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Abstract

Optical metamaterials are an emerging field that enables manipulation of light
like never before. Producing optical metamaterials requires sub-wavelength building
blocks. The focus here was to develop methods to produce building blocks for
metamaterials from nanogold.

Electron-beam lithography was used to define an aminosilane patterned chemical
template in order to electrostatically self-assemble citrate-capped gold nanoparticles.
Equilibrium self-assembly was achieved in 20 minutes by immersing chemical templates
into gold nanoparticle solutions. The number of nanoparticles that self-assembled on an
aminosilane dot was controlled by manipulating the diameters of the dots and
nanoparticles. Adding salt to the nanoparticle solution enabled the nanoparticles to self-
assemble in greater numbers on the same sized dot. However, the preparation of the
nanoparticle solution containing salt was sensitive to spikes in the salt concentration
which led to aggregation of the nanoparticles and non-specific deposition.

Gold nanorods were also electrostatically self-assembled. Polyelectrolyte-coated
gold nanorods were patterned with limited success. A polyelectrolyte chemical template
also patterned gold nanorods, but the gold nanorods preferred to pattern on the edges of
the pattern. Ligand-exchanged gold nanorods displayed the best self-assembly, but
suffered from slow kinetics.

Self-assembled gold nanoparticles were cross-linked with

poly(diallyldimethylammonium chloride). The poly(diallyldimethylammonium chloride)

XX



allowed additional nanoparticles to pattern on top of the already patterned nanoparticles.
Cross-linked nanoparticles were lifted-off of the substrate by sonication in a sodium
hydroxide solution. The presence of van der Waals forces and/or amine bonding prevent
the nanogold from lifting-off without sonication.

A good-solvent evaporation process was used to self-assemble poly(styrene)
coated gold nanoparticles into spherical microbead assemblies. The use of larger
nanoparticles and larger poly(styrene) ligands resulted in larger and smaller assemblies,
respectively. Stirring the solution resulted in a wider size distribution of microbead
assemblies due to the stirring’s shear forces.

Two undeveloped methods to self-assemble nanogold were investigated. One
method used block-copolymer thin films as chemical templates to direct the electrostatic
self-assembly of nanogold. Another method used gold nanorods that are passivated with
different ligands on different faces. The stability of an alkanethiol ligand in different
acids and bases was investigated to determine which materials could be used to produce

Janus nanorods.
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Chapter 1

Introduction and Background

1.1 Nanogold

As materials shrink from the bulk to the nanoscale, the materials begin to exhibit
special properties not found in the bulk. One such property is metling point depression.
For example, bulk gold has a melting point of 1337°K, but spherical gold nanoparticles
(Au NPs) melt at much lower temperatures as the size of the nanoparticle decreases.’
Also, Au NP solutions generally display a brilliant red color, unlike the bulk material
which is a shiny yellow. The red color is a result of the Au NP’s surface plasmon.

The following sub-chapters describe the surface plamons of gold colloids and
how the sizes, shapes, and assemblies of gold colloids effect the surface plasmon
resonance. The synthesis of Au NPs and gold nanorods (Au NRs) will also be discussed,
as well as techniques to assemble Au NPs and Au NRs. Lastly, negative index materials,
optical metamaterials, and perfect absorbers will be discussed, since assemblies of

nanogold could be used as the building blocks for these materials.

1.1.1 Surface Plamons of Nanogold
The surface plasmon is a coherent electron oscillation that is excited by an electric

field (light) at an incident wavelength where resonance occurs. This results in strong light



scattering, the appearance of intense surface plasmon bands, and an enhancement of the
local electromagnetic fields.”

For Au NPs less than a critical size (~30 nm) the surface plasmon absorbance is
between 520 and 530 nm, depending on the refractive index of the suspending medium.’
However, once particles grow larger than 30 nm, the surface plasmon absorbance red-
shifts as a simple dipole approximation is no longer appropriate to model the resonance
and Mie theory becomes applicable.* The surface plasmon absorbance of various sized
Au NPs is shown in Figure 1.1a, which shows the red-shifting effect for larger sized Au
NPs.

Furthermore, two-dimensional nanometals can display more than one surface
plasmon. In the case of gold nanorods (Au NRs), the two resonances are from the
longitudinal and transverse axis of the rods. The longitudinal resonance is dependent on
the aspect ratio of the Au NR and is generally red-shifted from the transverse resonance.’
As the aspect ratio of the Au NR increases, the longitudinal resonance can red-shift out of
the visible regime and into the Near-IR regime. Figure 1.1b demonstrates this effect for

Au NRs with increasing aspect ratios.
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Figure 1.1 Effects of the geometry of nanogold on the surface plasmon resonance. (a)

The surface plasmon wavelength of Au NPs red-shifts as the size of the Au NPs

increases. (b) The longitudinal surface plasmon wavelength red-shifts as the aspect ratio

of the Au NR increases. Images reproduced from (a) Link and (b) Jana.*’
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1.1.2 Synthesis of Gold Nanoparticles

Au NPs are generally synthesized in solution by the reduction of a gold salt
(HAuCly) in the presence of a ligand. The ligand usually serves to rapidly reduce the gold
from Au’" to Au'". The reduction of Au'" to Au’ is accomplished by a reducing agent.
Once Au’ is formed, the atoms begin to agglomerate and Au NPs are formed.

All glassware used in the synthesis of Au NPs must be free from metal
contamination. Thus, glassware is commonly washed with Aqua Regia (3:1 v/v of
HCI:HNOs3) and rinsed with copious amounts of D.I. water prior to being used for Au NP
synthesis.

One of the earliest methods to synthesize Au NPs in solution is the citrate-
reduction method.® 1In this synthesis, a solution of gold salt is boiled in water and a
small amount of aqueous sodium citrate is added to the boiling solution. The yellowish
gold salt solution first turns blue, then purplish, and eventually red as the citrate reduces
the gold salt to form Au NPs. In addition to acting as the reducing agent, the citrate also
coats the Au NPs and serves as a passivating layer. The size of the Au NPs is controlled
by the amount of sodium citrate that is added to the gold salt solution. Larger particles are
generated by adding less sodium citrate. Spherical, relatively monodisperse particles can
be generated with diameters between 10 and 20 nm. As larger particles are produced,
they become more polydisperse and their shape becomes more ellipsoidal than spherical.

Recently it was reported that citrate-capped Au NPs could serve as seeds to grow
larger, spherical, citrate-capped Au NPs.” Citrate-capped Au NPs were prepared as
previously mentioned, and then added to a solution containing HAuCly under stirring.

Sodium citrate and hydroquinone were then added to the solution, which generated



larger, spherical, citrate-capped Au NPs. In this technique, the hydroquinone reduces
Au'" to Au’, but only in the presence of the Au NP because hydroquinone does not have
a large enough reduction potential to spontaneously reduce the Au'",

Another recipe for generating Au NPs is commonly referred to the Brust
method.'’ In this synthesis, HAuCl, is dissolved in water and tetraoctylammonium
bromide (TOAB) is dissolved in toluene. The two solutions are mixed together under
stirring until the HAuCly is transferred to the toluene phase. After discarding the aqueous
phase, an aqueous solution of sodium borohydride (NaBHy) is added to the toluene
solution, under stirring. The NaBH,4 reduces the HAuCl, to form TOAB coated Au NPs
in toluene. Thus, the TOAB serves as both the phase-transfer agent for the gold salt and
the ligand for the Au NP in this recipe. Au NPs produced via this method are generally
5.5 nm in diameter. The Au NPs are not very soluble in the toluene, and generally
precipitate within a week. It is possible to exchange the TOAB for a thiol-functional
ligand that will more permanently stabilize the Au NPs.

The addition of NaBH; to an aqueous solution of HAuCly; and
cetyltrimethylammonium bromide (CTAB) can also generate CTAB capped Au NPs.
These particles are more stable than the TOAB capped Au NPs, but the CTAB is not very
soluble below 27°C, and may precipitate as crystals from the solution. These Au NPs are
generally 4 nm in diameter."" Similarly, 3.5 nm diameter citrate-capped Au NPs can be
generated by adding NaBH, to an aqueous solution of HAuCl, and trisodium citrate.” '

Small citrate-capped Au NPs generated from the addition of NaBHj4 to a solution
of HAuCl, and citrate can also serve as seeds for the formation of larger Au NPs."® The

small, citrate-capped Au NPs are added to a vial of growth solution containing HAuCly,



CTAB, and ascorbic acid. The ascorbic acid reduces the Au>" to Au'", which facilitates
the growth of the Au NPs. The CTAB replaces the citrate as the ligand for the Au NPs
during this growth procedure. By adding the newly grown, larger, CTAB capped Au NPs
to another vial of growth solution, it is possible to generate even larger Au NPs. Au NPs
ranging from 5.5 to 37 nm were generated via this technique. However, as even larger Au
NPs are generated, Au NRs are generated as unwanted by-product.

Superhydride (LiEt;BH) can also be used as a reducing agent for the synthesis of
Au NPs from HAuCl; in THF with a thiol-functional ligand."* This recipe produces
relatively monodisperse Au NPs. However, as the length of the ligand increases, both the
size and size dispersity of the Au NPs increase as well."”” This is due to the steric
hindrance of the larger ligands that causes less-effective capping of the Au NP core and
may influence the growth rate of the Au NP core.

Au NPs can also be synthesized by adding a solution of HAuCl4 and oleylamine
to boiling a solution of oleylamine in toluene.'® The oleylamine is necessary to solubilize
the HAuCly, since the salt is not soluble in toluene. In this recipe, the oleylamine acts as
both the ligand and the reducing agent. Spherical Au NPs with diameters between 6 and
21 nm can be produced via this recipe. The oleylamine can also be replaced via a thiol-

functional ligand.

1.1.3 Synthesis of Gold Nanorods
Au NRs were first synthesized in water using an electrolysis technique.'” In this
synthesis, a gold anode and a platinum cathode were immersed into an aqueous solution

containing acetone, CTAB, and TOAB. A current of 3 mA was applied for 30 min. under



ultrasonication at 38°C to produce Au NRs. However, drawbacks to this technique are
that only Au NRs with longitudinal plasmon bands less than 850 nm could be generated
and a large fraction of Au NPs are generated as a by-product.'!

Au NRs were later synthesized by Jana, et al. using wet chemistry.” This
procedure is commonly referred to as the seed-growth technique. First, small Au NPs
were synthesized via the reduction of HAuCly in water with sodium citrate by NaBH,.
This produces 4 nm diameter, citrate-capped Au NPs that serve as the seeds for the Au
NRs. Next, a volume of this solution was added to a growth solution containing HAuCly,
CTAB, cylclohexane, acetone, AgNQO3, and ascorbic acid. CTAB capped Au NRs would
then form in this solution. This synthesis was capable of producing Au NRs with aspect
ratios from 1 to 7, depending on the gold seed to gold salt ratio. However, there were still
a significant amount of Au NPs that were formed as a by-product.

Jana et al. also developed a wet-chemistry technique to prepare high aspect ratio
Au NRs using an expanded seed-growth technique.'? 3.5 nm diameter citrate-capped Au
NPs were used as a seed. The seeds were then added to a growth solution containing
HAuCly, CTAB, and ascorbic acid. To produce larger aspect ratio Au NRs, three test
tubes (labeled A, B, and C) containing growth solution were prepared. Sometime after the
seed solution was added to test tube A, a small volume from test tube A was added to test
tube B. Similarly, a small volume was added to test tube C. Large aspect ratio Au NRs
would be formed in test tube C. The aspect ratio of the final Au NRs in test tube C was
controlled by the altering the time in which volumes from test tubes A and B were added

to test tubes B and C, respectively. While a large amount of Au NPs were generated as a



by-product, they were easily separated from the long Au NRs via centrifugation and
discarding the supernatant.

However, the most commonly used Au NR recipe was developed by Nikoobakht
et al.' In this recipe, an aqueous seed solution of CTAB-capped Au NPs is formed by the
reduction of HAuCl, in solution with CTAB by NaBH4. A small volume of seed solution
is then added to an aqueous growth solution which contains CTAB, HAuCls, AgNOs, and
ascorbic acid. The solution is left overnight to allow the Au NRs to form. By varying the
amount of AgNO; present in the growth solution, it was possible to control the aspect
ratio of the Au NRs. In order to grow Au NRs with aspect ratios greater than 4.5,
benzyldimethylhexadecylammoniumchloride was also used in the growth solution. The
advantage of this synthetic route is that pure Au NR solutions are synthesized.

The recipes developed by Jana et al. and Nikoobakht et al. are very similar, but
are also very different. All of the recipes use Au NPs as seeds, have growth solutions
containing HAuCly, CTAB, and ascorbic acid, and produce CTAB coated Au NRs. These
ingredients are critical to the synthesis of Au NRs.

Ascorbic acid is used in the synthesis of Au NRs because of its ability as a weak
reducing agent. The ascorbic acid reduces the gold ions in the growth solution from Au®"
to Au'", which facilitates the growth of the Au NP seed into Au NRs. It should be noted
that the ascorbic acid is not capable of reducing Ag” to Ag’ when AgNOs is used in the
growth solution.

Initial investigation into the role of CTAB and AgNOs in the synthesis of Au NRs

theorized that the CTAB bound to the {110} faces of the gold and thus directed growth in



the {100} direction, while the Ag somehow formed a Ag-Br complex that facilitated the
binding of the CTAB.'"'® However, the roles of CTAB and AgNO; are not that simple.

It was found that the silver deposits on the surface of the Au NPs via an
underpotential deposition (UPD)." Silver UPD is the reduction of Ag' to Ag’ at a metal
substrate with a surface potential less than the standard reduction potential of Ag'.
Furthermore, it was suggested that the Ag" deposits on the {110} surfaces faster than
either the {100} or {111} faces. This rapid silver deposition followed by strong CTAB
binding, via AgBr, inhibits gold growth on the sides of the Au NRs and leads to
preferential growth of gold at the ends. Ultimately, as the number of Au" ion collisions
decreases, the rate at which the Ag+ deposits on the {100} end of the Au NR dominates,
and the rod growth ceases. The mechanism for Au NR growth in the presence of AgNO;
is illustrated in Figure 1.2. The UDP explains why Au NRs grown in the presence of
AgNO; are shorter than those grown without AgNO;.> '®

It was recently shown that Au NRs could be formed in the presence of AgNO3
with concentrations of CTAB that were below the critical micelle concentration via the
addition of NaBr.?” Also, it has been shown that the concentration of iodide impurities in
CTAB can effect if Au NRs, Au NPs, or gold triangular prisms result from the seed

growth synthesis.*'

Thus, the presence of bromide and iodide ions appears to be critical
to forming Au NRs.

One of the major differences between the Jana and Nikoobakht recipes is that the
Jana recipes use aged, citrate-capped Au NP seeds (> 2 hrs. old) and the Nikoobkaht
recipe uses recently prepared CTAB capped, Au NP seeds (5 min. old). The seeds and

growth mechanism of the Jana and Nikoobakht Au NRs was previously investigated



using high-resolution transmission electron microscopy (HRTEM)."” It was found that
the Jana seeds were about 3 nm in diameter, while the Nikoobakht seeds were about 1.5
nm in diameter. Furthermore, the Jana seeds are twinned crystals that are decahedron in
shape with five twin boundaries that are all {111} planes. In contrast, the Nikoobakht

seeds appear to be single crystalline. HRTEM of the two seeds are shown in Figure 1.3.

