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Abstract

Fabrication and Characterization of Gecko-inspired Fibrillar Adhesive
by
Yongkwan Kim
Doctor of Philosophy in Chemical and Biomolecular Engineering
University of California, Berkeley

Professor Roya Maboudian, Chair

Over the last decade, geckos’ remarkable ability to stick to and climb surfaces found in nature has
motivated a wide range of scientific interest in engineering gecko-mimetic surface for various
adhesive and high friction applications. The high adhesion and friction of its pads have been
attributed to a complex array of hairy structures, which maximize surface area for van der Waals
interaction between the toes and the counter-surface. While advances in micro- and
nanolithography technique have allowed fabrication of increasingly sophisticated gecko mimetic
surfaces, it remains a challenge to produce an adhesive as robust as that of the natural gecko pads.
In order to rationally design gecko adhesives, understanding the contact behavior of fibrillar
interface is critical.

The first chapter of the dissertation introduces gecko adhesion and its potential applications,
followed by a brief survey of gecko-inspired adhesives. Challenges that limit the performance of
the current adhesives are presented. In particular, it is pointed out that almost all testing of gecko
adhesives have been on clean, smooth glass, which is ideal for adhesion due to high surface energy
and low roughness. Surfaces in application are more difficult to stick to, so the understanding of
failure modes in low energy and rough surfaces is important.

The second chapter presents a fabrication method for thermoplastic gecko adhesive to be used
for a detailed study of fibrillar interfaces. Low-density polyethylene nanofibers are replicated from
a silicon nanowire array fabricated by colloidal lithography and metal-catalyzed chemical etching.
This process yields a highly ordered array of nanofibers over a large area with control over fiber
diameter, length, and number density. The high yield and consistency of the process make it ideal
for a systematic study on factors that affect adhesion and friction of gecko adhesives.

The following three chapters examine parameters that affect macroscale friction of fibrillar
adhesives. Basic geometric factors, namely fiber length and diameter, are optimized on smooth
glass for high friction. The test surfaces are then processed to intentionally introduce roughness or
lower the surface energy in a systematic and quantifiable manner, so that the failure mechanisms



of the adhesive can be investigated in detail. In these studies, observed macroscale friction is
related to the nano-scale contact behavior with simple mechanical models to establish criteria to
ensure high performance of fibrillar adhesives.

Chapter 6 presents various methods to produce more complex fiber structures. The metal-
assisted chemical etching of silicon nanowires is studied in detail, where the chemical composition
of the etching bath can be varied to produce clumped, tapered, tilted, and curved nanowires, which
provide interesting templates for molding and are potentially useful for applications in various
silicon nanowire devices. Hierarchical fiber structures are fabricated by a few different methods,
as well as composite structures where the fibers are embedded in another material. A way to
precisely control tapering of microfibers is demonstrated, and the effect of tapering on macroscale
friction is studied in detail. The final chapter summarizes the dissertation and suggests possible
future works for both further investigating fibrillar interfaces and improving the current gecko
adhesive.
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Chapter 1

Introduction to gecko-inspired synthetic adhesive

1.1 Gecko adhesion

Over the last decade, geckos’ remarkable ability to stick to and climb just about any surface
found in nature has motivated a wide range of scientific interest in understanding the adhesion
mechanism of their foot-pads [1-6], as well as interest in engineering gecko-mimetic surface for
various applications [7-14]. The high adhesion and friction of its pads have been attributed to a
complex array of hairy structures, which maximize surface area for van der Waals interaction
between the toes and the counter-surface [1, 2]. As shown in Figure 1.1, the pads have a hierarchy
of structures that cover various length-scales: the millimeter-sized lamellae layers, micro-sized
setae hairs, and nano-scale spatulae that terminate in thin plates that are just a few nanometers
thick.

Figure 1.1: Hierarchical structure of gecko (A) foot-hairs, ranging from the mesoscale lamellae
(B), microscale setae (C, D), and nanoscale spatulae (E). Reproduced with permission of Company
of Biologists Ltd. from [3]. Permission conveyed through Copyright Clearance Center, Inc.



CHAPTER 1. INTRODUCTION 2

==

Normal Interface Fibrillar Interface

Figure 1.2: Comparison of a typical interfacial contact between solids where only a few contact
are made (left) and a fibrillar interface where flexible fibers can bend to adapt to surface asperities

(right).

Typically when two surfaces come to contact, the roughness on either surface allows only a few
micro- or nano-scale asperities to come into contact (Figure 1.2 - left). While van der Waals force
is universally present between any two surfaces, small surface area of real contact prevents any
significant adhesion to occur on the macroscale. Conventional glue or tapes typically use
viscoelastic layer to fill in the crevices between the surfaces, resulting in high real contact area
[15]. In fibrillar adhesion by contrast (Figure 1.2 — right), flexible high-aspect-ratio elements bend
to intimately contact the counter-surface to drastically increase the number of contact points, and
thus maximize the van der Waals interaction force between the surfaces [16]. While van der Waals
interaction is usually considered weak, the summation of force over numerous contact points can
be surprisingly high. For a particular species Tokay gecko (Gekko gecko), each setal branch can
produce adhesion on the order of 100 uN, and a pad area of 1 cm? can generate about 10 N [1],
roughly equivalent to 1 kg object hanging off of the small area (a Tokay gecko typically weighs
only a few hundred grams).

Several unique aspects of gecko adhesion are worth noting and have been summarized in detail
by Autumn [17]. As mentioned, its toes consist of hierarchical structures ranging from milli- to
nano-scale, allowing conformal adaption to various levels of surface roughness found in nature.
The hairs also exhibit anisotropic behavior in attachment and detachment, where loading parallel
to the surface results in engagement of fibers and thus high adhesion and friction, and unloading
in a peeling motion allows disengagement with minimal force. Contrary to a common
misconception that its “sticky” toes are the results of glue-like secretion or other soft material, the
adhesion is dry and the hairs are actually quite rigid, made of B-keratin (estimated Young’s
modulus of E ~ 2 GPa), comparable in stiffness to human fingernail. Even though the material
stiffness is high, the structural flexibility due to high aspect ratio gives rise to low effective
modulus of the surface. Finally, as required for repeated use over many cycles, the hairs are durable
and resistant to contamination. There is evidence that the hairs can self-clean even in absence of
water, shedding any contaminants on contact with other surfaces.
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Figure 1.3: Schematically represented fiber element splitting into n number of finer elements.
Because the radius scales with 1/n? and the force scales with n'2, a higher number of smaller
fibers have results in higher adhesion [4].

While the exact mechanism of gecko adhesion can be quite complex [4-6], the principle can be
demonstrated by approximating the hair element with a cylinder terminated with a spherical tip
(Figure 1.3) [4]. The van der Waals adhesion force between the tip and a flat surface is given by
the Johnson-Kendall-Roberts (JKR) pull-off force equation:

F =gnWR, (L1)

where W is the adhesion energy per unit area between the two surfaces and R is the tip radius of
curvature. As the fiber is divided into n number of smaller contacts in a given area, there is a
corresponding change in the pull-off force:

F =n(gnWR’j= nGHW%J=\/ﬁF 1.2)
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The simple relation shows that the as the contacts are split into finer elements, the van der Waals
interaction force increases and scales with n*2. This contact splitting theory partially explains how
fiber arrays can adhere strongly to surfaces, and why heavier animal like a gecko requires such
small nanostructures in comparison to insects that also use hairy structures for adhesion (e.g., fly
and spider) [4].

1.2 Potential applications of synthetic gecko adhesive

The unique adhesive characteristics of gecko toe pads have motivated researchers to create
surfaces inspired by gecko adhesion, which have been termed gecko-inspired synthetic adhesive
(GSA). Several application areas of gecko-inspired adhesive surface have been suggested or
demonstrated as a proof-of-concept [17]. One use is as a substitute for conventional pressure-
sensitive adhesives (PSA, e.g., Scotch tape, Band-Aid, etc.). Common PSAs leave residues after
removal, and are often damaging to the surface, which are undesirable in many situations. This is
particularly important for applications where cleanliness and preservation of the surface is critical,
for example in fabrication clean-rooms for electronics and in medical application to skin. Although
production of GSAs would be more costly in comparison to conventional PSAs, in such niche
applications their advantage may be significant. In addition to being contamination and damage-
free, reversible nature of GSAs would allow multiple uses.

There is also an active research in application of GSA as foot-pads for climbing robots [18-26].
Potentially reversible and versatile nature of GSA makes it ideal for this application since the foot-
pads of robots have to be subjected to a large number of contact cycles and should provide adhesion
to a variety of surfaces. While other adhesion mechanisms, such claws [27] or magnets [28], have
been demonstrated, these mechanisms are specific to the surface on which they are compatible,
whereas surface interaction via van der Waals attraction is universally present for all surfaces.
Mimicking the directional adhesion of gecko pads can also potentially provide efficient
detachment mechanism for minimizing the power requirement. Some climbing robots that use
GSAs have demonstrated limited climbing capability on various surfaces. Such robots, if enabled
to maneuver on all terrain with further development of GSAs, have potential applications in
surveillance, environmental monitoring, and searching in places difficult to access.

High static friction of GSAs makes them potentially useful for applications where strong and
non-slipping grip is required [17]. Numerous examples exist, for example grips for hand tools or
sporting equipment, tires, gloves, and shoes. GSAs are unique in that the high friction is the result
of van der Waals attraction between surfaces, in contrast to typical frictional interfaces where the
asperities of rough surfaces resist shear movement against one another. Consequently, little or no
normal load is required to achieve high friction with GSAs, and very high friction coefficient can
be obtained.

The reversible and non-damaging nature of gecko attachment also makes GSAs ideal for
transport mechanism for picking up and releasing objects. One particular study has demonstrated
grabbing, transporting, and releasing of an LCD screen [29], which is promising for handling of
various products where cleanliness is essential. Transport of particles has also been demonstrated,
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where magnetically activated fibers can pick up particles in the adhesive mode and release them
in the non-adhesive mode [30]. Such particle transport can be useful in cleaning of micro-
particulates, e.g., on a wafer, which could be a way of avoiding expensive cleaning costs associated
with some electronic components. Application to other common hand tools, such as tweezers or
wafer handling wand, could also yield improved tools.

1.3 Survey of current synthetic gecko adhesives

Researchers over the last decade have produced numerous, increasingly complex GSAs with
the aid of improving micro- and nano-lithographic techniques, which have been surveyed in
numerous reviews [7-14]. As gecko adhesion requires flexible elements that can bend to intimately
contact surfaces, synthetic gecko adhesives invariably involve fabrication of high-aspect ratio
pillars or fibers in the micro- to nano-scale. While complete categorization is difficult due to a
wide variety of GSAs, they can be roughly divided by the base material used to fabricate them:
soft elastomer, thermoplastics, and carbon nanotubes.

Soft elastomers are typically a synthetic rubber material, and by far the most common material
used for fabricating GSAs. Polydimethylsiloxane (PDMS), polyurethane (PU), and polyurethane
acrylate (PUA) are some examples of such material used in the field [7, 8]. With low Young’s
modulus in the range of 0.1 — 100 MPa, they have several advantages in that the structures are
flexible even at low aspect ratio, and that the contacts are soft enough to make conformal contact
to many surfaces. The soft surface, however, is prone to contamination as adhesive contact can be
made with unwanted particulates [30]. This limits the potential lifecycle of the tape, suffering the
same shortfall of conventional PSAs that have limited number of usage. Additionally, low modulus
material may have durability issues due to low material strength, which can lead to easy breakage
or tear of the adhesive.

Thermoplastics have also been researched as a potential GSA material with higher modulus in
comparison to soft elastomers [7, 8]. With Young’s modulus in the range of 100 MPa to several
GPa, the stiffness of this category of material is similar to that of natural gecko’s. GSAs made
from them have been shown to be less prone to contamination [30], suggesting longer lifetime and
better reusability. Common thermoplastics such as polyethylene and polypropylene are widely
available as films at low cost and easy to mold from templates by simple melting process, which
can potentially aid in cheap production of the adhesives. However, higher modulus requires
fabrication of higher aspect ratio fiber for sufficient flexibility for surface conformity, which can
be costly. Thermoplastic fibers are also subject to plastic deformation that can limit the load
beyond their yield strength [31].

Carbon nanotubes have also been researched as a potential GSA. While their high modulus (~1
TPa) requires very high aspect ratio structures, recent advances in bottom-up growth of carbon
nanotubes have facilitated their fabrication [7, 9]. They have been demonstrated to have high
adhesive strength, although the amount of force required to engage the fibers onto surface can be
high because of stiffness of the tubes. They also suffer permanent deformation at high loading
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similar to thermoplastics, and structural collapse of high aspect ratio tubes have been observed
[32].

Advances in semiconductor processing to define template for molding elastomers or
thermoplastic films, soft lithography techniques for pattern transfer, and nanowire growth
processes (in particular for carbon nanotube adhesives) have facilitated fabrication of various
adhesives mimicking some aspects of natural gecko fibers. While earlier efforts have mostly
involved simple geometrical shapes like PDMS bumps [2], cylindrical thermoplastic fibers [33],
or vertically aligned carbon nanotubes that demonstrated adhesive property [32], more complex
aspects natural gecko fibers have been mimicked over time [7].

Angled fibers aligned in one direction have shown anisotropic adhesion, where attachment and
detachment behavior differs depending on whether the loading direction was with or against the
tilting direction of the fibers [34-41]. In addition to the loading direction, the tilting angle has been
shown to affect the resulting adhesion behavior [41]. Such adhesive can be useful for applications
where high adhesion is required during engagement in one direction, but easy release is
immediately required afterwards by disengagement in the opposition direction, for example in
climbing robots with quick, repeated attachment and detachment cycles.

An important characteristic of natural gecko fibers is the thin spatula tips that terminate the
spatula stocks (Figure 1.1). These thin plates provide compliance at the nano-scale that allows
conformal contact, and show that the tip shape of the contact elements can be important in
providing high adhesion [42]. Many fabrication methods have been devised to manipulate the tip
shape of the fibers [43-48]. Some simple structures consisting of a circular plate on top of
cylindrical stock have been fabricated. The thin plate with a larger radius than the stock increases
the area available for contact at the tip and better adaptability to surface roughness, showing
improved adhesion in comparison to a cylinder [44, 47]. More complicated three-dimensional tip
shapes have been fabricated [43], as well as asymmetrical tip shapes that add anisotropy to the
adhesive [46].

Natural gecko fibers are multi-level structures, which aid their adaptability to surfaces that
exhibit various level of roughness as would be expected in nature. Numerous fabrication schemes
have been demonstrated for two- or three-level hierarchical fibers [29, 49-59]. Hierarchical
structures have often shown worse adhesive performance than single-level structures due to a
reduced number of contacting elements [7], but there is evidence of improved performance on
rough surfaces [29]. The milli- or micro-scale base structures conform to correspondingly large
surface asperities, ensuring that the smaller, micro- to nano-scale ends can make a high number of
contact points for van der Waals interaction.

A study using a natural gecko setal branch has shown that gecko fibers have dry self-cleaning
characteristics, where repeated contacts between contaminated fibers and a clean surface can lead
to contamination transfer, effectively cleaning the adhesive pad [60]. Some GSAs have
demonstrated similar characteristics [61, 62]. GSA contaminated by well-defined microsphere
particles recovered adhesive property after repeated use, in contrast to conventional PSA that failed
to do so [61]. Additionally, thermoplastic adhesives have shown to be more robust against
contamination in comparison to those made from soft elastomers [62]. Wet self-cleaning GSAs,
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where water can absorb surface contaminants and roll off, has also been shown to be an effective
mode of self-cleaning [47, 63].

As briefly overviewed, there has been an impressive progress in regard to fabrication of new
structures that mimic one or more aspects of natural gecko adhesion. However, limitation in
lithography technology have prevented producing synthetic gecko adhesive that closely imitates
the versatile and durable performance of natural gecko pads. Furthermore, adhesion and friction
behavior of fibrillar surface is still poorly understood. Rather than focusing the entire effort on
fabrication of structure that matches that of natural gecko, which would be costly in both research
and in production, a more reasonable approach would be to study parameters that affect the
interfacial behavior in order to aid in rational design. The next section will describe some of the
challenges that need to be met in order to successfully replicate the versatile performance of natural
gecko pads.

1.4 Current challenges of GSAs

Although many GSAs have shown adhesion and friction performance comparable to that of a
natural gecko, almost all testing of GSAs has been done in ideal laboratory settings, in particular
on smooth glass free of contamination [7-10]. Surfaces encountered in application present
additional complications due to roughness, variation in surface energy, and contamination. On a
smooth surface, all fibers on typical GSAs can easily contact the surface, but introduction of
various levels of roughness have shown to dramatically reduce the adhesion or friction of GSAs
[18, 29, 47, 50, 64]. Because most of surfaces encountered in applications have some level of
roughness, GSAs must be improved to adapt to asperities on surfaces.

Glass is ideal for high adhesion because of its high surface energy. The higher the surface
energy, the more thermodynamically unstable the surface, which results in stronger adhesion to
another surface (in this case the contacting tips of the fiber structures) [65]. While metal and
ceramics typically have high surface energy (several J/m? for a fresh cleaved surface, but closer to
the order of 200 mJ/m? in a laboratory setting), many common surfaces (e.g., wood, painted wall,
contaminated surface) have lower surface energy falling in the range of 30 — 60 mJ/m? [65-68].
Some hydrophobic surfaces, for example Teflon coating, can have surface energy below 20 mJ/m?
[65]. To have a truly gecko-like adhesive, the GSA should be able to adhere to surfaces with a
wide range of surface energy.

Other practical considerations include durability and contaminations during multiple use. While
natural gecko foot-hairs can withstand thousands of step cycles without significant wear, limited
testing has been performed on GSAs durability over repeated usage. Because reversible attachment
is a key advantage of GSAs, durability remains an important issue. Surfaces in real application
could also present various sources of contamination (dust particles, oily residues, etc.) that can
degrade the performance of the adhesive over multiple cycles. While natural geckos have robust
design against such contamination [60], limited studies have been done on GSA contamination
and how to mitigate the issue.
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It is worth noting that adhesive and frictional behavior of fibrillar surface is poorly understood.
Effects of even the most fundamental parameters like the length and diameter of the fibers on
fibillar adhesive have been a subject of debate, and limited experimental data exist [7]. Still less
study has been done on rough and low-energy surfaces, even though they present critical
challenges in application as mentioned. Finally, most experimental studies of GSAs have been
performed with soft elastomers, which are adhesive without any high aspect ratio structuring due
to the low Young’s modulus. Thermoplastic materials that are closer to the stiffness of natural
gecko hairs have not received as much focus, and they have potential to be true to the principle of
gecko-like adhesive, where strong attachment is enabled by structuring the surface with compliant
elements.

1.5 Outline of work presented

This dissertation presents fabrication and experimental study of the interfacial behavior of
gecko-inspired thermoplastic fibrillar adhesives. Chapter 2 begins by describing the overall
fabrication process, including the method to chemically etch silicon nanowire (SINW) array, which
serves as the molding template for creating thermoplastic replica that exhibit adhesive
characteristics. The testing method to characterize the adhesive strength of the nanofibrillar surface
will be explained, focusing on the friction force of macro-sized samples.

The next three chapters focus on better understanding a fibrillar interface by examining factors
that critically affect the friction performance of the fabricated GSA. In Chapter 2, two basic fiber
geometric parameters, length and diameter, are varied to study their effect on the macroscale
friction of the fibrillar array and optimized for high friction on smooth glass. Chapters 3 and 4
investigate fibrillar friction on non-ideal surfaces, where lower surface energy and roughness will
each be introduced in a controlled manner to provide insights on why GSAs often fail under these
conditions.

