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ABSTRACT

Substratédbased nanostructures are of great importance due to their applications in
microelectronic devices, chemical sensors, catalysis and photovoltaics. This dissertation
describes a novel fabrication technique for the foionaof periodic arrays of substrate
based nanoparticles. The prescribed route, referred to as dynamic templating, requires
modest levels of instrumentation consisting of a sputter coater, micrescatershadow
masks and a tube furnackhe route has beal applicability, having already produced
periodic arrays of gold, silver, copper, platinum, nickel, cobalt, germanium ain8igAu
alloys on substrates as diverse as silicon, sapphire, $itiadride, and glas3he newly
devised method offerfargearea, kgh-throughput capabilities for the fabrication of
periodic arrays of sulmicrometer and nanometscale structuresand overcomes a
significant technological barrier to the widespread use of substased templated
assembly by eliminating the need forripdic templates having nanoscale features.
Because this technique only requires modest levels of instrumentation, researchers are
now able to fabricate periodic arrays of nanostructures that would otherwise require

advanced fabrication facilities.
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CHAPTER 1 INTRODUCTION

1.1 Problem statement

At the cornerstone of the electronic industry is a prsiogsscience dedicated to
the fabrication of wafebased materials and interfaces with wedfined properties
situated at weltlefined locations. This industry is now facing the challenges associated
with defining features on nanometer lengttales. Medétg these challenges will enable a
broad range of potential applications with a scdipat includes biologicall], [2]
chemical [3], [4] and light sensorg5] photovoltaics [6] plasmonics[7] nanoscale
electronics[8] magnetic memory9] metamaterial§10] catalysis[11] and applications
based on seeded nanowirfk2] Photolithographic techniques have responded to these
challenges through advancements which now provide a reliable route for the fabrication
of structures on substrates having nanoscale features. The high cost of theshibogr
techniques, however, limits their accessibility to only the most advanced fabrication
facilities. There is, therefore, a need for alternative fabrication methods which overcome
this shortcoming. The invented method called dynamic templating answseissue and
delivers an inexpensive, reliable procedure by combinimgftomupand top
downapproaches to produce ordered nanostructures on a substrate. Tlwamieckout

is organized into seven chapters as described in the next section.


http://www.esf.edu/efb/parry/Insect%20Ecology%20Reading/HunterPrice1992.pdf
http://www.esf.edu/efb/parry/Insect%20Ecology%20Reading/HunterPrice1992.pdf

1.2 Thesis overview

Chapter 2 presentsackground information which describes existing methods for
the fabrication of periodic arrays of wafleased nanostructures as well as #avanced
applications which they enable. It then goes on to describe two existing lithodraphy
fabrication routes which offer a highroughput, inexpensive route for patterning
substrateébased arrays of nanostructures. The concept of thermal deyvettthin films
is then introduced; this procedure is the most-effetctive and straightforward method
for the fabrication substrateased nanostructures, but which results in nanostructures of

random size and placement.

Chapters 3 and 4 describes ttievised assembly process where emphasis is
placed on providing a fundamental understanding of the underlying mechanisms
governing the nanostructure assembly process. It presents the materials characterization
used to establish the processing science, mlitastpractice protocols and confirm the

assembly of high quality arrays.

Chapter 5 describes advancements made to the dynamic templating technique and
details how the periodic arrays formed using this method can be utilized to obtain
nanostructures wit more intricate geometries. Three examples are provided: (i) periodic
arrays of gold nanoparticles are confined between a palladium foil and the supporting
substrate which, when exposed to elevated temperature, induces the concurrent migration
of gold atans to the foil and palladium atoms to the substrate; this procedure results in
the formation of a periodic array of highly faceted palladium nanoparticles situated at the

precise locations formerly occupied by the gold, (ii) periodic arrays of silver
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nanoparticles are exposed to a solutibased galvanic replacement reaction where an
oxidationreduction reaction transforms the silver nanostructures into hollovxgAar

PtAu nanoshells and (iii) periodic arrays of gold nanostructures are exposed to a
germamm vapor which sees them transformed into a eutectic liquid which, upon

cooling, phase separates into a®@a heterostructure.

Chapter 6 describes a vagmuid-solid (VLS) growth mode used in the synthesis
of inorganic nanowires. Such nanowires are oferest for their applications in
photovoltaics, catalysis and chemical sensing. This VLS technique, was used to form
SiO, nanowires and nanotubes. Presented is the procedure used where emphasis is placed
on detailing the influence of growth temperatured amnnealing regimen on the

morphology of the fabricated structures.

Chapter 7 summarizes the work carried out and details future studies which could
both further the mechanistic understanding of dynamic templating and advance its

capabilities to the poirwhere it is a formidable nanostructure fabrication technology.



CHAPTER 2 BACKGROUND INFORMATION

Photolithographic techniques, which have been the mainstay of the semiconductor
industry, are responding to the need for fabrication of devises with featuresoscalen
through the introduction of increasingly sophisticated techniques which int@glem
immersion lithography13] extreme ultraviolet lithographji4] interference lithography
[15] and step and flash imprint lithograpfi6] Associated with these advanced
techniques are technological and economic barriers which limit their access to all but the
mostsophisticateddbrication facilities. In response to these technically demanding cost
prohibitive routes has been the development of a multitude of unconventional
lithographic techniques focused on the formation of patterned photoresist mi&iials.

[20] While far less cosprohibitive, each of these routes faces their own distinctive
technological hurdles. Other unconventional routes avoid the use of photoresist materials,
instead opting for the use of nanoscale aperi{@gs nanosphere lithograp[1] stencil
lithography[22], [23]) or the direct imprinting of metallic structurgsl], [25]. These
techniques, while yielding impressive results, have not yet demonstrated the scalability
and highthroughput characteristics needed for wafeale integration. In contrast, lew

cost selfassembly processes have proved quite effective in the formation of substrate
supported nanostructures with arbitrarily small dimensions, but where theirai@ccur
placement has proved exceedingly difficult. Notable procedures giving rise to the near
random formation of nanostructures on substrate surfaces include thermal dej@6iting
vapor phase epitaxfj27] the linking of solutioAformed nanostructure28] spinodal

dewetting[29] and microwave plasmiaduced dewetting30] Among these, the thermal
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dewetting of ultrathin continuous films stands out as bmikteffective and, from a

technical standpoint, straightforward.

2.1 Lithography -Free Patterning Techniques

Photolithography which is integralto the semiconductor industryinvolves the
use of manyophisticatedtepsto form the desired pattern on thefage of a wafer. The
steps requirethclude thefabricationof shadow mask applying photoresist, developing,
etching, and lift-off. Such techniques have become increasingly sophisticated as the
featuresize has been reduced to the nanoscaleese factes have made
photolithographyexpensive anttaslimitedthe use ofts leadingedge capabilitieto the
microelectronis industrly, government national labs and the most \eglliipped research
institutions.There is thus greatinterestin the development balternative approachde
nanofabrication, whichwould allow researchers at reasonably equipped research
institutions to fabricate substrat@ased nanostructures at wedlfined positions and use
them inthe prototypingof devices In the next sectigriwo of these methodseferred to
as nanosphere lithographgnd stencil lithographyare introduced antheir advantages

and limitatiors are discussed

2.1.1 NanosphereLithography

The majorchallengein the formationof nanostructures omhe surface ofa
substrge isthe fabrication of thdithographicmaskexhibiting thedesired nanopatterit
is this patternwhich is subsequentlyransferred to the wafer. adosphere lithography
(NSL) addresseshis difficulty by exploiting the self-organizationof nanospheresn a
substrate surface in elosedpaclked pattern Once formed, the pattern can act as a

shadowmaskthrough which material is depositgll] Such naterialis either intercepted
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by the nanospheres oeaches the substraly passing through theix-fold symmetric
patternof gaps between cloggcked nanospherddsing thistechnique, it is possible to
makeperiodicarrays of substratdbasedhanoparticle$31], nanowire432], andnanorods

[33].

The nanosphergsvhich are made of polystyreneare typically stored as a
suspensiomn water. Their diametecan be varied fron20 to 1000 nmwith less thama
2% variation in size[21]. In the first step of NSL technique polystyrene (PS)
nanospheres are dropped ahydrgohilic substratausing one of a variety of techniques
such asspin coatingor drop coatind34]. Once on the surface, these spheres assdamble
form a 2D crystal sticture asis shown schematically ifrigure 2.1a. The material
deposited throughthe spaces between the sphefesns the nanostructures on the

substrateFigure 2.1b shows an array allver nanopartie made using NS[21]

(b)g

(& 5000 nm —>i
Figure 2.1 a) Schematics of 2D crystal structure made of polystyrene spheresafirt),
b) anAFM image of an array of silver nanoparticles made with |1}

In order © enhance the ordering of the nanosphesexidium dodecyl sulfate

solution can beadded to the colloidal solutiorkigure 2.2compares the assemblyf
6



nanospheres into clogmcked structures with and without the use of this binding agent.
[35] Using NSL, it is possible to make an array of substoatsed nanostructures over an
area of approximately 100 [frwhich has both long range order and is near défeet

[21].

Figure 2.2 Images of polystyrene spheres formed in a efmseked structuren a
substratewhere (a) many defects are disrupting the pattern #@mdwhere long range
order is enhanced through the edesodium dodecyl sulfate (reproduced with permission
from [35]).

NSL can be combined wi other techniques to produce monetricate
nanostructures. For exampléai et. al. [33] fabricated SiGe nanorod arsaypy
combining NSL with chemical etchingn the first stegFigure 2.3a), silicon-germanium
is depositedn a ptype silicon wafer usinghemical vapor depositiohen polystyrene
nanospheres are dnogd from the colloidal solution do the substratéFigure 2.3b). In
the nextstep, the combinatiors etcled in an oxygen plasma to open upe spaces
betweerthe polystyrenespheres. Thiss followed bythe deposition ofa30 nmthick gold

7



film onto the substrate. This gold pattehrenact asthe reactive sits for the next ste
which is the chemical etching of the sample ia solution of (2:1:2:5 (v/v)
HF/H,02/GHsOH/DI water mixture). The diemical etchant formghannels on the

substrate in an ordered mannesulting in theSiGe rodshown inFigure2.4.

(a) (d) Audeposition

Sig 3Gey,,

Siy 5Geg ,

SiGe buffer layer
Ty Si substrate

> SiGe buﬂ‘er‘&gr =

(b) PSnanospherearrays (@) Metal-assisted etching

SiGe buffer layer

SiGe buffer layer

Si substrate Si substrate
(C) RIE using O, plasma

(

(f) Auremoval

Siy 3Geg

SiGe buffer layer SiGe buffer layer

Si substrate Si substrate

Figure 2.3 TEM image and chematic diagramilustrating thefabrication procesased to
obtain SiGe nanorods. aA TEM image ofthe Siy sG&) > epilayerdeposited on &iGe
buffer layer The fabrication steps includé) dropping PS nanospheres the surface,
(c) an RIE treatment whicredu@sthesize of thePS spheregd) the deposition ofa 30-
nm-thick Au film. (e) carrying outAu-assisted wet chemical etchjrand(f) theremoval

of thegold layer byan Au etchant(reproduced with permission forf83])

Figure 2.4 shows the nanorods fabricated usangombination of NSL and metal

assisted etching. The Iystyrene spheres used for the patlitey, stay on top of the



nanaod after the termination of tis processChanging the etching timafluencesthe

size of the mushroom shaped nanorods as can be deguia2.4. [33]

Figure 2.4 SEM images of SiGe nanorods fabricated using BUdifferent duratios of

theetchingtime (reproduced with permission forf83]).

Although NSL isa simple and versatileechnique fo the fabrication of ordered
nanostructures, has itsshortcomingsFor exampleNSL is limited to 6fold symmetic
patterns and it is difficult to make defdote patters overlarge area (>1cnf) due to
vacan@éswhich formduring theassemblyof the nanosphereinto a close packed pattern
Another problem isormation of multilayes of nanosphereduringthe assemplprocess.
The nanospheres in these layers act to shadow many of the openings in tipadteske

pattern.

2.1.2 Stencil lithography
Stencil lithography is another shadow mask technigisch avoids the use of
lithography [36] In this techniqugea stencil(Figure 2.5) containing nao-scalefeaturess

placed ora substrate and material is deposited directly thratighhe processesuls in



the trander of the pattern tathe substratesurface This technique hadeen used to

successfully create arragf plasmoic nanorodg37], nanodotg438], and nanowiref36].