Ry AucCl;
{(110)
Au-CTAB seed
100
AuCl, (~1.5 nm dia) {100}
Growing gold particle
CTAB micelle-AuCl,

(0.1 M CTAB, 5x104 M HAuCI,)
Ag® on Au {110}

_ CTAB-AuCl; l Fast Ag® UPD
(excess) ‘_J on (110)
_ ~— W
(8x10- M AgNO,)

Au growth along
the {100} direction

Slow Ag® UPD

on (100) + CTAB-AUCI, (excess)+ Ag®(excess)

¥ Ag®on Au {100}
Growth termination
Figure 1.2 Cartoon of the mechanism of nanorod growth from CTAB-protected gold
seed particles in the presence of Ag”. Image reproduced from Orendorff.**
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Figure 1.3 HRTEM image of (a) Nikoobakht seeds and (b) Jana seeds. One of the seeds
shows a very clear penta-fold twinning. The twinning planes are indicated by the arrows
in (b). The histograms are counts of the single crystalline, S, twinned, T, and unidentified,
U, nanoparticles observed in each sample. There are more unidentified particle for the
Nikoobakht seeds because of their smaller size and therefore worse contrast. Image
recreated from Liu."

Until recently, it was believed that Au NRs were octagonal prisms with four
{100} and four {110} side facets, and capping facets that were either {100}, {110}, or
{111}, as illustrated in Figure 1.4a."*>*" However, this model was flawed for two major
reasons. The first reason was that the Au NRs only grow rapidly along one of the <100>
directions without any dendritic growth along the side facets that belong to the <100>
family. The second reason was that despite the different surface energies of the {100}
and {110} facets, the Au NR was still symmetric. From the UDP theory, it is believed
that the Ag ions preferentially bind to the {110} facets because of more abundant
vacancies and higher surface energy on this facet. Thus, the Au NR should be asymmetric
along its longitudinal axis due to the different facets. However, the Au NR displays a
regular, octagonal cross-section.

Recent work has shown that the side facets of the Au NRs are all symmetry
equivalent and are of higher index than the {100}, {110}, or {111} varieties.” * The

result of these findings helps account for the observed symmetric growth of the Au NRs.
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The crystallography was determined using a series of high-angle annular dark-field TEM
images that were compiled to determine the three-dimensional structure of the Au NRs.”’
The three-dimension structure is illustrated in Figure 1.4b. Due to the higher index of the
side facets, which were found to be {0 5 12}, there are more vacancies and greater
surface energy on these facets.”” These two factors would promote the adhesion of both
Ag ions for the UDP mechanism and surfactant to reduce the free energy of the facet.
Thus, the presence of Ag ions and surfactant on the side factets facilitate the anisotropic

growth mechanism.

Figure 1.4 Illustrations of the crystallography of Au NRs as (a) previously proposed with
asymmetric side facets and (b) currently proposed with symmetrical side facets. Images
recreated from (a) Wang?® and (b) Katz-Boon™.

The pyramidal caps of the Au NRs were found to have different symmetry than
the side facets, but the facets that connected the pyramidal caps to the sides were found to
be symmetrically equivalent to the sides.”” The different symmetry of the end caps may
explain the promotion of growth along the rod axis and the greater chemical reactivity of

the nanorod tips.
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Furthermore, the Au NRs were found not to have sharp facets, but rounded
facets.”™ ?° The normal to the {0 5 12} facet bisects the normals to the {001} and {011}
directions. Thus, the octagonal, high-index, symmetrically equaivalent side facets may be

a result of terraced stacking of {001} atomic planes on a cube having {001} faces.”’

1.1.4 Synthesis of Gold Nanoclusters

It is briefly worth mentioning that ultra-small (diameter <2 nm) Au NPs are often
referred to as gold nanoclusters. A recent review elucidated the differences between Au
NPs and gold nanoclusters®® Due to these striking differences, when referring to Au NPs,
only Au NPs with diameters greater than 2 nm are of consideration.

Gold nanoclusters demonstrate quantum confinement effects. This quantum
confinement results in a discrete electronic band structure, HOMO-LUMO electronic
transition, enhanced photoluminescence, and the inability to support surface plasmons.
Figure 1.5 compares the UV-Vis absorption spectra of Au NPs and gold nanoclusters.

Also, there exist synthetic routes that are capable of producing monodisperse gold
nanoclusters. The general synthesis involves the reduction of HAuCly at low temperature
with a thiol-functional molecule to generate an [Au'"]-SR intermediate that is reduced at
low temperature with NaBH, to form a monodisperse gold nanocluster.”’ The synthesis is

very similar to one used to generate Au NPs.**
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Figure 1.5 UV-Vis absorbance spectra for (a) thiol-capped Au NPs and (b) various thiol-
capped, 25 atom gold nanoclusters. The Au NPs show one peak at 525 nm which
corresponds to the surface plasmon absorption. The gold nanoclusters show peaks at 400
nm, 440 nm, and 690 nm which arise from an interband transition (sp € d), a mixed
intraband (sp €< sp) and interband (sp € d) transition, and a LUMO <& HOMO
transition, which is essentially an intraband transition (sp € sp), respectively. Images
recreated from Yee'* and Wu™.

1.2 Assemblies of Nanoparticles

By assembling nanogold, it is also possible to shift the plasmonic resonance and
create new resonances. Aggregations of Au NPs have been shown to exhibit two
plasmonic resonances, one due to the aggregate and the other due to the individual
particles.”*> In the case of Au NRs, assemblies of the NRs shift the longitudinal plasmon
absorbance. End-to-end assemblies of Au NRs cause the longitudinal plasmon
absorbance to red-shift, while side-by-side assemblies cause the longitudinal plasmon
absorbance to blue-shift.”” Thus, by altering the geometry of the nanometals and their

assemblies, it is possible to tune the resonant frequencies.

1.2.1 Self-Assembly of Nanogold in Solution
Nanogold can be assembled in solution using a molecule to cross-link the

nanogold. This cross-linking can be accomplished via covalent bonding, electrostatics, or
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biological systems. It is also possible to assemble nanogold by using solvent selectivity to
induce aggregation of the nanogold.
Covalent cross-linking of Au NPs. has previously been demonstrated to form a

spherical assembly of Au NPs.>*

This was accomplished by introducing a tridentate
thioether ligand or a dithiol ligand. In both cases, the size of the spherical assembly of Au
NPs was inversely proportional to the amount of ligand that was added to the Au NP
solution. Figure 1.6 shows the evolution of separate surface plasmon absorptions as the
size of the spherical assemblies of Au NPs increases. One absorption is from the
individual Au NPs, and one absorption is from the whole spherical assembly. As the
spherical assembly grows larger, its absorption red-shifts similar to how the absorption of
individual Au NPs red-shifts as the Au NPs get larger. For smaller assemblies of the Au
NPs, the surface plasmon absorption is similar to that of the individual Au NPs, so the
two peaks convalesce to form one, wide surface plasmon absorption.

Nanogold may also be self-assembled in solution by using electrostatic forces.
For example, positively charged, cetyl trimethylammonium bromide (CTAB) capped Au
NRs can be aggregated into clusters by adding adipic acid to the Au NR solution.*® The
adipic acid acts as a connecting bridge between the Au NRs and causes them to form

side-by-side assemblies. It was possible to reversibly assemble or disassemble the Au

NRs by varying the pH of the solution to deprotonate or protonate the adipic acid.
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Figure 1.6 Extinction absorption for individual Au NPs (dashed lines) and assemblies of
Au NPs (solid lines) after the addition of (a) 200, (b) 20, (c¢) 0.8, and (d) 0.08 uM of
tidentate thioether. Transmission electron microscopy images of representative
assemblies are included as inserts. Image reproduced from Maye.*®

Biological ligands have also been used to assemble nanogold in solution. The
biotin-streptavidin system was used to assemble Au NRs in both and end-to-end fashion™
and a side-by-side fashion®’. DNA has also been used to assemble Au NPs in solution. By
using DNA ligands, Au NPs have been assembled into quadruple-helicies’' and
pseudocrystals** **. In the case of the pseudocrysals, the interparticle spacing and crystal
structure could be controlled by altering the length of the DNA stands as well as by using
either direct hybridization or a complementary DNA strand.

Solvent selectivity is another technique used to assemble nanogold. Based on the
solvent, the nanoparticles will organize to minimize the free-entropy of the system. If
there is a favorable interaction between the nanoparticle’s ligand and the solvent, then the
particles will be stable in solution. However, if the interaction is unfavorable, the
particles will aggregate to minimize their interaction with the solvent and to maximize
their interaction with each other. Au NRs capped with poly(styrene) on their ends and

CTAB along their facets were assembled into various structures by varying the solvent
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selectivity for the poly(styrene) and CTAB, as seen in Figure 1.7. By assembling the

Au NRs, the longitudinal plasmon resonance shifted, based on the type of assembly.
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Figure 1.7 Self-assembly of an amphiphilic gold nanorod carrying a double layer of
CTAB along the longitudinal side and poly(styrene) molecules grafted to both ends.
Scanning electron microscopy images of the self assembled nanorod structures: (a) rings,
(b) chains self-assembled in the dimethyl formamide/water mixture at water contents of 6
and 20 wt%, respectively, (c) side-to-side aggregated bundles of nanorods and (d)
nanospheres self-organized in the tetrahydrofuran/water mixture at water contents of 6
and 20 wt%, respectively, and (e) bundled nanorod chains obtained in the ternary
dimethyl formamide/tetrahydrofuran/water mixture at a weight ratio of liquids
42.5:42.5:15. The scale bars are 100 nm. The inserts show corresponding schematic
diagrams of the nanorod assemblies. Image recreated from Nie.*’

1.2.2 Self-assembly of Nanogold on Surfaces

There exist many methods to assemble nanogold on surfaces.’>* Most of these
methods involve functionalized surfaces. In a typical assembly, the functional surface is
immersed in a solution of nanogold, and the nanogold is allowed to self-assemble onto
the functional surface before the surface is removed from the solution. These functional
surfaces can covalently bind nanogold to the surface.”>> Au NPs have been previously
been self-assembled onto a surface by using free thiols to covalently bind the Au NPs to

the surface.” >



Electrostatic forces are commonly used to self-assemble Au NPs on surfaces.”* >

53 Generally, Au NPs are functionalized with a charged ligand and self-assembled on an

oppositely charged, patterned surface. Functional, charged surfaces can be fabricated

53, 62 56, 58, 60, 63

using self-assembled monolayers™ *°, electron-beam lithography , hanoimprint

lithography™, microcontact printing®, or AFM-tip lithography®®®. For the electrostatic
assembly of Au NPs, an aminosilane such as 3-aminopropyltrimethoxysilane (APTMS) is
used to functionalize a silicon wafer surface with a positive charge. Figure 1.8 shows
examples of Au NPs that were electrostatically self-assemble using aminosilanes.
Polyelectrolytes, which are charged polymers, are also commonly used to functionalize a
surface with a charge. An intermediate molecule can also be used to enable the self-

assembly of multi-layers of Au NPs.”
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Figure 1.8 Examples of electrostatlc assembly of Au NPs using an aminosilane patterned
surface. (a) SEM image of Au NPs self-assembled into wells patterned with aminosilane
and a hydrophobic Au film surface. (b) AFM image of Au NPs self-assembled onto

aminosilane dots patterned using AFM-tip oxidation. Images recreated from Huang® and
Li®.

The meniscus method can also be used to assemble nanoparticles on surfaces.® "

This technique uses a moving meniscus to direct nanoparticles into a two-dimensional
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array of cylindrical holes or trenches that have been lithographically patterned. As the
meniscus moves along the surface, the capillary force drives the nanoparticle into the
recessed regions that were lithographically generated. A schematic illustrating the forces
involved in the meniscus method is shown in Figure 1.9a. Depending on the geometry of
the recessed regions, it is possible to pattern nanoparticles in different geometries, as

observed in Figures 1.9b-f.

Boeoec@aolls ¢« ¢ e
E@E@OEEEIT T e E @
@EEHEHHEDIT ¥ & @@
GDEEEEEI® ¢ ® v @@
QERER@EE ] & ¢ ¢ &
Blojolor~ T R

it — OUMm,

Figure 1.9 (a) Illustration of the gravitational (F,), electrostatic (F,), and capillary (F.)
forces involved in the patterning of nanoparticles using the meniscus method. Examples
of latex spheres patterned in (b) cylindrical holes, (c) triangular holes, and (d) rectangular
trenches via the meniscus method. (e) Tetramers of latex spheres are patterned in a deep
cylindrical hole. The inset shows the tetramer after removing the resist. (f) Nanotetrapods
are patterned in rectangular trenches. Images recreated from (a) — (e) Xia’® and ® Cui®.
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1.2.3 Self-Assembly of Nanogold in Polymers

Block copolymers have also been used to pattern nanoparticles. There are several
examples of sequestering nanoparticles within one block of the copolymer.””” To
sequester the nanoparticles within one block, it is necessary to use a ligand that
preferentially mixes with one block. It has also been shown possible to synthesize

nanoparticles within one block of the copolymer after it has self-assembled.*” *!

1.3 Negative Index M aterials

The refractive index or index of refraction of a material is the measure of the
speed of light in that substance. It is expressed as a ratio of the speed of light in a vacuum
relative to that in the considered medium. Thus, light travels faster through a material
with a lower index of refraction. The refractive index of a material, n, is determined by its
relative electric permittivity, ¢,, and its magnetic permeability, u,, at a frequency, w, by
the following equation:

n(w) = /& (@) (w). (1)

Most materials do not have a strong magnetic response, so in most cases u,(@) = 1. Thus,
the refractive index is often directly related to the permittivity, which can vary depending
on the frequency of the incident radiation. For example, in the case of a glass prism,
incident white light is transmitted as a rainbow because the refractive index/permittivity
is greater for higher frequencies of light. This results in different frequencies of light
refracting at different angles. Thus, the rainbow appears.

Negative index materials (NIMs) are materials that exhibit a negative index of

refraction for certain frequencies of light. In conventional materials, both the permittivity
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and permeability are positive values, and thus, the refractive index is a positive value.
However, there exists the academic question which supposes that there was such a
material that had negative values of both the permittivity and the permeability, and thus a
negative index of refraction.

One of the first papers addressing the issue of NIMs was published by Veselago
over 40 years ago.” In this paper, Veselago investigated what would happen to
Maxwell’s equations in the case of NIM. The result was that for negative values of ¢ and
1, the electric field, the magnetic field, and the wave vector form a left-handed set instead
of a right-handed set. Thus, NIMs are often referred to as left-handed materials. One
consequence of this left-handed set was that the phase velocity and the group velocity are
anti-parallel. Figure 1.10 compares the propagation in both a right-handed and a left-
handed material. While the Poynting vector, S, continues to travel away from the source
in the NIM, the phase, k, appears to travel towards the source instead of away from the
source in a NIM. Relating back to the definition of the refractive index, it would only

make sense that a NIM would cause the radiation to have a “negative” speed through the

material.
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Figure 1.10 Propagation of an electromagnetic wave through a right-handed material (a)
and a left-handed material (b). The letter A represents the source and the letter B
represents the observer. Recreated from Veselago.*
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Another consequence of a NIM is that light refracts to the left when it passes
through the boundary from a positive index material into a NIM. This is easily explained

by Snell’s law,

sin 91 _ Ny

2)

sin6, n;’
which states that the ratio of the sines of the angles of incidence and refraction is
equivalent to the opposite ratio of the indicies of refraction. Thus, for a NIM, the angle
of refraction must be negative. One outcome of this negative refraction is that a NIM
plate with a thickness, d, will focus the radiation from a point source located a distance /
< d from the plate, as seen in Figure 1.11. In essence, the NIM plate will act as a non-
traditional lens. One exciting application of this negative refraction is superlensing,
which would enable focusing superior to the diffraction limit. However, as no natural

NIMs exist, it was only relatively recently that the first NIM was realized.

e
- ¢~

Figure 1.11 Passage of rays of light through a NIM plate of thickness d. The source of
radiation is point A and the detector of radiation is point B. Recreated from Veselago.*

1.4 Optical Metamaterials
Traditional materials derive their properties from their constituent elements or

atoms. These atoms form a structure that is referred to as the unit cell, which dictates the
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properties of the material. This unit cell may vary for the same atoms. For example,
carbon atoms can form hexagonal sheets as brittle graphite, or they can form a 3-d
structure as strong diamond. Both are made of carbon, but have very different properties.
Metamaterials, on the other hand, are not dependent simply upon the atoms that
comprise the material, but on the structures created by the atoms that comprise the
material. The unit cell of metamaterials is often a well-defined structure that enables the
material to display an effective macroscopic behavior. In the case of optical
metamaterials, the unit cell is significantly smaller than the wavelength of the incident
light, thus the light interacts with the unit cell and not the individual atoms that comprise

the unit cell.