The last chapter presents fabrication schemes for more complex fiber designs. For the chemical
etching of SINW template, various aspects of etching chemistry are explored to control the
resulting SINW morphology. Control over geometrical factors like aspect ratio, clumping, tapering,
and directionality of the SINW is presented. Fabrication of single-level fiber will be extended to
produce hierarchical fiber designs, and composite fibrillar adhesive material composed of
thermoplastic and soft elastomer is presented. A method to control the tapering of high aspect ratio
structure is demonstrated, which allows fabrication of more complex shaped fibers. The
dissertation concludes with future work to be done in relation to the presented work.



Chapter 2

Template fabrication and friction test setup

This chapter is reproduced in part with permission from: Y. Kim, R. K. Claus, F. Limanto, R.
S. Fearing, R. Maboudian. Friction characteristics of polymeric nanofiber arrays against substrates
with tailored geometry. Langmuir 2013, 29, 8395-8401 <http://pubs.acs.org/articlesonrequest
/AOR-zasD6r7JwTvaZcEnujbF>; Y. Kim, F. Limanto, D. H. Lee, R. S. Fearing, R. Maboudian.
Role of counter-substrate surface energy in macroscale friction of nanofiber arrays. Langmuir 2012,
28, 2922-2927 < http://pubs.acs.org/articlesonrequest/ AOR-8mRysJmZEiGJ5335gbxK>; D. H.
Lee, Y. Kim, R. S. Fearing, R. Maboudian. Effect of fiber geometry on macroscale friction of
ordered low-density polyethylene nanofiber arrays. Langmuir 2011, 27, 11008-11016 <
http://pubs.acs.org/articlesonrequest/ AOR-JyXlubdUfFwS7RPMqgJG8>. Copyright 2011, 2012,
2013 American Chemical Society.

A systematic study of fibrillar interface first requires a consistent micro/nano-fabrication
method for defining a regular array of polymer fibers with control over important geometrical
factors like fiber number density and aspect ratio. In comparison to direct patterning of polymer
micro/nano-fabrication techniques of silicon are much more researched owing to its applications
in areas such as integrated circuits, micro-electro-mechanical systems, and renewable energy
devices. Therefore, it is a sensible approach to first define an array of high aspect ratio silicon
structures, for example SiNWSs, and transfer the pattern to a polymer by various molding processes.
This is particularly useful for thermoplastics, since they can be easily molded from a template by
a simple melting process. The following sections describe the process for fabrication low-density
polyethylene nanofibers by molding from SiNW templates. A description of method for friction
testing of the fabricated GSA is then presented.

2.1 Fabrication process overview

The fabrication process is shown in Figure 2.1 [69-71]. The procedure is first briefly described
in this section, and the detailed explanation of significant parts of the process follows. The process
begins by floating a monolayer of packed polystyrene (PS) microspheres on water and transferring
it onto a silicon chip (typically 1 x 1 cm?) or a wafer. Oxygen plasma is used to etch and
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Figure 2.1: The process overview of low-density polyethylene nanofiber array fabrication. A close-
packed monolayer array of polystyrene microspheres is deposited on a Si chip or a wafer, followed
by size reduction by oxygen plasma. Deposition of Au and removal of the spheres produces a gold
mesh film. Si is selectively etched in the region contacting Au, leaving a silicon nanowire array.
A self-assembled monolayer coating allows the peel-off of the intermediate polycarbonate mold.
After molding low-density polyethylene, the intermediate mold is dissolved away.

reduce the diameter of the microspheres and a thin gold film is subsequently evaporated onto the
substrate. Sonication in deionized (DI) water removes the spheres and leaves behind the gold mesh
defined by the holes where spheres masked the evaporation. The substrate is submerged in a
chemical etch bath containing hydrofluoric acid and an oxidizing agent. The gold film acts as the
catalyst for Si etching, resulting in the mesh etching down vertically to leave behind an array of
SiNWSs. An intermediate hole template is molded by melting a polycarbonate film against the
SiNW, and separated by either peeling off or dissolving the silicon template. The final nanofiber
array is molded by melting low-density polyethylene onto the polycarbonate template, and the
intermediate is dissolved away in methylene chloride. In additional to allowing a consistent
fabrication of thermoplastic nanofiber array, this process offers control over several important
parameters. The spacing between the nanofibers is determined by the diameter of the deposited
spheres, and the fiber diameter can be tuned by the duration of the plasma etching. The length is
easily controlled by the reaction time in the etch bath. The final replication steps can be modified
to produce fibers of various materials, by either curing synthetic rubber or melting thermoplastics.

2.2 Colloidal lithography

The first set of steps for deposition of colloidal particles aids the lithographic patterning of gold
mesh by serving as the shadow mask during evaporation. This method, commonly referred to as
colloidal lithography, avoids expensive patterning steps of conventional photolithography
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Figure 2.2: The procedure for depositing a monolayer of hexagonally-packed polystyrene
microspheres. A water solution containing polystyrene is carefully introduced to water/air
interface, where the spheres float. The spheres are packed by a small amount of surfactant, and
subsequently transferred to a silicon chip/wafer.

and is especially useful for producing repeating patterns of small size [72]. To begin the procedure,
a Si(100) wafer chip of ~1x1 cm? size or a wafer are cleaned by successive sonication in acetone
and isopropanol for 10 min. each, followed by UV ozone cleaning for another 10 min. All Si
substrate used are purchased from either Universitywafer (p-type, 1 - 30 Q-cm) or Silicon Quest
International (p-type, 10 - 30 Q-cm). Cleaned Si substrate is thoroughly washed with deionized
(DI) water (18 MQ), then blow dried by N2 gas. PS microsphere array is deposited on the Si
substrate by a simple float and transfer technique, as shown in Figure 2.2.

Commercially purchased monodispersed microsphere solution (Duke Scientific, 10 wt% in
water) is first diluted by DI water (to 2 wt%) and mixed with ethanol (1 : 1 volume ratio). The
solution is carefully introduced with a pipet to a NaCl solution (~0.5 wt% in distilled water), which
produces a disordered film of floating PS microspheres. PS pheres of a wide range of diameter can
be floated (500 nm — 10 um), but larger sized spheres require additional hexane layer on water
bath to prevent a significant number of spheres from sinking into the bulk water. The floated
spheres can be pushed into a close-packed monolayer film with the addition of a small droplet (a
few pL) of a surfactant solution (sodium dodecylsulfate, 3 wt% in distilled water). The array is
then transferred to the Si substrate by a micro-manipulating setup based on a stepping motor used
for controlled motion of the substrate during immersion and withdrawals (~2 mm/sec). Close-
packed PS microsphere arrays on Si surface could be obtained over a large area (up to 4” wafer-
scale) as seen from the scanning electron microscope (SEM) image (JEOL JSM 6490LV, Agilent
NovelX-MySEM, or LEO 1550 is used to take the SEM images presented throughout this
dissertation) and a picture of the wafer covered by the monolayer (Figure 2.3 - left). While similar
to the Langmuir-Blodgett trough method for depositing monolayers, this method uses a small
amount of surfactant, rather than a mechanical trough, for packing the monolayer. After the
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Figure 2.3: SEM images of microspheres in a hexagonal arrangement before oxygen plasma
etching (left) and after oxygen plasma etching (right). Inset shows the spheres can be deposited on
a 4” wafer scale.

deposition, the microspheres are reduced in size (Figure 2.3 - right) by oxygen plasma treatment,
which produces a non-close packed array. For most of this work, the diameter of the deposited
microsphere is 1 um, also resulting in center-to-center spacing of 1 um in a hexagonal arrangement.

2.3 Metal-catalyzed electroless etching of silicon template

This section contains material from the following publication with permission from the
contributing authors: D. H. Lee, Y. Kim, G. S. Doerk, I. Laboriante, R. Maboudian. Strategies for
controlling Si nanowire formation during Au-assisted electroless etching. J. Mater. Chem. 2011,
21, 10359-10363. <http:/dx.doi.org/10.1039/C1IM11164G>. Reproduced by permission of The
Royal Society of Chemistry (RSC).

Once the spheres are reduced in size by plasma treatment (Plasma-Therm PK-12 RIE, 30 W,
100 SCCM), a thin layer of gold (20 nm) is evaporated (Thermionics VE-100) and the spheres are
removed by sonication in DI water (any oxide layer formed during the processing is removed by
10 min of vapor HF exposure prior to evaporation and 5 to 10 min of liquid HF treatment after the
sphere removal). This produces a gold mesh defined by the holes where spheres have initially been
placed (Figure 2.4b). Gold is a catalyst in chemical etching of silicon by HF and an oxidizing agent,
in this case hydrogen peroxide. While uncatalyzed Si etching in HF/H2O> solution is rather slow,
the electrochemical reaction is greatly accelerated in the presence of metal catalysts such as Au,
Ag, and Pt, which are more electronegative than Si, where the metals can accept electrons from Si
and donate electrons to H.O.. This etching is generally understood to be a localized
electrochemical process, with the metal acting as a local cathodic site and the underlying Si as a
local anodic site as follows [73]:


http://dx.doi.org/10.1039/C1JM11164G
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Figure 2.4: (a) A schematic of electrochemical etching of Si catalyzed by Au. While etching by
HF and H20: is usually slow, Au facilitates the transfer of holes, and the etching preferentially
occurs at the Si/Au interface. (b) An SEM image of Au film with exposed Si holes. (c) A SINW
array left behind after the Au mesh has been vertically etched down.

Cathode reaction (metal):

H.0; + 2H* > 2H,0 + 2h* (2.1)
Anode reaction (Si):
Si + 4HF, + h* > SiFe® + Hy (2.2)

During the reduction of hydrogen peroxide, holes (h*) are generated and injected into Si, which
induce oxidation of Si to SiFg> in the presence of HF, followed by dissolution in aqueous solution
(Figure 2.4a). Since electron and hole transport is highly localized near the metal/Si interface,
etching of Si occurs mainly in the immediate vicinity of the metal particle, resulting in continuous
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sinking of the metal and the formation of high-aspect ratio nanostructures [73]. In our case, the
patterned gold mesh sinks down, leaving behind an array of silicon nanowires (Figure 2.4c).

Many factors affecting the final Si nanostructures have been studied such as the type of metal
(e.g., Ag, Au, Pt), the HF and H20> concentrations, the substrate doping level, crystal orientation
of the substrate, and etching temperature [73]. Later sections (6.1 and 6.2) will present variations
in the etching conditions that critically affect SINW morphology. For now, the etching bath
consists of a fixed amount of HF (48 wt%, EMD), H202 (35 %, Fisher Scientific), DI water, and
acetonitrile (Fisher Scientific) in the volume ratio 2:1:5:2, respectively, where acetonitrile is added
as a wetting agent that improves the etching uniformity across the substrate. The total volume of
solution is typically 10 mL for each 1 x 1 cm? chip, although the volume of solution has little effect
on the etching behavior as long as enough reactants are present for the etching duration. This
composition produces an array of vertical, untapered SiNWSs, suitable as a template for molding a
well-defined thermoplastic fiber array.

2.4 Nanostructure molding

The SINW pattern is transferred to thermoplastic by simple vacuum molding steps. The gold
catalyst layer is first removed by soaking in an aqua regia bath (a mix of 38% hydrochloric and
70% nitric acid in 3:1 volume ratio) for a few minutes. To aid the separation from the template,
SiNWs are first treated by octadecyltrichlorosilane, a self-assembled monolayer easily prepared
by reaction in the liquid phase. The substrate is submerged in a bath containing 1:1000 volume
ratio of octadecyltrichlorosilane (Sigma-Aldrich) to toluene (Fisher Scientific) for 15 hr, which
covers the surface of the SINWs with a hydrocarbon layer. Typical solution volume is about 5 mL
of toluene for each 1 x 1 cm?. An intermediate hole template is molded by melting a polycarbonate
film (McMaster-Carr, 100 pm thick) against the SINW template in vacuum at 300 °C for 1.5 hr.
Once cooled to room temperature, the film is mechanically peeled-off from the template.
Alternatively in cases where peel-off is difficult due to high aspect ratio, Si template can be
dissolved away with a silicon etchant (typically acidic solution containing HF and nitric acid). The
nanofiber array replica is molded by melting low-density polyethylene (LDPE, McMaster-Carr,
100 um thick film) into the polycarbonate template at 160 °C for 1 hr. Physical separation of the
films at this point is undesirable due to plastic yielding of LDPE fibers. Instead, the polycarbonate
intermediate is dissolved away in a methylene chloride (Fisher Scientific) bath for 1 hr, followed
by additional soaking in methylene chloride for 10 min. An isopropanol rinse and N2 blow drying
complete the fabrication process. Representative SEM images of a template and the replicated
LDPE fibers are shown in Figure 2.5.
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Figure 2.5: SEM images of Si template (left) and the replicated low-density polyethylene nanofiber
array (right).

2.5 Friction testing setup

There are numerous ways to measure adhesive strength of a GSA, e.g., normal adhesion test,
friction/shear adhesion test, and peeling test. The tests can be performed over a relatively large
area (a few mm? to cm? patch area), or over some microscale contact zone [7]. This work focuses
on macroscale friction measurements in which an adhesive patch of 1 x 1 cm? is tested, since this
is a relevant patch size for many applications. As will be discussed later, friction of GSA is closely
indicative of the adhesive strength because the main contribution to the friction is the van der
Waals adhesion.

The schematic of the friction test setup is shown in Figure 2.6a. A 1 x 1 cm? fibrillar array film
IS brought in contact with the counter-surface with a rubber pad and a small normal load (10 g) on
top. The purpose of the normal load is to ensure a consistent sample contact with the counter-
surface for each test cycle, so that variation of friction due to film contact is minimized. The soft
rubber layer helps distribute the load across the sample. After the sample is contacted, a shear load
is progressively applied using a standard pulley setup with loading weight, and the static friction
prior to detachment is measured and recorded. Thermoplastic adhesives typically exhibit training
effects during repeated cycles [31], where the fiber and the backing film align with the counter-
surface during shear loading. This often results in a gradual increase in friction over multiple
testing cycles. Each sample has a limited lifetime, and the initial increase in friction is followed by
a gradual decrease due to contamination and deterioration. A representative example of this
behavior is shown in Figure 2.6b, where a sample increased in friction from 4 to 5.5 N, then
decreased to 3.8 N over 13 testing cycles. For consistency, the maximum friction value obtained
is taken as the friction value of that particular sample. Each friction data presented is based on
measurements of at least 3 samples. To minimize contamination, the counter-surface is thoroughly
washed with acetone, and the fibers with isopropanol, between each trial. Unless otherwise noted,
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Figure 2.6: (a) A schematic of the testing setup for friction measurements. The beam of white light
directed parallel to a transparent test surface creates a contrast between the contacting bright region
and the non-contacting dark region (inset shown for a 1 x 1 cm? adhesive patch). (b) A
representative friction data for one sample (the test surface is flat SiO2). An increase in friction
due to fiber and backing film alignment is followed by a decrease due to sample degradation. For
each adhesive sample, the highest friction is taken as the final value for consistency.
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the tests are performed in an ambient condition at 20 °C and 35% relative humidity.

The bottom portion of the setup (the white light, mirror, and camera) allows the observation of
regions where the film is in actual contact with the counter-surface. Referred to as the frustrated
total internal reflection method (FTIR), a beam of white light is directed parallel to a transparent
substrate [74]. In presence of only glass/air interface, the light travels parallel to the surface, but
when a glass/LDPE interface forms, the light is redirected to the normal direction, where a camera
can record the resulting contrast between the contacting bright region and the non-contacting dark
region. An example of this is shown in the inset of Figure 2.6a for a 1x1 cm? patch.
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Chapter 3

Effect of fiber length and diameter on macroscale
friction

This chapter is reproduced with permission from: D. H. Lee, Y. Kim, R. S. Fearing, R.
Maboudian. Effect of fiber geometry on macroscale friction of ordered low-density polyethylene
nanofiber arrays. Langmuir 2011, 27, 11008-11016 <http://pubs.acs.org/articlesonrequest/ AOR-
JyXlubdUfFwWS7RPMQ@JG8>. Copyright 2011 American Chemical Society.

3.1 Background

For GSAs there are only a few experimental reports [32, 75-78] on the effect of basic
geometrical factors such as fiber diameter, length, and density on the macroscale adhesion and
friction behavior. As reviewed recently [7] the basic issue of geometrical effect remains unclear,
as there have been contradictory results regarding the effect of aspect ratio on the adhesion or
friction of fibrillar surfaces. A systematic study has been reported by Greiner et al. [75], where
increased adhesion for higher aspect ratio of cross-linked polydimethylsiloxane (PDMS)
microfibers was attributed to larger elastic dissipation during the pull-off process. However,
Glassmaker et al. [77] have shown that measured pull-off stresses of poly(vinyl-butyral) fibers
were nearly independent of fiber lengths, though the energy dissipation increased linearly with
increasing fiber length as expected due to the higher stored elastic strain energy in a single fiber.

In some cases, increasing aspect ratio was observed to decrease adhesion or friction. Burton et
al. [76] measured the pull-off forces of poly(methylmethacrylate) and polyurethane acrylate
nanofibers and reported lower adhesion for higher aspect ratio at various humidities. Zhao et al.
[78] have reported a decrease in adhesive strength with increasing height of multi-walled carbon
nanotube arrays which was attributed to the formation of canopy-like entangled surface layers as
MWCNT fibers become longer. In contrast, Qu et al [32]. have more recently demonstrated a
dramatic increase in adhesion and friction with increasing MWCNT fiber length. They have shown
shear-induced alignment of top-entangled MWCNT fibers, which became more significant with
increasing fiber length.
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The goal of this chapter is to systematically investigate the effects of fiber geometrical factors,
namely length and diameter, on their friction characteristics and to provide a useful reference for
optimum conditions for high performance. To minimize complications from the substrates, smooth
glass is used as the counter-surface. It is demonstrated that macroscale friction of these ordered
nanofiber arrays is very sensitive to small changes in those parameter. A friction design map is
presented by modifying the adhesion map previously reported [79], and a good agreement with
experimental results is observed regarding the optimal geometry of the LDPE nanofibers.

3.2 Fabricated LDPE fiber arrays

As mentioned in Chapter 2, the fabrication method used allows precise control over the length
(L) and diameter of the fibers (D = 2R). For this geometrical study, the initially deposited spheres
are 1 um in diameter (corresponding to fiber center-to-center distance of 1 um), and the fiber
diameter and length are in the range of 0.2 um to 4.5 um and 400 — 900 nm, respectively. Figure
3.1 shows representative images of LDPE nanofibers with various diameters and lengths.

3.3 Fiber clumping

As shown in Figure 3.1, with increasing fiber length, some of nanofibers start bending and
contacting each other (referred to as the partial clumping regime, e.g., the third row for D ~ 600
nm); then all the nanofibers clump (all images on the 4™ row) into bundles with further increasing
length (referred to as the clumping regime). For the fibers contacting at their tips, a simple equation
can be derived from Johnson-Kendall-Roberts theory of adhesion and elastic beam theory [80-82]:

AR?’E 1/3
Lcm=[ V\t/ J : (3.1)

where Lerit Is the maximum length before clumping, 24 the spacing between adjacent fibers, Rt the
radius of curvature of the fiber tip, E the Young modulus (~200 MPa for LDPE [83]), and W (the
adhesion energy of the fiber. The adhesion energy is twice the surface energy of LDPE (W = 2%yt
=60 mJ/m? for LDPE [67]). As shown in Figure 3.2a, experimentally observed values in this study
coincide reasonably well with the theoretical prediction, assuming that the tip radius of curvature
is equal to the fiber stock radius (Rt = R). This is a reasonable approximation supported by the
experimental observations shown in Figures 3.2b and ¢, where the tip-curvature of the nanofiber
is measured from the side view SEM image (Figure 3.2b and c). This clumping behavior will later
be discussed as a critical factor limiting friction performance of a fibrillar adhesive.
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D~400 nm D~600 nm D~800 nm D~900 nm

Figure 3.1: Representative SEM images of LDPE nanofiber arrays with increasing length down
the row for each fiber diameter. Fiber clumping is observed above a certain critical length. The
black outlines indicate the length at which the fibers exhibit the maximum friction for a given
diameter. Scale bar =1 um.