Metal
V¥ v v v ¥ ¥
Membrane
with zapertures m
nEEE Metallic
ela
- EE. --../Nanodots
Substrate

Figure 2.5 Schematic of the substraséencil configuration used istencil lithography.
The process transfetie membrane pattern to the substiatalepositing a filnthrough

the openings in the sten¢ieproduced with permissn form[36]).

Menaet al [36] usedsilicon nitride (SisN4) as thestencil tofabricateperiodic
arrays of gold nangarticlesusing stencil lithographyThey then studietheir collective
plasmonicresponse The stencil (i.e. the shadow mask) was fabricated usihgaen
lithography [39] In this lithographc techniquea focusecklectronbeam is used twrite
the desired pattern aa surfacecoated withan electrorphotaesist In their report, they
fabricatel an arraypinholeson the silicon nitride membrarmer an area of 0 *cTime
squareholesformed, shown irfFigure2.6a-b, have a feature size of approximateynm
where thepitch can be varied as requiretihe holes have rounded edges because of the
resolution ofe-beam proess. For the fabrication of the nanodots, the membrane is fixed
on the substrate with adhesive tape and 45 nm of gold is depdbitmagh the
membrane Figure 2.6¢c-d shows he array of gold nanodots formedsing the same
stencil.For this techniquehere is always a gap between the stencil and the wafer due to

curvature differences betweerthe wafer and membran&his inevitably leads to a
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blurring of the transferred patterhe dfect of blurring is apparentthrough the
enlargement of the featursize and a redudion in the resolution of transferred pattern
The blurring which is a measure of thenlargemenbf the feature sizef deposited
nanastructureis given byB=WsrWs;, where Ws; and Ws, are the width ofthe stencil
opening and nanostructure deposited, respectively. Based on the geometry of the
fabrication processhe blurring isestimated by8=G.Sy/D, where the various parameters
are showrnschematicallun Figure2.7. The typicalgap formed between the stencil and
substrate is estimated to Bound5 € This gap also results ithe formation ofsmall
islands betweemdjacentpedestals as can be seenFigure 2.7. For this process,he
stencil can be reused several timest where aretchingsolution is requiredto rid the
templateof the deposited gojdbtherwise the size of the openings decreases slightly for
each successivieposition[36]

Deposited nanodots

e ©
R Y @
e &

D=50nm L L

S=50nm *e ®
3 ©
e 9 ©

D=100nm

S=100nm

(b) G
Figure 2.6 SEM imagesf the stencilwith feature sizes of (a) 50 nm and (b) 100 amal
and (cd) the periodic nanostructures obtairjegbroduced with permission forf6]).
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Substrate
Figure 2.7 Schematicshowing the sourestencitsubstrate geometry used to form a
nanostructure using stencil lithography. Note ¢jag between the stencil and substrate

and theresultingblurring effect(reproduced with permission forfg6]).

It is concludel that here arenanychallengedacing the use of stencil lithography
techniquewhich includes controlling the gap between the stencil and the substpate
reduce blurring clogging of thestencil opening during deposition, the bending and

fragility of thestencil and the neetb use ebeam lithographyn stencil fabrication[40]

2.2 Thermal dewetting

The most straightforward technique for fabricating substrated nanostriires
is the dewetting of a thin film deposited on a substrate. Dewetting is the thermal
agglomeration of a metastable film in contact with a substrate due to thestatdid
diffusion of the atoms. It occurs at a temperature well below the melting paire 6im.
Dewetting can be an undesirable phenomenon for solder joints and circuitry in

electronics[41][42], but it can also be exploited as an inexpensive way for forming large
12



area surfaces covered with nanostructures for applications such as cflalyssnsors
[4], hydrophobic surface$43], and photonicq44], [45]. This section explains the
dewetting mechanism from the perspective of both kinetics and thermodynamics and

describes the factors which play a significant role in the dewetting phenomenon.

An ultrathinfilm deposited on a substrate is in a metastable state because of a
large number of atoms with unsatisfied bonds on the surface. As a result, heating the film
provides enough mobility for the atoms to diffuse and find an energetically more
favorable spot, which minimizes the surface energy of the system and transforms the
morphology of the film into smaller islandBigure 2.8shows the steps involved in the
dewetting of a thin gold film on a sapphire substrate using molecular dynamic (MD)
simulatons. The modeling was done using the LAMMPS software package. The details

of the simulation technique are described in Appendix B.

For the MD simulation, three monolayers of gold are shown as yelldwgure
2.8. They are placed on top of a sapphire salbs, which appears green kigure 2.8
where the total area covered by gold is 20 nm x 20 nm. The temperature of the system is
then increased from room temperature to 1000 °C in 10 nanoseconds and maintained at
this temperature for another h@dnosecornsl Snapshots shown in Figure 2il@istrate
the stages of transition of the gold film into multiple structwiaessolid state diffusion.
The thermal agglomeration initiates from the grain boundaries and the edges (for a finite
film) which are the highestnergy points of the film[46] (b). If the thermal energy is
high enough, a grove can be formed at these bounddrigsThe groove can grow deep
during the annealing period and as soon asgifowe is deep enough to touch the

substrate a hole is formed and the film ruptureggure 2.8). [47] In the second step,
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atoms at thedyge of the holes propagate away from the edge due to capillary instability
which causes the retraction of the edges and growth of the holes towards the flat area of
the film. The retraction is generated by high curvatures of the film at the edges, which
causes mass transport of the atofrom these high energy spots (Figure®.8nd makes

high aspect ratio islandsrigure 2.8). [48], [49] In the last step, the islands will break

up into smaller islands through a Rayleidte instability (Figure 2.8h. [46][50]

d) Sas

- +N
i&‘fﬁféﬁ*fff:::?

Figure 2.8 Molecular dynamic simulations of the various stages of the dewetting of a

thin film of gold on a sapphire substrate.
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The dewetting phenomenon is a temperature dependent process and happens well
below the melting pointfahe films. Dewetting can start at temperature as low as,0.2T
and increases by increasing the thickness of the film. Adding impurities can increases the
dewetting temperature of a thin fillsy suppressing the grain growfthl] and may be

used as an strategy to suppress dewetting as an undesirable effect.

The equilibrium shape of the structures after dewetsnfpund by minimizing
the total energy of the structure on the substrate using Yoaplgce Equatiofb2]:

9= 9 O OSd (Eq.1)
wh e g€ s D g @resurface energy of the substrate, substiiite and film,

respectively. The equilibrium shape is showrFigure2.9. Having the surface energies,

one carcalculate the contact angle of the particle on the substrate using Eq.1.

Figure 2.9 Equilibrium configuration of a dewetted particle resting on a substrate as

described byhe YoungLaplace Equation.

In the next chapter, a technique is shown which is able to manipulate this
conventional dewetting technique in order to gain more control over the diameter and

placement of the formed nanostructures. Its main feature is that it deploys a sacrificial
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layer d antimony. Such a layer broadens the applicability of dewetting mechanism to
elements which do not normally dewet on the substrate due to their low atomic diffusion

rate.
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CHAPTER 3 ALTERING THE DEWETTING CHARACTERISTICS OF
ULTRATHIN GOLD AND SILVER FILMS USING A
SACRIFICIAL ANTIMONY LAYER

3.1 Introduction

As stated in the previous chapter, a new dewettiethod has been devisénl
control the size and spacing of the particles obtained on the substrate by adding a
sacrificial layer between the film and substralbe solid state dewetting of ultrathin
films is the most straightforward means of fabricating subss@p@orted noble metal
nanostructures. This assembly process is, however, quite inflexible, yielding either
densely packed smaller structures or widglgiced larger structures. In this chapter, the
utility of introducing a sacrificial antimony layer between the substrate and noble metal
overlayer is demonstrated. Observed is an agglomeration process which is radically
altered by theconcurrent sublimatioof antimony.In stark contrast with conventional
dewetting, where the thickness of the deposited metal film determines the characteristic
lengthscales of the assembly process, it is the thickness of the sacrificial antimony layer
which dictates both theanoparticle size and interparticle spacing. The result is a far
more flexible seHassembly process where the nanoparticle size and areal density can be
varied widely. Demonstrations show nanoparticle areal densities which are varied over
four orders of mgnitude assembled from the identical gold layer thickness, where the
accompanying changes to nanostructure size see a systematic shift in the wavelength of
the localized surface plasmon resonance. As a pliablasséimbly process, it offers the
opporturity to tailor the properties of an ensemble of substrateobilized noble metal

nanostructures to meet the needs of specific applications.

3.2 Background
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Precious metal nanostructures immobilized on substrate surfaces are of
importance to numerous potentigpdications in the areas of photovolta[é$, catalysis
[11], chemical and biological sensirjd], the formation of nanowires via the vapor
liquid-solid growth modd12] and as shadow masks for reactive ion etdbBjg Ealy
stage investigations in these emerging fields often relied heavily on sulbstsaid
nanostructures derived from the room temperature deposition of continuous ultrathin
films onto substrates followed by their subsequent agglomeration at elevated
tempeature$54][55][56][57]. The widespread use of this thermal solid state dewetting
process, however, was largely reliamt the ease at which such nanostructures can be
fabricated over large areas, typically produced in a few hours using simple
instrumentation consisting of a room temperature sputter coater and a tube furnace. Apart
from this simplicity aspect, the nanostnues produced were unsatisfactory from many
standpoints as there exists a lack of control over the nanoparticle size distribution,
spacing and placement on the substrate. As technologies mature the specifications placed
on the nanomaterials grow increasingtringent as efforts focus on tailoring the
collective response derived from an ensemble of nanostructures to meet the requirements
of a particular application. As a result, the use of the dewetting phenomenon has often
been marginalized in favor of neisophisticated and often more costly approa¢hles

[6], [11], [12].

The dewetting phenomenon is driven by an interplay between thermodynamics
and kinetics. While thermodynamics always drives the system towards the most

energetically favorable state, atom kinetics often pretl@atstate from being reached.
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This is a simple consequence of the fact that atoms often encounter energy barriers for
which they have insufficient kinetic energy to overcome, a circumstance which confines
the system to a metastable state. A continuoustthitn metal film deposited on a
substrate at room temperature exists in such a metastable state if the surface energy of the
metal is greater than that of the substrate material. Thermodynamics drives such a system
towards a geometry which reduces thdeste area of the metal. This geometry, however,

IS unattainable because the metal atoms lack the kinetic energy required to move
significant distances across the surface. The net result is a continuous metastable film
Afrozen i n pl acnedives itHavartsithe gquilkbuium lstateg which dees

it agglomerate into metal nanostructures at temperatures well below the melting point of
the metal. This process, commonly referred to as dewetting, is typically initiated at holes

in the film which exénd through the film to the substrate surface. Such holes originate
through grain boundary grooving or at grain boundary triple junctif2g].
Agglomeration then proceedsrdlugh solid state surface diffusion away from these step
edges. The process is quite complex with RayHilgh instabilities [58], fingering
instabilitieg59], grain boundarie$60] and substrate surface texty&s] all playing a
decisive role. In general, thinner films dewet lower temperatures, forming
nanostructures which are smaller and more densely pgdéigd The nanostructures
formed ae usually well bonded to the substrate, having a contact angle determined by
surface energy considerations, obeying Yol
[62] for large particle gies, but where this relationship is altered somewhat on the
nanoscale[63] The structures for med are phicso I n|

orientation of the substrajé4]a n d [§5l, the lattice mismatch bgeen the substrate
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and metal[64]. substrate surface reconstructi@7 , nanostructurdaceting[66] and

interface chemistr{67].