1.4.1 Negative Index M etamaterials

In the late 1990’s John Pendry described the blueprints for manufacturing a
metamaterial with a negative permittivity and a negative permeability. To generate the
negative effective permittivity, &, Pendry proposed a structure of free standing wires
that would result in a negative e at frequencies smaller than the plasmon frequency, o,
of the metal.* ™ The negative effective permeability, per, would be generated by
concentric metal rings that were called split-ring resonators (SRRs).** The first NIM was
a metamaterial which combined Pendry’s array of millimeter-sized parallel wires and
millimeter-sized SRRs.*® The NIM operated at a frequency of 5 GHz. By incorporating
the copper wire into the back of the SRR’s circuit board, the construction of the NIM was

simplified, while preserving the negative index property.®’
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The SRR behaves similar to a circuit with a capacitor and an inductor. The rings
act as the inductors, while the splits act as capacitors. This is illustrated in Figure 1.12.
Like an LC-circuit, the SRR has a resonant frequency, which is dependent upon the
effective capacitance and the effective inductance of the SRR. By modifying the
materials and the geometry of the SRR, it is possible to tune the SRR to different

8-90

frequencies.8 Figure 1.13 highlights some of the NIMs that have been fabricated using

different sized SRRs that operate at different frequencies.

Figure 1.12 Illustration of the analogy between (A) an LC-circuit with inductance L and
capacitance C, and (B) a horseshoe SRR. Image reproduced from Linden.*

The simplest form of a SRR is a cut-wire pair. An early attempt at fabricating
NIMs using cut-wire pairs showed that the device produced negative values of € and p,
but at separate, non-overlapping frequencies.”’ Another attempt demonstrated a NIM with
cut-wire pairs, but this NIM only displayed a negative refractive index of n ~ -0.3.”

Recently, advances in NIMs have not actually dealt with true NIMs, but

waveguides that exhibit NIM behaviors. »°

These NIMs use a fishnet type structure
with alternating layers of metal and dielectric. The negative index of this structure arises
from the combination of the permeability resonance resulting from the excitation of a gap

surface plasmon polaration in the metal-dielectric-metal multilayer and the effective

negative permeability that is governed by the cutoff frequency of the waveguide mode
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supported by the holes.” The production of these fishnet structures often involves

focused ion beam milling, which is very time consuming.
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Figure 1.13 By shrinking the SRRs, the operating frequency increases from (a) the
microwave range87 to the (b) THz rangegg, (c) Mid-IR rangegg, and (d) Near-IR range90

1.4.2 Perfect Absorber Metamaterials

Metamaterials can also be fabricated to be perfect absorbers.”®”® In this case, the
metamaterial is designed such that the g.s{®) = pes(®). The result of this design is that the
impedance is matched to free space, which minimizes the reflectivity. Also, by
maximizing the imaginary components of g.(®) and per(®), which correspond to the loss
components of the optical constants, it is possible to achieve large absorbance. In the case
of metals this is very easy, because the loss of € () increases exponentially around the
plasma frequency. A perfect absorber metamaterial could be useful as a cloaking device

for radar or as the active element in a bolometer.

1.5 Conclusions

There exist several methods to synthesize Au NPs and Au NRs. The surface
plasmon resonances of Au NPs and Au NRs are dependent on the sizes of the Au NPs
and Au NRs, which can be controlled via careful synthetic design. Furthermore, the

surface plasmons may be tuned by assembling the Au NPs and Au NRs.
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Despite the success of SRRs and waveguide-style NIMs, they are both limited in
that they have only been produced via lithographic techniques. Lithography is ideal for
one or two-dimensional structures, but not three-dimensional structures. Therefore, there
exists a need for a technique which produces large quantities of SRRs. By synthesizing
and assembling nanogold, it should be possible to generate building blocks for NIMs that
can be randomly dispersed in a matrix at high enough concentrations to provide an

isotropic negative index response.
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Chapter 2

Directed Self-Assembly of Gold Nanoparticles Using a Chemically Patterned Template

2.1 Introduction

To create building blocks from nanogold for metamaterials, it is necessary to
assemble the nanogold. Inspired from the works of Lee' and Maury”, a bottom-up
approach was conceived where electrostatics would be used to self-assemble nanogold on
a chemically patterned template. The relative sizes of the nanogold and the chemical
pattern would dictate the number of nanogold elements that self-assembled on the
chemical pattern. To test the control of this technique, gold nanoparticles (Au NPs) were
patterned first. The following sections describe the fabrication of aminosilane chemical
templates and the variables that affect how citrate-capped Au NPs electrostatically self-
assemble on the aminosilane chemical template. A scheme for the aminosilane chemical

template fabrication and Au NP self-assembly is illustrated in Figure 2.1

2.2 Experimental M ethods

N-type/phosphorus Si <100> wafers were purchased from Silicon Valley
Microelectronics. Poly(methyl methacrylate) (PMMA, PMMA 950k A2) was purchased
from MicroChem. All other chemicals were purchased from Sigma Aldrich and used as

received.
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Figure 2.1 Schematic for the self-assembly of Au NPs on an aminsilane chemical
template. PMMA is spin-ccast on a Si wafer. After e-beam lithography and development
of the dot patterns, aminosilane is deposited in the patterned areas via gas-phase
silanization. After removing the remaining PMMA resist, the freshly exposed Si surface
is coated with an alkylsilane. Finally, the sample is dipped into a solution of citrate-
capped Au NPs to induce self-assembly.

2.2.1 Nanopattern Generation

A 45 nm layer of thermal oxide was grown on the Si wafers. Oxide thickness was
checked using ellipsometry. After a dehydration bake at 150°C for 5 min. on a hot plate,
PMMA resist (PMMA 950k A2, MicroChem) was spin-coat onto the wafer at 4000 rpm
for 60 sec. to obtain a resist thickness of ~ 65 nm. A pre-bake was then performed by
heating the wafer at 170°C in an oven for 30 min.

Electron-beam lithography (EBL) was performed at 20 keV with at 10 pm
aperture using a Raith 150 (Raith). 10 by 10 um arrays of dots were fabricated with a 500
nm pitch for multiple exposure doses (10, 20, 30, ... 100 fC) per sample with a large
crosshair for easy visibility. After exposure, samples were developed by immersing
samples in a 1:3 (v/v) mixture of MIBK and IPA for 20 sec., immersing samples in IPA

for 30 sec., and drying the samples under a stream of N,. O, plasma reactive ion etching
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(250 mT, 17% 02, 80 W, 15 s) was used to remove any trace organics from the wafer
surface after development.

To image the patterns, 10 A of Ti and 200 A of Au were deposited using an SJ-20
electron-beam evaporator. Lift-off was done by immersing the sample in chloroform
overnight. The sizes of the gold dots were measured by using the Analyze Particles

function in the ImagelJ software on SEM images of the gold dots.

2.2.2 Silanization

3-aminopropyltrimethoxy silane (APTMS, 97%), 3-aminopropyldimethylethoxy
silane (APDMES, 97%), and dodecyltrimethoxysilane (C12TMS, 95%) were used
without any purification. Silanization of the nanopatterned sample was performed by
placing the samples into a desiccator with 100 pL of silane in a watch glass, pulling a
vacuum, and leaving the desiccator overnight. Samples were then rinsed with MeOH and
D.I. H,O, and blown dry with Ar gas. Samples being functionalized with APDMES were
placed on a hot plate at 50°C for 3 hrs. Samples being functionalized with the other
silanes were placed on a 140°C hotplate for 30 min.

Contact angles were measured using a horizontally oriented stereo-microscope

with a digital camera and in-house software.

2.2.3 Gold nanoparticle synthesis
Gold nanoparticles (Au NPs) were synthesized as reported elsewhere.” A 100 mL
solution of 1 wt% HAuCl4:3H,0 (Sigma) in D.I. H,O was brought to a boil under stirring

and 1.00, 0.930, or 0.860 mL of 10 wt% trisodium citrate (Sigma) in water was added to
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the solution to obtain 30, 37, and 50 nm diameter Au NPs, respectively. The solution
turned bluish, then purplish, and eventually a bright red, indicating Au NP formation. The
reaction was allowed to run for 10 min. before removing the solution from heat and
transferring the solution to 20 mL vials. These vials were stored in the refrigerator until
used. UV-Vis (Cary UV-Vis Bio 50, Varian) was used to observe the surface plasmon
absorbance of the Au NPs.

TEM samples were prepared by drop casting 5 pL of the Au NP solution onto a
carbon-coated copper TEM grid (Ted Pella) and allowing the solvent to evaporate. TEM

was used to characterize the size of the Au NPs using a JEOL 3011 HRTEM at 300 keV.

2.2.4 Self-Assembly of Gold Nanoparticles

Silanized nanopatterns were rinsed for 5 sec. with chloroform and dried under an
Ar stream to remove the unexposed PMMA and to expose the SiO, surface. Samples
were then placed into a “flat-mouth™ alligator clip and fixed to the arm of a vertical
dipper (Microslide stage with NSC-1S controller, Newmark Systems) using double-stick
tape. The sample was then lowered into 5 mL of the Au NP solution. The solution was
contained in a sawed-off bottom of a 20 mL vial. In a typical experiment, the sample
remained immersed in the Au NP solution for 20 min. before being withdrawn from the
solution at 10 um/s. The withdrawal rate was controlled by the dipper control software.
Assemblies of Au NPs were imaged using SEM on an FEI Nova Nanolab FIB/SEM at 10

keV.
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2.3 Salt concentration

Sodium chloride (Sigma) was used to create a 0.1 M solution in D.I. water. To
obtain the desired concentrations of NaCl in the Au NP solution, x mL of 0.1 M NaCl
solution was mixed with 5.0 — x mL of Au NP solution. For 1, 2, 5, and 10 mM NaCl
concentrations, x = 0.05, 0.10, 0.25, and 0.50 mL, respectively. Unless noted otherwise,
solutions were prepared by first adding 4 mL of Au NP solution, then x mL of NaCl
solution, and finally 1 —x mL of Au NP solution.

To test the effects of when the NaCl is added to the Au NP solution, a 1.0 M
solution of NaCl in D.I. water was created. First a small volume (100, 150, 200, 300, 500,
900 pL) of the Au NP solution was added to a UV-Vis cuvette. Then, 5 uL of the 1 M
NaCl solution was added to the cuvette. After shaking the cuvette to ensure good mixing,
another small volume of Au NP solution was added to bring the total volume of the
solution to 1 mL. The final NaCl concentration of all solutions was 5 mM. UV-Vis was
used to characterize the solutions after adding the NaCl and after adding the final volume

of Au NP solution.

2.4 Results and Discussion

EBL was performed on pieces of Si wafer that had been spin-cast with a 65 nm
thick PMMA resist to create arrays of dots. After developing the nanopatterns and a
quick O, plasma cleaning, the nanopatterns were given a positive charge by
functionalizing the exposed Si with an aminosilane via gas-phase silanization in a
desiccator under vacuum. Once functionalized, the sample was rinsed with chloroform to

remove the unexposed PMMA resist, dried under Ar gas, and then dipped into an
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aqueous solution of citrate-capped Au NPs. The negatively charged, citrate-capped Au
NPs self-assemble on the positively charged nanopatterns via an electrostatic interaction.
The self-assembled Au NPs were then observed via scanning electron microscopy

(SEM).

2.4.1 Wafer Preparation
EBL is essentially a SEM that is used to pattern a polymer resist. The electrons
from the SEM will cut the bonds of the resist or cross-link the resist in a positive or
negative resist, respectively.! However, the electrons also interact with the sample
substrate. Figure 2.2 shows Monte Carlo simulations of the interaction between the
electron beam and a typical EBL sample. While a large amount of electrons are forward
scattered, there also are a significant number of electrons that are backscattered. The
forward scattered electrons tend to broaden the initial beam diameter and can
significantly contribute to the resist exposure. The increase in effective beam diameter, dj,
in nanometers due to forward scattered is given by the formula
dr = 0.9(R,/V,)'5, (D
where R; is the resist thickness in nanometers and ¥ is the beam voltage in kilovolts. The
backscattered electrons can contribute to the proximity effect, which is indirect exposure
of areas adjacent to the incident electron beam. The amount of backscattered electrons
depends on the incident beam energy, the substrate material, and the resist thickness.
Thus, it becomes a game of compromises to limit the effects of both the back and forward

scattered electrons.
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One way to reduce the electron scattering is by growing a layer of SiO, on the Si
wafer. The SiO; acts as an electron trap, which helps to reduce the number of scattered
electrons.” ¢ This, in turn, helps promote high-resolution EBL with limited undercutting

from the proximity effect.
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Figure 2.2 Monte Carlo simulations of the electron beam interaction with a PMMA
coated Si wafer at beam accelerating voltages of (left) 10 kV and (right) 20 kV. Image
reproduced from McCord.*

2.4.2 Nanopatterning

EBL was performed on pieces of Si wafer that had been spin-cast with a 65 nm
thick PMMA resist to create arrays of dots. Dots were generated by focusing the electron
beam on a specific point until the desired exposure dose was achieved. The size of the
dots generated by EBL was controlled by varying the exposure dose of the electron beam
in the PMMA resist. As shown in Figure 2.3, dot size increases as the exposure dose is

increased. This technique can be used until the exposure dose is greater than 200 fC, at
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which point the electron beam begins to cross-link the PMMA resist. The cross-linked

PMMA is not removed during development, and is therefore undesirable.
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Figure 2.3 Correlation between the diameter of the nanodots and the e-beam exposure
dose. Larger patterns can be produced by increasing the exposure dose. The linear
regression line and equation are included.

2.4.3 Silanization

While APTMS is commonly used to direct the electrostatic self-assembly of
negatively charged Au NPs on Si substrates, it is often used in conjunction with another
functional molecule that repels or prevents the Au NPs from non-specifically depositing
on the non-aminosilane patterned areas’''. In other cases, the resist remains on the Si
surface to enable easy removal of non-specifically bound Au NPs” 2.

The initial design of the chemical template for the electrostatic self-assembly of
Au NPs consisted of dots of positively charged APTMS surrounded by

dodecyltrimethoxysilane (C12TMS). The hydrophobic CI12TMS would prevent any non-

specific deposition of Au NPs. However, this design was unsuccessful.
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The first plan was to deposit the aminosilane first, remove the resist, and then
deposit the C12TMS. This protocol proved to be successful in directing the self-assembly
of the Au NPs. However, using APTMS resulted in the formation of a raised halo around
which the nanoparticles would assemble, as seen in Figure 2.4a. This halo was most
likely due to the gellation of the APTMS during the gas phase silanization." In order to
prevent the formation of this halo, 3-aminopropyldimethylethoxysilane (APDMES) was
used to functionalize the nanopatterns. APDMES features only one ethoxy-group, which
deters the self-gellation during gas-phase silanization, but still enables monolayer
formation and nanoparticle assembly, as seen in Figure 2.4b.