3.4 Macroscale friction of LDPE nanofiber arrays

By the method detailed in Section 2.5, macroscale friction of 1x1 cm? fibrillar array film has
been measured for the wide range of length and diameter, and the result is plotted in Figure 3.3a
and b. At each diameter, a maximum friction force is observed with respect to the fiber length.
This maximum point increases with diameter up to D ~ 800 nm, then decreases for D ~ 900 nm,
indicating an optimum with respect to the diameter as well. The maximum friction observed (~6
N) is comparable to the adhesion of about 10 N for the same patch area of a natural gecko pad.
The next sections will explain why such optimal behavior is observed for the fiber length and
diameter, and how friction can be maximized by tuning the fiber geometry.
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Figure 3.2: (a) Experimental observation of the length at which the fibers clump at a given diameter.
The curve is the predicted clumping condition from Equation 3.1. (b) An SEM image of the cross-
sectional view of the fiber array (~5° tilt) after cryogenic fracture in liquid nitrogen (scale bar =
0.5 um). (c) Tip radius of curvature (Rt) measured from the cross-sectional view compared to the

fiber radius (R). The data points fall near the R; = R line, indicating that two are approximately the
same.
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Figure 3.3: (a) Friction of LDPE nanofiber array (1 x 1 cm? patch) with various fiber diamters and
lengths with fixed center-to-center distance of 1 um. (b) The data set of D = 900 nm has been
plotted separately with that of D = 800 nm for clarity. For (a) and (b) the lines are guides to the
eyes, and the dotted circles indicate the points at which partial clumping is observed. (c) A
representative plot of apparent contact area % (apparent contact area/test area x 100) with respect
to the fiber length (for D = 800 nm). While ~6 fold increase of friction force is observed, the
apparent contact fraction is not significantly altered between samples, typically 10 - 15% for all
cases.
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LDPE film rubber pad pulling

weight

Figure 3.4: The apparent contact area indicating the portion of the film which is in actual contact
with the glass from before being shear loaded (left) to just prior to being detached (right). The red
square outlines the sample area (approximately 1 x 1 cm?), and the contacting bright region is
indicated with red outlines.

3.5 Apparent contact area

Before relating the nano-scale geometry of fibers to the macroscale friction of the array, it is
important to note that not the entire film area is in contact with glass. Figure 3.4 shows the apparent
contact area measured by the FTIR method, and it is observed that the contact is not uniformly
distributed across the surface, but rather concentrated in the specific area with an irregular shape.
The bright zone indicates that the contacting region increases from the initial to final state with a
concomitant increase in brightness during the friction measurement.

Though non-contacting dark regions are clearly distinguished from contacting bright regions
by this method, detailed micro-scale information inside the contact region is unknown. For
example, the actual number of LDPE nanofibers in contact with the counter surface may be smaller
than that estimated from the area defined by the bright region. It is noted that any difference in
brightness may be influenced by the actual number of contacting nanofibers or by morphological
change in contacting nanofibers, e.g., from tip to side contact. Thus, bright region is referred to as
the apparent contact area. Despite the lack of detailed microscale information, it is useful for
friction analysis in macroscale to visualize how the nanofiber contact is confined within this
apparent contact area.

Since the static friction force is determined by the state just prior to sliding, the apparent contact
area at this moment should be considered. It was found that this apparent contact fraction (fca =
apparent contact area / test area x 100) was not significantly different between samples, typically
10 - 15% for the sample size of ~1x1 cm? as shown in Figure 3.3c, which is similar with the
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previous results for polypropylene fiber arrays (~11%) [84]. Distributions of each data point in
Figures 3.3a and b may reflect the variation in contact area for each test. Despite this distribution,
it is clear that the measured friction forces are strongly correlated with the nanofiber geometry.

3.6 Friction prediction and dependence on fiber diameter from JKR
model

In general, friction between surfaces can be modelled as the sum of two components as follows,

F=rA+uF, (3.2)

where 7 is the shear strength coefficient, A is the real area of contact, pu the Coulomb friction
coefficient, and Fn the normal load [85]. The first term is the area-dependent adhesive contribution
to friction, while the latter is the load-dependent mechanical friction. In the limit that adhesion
between two surfaces can be neglected (as is the case with many macroscale contact with few
contact points), the equation reduces to the familiar linear relationship between the applied normal
load and friction. In gecko adhesion, however, the adhesive term is likely to be the dominant
contribution, due to the increased number of contact points. Applying the equation to a single fiber:

Fe=7A + ik, (3.3)

where Fr, Ar, and Fn+ are the friction, tip contact area, and normal load per fiber. The shear
coefficient for LDPE-glass interface is 6 MPa [86]. The tip contact area can be estimated from the
well-known Johnson-Kendall-Roberts (JKR) equation [80]:

3(1—1/2)R

2/3
Af:{ IE ‘(FNJ+3zz\NRt+\/67zWFNyth+(37z\NRt)2ﬂ . (3.4)

All the variables have been previously defined except the Poisson ratio (v ~ 0.4 for LDPE [87]),
and the adhesion energy is W = 2(yryq)Y/2, where the surface energies of the fiber (yf) and glass (yq)
are ~30 and ~100 mJ/m?, respectively [67, 68]. The second coefficient, u, between LDPE and glass
is 0.3 [86]. A 10 g (0.1 N) of normal load is applied to the 1 x 1 cm? patch, which contains
approximately 10® fibers. However, only about 15% of film is in contact with glass, which
corresponds to 7 nN of normal load per fiber. With all the terms now known, the adhesion
contribution to friction is calculated to be 75 — 220 nN for the range of diameters tested (400 — 900
nm). Corresponding macroscale friction range is 1.1 — 3.2 N, which is a reasonable range of values
compared to those observed in Figure 3.3a and b, although somewhat underestimated. The load-
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Figure 3.5: An SEM image of LDPE nanofibers after being friction tested. In some cases where
the nanofiber array exhibited high friction, the fibers in the contacting region show permanent
slating deformation with plastic yielding at the tip, indicating where the contact has been made
(dotted circle). The arrow indicates the relative direction of shearing (by glass) at the tip. Scale bar
=1pum.

dependent friction is only about 2 nN per fiber (0.03 N for the sample), confirming that this term
contributes little to the overall friction of LDPE fibrillar adhesive.

Although the contact area analysis based on JKR theory gives a reasonable approximation as
discussed above, it does not explain the complex behavior of friction forces depending on fiber
diameter and length. Specifically, any variation in friction forces according to fiber length cannot
be explained. Intuitively, lateral flexibility of the nanofibers may play significant role in friction,
e.g., through further increase in contact area or fiber alignment during friction measurement. As
mentioned, elastic dissipation and side-contact models have been typically considered for
explaining changes in adhesion and friction with respect to fiber length (or more generally, aspect
ratio). Elastic dissipation theory considers trapped and dissipated energy induced by fiber
stretching in normal direction during the pull-off from the substrate [75, 77]. Thus, this theory
explains only the effect of fiber geometry on normal adhesion, and is not directly applicable to
frictional properties. On the other hand, side-contact models describe bending of sufficiently long
fibers, which brings them into a stable side-contact with the opposing surface when adhesion is
high enough to exceed the elastic bending forces [84, 88]. However, the SEM image of the fibers
after friction testing (Figure 3.5) shows nanoscale plastic yielding at the fiber tips, which clearly
indicates that the fiber contact is restricted to the tip. An approach developed to estimate the side
contact length [84] predicts no side contact for all the geometries of LDPE nanofibers tested in
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this study, which further supports that there is no side-contact induced by large bending of LDPE
nanofibers.

3.7 Friction dependence on fiber length

In addition to the above explanation, small spacing between ordered nanofibers (24 =1 um —
2R) would not allow a large bending for side contact. We suggest nanofibers have slanted contacts
from fiber bending and alignment by shearing during friction measurement as illustrated
schematically in Figure 3.6. Long nanofibers (b) are bent during the alignment by shear; thus they
can more easily tolerate the nano-scale height distribution (distribution of nanofiber lengths) inside
the apparent contact (bright) region, which further increases friction via increased number of
contact points. Short nanofibers (a) are much less compliant, resulting in a lower number of
contact points and thus lower friction. However, even long nanofibers cannot overcome the
macroscale height variation of the backing film (as observed by bright and dark region in Figure
3.4), which results in a similar apparent contact area irrespective of the fiber geometry (Figure
3.3c). Further increase in fiber length (c) results in fiber clumping as discussed with Figure 3.2. In
this case, significant a decrease in friction is expected by the engagement of several nanofibers
into bundles that are not as compliant as individual nanofibers, as observed in Figures 3.3a, b.

The degree of height tolerance induced by the lateral bending of nanofibers may be
approximated by the vertical displacement generated when the fibers are under a large deflection
as a result of the shear loading. With the assumption of negligible load-dependent friction, on can
be obtained from an elastic beam model [89, 90]. As shown in Figure 3.7a, a beam of length L is
subjected to a concentrated shear load Fr (friction per fiber) at the tip. Any position along the arc
of the beam is denoted s, and ¢(s) the angle formed at the position with a vertical line. As such,
the angle ¢(L) = ¢o is formed and the resulting vertical displacement is J. This system can be
described by Elg” + Fscosgp = 0, where | = zR*/4 is the moment of inertia and ¢” is the second
derivative respect to s, and simplifies to [89]:

j‘”‘] (3.5)

\/sm @, —smq)

Given the fiber length, the unknown angle ¢o can be solved for numerically. Once the angle is
known, the vertical displacement of the tip from the original position can be calculated by
subtracting the vertical height of the fiber in the bent state from the height of the fiber in the upright
state [89]:

sing, - (3.6)
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Figure 3.6: An illustration of the possible contact morphologies of nanofibers during the shear
loading. (a) Within the contact portion of the film, short fibers are not flexible enough to adapt to
any surface roughness or height variation in the array. No fibers are in contact in the dark region.
(b) Long fibers can adapt better to increase the number of fibers in contact within the apparent
contact area to increase the friction, but still unable to overcome any macroscale variation in film.
(c) Clumping is detrimental to friction as the fibers lose flexibility and tips available for contact.
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Figure 3.7: (a) A schematic showing the variables associated with the fiber bending. A shear
force loaded at the tip (F) creates a vertical displacement (6) and creates the angle ¢ along the
arc s. (b) A comparison of ¢ with respect to the applied load for long (3.3 um, close to the
maximum friction) and short (1 pm) fiber with D = 800 nm.

Figure 3.7b is a representative result for D ~ 800 nm, which compares ¢ for short (1 um) and
long (3.3 um) fibers when the applied force increases up to the theoretical friction force (F). Long
nanofibers can have a significant normal displacement up to ~50 nm. Structural hindrance imposed
by the fiber gap may make this value smaller, e.g., ~10 nm if the lower limit of 5is assumed to be
given at a corresponding lateral displacement (dL) of 24 (i.e., at & = 200 nm with D = 800 nm).
Meanwhile, short nanofibers have only negligible ¢ value up to ~0.1 nm (corresponding & ~ 15
nm). Note that the long nanofiber has much greater 6 values than the short one by 2-3 orders of
magnitude. While short nanofiber array detaches from the substrate by further increasing the load
(i.e., exceeding the sum of the theoretical friction of all fibers in contact), long nanofiber array are
able to withstand higher load by increased contact from neighboring nanofibers (which were not
in contact previously) induced by this height toleration. Our previous discussion based on the
schematics in Figure 3.6 is well supported by this explanation. This also suggests the increased
brightness in the apparent contact area during friction measurement (Figure 3.4) is due to the
increased number of contacting nanofibers. While this analysis is a helpful aid in relating the
observed macroscale friction behavior to the mechanical behavior of the nanofibers, it is important
to note its limitation. For example, the contact deformation of the fibers is accompanied by some
degree of plastic yielding in addition to the elastic bending, which is not taken into account by the
simple elastic model.
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3.8 Optimum fiber length

As indicated in Figure 3.1 with black and Figure 3.3a and b with dotted circles, the fiber length
at maximum friction (Lmax) for a given fiber diameter is close to the fiber clumping condition (Lcrit).
As can be envisioned from Figure 3.6c, fiber clumping is detrimental to friction as also
experimentally observed — maximum friction values for D ~ 400 and ~600 nm are obtained for the
unclumped structures just prior to clumping (Figure 3.3a). However, it is interesting to note that
the maximum friction forces for D ~ 800 and ~900 nm are observed for a partially clumped
structure (Figure 3.3b). The morphology difference between unclumped and partially clumped
nanofibers becomes less distinguishable as the diameter increases. Due to the narrow spacing
between thick nanofibers, partially clumped nanofibers of large diameter are touching the
neighboring fibers with only a small deflection, and many of the nanofiber tips are still individually
exposed to contact the opposing surface (Figure 3.1, third row images for D ~ 800, 900 nm), which
is not the case for smaller diameter fibers (Figure 3.1, third and fourth row images for D ~ 400,
600 nm). Since thick nanofibers are not as readily bent as thin nanofibers, increasing the fiber
length into a slightly clumped state may still be helpful to obtain higher friction by achieving more
compliance for bending to further tolerate the height distribution and maximize the number of
contacts. Further clumping into the bundled structure with increasing length causes drastic
decrease in the fiber compliance, and friction decreases as observed.

3.9 Optimum fiber diameter

As seen in Figures 3.3a and b, friction forces at Lmax increase with diameter up to ~800 nm, but
decrease for ~900 nm. This is contradictory to JKR analysis which predicts increased friction for
larger diameter. This can be understood by extending our previous explanation based on fiber
bending and height tolerance: though larger fiber diameter increases the tip-contact area, it will
concomitantly decrease the gaps between fibers, which results in geometrical hindrance for lateral
fiber bending with enhanced tendency for clumping. Thus, decreased friction for D~900 nm can
be attributed to the reduced height tolerance due to restricted lateral bending of nanofibers.

Based on our results in this study, it is found that the optimum geometry of LDPE nanofiber
arrays for macroscale friction is D ~ 800 nm and L ~ 3 um with slight clumping, representing a
compromise between the tip contact area and the fiber compliance. It should be noted that this
structure is optimal for the specific case of having a flat glass as the counter-surface. The optimum
geometry could be different for rough surfaces for example, possibly with a smaller diameter and
larger spacing to tolerate a wider height distribution of the rough substrates.
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3.10 Comparison with theoretical friction design map

Spolenak et al. [79] have proposed theoretical adhesion design maps for GSAs by considering
conditions that limit the adhesive performance, such as fiber fracture, ideal contact strength, fiber
clumping, and surface adaptability. The design map quantifies these criteria with respect to the
fiber radius (R) and the material modulus (E), so that a failure of fibrillar adhesive can be avoided
with proper geometrical and material considerations. It would be useful to see where the nanofibers
in this study are located in the design map. For this, a friction design map was developed by
modifying the equations used in Ref. 78 so that friction can be taken into account instead of normal
adhesion. The development of a friction design map by modifying the criteria from the adhesion
map is as follows.

- Fiber fracture

Fibrillar adhesive can fail by fiber fracture, when the applied stress on the fiber exceeds the fracture
strength of the material. The friction stress exerted on a single fiber (of) can be expressed as:

F r [9RW@—v?))*"”
O = ﬂsz = 7;;2 :?{ 2E } < O 3.7)
where the friction force (F+) is the adhesive friction from Equation 3.3 at zero normal load and ot th
is the theoretical fracture strength of the fiber based on the fiber radius (R). If the bulk shear
strength is approximated to be similar with tensile strength (~E/10), the above condition is
rearranged as:

R

(3.8)

fracture — 5/2
E 2

10277 (9%\/\/(1—1/2))

- Ideal contact strength

An adhesive contact cannot be stronger than its ideal contact strength. Since the stress concentrated
on the actual contact area is considered as the ideal contact strength (oc), the limiting condition
simply reduces to the maximum allowed zas:

oO. = =

F_A
A A

j, (3.9)

:rﬁacth{=

and thus:
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where b is the characteristic length of surface interaction. The above condition sets a maximum
parameter value that can be used for z, which is well above typical t values [86], for example, W
/b~ (0.1 N/m)/ (2 x 10°m) = 500 MPa.

- Fiber clumping

As discussed in Section 3.3, adhesive can fail when a significant number of fibers clump into
groups. Equation 3.1 is used for the clumping condition, which is rearranged into

1 8w
clumping = - E !

4py

R (3.11)

where p is the fiber number density (~108/cm?) and A = L/2R is the aspect ratio. It is noted that
the number density is used instead of the area fraction used in the previous study [79]. Since the
number of fibers per unit area is fixed with the center-to-center distance of ~1 um (area fraction is
changed with respect to fiber diameter), the number density is used for comparing the nanofiber
geometry.

- Adaptability
The reduced material stiffness due to the fiber elements has been described as the effective

modulus [16], which is closely related to the ability of the fibers to conform to surfaces for adhesive
contact. The effective elastic modulus (Eesr) for vertical fibers can be expressed as:

R2
E, =CE (3.12)

4%

where C is a geometrical factor (typically ~10) [16]. The adaptability condition becomes:

E,, 44
Radaptabilty = Eﬁ a ' (313)
N

Eerr needs to be arbitrarily chosen to ensure the contact adaptability, which will depend on the
surface roughness.
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It is noted that apparent contact strength (oapp, this is the strength of the adhesive for a given
patch area) increases with increasing fiber diameter in this study under fixed fiber number density,
different from the previous report [79] where larger diameter fibers mean lower number density
under fixed area fraction. ozpp Can be written as:

=
Tapp = 3 :pNO-fﬂRz:ﬂpNT(
pp

2/3
WJ | (3.14)

which gives R as the following form:

2E 1/2 . 3/4
R= w |
{972W(1—v2)} (ﬂrp,\, J (3.15)

The friction design map can be obtained by drawing Equations 3.8, 3.11, and 3.13 with a set of
apparent contact strength values from Equation 3.15. Figure 3.8 shows the friction design maps
for three different aspect ratios. For this design map, Eest was set at 5 MPa based on the estimated
Eefr values from Equation 3.12 which are 1 — 10 MPa at maximum friction condition (L = Lmax)
corresponding to different diameter fibers. In Figure 3.8a, for a low aspect ratio (4 = 1), it can be
seen that most of short nanofibers are out of the optimum region limited by the surface adaptability
(R should be less than ~100 nm to be in the optimum region). This indicates that less stiff material
than E ~ 200 MPa is desired to ensure the contact for low aspect ratio geometry. For higher aspect
ratio at A = 4 (a typical value at L = Lmax) in Figure 3.8b, most diameters are within the optimum
region while achieving a maximum friction stress up to ~200 kPa by increasing the diameter to
~700 nm. This is quite similar to the experimental values, that is, the friction stress for the actual
contact friction of 15% is ~5 N/0.15 cm? ~ 300 kPa. Further increasing the diameter along the E =
200 MPa line is limited by the fiber clumping condition. This indicates that the design map in
Figure 3.8b also predicts the existence of optimal diameter at ~700 nm according to the fiber
clumping condition. Further increasing aspect ratio (4 = 7) results in exclusion of all nanofiber
geometry out of the optimum region by the clumping limit, which is reflected by experimental
observation that friction decreases for clumped nanofiber bundles.