Numerous approaches have been devised to manipulate the dewetting
phenomenon in an effort to control the plaesof the dewetted metal structures as they
agglomerate on the surface of a substrate. Thesealsa templated assembly
techniques, which impose a periodicity onto the dewetting process through the use of
lithographicallydefined film edged47], [61], [65], [68], [69] periodic template$61]

[70], [71]or substrate surface textuj@3], [72]i [74] have proved highly successful in
generating arrayed strucas. They are, however, often limited in terms of the minimum
size and/or areal density of structures achievable. In many cases they are also technically
challenging and coggrohibitive. When no+arrayed structures are formed on polished
substrates therere no such limitations, but there exists limited flexibility in terms of
tuning the nanoparticle size distribution and interparticle spacing. The size distribution
can be altered by maintaining the nanostructures at elevated temperatures. This induces
Ostwald ripening, which is a disproportionate exchange of atoms between the
nanostructures via substrate surface diffusion which favors larger structures at the
expense of smaller ongE&s][76] The stepterrace structures associated with vicinal
surfaces has also been shown to alter both the nanostructure placement and size
distribution.[77] Also demonstrated has been the ability to narrow the nanoparticle size
distribution through the placement of a metal foil with thee surface of the film as it
dewetg[78]. In this case, the larger nanoparticles contact the metal foil and sink atoms to

it, reducing their size while leaving the smaller nanostrucintast.
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3.3 Samplepreparation and characterization

Figure3.1 shows a schematic of the procedure used to obtain subsiygierted
gold nanoparticles. It begins with the deposition of a sacrificial antimony layer over
which an ultrathin gold layer is deposited. Heating the layered structure results in the
aggbmeration of gold, but where its dewetting characteristics are strongly influenced by
the concurrent sublimation of antimony. At the end of the process all the antimony has
sublimed, leaving immobilized gold nanoparticles on the surface of the substiate. T
experiments were carried out on (00@tijented A}Os substrates (i.e.-plane sapphire).
This surface is ideal for such studies due to its low surface energy, high chemical and
thermal stability, crystallographic perfection and high resistance to gt silver
interdiffusion. The fact that this substrate is optically transparent in the visible region of
the electromagnetic spectrum also allows for the straightforward characterization of the
plasmonic response. The dewetting characteristics of gosamphire in the absence of a
sacrificial antimony layer were mapped out for film thicknesses ranging from 0.7 to 24
nm. Twentyfour samples were then used to characterize the influence of the antimony
layer on the gold dewetting process. For this serisamiples, four gold film thicknesses
of 0.7, 2, 4 and 8 nm were each deposited on antimony layers having thicknesses of 2.5,
5, 7.5, 10, 20 and 40 nm. For the silver dewetting experiments a film thickness of 2 nm
was deposited on a bare substrate and coedp@ silver deposited on antimony layers
having thicknesses of 1.5, 3, 4.5 and 6 nm. All depositions were carried out in a Gatan
High Resolution lon Beam Coater using targets with 5 nines purity. The quoted film
thicknesses are obtained using depositates derived from atomic force microscopy

(AFM) measurements on the stegges formed though the deposition of films for a set
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period of time through shadow masks. Films in groups of four, where each had the same
antimony content, were placed in an aluantrucible and inserted into a tube furnace
(Lindberg Blue M). Four quartz tubes dedicated to the dewetting of (i) gold, (ii) gold with
antimony, (iii) silver and (iii) silver with antimony were used in order to prevent-cross
contamination. All experimentsere carried under a 100 sccm flow of ulitigh purity

argon where the tube was thoroughly flushed with argon prior to heating. All gold
samples used a heating regimen which sees the sample ramped to 900 °C in 45 min
where it is held for 15 min, after udh it is allowed to cool to room temperature over the
course of a few hours. Samples were then cycled to high temperatures a second time, a
procedure which proved effective in ridding the sample of trace amounts of antimony. It
is noted that the four sart®s having no antimony were also temperature cycled in order

to obtain fair comparisons. Silver dewetting experiments were also carried out in a
similar manner, but where the samples were heated t@50 30 min. The lower
temperature prevented signdiat silver evaporation. The plasmonic properties of all
samples were characterized using a JASCO V530WV8/ spectrometer. Scanning
electron microscopy (SEM) images, obtained using either an FEI Quanta 400 SEM or a
600 ESEM and processed using the Imagefiware [79], were used to obtain

distributions of the nanoparticle size and spacing.
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Figure 3.1 Schematic of the procedure used to fabricate substugieorted gold
nanoparticles. The process proceeds by (i) depositing a sacrificial antimony layer
followed by (ii) the deposition of an ultrathin gold film. (iii) The samplenst heated to
high temperatures to simultaneously induce the dewetting of gold and the sublimation of
antimony. At the end of the assembly process all the antimony has sublimed leaving

behind (iv) substratsupported gold nanopatrticles.

Figure 3.2a shows SEM images of nanostructures derived from gold films of
various thicknesses which have dewet on sapphire substrates. Such images were used to
extract the dependency of the nanoparticle areal dersgure 3.2b), the nanoparticle
diameter Figure3.2c) and the interparticle spacingigure 3.2d) on the initial gold film
thickness. Nanopticle diameters and interparticle spacing were extracted from
distributions where the plotted value is the histogram maximum. The interparticle spacing
measurements correspond to the cettt@enter nearesteighbor distances. The overall
dewetting behawr observed is consistent with previous studi&g][61]and provides
baseline parameters characteristic of the conventional dewetting process. As the gold film
thickness is increased from 0.7 to 24 tinere is a nearly four order of magnitude

decrease in the density of nanoparticles which is accompanied by a continuous rise in
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both the nanoparticle diameter and interparticle distance. The overall process is, thus,
characterized by agglomeration whichcors on increasingly larger lengsicales as the

gold layer thickness is increased. The assembly process, thus, yields either densely
packed smaller structures or widely spaced larger structures. Noteworthy is that for a
given film-substrate combinationttie can be done in terms of processing conditions to
significantly alter this behavior.

Dewetted Au from thin films of various thicknesses
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Figure 3.2 Summary of the solid statewetting behavior for gold films deposited on
(0001)oriented sapphire sulbates. (a) SEM images of gold nanoparticles obtained
through the dewetting of continuous films for thicknesses ranfliom 0.7 to 24 nm
(scale bar = 2 &gm). Extracted from i mages
areal density, (c) diameter afd) interparticle spacing on the gold film thickneske

lines drawn through the data points are a guide for the eye
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Figure 3.3a shows a matrix of SEM images which map out the influence that a
sacrificial antinony layer has on the dewetting characteristics of ultrathin gold films.
Each row in the matrix corresponds to the same antimony layer thickness while each
column corresponds to the same gold thickness. For any individual antimony thickness
(i.e. the rows bthe matrix) the trend is for the nanoparticle size to increase as the
thickness of the gold layer increases, a trend identical to that observed when gold films
are deposited directly on a bare substrate. The trend observed as the antimony thickness
is vaied while holding the gold thickness constant (i.e. the columns of the matrix) is,
however, quite dramatic, showing a remarkable increase in both the nanoparticle size and
interparticle spacing as can be seerFigure 3.4 and Figure 3.5 respectively. These
changes are accompanied by a nearly four order of magnitude change in the nanoparticle
density Figure3.2b). It is also noted it the observed trends continue well outside the
extent of the matrix shown, ultimately giving rise to micromstale diameter particles
with interparticle spacing near ten micrometers. This ability to radically alter the
nanoparticle size, spacing andngdity while maintaining a constant gold film thickness
has not previously been demonstrated. To further illustrate this pgate 3.7 shows
the SEM images, histograms of the nanoparticle diameter and interparticle spacing, and
spectra of the extinction efficiency for 2 nm thick gold films dewetted on antimony layers
of various thicknesses. Evident is a systematic shift in thakdisons from smaller to
larger nanoparticle diameters and from closely to sparsely spaced nanopatrticles as the
thickness of the sacrificial antimony layer is increased. Quite expectedly, the extinction
efficiency shows a corresponding fshift in the waelength of the localized surface

plasmon resonance (LSPR) resulting from the larger nanoparticles assembled.
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Figure 3.3 Summary of the dewetting behavi@r gold films deposited on a sacrificial
antimony layer(a) A matrix of SEM images of gold nanoparticles obtained through the
dewetting of continuous films of gold deposited on sazafiantimony layers. For each

image the gold film thickness used is at the top of the column and the antimony thickness
is to the | eft of each row (scale bar = 2
density versus the average nanopatrticle diamfor each gold film thickness. For each

plot the seven data points shown correspond to antimony thicknesses of 0, 2.5, 5, 7.5, 10,
20 and 40 nm (left to right). Excluded from these density calculations are the smallest

nanoparticles (3% by volume) deet tend to distort the overall trend
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Figure 3.4 Histograms showing the sizdistributions of gold nanoparticles obtained
through the dewetting of continuous films of gold deposited on sacrificial antimony
layers. Overlaid over each of the nanoparticle size histogsamsormalized plot of the
cumulative nanoparticle volume. For each image the gold film thickness used is at the top
of the column and the antimony thickness is to the left of each row. Note that each
column shows distributions which systematically staftight as the antimony content is

increased.
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Figure 3.5 Histograms showing the distribution of interparticle spacings of gold
nanoparticles obtained through the dewetting of continuous films of gold deposited on
sacrificial antimony layers. For each image the gold film theslknused is at the top of

the column and the antimony thickness is to the left of each row. Note that each column
shows distributions which systematically shift to right as the antimony content is

increased.
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volume for all the histogram bins to thedt of the curve. The vast majority of gold atoms
can thus be found in nanoparticles having dimensions which correspond to the rapid rise

in the curve.

Table 3.1 shows the (a) average diameter, (b) its standard deviation and (c) the
relative standard detion for the gold nanoparticles shown Figure 3.4. It is
noteworthy that there is a systematic increase in the average diameter of the nanoparticles
with increasing thickness of gold or antimony, but wherdrérad is not linear. As can be
seen in the top row of the Table 3.1, increasing the thickness of gold layer from 0.7 nm to
2 nm results in an increase in the average particle size from 11.8 nm to 15.5 nm, a less
than 2fold increase in the diameter. Thange row of data shows that increasing the
thickness of gold from 4 nm to 8 nm results in an increase in the average size of the
particle from 24.2 nm to 62.8 nm, a more than-fald increase in the diameter. This
trend is repeated in the second row whbere exists a 2.5 nm thick sacrificial layer of
antimony. The overall trend in relative standard deviation of the particles shows an
increase in the size deviation from the mean value as the thickness of gold or antimony is
increased. The histogramskigure 3.4 reveal the same effect through the appearance of

a broad peak in the size distributions of the gold nanoparticles.

Table 3.2 shows (a) the average interparticle spacing, (b) its standard deviation
and (c) the relative standard deviation for the gmehoparticles shown iRigure 3.5.
Observed in the top rows is a nlmear trend in the particle spacing as the thickness of

gold is increased from 4 nm to 8 nm
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Table 3.1 Statistical analysisf the size digibution of nanoparticleshown inFigure3.4.

The tables show the (a) average nanoparticle diameter, (b) standard dessati@)

relative standard deviation.

Diameter

Average
Au=0.7 nm| Au=2 nm| Au=4 nm| Au=8 nm
Sb=0 nm 11.8 15.5 24.2 62.8
Sb=2.5 nm 19.5 23.8 34.4 84.3
Sb=5 nm 33.7 50.9 76.2 107.4
Sb=7.5 nm 84.3 78.4 96.5 118.7
Sb=10 nm 90.0 111.2 106.3 134.9
Standard Deviation
Au=0.7 nn| Au=2 nm| Au=4 nm| Au=8 nm
Sb=0 nm 3.3 5.4 9.5 273
Sb=2.5 nm 5.6 8.7 14.0 37.7
Sb=5 nm 17.2 17.9 28.8 54.5
Sb=7.5 nm 32.3 20.5 29.7 48.4
Sb=10 nm 48.4 39.0 48.9 62.6
Relative Standard Deviation
Au=0.7 nn| Au=2 nm| Au=4 nm| Au=8 nm
Sb=0 nm 27.8 34.7 39.3 43.5
Sb=2.5 nm 28.9 36.6 40.7 447
Sb=5 nm 51.2 35.2 37.7 50.7
Sb=7.5 nm 38.2 26.2 30.8 40.8
Sb=10 nm 53.7 35.0 46.0 46.4
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Table 3.2 Statistical analysis for the distributions of the interparticle spacings
shown inFigure3.5. The tbles show the (a) average spacing, (b) standard devigjon.

relative standard deviation.