By swapping the aminosilanes, a problem arose. Depositing C12TMS after
removing the resist caused the entire surface to become hydrophobic and no Au NPs
would self-assemble. Since the APDMES neither gels, nor has the ability to cross-link
like the APTMS, it appears that the C12TMS would deposit between adjacent APDMES

molecules and render the dot hydrophobic due to the long alkyl chain of the C12TMS.

Figure 2.4 Self-assembled gold nanoparticles on (a) APTMS and (b) APDMES
nanopatterns. The halos that form on the APTMS nanopatterns are not present in the
APDMES nanopatterns because APDMES only has a single ethoxy group and cannot
gellate like APTMS which has three methoxy groups. Scale bars are 200 nm.
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The next design for the chemical template involved depositing the C12TMS
before spinning the PMMA. This would ensure that the entire wafer was already
hydrophobic when the resist was removed. It would still be possible to pattern the dots
and give them a positive charge with the APDMES, since an O, plasma treatment after
development would clean the surface and allow for the APDMES to bind to the surface.

However, this design was flawed. After spin-casting, there was not a uniform
layer of PMMA on the wafer, as seen in Figure 2.5. The hydrophobic C12TMS prevented
good wetting of the PMMA resist. The contact angle of water on C12TMS is 100°, but
the contact angle of water on PMMA is 70°. Since the C12TMS surface is of lower

energy than the PMMA, the PMMA cannot successfully wet the surface.

Figure 2.5 An example of a poorly spun-casted PMMA film on a C12TMS coated Si
wafer. The blue areas are the PMMA.

A workaround to this problem was created. Rather than allowing the silanization
of the CI2TMS to occur overnight, the silanization was stopped after 3 hrs. The contact
angle of the surface was found to be ~70°, which indicates an incomplete monolayer had

formed. Due to the lower contact angle, the PMMA was able to spin cast on the wafer
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successfully. This workaround was used to successfully pattern the Au NPs, but another,
superior system was discovered.

It was found that the bare SiO, was perfectly capable of preventing non-specific
binding of the Au NPs while allowing the directed self-assembly of the Au NPs on the
APDMES dots. This was preferred over the incomplete monolayer of C12TMS because it
did not have to rely upon a technique that produced a random, albeit functional, result.
Thus, the final system for the electrostatic self-assembly of Au NPs on a chemical

template was determined. The scheme for this system is illustrated in Figure 2.6.

. APDMES depasition
. b Remave resist
-

Spin coat PMMA Assemnble AulPs

E-beam
lithography

Figure 2.6 Scheme for creating the chemical template and patterning gold nanoparticles.
PMMA is spun-coated on a Si wafer. After e-beam lithography and development of the
dot patterns, aminosilane is deposited in the patterned areas via gas-phase silanization.
After removing the remaining PMMA resist, the sample is dipped into a solution of
citrate-capped Au NPs to induce self-assembly.

2.4.4 Size Effects on Self-Assembly

Monomers, dimers, trimers, and quatramers of 37 nm diameter, citrate-capped Au
NPs are formed on 41, 50, 56, and 69 nm diameter aminosilane nanodots, as seen in
Figure 2.7a-d. The number of Au NPs that assemble on the positively charged nanodot
should increase as the size of the nanodot increases. It was previously reported that
colloids would assemble until the electric field of the negatively charged colloids
compensated for the electric field of the positively charged chemical template. '?

Therefore, if the size of the Au NPs are altered, then it should be expected that different

numbers of nanoparticles will assemble on the same sized nanodot.
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Figure 2.7 Gold nanoparticles assembled as (a) monomers, (b) dimers, (c) trimers, and
(d) quatramers on 41, 50, 56, and 69 nm diameter nanodots, respectively. Scale bars are
200 nm.

Citrate-capped Au NPs were synthesized® with 29.6 + 4.5, 36.5 + 5.1, and 50.3 +
10.3 nm diameters. Figure 2.8 shows the number of Au NPs that assembled on different
sized nanodots for the 30, 37, and 50 nm diameter Au NPs. As expected, as the size of the
nanoparticle increases, the number of nanoparticles that deposit decreases for the same
sized pattern. This is a result of the increased negative electric field of one nanoparticle
due to the increased size and surface area of larger Au NPs. Thus, fewer Au NPs are
necessary to compensate for the electric field of the positively charged aminosilane
nanodot. The variance in the number of Au NPs that assemble on the nanodot is due to
the variance in the size of both the Au NPs and the nanodots. If it were possible to

manufacture monodisperse Au NPs and nanodots, it would be expected that the number
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of nanoparticles that assemble on a nanodot would be more uniform. Furthermore, the
choice in Au NP size was limited by the EBL’s theoretical, 20 nm feature resolution

limit.
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Figure 2.8 Plot of the number of particles that assemble on nanodots for different sized
nanoparticles.

2.4.5 pH Sensitivity of the Electrostatic Self-Assembly

The electrostatic self-assembly of the Au NPs is pH sensitive. The Au NPs are
capped with citrate molecules, which feature three carboxylic acid groups. The pKa value
of the carboxylic acid group is 4.5. Thus, at pH’s above 4.5, the Au NPs maintain their
negative charge. The UV-Vis spectra shown in Figure 2.9 shows the absorption spectra
for citrate capped Au NP solutions at different pH’s. While the spectra at pH’s of 7.0 and
9.5 look the same, the spectra at pH = 2.5 is much broader. The broad peak is a sign of
Au NP aggregation. Since the pH of the solution is lower than the pKa value of the

carboxylic acids on the citrate, the carboxylic groups protonate. As a result of this
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protonation, the Au NPs no longer have a charge-charge repulsion to stabilize them and

they begin to aggregate.
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Figure 2.9 UV-Vis spectra of citrate capped Au NPs at different pH’s. The broad peak
around 670 nm for the pH = 2.5 indicates aggregation.

The aminosilane features a primary amine group. The pKa value of the amine is
~9.5. Therefore, at pH values above 9.5, the amine deprotonates to a neutral state. The
pH sensitivity of the aminosilane’s ability to direct electrostatic self-assembly is
illustrated in Figure 2.10a. To test the pH sensitivity, an APDMES patterned sample was
first immersed in a citrate capped Au NP solution with a pH = 11, imaged via SEM, then
immersed in a citrate capped Au NP solution with a pH = 6, and imaged again with SEM.
The SEM image in Figure 2.10b shows that the Au NP solution with a pH = 11 does not
pattern on the APDMES cross, save for a few instances where there are clumps of
aggregated Au NPs. These patterned Au NPs are most-likely due to localized pH
fluctuations. However, after reimmersing the same sample in the pH = 6 solution,
excellent Au NP patterning was achieved, as seen in Figure 2.10c. Thus, the electrostatic

self-assembly is sensitive to the pH of the Au NP solution.
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Figure2.10 The pH sensitivity of the electrostatic self-assembly of citrate capped Au
NPs on aminosilane patterns. (a) An illustration of the deprotonation and protonation of
the aminosilane at basic and neutral pH’s, respectively. The electrostatic attraction is only
possible while the aminosilane is protonated to an NH;" state. (b) An SEM micrograph of
a large cross patterned with APDMES after immersion in a citrate capped Au NP solution
with a pH = 11. Minimal Au NPs are self-assembled. (¢) An SEM micrograph of the
same large cross after it was immersed in a second solution of citrate capped Au NPs
with a pH = 6. Excellent patterning of the Au NPs is visible, highlighting the pH

sensitivity of the Au NP assembly.
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2.4.6 Effects of Self-Assembly Time

In previous work on the electrostatic assembly of nanoparticles, substrates were
left in the nanoparticle solutions overnight to reach equilibrium.'””> However, the
electrostatic assembly should be rather quick due to the strong long-range attraction
between the negatively charged particles and the positively charged nanopattern. In order
to determine exactly how long this system takes to reach equilibrium, samples were
immersed in 50 nm Au NP solutions for 10, 20, 30 and 60 minutes. The number of Au
NPs that assemble on different sizes of aminosilane nanodots for the aforementioned
immersion times is visualized in Figure 2.11 and summarized in Table 2.1. The standard
deviations were omitted from Figure 2.11 for clarity, but in Table 2.1 it shows the
standard deviations were less than 1 for all data points. Thus, it can be concluded that
there is no difference in the number of Au NPs that assemble depending if the immersion

time is greater than 10 minutes.
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Figure 2.11 Plot of the number of particles that assemble on different size nanodots for
different immersion times in the gold nanoparticle solution.
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Table 2.1 Data for the number of Au NPs that self-assemble on different sized nanodots

at different immersion times

Pattern Size (nm) 10 min. 20 min. 30 min. 60 min.
41 0.43+0.50 | 0.51+£0.50 | 0.53+0.50 | 0.49 +0.53
44 0.84 +£0.40 | 0.96+0.19 | 0.73 +£0.45 | 0.87 +0.46
47 0.99+0.25 | 1.06+0.33 | 0.97+0.39 | 0.92 +0.39
50 1.06 £0.37 | 1.01 £0.35 | 0.99 £0.36 | 1.05 +0.34
53 1.17+0.38 | 1.28+0.53 | 1.20+0.43 | 1.20 +0.49
56 1.51+0.53 | 1.53+0.56 | 1.41+0.50 | 1.35+0.58
60 1.60+0.62 | 1.86+0.60 | 1.68+0.57 | 1.77 +0.61
63 1.84 £0.59 | 1.95+0.56 | 1.85+0.59 | 1.88+0.58
66 2.09 £0.60 | 2.22+0.60 | 2.11 £0.64 | 2.13 £0.57
69 2.44+0.58 | 2.39+0.59 | 2.33+0.63 | 2.44 +0.73

From the data, it appears that longer immersion times are of little consequence.
The diffusion constant, D, of a Au NP in solution can be calculated using the Stokes-

Einstein equation,

kpT

D= 2L (1)

6nnr’
where kj is the Boltzmann constant, 7" is the temperature of the solution (300°K), # is the
viscosity of the solution (1 cP), and 7 is the radius of the particle. For a 50 nm Au NP, D
~ 878.9 nm?/s, and the diffusion length, (Dt)*?, of the particle is ~ 34.2 um’ after 20
minutes. For a 1 wt% solution of 50 nm Au NPs, there is approximately 1 nanoparticle
per 12.6 um3. Since the particle can diffuse outside of its “box™ in 20 minutes simply

through Brownian motion, it is safe to say that after 20 minutes, under the influence of an
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attractive electrostatic force, the negatively charged Au NPs should self-assemble in an

equilibrium manner after 20 minutes.

2.4.7 Salt Concentration Effects on Self-Assembly

The effect of the salt concentration on the loading density of the Au NPs was also
investigated. It was expected that by introducing NaCl, the salt would screen the
repulsion between the like-charged Au NPs and a larger number of particles would
assemble on the same sized nanodot. Samples were dipped for 20 minutes in 30 nm Au
NP solutions with NaCl concentrations of 0, 1, 2, 5, and 10 mM, and withdrawn at 10
um/s. The number of particles that assembled on various sized nanodots is illustrated in
Figure 2.12 and summarized in Table 2.2. As the NaCl concentration increases, the
number of particles that deposit on the nanopattern increases, as expected due to the
charge screening effects of the NaCl. Curiously, the NaCl does not seem to have as great
of an effect at screening the positive charge from the aminosilane nanodot, since the self-
assembly is still very fast. However, the standard deviations of the data increase as the
salt concentration increased, indicating that the presence of NaCl leads to more imprecise
patterning.

Since the Au nanoparticles are better screened from one another’s charge-charge
repulsion, the Au nanoparticles are able to more closely pack on each nanodot. Further
evidence of the screening effects of the NaCl is seen in the SEM images of samples from
the NaCl study, Figure 2.13. In Figure 2.13 there is some non-specific deposition as a
result of the charge screening effects of NaCl. What is interesting is that when NaCl is

added to the Au NP solution too soon, the concentration spike of NaCl causes the Au NP
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solution to turn from red to purple until additional Au NP solution is added. The change
in color suggests that the NaCl is effective enough at screening the particle-particle
repulsion to enable aggregation of the Au NPs. This is evident in Figure 2.13b, which
shows enhanced non-specific deposition. Conversely, when the NaCl is added when the
Au NP solution is nearly at total volume, there was no color change in the solution and
very little non-specific deposition (Figure 2.13a). Thus, the order in which the NaCl is

added is crucial to the patterning of the Au NPs.
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Figure 2.12 Plot of the number of particles that assemble on different sized nanodots for
different concentrations of NaCl.
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Table 2.2Data for the number of Au NPs that self assemble on different sized nanodots
for different concentrations of NaCl

Pattern Size | 1\ 1mM 2 mM 5 mM 10mM
(nm)
41 1724058 | 1.62£056 | 2.84+058 | 2.66+0.62 | 1.91+0.62
44 2.60+0.56 | 3.10+0.55 | 3.98+0.64 | 4.03+0.70 | 3.25=0.79
47 343 +£0.64 | 4.00+0.68 | 5.00+071 | 4.59+086 | 4.26+0.71
50 3.91£0.64 | 426+081 | 538074 | 5204091 | 4.97+0.92
53 4534068 | 4.90+0.89 | 627+086 | 624+087 | 5.76+0.83
56 5324069 | 5.88+1.10 | 6.91+088 | 730+ 1.01 | 6.98=0.86
60 5864081 | 6394081 | 823+1.10 | 8.08=1.19 | 779+ 1.12
63 6334081 | 675097 | 8.18+124 | 874+090 | 8.53+1.20
66 6.99+£0.90 | 7.57+1.06 | 9.41+1.02 | 949+1.09 | 9.17+1.21
69 7.87+£0.90 | 825+0.83 | 1033+ 1.17 | 10.55+ 1.21 | 10.49 + 1.23

10.0

10

1:10

Figure 2.13 Citrate-capped, 37 nm Au NPs patterned on 69 nm aminosilane nanodots
from a 1 mM NacCl solution of Au NPs. For (a), the solution was prepared by adding 4
mL of Au NP solution, 50 uL of 0.1 M NaCl, and then 0.95 mL of additional Au NP
solution. For (b) the solution was prepared by adding 1 mL of Au NP solution, 50 uL of
0.1 M NaCl, and then 3.95 mL of additional Au NP solution. Adding the NaCl to the
solution too soon can result in additional non-specific deposition as seen in (b).
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The importance of when the NaCl is added to the Au NP solution was further
investigated. A small volume of Au NP solution was added to a UV-Vis cuvette, then 5
ul of 1 M NaCl was added to the cuvette, and finally additional Au NP solution was
added to bring the total solution volume to 1 mL. The final NaCl concentration was
always 5 mM. Table 2.3 shows the different volumes of Au NP solution that were added
and the intermediate NaCl concentration after the NaCl is added to the first volume of Au
NP solution. In the case of the 100 pL Au NP solution, the NaCl concentration reaches
43.5 mM. The solution color changed from red to purple to clear after adding the NaCl,
indicating Au NP aggregation. This was the only solution that showed any noticeable
color change after the addition of NaCl. UV-Vis was used to further probe for any Au NP
aggregation. UV-Vis spectra and optical images for all solutions after adding NaCl and in
their final state are shown in Figure 2.14. From the UV-Vis spectra, it would appear that
there is some aggregation in the other solutions. The amount of aggregation decreases the
later the NaCl is added to the solution. All of the final solutions appeared red in color, but
the second absorption peak around 800 nm is greatest for the solutions in which the NaCl
was added sooner. Thus, even though the solutions are still red, there is still some
irreversible aggregation that occurs when the NaCl is added due to the charge screening.
Table 2.3 A list of the solutions for the study of the effect of when the NaCl is added on

the aggregation of the Au NPs. The intermediate NaCl concentration is also listed for
each solution. The final NaCl concentration for each solution was 5 mM

Initial Au NP Volume of Final Au NP I nter mediate NaCl
volume (L) 1M NaCl (uL) volume (uL) concentration (mM)

100 5 895 47.6

150 5 845 32.3

200 5 795 24.4

300 5 695 16.4

500 5 495 9.9

995 5 0 5.0
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Flgure 2 14 UV Vis spectra of Au NP solutions (a) after addmg NaCl to the initial Au
NP solution volume and (b) after the final Au NP solution volume is added. Optical
images of the Au NP solutions (c) after adding NaCl to the initial Au NP solution volume
and (d) after the final Au NP solution volume is added.