As discussed above, experimental results show that a slightly higher aspect ratio above the
clumping condition, i.e., partial clumping, is allowed to achieve higher friction for larger diameters.
This may indicate that the clumping limit needs to be less strict, allowing some range rather than
a fixed value. For example, if the red line (clumping limit line) in Figure 3.8b is allowed to slightly
shift upwards, increasing fiber diameter (along the E = 200 MPa line) to achieve higher friction is
bound by the surface adaptability limit rather than the clumping limit, as experimentally shown by
partially clumped structures exhibiting maximum friction forces (D ~ 800, 900 nm). Although the
friction design map in Figure 3.8 is based on simplified models, it successfully describes the
optimum geometry of LDPE nanofibers observed, and thus appears useful as a design guide.
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Figure 3.8: Friction design maps for LDPE nanofibers for three different aspect ratios (1 =1, 4, 7).
Eerr = 5 MPa was chosen for the surface adaptability limit. Shaded regions enclosed by three lines
(gray: fiber fracture limit, red: fiber clumping limit, blue: adaptability limit) in each figure define
the optimum design area to achieve at least 10 kPa of friction stress. Dashed line indicates E = 200
MPa. Dotted circles indicate the experimental region in this study (fiber radius, R ranges from 200
to 450 nm along the E = 200 MPa line).
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3.11 Summary

This chapter examined the effect of two basic geometrical parameters of fibers, length and
diameter, on macroscale friction of a fibrillar array. The experimentally observed dependence of
friction on the two parameters was explained by simple JKR and elastic beam models, which
indicated that increasing diameter increased available tip contact area, while increasing length
facilitated the fibers to contact counter-surface by increasing compliance. Because fiber clumping
limits the aspect ratio, the optimum geometry for macroscale friction against a flat glass substrate
was found at D ~ 800 nm and L ~ 3 um with slight clumping, which represents the optimum
compromise between the tip contact area and compliance. A friction design map was developed
based on the adhesion map previously reported, and the predicted optimum region marked on this
map was found to be in a good agreement with the experimental observation.
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Chapter 4

Effect of counter-substrate surface energy

This chapter is reproduced with permission from: Y. Kim, F. Limanto, D. H. Lee, R. S. Fearing,
R. Maboudian. Role of counter-substrate surface energy in macroscale friction of nanofiber arrays.
Langmuir 2012, 28, 2922-2927 <http://pubs.acs.org/articlesonrequest/AOR-8mRysJmZEiGJ5
335gbxK>. Copyright 2012 American Chemical Society.

4.1 Background

As briefly introduced in Section 1.4, one of the limitations faced by current GSAs is that they
have mostly been tested on smooth glass, which is particularly suitable for high adhesion and
friction due to its high surface energy. Since it is critical for GSAs to perform on a wide variety of
surfaces as the natural gecko foot does, the role of counter-substrate surface energy in adhesion
and friction remains an important issue. Only a few experimental studies have compared adhesion
or friction of fibrillar surface against substrates with different surface energies. Autumn et al. [2]
reported similar shear stress of a gecko seta on hydrophilic oxidized Si and hydrophobic GaAs
surface, which they indicated as an evidence that capillary force does not play a significant role in
fiber adhesion. Huber et al. [91] reported significantly higher pull-off force for an individual gecko
spatula against glass in comparison to silicon wafer treated with hydrophobic monolayer at various
relative humidities, and concluded that the pull-off force is controlled by short-range forces with
capillarity contribution due to adsorbed water layer. However, Puthoff et al. [92] later reported
that the material property change of the foot-hairs due to humidity may be responsible for the
change in the observed adhesion, rather than any significant capillarity contribution. Ge et al. [93]
showed that for their carbon nanotube-based synthetic adhesive, shear force was similar against
substrates with varying surface energies, but the peel-off strength was correlated with surface
energies.

While it is difficult to directly compare such experiments due to variations in the adhesive
design and testing method, it seems that the quantitative role of counter-substrate surface energy
on the performance of GSA’s is unclear. This chapter provides some insights on this issue by
testing the LDPE fibrillar adhesive against substrates with a wide range of surface energies. Glass
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Figure 4.1: Chemical structures of four self-assembled monolayer precursors used for modifying
glass. Fluorinated (FDTS), hydrocarbon (DTS), brominated (BUTS), and amine-terminated
molecules are chosen so that the exposed end (indicated by the circle) can exhibit a wide range of
surface energy. All coatings are performed by reaction in the liquid phase, where the silane end
attaches to the glass.

surfaces treated by commercially available self-assembled monolayer (SAM) with various
terminal groups are used as test substrates. Friction data are discussed in the context of simple
theoretical models relating the substrate surface energy to fibrillar friction.

4.2 Counter-substrate preparation

For a systematic study relating to the surface energy, the substrate must be modified chemically
without a significant change in the roughness and modulus. SAM deposition is appropriate since
a monolayer thin molecular coating can alter the surface energy drastically with minimal impact
on the surface morphology. As shown in Figure 4.1, a SAM precursor typically consists of an
attachment end that covalently bonds to a substrate (the trichloro- or triethoxysilane end), and an
exposed end responsible for altering the surface energy of the substrate (in red circles). For glass
(SiO2), common precursor molecules are long-chained silane molecules. Four precursors are
chosen to cover a wide range of surface energy: 1H,1H,2H,2H-perfluorodecyltrichlorosilane
(FDTS), n-decyltrichlorosilane (DTS), 11-bromoundecyltrichlorosilane (BUTS), and 11-
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Table 4.1: The terminal group, contact angle, and the reported surface energies [taken or deduced
from Refs. 94 and 95] of untreated glass and glass modified by 11-aminoundecyltrichlorosilane
(AUTS), 11-bromoundecyltrichlorosilane (BUTS, Gelest), N-decyltrichlorosilane (DTYS),
1H,1H,2H,2H-perfluorodecyltrichlorosilane (FDTS).

substate | TErminal | Contect | Zrry
(mJ/m?)
Untreated Glass SiO2 <10° 100
AUTS-treated -NH: 75° 45
BUTS-treated -Br 90° 30
DTS-treated -CHs 107° 25
FDTS-treated -CFs 112° 15

aminoundecyltriethoxysilane (AUTS). To minimize any difference between the treated substrates
other than the exposed functional group, all selected precursors have been chosen to have a similar
chain length (10 to 11 carbons).

The surface treatment procedure is as follows. Glass slides (Fisher Scientific) are successively
sonicated in acetone and isopropanol for 10 min each, then cleaned in boiling Piranha solution (3 :
1 ratio of 97% H2S0O4 and 35% H»0>) for 30 min. The cleaned glass is submerged in a coating bath
containing the silane precursor and organic solvent in 1:1000 volume ratio (50 L : 50 mL) in a
nitrogen environment with less than 5% relative humidity. The organic solvent used and the
reaction time varies depending on the precursor. 1H,1H,2H,2H-perfluorodecyltrichlorosilane
(Alpha Aesar) is deposited in 2,2,4-trimethylpentane (EMD) for 1 hr. n-decyltrichlorosilane
(Gelest) and 11-bromoundecyltrichlorosilane (Gelest) are deposited in toluene (Fisher Scientific)
for 2 hr and 1.5 hr, respectively. 11-aminoundecyltriethoxysilane (Gelest) is deposited in
chloroform (Fisher Scientific) for 1 hr. After the deposition step, the substrates are sonicated for
10 min in fresh baths of respective solvents, followed by another 10 min in isopropanol. Finally,
they are post-baked at 130 °C in ambient pressure for 30 min.

Water contact angle is a good indication of how well the surface has been modified by the
monolayers. Static contact angles have been measured with 3 L drops of deionized water using a
tensiometer (Ramé-Hart Model 290). Table 4.1 summarizes the water contact angles of glass
substrates modified by monolayers with various terminal functional groups. A good agreement
with contact angles reported in the literature suggests that the glass surfaces have been successfully
modified with monolayers, and the surface energy values are those typically reported in the
literature [94, 95] for the corresponding exposed functional groups. Topographical measurements
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by atomic force microscope (Digital Instrument Nanoscope Illa, measured over 10 x 10 pm? area)
showed that all treated substrates had root mean squared roughness between 1 - 2 nm, which is in
the range of roughness of the untreated glass surface, indicating that negligible change in substrate
roughness occurred by the SAM treatment.

4.3 Friction and surface energy of counter-substrate

The friction of LDPE fiber array against the SAM-treated surfaces has been measured by the
method presented in Section 2.5. The geometrical parameters of the array are fixed at D (diameter)
= 2R =600 nm, L (length) = 2.5 pum, and the center-to-center distance of 1 yum, corresponding to
~1.0x10® fibers/cm?. Figure 2a shows static friction of LDPE nanofiber arrays on the five
substrates of varying surface energies. The samples show high friction (~9 N) on untreated glass.
The significant improvement of friction on the untreated glass in comparison to the previous set
of data in Chapter 3 is likely due to improvement in fabrication procedure, in particular peeling
the polycarbonate template off the silicon template, rather than dissolving the silicon template with
possible damage to the polycarbonate film. Only a minor drop in friction (to ~8.5 N) is observed
on AUTS-treated glass despite the large change in the observed contact angle of the substrate.
However, a drastic drop in friction is observed for even lower surface energies, leading to a poor
performance on hydrocarbon (DTS) and fluorocarbon (FDTS) monolayers. While the friction
values on these two surfaces are quite similar, FDTS surface seems to exhibit a slightly higher
friction. AFM-based sliding friction measurements have reported higher values against
fluorocarbon monolayer than against hydrocarbon monolayer [96]. Similar phenomena may be
occurring in our case with some of the fibers sliding against glass. Figure 4.2b shows the
corresponding apparent contact fraction of the ~1 x 1 cm? just prior to sliding, simultaneously
observed during the friction measurements. As shown, the apparent contact fraction does not
deviate significantly between substrates from the average value of ~17%, and therefore cannot
account for the large change in friction.

One possible explanation of the observed disparity in friction is that the water meniscus formed
from the environment (RH ~ 35%) increases the interaction between the sample and high surface
energy, thus hydrophilic, substrates. It has already been suggested that humidity can play a
significant role in fibrillar adhesion, either from capillary effect [76, 91, 97] or change in
viscoelastic properties of the material [92]. In either case, increasing adhesion is expected with
increasing relative humidity. However, the same friction measurements repeated for hydrophilic
glass in a low humidity environment (RH < 5%), as shown in Figure 4.2c, resulted in similar
friction, indicating that the humidity effect in our case is not significant.

With insignificant capillarity contribution in the testing condition, the friction of a single fiber
can be estimated in the same manner as presented in Section 3.6:

Fo =t + 1Ry, (4.)
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Figure 4.2: a) Macroscale friction of 1 x 1 cm? sample against substrates with various modified
surfaces. b) The apparent sample contact area simultaneously observed for the same substrates. ¢)
Friction of nanofiber array against hydrophilic glass substrate at two different humidities.
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where 7 is the shear strength coefficient, A the tip contact area, | the Coulomb friction coefficient,
and F r the normal load per fiber. With ~17% apparent contact and assuming all fibers within this
area are in actual contact, the normal load per fiber is ~6 nN. Taking friction against glass as an
example, a typical value of = 6 MPa for LDPE [86] and As = 0.023 pm? predicted from JKR
contact mechanics [80] yields ~140 nN of contribution to friction from the first term. The value of
1 = 0.3 for LDPE [86] gives rise to only a small value of ~2 nN for the second term.

With negligible contribution from the load-dependent friction, the counter-substrate surface
energy can affect friction in two ways. At low normal loads, the JKR prediction of fiber tip contact
area (Equation 3.4) reduces to:

A :ﬂ[97r(1—2sz)WRt J | 42)

where E (~200 MPa [83]) and v (~0.4 [87]) are Young’s modulus and the Poisson ratio of the
LDPE fibers, W the work of adhesion between LDPE and the substrate, and Rt (~300 nm) the
radius of curvature of the fiber tip. The work of adhesion can be approximated as W = 2(ygys)*?,
where yr (~35 mJ/m? [67]) and ys are the surface energies of the fiber and the substrate, respectively
[65]. This indicates that the fiber tip contact area is proportional to ys'/%.

The interfacial shear strength (z) itself is also directly proportional to W as suggested by the
Cobblestone model of interfacial friction [98], in the case of static friction. This results in roughly
Fr o >'® overall dependence, predicting a nearly linear decrease in friction with decreasing
substrate surface energy. This corresponds to 30 to 140 nN of friction per fiber over the surface
energy values from 15 to 100 mJ/m?. However, while this simplified analysis explains the decrease
in friction due to the reduced adhesion between a single fiber and the substrate, it cannot fully
account for the observed macroscale behavior, specifically the sudden drastic reduction in friction
in a narrow range of surface energy. To give further insight as to why such a drop in performance
is observed, the assumption that all fibers within the apparent contact area are in actual contact,
should be revisited.

While all substrates showed similar fraction of bright region (~17%), the light intensity within
the contacting region showed drastically different behavior during testing. As shear load was
progressively added, substrates with low surface energies (e.g. DTS) showed only marginal
increase in intensity, while those with high surface energies (e.g. AUTS) showed a significant
increase. It is important to note that the contact fraction (~17 %) only represents the macroscale
contact determined primarily by the non-planarity of the backing film. The higher light intensity,
on the other hand, is attributed to increased degree of microscale contact (as more intimate
LDPE/Glass interface is formed to redirect more incident light from the parallel direction along
the interface to the normal direction observed by the camera), suggesting either more fibers coming
into contact within the contact fraction, or conformational change of individual fibers from tip-
contact to side-contact [74]. As mentioned, the fibers are not sufficiently long to make such a
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Figure 4.3: Increase in light intensity of contacting area observed during friction measurements.
While samples against all substrates showed ~17% apparent contact area prior to sliding, only the
ones exhibiting high friction showed a significant increase in intensity.

conformation change, so the increase in intensity is likely from increased number of fibers in
contact, rather than transition from tip-contact to side-contact.

In order to correlate the number of fibers in contact with the intensity of images obtained from
FTIR method, the images were first converted to 256 grayscale, then the difference in grayscale
values between the contacting region and the background region was calculated (ImageJ, version
1.43u). This allows the quantification of the relative change in intensity, I, from the initial state
(before any shear loading) to the final state (just prior to detachnment), defined by the ratio
Ifina/ linitial. The analysis has been performed for the samples corresponding to the data in 4.2a, and
the result is summarized in Figure 4.3, which shows that there is a strong correlation between the
light intensity of the contacting region and the friction of the nanofiber arrays. The sharp drop in
friction against lower surface energy substrates, which could not be fully accounted by simply
considering either the capillary effect or the adhesion energy based on the apparent contact area,
is suggested to be from dramatically decreased number of fibers in actual contact.

As described in Section 3.7, the number of fibers in contact is directly affected by the ability
for fibers to bend to overcome any fiber height variation from fabrication and/or the roughness in
the substrate to induce neighboring fibers into additional contact. Equations 3.5 and 3.6 can again
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Figure 4.4: The vertical displacement, ¢, of a fiber induced by a range of friction values, Fr. The
corresponding surface energy of the substrates required for generating the friction is also shown,
based on the approximated y*® dependence. The inset shows the cross-sectional image of the
nanofiber array (scale bar =2 um).

be applied to calculate vertical displacement caused by the shear loading. The dependence on
substrate surface energy is reflected in the term Fy, since the maximum loading allowed on each
fiber is limited by the adhesion between the fiber tip and the substrate. As given earlier, the range
for the counter-substrates tested here is 30 — 140 nN. Figure 4.4 shows the maximum displacement
possible for an individual fiber (D = 600 nm, L = 2.5 um) over various maximum theoretical
friction forces determined by the surface energies. For lower values of surface energies, e.g., 15 -
25 mJ/m? corresponding to the substrates that showed very low friction (FDTS- and DTS-treated
surfaces), the fibers are able to bend only several nanometers. With increasing adhesion between
the substrate and the fibers, significantly more bending occurs, up to nearly 100 nm.

In the previous chapter, the idea that the fiber bending allows increasing number of fibers to
come into contact has been used to explain why fiber length is a critical factor in macroscale
performance of fibrillar adhesives, where the fibers must be flexible enough to overcome the
variation in fiber height and/or any roughness of the substrate. This can be similarly applied to
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Figure 4.5: Schematic illustration of the suggested microscale contact morphologies during the
friction testing of nanofiber array against high- and low-surface energy substrates. Arrows indicate
the direction of loading, where the sizes qualitatively show the relative magnitudes of the
maximum load before sliding.

explain the critical role surface energy may play in attachment of fibrillar adhesives, where the
adhesion between the fiber and surface must be sufficient to result in bending that can allow
neighboring fibers to come into additional contact, as schematically depicted in Figure 4.5. For the
LDPE nanofibers tested in this study, the critical point above which this can happen seems to lie
between the surface energy range between ~20 - 40 mJ/m? as observed in Figure 4.2a. From Figure
4.4, this would imply that fibers have to overcome roughly 10 - 20 nm in either the roughness of
the substrate or the height variation of the fibers. The counter-substrate topography was measured
with AFM to be nearly smooth (RMS ~ 1 - 2 nm) as previously mentioned. From the SEM side
view of the nanofiber array (Figure 4.4 - inset), the RMS variation in fiber height was estimated to
be ~30 nm. Thus, it seems that for the LDPE nanofibers in this study, sufficient adhesion from
high surface energy substrate was required to ensure the fibers bent enough to tolerate the variation
in height and lead to the large observed macroscale friction values. Finally, as suggested by the
elastic beam model used in the analysis, any change in parameters that decrease the rigidity of
fiber (i.e., smaller diameter, larger length, and lower modulus) may moderate the sudden reduction
in performance at lower surface energies.

4.4 Summary

In this chapter, we examined macroscale friction of nanofiber arrays against substrates of
varying surface energy. While the arrays exhibited high friction on high surface energy substrates,
they showed unexpectedly low performance against those with low surface energy. The drastic
reduction could be explained neither in terms of capillary effect nor by only considering the
reduced adhesion resulting from reduced surface energy. Simultaneous measurement of contact
area by reflected white light showed that while the apparent contact area stayed similar between
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all substrates, the intensity varied significantly, indicating that the number of fibers in actual
contact was very sensitive to substrate surface energy. By relating the friction per fiber predicted
from the JKR model to the vertical displacement of the fiber, it was suggested that the nanofibrillar
array could overcome their inherent height distribution only when the substrates had sufficient
surface energy to ensure effective engagement. This study shows that surface energy of
countersurface is an important criterion in gauging the performance of gecko-inspired adhesives.
Future design of versatile fibrillar adhesives should ensure attachment to substrates with widely
varying surface energies, which are likely to be encountered in practical applications. For example,
higher aspect ratio structures with hierarchy could cover a wider range of counter-substrate surface
energy via easier fiber bending even under weak interfacial adhesion.
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Chapter 5

Effect of counter-substrate roughness

This chapter is reproduced with permission from: Y. Kim, R. K. Claus, F. Limanto, R. S.
Fearing, R. Maboudian. Friction characteristics of polymeric nanofiber arrays against substrates
with tailored geometry. Langmuir 2013, 29, 8395-8401 <http://pubs.acs.org/articlesonrequest
IAOR-zasD6r7JwTvaZcEnujbF>. Copyright 2013 American Chemical Society.