Average

Au=0.7 nn| Au=2 nm Au=4 nm Au=8 nm
Sb=0 nm 24.6 24.3 36.2 97.8
Sb=2.5 nm 37.4 42.9 50.5 141.5
Sb=5 nm 110.4 127.0 152.6 1835
Sb=7.5 nm 277.5 186.9 210.8 235.1
Sb=10 nm 317.2 255.5 216.7 250.1

-g Standard Deviation

% Au=0.7 nn| Au=2 nm Au=4 nm Au=8 nm
é Sb=0 nm 6.2 5.5 8.9 24.0
g Sb=2.5 nm 9.5 10.7 12.5 33.1
E Sb=5 nm 45.6 30.1 31.2 40.9
Sb=7.5 nm 93.9 43.3 45.5 46.3
Sb=10 nm 121.2 77.4 58.5 64.3

RelativeSandardDeviation

Au=0.7 nm Au=2 nm| Au=4 nm| Au=8 nm
Sb=0 nm 25.0 22.8 24.6 24.5
Sb=2.5 nm 25.5 24.9 24.8 234
Sb=5 nm 41.3 23.7 20.5 22.3
Sb=7.5 nm 33.8 23.1 21.6 19.7
Sb=10 nm 38.2 30.3 27.0 25.7
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Silver nanoparticles were also assembled on sapphire substrates using a sacrificial
antimony layer.Figure 3.8 shows the SEM images, histograms of the nanoparticle
diameter and interparticle spacing, and spectra of the extinction efficiencyfortiack
silver films dewetted on antimony layers of various thicknesses. In a manner quite similar
to gold nanopdicle assembly, there exists a systematic increase in the nanoparticle
diameter and interparticle spacing as well as ashefd in the LSPR peak position as the
antimony layer thickness is increased. There are, however, a number of key differences.
Forenost is the larger characteristic lengitale over which silver agglomerates
compared to gold. There also exists a discontinuity in the trends for nanoparticle size and
interparticle spacing as the thickness of the antimony layer transitions from 3rim.4.5

The silver nanopatrticles also show a stronger tendency to facet.
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Figure 3.8 Summary of the dewetting behavior for 2 nm thick silver films deposited on
sacrificial antimony layers with thicknesses 0fl05, 3, 4.5 and 6 nniNote that thga)

SEM i mages of the silver nanoparticles
nanoparticle size distribution, (c) histograms of the interparticle spacing and (d)

extinction efficiency spectra all show trends iamto that observed for gold.
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3.4 Discussion

The results presented demonstrate that the introduction of a sacrificial antimony
layer results in an assembly process which is far more flexible. In contrast with
conventional dewetting, where the characterigimgthscales of the assembly process
are driven by the thickness of the gold film, the nanoparticle size and interparticle
spacing are largely determined by the thickness of the sacrificial antimony layer. The end
result is a sethssembly process whetee gold layer thickness determines the quantity of
gold to be agglomerated, while the antimony layer thickness dictates the characteristic
lengthscale over which the agglomeration occurs. This distinction allows for a pliable
assembly process where thenoparticle size and areal density can be varied
independently, the result of which is a process yielding substrate surfaces supporting gold
nanostructures with characteristic lengttales unattainablga the conventional route.

The incorporation of a séficial antimony layer into the assembly process also has its
shortcomings. Most notable is the trend toward increasing widths in the nanoparticle size
distributions as both the gold and antimony layer thickness is increased. For such samples
the assemplprocess gives rise to large nanoparticles containing most of the gold initially
deposited, but which are surrounded by numerous smaller nanoparticles. This deficiency
is most acute for the gold nanoparticles assembled from nihe @old film deposited on

a 10nm sacrificial antimony layer, where 50% of the nanoparticles account for only 10%
of the nanoparticle volume as can be seefrigure 3.4. With so many low volume
nanopatrticles, Ostwald ripening and/or ewation[80] provides an obvious avenue for
significantly narrowng the size distribution; this was not pursued in this comparative

study so as to maintain consistency in the processing conditions.
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The overall role the sacrificial layer plays is to enhance the areal extent over
which the dewetting occurs, where conti®lattained through adjustments to the layer
thickness. The effectiveness of antimony as the sacrificial layer stems from a set of rather
unique properties associated with both it and the combinet@aydichony binary system.

Antimony readily sublimates aemperatures where the gold assembly occurs. It has a
surface energy well below that of most common m¢&dly a property which makes it

more prone to the wetting of surfaces. In $lodd state it is nearly immiscible with gold
(miscibility 0.75wt% Sb). This immiscibility results in the inhibition of antimony
sublimation when coated with a gold layét] as the incompatibility of these two
elements imposes a barrier to a process which would othesegsthe interdiffusion of

antimony through the gold overlayer followed by its subsequent release from the surface.

At sufficiently elevated temperatures, however, immiscibility gives way to miscibility as
antimony and gold intermix, forming a low temperat eutectic =360 AC) . Th
silveri antimony binary system shares many of these same features, but where both the
eutectic temperaturdé=485 AC) and anti mony mi wiei bi | it

Sb) are significantly higher.

The mechanisms guity the enhancements to the areal extent over which the
gold agglomeration are discussed in more detail in the next chapter within the context of
the templated assembly of ultrathin gold layers deposited atop antimony pefdtals
For the current scenario, it was obserttet the gold layer inhibits antimony sublimation
from the pedestal top. Antimony sublimation from its sides, however, is uninhibited. It is
the resulting advancement of the sublimation fronts from all sides toward the center of

the pedestal which rapidlgrives the agglomeration of gold to a single location as the
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antimony supply is steadily reduced to the point of exhaustion. Also crucial to the
assembly process is the simultaneous dissolution of antimony into the gold overlayer, a
process which induces reactive wetting71] process and leads to the formation of a
goldi antimony eutectic at the interface. In the initial stages of the assembly process, the
gold film must rupture in order to generate the antimony sublimation fronts required to
initiate the assembly proceddie initiation of the dewetting process by rupturing the film

IS not unique to the assembly process studied here. In fact, conventional solid state
dewetting is reliant on the formation of voids at grain boundary defects which extend
from the surface ofhie film to the underlying substrate from which atoms retieat.

situ monitoring of this conventional dewetting procg3] reveals that the entire film
dewets from these voids through a repetitive process which sees the edge thicken,
become unstable due to Rayleigte instabilities, shed material to form isolated islands
and then hicken again. While similar monitoring will be required to delineate the exact
processes by which films agglomerate in the presence of a sacrificial antimony layer, a

number of factors relevant to the assembly process can, at this point, be articulated.

The interface between the noble metal and sacrificial antimony layer, over the
course of the assembly process, evolves from one formed between two nearly immiscible
solid state components to one which is a liquid eut€ttic.While the propagation of the
sublimation front dves the agglomeration process, the mere presence of the interface in
the absence of this front favors kinetic processes which tend to maintain a continuous
film on its surface. Studies of the antimdsiiver interface, for example, demonstrate the
effeciveness of antimony as a kinetically active surface agentq(ré&actant mediated

epitaxy[82], [83]) able to transform the silver thin film growth mode from one which
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sees islands form and merge (itee Volmef Weber mode) to one where a single
continuous layer forms before the growth of the next layer is indtiéite.the Frank
vanderMerwe mode)84], [85]. It is noteworthy hat both experiment and calculations
based on denskifunctional theory{86] show that the presence of antimony promotes the
formation of smoth silver films while maintaining an interface which remains
segregated. Such behavior is likely to be in opposition to the agglomeration of silver
while on the surface of antimony. It would not be unexpected if thel golonony
interface behaved similarl Also in opposition to agglomeration processes is the kinetics
associated with the formation of the eutectic. As antimony dissolves into the noble metal
overlayer, the resulting dissolution is likely to promote -eguilibrium reactive
wetting[87]i [89] which will also tend toward maintaining a continuous layer. Such
tendencies toward maintaining film continuity dlikely to play a pivotal role in
increasing the characteristic lengttale over which the film ultimately agglomerates by
limiting the number of locations where the film ruptures. In terms of maintaining the film
continuity, thicker noble metal layers ag@pected to be more robust and, as a result,
rupture in fewer locations. Once the sublimation front arrives it will override all of these
wetting tendencies, activating the agglomeration process and cutting off the supply of

antimony upon which these testtties are reliant.

Attempts to use antimony pedestals to promote the templated assembly of a wide
variety of elementgdiscussed in Chaptel) 4evealed that the formation of a eutectic at
the interface was crucial in promoting agglomeration over larggthestaleq71]
Antimony was relatively ineffective in promoting the agglomeration of elements for

which it does not share a low temperature eutectic. This limitation, however, was
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overcome through the introduction of a thin bismuth layer at the interface which becomes
liquid during the assembly process. With the need to maintain a liquid interface, it is not
unexpected that the antimargold ratio is critically important for the assembly process
described in the present paper. Results indicate that as long as there rensamdea
supply of antimony the gold assembly seems relatively unencumbered over large length
scales. It, therefore, follows that the assembly mechanism is inhibited when utilizing a
low antimony gold ratio due to a lack of antimony. In this regime, thdistion fronts

will locally decrease the relative antimotorgold ratio as it drives gold forward and
exhausts the antimony supply through sublimation. Both of these factors will eventually
drive the system from the liquid to the solid phase field ofkin@ry phase diagram.
Should this occur, the motion of the advancing front will be impeded, taking on a
character more akin to conventional solid state dewetting which will shed material in the
form of isolated islands due to Rayleilike instabilities. After the material is shed,
however, a new sublimation front will emerge and the process will be repeated. The fact
that the SEM images consistently show parallel lines and concentric arcs of
nanostructures, provide evidence for the existence of thesagatopy fronts and also
indicate that they are large compared to the interparticle spacing. When thicker antimony
layers are used, but where the gold thickness is held constant, the sublimation front will
propagate further before shedding material, yigl/darger nanostructures in the process.

If the break between the island structures and the new sublimation front is disorderly, it
could spawn the formation of many small antimony islands containing small quantities of

gold. The subsequent assembly of éhesuctures would account for the high number of
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smaller nanostructures observed when both the noble metal and antimony layer

thicknesses are large.

3.5 Summary

In summary, a new pathway has been devised for the assembly of noble metal
nanostructures utilizop the dewetting phenomenon which allows for control over the
nanostructure size and interparticle spacing. By merely varying the thickness of a
sacrificial antimony layer placed between the substrate surface and the overlying metal
film, it is now possibleto dictate the characteristic lenggbales over which the
agglomeration occurs. For a given metal thickness a thicker sacrificial layer will give rise
to larger structures of low density, while a thinner layer gives rise to a high density of
smaller stratures. The assembly route allows one to tailor the nanoparticle size and
spacing to meet the needs of specific applications. As solar cell enhancemenfégents
seeds for the catalytic growth of nanowif&8] and as nanoscale masks for reactive ion
etching[53] the resulting ensembles of noble metal namecstres could prove

particularly attractive.
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CHAPTER 4 DYNAMIC TEMPLATING, FABRICATION PROCEDURE AND
RESULTS

4.1 Introduction

In the preceding chapter, the utilization of introducing antimony to alter the
dewetting dynamics of thin films of gold deposited on a safestwas discussed. This
effect can be exploited to fabricate ordered nanostructures on a substrate. In this chapter,
a substratdased templated assembly route is introduced which désge-area, high
throughput capabilities for the fabrication of pelio arrays of sumicrometer and
nanometesscale structures. The approach overconmesngortanttechnological barrier
to the use of substrateased templated assembly by eliminating the need for periodic
templates having nanoscale features. Insteadjasnepon thaise of adlynamic template
with dimensions that evolve in time from easily fabricated micrometer dimensions to
those on the nanoscale as the assembly process proceeds. The dynamic template consists
of a pedestal of a sacrificial material, tygily antimony, upon which an ultrathin layer of
a second material is deposited. When heated, antimony sublimation results in a
continuous reduction in template size where the motion of the sublimation fronts direct
the diffusion of atoms of the second eradl to a predetermined location. The route has
broad applicability, having alreadgroduced periodic arrays of gold, silver, copper,
platinum, nickel, cobalt, germanium and-Ag alloys on substrates as diverse as silicon,
sapphire, silicorcarbide, grapene and glass. Requiring only modest levels of
instrumentation, the process provides an enabling rfmrteny reasonably equipped
researcher to fabricate periodic arrays that would otherwise require advanced fabrication
facilities. It is noted that, fothe purpose of clarity, many of the experimental details
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regarding the dynamic templating process are included in this thegippendix B
Appendix Bprovides a stepy-step procedure for fabricating periodic arrays of gold, a
procedure whose aim is toqvide guidance to future graduate students carrying out the

dynamic templating process.