The Debye length, x”, is the scale over which mobile charge carriers screen out
electric fields. The Debye length provided by an ionic salt is given by
k=1 = (8nNyAgD)~1/2, ()
where Ap is the Bjerrum length of the medium (~0.7 nm for water at room temperature),
N, is Avogadro’s number, and I is the concentration of the salt in mol/dm® (mol/L). The
Debye length for NaCl is plotted up to a concentration of 100 mM in Figure 2.15. As the
concentration of the NaCl increases, the screening length exponentially decreases. At 50
mM, ' = 1.37 nm, so the Au NPs can get fairly close to each other. Based on the

intermediate concentrations listed in Table 2.3, it appears that Au NP aggregation
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aggressively begins when the Debye length reaches a critical value between 1.71 and
1.41 nm. In other words, once the Au NPs are able to get within ~1.5 nm of each other,

the Au NPs are able to aggregate.
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Figure 2.15 A plot of the Debye length, ', as a function of the concentration of NaCl in
water.

2.5 Conclusions

In conclusion, we have demonstrated a simple technique to pattern Au NPs using
chemically patterned templates. Unlike other systems that use aminosilanes to
electrostatically pattern Au NPs, this system does not require an additional functional
molecule to prevent non-specific deposition on unpatterned areas. By controlling the

relative sizes of the Au NPs and the aminosilane dots, it is possible to control the number
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of Au NPs that self-assemble on the aminosilane dot. Also, this system allows very fast
assembly of the Au NPs, taking 20 minutes to reach equilibrium. Using NaCl to screen
the inter-particle repulsion allowed for greater numbers of particles to assemble on the
same sized chemical pattern. However, caution should be used in regard to when the
NaCl solution is added to the Au NP solution. If the NaCl is added too soon, the spike in
concentration can lead to unwanted aggregation of Au NPs in solution. If the NaCl
concentration reaches some value between 32 an 48 mM, massive aggregation of the Au

NPs rapidly occurs.
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Chapter 3

Cross-Linking Electrostatically Self-Assembled Gold Nanoparticles

3.1 Introduction

The electrostatic self-assembly of Au NPs described in the chapter 2 was the first
step in a grander factory to generate elements for isotropic metamaterials. The next step
would be to cross-link the nanoparticles and lift-off or remove them from the chemical
template.

The initial choice for cross-linking would be to use a polymer with multiple thiol
groups, since thiol groups have a stronger affinity for binding to Au than the citrate
molecules. Thus, the citrate molecules would be displaced and the thiol-functional
polymer would network the self-assembled Au NPs into one unit. However, there are no
commercially available macromolecules having multiple thiols that could be used.
Another problem with a molecule possessing so many thiol groups is that the thiol groups
would react with each other to form disulfide bonds. This would cross-link the polymers
in solution and render them insoluble. Thus, it became necessary to choose a different
direction.

Since the self-assembly of the Au NPs is electrostatic, the Au NPs possess a
negative charge even after deposition. In the case of layer-by-layer assemblies of
polyelectrolytes, oppositely charged polymers are repeatedly deposited on top of each

other to form a multi-layer structure."” Treating the Au NPs as a negatively charged
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polymer, it should be possible to assemble a positively charged polymer on top of the Au
NPs, which will bind them together.

Poly(diallyldimethylammonium chloride) (PDDA, Figure 3.1) was chosen
because of its quaternary ammonium group. The primary amine that was used to direct
the self-assembly of the Au NPs on the chemical template is pH sensitive. If the pH
becomes too basic, the amine deprotonates from NH;" to NH, and becomes neutral in
charge. However, quaternary ammoniums are not pH sensitive. Due to the four bonds on

the nitrogen, the nitrogen possesses a permanent, positive charge.

Cl

L + i

/N\
HaC™ "CHa

Figure 3.1 The chemical structure for PDDA.

3.2 Experimental

Poly(diallyldimethylammonium chloride) (My, = 100,000 — 200,000 g/mol, 20 wt.
% in water) and all other chemicals were purchased from Sigma Aldrich and used as
received.

Citrate-capped Au NPs were self-assembled on APDMES patterned chemical
templates as described in Chapter 2. The APDMES patterned sample was dipped into a

solution of citrate-capped Au NPs for 20 min. and removed at a rate of 10 um/s.
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3.2.1 PDDA to Cross-link Patterned Au NPs

0.1 and 0.5 mM solutions of PDDA were prepared in D.I. H,O. 1 mL of the
PDDA solution was transferred to a microcentrifugation vial and an already self-
assembled Au NP sample was immersed in the solution overnight. Then, samples were
dipped in D.I. H,O before being spray rinsed with 20 mL of D.I. H,O from a syringe.
Some samples were also sonicated in D.I. H,O for 60 min. After the rinsing, all samples
were dipped in Au NP solutions for 20 min. to observe multi-layer patterning of Au NPs.

Samples were visualized with SEM (FEI Nova Nanolab FIB/SEM at 10 keV)
after the initial Au NP self-assembly and after the self-assembly of the second layer of

Au NPs.

3.2.2 Rinsing Effectson Cross-linking With PDDA

A 0.5 mM solution of PDDA in D.I. HO was prepared. An already self-
assembled Au NP sample was vertically immersed in the solution for 20 minutes and
withdrawn at 10 pm/s. The sample was then either not rinsed, rinsed by spraying 20 mL
from a syringe, or stirred in a 40 mL beaker of D.I. H,O for 10 sec. After rinsing, samples
were blown dry with Ar gas. Samples were then vertically immersed in a citrate capped
Au NP solution for 20 and then withdrawn at 10 pm/s.

UV-Vis (Cary UV-Vis Bio 50) was used to characterize the Au NP solution after
the PDDA coated sample was dipped. SEM was used to visualize the samples after the
initial Au NP self-assembly and after re-dipping the PDDA coated samples in Au NP

solution.
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3.2.3 Lifting-off Cross-linked Au NPswith NaOH

An already self-assembled Au NP sample was cross-linked with PDDA by
immersing the sample in a 0.5 mM solution of PDDA for 20 min., removing the sample
at 10 um/s, and then swirling the sample in 40 mL of D.I. H,O for 10 s. The sample was
then dried with Ar gas.

NaOH solutions with concentrations of 1 mM, 10 mM, 100 mM, and 1.0 M were
prepared in microcentrifuge tubes. A PDDA cross-linked sample was immersed in each
solution for 1 hr. Then, the same samples were reimmersed in the NaOH solution for 10
hrs. The same samples were then immersed in the same solutions and sonicated for 15
min. Finally, the same samples were immersed in the same solutions and sonicated for 60
min. After each immersion in NaOH, the samples were rinsed in 40 mL of D.I. H,O and
blown dry with Ar gas.

The samples were visualized with SEM after the initial patterning and each

immersion in the NaOH lift-off solution.

3.2.4 Visualizing Lifted-off, Cross-linked Au NPs

UV-Vis was used to characterize the NaOH solutions that had been used to lift-off
the cross-linked Au NPs. The solutions were first centrifuged at 10,000g for 30 min. to
concentrate the solutions.

Additional samples of self-assembled Au NPs were prepared for indirect
visualization of lifted-off, cross-linked Au NPs. A sample of self-assembled Au NPs was
dipped in a 0.5 mM PDDA solution for 20 min., swirled in 40 mL in D.I. H,O to remove

loosely bound PDDA, and sonicated in 1 mL of a 10 mM solution of NaOH in a
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microcentrifuge tube for 60 min. to lift-off the cross-linked Au NPs. UV-Vis was used to
characterize the lift-off solution. Another sample of self-assembled Au NPs was then
immersed into the lift-off solution for 20 min. to self-assemble the cross-linked Au NPs
on top of the already self-assembled Au NPs. SEM was used to image the self-assembled

Au NP sample before and after immersion in the lift-off solution.

3.2.5 Effects of NaOH on the Surface Chemistry of the Chemical Template

A self-assembled Au NP sample was then dipped in a 0.5 mM solution of PDDA
for 20 min. and removed at a rate of 10 pm/s. After gently rinsing in a beaker of D.I.
H,O, the sample was immersed in 1 mL a 10 mM solution of NaOH inside a
microcentrifuge vial and sonicated for 1 hr. The sample was removed, rinsed with D.I.
H,0, and blown dry with Ar gas. The sample was then reimmersed into a Au NP solution
for 20 min. and withdrawn at 10 pm/s. SEM was performed after the initial Au NP
assembly, the lift-off, and the second Au NP assembly.

Pieces of a Si wafer (n-type/phosphorus <100>, Silicon Valley Microelectronics)
with a 45 nm thick, thermally grown oxide layer were cleaned by sequentially sonicating
for 30 min. in a solution of IPA and acetone (1:1, v:v), drying under Ar gas, sonicating
for 15 min. in HNOs, rinsing in D.I. H,O, and drying under Ar gas. Oxygen plasma was
then used to clean any trace organics from the samples. The pieces of Si wafer were then
placed overnight in a desiccator under vacuum with 100 pL of 3-
aminopropyldimethylethoxysilane (APDMES) to coat the Si pieces with APDMES. Next,
the Si pieces were rinsed with MeOH and D.I. H,O, sequentially, before being placed on

a 50°C hotplate for 3 hrs. The Si pieces were then immersed in an aqueous 10 mM NaOH

62



solution and sonicated for 1 hr. After the sonication, the samples were rinsed with D.I.
H,0 and blown dry with Ar gas.

The samples were probed by measuring the contact angle of a water droplet with
the Si surface after cleaning, after APDMES deposition, and after the NaOH sonication.
X-ray photoelectron spectroscopy (XPS, Kratos Axis Ultra XPS) was also used to
characterize the Si surface chemistry after cleaning, after APDMES deposition, and after

the NaOH sonication.

3.3 Resultsand Discussion

3.3.1 Cross-linking Patterned Au NPswith PDDA

To test that the PDDA was effectively cross-linking the Au NPs, samples that had
been cross-linked with PDDA were reimmersed in the Au NP solution. If the PDDA had
truly cross-linked the Au NPs, then additional Au NPs would self-assemble on top of the
original Au NPs, in the style of layer-by-layer polyelectrolytes.

Previously self-assembled Au NP samples were immersed into solutions of
PDDA for 1 hr. The PDDA was diluted from its native solution (20 wt% or ~1.67 mM)
because of the high viscosity of the native solution. Samples were dipped in D.I. H,O and
then sprayed with 20 mL of D.I. H,O from a syringe to remove any non-specifically
bound PDDA from the sample. Some samples were then sonicated in D.I. H,O for 60
min. in an attempt to remove the cross-linked Au NPs from the chemical template. The
samples were then immersed in the citrate capped Au NP solution again to form a second

layer of Au NPs.
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SEM images of the four samples before and after the second immersion in the Au
NP solution are shown in Figures 3.2-5. It was possible to re-image the same area on
separate occasions due to burn-in from the SEM. As can be seen in Figure 3.3a and ¢ and
Figure 3.5a and c, sonicating the samples in D.I. HO did not do anything to liberate the
Au NPs from the chemical template.

Comparing Figures3.2-5a and c¢ to Figures 3.2-5b and d, respectively, it can be
seen that additional Au NP patterning is observed after depositing PDDA. However, in
the cases of the sonicated samples, Figures 3.3b and d and Figures 3.5b and d, the
additional Au NP patterning occurs all over the sample. In the case of the array of
aminosilane dots, it makes sense for there to be additional patterning off of the previously
patterned Au NPs.

The molecular weight of the PDDA used is 100,000 to 200,000 g/mol, which
corresponds to 614 to 1229 repeat units of PDDA. Assuming that the C-C bond length is
0.154 nm and that there are four C-C bonds per repeat unit, the extended length of the
PDDA would be between 757 and 379 nm. In the case of the array of aminosilane dots,
there is a 500 nm spacing between the dots. Since the shortest length of the PDDA covers
half of this distance, there is the possibility that the PDDA binds partially to the self-
assembled Au NPs and the tail of the polymer extends off to the blank Si wafer. Thus,
additional Au NPs may pattern on this PDDA tail that is not on the self-assembled Au
NPs.

However, in the case of the large alignment mark which is 5 pm wide, the tails of
the PDDA should not extend to cover all of the blank Si seen in the four corners of

Figures 3.2-5a and c. While this holds true for the non-sonicated samples as seen in
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Figures 3.2¢ and 3.4c, there is Au NP deposition everywhere on the sonicated samples as
seen in Figures 3.3c and 3.5c¢. Thus, it would appear that the sonication causes the PDDA,
which is otherwise relatively confined to the previously self-assembled Au NPs, to spread

all over the sample and results in Au NP deposition everywhere. Thus, sonication should

not be used to remove unbound PDDA.

s

Figure 3.2 SEM images of an already self-assembled Au NP sample (a) and (c) after
coating with 0.5 mM PDDA and rinsing with water and (b) and (d) after dipping in Au
NPs to self-assemble a second layer of Au NPs. Images (a) and (b) are of a large
alignment mark and (c) and (d) are of the array of APDMES dots. Scale bars are 1 pm.
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Figure 3.3 SEM images of an already self-assembled Au NP sample (a) and (c) after
coating with 0.5 mM PDDA, rinsing with water, and sonicating in water and (b) and (d)
after dipping in Au NPs to self-assemble a second layer of Au NPs. Images (a) and (b)
are of a large alignment mark and (c) and (d) are of the array of aminosilane dots. Scale
bars are 1 pm.
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Figure 3.4 SEM images of an already self-assembled Au NP sample (a) and (c) after
coating with 0.5 mM PDDA and rinsing with water and (b) and (d) after dipping in Au
NPs to self-assemble a second layer of Au NPs. Images (a) and (b) are of a large
alignment mark and (c) and (d) are of the array of aminosilane dots. Scale bars are 1 pm.

67



L S -

Figure 3.5 SEM images of an already self-assembled Au NP sample (a) and (c) after
coating with 0.1 mM PDDA, rinsing with water, and sonicating in water and (b) and (d)
after dipping in Au NPs to self-assemble a second layer of Au NPs. Images (a) and (b)
are of a large alignment mark and (c) and (d) are of the array of aminosilane dots. Scale
bars are 1 pm.

3.3.2 Rinsing Effects on Cross-linking With PDDA

The effects of rinsing the samples after cross-linking with PDDA were also
investigated to determine if rinsing was necessary and what type of rinsing would work
best. Samples with self-assembled Au NPs were dipped in 0.5 mM PDDA for 20 min.
After removing the samples, either no rinsing, rinsing with 20 mL of D.I. HO from a

syringe, or rinsing by gently stirring the sample in a beaker of D.I. H,O for 10 sec. was
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performed. The samples were then dipped into a solution of citrate-capped Au NPs for 20
min. to allow for multi-layer patterning.

After the sample that was not rinsed was dipped into the Au NP solution, the
solution was observed to have changed colors from red to purple, indicating aggregation
of the Au NPs. This color change was not observed for the samples that had been rinsed.
UV-Vis (Figure 3.6) showed that the Au NP solution from the not rinsed sample had
indeed aggregated, while the Au NP solution from the rinsed samples had not aggregated.
The UV-Vis for the syringe rinsed sample was not included due to contamination of the

Au NP solution with the not rinsed Au NP solution.
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Figure 3.6 UV-Vis of the Au NP solutions from the (blue) not rinsed sample and the
(red) stirring rinsed sample after the multi-layer self-assembly on the PDDA cross-linked

samples. The absorption peak at 800 nm for the not rinsed sample signifies aggregation
of the Au NPs.