5.1 Background

While many fibrillar adhesives perform well against smooth surfaces, their adhesion and
friction are drastically reduced with the introduction of surface roughness [18, 29, 47, 50, 64].
Since most surfaces encountered in practical applications are rough at various length scales,
understanding the interface between fibrillar and rough substrates is critical in rational design of
fibrillar adhesives. Only a limited number of studies have experimentally probed the effect of
roughness on fibrillar adhesion and friction. Studies of natural geckos show that the ability of the
animal to cling to an angled or inverted surface can exhibit a minimum [42] or maximum [99],
depending on whether the surface roughness scale allows for the penetration of nanoscale spatula
or microscale seta structures. Synthetic gecko adhesives have shown similar behavior with a
maximum pull-off strength [100] and friction force and normal adhesion after sliding [101], when
the roughness was compatible in scale with the fibers. Other studies, however, have shown
monotonic decrease in normal and shear adhesion with increasing roughness [18, 47, 64]. While
these studies suggest interesting and complex relationships between roughness and
adhesion/friction, the surfaces used had randomly rough features that are difficult to characterize
and compare. Although this is true of surfaces in real use situations, simplified model substrates
with defined patterns would aid in fundamental understanding of fibrillar contact against rough
surfaces. To this end, some studies have used microfabricated gratings to test adhesion or friction
on substrates with more well-defined features, where fibers are observed to deform to conform to
the substrate during normal loading [20], and the friction has shown to decrease with increasing
peak heights [29]. Incorporation of a structured backing more compatible with corrugation on the
counter-substrate has also been demonstrated to improve shear adhesion [50].
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Still, many factors that contribute to defining rough surfaces, e.g., spacing, height, and shape
of asperities, have not been studied in detail and further elucidation would help in design of gecko-
like adhesives that perform well on practical surfaces. In addition, most of the literature, in
particular studies that focus on the roughness effect [100, 101], have used soft elastomers (such as
PDMS with Young’s modulus of a few MPa or lower). Such materials can have large bulk
deformation to conform to surface features, which is not possible with harder polymers such as
polyethylene (Young’s modulus 100 MPa or higher). This chapter presents a systematic study of
how macroscale friction of polyethylene nanofibrillar surfaces is affected by various geometrical
factors of roughness, such as the height of the peaks, distance between the peaks, and the area
available for contact. A simple method utilizing colloidal lithography and silica evaporation is
used to fabricate rough substrates with independent control over those geometrical factors. This
allows us to examine the factors that allow synthetic fibrillar adhesives to adhere successfully to
some rough substrates and fail on others. Simple mechanical models are used to aid the
understanding of the observed friction behaviors.

5.2 Counter-substrate preparation

As described in Section 2.2, colloidal lithography provides a simple way to pattern a large area
with repeating patterns. This facilitates the preparation of a model rough substrate with well-
defined asperities with control over the geometrical parameters such as height, width, and spacing.
The overview of the procedure is shown in Figure 5.1. A base silica layer of 300 nm is first
evaporated on a Si wafer, and then the substrate is diced into a size large enough for friction testing
(larger than 1 x 1 cm?). Microspheres of various diameters (0.5 — 8 um) are deposited, and an
additional layer of silica is evaporated. After the removal of spheres by sonication, the substrate is
left with silica peaks where the interstices of the sphere array allowed the penetration of the
additional evaporated layer.

As depicted in Figure 5.1 (bottom), the microsphere array would ideally be hexagonally close-
packed, leaving triangular peaks around the area where the spheres were originally deposited.
However, due to some unavoidable defects from monolayer assembly, some peaks merge and
deviate from hexagonal arrangement. Therefore, we nominally take the size of the spheres to be
the peak spacing. In this process, the diameter of the initially deposited spheres determines the
resulting distance or the spacing between the peaks (Sp), and the duration of silica layer evaporation
over the spheres can be varied to control the height of the peaks (Hp). As needed, the deposited
spheres can be reduced in size by oxygen plasma prior to silica evaporation to increase the
interstitial area between the spheres, which results in peaks with larger areas at the top. A
representative 3-D AFM topography is shown in Figure 5.2a, along with a line profile (Figure
5.2b). Figure 5.2c is a representative AFM image of the evaporated silica layer, revealing
nanoscale surface texture.
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Figure 5.1: Colloidal lithography to produce patterned rough counter-surface. A base silica layer
is first evaporated, then the second silica layer is deposited over the sphere array. The spheres are
removed by sonication. 3D views of steps (ii) and (iv) are shown below.
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Figure 5.2: (a) A representative 3-D AFM topography of a patterned surface (Sp = 8 um is the
initial size of the sphere, Hp = 300 nm is the height of the evaporated silica). (b) A line profile
across the surface corresponding to the line drawn in (a). (c) AFM topography of the evaporated
silica layer with nanoscale roughness (RMS = 1.1 nm).
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5.3 Friction and roughness of counter-substrate — effect of peak
spacing and height

For the roughness study, fiber diameter (D) is fixed at 510 nm, and fibrillar arrays with two
different fiber lengths (L) are fabricated (1 um and 2 um). In Figure 5.3a, the macroscale friction
of a 1 x 1 cm? LDPE fibrillar array patch (L = 2 um) is plotted against the counter-surface peak
height, Hp, for three peak spacings, Sp = 0.5, 1, and 8 um. The friction against the control flat
substrate is ~5 N, and is generally adversely affected with the introduction of roughness. However,
the decrease is more drastic when the peak spacing approaches the fiber diameter (0.51 um), e.g.,
high friction (4 - 5 N) is maintained for Hp = 30 nm for Sp = 8 pm, but the same height of roughness
for Sp = 0.5 um reduces friction by a factor of roughly 10. This could indicate that as peaks on the
counter-surface are placed closer together, individual fibers have more difficulty penetrating to
contact the valleys, and the overall number of contacting fibers is reduced (since the area of the
peaks accounts for only about 15% of the projected area, a significant number of fibers must reach
down to valleys in order to ensure high macroscale friction). Studies on randomly rough surfaces
for natural gecko and synthetic fibers have observed a drop in adhesion or friction as the average
size of the counter-substrate features becomes smaller than the fiber diameter [99-101]. While we
also observe reduction of friction at small asperity spacing, the reduction is evident even for peak
spacing higher than the fiber diameter. It seems that as the number density of the peaks increases
with decreased spacing, the fibers are more likely to be obstructed from making proper contacts
with the valleys. We also do not observe increase in friction as the asperity spacing and the lateral
dimension of the fibers become similar. The studies using polydimethylsiloxane (PDMS) synthetic
fibers [100, 101] suggest an interlocking mechanism of fibers and asperities to explain the high
friction, and it is indicated that the low modulus of PDMS (~0.75 MPa) facilitates the penetration
and interlocking [101]. LDPE is typically over two orders of magnitude stiffer (~200 MPa) which
would make the interlocking mechanism more difficult.

It is interesting to note that the evaporated silica control sample has roughness on the length
scale of a few nanometers (Figure 4c, RMS = 1.1 nm, with average peak-to-valley height of 3 nm),
two orders of magnitude smaller than the smallest dimension of the fibers. While fiber penetration
into such small features would be impossible, high friction values obtained on these control
samples (which only have the inherent roughness from the evaporated silica) indicate that the
LDPE fiber tip can sufficiently deform when features become small enough. Similarly, the
adhesion behavior reported on natural gecko spatula indicated that the spatula structure can adapt
well to surfaces with low roughness [42].

The friction behavior on substrates with 8 um-separated features also suggests there is a critical
peak height at which the friction rapidly drops, i.e., while high friction is maintained up to 75 nm
of feature height, a drastic decline is observed for the feature height of 150 nm and above. The
dotted line in Figure 5a indicates the approximate peak height (for 8 um peak spacing) below
which the samples exhibit high friction.

In order for a sufficient number of fibers to contact the valleys in shear loading, it is plausible
that the fibers that first contact the top of the peaks have to bend to allow neighboring fibers to
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Figure 5.3: (a) Macroscale friction of 1 x 1 cm? array of 2 um fibers on patterned surfaces with
varying peak heights, Hp, and spacing, Sp, as well as a control flat surface. For Sp = 8 um, high
friction is maintained up to Hp = 75 nm but sharply drops afterwards, and the approximate
boundary is indicated by the dotted line. This drop is observed at lower peak heights as Sp
approaches the fiber diameter. (b) Friction tests against the same surfaces using 1 um fiber array.
Similar performance is observed on a flat surface, and decreasing Sp again adversely affects

friction. In comparison to 2 um fibers, drop in friction occurs at lower Hp.
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contact the valley. Above a certain peak height, however, fibers may not have enough bending
compliance to accommodate the height difference. To test the suggested mechanism, fibers that
are roughly half as long (1 um) are tested, with all other geometric parameters held constant.
Friction tests against the same set of patterned surfaces were done with the result plotted on Figure
5.3b. On the flat surface, the fibers of two lengths perform similarly, and the friction of shorter
fibers are also adversely affected as the peak spacing gets smaller. With respect to peak height,
however, it is evident that the shorter fibers begin to exhibit low friction at a lower height,
consistent with the mechanism above. Long fibers significantly outperform shorter ones at Hp =
75 nm for Sp =8 um, as well as at Hp = 30 nm for Sp = 1 um. While there may be some convolution
of effects from reduced peak spacing for Sp = 1 pm as explained above, the tests on Sp = 8 pm
should only highlight the relationship between the fiber length and peak height (since Sp is much
larger than fiber diameter D), and the results have been replotted in Figure 5.4 for more detailed
analysis.
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Figure 5.4: Friction comparison of 1 pum (short) and 2 pum (long) fibers on rough surfaces with
varying peak height He with peak separation Sp fixed at 8 um (1 x 1 cm? samples). Performance
of shorter fibers is more adversely affected by roughness than that of longer fibers. The solid (red)
and dotted (black) lines are piecewise predictions of friction behavior based on the JKR model (1),
bending limitations from an elastic bending model (11), and calculated reduction in the number of
fibers in contact (I11).
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As indicated in Figure 5.4, the data can be categorized into 3 regimes: high friction region where
a high number of fibers are in contact (1), a transition point at which the peak height becomes
larger than the adaptability limit of the fibers (11), and the low friction region where only a small
fraction of fibers are in contact, due to their inability to contact the valleys (I11).

The calculated friction per fiber can subsequently be related to the vertical displacement of the
fiber by an elastica model for beam bending as a first-order approximation (Equation 3.5 and 3.6),
in the similar manner as before. For fibers 1 um and 2 pum in length, the corresponding ¢ values
are calculated to be 2 and 60 nm, respectively, which serve as rough estimations for the deflection
limit of fibers based on the bending flexibility (vertical lines in Figure 5.4). For 2 um fibers, the
simple model seems to be consistent with the experimentally observed drop in friction, although
somewhat underestimating where the drop occurs. The critical peak height is significantly
underestimated for the shorter fibers, probably due to the limitations of the simple model. Plastic
deformation may also provide additional vertical displacement, which would be more significant
for short fibers relative to their elastic bending. For a practical consideration, it is noted that while
increasing fiber length further would provide more bending compliance, it is limited by lateral
fiber clumping, at which point the clumped group loses much of its ability to adapt to surface
roughness.

Finally, the low friction behavior can be approximated by considering the reduced number of
fibers in contact as fibers are no longer able to contact the valleys. The peak areas account for only
about 15% of the total area, and thus, most of individual contact points are lost due to fibers’
bending limitations at the microscale. Another, less significant loss occurs at the macroscale,
where the contact reduction of patch from 20% to 15% is observed for low friction samples. With
these two factors, the macroscale friction is predicted to be reduced to 2.1 N x 0.15 x (0.15/0.2) =
0.24 N, shown as line Il in Figure 5.4.

Despite the simplicity and limitations, this analysis predicts similar trends to the experimental
behavior and the analysis offers an explanation on how fibrillar arrays of varying fiber lengths can
perform similarly on a flat substrate, yet drastically different on a substrate with a certain peak
height (75 nm in our case).

5.4 Effect of peak area fraction

So far, the proposed explanations of observed friction behavior rely on the assumption that the
number of fibers in actual contact is the dominant factor in determining the macroscale friction.
To support this, counter-substrates were prepared with varied area fractions occupied by the peaks
of the features. This is achieved by plasma etching the spheres prior to silica evaporation of the
features, which increases the interstitial area between the spheres. The height of the peak is chosen
at 300 nm so that the fiber contact with the valley is unlikely, and therefore the peak area directly
corresponds to the local area available for intimate contact. The friction behavior is shown in
Figure 5.5 for 1 and 2 um fibers against substrates with varying peak areas while maintaining the
spacing and height constant at 8 um and 300 nm, respectively. The macroscale friction correlates
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Figure 5.5: Macroscale friction of nanofibrillar array against rough surfaces having different peak
area fraction for two fiber lengths, 1 and 2 um. Increase in peak area available for fiber contact
increases macroscale friction for both cases. The dotted lines are linear fits to respective data.

reasonably well with the peak area fraction for both lengths, supporting that the ability of the 1x1
cm? sample to adhere to the counter-surface is predominantly driven by the local area available for
fibers to contact. As the peak height is too large to adapt for fibers of either lengths, no apparent
advantage of long fibers is shown on these substrates.

5.5 Criteria for high friction performance on rough surface

Based on the friction tests of LDPE fibrillated surfaces against patterned counter-surfaces with
varying asperity peak spacing, height, and area, the macroscale friction behavior on rough surfaces
can be summarized with simple criteria with respect to those geometric parameters. On a nominally
flat substrate, most of the fibers can come into contact, and the nanoscale roughness can be
overcome by tip deformation (Figure 5.6-i). With introduction of surface roughness, fibrillar arrays
can maintain high macroscale friction (ii) until the roughness peak height reaches beyond the
bending compliance of the fibers, at which point friction drastically drops (iii). This effect is more
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Figure 5.6: Summary of observed behavior in fibrillar friction against patterned rough surfaces.
High friction is observed for nominally flat surface (i), when peak is sufficiently shallow and
spaced (ii), and with large peak area available for contact (vi). Increasing peak height (iii),
shortening fiber length (iv), and closing the gaps (v) lead to low friction.
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severe for shorter fibers due to higher stiffness (iv). Regardless of the peak height, poor friction
performance is observed as the distance between the peaks becomes smaller than the fiber diameter
and prevents penetration of fibers (v). Finally, it is confirmed that the local contact area
predominantly determines the macroscale friction behavior, as macroscale friction correlated well
with the peak area available for fiber contact (vi).

5.6 Summary

This chapter probed the friction behavior between fibrillar arrays and rough surfaces by
independently controlling several parameters important in characterizing a rough surface. While it
was evident that the real area in contact with the fibers determined the macroscale friction, high
friction was ensured on only the surface whose roughness features had lower height difference
than the vertical displacement allowed for individual fibers and had sufficient gap to allow
penetration of the fibers. Simple models pertaining to adhesion and bending mechanics of fibers
could be used to explain some of the observed behaviors. In spite of the 2 orders of magnitude
greater modulus of LDPE compared to PDMS used in previous roughness studies [100, 101], some
similarities can be seen in that friction performance can suffer from having surface roughness that
prevents proper fiber contact. However, due to using more regularly defined surfaces, we observe
a very distinct drop of an order of magnitude in friction that can be specifically attributed to various
dimensions of the asperity, as well as that of the fibers.

While the presented method provided a way to fabricate and characterize patterned rough
surfaces for testing gecko-like adhesive, real surfaces present more challenges as the asperities are
randomly distributed and often are hierarchical. Designing an adhesive surface as versatile as the
natural gecko pad would require incorporation of complex hierarchical fibers that would adapt to
a wide range of asperity sizes, density, and shapes. This study provides some insights on what the
important parameters are in designing such an adhesive, and may provide a useful guidance
especially in cases where the application is targeted towards a specific surface and the roughness
compatibility between the adhesive and the target surface is critical.
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Chapter 6

Fabrication of complex fiber designs

So far, we have examined various aspects of fibrillar friction using well-defined, vertically-
oriented cylindrical pillars. While the simple fiber geometry allows for application of simple
modelling and provides insights into fundamental aspects of GSA performance, its limitation was
clear in their failure to adhere strongly to rough or low-energy surfaces. This motivates more
complex fiber designs, some of which were covered in the introduction as part of the literature
survey. This chapter presents some alternative methods for fabrication of complex high-aspect-
ratio structures. Sections 6.1 and 6.2 are dedicated to controlling the morphology of SINW etched
by metal-assisted chemical etching. Significance of further examining the etching condition and
the resulting structure is two-fold: 1) it leads to better control over the template geometry for
subsequent molding into GSA, and 2) SiINW have attracted great interest due to their novel
physical and chemical properties and potential applications in nanoelectronics [102, 103],
optoelectronics [104], thermoelectronics [105], sensing [106], and renewable energy devices [107].
Section 6.1 focuses on the ratio of HF/H202 concentrations which affects the porosity, tapering,
and clumping of the SINWSs, as well as effects of introducing small amount of electrolyte to the
solution. Section 6.2 presents a method to induce unidirectional tilting and curving of SINW by
means of adding organic solvents to the etching bath.

Later sections provide new fabrication schemes for complex fiber designs. Hierarchical
structures are fabricated by a few different methods that place nanofibers on top of micro-sized
base pillars. Composite fibers are fabricated, where two different materials are used for the fiber
and the backing film. Finally, a method to precisely tune the tapering angle of micropillar is
presented. While most of these fabrication methods do not employ metal-assisted chemical etching,
they utilize other silicon etching and soft lithography techniques, and the methods may aid in the
future fabrication of even more complex fiber designs.



CHAPTER 6. FABRICATION OF COMPLEX FIBER DESIGNS o7

6.1 Controlling porosity, clumping, and tapering of SINWSs formed by
metal-assisted chemical etching

This section contains material from the following publication with permission from the
contributing authors: D. H. Lee, Y. Kim, G. S. Doerk, I. Laboriante, R. Maboudian. Strategies for
controlling Si nanowire formation during Au-assisted electroless etching. J. Mater. Chem. 2011,
21, 10359-10363. <http:/dx.doi.org/10.1039/C1IM11164G>. Reproduced by permission of The
Royal Society of Chemistry (RSC).

As briefly overviewed in Chapter 2, SINWs are formed by chemically etching silicon covered
by gold mesh film with regularly patterned holes. In this section we aim to examine several factors
that control the resulting morphology of SINW, in particular with respect to the porosity, clumping
and tapering of the SINWSs. The substrate preparation method is similar to that described in 2.1 -
2.3, and for simplicity the nanowire diameter and spacing are fixed at 400 nm and 1 pum, while the
length is varied by the duration of etching. We first explore the effect of HF/H20- ratio on the
SiINW morphology as the etching progresses. The clumping and porosification phenomena are
explained in terms of hole diffusion mechanism. A novel method to regulate these phenomena by
introducing electrolyte to the solution is presented.

6.1.1 Effect of HF/H20> ratio

Figures 6.1 and 6.2 show the structural changes in SINWSs with respect to the HF/H20- ratio
during the Au-assisted electroless etching. The ratio of etching constituents are noted by the
volume of HF/H202/H20. For example, 1.8/0.2/8.0 denotes an etching condition in which 1.8 mL
of HF, 0.2 mL H205, and 8.0 mL of deionized water are added for the total of approximately 10
mL of solution for a 1 x 1 cm? chip. At high HF/H.0- ratio (Figure 6.1), SiNWSs are etched
vertically, increasing in length as etching progresses. With lowering ratio, slightly tapered SINWs
are tip-clumped with large bending in Figures 6.1b and c, and even SiNWSs with low aspect ratios
are bent and collapsed toward the bottom gold surface with more tapering (Figure 6.2). Based on
the observed dependence of the NW morphologies on the relative ratio of HF and H20, the results
in Figures 1 and 2 are categorized into three different etching regimes — regime | for vertical
(Figure 1a), regime Il for hooked (Figure 1b, c), and regime Il for ground collapsed (Figure 2)
shapes, as summarized in Table 1.


http://dx.doi.org/10.1039/C1JM11164G
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Figure 6.1: Temporal evolution of SINWSs during electroless etching of Si(100) for different
HF/H.0; ratios. HF/H202/H,0 = (a) 1.8/0.2/8.0, (b) 1.5/0.5/8.0, and (c) 1.2/0.8/8.0. Each column
indicates the etching time — 10, 20, 30 min. While SiNWs grow vertically for low H>O>
concentration (Fig. 1a — regime 1), tip-clumped shape with large bending (hooked) SiNWs are
observed for higher H.O> concentration (Figs. 1 b, ¢ - regime I1). 45° tilt view, scale bar = 1 um.