4.2 Background

The deposition of a high surface energy thin film on a low surface energy
substrate, followed by its subsequent dewetting and agglomeration into draplets
elevated temperatures, is the most straightforward method for obtaining subatede
nanostructures. The mechanisms governing this dewetting phenomenon, however, are
quite complex and are influenced by the film thickng8%] the crystallographic
orientation of the substrafé4] and film [65] substrate surface reconstructiojs/] the
substratdilm lattice mismatch[64] faceting [66] and interface chemist.7] This
multitude offactors leads to limited control over and a randomness in the nanoparticle

size distribution, spacing and placement.

The imposition of a periodicity onto the dewetting using lithographiaifyned
film edges[61], [65], [68], [90] [92] periodic template$61], [70] or substrate surface
texture [72]i[74] has been demonstrated. To carry out thesealed templated
dewetting procedures on the nanoscale, however, requires that order be imposed by
paterns having nanoscale features. For example, when a film is deposited on a substrate

and subsequently patterned to form a square with width ‘w' and thickness 'h’, there exists
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a patterawidth-to-film-thickness ratio (i.e. w/h) below which it is able tpgbbmerate

into a single structure when heated and above which it breaks up into multiple structures.
This ratio is, under ideal circumstances, often below [R).Calculations based on this

value reveal that pattern widths of less than 200 nm are typically required for the
agglomeration of 50 nm nanostructures. Producing periodic templated structures on these
lengthscales over large areas in a manner which preserves long range order becomes
technically challenging and cegtohibitive, negating the main advantage of using the
templated dewetting route. An alternative approach uses easily fabricated micrometer
scale templates to produce an array of larger structures which are subsequently reduced in
size through the use of surface energy gradipt8sor high temperature annea|§1]
Maintaining control over the process, however, becomes increasingly challenging as the
nanoparticle lengtiscale is reduced. Here, weport on an assembly route, referred to as
dynamic templating, which yields w/h ratios two orders of magnitude higher than that
observed for conventional dewetting techniques. The discovery enables the templated
assembly of nanostructured arrays usingndiates having easily manufactured

micrometerscale features.

4.3 Results

The processing route used to fabricate periodic arraysulbbfnicrometer and
nanometescale gold structureis shown schematically ifRigure4.1a A shadow mask
consisting of a periodic array of openings is placed over the substrate. Deposited through
this mask onto the substrate is a thicker sacrificial layer followed by a second ultrathin

gold layer which ultimately assembles to form the gitdctures. Antimony was chosen
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as the sacrificial layer because it readily sublimates in the temperature regime where gold
films typically dewet and it has a much lower surface energy than[§b]din attribute

which promotes gold agglomeration. The shadow mask is then removed and the

remaining layered structure is heated to temperatures amenable to solid state dewetting.

In contrast to conventional templated dewetting, where thesjnidture is formed on a
substrate material, the gold must now agglomerate upon a sacrificial antimony pedestal
which is simultaneously being annihilated as antimony atoms leave the structure through
sublimation. This reduction in pedestal area resultsairiorced migration of the
agglomerating gold atoms to the center of the structure. Once all the antimony is driven
from the substrate surface through sublimation, a single gold structure is left in the center.
The terminology A dy n adopted tot desonibe dhe ehyinkinga s
antimony pedestal. It is used to contrast its dynamic nature with the passive templates
used in conventional templated assembly. The nomenclature of passive and dynamic
templating will, hence, refer to the conventional arevly devised fabrication route,
respectively, but where it should be recognized that the devised route combines both
passive (i.e. the shadow mask) and dynamic templating. Dynamic templating has been

used to fabricate larg&rea arrays such as the onevehan Figure4.1b.
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a (i) Apply shadow (i) Deposit antimony  (iii) Deposit gold b
mask to substrate | ; l ‘ {4
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(iv) Remove shadow V) Antimony (vi) Gold array
mask subllmates assembles

—
= / . xffo Kfz TR
"4 Het g v° f = L-/

Figure 4.1 (a) A schematic of the dynamic templating process used to assemble periodic

arrays of submicrometer and nanometscale gold stictures. The process proceeds by

(i) applying a shadow mask to the substrate, (ii) depositing antimony through the mask to
form the dynamic template, (iii) depositing the gold onto the dynamic template, (iv)
removal of the shadow mask, and then (v) heatime sample to induce both gold
agglomeration and antimony sublimation until (vi) only a periodic array of gold
structures remain. (b) An SEM image of a lasgea array of sulmicrometer gold
structures produced using dynamic templating. The insetighantagnification image of

an individual gold structure presented from a 65° tiltsideew ( scal e bar =

Figure 4.2a shows SEM images obtained from a series of samples where the
dynamic templating proceswsas interrupted at various stages by heating and then
guenching goldopped antimony pedestals from progressively higher temperatures. This
series is contrasted with standalone antimony pedestals quenched from the identical
temperaturesHigure 4.2b). Immediately evident is that the standalone pedestals retain
their original areal dimensions as they sublimate, brgalnd ultimately disappear from
the substrate surface. This behavior is consistent with antimony having a surface energy
that islower than the underlying substrate and where sublimation is primarily through the
loss of atoms from the top surface of the pedestal due to its much higher surface area. In
contrast, the dynamic templating process is characterized bydefeled edges wbh

retract in an organized manner as they diminish in size from the original pedestal
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structure to a single nedemispherical gold nanostructure. For this case, gold inhibits
the loss of antimony from the top of the pedestal, the result of which isliengtitn

process dominated by the loss of atoms from the pedestal sides.
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Antimony pedestals topped with gold
600 °C 605 °C

Figure 4.2 SEM images showng the evolution offa)5 € in 5 ¢ 1 200 nm antimony
pedestals topped with 0.25 nm of gold (i.e. dynameicplating) and(b) identical
standalone antimony pedestals as they are heated to various temperatures and then
guenchedNote that as the antimony sublimates the dofthbed pedestals retract from

the edges defined by the shadow mask while the standpémiestals brealdp prior to
complete annihilation through sublimatidhis noted that the arrayed structures imaged

at 615 °Carestill antimonyrich (55 wt.% Sb), but where further heating drives away the

remaining antimony. The scale bar is 10 pum.

Figure 4.3 shows a comparison of the results obtained when using passive and
dynamic templating for gold films of two different thicknesses (5 and 0.5 nm) where each
was exposed to the same heating regimen. For time éase, passive templating yields as
many as 40 nanoparticles/cell, while dynamic templating yields a single- near
hemispherical gold structure (radius = 385 nm) in the center of each cell having a volume
equal to the combined volume of the smaller nartagpes. For the 0.5 nm thick sample

the difference is even more striking, showing nearly negligible agglomeration for passive

48



templating while,once again,showing a single hemispherical nanoparticle per cell
(radius = 175 nm) for the dynamic template eTiesult demonstrates that the dynamic
template can support dewetting into a single structure for w/h ratios as large as 10,000
(i . e. a 5 em pattern width divided by a O0.
on the other hand, is limited to rat@lues of approximately 50 for the gold patterns
deposited on sapphire. Herein lies the most important advantage of dynamic templating:
it enhances the dewetting to the extent that easily manufactured shadow masks, having
micrometerscale features, can Yaeperiodic arrays of nanoscale structures. This is in
stark contrast to conventional templating techniques where nanoscale structures are only

formed when the template has naswale feature$94]

(i) Passive templating (ii) Dynamic templating

Gold film thickness = 5 nm.

Gold film thickness = 0.5 nm.

Figure 4.3 A comparison showing the advantage of dynamic templating over
conventional passive templated dewetting. The SEM images show the degree of
agglomeration obtained using (i) conventional passive templating and (ii) dynamic
templating for gold film thicknesses of (a) 5 nm and (b) 0.5 nm. Note that dynamic
templating yields an array of gold particles while passive templating has only limited
influence on the agglomeration process since film dewetting occurs on much smaller

length-scales than those defined by the template. The scale bar is 10 um.
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While conventional dewetting is highly dependent on the substrate material,
dynamic templating is not. This is not surprising since the substrate only comes into play
in the latter stags of the assembly process when the antimony is nearly depleted. Arrays
of gold structures have been fabricated on a wide variety of substrate materials including
sapphire, SrTigQ MgO, YSZ, MgALO,, SiC,fused silica, glass (Eagle XG) and silicon
with either a native oxide or 100 nm Si@yer Figure4.4). It has been demonstrated on
amorphous surfaces, the (00&Lxface of hexagonal crystals and the (6010} and
(111)surfaces of cubic crystals. Even subststpported monolayer graphene resulted
in the formation of gold arrays, but where tBEM images showed some darkening at the
locations occupied by the antimony pedestal prior to its sublimdtigare4.5). Raman
measurements on these areas reveal the charactedsticd@Dbands of single her
graphene as well as theldand associated with defd&S] (Figure4.5b). When gold is
dewetted directly on graphene the-BBnd is absent due to the severe degradation in the
lattice structure[5]

Substrates used for dynamic templating

SiO, on Si Glass (Eagle XG)

Sapphire

Figure 4.4 A compilation of SEM images showing periodic gold arrays formed on a wide
variety of substrates using dynamic templating (scale bar = 10 pm).
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Figure 4.5 (a) SEM image ba periodic array of gold structures assembled on graphene.
(b) TheRamanspectrunrecorded for an area occupied by a gold structure. The spectrum
is characteristic of single layer graphene with defects. 0he5- and 2Dbands areat

1361 cn, 1606 cm and 2707 ci, respectively

Whil e shadow nasksmws qiharse eanpeni-to-gs and
center distances between openings were used to demonstrate the enhanced dewetting
characteristics available through dynamic templating, the low density of the resulting
structures is msatisfactory for most applications. The collective optical response from the
ensemble of such nanostructures is also quite weak. From both these standpoints,
dynamic templating is a far more effective processing route when shadow masks with
smaller openigs and closer centéo center distances are used. This also allows for the
use of antimony pedestals with significantly reduced heidtiggire 4.6a shows an array
of gold nanostructures with a 46ld increase in particle density (1.607cn?)
fabricated wusing shadow masks with-td. 2 e&m
center distance of 2.6 &m. T m ¢Figae db)avith e x hi b
93% of the structures falling within the range of 104 £ 10 nm. The structures show a

plasmon resonance centered at a wavelength of 590 Figuré 4.6¢), a value in
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agreement with simulations keson the discrete dipole approximation (DOA], [97]
(Figure 4.6d and Figure 4.7). Arrays similar to that shown in Figure 4a were also
fabricated directly on silicon nitride TEM membranes. The individual nanostructures
observed show some facetirfgdure4.6e) with no evidence of antimony contamination
(Figure 4.6f). It is noted that the array quality is somewhat diminished when fabricated
directly on these grids because it is difficatdreate conformal contact between the grid

and shadow mask.
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Figure 4.6 (a) SEM image of a dense array of gold nanostructures fabricated using
shadow masks with 1.2 & m-tose ratmert edi Dtpemc er g
and (b) the resulting size distribution. (c) The extinction spectrum of the arrayed
structures and (d) the calculated response based on DDA simulations of a 110 nm gold
nanoparticle sharing a contact angle of 130° with a sapphiogtrate (inset). (e) Image

of a gold array which was similarly fabricated directly on a silicon nitride TEM
membrane and (f) the corresponding energy dispersive spectroscopy (EDS) spectrum of

an individual nanostructure which shows peaks corresponding tongold and the

underlying Si3N4 membrane. Note that there is no signature in the EDS measurement
corresponding to antimony.
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Figure 4.7 Simulations of the extinction efficiency using the discrete dipole
approximation (DDA) for a 110 nm diameter gold nanoparticle placed on a sapphire disc
(diameter = 300 nm, thickness = 20 nm) for three different coataxcg | e s : (a) d
(b) d = 130A and (c) d = 90A. The extinct

closely resembles the experimentally determined value.