SEM images of the not rinsed, syringe rinsed, and stirring rinsed samples after the

initial Au NP self-assembly are seen in Figures 3.7a, ¢, and e, respectively. Images of the
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not rinsed, syringe rinsed, and stirring rinsed samples after being cross-linked with
PDDA and re-dipped in a Au NP solution for multi-layer self-assembly are seen in
Figures 3.7b, d, and f, respectively. Additional Au NP deposition is evident in the rinsed
samples, but no additional Au NP deposition is present in the not rinsed sample, Figure
3.7b. Based on the lack of multi-layer self-assembly, the observed color change, and the
UV-Vis of the Au NP solution, it appears that all of the PDDA came off of the not rinsed
solution in the Au NP solution during what was supposed to be the multi-layer self-
assembly.

The rinsed samples both show some degree of additional patterning of Au NPs.
This indicates that rinsing is necessary to remove any excess or loosely bound PDDA that
is attached to the surface. However, the rinsing does not totally remove all of the PDDA,

as evidenced by the additional Au NP patterning in Figures 3.7d and f.
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Figure 3.7 SEM images of self-assembled Au NPs (a), (c¢), and (e) before and (b), (d),
and (f) after PDDA deposition and multi-layer Au NP assembly. Samples were either (b)
not rinsed, (d) rinsed with 20 mL of D.I. H,O from a syringe, or (f) rinsed by gently
stirring in a beaker of D.I. H,O before the multi-layer Au NP assembly. The same areas
were imaged in the before and after images for each sample. Scale bars are 1 um.
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3.3.3 Lifting-off Cross-linked Au NPswith NaOH

Since the end goal is to use the cross-linked Au NPs as building blocks for optical
metamaterials, it is necessary to lift-off the cross-linked Au NPs from the chemical
template. It was previously shown in Section 2.4.5 that the self-assembly of the citrate-
capped Au NPs on the aminosilane is pH sensitive. Thus, by altering the local pH to basic
conditions, it is expected that the Au NPs will be liberated from the chemical template
because the electrostatic attraction will no longer hold them there.

Solutions of NaOH with concentrations of 1 mM, 10 mM, 100 mM, and 1 M were
prepared in order to optimize the lift-off conditions. The calculated pH’s of these
solutions are pH = 11, 12, 13, and 14, respectively. Thus, in every solution, the primary
amine of the APDMES should be deprotonated and lift-off should occur. Initially, cross-
linked, self-assembled Au NP samples were immersed in a NaOH solution for 1 hr. and
then for 10 hrs. The samples were then sonicated in a NaOH solution for 15 min., which
was followed by 60 min. of additional sonication if lift-off was not observed. The same
sample was repeatedly exposed to the same NaOH solution under different conditions to
consistently track the effects of the NaOH on the lift-off.

Figures 3.8, 9, 10, and 11 show SEM images for a sample of cross-linked, self-
assembled Au NPs as prepared, and after various exposures to a 1 mM, 10 mM, 100 mM,
and 1 M solution of NaOH, respectively. Figure 3.8 shows that for I mM NaOH, no lift-
off occurs until the sample is sonicated for 60 min. Even then the lift-off is minimal, as
only a few of the Au NPs self-assembled on the aminosilane dots actually lifted-off of the
sample. This could be because the pH of this NaOH solution is fairly close to the pKa of

the amine on the APDMES, so the amine is not totally deprotontaed.
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For the 10 mM sample, as seen in Figure 3.9, there is only minimal lift-off after
15 min. of sonication. The sample was sonicated for 60 min., but there were no visible
features of the self-assembly after the sonication. Burn-in from the previous SEM
imaging was present, (Figure 3.12a) which served as a marker for where the previously
self-assembled Au NPs used to be. Upon zooming in, there were no distinguishing
features (Figure 3.12b). Due to the absence of any Au NPs on the sample, it would appear
that lift-off was successful.

In the case of the 100 mM NaOH sample, no lift-off is observed except for after
15 min. of sonication. In that case, there are some peculiar effects. In the case of the
alignment mark, the areas of the alignment mark that were not previously imaged had
their Au NPs lift off. However, the area of the alignment mark that had been previously
imaged still had the self-assembled Au NPs present. The reason for this specific area not
lifting-off could be that the SEM imaging causes carbon deposition, which may have
formed a thin layer on top of the patterned area which deterred lift-off. In the case of the
aminosilane dots, some of the Au NPs had lifted-off, while others did not. Sonication for
60 min. was not explored.

Lastly, for the 1 M NaOH sample, there appears to be some sort of delamination
occurring after 10 hrs. of immersion on the area of the aminosilane dots that had been
previously imaged via SEM. Also, the alignment mark does not appear to be as sharp as it
was previously. After sonication for 15 min., the area that appeared to be delaminating
has completely peeled off. The outline of the delamination is seen in Figure 3.11 as is the
burn-in on the Si substrate from the SEM imaging. The delamination is probably a result

of the aforementioned carbon film that was deposited during SEM imaging. It is also
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worth noting that all of the Au NPs have lifted-off. The alignment mark is not shown
after 15 min. of sonication because it was no longer visible.

It should be noted that simply immersing the cross-linked Au NP sample into the
NaOH solutions did not lift-off the Au NPs. Only in the case of the 1 M NaOH solution is
there any change in the self-assembled Au NPs after 10 hrs. of immersion in the NaOH.
This solution has the highest pH, and therefore should work the best at deprotonating the
APDMES and enabling lift-off. However, none of the solutions show much lift-off until
sonication is used. So, why is sonication necessary to liberate the Au NPs from the
APDMES?

A previous study suggested that the protonated amine draws in the citrate capped
Au NP and then a permanent bond forms.” Since the conditions for the formation of an
amide bond to form are not present in this system™ ’, one possibility is that the NH;" of
the APDMES replaces the citrate ion and electrostatically binds the Au NP core to the
substrate when it self-assembles. Some Au NP synthesis protocols use a ligands with a
quaternary ammonium ion to stabilize the Au NPs® or a primary amine to stabilize the Au
NPs’. Also, in the case of Au NR synthesis using citrate-capped Au NP seeds, the citrate
is displaced by the ammonium groups of the CTAB molecule during the rod growth.'* !
Thus, there is precedent for a positively charged nitrogen group to displace the citrate ion
at the Au NP surface. Following this reasoning, the PDDA may also replace the citrate
ions on the Au NP surface due to its ammonium group. However, it is expected that the
NH;" would only hold the Au NPs at the surface while the amine is protonated, and

should not bind the Au NP under basic, deprotonated conditions.
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Another possible reason that sonication is needed to lift-off the Au NPs is that the
van der Waals forces between the surface and the Au NPs are causing the Au NPs to
remain at the surface. Previous work on the electrostatic self-assembly of Au NPs showed
that van der Waals forces dominate as a citrate-capped Au NP comes within 10 nm of an
APTES patterned SiO; surface.'” The van der Waals interaction energy, W(z), is given by

W(z) =—-Axa/6z, (1)
where A is the Hamaker constant for the system of SiO,/APTES/water/Au (5.7 x 107 J,
or 0.36 eV ), a is the diameter of the Au NP (20 nm), and z is the distance between the Au
NP and the substrate.'> While the Hamaker constant assumes that APTES is being used,
the system being investigated uses APDMES. However, since the two aminosilanes are
very similar, the Hamaker constant for the APTES system should provide a close
approximation for the APDMES system.

For a Au NP that is 1 nm away from the substrate surface, W(z) is calculated to be
-1.19 eV. This value is nearly two orders of magnitude greater than the thermal kinetic
energy (1.5k,7 = 38.7 eV) of the Au NP at 300°K. Since it is expected that the actual
distance between the Au NP and the substrate is smaller than 1 nm, the actual W(z) is less
than -1.19 eV and still a few orders of magnitude larger than the thermal kinetic energy.
Thus, the van der Waals forces are more than adequate at keeping the Au NPs bound to
the substrate in the absence of the electrostatic attraction and sonication is necessary to

overcome the van der Waals forces and liberate the Au NPs from the substrate.
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Alignment mark Aminosilane dots

15 min. sonicated 10 hrs. immersion 1 hr. immersion As prepared

60 min. sonicated

Figure 3.8 SEM images of a sample of self-assembled Au NPs that were cross-linked
with PDDA and exposed to a I mM NaOH solution for various times and conditions in
order to lift-off the cross-linked Au NPs. Scale bars are 1 um.



Alignment mark Aminosilane dots

10 hrs. immersion 1 hr. immersion As prepared

15 min. sonicated

Figure 3.9 SEM images of a sample of self-assembled Au NPs that were cross-linked
with PDDA and exposed to a 10 mM NaOH solution for various times and conditions in
order to lift-off the cross-linked Au NPs. Scale bars are 1 um.



Alignment mark Aminosilane dots

As prepared

10 hrs. immersion 1 hr. immersion

15 min. sonicated

Figure 3.10 SEM images of a sample of self-assembled Au NPs that were cross-linked
with PDDA and exposed to a 100 mM NaOH solution for various times and conditions in
order to lift-off the cross-linked Au NPs. Scale bars are 1 um.
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Alignment mark Aminosilane dots

As prepared

10 hrs. immersion 1 hr. immersion

15 min. sonicated

Figure 3.11 SEM images of a sample of self-assembled Au NPs that were cross-linked
with PDDA and exposed to a 1 M NaOH solution for various times and conditions in
order to lift-off the cross-linked Au NPs. Scale bars are 1 um. The alignment mark was
not imaged after 15 min. of sonication because it was not visible.
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Figure3.12 SEM images of the cross-linked, self-assembled Au NP sample after
sonicating in 10 mM NaOH for 60 min. (a) A zoomed out view of the sample showing
three burned-in areas from previously imaged aminosilane dot arrays. (b) A zoomed in
view of the circled burn-in area in (a). The absence of Au NPs indicates that the
sonication was successful at lifting-off the Au NPs.

10.00 kV

3.3.4 Visualizing the Lifted-off, Cross-linked Au NPs

After lifting-off the Au NPs with sonication in NaOH solutions, the solutions
were centrifuged to concentrate the lifted-off, cross-linked Au NPs. However, no
precipitate was seen in the centrifuged samples except in the case of the 1 M NaOH
solution. The precipitate was whitish in color, which does not correspond to the color of
Au NP solutions. The UV-Vis absorption of the 10 mM, 100 mM, and 1 M NaOH
solutions are seen in Figure 3.13 as well as the absorption plot for an Au NP solution as a
reference. As seen in the UV-Vis plot, there is no absorption from the NaOH solutions.
This could mean that either there are no Au NPs present in the lift-off solutions, or the
concentration of the Au NPs in the lift-off solutions is too low to be detected by the UV-

Vis. Since the SEM images show that the Au NPs are no longer on the sample, the most
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likely situation is that the Au NPs are in the lift-off solutions, but at concentrations too

low to be detected.
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Figure 3.13 UV-Vis absorption of the NaOH lift-off solutions after lifting-off the PDDA
cross-linked Au NPs. The Au NP curve is included for reference.

In order to determine the threshold for the number of Au NPs that must be present
in solution to be detected by the UV-Vis, a small volume of Au NP solution was added to
D.I. H,O and UV-Vis was used to characterize the sample. The UV-Vis spectra for 1 mL
solutions containing different quantities of Au NPs is shown in Figure 3.14. For 10’ Au
NPs, there appears to be some surface plasmon absorption detected, but it is difficult to
discern from the noise of the signal. Only if there are above ~10° Au NPs per 1 mL of
solution can the UV-Vis clearly discern the presence of the Au NPs. Presuming that there
are four Au NPs per aminosilane dot, and there are 10 arrays of 20 by 20 dots and that the
Au NPs pack such that there is one Au NP per 0.05 um diameter circle on the alignment

mark which is a 50 um across and 5 um wide cross, there are 257,916 self-assembled Au
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NPs per sample. This is nearly two orders of magnitude lower than what the UV-Vis can

safely detect. Thus, UV-Vis should not be relied upon to detect the lifted-off Au NPs.
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Figure 3.14 UV-Vis of Au NP solutions containing different quantities of Au NPs, as
listed in the legend.

To indirectly visualize the lifted-off, cross-linked Au NPs, a self-assembled Au
NP sample was cross-linked with PDDA, then lifted off in 10 mM NaOH. Another self-
assembled Au NP sample was immersed into the lift-off solution in order to direct the
self-assembly of the lifted-off, cross-linked Au NPs onto the self-assembled Au NPs.
Since the cross-linked Au NPs are cross-linked by PDDA, the PDDA should be able to
electrostatically bind to the self-assembled Au NPs on the immersed sample, which
would effectively self-assemble the cross-linked Au NPs on the self-assembled Au NPs
on the sample. This multi-layer assembly would enable indirect observation of the cross-

linked Au NPs.
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Figure 3.15a shows the UV-Vis of the lift-off solution used to collect the cross-
linked Au NPs. The lift-off solution did show a white precipitate, which could be some
sort of carbon or polymer that causes the absorption around 300 nm. The UV-Vis shows
no absorption peak around 525 nm, so no Au NPs were detected. But, as mentioned
above, the number of particles expected in solution is too low to be detected via UV-Vis.

Figures 3.15b and c¢ show the alignment mark on a sample of self-assembled Au
NPs before and after immersion in the NaOH lift-off solution. The black areas deposited
on the alignment mark in Figure 3.15¢ were not deposited anywhere else on the sample,
not even on the aminosilane dot areas. In fact, no additional patterning was observed on
the self-assembled Au NPs on the aminosilane dots.

Figure 3.15d is a zoomed in image of one of the black areas seen in Figure 3.15c.
The darkened area appears to be transparent and there do not seem to be any additional
Au NPs on this area. The aggregate to the right of the darkened area is somewhat
translucent, but also does not contain any additional Au NPs.

Since no additional Au NPs were patterned, but this black film appears to have
been patterned, the question arises: what is the black film? Based on the study for lifting-
off with NaOH in Section 3.3.3, the black film could be carbon film that had been
deposited during SEM imaging and removed from the surface during the lift-off. The
black areas are visually similar to those seen in the 10 hr. immersion image of the
aminosilane dots in Figure 3.11, but it is impossible to say what the black areas are for
sure.

Interestingly, no cross-linked Au NPs were patterned on top of the self-assembled

Au NP sample. This could be due to the low concentration of cross-linked Au NPs in
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solution. The self-assembled Au NP sample was only immersed in the lift-off solution for
20 min. While this time is sufficient for Au NPs to self-assemble, that self-assembly
occurs from a solution containing ~10"* Au NPs. This is seven orders of magnitude
greater than the theoretical number of cross-linked Au NPs in the lift-off solution.
Therefore, it could simply be that overnight immersion would be necessary to allow the

cross-linked Au NPs to pattern on the self-assembled Au NP sample.
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Figure 3.15 (a) UV-Vis of the 10 mM lift-off solution used to collect the PDDA cross-
linked Au NPs. SEM images of a self-assembled Au NP sample (b) before and (c) after
immersion into the NaOH lift-off solution. (d) A zoomed in image of the black spot
encompassed by the white box in (c)
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3.3.5 Effects of NaOH on Surface Chemistry

Since the self-assembly of the Au NPs is electrostatic, when the Au NPs are
removed, the APDMES chemical template should still be intact and ready to self-
assemble additional Au NPs. A self-assembled Au NP sample was cross-linked with
PDDA and the Au NPs were lifted-off using sonication in 10 mM NaOH for | hr. The
sample was then re-dipped in a Au NP solution to enable Au NPs to self-assemble on the
APDMES pattern again. Figure 3.16 shows the same region of the same sample after the
initial Au NP self-assembly, the lift-off, and the second Au NP self-assembly.