Figure 6.2: SEM images of SiINWs with further increasing H2O> concentration (HF/H202/H20 =
0.9/1.1/8.0, etching time = (a) 5, (b) 10 min). Short, highly tapered SINWs are observed to collapse
toward the bottom surface (ground collapse, regime I11). Broken fibers are observed as indicated
by yellow dot circle (etching time = 10 min). The etched surface becomes unstable and

inhomogeneous with significant film dewetting after 20 min. 45° tilt view, scale bar = 1 um.
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Table 6.1: Compositions of etching solutions used in this study with volume in mL and molar
concentration in mol/L with a total volume of 10 mL for each 1 x 1 cm? chip.

Volume (molar conc.)

Regime OF ) Morphology
202
I 1.8 (5.0) 0.2 (0.2) vertical
15(4.1) 0.5 (0.6)
I hooked
12(33) | 08(0.9) 00Ke
i 0.9 (2.5) 1.1(1.2) ground-collapsed

6.1.2 Nano-porosity in SINWs

As seen in Figs. 6.1 and 6.2, SINWSs in regimes Il and 111 exhibit a large bending (approaching
a 90°angle at the bending point) that is far outside the bounds of the linear elastic regime as shown
elsewhere for SINW bending under mechanical load [108, 109]. If the strain due to bending is
expressed as r/Rc, with R¢ being the bending radius, the estimated strain value (> 10%) is much
larger than the maximum fracture strain of SINWSs (~1 — 2%) [108].

A recent paper has reported the increased porosity of SINWSs with large bending produced by
metal-assisted electroless etching [110]. The high surface area and low density of nanoporous Si
make it prone to faster ambient and wet chemical oxidation than single Si crystals, and hence
susceptible to subsequent HF attack. To examine the porosity in the hooked SiINWSs presented here,
these samples are immersed in HF solution after wet oxidation in aqua regia solution as shown in
Figure 6.3. Freshly etched SiNWs are predominantly unoxidized silicon, based on two facts: (1)
The surfaces of the freshly prepared SiNW arrays are hydrophobic (water contact angles on the
SINW array surfaces are often larger than 140° depending on the aspect ratio of the SINWSs) and
(2) negligible changes are observed for hooked SiNWs when immersed in HF solution right after
electroless etching (Figure 6.3b). However, sharp nano-cone structures are generated when the
hooked SiNWs are exposed to the highly oxidizing conditions of aqua regia treatment, followed
by HF treatment (Figure 6.3c). This indicates that hooked SiINWs possess a large degree of porosity
between the tip-end and bending point.

6.1.3 Visualization of hole diffusion effects

As shown in Figure 6.1b, ¢ and Figure 6.2, hooked and ground-collapsed SiNWs have tapered
shapes. A tapered shape with a decreasing diameter toward the tip is rationalized in terms of
increased side-wall etching with higher H202 concentration. Sidewall etching and formation of
tapered shapes in silicon nano- or micro-holes [111, 112] and SINWSs [113, 114] have been reported
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Figure 6.3: SEM images of SINWs immersed in HF solution (30 min) after wet oxidation in aqua-
regia solution (15 min) (45° tilt view, scale bar = 1 um). Initial structures right after electroless
etching are shown in (a) and (d) for hooked (preparation condition in Fig. 6.1b) and vertical
(preparation condition in Fig. 6.1a), respectively. This oxidation/etching procedure caused
removal of clumped SiNWSs from the bent part to tip-end resulting in the formation of Si nanocones
(c), while little change is observed for vertical SINWs (e). For comparison, clumped SiNWSs
immersed in HF solution without wet oxidation right after electroless etching process show
negligible change in SINW structure (b). This result strongly suggests that hooked SiNWs have a
nanoporous structure distributed between the bent part and the tip-end.
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previously, and explained by considering either partial dissolution of the metal [112-115] or
enhanced hole diffusion toward sidewall [111, 112] (injected by H20., reaction 2.1 and 2.2) away
from the narrow interfacial region in contact with the metal. Partial dissolution of Au seems less
probable in this study due to its relatively high redox potential as discussed in a previous report,
[112] and thus the tapered shape of SINWSs observed here is attributed mainly to the enhanced hole
diffusion toward the sidewall of SINWs under high H>O, concentration. It has been reported that
oxidative dissolution of Si in HF solution is accompanied by the formation of a nanoporous Si
structure, which is enhanced when more holes are injected into Si [110-112, 116-121]. This would
consequently lead to the tapering of SINWs after etching and dissolution of nano-porous region
[111, 112,122, 123].

For low H>O> concentration, most of injected holes are consumed by Si dissolution at Au/Si
interface, giving rise to the vertical shape (regime ). Increasing H20-, that is, increasing the hole
injection, can induce deviated diffusion of unconsumed holes at Au/Si interface toward the
sidewall, which results in the tapered shape by significant etching of porous sidewall (regime I1).
Further increasing H>O> concentration causes more significant development of porous sidewall
relative to vertical etching, which gives shorter SINWs with more tapering. This eventually
becomes ground-collapsed (regime I11). Details on how the porous NWs is bent are still unknown
and remain an open question.

To further highlight the effect of hole diffusion towards the sidewalls, we explored ways to
visualize it by changing the etching regime in a serial fashion during the synthesis process. A
simple strategy is designed as follows: (i) preparation of vertical SINWs from regime I, and (ii)
exposure to electroless etching in regime Il where significant tapering is typically observed. If
isotropic etching or Au dissolution is dominant, a similar structure (vertical shape) with a smaller
diameter should be observed (case A in Figure 6.4a). On the other hand, if sidewall etching due to
lateral hole diffusion is dominant over isotropic etching in regime Il1, neck formation around a
height corresponding approximately to the hole diffusion length scale should be observed (case B
in Figure 6.4a). This idea was tested using larger diameter (~600 nm) SiNWs (Figure 6.4b) to
magnify the effect. As shown in Figure 6.4c, baseball bat-shaped SiNWs are generated with a
significant amount of neck formation. This strongly highlights the role of hole diffusion for
solutions with high H>O2 concentrations during the electroless etching process, and shows that it
is concentrated at the Au/Si interface with a limited diffusion length scale. A more realistic
situation would be the case where the hole diffusion toward sidewall is dominant with some
contribution from isotropic etching. Beyond the fundamental importance in gaining a more
complete understanding of the metal-assisted electroless etching process for Si nanostructure
formation, the practical implication of this experiment is that various Si nano-architectures may
be fabricated with a proper understanding of the etching mechanism.

6.1.4 Regulating etching rate and clumping by electrolytes

As previously discussed, Au is more electronegative than Si, so the silicon beneath Au becomes
more positively charged during the etching process. It may be expected that catalytic effect of Au
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Figure 6.4: (a) Schematic illustration of the effect of transitioning from regime (1) to (I11) during
etching. As illustrated, if isotropic etching is dominant, neck formation would not be observed (A).
If significant sidewall hole diffusion occurs with a length scale of ~h, NWs with neck formation
would be observed as in (B). The results are shown in the SEM images — (b) vertical SINWs (~600
nm diameter, grown in regime | (HF/H202/H20 (time) = 1.8/0.2/8.0 (20 min)), and (c) SINWs with
neck formation prepared by immersing (b) into etching solution with high H2O2 concentration
(regime 111, HF/H202/H20 (time) = 0.9/1.1/8.0 (5 min)), which highlights the role of hole diffusion
near the Si/Au interface.
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would be significantly altered with the addition of electrolytes due to screening by counterions. To
test this idea, a small amount of common electrolytes was added to the etching solution (regime ).
As shown in Figure 6.5a and b, a substantial decrease in the etch rate was observed — e.g., from
~10 um/hr (without an electrolyte) to ~2 pm/hr by adding 10 mM of NaCl. As shown in Fig. 6.5¢
and d, the etch rate further decreases with higher NaCl concentration, and other electrolytes such
as KCl and CaCl; have a similar effect on the etch rate depending the total ion concentration. These
findings strongly support the above hypothesis that the Au surface is effectively screened by
counterions from excess electrolyte, which then leads to diminished hole current density at the
AU/Si interface. This result is an important finding that common electrolytes can be used as a
retardant for metal-assisted electroless etching.

To further study the effect of added electrolyte on SiNWs morphologies, a small amount of
NaCl was added to the etching solutions which correspond to bent and clumped shape. Figures
6.6a and b show SiNWs structures obtained by adding 10 mM NacCl into the etching solution used
in Figure 6.1b and c, i.e., HF/H202/H,O = 1.5/0.5/8.0 and 1.2/0.8/8.0, respectively. Striking
morphological difference is observed: vertical NWs with more tapered shape are formed instead
of the hooked shape previously observed in the absence of NaCl. Note that the SINWs in Fig. 6.6
are shorter than those in Fig. 1 under the same etch time, indicating that the etching rate decreases
in NaCl-containing solution. As discussed earlier, under the etching solution of regime Il and IlI,
the porous regions generated by hole diffusion is formed, giving rise to a tapered shape after
sidewall etching. Thus, more tapered shape with shorter length in Fig. 6 can be understood by
greater contribution from porous sidewall etching when the reaction time is extended at a slower
rate in the presence of electrolyte ions in solution. Under these conditions, SINWs tend to be less
porous and would not be subjected to clumping, and in extreme cases, long, spear-like structure
are produced as shown in Fig. 6.6c.

6.1.5 Summary

Dramatic changes in SINW morphology was demonstrated depending on the HF/H2O: ratio.
The hooked SiNWs with large bending beyond linear elastic deformation possessed a nano-porous
structure distributed from the bending region to the tip-end during the etching process. This
phenomenon was dominated by the relative amount of H.O> to HF, so that increasing H.O> was
accompanied with more bending and tapering, eventually leading to the ground collapse of short,
highly tapered SiNWSs. These structural transformations were attributed to the enhanced hole
diffusion towards SiNW sidewalls during the electroless etching process, which was made more
evident by the observation of the neck formation when transitioning to different etching regime
during the SINW formation. A method was demonstrated for the conversion of hooked SiINWs
into sharp nanocone structures by simple oxidation and etching. Furthermore, SINW tip-clumping
could be regulated by adding a small amount of NaCl, which is attributed to a reduced metal-
assisted etch rate resulting from electric screening of the charged Au surfaces. Common electrolyte
can also be used as a retardant for the metal-assisted electroless etching.
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Figure 6.5: SEM images of SiNWSs prepared with etching solutions of HF/H202/H20 (time) =
1.8/0.2/8.0 (40 min, regime I) — (a) without NaCl, and (b) with NaCl (10 mM) (45¢° tilt view, scale
bar =2 um). SINW lengths were plotted against the etching time for different NaCl concentrations

(c), and for different electrolytes (d).
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Figure 6.6: SEM images of SiNWs prepared with NaCl-loaded (10 mM) etching solutions of
HF/H202/H20 (time) = (a) 1.2/0.8/8.0 (10 min) and (b) 1.5/0.5/8.0 (30 min). The SiNWs are
unclumped and tapered unlike the hooked structures observed without NaCl. (c) Extended etch
time of 60 min with etch solution in (b) results in a long, spear-like nanostructure (45° tilt view,

scale bar =1 pum).
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6.2 Controlling directionality and curvature of SINWs by addition of
co-solvant

This section contains material from the following publication with permission from the
contributing authors: Y. Kim, A. Tsao, D. H. Lee, R. Maboudian. Solvent-induced formation of
unidirectionally curved and tilted Si nanowires during metal-assisted chemical etching. J. Mater.
Chem. C 2013, 1, 220-224. <http://dx.doi.org/10.1039/C2TC00041E>. Reproduced by permission
of The Royal Society of Chemistry (RSC).

In metal-assisted chemical etching, the reaction bath often contains wetting agent or co-solvent
(usually methanol or ethanol) as a practical means to improve the overall etching uniformity of the
samples. While the ratio of HF to the oxidizing agent is known to dramatically affect the porosity
and the crystallographic direction of the SINWSs [73], the effect of wetting agent in the resulting
morphology of SINW formed by metal-assisted chemical etching has received limited attention
[124, 125]. Chiappini et al. [124] has reported that the inclusion of ethanol with HF and H20;
slows down the etching rate and affects the porosity of the resulting morphology. The Si(100)
substrates etched with Ag nanoparticles obtained by electroless deposition formed solid or porous
vertically-aligned SiNWSs, in some cases on top of a porous silicon layer, depending on the
concentration of ethanol and resistivity of the starting wafer. In a study of pore formation by Si
etching in HF/H20./ethanol mixture using thin Au film as the metal catalyst, Chen et al. [125]
observed that the etching rate is significantly decreased with increasing amount of ethanol.

This section examines the effect of the concentration and the type of co-solvent on the
morphology of SINWSs formed via colloidal lithography and metal-assisted chemical etching. The
study expands the concentration range of the conventional wetting agents (hamely methanol and
ethanol), and also examines other solvents such as 2-propanol and acetonitrile whose effects have
not been specifically studied in metal-assisted chemical etching of Si. It is shown that inclusion of
co-solvent can influence the etching direction as well as the etching rate, resulting in the formation
of non-vertical SINWs. In addition, the fabrication of unidirectionally slanted or curved SINW
array over a large area (on the order of 50 cm?) is demonstrated, with control over the curvature of
the wires to produce SiNW arrays that are either tilted or curved in the same direction. Such non-
vertical arrays have shown to present some advantages over the typical vertically-aligned SiNWs,
for example in improved electrode contact with excellent anti-reflective properties for solar cells
[126]. The current methods for fabricating slanted SiNWs generally rely on the HF/oxidant ratio
of the etching bath [116, 127, 128] or the orientation of the starting wafer [126, 129, 130, 131]. As
such, this study presents a simple alternative to fabricate unidirectionally-aligned SiNW, either
slanted straight or curved, only by controlling the amount of co-solvent added in the etching bath.

6.2.1 Co-solvent and directionality of SINWs

The SiNWs in this section is 400 nm in diameter, 500 nm in center-to-center spacing, and varies
in length depending on the etching condition and duration. They are fabricated in the similar
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manner as explained previously, and an additional amount of various organic solvent is added to
the etching bath prior to etching. As such, the bath contains HF (48%, EMD), H.O2 (35%, Fisher
Scientific), DI water (18 MQ), and an additional solvent (methanol, ethanol, 2-propanol, or
acetonitrile, Fisher Scientific). For a 5 x 5 mm? chip, the total volume of solution is 10 mL. The
amount of HF and oxidant (H20) are fixed at 2 and 1 mL, respectively, while the ratio of water
and co-solvent are varied. From here on, we denote the volume composition as the ratio HF : H20- :
water : co-solvent.

Figure 6.7a shows a representative scanning electron micrograph (SEM) of Si(100) substrate
exposed to etching bath containing only HF, H202, and water (i.e., HF : H20> : water:co-solvent
volume ratio of 2 : 1 : 7 : 0) for 10 min. Under this etching condition, highly clumped SiNWs are
observed. Such morphology coincides with increased porosity of the SINWSs at high concentrations
of H20> relative to HF. As discussed above, under these conditions the excessive amount of holes
injected into Si by the oxidizing agent can diffuse to the sidewalls of the SINWs and create nano-
porous portion of wires that can clump. Nonetheless, the etching direction is vertical with respect
to the substrate, as can be seen from the unclumped base of the wires and the fact that the porous
top sections are bent to form groups with no particular orientation or alignment.

Upon a significant addition of methanol at concentrations higher than the ratio HF : H2O»> :
water : methanol =2 : 1 : 4 : 3, formation of some non-vertical wires is observed, as shown in
Figure 6.7b (2:1:2: 5ratio is given as a representative condition at 20 min of etching). Clumping
is also no longer observed, suggesting that the porosity has been reduced even though the ratio of
H20> to HF is constant. Finally, a drastic reduction in the etch rate can be seen in comparing Figure
6.7aand b, i.e., while they are similar in length (~6 um), the case without the co-solvent took only
half the time in the etching bath. Addition of ethanol also results in non-vertical wires, although
the amount required to induce the formation is found to be less (2 : 1: 6 : 1).

Previous reports in the literature regarding the formation of slanted SiNWs are rather conflicting.
While many studies [126, 129, 130, 132, 133] report <100> is the favored etching direction (which
would suggest that non-vertical SINWs only form on wafers with orientation other than (100)),
preferential etching towards other directions has also been reported on Si(100) substrate [116, 127].
Some have reported the etching simply follows the orientation of the starting wafer, always
resulting in the vertical etching direction [134, 135]. Other factors, such as the etching rate [127],
the geometry of the catalyst pattern [113], and diffusion rate of the reactants [136], have also shown
to be critical parameters in etching direction, further complicating the prediction of resulting
directionality of the SINWSs in metal-assisted chemical etching.

Nevertheless, consistent with the studies on ethanol-containing etching bath by Chiappini et al.
[124] and Chen et al. [125], the overall etching rate decreased with the increased concentration of
the co-solvent. As co-solvents typically have low surface tension, it is likely that locally at the
reaction sites, co-solvents are preferably wetted and limit the availability of reaction species HF
and H2Og, resulting in slower etching rates. It may be speculated that while the <100> direction is
often observed to be the preferred etching direction since the number of Si back-bonds that have
to be broken is the lowest [137], significant reduction of the etching rate may suppress the



CHAPTER 6. FABRICATION OF COMPLEX FIBER DESIGNS 68

Figure 6.7: Scanning electron micrograph of SINWs etched in solutions composed by volume of
a) HF : H202 : water =2 : 1: 7 for 10 min and b) HF : H20> : water : methanol =2 :1:2:5 for
20 min. With the addition of wetting agent, non-vertical wire formation is observed. Both scale
bars =2 um.
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vertical etching and allow etching towards other major crystallographic directions or some vector
combination of them. In fact, Chern et al. [116], in a study that correlated the HF to H2O- ratio to
SINW orientation resulting from Ag-assisted etching, has suggested that higher relative
concentration of HF can allow etching in directions other than <100>, as HF becomes more readily
available to remove the oxidized Si. Similar phenomenon may occur for our case if H2O2 is more
severely shielded from reaction sites by co-solvent than HF is, possibly due to the higher surface
tension of H>O», effectively increasing the HF to H2O: ratio locally. Lower local concentration of
H202 may then explain the reduction of SINW porosity (due to reduced density of injected holes),
non-vertical etching (due to higher HF/H20: ratio), and reduced etching rate (due to overall
decreased availability of reactants). Finally, another possible mechanism for non-vertical etching
may be electrophoresis, in which the self-induced field across the metal during the etching
motivates the movement of the catalyst pattern [131]. This mechanism has been suggested to
explain 3-D etching of Si, where metal particles moved in various directions during etching
depending on their shapes and sizes [121, 138]. However, the nature of such forces acting on the
catalyst particle during metal-assisted etching is not well known, and it is uncertain whether it
contributes significantly to our system.

6.2.2 Etching uniformity and SINW curvature

While incorporating methanol and ethanol induced formation of non-vertical wires, the etching
uniformity of SINW morphology over large-area (for the ~5 x 5 mm? sample) was poor for these
two systems. The substrates etched with methanol show a mixture of vertical and non-vertical
wires, while the domain size (corresponding to the length-scale of regions containing SINWs
leaning in the same direction) remains very small (several micrometers to tens of micrometers) for
those etched in ethanol. Upon substituting with 2-propanol, the formation of non-vertical SINWs
is again observed, but with a remarkable improvement in the domain size and uniformity.
Specifically, a small addition of 2-propanol (2: 1:6: 1, Figure 6.8a) produces curved SiNWSs that
are unidirectional over a large area (in the range of several millimeters to centimeters for larger
samples). Increasing the concentration of the co-solvent reduces the curvature, producing almost
straight, tilted SINWSs (Figure 6.8b), while preserving the large domain size. It is noteworthy that
such a simple approach in varying the type and concentration of an additional solvent in metal-
assisted chemical etching not only yields a highly ordered SiNW array that is unidirectional over
a large area, but also afford control over the curvature of the resulting wires.