Regardless of the shadow mask size, dynamic templating rapidly loses its
effectiveness when thgold film thickness is reduced to values below a monolayer. For
this case multiple structures per pedestal are formed. This effectiveness, however, is

restored by creating a twayer template consisting of an antimony pedestal topped with
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4 nm of silver,an element which is also prone to sublimation at elevated temperatures.
For this case, the assembly occurs in two stages, a first stage where the gold and silver
agglomerate together as the antimony pedestal sublimates and a second stage where the
gold aglomerates as the silver sublimates. The resulting enhancement to the
agglomeration process is so extraordinary that it is now possible to accumulate in a
predetermined location a mere ‘aRdint@a80 at o
nanoparticle with a dight of 19 nm Figure 4.8). Assuming that such a structure has a
hemispherical geometry, then the overall assembly process is characterized by a 600,000
fold volume reduction between the initial pedestal and fithal nanostructure. For
passive templating to achieve the same degree of success, a gold film thickness'bf 1/500
of a monolayer deposited over the same area would have to agglomerate into a single
nanostructure, a scenario which is of infinitesimal piolity. The assembly process is
remarkable in that gold atoms which, from the standpoint of Coulombic interactions, are
initially isolated from one another (average area occupied per gold atom =?B&nem
brought together to form a single nanostructiitee only significant drawback to using

this AgSb multilayer pedestal is that higher processing temperatures (900 °C) are

required to rid the nanostructure of silver.
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Figure 4.8 (a) Atomic force microsopy (AFM) image of an array of gold nanostructures
fabricated using a twlayer dynamic template and (b) the associated histogram of the

nanostructure heights derived from crgsstions performed on each structure.

The dynamic templating approach haseb applied to a wide variety of material
systems and has proved successful in the formation of periodic arrays of gold, silver,
copper, platinum, nickel, cobalt, germanium and-Ax alloys Figure 4.9). These
investigations not only demonstrate the broad applicability of the approach, but also
reveal fundamental insights into the mechanisms guiding the assembly process. For all of
the aforementioned elements, the use of an antimony pedestadaswdn enhancement
to the dewetting when compared to the bare substrate. The enhancement, however, was
much stronger for those elements which form a low temperature eutectic with antimony
( Au, Ag, and Ge) . Array formit boemfehathbw
mask openings required the use of bismuth instead of antimony as a pedestal material. In
this case, the pedestal is liquid at temperatures where the assembly occurs and where its
annihilation is through the process of evaporation rathem thblimation. Bismuth
pedestals, while superior in many respects, have the disadvantages that they: (i) show a
greater tendency for leaving much smaller nanostructures adjacent to those forming the
array, (ii) left the surfaces of some substrates scatdlde pedestal locations and (iii)
required faster processing times to achieve optimal results. These disadvantages were, to
a large extent, negated through the use of a pedestal consisting of antimony pedestal
topped with a thin layer of bismuth. The wfeantimony, however, was impossible when

forming nickel arrays due to high levels of antimony remaining in the assembled
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structures (10 at.%). Palladium displayed similar tendencies, showing arrayed structures

with high levels of antimony contaminatioBQ(at.%).

Materials produced using dynamic templating

Cu

Figure 4.9 A compilation of SEM images demonstrating the ability of dynamic

templating to fabricate arrays of numerous elements and alloys. The scale bar is 10 pm.

4.4 Discussion

As a substratbased directed assembly route, dynarmamplating is unique in its
ability to assemble nanometiirick layers spread out over squanerometer areas into a
single structurelt is lithographyfree, straightforward, inexpensive, requires only modest
levels of instrumentation and can be carried m several hoursNumerous material
systems are accessible and the assembly is supported by a wide variety of substrates. The
process also promotes a high degree of crystallinity, where opportunities exist in terms of
fabricating arrays of highHacetel threedimensional structures forming a
heteroepitaxial relationship with the underlying substrate. Another important advantage

of the technique is that a single shadow mask can be used to assemble structures with

56



widely varying sizes by merely alterindpet amount of material deposited atop the
pedestal. The assembly process does, however, have its shortcomings. A histogram
plotting the distribution of the four nearesighbor nanoparticle distances for 440
arrayed structures reveals that deviations ofdneds of nanometers from the expected

pe i odicity of 2 If processnoptamnization dsoumatle to .significantly
reduce the number of these registration errors then it will limit the potential applications
of dynamic templating. While the abylito assemble material from large areas greatly
simplifies the array fabrication process, it also places limitations on array pitch. Arrays
utilizing micrometerscale shadow mask openings are restricted to pitch values having
the same micrometer lengsicde. A final limitation is that the assembly process is more
prone to the incorporation of impurities into the final structure. This limitation originates
from the high temperatures used in the processing route and the fact that final assembled
structure ewvlved from a sublimating pedestal with a much larger volume. This volume

inevitably contains impurities which can become incorporated into the assembly process.

The mechanisms driving dynamic templating are highly complex, involving a
layered structure wbh emits material, intermixes, evolves from micrometer to nanoscale
dimensions and where constituents undergo multipleegpilibrium phase transitions
between the solid, liquid and vapor phases. Nevertheless, key requirements for the
process have emerge (i) the rapid loss of material from the pedestal through
sublimation (or evaporation), (ii) the preferential loss of this material from the pedestal
sides due to the inhibition of the sublimation process (or evaporation) by material atop
the pedestal a@h(iii) the formation of a liquid at the interface between the pedestal and

the agglomerating material. In this regard, gwdped antimony pedestals represent a
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model system which will be used for further supposition on the mechanisms governing
the evoltion of the dynamic template, referring to other material systems only when
comparisons are instructive. It is important to note that, while the initial choice of
antimony as the pedestal material was based on its low surface energy and propensity for
subimating at temperatures where gold atoms typically agglomerate, there exist several
other relevant factors regarding the use of antimony: it is nearly immiscible in gold in the
solid state (0.75 wt.% Sb), but is completely miscible in the liquid statet dodns a
eutectic with gold which lowers the melting point to nearly-tmed its bulk value. Both

of these factors play a key role in the assembly of nanostructured gold arrays.

The early stages of the assembly process sees a temperature rise vdsidb lea
the onset of antimony sublimation. From the progressions showgiure 4.2 it is
evident that this sublimation process is influenced greatly by the presence of a gold
capping layer. Standalone antimony pedestals sublimate without any significant
agglomeration and where material loss is primarily through the top surfadeeof t
pedestal. The situation, however, is radically altered by the placement of gold on the
pedestal Kigure 4.2a) as it severely inhibits the antimony sublimation from the top
surface, the result of which is a smthtion process dominated by the loss of atoms from
the pedestal sides. The net effect is a highly anisotropic sublimation process which
continuously reduces the top surface area of the pedestal. It is this antimony sublimation

front which drives gold towas the center of the pedestal.

While the forced agglomeration of gold due to the advancement of the
sublimation front represents a key mechanism in the assembly process, it is completely

reliant on maintaining a quasontinuous capping layer which iftitis the sublimation
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through the pedestal top. The importance of maintaining this capping layer is apparent
from the observed deterioration in the dynamic templating process (i) when sub
monolayer gold thicknesses are used and (i) when the gold is irésfnwith
theantimonyrather than placing it atop the pedestal. Even though some dissolution of
antimony through the gold layer is inevitable, its lifetime ongblel surface will be short

in duration due to the higintimonyvapor pressure at the assembly temperature

( &' Dorr). It would also be quite detrimental to tassembly process if the capping
layer dewet on the top surface of the pedestal before the sublimation front arrived.
Opposed to this tendency, however, is the wetting behavior derived from the formation of
the Au Sb eutectic arising from the dissolution aftimony into the gold layer. Such
behavior, referred to as dissolutive wetti8F] has been observed both experimentally
[88], [89], [98] and in simulatior}54] in such systems as copparsilicon and tinon
bismuth. It is, thuspostulated that the dissolution of the pedestal material into gold is a
key mechanistic requirement necessary to maintain the integrity of the capping layer and,
hence, enable the enhanced dewetting observed. In this respect, the formation of silver
and germanium arrays is analogous to that of gold formation in that dissolution occurs
through the formation of a eutectic. For other material systems (Pt, Cu, Ni, Co), where a
low-temperature eutectic is not present, the dissolution is facilitated througkehs a

thin liquid bismuth layer. This result suggests that other low melting point elements with

high vapor pressures.g.Zn, Cd, Se, Te) could also act as effective pedestal materials.

In the late stages of the assembly process, antimony losssievece that the
pedestal collapses, yielding a liquid phasémonygold structure which makes contact

with the underlying substrate material. Continued heating leads to further antimony loss
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which is followed by the onset of solidification, a transfoioratwhich occurs when
theantimonycontent drops below values needed to be in the liquid phase field of the
binary phase diagram. This will result in the precipita of gold from the liquid as
antimony continues to leave the structure. The-maariscibility of gold and antimony
renders this transformation relatively straightforward. Eventuallyattienonywill be
exhausted and the gahdnostructursvill lie on the surface of the substrate with its

contact angle in the equilibrium configuration.

At the end of the assembly process dynamic templating yields arrayed structures
which appear identical to those obtained through the conventional approach utilizing
passve templates. The key advantage of the dynamic templating approach, however, is
that much smaller structures can be assembled from a template of a set width. For the
assembly of gold arrays on sapphire substrates, easily fabricated dynamic template widths

of 1 em can be used to fabricate nanostruc

In comparison, passive templating can only achieve feature sizes as small
as 500 nm using the same template width. Such structures would have 125 times the
volume of those accedde through dynamic templating. To further illustrate this
point, Figure 4.10 compares the expected minimum feature size of the assembled gold
structures accessible for passive and dynamic templating as a fuottioa template
width. For passive templating, calculations are based on a terpttteto-gold-film -
thickness ratio of 50, the value needed to assemble a single structure. This ratio value is
derived from the theoretical calculations of Doreehl [93] utilizing the experimental
gold-onsapphire contact angle of 13[®9] but is also consistent with our experimental

findings. For the case of dynamic templating, the limitation of the assembly process is not
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the templatevidth-to-gold-film-thickness ratio, but the ability to maintain a quasi
continuous capping layer on the surface of the pedestal. With experiments indicating that
capping layer integrity is maintained for a monolayer of gold for four different pedestal
widths (0.6,1 . 2, 2 and 5 g&m), this monol ayer val
determining the expected minimum feature size. The calculation illustrates that dynamic
templating is likely to have a significant advantage over passive templating on all length
sales. While shadow masks have been exclusively used in this study to form the
dynamic template they are, by no means, a requirement of the assembly process as any
conventional or unconventional lithographic process can be applied. Thus, the minimum
featuresize accessible through any of these individual lithographic techniques can be
significantly improved upon through the formation and subseqssgmblyf dynamic
templates into much smaller structures. A further advantage isi@hastructuresf

varying sizes can be derived from the same lithographic pattern by simply varying the

amount of gold placed on tlatimonypedestals.
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Figure 4.10 Plot of the expected minimum gold nanoparticle diameter adblevan a
sapphire substrate as a function of the template width for passive (solid) and dynamic
templating (dashed). Also shown are the experimentally achieved values (squares) for the
dynamic templating case. Note that dynamic templating has a signéideahtage over

passive templating regardless of the template width used.

61



4.5 Conclusions

A simple, inexpensive and versatile route for the templated dewetting of
periodic arrays of sulmicrometer and nanoscale structures. Through the incorporation of
a dynanc template into the conventional templated dewetting route, the assembly is no
longer limited by the ratio of pattemmidth-to-film-thickness. As a result, easily
manufactured templates with micromeseale feature sizes are able to direct the
assembly bnanometeiscale structures. Thus, with modest levels of instrumentatign
reasonably equipped researcher is able to fabricate nanostructured arrays that would
otherwise require advanced fabrication facilities. Nanostructures produced in this manner
are well-spaced, providing an excellent platform for discovery in areas where arrayed
nanostructures can be monitored as they (i) evolve into nanowdrdise vapoHiquid-
solid mechanism[12] (i) are used to initiate substrab@ased templated assembly
processe$78], [93] [100] or (iii) where they are sculpted into more intricate structures
[101] or (iv) provide labon-a-chip functionalitied102], [103]In combination with more
sophisticated lithographic techniques, able to define the dynamic template on smaller
lengthscalesthere is also the stronigelihood that dynamic templates will be capable of
producing dense arrays with nanostructure dimensions at or below those accessible to any
individual lithographic process. Should this potential be realized, dynamic templating

could emerge as a pervasive materials processing route.