The initial Au NP self-assembly, as seen in Figure 3.16a, looks successful. There
is fairly consistent self-assembly and no non-specific deposition. The lift-off appears to
have been successful based on Figure 3.16b. The second self-assembly, as seen in Figure
3.16¢, however, was not successful. There is Au NP deposition, but it is inconsistent,
non-specific, and features large clumps of Au NPs. This would suggest that something

happens to the chemical template during the lift-off process.

Figure 3.16 SEM images of a self-assembled Au NP sample (a) before and (b) after
cross-linking with PDDA and sonication in 10 mM NaOH to induce Au NP lift-off, and
(c) after an attempted second self-assembly of Au NPs.

To investigate if the lift-off process had any adverse effects on the APDMES

chemical template, XPS and water contact angles were used to characterize a cleaned
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piece of Si wafer, an APDMES coated piece of Si wafer, and an APDMES coated piece
of Si wafer that was sonicated in 10 mM NaOH for 60 min to simulate the Au NP lift-off
conditions. Table 3.1 lists the relative atomic percentages of Si 2p, C Is, N s, and O 1s
for the three samples, as determined by XPS.

Pieces of a Si wafer with a 45 nm thick, thermally grown oxide layer were
cleaned by sonication in an acetone/IPA solution (1:1, v:v), then sonication in HNOs, and
an oxygen plasma treatment. The HNO3s and oxygen plasma treatment hydroxylate the
surface. This means that there are OH groups bonded to the Si atoms instead of just O
atoms. This makes the surface very hydrophilic, no contact angle could be measured, and
primes it for silanization. After the APDMES treatment, the contact angle of the surface
is 62.85° £ 1.90°, which is moderately hydrophilic. This value seems to agree well with
what has been reported in the literature. However, after the NaOH sonication, the
surface becomes so hydrophilic that the contact angle could not be measured. This would
seem to suggest that the surface has reverted back to its hydroxylated state despite the
APDMES coating. Yet, the XPS data tell a different story.

The XPS data in Table 3.1 show a decreased amount of C 1s and an increased
amount of N 1s for both of the APDMES coated samples. The decreased amount of C 1s
is rather curious, since the addition of the APDMES should increase the amount of
carbon present on the Si surface due to the silane’s propyl-chain. However, since it is
impossible to keep sample surfaces free from contamination, except maybe in the
cleanest of clean rooms, it is expected that a “clean” wafer should show some type of
signal for C 1s. Interestingly, the APDMES coated samples both showed a larger peak for

alkyl-chain type carbon than the clean Si wafer. This increase in alkyl-chain carbon is
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due to the propyl-chain in the APDMES. Since the majority of the C 1s peak on the clean
wafer is not from alkyl-chain type carbon, but double-bonded carbons, it could be that
atmospheric carbon contamination like CO», is adsorbed on the surface.

The XPS data for the N 1s peak shows an increase in N 1s composition for the
APDMES coated samples over the clean wafer. The clean wafer still shows some N 1s
composition, but this is most likely due to the N, atmosphere of the XPS chamber. In
fact, the APDMES coated samples showed larger peaks for amine-type nitrogen than the
clean wafer. This type of nitrogen is present as the amino-group in the APDMES. Thus, it
makes sense that the increased amount of amine-type nitrogen would correspond to the
APDMES coated samples. What is also interesting is that both of the APDMES coated
samples are composed of roughly the same amount of nitrogen. This would indicate that
the lift-off conditions do not damage the silane or remove it from the Si substrate.

Table 3.1 Relative atomic percentages for a clean Si wafer, an APDMES coated Si

wafer, and an APDMES coated Si wafer that was sonicated in 10 mM NaOH for 60 min.
as determined by XPS

Si 2p C1ls N 1s O1s

Clean wafer 38.19 10.95 0.38 50.48
APDMES 39.45 8.93 0.60 51.02
NaOH sonics 40.16 8.11 0.67 51.06

While the XPS data show that the APDMES is still present after the lift-off, the
contact angle is very hydrophilic and no Au NPs self-assembled. The hydrophilic contact
angle may be due to the amine group of the APDMES, which is deprotonated from the
basic solution. However, the question still exists as to why the second Au NP self-
assembly failed. The only difference between the XPS study and the actual lift-off
conditions is that the actual lift-off conditions involve SEM imaging at some point prior

to the lift-off. It could be that the electron beam of the SEM damages the silanes, a la
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EBL, which would then prevent the silane from directing the self-assembly after the lift-

off.

3.4 Conclusions

PDDA was used to cross-link self-assembled Au NPs. The PDDA was capable of
enabling multi-layer Au NP self-assembly. However, additional Au NPs were often
patterned off of the initial Au NPs due to the large molecular weight of the PDDA. When
using PDDA, for the cross-linking, care should be taken to rinse the sample in D.I. H,O
to prevent loosely bound PDDA from coming off of the sample into the Au NP solution.

NaOH was used to lift-off PDDA cross-linked, self-assembled Au NPs from an
APDMES chemical template. While no lift-off was observed using 1 mM NaOH, lift-off
was observed at higher concentrations of NaOH when combined with sonication.
Sonication was required to lift-off the Au NPs due to van der Waals forces binding the
Au NPs to the substrate despite the lack of electrostatic forces binding the Au NPs at the
surface.

Visualizing the lifted-off Au NPs via UV-Vis is highly unlikely since the number
of lifted-off particles is several orders of magnitude less than the detection limit of the
UV-Vis. Indirect observation of the Au NPs using an additional self-assembly of the
lifted-off, crosslinked Au NP sample proved unsuccessful, but may have succeed if
greater immersion time was allowed. Self-assembling several orders of magnitude more
Au NPs may allow the lifted-off Au NPs to be detected by UV-Vis.

Sonication in NaOH does not appear to affect the APDMES, as XPS confirmed

similar surface chemistry of an APDMES coated sample both before and after the
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sonication in NaOH. The hydrophilic contact angle of the sample may be a result of the

deprotonation of the APDMES from the NaOH exposure.
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Chapter 4

Directed Self-Assembly of Gold Nanorods Using a Chemically Patterned Template

4.1 Introduction

The self-assembly of Au NPs was accomplished using a chemical template, as
described in Chapter 2. However, Au NRs are more promising for optical metamaterials
because they are doubly resonant, and the longitudinal plasmon absorption is stronger
than for Au NPs. Also, a NIM was previously fabricated using Au NRs.' Thus, the next
step was to self-assemble Au NRs.

Since the electrostatic self-assembly of Au NPs with a chemical template was
successful, Au NRs would be self-assembled in a similar fashion. As discussed in Section
1.1.3, Au NRs are synthesized in solution with CTAB as a surfactant. The CTAB forms a
amphiphilic bilayer with positively charged ammonium heads and alkyl-chain tails. Thus,
the Au NRs possess a positive charge, as synthesized.

Previous self-assemblies of Au NRs were in solution and mediated by the pH of
the solution’, a biotin-steptavidin end-to-end® and side-by-side linkage®, mouse
immunoglobin’, dipole moments®, and altering the solvent system’”. There has also been
limited self-assembly of polyelectrolyte coated Au NRs on surfaces via electrostatics.'”

Three different approaches were used to electrostatically self-assemble Au NRs
on a chemical template. The first approach involved coating the Au NRs with a

polyelectrolyte to give the Au NRs a negative charge and using the aminosilane chemical
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template that was used for the Au NP self-assembly. The second approach used the Au
NRs as synthesized, coated with CTAB, and an EBL defined template of negatively
charged polyelectrolyte. The third approach replaced the CTAB with a carboxylic acid
terminated, thiol-functional molecule to give the Au NRs a negative charge and the

APDMES chemical template that was used for the Au NP self-assembly.

4.2 Experimental

N-type/phosphorus Si <100> wafers were purchased from Silicon Valley
Microelectronics. Poly(methyl methacrylate) (PMMA, PMMA 950k A2) was purchased
from MicroChem. All other chemicals were purchased from Sigma Aldrich and used as
received.

Zeta potential measurements were conducted on a Zetasizer Nano (Malvern
Instruments). SEM was performed using a Phillips XL30 FEG and a FEI Nova Nanolab
Dualbeam Focused Ion Beam Workstation and Scanning Electron Microscope TEM was

performed using a Jeol 3011 HRTEM at 300 keV.

4.2.1 Polyelectrolyte-coated Au NRs Self-Assembled on an APTMS Chemical
Template

Au NRs were synthesized as reported elsewhere.!' A CTAB-capped Au NP seed
solution was prepared by adding 0.3 mL of an ice-cold 10 mM NaBH, aqueous solution
to an aqueous solution containing 4.7 mL of 0.1 M CTAB and 25 pL of 50 mM HAuCl,.
A growth solution was prepared by first adding 30 mL of 0.1 M CTAB, followed by

additions of 0.3 mL of 50 mM HAuCly, 0.57 mL of 1.0 M HCI, 360 pL of 10 mM
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AgNOs, and 240 pL of 0.1 M L-ascorbic acid. The addition of ascorbic acid turns the
solution colorless. 72 pL of the 5 min. old, CTAB-capped Au NP seed solution was
added to the growth solution to initiate Au NR growth. The growth solution was kept at
30°C overnight for Au NR growth. Centrifugation at 10,000 g for 30 min. was performed
twice to separate the Au NRs from excess CTAB and left-over starting materials. The
supernatant was discarded each time and the Au NRs were re-dispersed in D.I. water after
the first round of centrifugation.

CTAB-capped Au NRs were coated with the polyelectrolyte poly(sodium-4-
styrenesulfonate) (PSS, average M,, ~70,000 g/mol, 30 wt. % in H,O) as reported
elsewhere.'” After the second round of centrifugation, for every 1.5 mL of Au NR
solution that was centrifuged, 1 mL of 1 mM NaCl solution and 0.2 mL of a solution
containing 10 mg/mL PSS and 1 mM NaCl were added to the centrifuge tube. After 60
min. of incubation, the solution was centrifuged at 10,000 g for 30 min. After the
supernatant was discarded and the solution was resuspended in D.I. H,O, the solution was
centrifuged process was repeated.

Chemical templates were generated using EBL. PMMA was spin-cast on Si
wafers at 4000 rpm for 60 sec. to generate ~65 nm thick films. Wafers were baked at
150°C on a hotplate for 2 min. prior to spin-casting and baked again at 170°C in an oven
for 30 min. after spinning. After EBL (Raith 150), samples were developed in an
MIBK:IPA (1:3 v:v) solution for 20 sec., rinsed in IPA for 30 sec., and blown dry with
N, gas. Oxygen plasma was used to remove any trace organics from the exposed Si

surface.
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3-aminopropyltrimethoxysilane (APTMS) was deposited onto the EBL patterned
areas by placing the patterned sample in a desiccator under vacuum with 100 pL of
APTMS overnight. The sample was then removed, rinsed sequentially with MeOH and
D.I. H,O, blown dry with Ar gas, and placed on a hotplate at 140°C for 30 min.

The PMMA resist was removed by sonicating the sample in acetone for 2 hrs. The
newly exposed Si surface was coated with n-dodecyltrimethoxysilane (C12TMS) by
placing the sample in a desiccator under vacuum overnight with 100 pL of CI12TMS. The
sample was then removed, rinsed sequentially with MeOH and D.I. H,O, and placed on a
hotplate at 140°C for 30 min.

Samples were immersed into a PSS-coated Au NR solution for 15 min. to allow
for the self-assembly of the Au NRs on the APTMS pattern. SEM was used to

characterize the Au NR self-assembly.

4.2.2 Self-assembly of Au NRs on an Electron-Beam Lithography Crosslinked
Poly(sodium-4-styrenesulfonate) Template

Au NRs were synthesized as reported elsewhere.!' A CTAB-capped Au NP seed
solution was prepared by adding 0.3 mL of an ice-cold 10 mM NaBH, aqueous solution
to an aqueous solution containing 4.7 mL of 0.1 M CTAB and 25 pL of 50 mM HAuCl,.
A growth solution was prepared by first adding 30 mL of 0.1 M CTAB, followed by
additions of 0.3 mL of 50 mM HAuCly, 0.57 mL of 1.0 M HCI, 360 pL of 10 mM
AgNO;3, and 240 pL of 0.1 M L-ascorbic acid. The addition of ascorbic acid turns the
solution colorless. 72 puL of the 5 min. old, CTAB-capped Au NP seed solution was

added to the growth solution to initiate Au NR growth. The growth solution was kept at
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30°C overnight for Au NR growth. Centrifugation at 10,000 g for 30 min. was performed
twice to separate the Au NRs from excess CTAB and left-over starting materials. The
supernatant was discarded each time and the Au NRs were re-dispersed in D.I. H,O.

Patterns of EBL cross-linked PSS were prepared as described elsewhere.'* A 0.5
wt. % filtered 1:2 v/v H,O:EtOH solution of PSS was prepared and spin-coated at 5000
rpm for 60 sec. on a Si wafer to achieve an ~20 nm thick film of PSS. PSS was cross-
linked using EBL with a 2,000 pC/cm® exposure dose. Samples were developed in D.1.
H,0O, which removed all of the PSS except that which was cross-linked by the EBL.
Oxygen plasma was then used to remove any trace organics on the Si wafer surface.

CI2TMS was deposited on the bare Si surface by placing the sample in a
desiccator under vacuum overnight with 100 pL of CI2TMS. The sample was then
removed, gently rinsed sequentially with MeOH and D.I. H,O, and placed on a hotplate
at 140°C for 30 min.

The cross-linked PSS sample was immersed into a solution of twice-washed,
CTAB-coated Au NRs to allow the Au NRs to self-assemble on the PSS features. SEM

was used to view the self-assembled Au NRs.

4.2.3 Self-assembly of 11-Mercaptoundecanoic-coated Au NRs on an APDMES
Chemical Template

Au NRs were synthesized as reported elsewhere.!' A CTAB-capped Au NP seed
solution was prepared by adding 0.3 mL of an ice-cold 10 mM NaBH, aqueous solution
to an aqueous solution containing 4.7 mL of 0.1 M CTAB and 25 pL of 50 mM HAuCl,.

A growth solution was prepared by first adding 30 mL of 0.1 M CTAB, followed by
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additions of 0.3 mL of 50 mM HAuCls, 0.57 mL of 1.0 M HCI, 360 pL of 10 mM
AgNOs, and 240 pL of 0.1 M L-ascorbic acid. The addition of ascorbic acid turns the
solution colorless. 72 pL of the 5 min. old, CTAB-capped Au NP seed solution was
added to the growth solution to initiate Au NR growth. The growth solution was kept at
30°C overnight for Au NR growth. Centrifugation at 10,000 g for 30 min. was performed
twice to separate the Au NRs from excess CTAB and left-over starting materials. The
supernatant was discarded each time and the Au NRs were re-dispersed in D.I. H,O after
the first centrifugation.

The ligand exchange of CTAB for 11-mercaptoundecanoic acid (MUA) was
performed as reported elsewhere.® After the second round of centrifugation, the
concentrated Au NRs are re-dispersed in an aqueous, 20 mM MUA, 100 mM NaOH
solution and allowed to incubate overnight. The solution is then centrifuged for 30 min. at
10,000 g. The supernatant is discarded and the Au NRs are re-dispersed in 100 mM
NaOH. Centrifugation is repeated three more times.

To return the MUA-capped Au NR solution to a neutral pH, the solution is either
centrifuged an additional three times, but re-suspended in D.I. H,O each time, or 10 mL
of the Au NR solution is dialyzed overnight against 2 L of D.I. H,O with 3,500 MWCO
dialysis tubing.