Using acetonitrile as the co-solvant yields similar unidirectionality over a large area, however
with more severe curvature (as shown in Figure 6.8c) over a large variation in concentration (2 :
1:5:2-2:1:2:5). Thus, by simply selecting between the two solvents, 2-propanol and
acetonitrile, consistent fabrication of unidirectionally angled, either with or without high curvature,
could be achieved over large areas.
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Figure 6.8: SEM images of SiINWs etched for 20 min in HF : H2O- : water : co-solvent a) 2-
propanol 2:1:6:1mL,b)2-propanol 2:1:5: 2, and c) acetonitrile 2 : 1 : 5: 2. Unidirectional
SiNWs that are curved or tilted can be fabricated by controlling the type and concentration of
additional co-solvent. All scale bars =2 um.
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To look more closely into the etching process that leads up to the curved or tilted SINWSs,
selected conditions (2 : 1: 5: 2 acetonitrile for curved and 2 : 1 : 5: 2 2-propanol for tilted SINWS)
are observed at various etch times. For the curved SiNWs, formation appears to start with etching
at a relatively steep angle with respect to the substrate (Figure 6.9a at 5 min of etching), and
gradually becomes more vertical (Figure 6.9b and c at 10 and 15 min, respectively), resulting in
the observed curvature of the SINWSs (Figure 6.9d at 20 min). For tilted SiNWs, the earlier stages
show straight slanted NW formation (Figure 6.9e and f at 5 and 10 min of etching, respectively),
as is expected. The varying wire curvature suggests that the inclusion of additional solvent may
affect the diffusion and the solubility of species in the narrow regions between the nanowires. As
the etching progresses and the etch depth increases, it is possible that the solvent molecules have
limited penetration, resulting in a more vertical etching. Adding excess co-solvent may minimize
this effect as observed for 2-propanol in going from the ratio 2 : 1: 6 : 1 (Figure 6.8a) to 2:1:5:2
(Figure 6.8b). However, for acetonitrile, which has higher surface tension (y ~ 29 mJ/m?) than 2-
propanol (y ~ 22 mJ/m?), even an excess amount at the ratio of 2 : 1 : 0 : 7 produced curvature,
suggesting that the wettability of solvents may be an important factor in the local composition of
the etching bath. In attempt to reduce the possible non-uniform dispersion of chemical species,
one case that produced unidirectionally curved SINW (2 : 1 : 6 : 1 2-propanol) was repeated with
vigorous stirring of the etching bath during the SINW formation. This resulted in elimination of
the curvature, producing wires similar to shown in Figure 6.8b showing that diffusion may play a
critical role in determining the curvature of the etching SINWSs. At this point, however, the exact
origin and mechanism of solvent-induced directional etching, curvature, and uniformity remain
speculative and highlight the complexity and yet striking features of metal-assisted etching of
silicon.

6.2.3 Summary

The results presented offer a practical solution for large area fabrication of unidirectionally
curved or tilted SINWSs. In some cases (e.g., addition of 2-propanol at the concentration of 2 : 1 :
4 : 3), the NWs could be fabricated to tilt the same direction across a large portion (> 1/2) of a 4-
inch Si wafer, showing promise for an easy scale-up of the process. The size of the substrate or the
bath did not seem to significantly affect the observations given above. Other factors, such as the
wafer resistivity and orientation, could dramatically affect the resulting morphology. In summary,
a simple approach was presented for fabricating and controlling the morphology of
unidirectionally curved or tilted SiINWs via metal-assisted chemical etching. By inclusion of
various co-solvants, formation of aligned NWs with control over the curvature and interesting
morphologies could be observed over a large area. As unique electronic, thermal, and optical
properties of SINWSs, in particular angled SiNWs, are elucidated and more applications found, this
approach will prove useful in their fabrication. Various SiNW geometry obtained in Section 6.1
and 6.2 should also prove useful as templates for further processing into GSAs, and the effect of
complex geometrical parameters, such as tilting angle, curvature, and tapering of polymer
nanofibers can potentially be studied to provide additional insights into fibrillar interface.
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Figure 6.9: (Top two rows) SEM images of curved SiNWs formed in 2 : 1 : 5 : 2 acetonitrile after
(@) 5, (b) 10, (c) 15, and (d) 20 min of etching. Gradual change in etching direction is observed.
(Bottom row) Images of tilted SINWs formed in 2 : 1 : 5: 2 2-propanol taken after (e) 3 and (f) 5
min of etching. The wires are straight from the initial stages of formation. All scale bars =2 um.
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6.3 Fabrication of hierarchical structure

As introduced in chapter 1, gecko foot-hairs are hierarchical in design, ranging from milli- to
nano-meter scale. The hierarchical design allows adaptation to various levels of roughness found
in nature’s surfaces [7]. We have seen the limitation of single-level nanofibrillar adhesive, in
particular with respect to the clumping behavior that curtails the performance beyond a certain
aspect ratio. In order to allow the fiber elements a larger range of displacement, nanofibers can be
placed on top of micropillars that can appropriately adjust to larger sized asperities. Such designs
are faced with additional fabrication challenges, although recent studies have demonstrated various
methods of fabrication [29, 49-56, 58, 59]. Here, a few alternative methods of hierarchical silicon
template are presented, where the methods extend on the SiNW fabrication by metal-assisted
chemical etching. After explaining the fabrication process of the templates, thermoplastic molding
on the templates and friction testing results are presented.

6.3.1 Hierarchical silicon micro-/nanowires by double patterning of metal
catalysts

As colloidal lithography can cover a large range of pattern size (few tens of nanometers to tens
of microns), the most intuitive way to fabricate hierarchical structure using metal-assisted chemical
etching is to simply pattern and etch micropillars first, followed by another patterning and etching
of nanofibers (Figure 6.10a). This method, however, has a critical problem that the tips of the
micropillars are damaged during etching due to hole diffusion (the mechanism was discussed in
detail in section 6.1). As a result, the interface between catalyst and silicon is not well defined for
the second patterning step, and the final etched structure is a roughened silicon surface, rather than
a regular pattern of nano- and micro-wire array. The order of patterning can be reversed (Figure
6.10Db), but the silicon-catalyst interface is again ill-defined. As an alternative approach, the two
catalyst patterning steps can be combined into one step, as shown in Figure 6.10c. The key here is
to have two different catalyst metals for the two patterns, which can be selectively removed. Both
the nano- and micro-patterns are etched first, then the catalyst metal for the nano-pattern is
selectively removed. The remaining micro-pattern can be further etched to produce a hierarchical
silicon wire array. In this case, silver is chosen as the nano-pattern catalyst, and gold is used for
the micro-pattern. Silver can easily be removed by nitric acid, which has little effect on gold. An
example of silicon structure fabricated by this method is shown in Figure 6.11.

While this method is potentially viable for producing templates for a hierarchical GSA, there
are several limitations. The adhesion between the micro-patterned catalyst and silicon seems to be
much weaker than that between nano-pattern and silicon. This is true even when the same catalyst
material is chosen for both, although the reason is unclear. As a consequence, much of the catalyst
layer is delaminated during either the sonication step for the sphere removal or the etching step. A
relatively well-defined structure as shown in Figure 6.11 is found in only a small region of the
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Figure 6.10: Three approaches for applying colloidal patterning and metal-assisted chemical
etching of Si to produce hierarchical micropillar and nanowire array. (a) Micropillars are first
etched followed by patterning and etching on top of the pillars. (b) Nanowires are first etched,
followed by patterning and etching of micro-pillars. (c) Nanoscale colloidal patterning is done on
top of microscale patterns, using two different catalysts. Nanowires are etched, and the nanoscale
catalyst pattern is selectively removed. The remaining micropatterned catalyst is further etched.
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Figure 6.11: An example of hierarchical silicon structure etched by method (c) in Figure 6.10.
Scale bar =2 um.

entire sample. In addition, the silver removal step using nitric acid may create an unwanted silicon
oxide layer between the silicon and the remaining catalyst, which can prevent etching of the
underlying silicon. Even when etching begins properly in some limited region, it is observed to
slow down and stop at some point, suggesting that metal-assisted chemical etching of features
much larger than a few microns may not be appropriate.

6.3.2 Hierarchical base microstructures by deep reactive ion etching

The experimental observations above indicates that more viable method for etching micro-
structures should be investigated. To this end, more conventional photolithographic patterning and
subsequent Bosch process for plasma etching of silicon is potentially more appropriate. Because
photomask patterned by e-beam can be costly, we use a cost-effective alternative in which
chromium is evaporated onto a blank photomask through a plastic mesh (McMaster-Carr) whose
square holes are 10 um in width (Figure 6.12a). A positive photoresist (Fujifilm, OCG 825) is
spin-coated on a silicon wafer, and an exposure through the photomask followed by development
leaves an array of photoresist squares. UV-light baking hardens the photoresist for increased
resistance against the subsequent plasma etching. In Bosch process, the wafer is exposed to an
alternating pulse of SFs and CaFs, which etches and passivates (by fluorinated layer) the surface,
respectively, in a few second cycles. The resulting etching is nearly vertical, and high aspect ratio
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Figure 6.12: (a) Fabrication of square micropillars by photolithography and deep reactive ion
etching. A blank photomask is patterned by evaporating chromium through a plastic mesh film.
Exposure and development of photoresist is followed by plasma etching by alternating SFe and
C4Fs gases. (b) A representative SEM image of the result. Scale bar = 10 um.
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is obtainable (Figure 6.12b). The remaining photoresist and passivating fluorinated layer can be
easily removed by oxygen plasma.

Unlike metal-assisted chemical etching, this dry etching method leaves the top surface
undamaged, which allows any patterning on top of the pillars to be well-defined. As such, SINWs
can be etched on top of the pillars following the same method used for single-level SINW
fabrication. A representative SEM image of fabricated hierarchical silicon structure is shown in
Figure 6.13. Uniformity over entire 1 x 1 cm? chip is much improved over the previous method.
The spacing, diameter, and length of the nanowires can be controlled by the size of the deposited
spheres, plasma etching time for size reduction, and the chemical etching duration. The spacing
and width of the micropillars can be controlled by choosing appropriate plastic mesh grades, which
is available commercially over a wide rage. The length of the pillars depends on the duration of
the DRIE. With independent control over the geometric parameters, the optimization for maximal
friction is possible, but likely be a cumbersome task. As a preliminary test to determine whether
this method provides a usable template for molding GSA, and to possibly compare friction test
result to that of single-level fiber array, a few sets of geometrical parameters have been chosen.
The pillar width, length, and center-to-center distance are fixed at 10 um, 30 um, and 20 um,
respectively. Nanofiber demensions are 800 nm in diameter, 1 um in center-to-center distance, and
1-4 um in length. The templates are replicated into LDPE by the same method used for the single-
level fibers.

Friction test result (against smooth glass, measured by the procedure described in Section 2.5)
in Figure 6.13a shows that compared to single level fiber array over similar range of length, friction
is much reduced for the hierarchical structure, although there is a similar increase in length as
fibers become longer. This reduction in performance is expected against smooth glass, since
introducing the micro-level structure effectively reduced the number of contacting elements. Close
examination of the structure after friction testing also reveals that the contact is limited to the edge
of the pillar, where the nanofibers are observed to have plastically deformed and collapsed due to
concentrated stress (Figure 6.13b). The limited contact zone may have further reduced the
performance of the adhesive. To test whether the micropillars provide any benefit to the
performance of the adhesive, tests on rough surfaces would be needed to determine if hierarchical
structure shows improvement in adaptability. Nonetheless, the friction result shows that moderate
friction values can be obtained with the hierarchical structure molded from template fabricated by
combination of DRIE and metal-assisted chemical etching of silicon.
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Figure 6.13: (a) Friction of LDPE hierarchical fibers (1 x 1 cm? patch). The pillar width, length,
and center-to-center distance are fixed at 10 um, 30 um, and 20 um, respectively. Nanofiber
demensions are 800 nm in diameter, 1 um in center-to-center distance, and 1 — 4 pm in length.
Compared with the single-level nanofiber with similar dimensions, the hierarchical structure
shows a similar trend but low friction overall due to reduced number of fibers. (b) SEM image
after friction testing reveals that the contact has been concentrated to one edge of the pillar. Scale
bar =2 um.
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6.4 Fabrication of composite structure

As previously mentioned, the contacting region of the LDPE adhesive sample is limited due to
the non-planarity of the film. This section explores one possible solution to this problem, which is
embedding individual LDPE fibers in a softer elastomer backing. Such composite structure has
potential to better adapt to a large scale roughness or non-planarity of the counter-surface, and
easier integration into applications like gecko-inspired climbing robots that currently use elastomer
GSA s for the adhesive feet [18-24, 26]. More rigid LDPE fiber elements can potentially provide
better resistance against contamination and attachment and detachment mechanism more similar
to natural geckos, whose foot-hair material is more similar in stiffness to thermoplastics than soft
elastomers [17]. This section provides two methods to fabricate composite GSAs combining
various lithographic techniques for both silicon and soft materials.

6.4.1 Composite structure by utilizing polycarbonate filter

The process overview for the 1st method is shown in Figure 6.14a. A commercially available
polycarbonate filter with 5 um circular holes (EMD Millipore) is attached to a cured PDMS film
(Dow Corning Sylgard 184), and CF4 plasma (Plasma-Therm PK-12 RIE, 200 W, 80 SCCM, 30
min) etches away PDMS in spots exposed by the filter holes. A 10 um LDPE film (The Glad
Products Co.) is melted onto the substrate at 160 °C, and the top layer of LDPE is removed by
oxygen plasma (Plasma-Therm PK-12 RIE, 80 W, 100 SCCM, 30 min). Another layer of PDMS
is cured on top of the substrate, and the original PDMS film is peeled away, leaving LDPE pillars
embedded in the second PDMS layer. An SEM image of the resulting structure is shown in Figure
6.14b. The distribution of pillars are quite random due to the random distribution of the holes in
the filter. Also, because PDMS etching in CF4 is slow and limited in anisotropy, the aspect ratio is
obtainable is low. To confirm that the fabricated structure is LDPE/PDMS (fiber/backing)
composite, the sample is heated in oven to 160 °C (temperature at which LDPE melts, but with no
effect on PDMS), which evidently melts only the fibers (Figure 6.14c). A preliminary friction
result using pillars with tip diameter of 7 um, length of 20 pm, and number density of 330000 per
cm? shows only a small friction at 0.3 N. While satisfactory as a proof-of-concept, this fabrication
process must further be optimized to produce higher aspect ratio structures with higher number
density in order to bring the performance up to a reasonable level.

6.4.2 Composite structure with photolithography

An alternative approach is summarized in Figure 6.15a. The method uses the same DRIE
technique explained earlier for etching the micropillar base, but the pattern is inversed. Rather than
evaporating chromium through the plastic mesh onto photomask, the plastic mesh itself is used as
the photomask pattern by taping the mesh directly onto a blank photomask. Chromium is still
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Figure 6.14: (a) Process overview of fabricating an LDPE/PDMS composite structure using a
carbonate filter. PDMS is etched in spots exposed by the filter, and an LDPE film is melted on top.
The LDPE layer is partially etched by oxygen plasma, and the filter is dissolved away. A second
PDMS layer is cured and the original PDMS layer is peeled away. Representative SEM images of
the structure after fabrication (b) and after melting the LDPE fibers (c). Scale bars = 10 um.
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Figure 6.15: (a) Fabrication overview of an LDPE/PDMS composite structure using a silicon
template obtained by photolithography. LDPE is melted onto an array of square holes, and the
backing layer is etched away by oxygen plasma. Silicon etching by SF6 partially exposes the LDPE
fibers, which can be embedded in PDMS. The Si template is dissolved away. (b) An optimal
microscope image showing the LDPE micropillars embedded in PDMS.
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evaporated on top of the plastic mesh in order to ensure that the material is opaque for the light
used for the photoresist exposure. A positive photoresist (Fujifilm, OCG 825) is spin-coated onto
a silicon wafer, and exposure and development produces an array of square holes in the photoresist
film. A 10 um is again molded onto the template, and the top layer is removed by oxygen plasma.
The LDPE pillars are partly exposed by etching away some of the silicon template away by SFs +
O2 plasma. PDMS is cured on top of the substrate, and the silicon template is etched away in HNA
solution to leave behind LDPE pillars in PDMS (Figure 6.15b). While the product is a much better
defined array of micropillars than the first method, friction testing showed negligible adhesive
strength, which suggests further improvement, e.g., higher aspect ratio, is required.

6.5 Fabrication of tapered micropillars

This section is reproduced with permission from: Y. Kim, Y. Chung, A. Tsao, R. Maboudian.
Tuning Micropillar Tapering for Optimal Friction Performance of Thermoplastic Gecko-inspired
Adhesive. ACS Appl. Mater. Interfaces 2014 <http://pubs.acs.org/articlesonrequest/AOR-
6gwZVypq8JfAc2twju78>. Copyright 2014 American Chemical Society.

One geometric aspect of GSAs that has not received much attention in the literature is the
sidewall tapering of the fibers. While some wedge-shaped structures have been fabricated and
tested for adhesive property [139, 140], the effect of the sidewall taper has not been studied in
detail. Tuning the tapering angle of synthetic gecko adhesive could be useful for optimizing
adhesion and friction performance of such adhesive, as well as for exploring varied contact
mechanisms dependent on the shape of the structure.

To this end, this section introduces a simple technique for precise control over sidewall tapering
of silicon micropillars. A combination of deep reactive ion etching and chemical etching produces
high aspect ratio silicon pillars with tunable tapering angle, depending on the chemical etching
bath composition and the etching duration. A subsequent molding process replicates the structures
in LDPE, and the frictional behavior is studied and related to the pillar geometry. It is shown that
the tapering angle can dramatically affect the contact mechanism of pillars and the friction
performance of the array, as a result of change in pillar compliance and the available contact area.
Contact deformation of pillars are imaged after friction testing by SEM, and the observed contact
behavior is compared with simple finite element models.

6.5.1 Fabrication procedure

An array of micropillars are first defined by the same DRIE method presented in 6.3.2 (Figure
6.16 i — iii). The pillars are then submerged in a silicon etch bath (iv) consisting of hydrofluoric
acid (EMD, 48%), nitric acid (EMD, 70%), and acetic acid (EMD, 99.7%). Even without any
chemical etch mask, the resulting pillar shape could be controlled simply by diluting the etching
bath by deionized water. The acids are first mixed in volume ratio of 4 : 3 : 3 hydrofluoric : nitric :
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Figure 6.16: Process overview for synthesis of tapered silicon pillar templates and their replication
into LDPE thermoplastic, consisting of (i) photoresist patterning, (ii) deep reactive ion etching,
(iii) photoresist removal, (iv) HNA etching, (v) polycarbonate film molding, (vi) intermediate
template peel-off, (vii) LDPE film molding, and (viii) dissolution of the intermediate template in

a methylene chloride bath.
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acetic acid (HNA). Each chip is exposed to 5 mL of the HNA solution diluted by additional amount
of water (in the range from 0 to 1 mL). When the chip is submerged in the bath, the reaction
proceeds to etch away the pillars from the sides and the top, producing various angles of tapering
and aspect ratios depending on the amount of dilution and the duration of etching. For most cases,
the etching is fast, with the time staying under 1 minute. The resulting array of silicon pillars are
replicated into thermoplastic by a two-step molding process. To facilitate peel-off, each silicon
template is first coated with a self-assembled monolayer by reaction with octadecyltrichlorosilane
in toluene (as described in Section 2.4). Polycarbonate film (McMaster-Carr, 100 um thick) is
melted onto the silicon template in a vacuum oven at 300 °C for 1.5 hr (v), and the film is peeled-
off after cooling (vi). When clean peel-off is not possible, the template is etched away with
undiluted HNA. The intermediate polycarbonate template is used for molding low-density
polyethylene film (McMaster-Carr, 100 um) at 160 °C for 1 hr (vii), and the polycarbonate is
dissolved away in methylene chloride bath (viii).