4.6 Methods

4.6.1 Pedestal Formation
Depositions were carried out at room temperature using a Neocera Pioneer 120

pul sed | aser deposition system (Lambda Phy
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laser energylensity = 1.5 J/cf laser spot size = 4 min 1.4 mm, laser repetition rate

10 Hz) where the thickness deposited per laser pulse was determined by calibrations
based on AFM measurements. Most targets were derived from high purity metal foils
(Alfa Aesar)whi ch were cut to the 10 diameter req
and antimony targets which were derived from a single crystal wafer (MTI) and a
commercial supplier of targets (Kurt J. Lesker), respectively. Substrate materials were
obtained fromstandard sources (MTI, Virginia Semiconductor, Valley Design) and
ultrasonically cleaned in common solvents (methanol, acetone, isopropanol) prior to use.
Monolayer graphene, obtained from the Graphene Supermarket, was grown on a copper
foil and transferrd to a silicon wafer with a 285 nm SiCayer. Most experiments were
carried out using shadow masks consisting of electroformed nickel mesh (Precision
Ef or mi ng) i vi tehm 55 qumr e openings and a repe
deposition the mask was mechanically clamped to a substrptea({tgimensions 8 mm

i 8 mm, diameter of exposed area = 5 mm) resting on a rare earth magnet. The role of
the magnet was to ensure conformal contact between the shadow mask and substrate by
attracting the nickel to the substrate surface. Denser arraygeduses, such as those
shown inFigure 4.6, utilized TEM grids (EMS) as shadow masks as discussed in the
Appendix B For the formation of the gold nanostructures, antimony pedestals with a
height of 300 nm were deposited, immediately followed by a gold layer of the desired
thickness. All depsitions were carried out with a substrédeget distance of 8 cm and a

base pressure of T@orr. When submonolayer gold thicknesses were used, a 4 nm thick

film of silver was deposited between it and the pedestal. For the formation -of sub

monolayer gal on silverantimony pedestals, as was required for the fabrication of the
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array shown irFigure 4.8, empirically determined gold deposition parameters were used
to obtain the desired nanoparticle radius. It is noted that suelmgnblayer thicknesses

are readily achieved due to the small quantities of material derived per laser pulse
(approximatef 1 monolayer/200 pulses) when the laser energy density is near the
ablation threshold, a value which can be further reduced through the introduction of an
inert gas ambient into the deposition chamber. The pedestal architectures yielding the
highest quaty arrays for other element&igure 4.9) consisted of (i) 300 nm antimony

for Ag, Ge and ArAg, (i) 250 nm antimony and 50 nm bismuth for Cu, and Co and (iii)

300 nm bismuth Pt and Ni.

4.6.2 The Assembly Process

The assembly process was carried out in a tube furnace under a 100 sccm flow of
ultrachigh purity argon. During the assembly the substrate was placed in an alumina
crucible. The heating regimen when utilizing antimony pedestals involved elevating the
temperature to 600 °C (i.e. a temperature where antimony readily sublimates) in 9 min,
where it was held for 30 min. When using bismuth pedestals the 30 min pause was
avoided in order to limit the dissolution of the metal overlayer into the Ijjulthe
temperature was then elevated to higher temperatures to promote further agglomeration
and to drive off the remaining antimony (or bismuth) through sublimation (or
evaporation). The temperature rampdsoak profile used for this purpose was highly
dependent on the pedestanostructuresubstrate combination used. Nanostructure
substrate comhations able to withstand high temperatures (e.g. Au, Ni, Co on sapphire)
were ramped to temperatures in the range of BB °C and then allowed to cool to

room temperature. Those unable to withstand this environment due to excessive
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sublimation (e.g. Ag@r sub50nm gold nanostructures) or where antimony pedestals form

a eutectic with the substrate (e.g. silicon) were heated to lower temperatur89Q730)

for longer periods of time (typically 360 min) to achieve the same ergult. For all

arrays eported, the antimony and bismuth concentrations in the nanostructure were
below detectable levels as determined by EDS. The processing conditions used for each

of the elements shown Figure4.9 can found in the Supporting Information (Table S1).

4.6.3 Instrumentation

SEM images were obtained using a FEI Quanta 400 Environmental Scanning
Electron Microscope operating in secondary electron mode. AFM images were obtained
using a Veeco Multimode Atoimmn Force Microscope in tapping mode. EDS
measurements were obtained usingJBOL JEM-1400 Transmission Electron
Microscope. The extinction spectra were obtained using €ary 5000 UWVis-NIR
Spectrophotometer operating in transmission mode (aperture dissnkteim, scan rate
= 15 nm/min, increment = 0.5 nm). The Raman spectra of graphene was measured using
Renishaw inVia Raman Microscope with an argon ion lasgrc i t ati on sour ce

nm, spot size = 1 um).

4.6.4 Simulations and Data Analysis

Nanoparticle size distributions were obtained from SEM images processed using
the ImageJ software. DDA simulations of the extinction efficiency were obtained using
DDSCAT (Veasion 7.2)[96], [97] where the simulated stture was first created using

LAMMPS. [104] The structure simulated consisted of a truncatdd gphere (diameter
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= 110 nm) sharing a contact angle of 130° with a cylindrical sapphire substrate having a
diameter of 300 nm and a thickness of 20 nm. The gold nanoparticle and sapphire
substrate were represented by 74,376 and 194,315 dipoles, redpecatihere the
spacing between dipoles is 2 nmheldielectric functions for gold and sapphire were

taken from Johnsoet al[105] and Palik[106] respectively.
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CHAPTER 5 ADVANCEMENTS TO THE DYNAMIC TEMPLATING
TECHNIQUE

This chapter describes adaptations to the dynamic templaamgigue which
allow for the fabrication of arrayed nanostructures with a lower pitch size using a TEM
grid as a shadow mask instead of an electroformed nickel grid. This is followed by
sections which describe collaborative projects where intricate naonsts were
formed using dynamic templating as a means to generate template materials for use in: (i)
galvanic replacement reactions yielding hollow metal nanoshells and (ii) closed space
sublimation processes vyielding highly faceted palladium nanostesctand AuGe

heterodimers.

5.1 Increasing the density of nanoparticles using a lower pitch shadow mask

The shadow masks used in dynamic templating determine the density of
nanoparticles fabricated on the substrate. Using a nickel mesh with a pitch ite It
um, as demonstrated in Chapter 4, leads to arrays of nanoparticle with the same spacing.
This spacing is far too large for many technological applications. In order to circumvent
this shortcoming, the nickel mesh shadow mask was substituted Eivigtransmission
electron microscope) grid with both smaller openings and a reduced Ipigthe 5.1
shows an SEM image of the Quantifbibley carbon TEM grid used. The outer ring of
the grid has a diameter 8fmm with the inside patterned area consistin§®ftmwide
nickel bars that support a 15 nm thick perforated carbon film. The holes in the carbon
film have a diameter of 1.Am and form an ordered array where the cett@enter

spacing between holes il.5 pm. This small pitch size allows for the fabrication of
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nanostructures which are both smaller and of higher density using the Dynamic
Templating technique. Figure 5.2 shows a comparison of the sparsely spaced arrays
obtained using the electroformettkel mesh and the much denser arrays now available
when using the TEM grid. The resulting improvement makes the technique far more

relevant in terms of applications.

templating

Using this TEM grid as a shadow mask for the fabrication of arrays introduced
new challenges into the assembly process which were mainly associated with the fragility
of the 15 nm carbon film. New tecliyuies were developed to overcome this difficulty
and to securely place the TEM grid on the substrate and then, after deposition, remove it
from form the substrate surfad&ppendix Bdescribes in detail the techniques developed
and provides a stelpy-step pocedure for fabrication of arrays using these fragile TEM

grids as shadow masks.
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Figure 5.2 SEM images showing a comparison of periodic arrays of gold nanoparticles
fabricated using the dynamic templatitechnique with (a) an electroformed nickel mesh
as a shadow mask with a pitch size of 12 um and (b) a TEM grid as shadow mask with

pitch size of 1.6 um.

5.2 Combining Dynamic Templating with Galvanic Replacement Reactions

With the ability to fabricate highdensity arrays using Dynamic Templating
established, a collaborative project was undertaken which exploits these arrayed
structures as templates fgalvanic replacement reactioiis collaboration (with Kyle
D. Gilroy) has resulted in three publicateoril07], [108] which were the first
demonstrations of: (i) the synthesif hollow metal AvAg nanoshells formed as periodic
arrays on the surface of a substrate, (ii) the formation of smooth nanocages and (iii) the

formation of platinum nanoshells.

Galvanic replacement reactions are a whtsed oxidatiomeduction synthét
reaction which has been widely used to fabricate hollowed metallic nanoparticles. Such
reactions are typically carried out on solution dispersed templ[a@$], [110], [111].

Prior to the work presented in this thesis such reactions weeglapted to the substrate
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based platform. The hollowed nanostructures derived from galvanic replacement
reactions are of interest because they exhibit distinct plasmonic and catalytic properties.
The most common template material for galvanic replacemeattions is silver.

Dynamic Templating provides a straightforward means to produce periodic arrays of
silver templates. These arrays, thus, had the potential to be used in the oxidation

reduction reactions needed to form periodic arrays of hollow metastraotures.

Initial studies explored the use of galvanic replacement reactions on substrate
supported silver nanostructures as a means to form hollowAg\unanoshell$107]
Galvanic replacement reaction® aeliant on solutiofibased reactions which occur when
atoms of a solid metal (i.e. the silver template) spontaneously react with ions of a second
metal having a higher electrochemical potential. The reaction results in the simultaneous
dissolution of theAg templates into solution as Au is heteroepitaxially deposited onto the
template surface. Galvanic replacement reactions can produce various morphological
shapes due to differences in the reaction and deposition rates of atoms on different
template crystllographic orientations and faceting. Complex nanostructures can, thus, be
engineered, by appropriately choosing the template, the reaction solution and the duration
of reaction. Such reactions typically lead to the formation of hollow nanoshells which
exhibit a strong sensitivity to the position of the localized surface plasmon resonance

(LSPR) and the index of refraction of the adjacent medjufr®], [113].

Galvanic replacement react®ron silver templates were carried out in a three
neck flask. The three neck flask was filled with a 10 mL aqueous HAs@lltion and
refluxed for 10 minFigure5.3ab show tilted and topview SEM images for nreacted

templ ates and those expos esdorhoth thelnOrarrayedl 1 00
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and arrayed configurations. Prior to reaction the silver templates exhibit a morphology
characteristic of a droplet in contact with a surface, but where signtiffeaeting is

observed. The shape is typical for high surface energy metals that have agglomerated on

a low surface energy substritd 4] [26]. Also noteworthy, is that, unlike solutidrased

synthesis routes, the temfda are free of capping agents. As the templates are reacted
they undergo a morphological transformatio
a roughening of the surface, (ii) a hollowing of the interior and (iii) the appearance of an
opening at th base of the structure. The mramayed samplesF{gure 5.3a) exhibit

structures in various stages of the reaction since smaller structures react more rapidly
than the | arger ones. For the 10 &M sampl e
For the 100 &M sampl e t he oapriagnof pogpusggdp e ar s
encircles the structure at its base. In contrast, the arrayed templates, when reacted
(Figure5.3b), show a high degree of uniformity and evolve at a slower rate. Theewp

SEM image for lte unreacted arrayed templates show faceted structures with uniform
contrast as is expected for solid particles. Conversely, arrayed templates reacted using the
10 €M and 100 €M concentrations show sign
circle surreinded by a bright outer ring. Such a pattern is characteristic of hollow
structures. Al so apparent from the SEM in
arrayed structure has a large single opening on its side. Fully reacted nanohut structures

in both thearrayed and ncearrayed configurations were easily removed from the
substrate using Scotch tape. SEM images of the Egeré5.3c), show intact structures

which, because they are now inverted, appear as nai®katl a notch in the rim. The

images also confirm that the nanohuts are in fact, hollow. Also revealed is that the
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interior of the nanohut is significantly smoother than its exterior, with a shape that shows

features consistent with it being derived frartemplate exhibiting facets.

Ag templates Au-Ag nanohuts (c) Au-Ag nanobowls

(d)

200 400
Length (nm)

f\

200 400
Length (nm)

Figure 5.3 SEM images showing the morphology ofireacted templates and nanohuts
formed through galvanic replacement reacti
nonarrayed and (b) arrayed configurations. (c) Images ofan@myed and arrayed

nanohut structures which have been removed from the sapphire substrate using scotch
tape. Note that the inverted structures appear as nanobowls where the rim shape has been
influenced by the sifold faceting associated with the initi@mplate structure. The scale

bar for all insets is 200 nm and the tilt angle is 65°.ABM image and the associated
crosssection for an individual template artde same structure after it hbsen75%

reactedo form a nanohut. Note that the heightlod structure has increased from 135 to

158 nm. The arrows on both the SEM and Akihges point toward theingle side

openingfound on eacimandut



The nanohuts shown figure5.3, exhibit a rough surface mdrplogy consisting
of many loosely connected lobes. In SecttoBwe show the results of an investigation
where the reaction was altered by coating the subdiested silver templates with a 3
nm thick layer & Au prior to their insertion into the reaction vessel. It is shown that such
a layer dramatically alters the product of reaction, yielding nanoshells which: (i) exhibit a
much smoother surface morphology, (ii) preserve the general shape of the starting
template and (iii) are far more robust. The discovery is used to advance the understanding

of substratébased galvanic replacement reactions.

