knife during
plating to aerate the sample to remove contamination as well ensuring growth is even as the nitrogen
reduces the growth of higher regions.
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A complete checklist of steps to electroplate a sample:
1. Remove deionized water and fill reservoir with electroplating solution
2. Turn on compressed air and N2 sources
3. Open hatch and load dummy wafers (will not be plated)
4. Switch mode to “Set” mode
5. Close the hatch
6. Turn on heaters and set the temperature
7. Push “Start” to commence circulation while heating
8. Set initial current Is, plating times T1 T2 T3, as well as i1 i2 i3 t1 t2 t3
9. Turn on cups containing dummy wafers
10. Check contacts
11. Push “Reset” once temperature is reached and all items are set
12. Open hatch and load samples to be plated
13. Close hatch
14. Switch to “Run” mode
15. check contact
16. Push “N2”
17. Push “start” (automatic plating sequence based on selected currents and times)
18. Push “Reset” when buzzer sounds
19. Turn off N2
20. Open hatch and remove plated wafers, rinse them with deionized water immediately
21. Close hatch
To continue with more samples, repeat steps 8-21
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To finish for the day, turn off temperature and allow system to circulate until approximately room
temperature. Power off machine. If electroplater is to be used within the same week, leave plating
solution in machine. If longer than 1 week, drain solution into a clean container(s) and label the
containers. Flush system for 5 mins with deionized or distilled water, drain water, refill machine with
deionized or distilled water and cover machine.

A 6:

Growth rate analysis

After electroplating was performed, the PMMA resist was removed and the grown pillars were
measured in SEM. A tilt of 45o was necessary to calculate the diameter and heights of pillars. Images
were taken with a relative scale bar but due to the tilt, the scale bar is not entirely accurate. From
trigonometry, horizontal measurements for height required an adjustment by sin45o so that measured
height/sin45 = actual height. Additionally, known average spacing of 20 µm from pillar centres proved to
be a useful landmark for calibrating vertical distances for calculating diameters of the top and base of
pillars. The following SEM images in Figure 80 and Figure 81 show pillars that were measured
(measurements in purple) and a Perfect Screen Ruler application was used to measure the number of
pixels between spaces.
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Figure 80: SEM image of Ni pillars grown for 120s within a 3µm PMMA resist. PMMA resist was removed
after electroplating and a 45o tilt was needed to determine both heights and diameters.
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Figure 81: SEM image of Ni pillars grown for 120s within a 2µm PMMA resist. PMMA resist was removed
after electroplating and a 45o tilt was needed to determine both heights and diameters.

A 7:

Nano-indentation

Nano-indentation using a flat tip punch of 10 µm diameter is used for all pillar compression
experiments. A heating stage and boron nitride tip are available for above ambient temperature
compression testing that also needs to be performed in an argon atmosphere to minimize the formation
of an oxide layer on the nickel pillars.
Before indentation, some preparation steps are required to calibrate the focal plane and cross-hairs for
accurate tests. To perform these tests for a flat punch, impressions were made in the gold-covered
nickel.
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To begin, the correct indenter tip was inserted in the holder. A focal plane and cross-hair calibration is
required every time an indenter tip is replaced. A balance of the pendulum is needed prior to
calibrations. A capacitor spacing of approximately 9 is optimal for our system. Perform a depth test to
ensure that there are no sticking points in the servo motor (smooth curve). If successful, calibration can
commence.
Focal plane calibration is relatively simple to perform. Firstly, find an area of interest using the
microscope for future reference. After finding a flat area for an indent, simply bring the sample to the
indenter tip slowly to initiate contact so that the computer recognizes where the sample is in the xdirection. Now that the sample is in position, the computer will pass the sample back to the microscope.
Focus on the surface using all lenses in order of smallest to largest magnification. When sample is fully in
focus at the highest magnification, calibration is complete. The focal plane and the tip of the indenter
will now be at the same x distance.
A cross-hair calibration is also needed prior to performing any significant tests. Perform a single indent
into the sample at a high load such as 200 or 300 mN. If the sample surface is perfectly flat, the centre of
the indent should be easy to locate. Move the cross-hair to the centre of the indent when looking under
low magnification for initial calibration. Repeat process with an additional indent but locate at higher
magnification. Repeat process until the cross-hair matches the centre of the indentation mark at the
highest magnification without moving the sample stage.
This process is simple with sharp-tipped indenters (Vickers, Berkovich, etc.) but can be problematic with
flat tip punches. Sharp-tipped indentations have an observable centre point and facets for observable
contrast when aligning the cross-hairs but flat tips have a perimeter edge. The plastic zone can be
inconsistent, especially in soft metals and the perimeter may not be a perfect circle, which makes
finding the centre difficult. To perform the best calibration, an obvious landmark is needed such as a
sacrificial pillar or triple point (if visible). Large forces are needed to penetrate into the substrate, leaving
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a noticeable ring. Loads greater than 50 mN are used for calibrations but any pillar data gathered during
a calibration test is useless.