6.5.2 Fabricated silicon templates

Before any chemical etching, square pillars obtained by DRIE show no tapering (inset of Figure
6.17a). Side width and height are 10 and 30 pum, respectively, and the spacing between the pillars
is 10 um, corresponding to 250,000 pillar elements in a 1 x 1 cm? area. The square pillars become
tapered by exposure to silicon etchant containing hydrofluoric, nitric, and acetic acids. This is an
electrochemical reaction in which silicon is oxidized and subsequently dissolved by hydrofluoric
acid with corresponding reduction of nitric acid [141], resulting in an isotropic etching of silicon
in contact with the solution. Acetic acid is a commonly added to this process for moderating the
reaction rate [142]. For this study, we have fixed the etchant ratio at HNA =4 : 3 : 3 by volume,
and various amount of deionized water is added for further control over the etched structure. The
SEM images in Figure 6.17b — e. show silicon templates after HNA etching at various dilutions.
After only a few seconds of etching in undiluted HNA solution (in 5 mL of HNA for each 1 x 1
cm? chip), pillars are severely tapered (Figure 6.17b). Slight dilution by water (5 mL HNA to 0.5
mL water, abbreviated as 5/0.5 from here on) results in pillars with less severe tapering (Figure
6.17c). Etching in 5/0.7 condition further moderates the tapering (Figure 6.17d), and 5/1 condition
even shows slight reverse tapering (Figure 6.17¢).

For more comprehensive overview of tapering development during etching, Figure 2a plots the
angles estimated from SEM images at various stages of etching progression in each condition.
Tapering for different etching conditions are compared with respect to volume of silicon removed
since this is directly proportional to the number of atoms removed and thus indicative of the
reaction rate. The tapering is increased with increasing etching time for each dilution condition
(more negative for 5/1 condition, where slight reverse tapering is observed), and dilution has
decreased tapering overall. Before the flat top area erodes away, the change in the pillar length is
small compared to the original pillar length. However, towards the end of etching when the flat
top area (or the thinnest middle for the reverse tapered pillar) has been etched away, tapering
increases rapidly to leave behind low aspect ratio pyramids, regardless of dilution. These later
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Figure 6.17: (a) Tapering angle change as silicon etching reaction in HNA progresses at different
dilution amount by water (filled circle = unetched, filled triangle = HNA/H.O = 5/0 ratio by
volume, empty circle = 5/0.5, filled diamond = 5/0.7, empty square = 5/1). Inset shows an SEM
image of unetched silicon pillars. Cross-sectional SEM images of (b) 5/0 — 1s, (¢) 5/0.5 — 3 s, (d)
5/0.7 -5, and (e) 5/1 — 15 s silicon templates.
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Figure 6.18: The amount of silicon removed in volume as a function of etching time for various
dilution. The dashed lines are linear fits to the data, although the volume removed is not quite a
linear function of etching time.

points have been omitted and only the approximately linear regime is shown. As shown in Figure
6.18, the etching rate slows with increasing dilution as expected.

While HNA solution has long been used as a silicon etchant [142], recent studies have shown
fabrication of silicon architectures in micrometer lengthscale, for example pyramidal tips [143],
channels [144], and needles [145], where a hardmask pattern is used to allow etching in selected
regions. In contrast, it is interesting to note that the chemical etching in this study is a maskless
process in which predefined pillars are exposed to etchant with no intentional masking, and simply
diluting the solution allows precise control of the resulting morphology of the silicon structure. It
is likely that in the case of the highly concentrated HNA bath (without dilution) with its fast etching
rate, significant removal of silicon could occur near the upper portion of the pillars before the
solution can progressively reach the lower portion of the pillars for complete wetting. In other
words, the etching rate is relatively fast for concentrated HNA in comparison to the diffusion rate
of the solution into the microchannels between the pillars, leading to the observed tapering. As the
HNA solution is diluted, the etching rate slows, resulting in less severe tapering, as reported. Slight
reverse tapering at high dilution may be due to non-uniform reaction rate along the depth. Because
HNA etching of silicon is a highly exothermic reaction [146], temperature gradient may develop
in the region between the pillars, and result in relatively slower etching of the upper portion.
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6.5.3 Friction behavior of tapered LDPE pillar array

Low-density polyethylene replicas are molded from silicon templates exposed to a range of
etching conditions. Dilution of water is varied from 0 to 1 mL, and the etching duration has been
adjusted so that most of the silicon pillar is etched away for the longest duration for each dilution
condition. The corresponding LDPE replica will be simply referred by the etching condition of the
silicon template, namely the dilution and the etch time, e.g. 5/0 — 1 s. We have tested the adhesive
behavior of the prepared samples by friction testing of 1 x 1 cm? patches, as described in section
2.5.

Figure 6.19a plots the friction behavior of LDPE pillars molded from templates etched with
undiluted solution (5/0). The etching time was varied from 0 to 3 s, and the corresponding SEM
images after friction testing are shown in Figure 6.19b. The unetched pillars show minimal friction
(0.4 N for the 1 x 1 cm? patch area, equivalent of holding about 40 g of weight). Some of the pillars
have a corner that has been slightly flattened where the contact with glass has been made (some
pits on top of the pillars are most likely air bubbles trapped during the molding step). It is likely
that the contact is limited to the corner that first touches the counter-surface due to high stiffness
of the pillar that prevents any significant bending to occur. As the template is progressively etched,
the pillars are thinned, then shortened after the flat top area is etched away. There is a
corresponding increase in friction up to 1.2 N, then a decrease. As template etching progresses,
the contact has propagated to the entire edge, and some of the pillars are observed to have an edge
that has plastically flowed over the top of the pillar (Figure 6.19b — 1s). Further etching has yielded
sharp-tipped pillars (Figure 6.19b — 2 s) that appear to be bent only at the top. This deformation,
however, is observed for all adjacent pillars, suggesting an increase in the number of contacting
elements due to higher compliance of the thinned pillars. Significantly shortened pillars (Figure
6.19b — 3s) with high stiffness is consistent with lower friction.

As the template etching bath is diluted (5/0.5), the tapering angle decreases. The corresponding
friction data are shown in Figure 6.20a, where a sharper increase in friction is observed in
comparison to the 5/0 set. SEM images reveal that contact deformation occurred for most of the
pillars even at the earlier stages of etching (Figure 6.20b — 1, 3 s), where the plastically deformed
edges are again observed at the top. Less severe tapering has led to pillars that are relatively more
flexible while preserving more of the tip area. This leads to both increased number of pillars in
contacting glass, as well as larger area of contact for each pillar, explaining why higher peak
friction is observed for this set. Further etching has eliminated most of the tip area (Figure 6.20b
— 5s), and shows how tapering can be limiting to friction due to limited contact zone. While the
thinner top area is seen to be deformed from contact, thicker base prevents the deformation from
propagating further. Later stages of etching again leads to shortening of pillars (Figure 6.20b — 7s),
limiting the compliance and resulting in low friction.
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Figure 6.19: (a) Friction performance of 1 x 1 cm? patch of LDPE pillar array on smooth glass as
template etching progresses in undiluted HNA solution (HNA/H20 = 5/0 mL for each 1 x 1 cm?
template). (b) Representative SEM images of LDPE pillars after friction testing for samples
molded from unetched and 1, 2, and 3 s etched templates in 5/0 HNA/H2O solution. Scale =1 um.
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Figure 6.20: (a) Friction performance of 1 x 1 cm? patch of LDPE pillar array on smooth glass as
template etching progresses in diluted HNA solution (HNA/H20 = 5/0.5 mL for each 1 x 1 cm?
template). (b) Representative SEM images of LDPE pillars after friction testing for samples
molded from 1, 3, 5, and 7 s etched templates in 5/0.5 solution. Scale bar = 1 um.
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For the further diluted 5/0.7 case, the pillars are nearly vertical. The peak friction for this set
has increased even further compared to more tapered cases, and higher friction is maintained over
a larger range of etching time (Figure 6.21a). Reducing tapering has again led to compliant pillars
with more contact area preserved at the top. The two samples with high friction (Figures 6.21b —
3 and 5s) show contact behavior similar to the sample with peak friction from 5/0.5 set (Figure
6.20b — 3s), where plastic flow at the edge occurs due to concentrated stress. The 5/0.7 — 7s sample,
however, seems to maintain high friction despite having a very small top area (Figure 6.21b — 7s).
Here, a large bending deformation is observed on the entire pillar, and the sides have flattened on
some of the pillars, suggesting that side contact has occurred. Side-contact has been shown to
increase contact zone [84], and this could also be true for our case where high friction was
maintained despite the significant reduction in contact area available at the tip.

Etching in 5/1 dilution lead to pillars that are slightly reverse tapered, with thinner middle. A
steep increase is observed as template etching progresses (Figure 6.22a). While it is likely that the
high friction is due to the combination of increased pillar flexibility due to thinner middle and the
large contact area preserved at the top, examination of SEM images for high friction samples
(Figure 6.22b — 10, 15 s) reveals interesting differences from the previous tapered sets. The edge
deformation is much less pronounced despite the high friction, suggesting that stress has been more
evenly distributed throughout the top during the shear loading. In particular, the 5/1 - 15s sample
shows that significant bending has occurred, but while maintaining the parallel contact with the
counter-surface. By 20 s of etching, the top portion has been completely etched away, leaving
residual wire structures in some parts that have collapsed as they are too thin to maintain structural
integrity.

6.5.4 Comparing observed deformation behavior with finite element modelling

To provide further insight into the deformation observed in SEM after friction testing, finite
element modeling for various pillar shapes was performed. For simplicity, a perfectly square cross-
section with linear tapering is assumed, and relevant dimensions are estimated from the SEM
images. As shown in Figure 6.23, the bottom of the pillar is fixed, and a force of 10 uN is applied
to the top surface in the direction parallel to the sample in order to see the initial stage of bending
during shear loading. The applied force, 10 N, is an order of magnitude approximation from 1 N
of force (range observed from the friction data) distributed to 250,000 pillars ona 1 x 1 cm? area.
This comes out to be 4 pN/pillar, but the actual load on each pillar is likely much higher since not
all pillars are in contact. This actual force would be dependent on the shape, but fixing the load at
10 uN allows comparison of stiffness across all shapes. The resulting deformation in the cross-
section through the middle of pillar is shown in Figure 7 for four representative shapes. The
deformation value indicates in microns the distance each point has moved from the original
position. As the same load is applied to all pillars, larger deformation corresponds to relatively less
stiff pillar geometry.
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Figure 6.21: (a) Friction performance of 1 x 1 cm? patch of LDPE pillar array on smooth glass as
template etching progresses in diluted HNA solution (HNA/H20 = 5/0.7 mL for each 1 x 1 cm?
template). (b) Representative SEM images of LDPE pillars after friction testing for samples
molded from 1, 3, 5, and 7 s etched templates in 5/0.7 solution. Scale bar = 1 um



CHAPTER 6. FABRICATION OF COMPLEX FIBER DESIGNS 92

(a) 3s — . . , , ,

3.0 -

25 % _
2.0 |- =

15 -

Friction (N)

1.0 |- _

0.5 - § L . -

0.0 1 1 1 1 1 1

Figure 6.22: (a) Friction performance of 1 x 1 cm? patch of LDPE pillar array on smooth glass as
template etching progresses in diluted HNA solution (HNA/H2O = 5/1 mL for each 1 x 1 cm?
template). (b) Representative SEM images of LDPE pillars after friction testing for samples
molded from 5, 10, 15, and 20 s etched templates in 5/1 solution. Scale bar =1 um
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Figure 6.23: The finite element modeling was performed using ANSYS, and the representative
images showing mesh elements, boundary conditions, resulting deformation, and the cross-section
are shown. Only elastic deformation is considered, though in reality, the deformation is both elastic
and plastic.

For the unetched shape (Figure 6.24a), a small deformation of ~0.58 pm is predicted at the tip.
This is consistent with the SEM observation (Figure 6.19b — unetched), where no significant
change in structure has occurred other than occasional dents in some corners suggesting contact.
It is likely that the high stiffness has prevented any neighboring pillars to come into contact, given
unavoidable height variation from fabrication. With high degree of tapering (Figure 6.24b), the
finite element model suggests a large bending only at the top portion of the pillar, also consistent
with experimentally observed behavior for pillars of similar shape (Figure 6.20b — 5 s). As most
of the top area has been etched away, the pillar sides would have to come into contact to result in
high friction. However, stiff portion towards the base limits the bending, and only allows the sides
very close to the top to come into contact. As tapering is reduced, deformation is propagated further
down the pillar, resulting in greater deformation throughout the entire pillar (Figure 6.24c). This
compliance of the whole pillar can allow other neighboring pillars to come into contact and also
make side contact possible, as confirmed by the SEM images that show all pillars in the vicinity
have been deformed and some have been flattened on the sides (Figure 6.21b — 7 s). The reverse
tapered shape (Figure 6.24d) is thinnest in the middle, and it is predicted that a large bending
occurs there. However, this contact shape is different from that observed in the SEM images
(Figure 6.22b — 15 s), where the top surface is still aligned parallel to the counter-surface. It seems
the large top contact area has ensured enough adhesion to prevent rotational bending of the pillar.
Nonetheless, the thin middle portion still enables a high degree of deformation and thus, allowing
a large number of pillars to contact the counter surface, and the large top area ensures enough
adhesion is provided by each pillar.
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Figure 6.24: Bending behavior of various shaped pillars predicted by finite element modeling.
Geometries are based on LDPE pillars molded from (a) unetched, (b) 5/0.5 -5s, (c) 5/0.7 — 7 s,
and (d) 5/1 — 15 s etched templates. Total deformation on a cross-sectioned plane down the middle
is displayed with the maximum value in um noted.
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Figure 6.25: Total deformation (indicative of pillar stiffness) and top area change as etching
progresses in 5/0.5 solution. A maximum is observed in compliance, but the top area continuously
decreases to near 0.

To further examine the effect of pillar stiffness and contact area on the observed macroscale
friction, the deformation predicted by ANSY'S and top area of the pillar shapes estimated from the
SEM images for the 5/0.5 etch condition have been plotted in Figure 6.25. As expected, dramatic
decrease in stiffness (corresponding to higher deformation) is observed as pillars are thinned
during etching, followed by an increase (corresponding to lower deformation) due to shortening
once the top has been etched away. While it is reasonable that higher compliance enables higher
number of pillars in contact, the peak value occurs at longer etching time than observed in the
friction data (Fig. 6.20a). Accounting for the eroding top area, however, it would shift the peak to
lower values, closer to the friction result. Despite its simplicity, the analysis based on pillar
deformation and available top area qualitatively captures key elements affected by the tapering
angle: the tapered pillars should be compliant enough to ensure high number of contacts, while
sufficient contact area should be available on each pillar, since the macroscale friction performance
depends on the combination of the two factors.
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6.5.5 Summary

This section presented a simple method for tuning the tapering angle of a silicon pillar array by
maskless chemical etching of lithographically defined vertical pillars. While etching thinned, and
then eventually shortened the pillars, dilution of the etching solution by water decreased the
tapering angle of the resulting pillars. By using them as templates for molding, thermoplastic pillar
array with a variety of shapes could be fabricated. Frictional testing showed that the adhesive
behavior of the film was very sensitive to the tapering angle. In general, friction initially increased
with increasing etching time of template as the pillars thinned to be more compliant, but decreased
as the top started to etch away and pillars were shortened. As tapering angle decreased, the peak
friction value could be significantly increased. SEM observation of deformed pillars after testing
revealed that the contact behavior was dependent on the pillar shape. While thicker pillars molded
from templates with short etching time showed little deformation due to high stiffness, highly
tapered pillars showed contact deformation limited to the top portion of the pillar. As tapering
angle decreased, deformation was more pronounced throughout the entire pillar. Finite element
modelling confirmed that observed deformation is consistent with what was expected from
mechanical analysis and provided useful insights on the contributing factors of pillar compliance
and contact area. As template etching proceeds, there is an optimum in compliance, but contact
area continually decreases, and the resulting macroscale friction is a combined effect of the two.
Decreasing tapering effectively leads to preserving the contact area available at the top as pillars
are thinned for higher compliance.
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Chapter 7

Conclusion and Future Works

7.1 Summary of dissertation

Following the introduction to gecko adhesion, a brief survey the literature on gecko-inspired
adhesives, and explanation of the challenges currently faced by such adhesives, majority of this
work was dedicated to addressing some of the challenges, specifically for gaining a better
understanding of friction behavior of fibrillar interface. It was demonstrated that SINWSs etched by
metal-assisted chemical etching yielded well-defined templates suitable for replicating into
thermoplastic fibrillar array with adhesive characteristics. Some fundamental fiber geometric
parameters were optimized for high friction on smooth glass, followed by friction testing on rough
and low surface energy counter-substrates that served as model substrates simulating surfaces in
potential applications. These studies provided insights on how the mechanical behavior of
individual fibers influence the adhesive behavior of the array as a whole, which were supported by
simple mechanical analyses. It is hoped that the knowledge will aid in the rational design of future
gecko synthetic adhesives, both in obtaining high adhesion and friction and for versatile
performance on a wide range of surfaces outside the controlled laboratory environment.

Later chapters examined various ways to fabricate more complex designs for GSAs. Particular
attention was paid to how metal-assisted chemical etching could be controlled to produce different
SiNW morphologies, not only useful as molding templates for GSAs, but also for applications in
various SINW devices. This was followed by fabrication schemes for hierarchical structure,
composite adhesive design, and tapered micropillars with precise control over the tapering angle.
Although some of the presented fiber designs resulted in only modest friction, they served as proof-
of-concept for new fabrication approaches to aid and inspire improved methods in the future.

7.2 Future works

Due to limitations of single level nanofibers, further optimization of hierarchical structures
remains an important issue, in particular with respect to various geometric parameters. The effects
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of basic parameters, such as width, length, and spacing of both levels of hierarchical structures
should be explored. In addition, approaches to distribute the load more evenly within the micro-
structure base is critical. To this end, various shapes of micro-pillar base, for example with
different tapering angles, could be studied to see whether the stress concentration at the edge can
be relieve for the hierarchical structure. Macroscale friction testing and post-test observation of
deformation should provide useful information for maximizing performance and determining the
modes of failure or mechanical limitations of the adhesive.

Continued study on testing of GSAs on non-ideal surface is also critical for fabricating adhesive
with high strength on a variety of surfaces. While this work gave some insights on the effect of
roughness and surface energy on GSA performance based on simplified model substrates, surfaces
in real applications present much more complex challenges, with any possible combinations of
various levels of roughness, a wide range of surface energies, and different levels of contamination.
Further studying these factors, in particular with respect to combined effect of roughness and
surface energy, should provide useful insights on fibrillar interfacial behavior and rational design
of adhesives. Methods used here for creating model rough surfaces (silica evaporation over
colloidal array) and self-assembled monolayer coating can easily be combined to produce more
complex model substrates for such study.

Finally, the shortcomings of thermoplastics should be improved upon. While exhibiting high
adhesive friction, thermoplastic adhesives tend to have low normal adhesive strength, rendering
them a poor substitute for conventional pressure sensitive tapes in a typical use. Improvement in
normal adhesive strength could be made by various approaches, for example based on
manipulation of the tip shape for higher contact area, optimization of fiber number density, and
research into failure mechanisms that limit the normal adhesion strength. Durability of
thermoplastics, in particular LDPE used throughout this work, also remains an important problem.
While the plastic deformation is a useful for examining contact behavior of fibers, it ultimately
limits the life cycle of the adhesive. To this end, plastics closer in stiffness to natural gecko could
be studied in more detail. Although they require fabrication of higher aspect ratio structure due to
higher stiffness, higher durability and similarity in the material stiffness could aid in design of
adhesive that more closely mimic the mechanism of natural gecko adhesion.
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