5.3 Mechanistic Study of Galvanic Replacement Reactions

Smooth AuAg shell can be made by merely coating silver temeglavith an
ultrathin layer of gold prior to their galvanic replacement reaction. Thirawed
nanoshells exhibit much smoother surfaces, a higher degree of crystallinity and are far
more robust. Demonstrated is the ability to engineer the cage geomsinghh
adjustments to the orientational relationship between the crystal structure of the starting
template and that of underlying substrate. Together these synthetic discoveries provide
the framework to advance the understanding of the mechanisms govsuhisigate

based galvanic replacement reactions.

Figure 5.4 compares the nanoshells derived from silver templates with those
obtained from Au coated silver templates. In both cases, scanning electron microscopy
(SEM) images reveal that the galvanic replacement reactions transformed the template
structures into periodic arrays of hollow nanoshells. Striking differences, however, are

observed when comparing the morphology of the nanoshells obtained. Nanoshells
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derived from the silver template§igure5.4 (a)) exhibit an irregular surface morphology
consisting of numerous loosely connected lobes. In contrast, the Au coated silver
templates Figure5.4 (b)) yield nanoshells which exhibit a much smoother osteface

with an opening adjacent to the substrate. This opening can have a hexagonal geometry
(inset toFigure5.4 (b)), although openings with jagged irregular edges are more typical.
For both cases, energy dispge X-ray spectroscopy (EDS) measurements reveal a

nanoshell composition of near A#Agdo.30

The transfer of the nanoshells from the substrate surface to transmission electron
microscopy (TEM) grids allowed for the inner surfaces of the nanoshells imadped.
Figures Figure 5.4 (c) andFigure 5.4 (d) show top and sideview TEM images of
inverted nanoshells (i.e. nanobowlkl5], [116]) derived from the uncoadeand Au
coated silver templates, respectively. The images obtained confirm that the structures are
hollow with a shell thickness below 40 nm. Also noteworthy is the fact that the
nanoshells are quite robust, maintaining their structural integrity dun@gdmoval
process. Unique to the nanoshells derived from thedeaied silver template is a series

of parallel planar defects extending from one side of the shell to the otheFitige5.4

(d)).
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Inverted Au-Ag nanoshells resting on a TEM grid
S| i : (d)

7 )
.

200 nm

Figure 5.4 65° tiltedview SEM images of a nanoshell array produced using galvanic
replacement reactions on (a) silver templates and (b) silver templates coated with 3 nm of
Au. The insets show a high magnificationwief an individual nanoshell (inset scale bar
=100 nm). Topand tiltedview TEM images of inverted nanoshells obtained from silver

templates having the (c) uncoated and (d) Au coated configurations.

The temporal evolution of the sacrificial templates ihollow nanoshells was
assessed for the uncoated and Au coated template configur&iigue 5.5 (a-d) show
SEM images of uncoated templates exposed to aqueous kHAmCtime intervals
ranging from 4 to 30 minutes. The early stages of the reaction result in the preferential
deposition of Au onto the high curvature surfaces where facets iritefld@s in
combination with a slower rate of deposition onto the {100} and {111} facets
exaggerates the underlying crystallography of the subdtrateated cuboctahedron
(Figure 5.5(a)). Noteworthy is the fachat the resulting framework is disconnected at
numerous locations. As the reaction proceeds the framework becomes increasingly rough,

developing lobes while the facets of the structure remain smbmtré5.5 (b)). As the
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lobes continue to become more pronounced, prominent openings emerge in the structure
(Figure 5.5 (c)). While somewhat obscured by the lobes, an examination of a large
number of structures makes it apgrarthat the openings consistently form at the facet
positions of the initial Ag template, a behavior consistent with the dealloying process.
Reactions allowed to proceed further result in structures where the pattern of openings is
further obscured by aincrease in the overall porosity and the continued development of

lobes Figure5.5 (d)).
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4min () Au-Ag nanoshells (from uncoated Ag templates) 30 min

tilt

tilt

Figure 5.5 Top- and 65° tiltedview SEM images showing the evolution of (i) silver
templates and (ii) silver templates coated with 3 nm of Au as they undergo galvanic
replacement reactionsrftime intervals ranging from 4 to 30 min. It should be noted that
the darker contrast in thepgaiew SEM image shown in Fi@(e) reveals the existence of

a hollow channel within the structure (denoted by yellow arrows). The scale bar for all

images is Q0 nm.

5.4 Periodic Arrays of Faceted Palladium Structures Seeded b§old Templates

Forming an array of palladium nanoparticles has proven difficult using dynamic
templating because of contamination of palladium particles with the sacrificial template

materids used in the dewetting process (i.e. Sb and Bi). Arrayed palladium
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nanostructures are, however, of intense interest due to their hydrogen storage capabilities,
catalytic behavior and plasmonic properties. In an effort to remedy this situation a
collabordive project was undertaken (with Aarthi Sundar) where periodic arrays of gold
fabricated using dynamic templating are confined between the supporting substrate on
which they are formed and a palladium foil. Elevated temperatures induce the concurrent
migration of gold atoms to the adjacent foil and the sublimation of palladium atoms to the
substrate. This process eventually results in the formation of a periodic array of palladium
nanostructures situated at the precise locations formerly occupied by1ge]d.
Figure5.6 shows the steps involved in the assembly of palfadianoparticles. Dynamic
templating techniques were used to fabricate period arrays of gold nanoparticles with a
diameter of 230 nm on the [0001] oriented@. In the next stepA{gure5.6 (b)) a 0.025

mm thicklayer of palladium foil was placed over the arrayed structures. The combination
is then placed into a tube furnace and heated from room temperature to 1085 °C in 60
min (Figure5.6(c)). At this high temperatureafladium atoms sublimate from the foil as

gold simultaneously evaporates from the nanoparticle. After annealing the sample for
time intervals ranging from 45 min to 10 h, the sample is removed from the furnace and
the foil is removed to reveal the complegplacement of gold particles by highly faceted

palladium nanostructuregzigure5.6(d)).
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(a) Fabricate gold nanostructure (b) Place a palladium
array using dynamic templating foil over the array

OOOOOOOO ) Q/

(c) Heat to temperatures promoting (d) Remove foil to expose
significant palladium sublimation an array of palladium

i=¢ : (=00i=0l =0l =)
.»v@@/(}ool ....

Figure 5.6 Schematicof the assembly process used to transform a periodic array of

sacrificial goldseeddnto an array of palladium nanostructures. The process involves (a)
the fabrication ba gold arrayusing dynamic templating technique followky, (b) the
placement of a palladium foil over the array and (c)ihgahe combination to 1085 °C.
The foil is removedt the end of assembly reveal (d) a periodic array of highly faceted
palladium nanostructures situated at the positions formerly occupied by the sacrificial
gold templates.

Figure 5.7 shows scanning electron microscopy (SEM) images and energy
dispersive Xray spectroscopy (EDS) peaks for both the sacrificial gold templates and the
assembled palladium nanostructures. EDS peaks clearly show the transformation of gold
particles to pladium. Short duration annealing at 1085 °C, however, shows residual
levels of gold in palladium. Palladium structures are strongly faceted with a Wulff shape
(i.,e. a truncated octahedron enclosed by eight {111} facets and six {100} facets)
structure. Itis interesting that there is no nucleation of nanostructures in the areas
between the arrayed structures which indicates that assembly process fully maintains the
original gold order on the substrate and palladium atoms only migrate and replace the
gold stuctures. This indicates that the sacrificial gold templates act as heterogeneous

nucleation sites palladium atoms arriving to the substrate.
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Sacrificial Au array Assembled Pd array
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Energy (keV) Energy (keV)

Figure 5.7 SEM images and the associated EDS spectra oagaifisial gold templates

and (b) the highly faceted palladium structures obtained after the assembly process. Note
that peaks corresponding to gold are absent in the EDS spectrum of the assembled
palladium structures. The insets to the SEM images showvil&sf- and topview high
resolution images of individual structures. The scale bah&insetsis 100 nm.

5.5 Au-Ge Heterodimers and Hollowed Au Nanocrescents

In a continuation of this collaborative project, periodic arrays of gold, fabricated
using Dynanic Templating, were used as heterogeneous nucleation sites for Ge atoms
arriving to the substrate surface. The combination is interesting because the two elements
form a low temperature eutectic while being immiscible in the solid state. These
propertieswere exploited to synthesize periodic arrays of-@el heterodimers and
hollowed gold nanocrescentBigure 5.8 shows the steps involved in the fabrication
technique. In the first step, arrays of Au or Ag nanostructures are assembled on sapphire

substrates using dynamic templating or in the form of random structures. In the second
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stage Figure5.8b), a germanium wafer is placed over the sapphire substrate. A spacer is

used between the germanium wafer and the substrate so that the germanium wafer does
not touch the gold particles directly. The combination is thentieatt 0 8 00 e C, (o
sublimation of germanium atoms from the waf€ig(re5.8c). The uptake of germanium

atoms by gold nanostructures transforms the particle inteGAuliquid alloy

(Figure 5.8d). The immiscibility of gold and germanium causes phase separation when

the sandwich structure is cooled below the eutectic temperature, resulting in the
formation of the heterodimer structure shownFigure 5.8e. The acorn shape of the
heterodimer is dictated by the surface energies of gold and germanium and demonstrates

the tendency of gold atoms to wet the surface of germanium. Germanium can be etched

in the last step leaving behind ald nanocrescents as showrFigure5.8f.

(a) Assemble Au (b) Place Ge Crystal over (c) Ge sublimates
nanostructure Au nanostructure

e ——
Heat

(d) AuGe liquid droplet forms (e) Au-Ge heterodimer (f) Au nanocrescent

= ” T “
Cool Etch Ge

Figure 5.8 Schematic of the assembly route used to formGkuheterodimersaind

/>
.
g

hollowed Au nanocrescents. The proces®lves (a) the assembly of Au nanostructures,

(b) the placement of solid crystalline Ge overtop the Au nanostructures, (c) heating the
combinationto8 0 0 e C, (d) the wupt ake toddrm adiguidby t he
droplet of AuGe, (e) cooling whicinduces AuGe heterodimer formation through the
solidification and phase separation of the-wamponent liquid, and (f) the etching of the

Ge component to form a hollowed Au nanocrescent.
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Figure 5.9 shows scannig electron microscopy (SEM) images of the initial Au
nucleation sites and the resulting-&e heterodimers for both the arrayed and random
configurations. The inset tBigure 5.9a clearly shows the hexagonal #f@zet expected
for a [111}oriented gold structure. Such faceting is caused by heteroepitaxial formation
of hexagonal (111plane of Au on hexagonal (00Gf)ane of sapphirefFigure 5.9b-c
shows the array of goldfter it is exposed to germanium for 6 hours at 800 °C, and after
etching the germanium domain from the-&e heterodimer. The random configuration
(Figure 5.9e) derived from the high temperature agglomeratiomrofl8 nm thick Au
film, shows nanostructures with variable sizes ranging from 45 to 140 nm in diameter.
The bright and dark contrast shows-Aand Gerich regions, respectivelyrigure 5.9e
shows the randomly ppst i oned Au templ ates exposed to
cooled.Most of the structures appear as-&e heterodimers and there are also a small
percentage of GAu-Ge and AuGe-Au trimmers, labelled irFigure 5.9f using yellow

and red arrows, respectively.
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Figure 59 SEM images of (a) the arrayed Au structures which through the devised
assembly process give rise to (b)-&e heterodimers imaged from atapw and (c) Au
crescents, (d) Ae heterodimers images from 65° tikei@w. (€) Au nucleation sites

with randomized size and placement and (f) the heterodimers assembled from them. The

scale bars for all insets is 100 nm.

Figure5.10 shows the extinction spectra for a sample as it progresses through an
assembly process, which sees it transformed from Au nanostructures -@®e Au

heterodimers and then to hollowed Au nanocrescents. Extinction spectra were measured
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