A 8:

Compression tests to determine base level noise and thermal drift

The first compression tests performed were on the nickel film grown on the copper substrate. A
Berkovich tip was used to practice the basic operations outlined in Appendix A7 before pillars were
tested. Once the focal plane and cross-hair calibrations were performed, a series of load displacement
tests were performed to view the thermal drift. Identical loading rates were chosen but the target load
increased for each test spanning from 50 to 400 mN. Figure 82 shows the tests on the same axes. The
first signs of thermal drift were realized as the unloading curves contain different step lengths even
though thermal drift collection was only 30s in all cases. The drift may be correlated slightly with the
applied load but the variance between loads is not consistent, especially when observing the 351 mN
and 255 mN unloading curves.
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Figure 82: Initial load-displacement curves using Berkovich tip at identical loading rates of 0.3 mN/s and
thermal drift data collection for 30s at 10% total load during unloading.
After learning the basics of thermal drift, low load tests were performed to determine the lowest load in
which displacement data would be reliable. The end goal of thermal activation tests meant that
displacement-controlled tests would be ideal as strain rates could be determined. Displacement
controlled tests were first performed to determine the reliability and resolution of the data. Figure 83
displays the results of these tests. The first thing to note is that the loading curve is not smooth and that
reliable data was only acquired once the load reached 0.5 mN. Not only is the load too high for micropillar compression tests, the curves are not smooth enough to determine if a strain burst is occurring
due to the large variance in what should be a smooth curve. It was decided that displacement controlled
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tests would not be satisfactory for compressing pillars.
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Figure 83: Displacement controlled tests from 5 to 50 mN using Berkovich tip on electroplated nickel. The
displacement rate for all tests was 2 nm/s.
A series of load-controlled tests were performed below 5 mN to better observe the noise and thermal
drift to that of pillar compression test conditions. Compression tests were once again performed using a
Berkovich indenter tip into electroplated nickel at rates of 0.3 mN/s but from 0.5 to 4 mN. The resulting
loading curves, including a hold for 600s to determine thermal drift, are shown in Figure 84. The base
noise level of approximately 0.5 mN was similar to that found in displacement controlled tests but the
loading curves above the noise band was much more smooth and linear. The plateau at max load shows
the thermal drift of the system. The wider the plateau, the more thermal drift occurred. It was believed
that the noise caused by vibration could be minimized by testing at night when there were less people in
the laboratory. The noise did decrease at night but was still found to occur up to 0.1 mN as seen in
Figure 85. Thermal drift was still present (seen by the wide plateau) but the noise of the system seems
to disappear around 0.1 mN which is more desirable and satisfactory for pillar compression tests.
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Figure 84: Load-displacement curves using Berkovich indenter tip in electroplated nickel at 0.003 mN/s.
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Figure 85: Load-displacement curve of nano-indentation test of electroplated nickel at a rate of 0.003
mN/s using a Berkovich indenter tip.

A 9:

Stress-strain, yielding, and SEM for tested pillars

The compression testing of nickel pillars took place at night to reduce the noise and thermal drift of each
test. The laboratory was more stable and night, which provided a more suitable environment for
sensitive testing. All compression tests of pillars were load-controlled and initial tests were attempted as
slow as possible to set a baseline for thermal activation tests. Loading rates were selected to be 0.0001,
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0.0005, 0.0008, 0.001, 0.0015, 0.002, 0.0025… until a rate was found to provide consistently good data.
Consistently good data was determined if the thermal drift was slow enough to avoid any alteration the
general shape of the load-displacement curve even though the radius of the curve could be
misrepresented. Rates of 0.0001, 0.0005, and 0.0008 were too slow as thermal drift caused large
wandering in the data. Only one or two tests out of 20 were successful in showing the correct loaddisplacement general curve of the pillar, far too few to be reliable. The loading rate of 0.001 was more
reliable, with approximately 30% of the tests resulting in useful test data but loading rates of 0.0015
mN/s and above seemed to be the most consistent and reliable. Approximately 50% of compression
tests provided useful load-displacement data so 0.0015 mN/s was chosen to be the slowest reliable
loading rate used in this work. It should be noted that upon completion of this project, increased
knowledge of the system and pillar reactions has helped make the nano-indenter more stable and it may
be possible to reduce the loading rate and gather useful load-displacement data.
All useful load-displacement data was converted to stress-strain plots to determine the yield and
strength of each pillar. All useful data is presented below, accompanied with any SEM images of the pre
deformed state (below stress strain curve) and post deformed state of each pillar (below yield
behaviour). Each set contains the overall stress strain curve of the entire test as well as a plot isolating
the yield behaviour of each pillar. All stresses (y axes) are in MPa while all strains (x axes) are in total
strain. A force versus time and displacement versus time plot was fabricated on the same set of axes to
show the degree of force control, even during strain bursts (Figure 86).
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Figure 86: Force and displacement curves plotted versus time for a compression test of pillar with strain
burst at approximately 30s.Force increases linearly during the strain burst.
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