APDMES chemical templates were prepared as described in Section 2.2.1 and
2.2.2. PMMA was spin-cast on Si wafers with a 45 nm thick, thermally grown oxide at
4000 rpm for 60 sec. to generate ~65 nm thick films. Wafers were baked at 150°C on a
hotplate for 2 min. prior to spin-casting and baked again at 170°C in an oven for 30 min.

after spinning. After EBL (Raith 150), samples were developed in an MIBK:IPA (1:3
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v:v) solution for 20 sec., rinsed in IPA for 30 sec., and blown dry with N, gas. Oxygen
plasma was used to remove any trace organics from the exposed Si surface.

The exposed Si wafer surface was functionalized with APDMES by placing the
samples into a desiccator with 100 pL of silane in a watch glass, pulling a vacuum, and
leaving the desiccator overnight. Samples were then rinsed with MeOH and D.I. H,O,
and blown dry with Ar. Then, the samples were placed on a hotplate at 50°C for 3 hrs.

APDMES chemical template samples were vertically immersed in the MUA-
capped Au NR solution for 30, 60, or 120 min. to allow the Au NRs to self-assemble on
the APDMES chemical template. The samples were removed at 10 pm/s. SEM was used

to visualize the Au NR self-assembly.

4.3 Results and Discussion

4.3.1 Polyelectrolyte-coated Au NRs Self-assembled on an APTMS Chemical
Template

Au NRs were coated with PSS by a charge-charge interaction between the CTAB
and the PSS. The zeta potential of the Au NR solution after coating the Au NRs with PSS
was -29.8 mV, indicating that the Au NRs have a negative surface charge. Relatively, the
zeta potential of CTAB coated Au NRs was +36.3 mV, indicating a positive surface
charge.

Chemical template of APTMS dots were immersed into the PSS-coated Au NR
solution for 15 min. One of the chemical templates had the rest of the Si surface coated

with C12TMS and one template just had bare Si. Figure 4.1 shows the SEM of the
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APTMS dots for both samples. For the sample with C12TMS (Figure 4.1a) there is
minimal self-assembly, but it is limited to the APTMS patterned areas. For the sample
with base Si (Figure 4.1b), there was also minimal self-assembly that was limited to the
APTMS patterned areas, but there were also areas where there was a lot of non-specific
deposition. The non-specific deposition is most likely due to the fact that there is nothing
preventing the Au NRs from depositing on the bare Si. With the C12TMS, a hydrophobic

layer is present, which deters the water soluble Au NRs from depositing.

(a) (b)
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Figure4.1 SEM images of self-assembled PSS-coated Au NRs on an APTS chemical
template (a) with C12TMS coating the rest of the Si surface and (b) with nothing coating
the rest of the Si surface.

Additional samples of APTMS chemical templates with C12TMS covering the
remaining Si were prepared. The samples were dipped in the PSS-coated Au NRs for 15
min. and imaged via SEM. Figure 4.2a shows a characteristic image from these samples.
There is minimal self-assembly of the Au NRs on the APTMS chemical template. In
order to determine if there was a problem with the APTMS or C12TMS that was
inhibiting the Au NR self-assembly, the sample was immersed into a solution of citrate-
capped Au NPs and then imaged again with SEM (Figure 4.2b). Based on the good self-
assembly of the citrate-capped Au NPs, it is safe to say that the silanes are not inhibiting

the Au NR self-assembly.
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Since the silanes are not inhibiting the Au NR self-assembly, then the Au NRs
themselves must be inhibiting the self-assembly. Despite the negative zeta potential of
the solution, the Au NRs may not have a good PSS monolayer coating them. The
molecular weight of the PSS used to coat the Au NRs was 70,000 g/mol. Previous
attempts to coat Au NRs with this size PSS required Au NRs that were 500-600 nm in
length and 25-30 nm in width to ensure that the PSS fully coated the Au NRs without any
excess PSS dangling off of the Au NRs.'® For the Au NRs used here, they were ~65 nm
long and ~15 nm wide. Due to the shorter sized Au NRs, a smaller molecular weight PSS
should have been used to prevent electrostatic bridging of Au NRs by the same PSS
molecule and to ensure good wrapping of the Au NR with the PSS molecule."* However,
no smaller PSS was commercially available at the time. The other option would have

been to use larger Au NRs, but that would have required a different APTMS pattern.

(D

Figure4.2 SEM images of (a) PSS-coated Au NRs self-assembled on an APTMS
chemical template and (b) the same template with self-assembled citrate-capped Au NPs.
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4.3.2 Self-assembly of Au NRs on an Electron-Beam Lithography Crosslinked
Poly(sodium-4-styrenesulfonate) Template

Samples of PSS films on Si were patterned using EBL as described elsewhere.'?
Generally, EBL is used to write a pattern in PMMA, which acts as a positive resist. The
electron-beam causes scission of the PMMA where it has been exposed, and these areas
are developed. However, if a large enough exposure dose is used, the electron beam
generates enough free electrons in the resist to cause the resist to cross-link."* The cross-
linked resist will no longer be soluble in common solvents. Thus, a polymer resist like
PMMA or PSS can be used as a negative resist.

EBL patterned samples of cross-linked PSS were developed by either spraying the
sample with D.I. H,O from a syringe, sonicating the sample in D.I. H,O, or immersing
the sample in D.I. H,O. In all cases, the unexposed PSS was rinsed off of the sample,
leaving only the cross-linked PSS.

CTAB-capped Au NRs were self-assembled by immersing a cross-linked PSS
sample into the Au NR solution for 10 min. SEM was used to image the self-assembled
Au NRs. Figure 4.3 shows the SEM images of the samples. The SEM images show lots
of non-specific deposition of the Au NRs on the sample. Based on the image on the left,
it looks like the Au NRs non-specifically deposit at a higher density than the Au NRs that
are patterned on the PSS. This non-specific deposition may be due to incomplete removal
of the PSS from the development step. Also, it is worth noting that the PSS pattern
appears to be damaged in both SEM images. This damage is most likely from the 30 sec.

of sonication that was used to remove the unexposed PSS.
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Figure.3 SE images of CTAB-ppe Au NRs self ssembed on PSS chmial
templates. Scale bars are 1 pm.

In order to prevent non-specific deposition of the Au NRs on the bare Si, the bare
Si was coated with CI12TMS after sonicating the sample for 30 sec. in D.I. H,O to
develop the sample. The C12TMS should provide a hydrophobic monolayer that will
prevent the non-specific deposition of the hydrophilic Au NRs. SEM images of self-
assembled Au NRs on the CI2TMS treated, PSS sample are seen in Figure 4.4. Neither
image shows any non-specific deposition of Au NRs, which means that the C12TMS
served its purpose. However, there is still minimal patterning of the Au NRs and the PSS

is again damaged.

Figure4.4 SEM images of CTAB-capped Au NRs self assembled on PSS chemical
templates that have C12TMS coating the exposed Si. Scale bars are 2 pm.
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In order to prevent the PSS pattern from being damaged during the development
step, the exposed PSS samples were instead rinsed with 20 mL of D.I. H;O from a
syringe. Oxygen plasma was also used after development in order to remove any trace
PSS that remained on the surface and to prime to the surface for C12TMS deposition.
Three samples were prepared. Longer immersion times were also used to allow more
time for the Au NRs to self-assemble. The first sample, 1, was simply developed and
immersed into the Au NR solution for 30 or 90 minutes to allow self-assembly. The
second sample, 2, was developed and treated with oxygen plasma before being immersed
into the Au NR solution for 30 or 90 minutes. The third sample, 3, was developed,
received oxygen plasma, and was coated with C12TMS to make the non-patterned areas
hydrophobic before being immersed into the Au NR solution for 30 or 90 minutes. SEM
images of samples 1, 2, and 3 are seen in Figures 4.5, 4.6, and 4.7, respectively.

The rinsing with 20 mL of D.I. H,O from a syringe seems to have had the desired
effect. All of the PSS patterns in Figures 4.5 — 4.7 are still intact and do not appear
damaged. Thus, sonication appears to be too rough on the patterns for development.

The SEM images show that there is non-specific deposition of Au NRs on sample
1, but this was expected since it is essentially the same sample as in Figure 4.3. However,
it should be noted that there are additional Au NRs self-assembled on the PSS after both
30 and 90 min. than seen in Figure 4.5. This is due to the longer immersion times of the

PSS samples in the Au NR solution.
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Figure4.5 SEM images of self-assembled CTAB-coated Au NRs self-assembled on a
cross-linked PSS sample after (a) 30 min. and (b) 90 min. of immersion. The dark
rectangles are the patterned PSS.

For sample 2, the SEM images show improved non-specific patterning of the Au
NRs. In both the 30 and 90 min. images, the bare Si is not coated with Au NRs as it was
for sample 1. There is still some non-specific deposition, especially in Figure 4.6a, but
this was a great improvement. Since the oxygen plasma seems to have prevented the
massive non-specific deposition of the Au NRs, it would seem that the rinsing with D.I.
H,0 works to develop the PSS pattern, but does not completely remove the PSS from the
surface. The oxygen plasma, however, can clean away any leftover PSS and expose the

bare Si surface.

Figure 4.6 SEM imges of self-assembled CTAB-coated Au NRs self-assembled on an
oxygen plasma cleaned, cross-linked PSS sample after (a) 30 min. and (b) 90 min. of
immersion.
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Lastly, for sample 3, the SEM images show good, selective self-assembly of the
Au NRs on the PSS pattern. Like in the case of sample 2, there is some non-specific
deposition of the Au NRs. This is could be due to van der Waals interactions between the
Au NRs and the Si surface, since the C12TMS provides a hydrophobic monolayer that
repels the hydrophilic Au NRs. Also, the Au NRs may deposit on the CI12TMS if the
CTAB bi-layer is disrupted, which would expose the hydrophobic tail of the CTAB
molecule that is bound to the Au NR. The exposure of the CTAB tail would enable
preferential patterning on the hydrophobic C12TMS surface.

Figure 4.7¢ shows Au NRs patterned on 100 nm PSS squares. There is very good
Au NR selectivity for the PSS pattern. It is interesting that the majority of the Au NRs
that self-assemble on the PSS are seen on the perimeter of the PSS square. Unlike
monolayers of silanes, the PSS has a surface height of ~30 nm, which exposes the sides
for Au NR patterning. It is understandable that the Au NRs would prefer to have their
longitudinal faces in contact with the PSS to maximize the electrostatic attraction
between the CTAB ligand and the PSS. But, there are very few Au NRs on top of the PSS
squares, even though the PSS surface is large enough to seat an entire Au NR.

A possible explanation is that when the Au NRs are drawn to the PSS squares,
they are not static. The electrostatic force keeps them in proximity, but the Brownian
motion of the Au NR allows it to move along the PSS surface. However, once the PSS
template is removed from solution, the Au NRs no longer have a medium to move around
in and they must stick to the PSS. One reason that the Au NRs are almost exclusively
seen on the sides of the PSS is because a meniscus can more favorably form between the

PSS square and the SiO, surface than on the PSS square’s surface. Thus, the Au NRs
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would be directed to the sides of the PSS squares since the solution can better wet the

sides of the squares.

(a
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Figure 4.7 SEM images of self-assembled CTAB-coated Au NRs self-assembled on a
CI12TMS coated, cross-linked PSS sample after (a) 30 min. and (b) and (c¢) 90 min. of
immersion. Large alignment marks are seen in (a) and (b), while an array 100 nm squares
are seen in (c).
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Another reason that the Au NRs are almost exclusively seen on the sides of the
PSS is because this may be the location that is most energetically favorable for the Au
NRs as the PSS sample is removed from the aqueous medium. As discussed in section
3.3.3, the van der Waals binding energy becomes very strong as the gold colloid comes in
close (< 10 nm) proximity of the template surface. If the Au NRs pattern along side the
PSS squares, then they would be closer to the samples surface than if they were patterned
on top of the PSS. Since the Au NRs are closer to the surface, the van der Waals forces
are stronger and the interaction energy is maximized.

One way to reduce the tendency of the Au NRs to pattern along the sides of the
PSS would be to reduce the PSS thickness to ~ 5 nm or less using oxygen plasma. If the
PSS were made this thin, then the solution would not be able to preferentially wet the
sides of the PSS squares and the van der Waals forces should significantly contribute to
binding the Au NRs at the PSS surface instead of just contributing when the Au NRs are

along the PSS square’s side.

4.3.3 Self-assembly of 11-Mercaptoundecanoic-coated Au NRs on an APDMES
Chemical Template

Synthesized Au NRs had dimensions of 65.7 + 10.5 nm length and 13.3 + 2.6 nm
width. A TEM image and the UV-Vis absorption spectra of the Au NRs before and after
being capped with MUA are seen in Figure 4.10. The UV-Vis shows that exchanging the
CTAB for MUA does not alter the UV-Vis absorption of the Au NRs, indicating that no
aggregation or geometrical change occurs during the ligand exchange. The TEM image

shows some gold nanocubes in addition to Au NRs. These are common by-products of

106



Au NR synthesis.””!” After three rounds of centrifugation to reduce the pH of the
solution, the pH of the MUA-capped Au NR solution is ~7.4 and the color of the solution
is still red.

The ligand exchange of CTAB for MUA requires the MUA to be dissolved in a
basic solution. The MUA is not soluble in D.I. H>O because the carboxylic acid group is
not completely deprotonated and the large hydrophobic, alkyl chain prevents the ligand
from dissolving in the D.I. H,O. However, it was previously reported that the MUA
would be soluble in a pH = 10 solution of D.I. H,O, which would ensure that the MUA is
deprotonated.® Here, a 100 mM solution of NaOH in D.I. H,O (calculated pH = 13) is
used to ensure that the MUA is deprotonated. Sonication is used to help solubilize the

MUA, since it has a tendency to clump together like flour in water when baking.
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Figure 4.8 (a) UV-Vis absorption of Au NRs as synthesized with CTAB (red) and after
the CTAB is replaced with MUA as the ligand (blue). (b) TEM image of the Au NRs.

Depending on how much CTAB is left over in the Au NR solution after
centrifugation, the CTAB and deprotonated MUA may complex via a charge-charge

interaction to form a white, flakey aggregate during the ligand exchange. If this occurs,
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care must be taken to continue to centrifuge in 100 mM NaOH additional times until no
more aggregate is visible. Sonication can fragment the aggregates in solution before
centrifugation.

When performing the centrifugation to return the MUA-capped Au NR solution to
a basic pH, it is critical not to centrifuge the solution too many times. A MUA-capped Au
NR solution was centrifuged four times at 10,000 g for 30 min. and the Au NRs were re-
dispersed in D.I. H,O after discarding the supernatant. The Au NRs were soluble in the
D.I. H,O except after the fourth centrifugation. In this case, the Au NRs precipitated as a
black solid on the side of the centrifugation tube. Only after sonication were the Au NRs
re-suspended in the D.I. H,O. However, the Au NR solution, which was previously red in
color, was then purplish. UV-Vis absorption and a TEM image of the purplish Au NR
solution are seen in Figure 4.9 Compared to the twice centrifuged Au NR solution, the
four times centrifuged Au NR solution has drastically diminished surface plasmon
absorption peaks that appear to be slightly red-shifted. This, in addition to the low-
solubility of the Au NRs and the color change suggest that the Au NRs have aggregated.
TEM, as seen in Figure 4.11b, confirmed large aggregates of the Au NRs.

The cause of this aggregation is not well understood. It also occurs while cleaning
the CTAB coated Au NRs after three rounds of centrifugation. However, not all of the Au
NRs are rendered insoluble like in the case of the MUA-capped Au NRs. Initially, it was
thought that maybe the centrifugation was generating enough shear forces to remove the
MUA from the surface. The force exerted on a MUA (M,, = 218.36 g/mol) molecule

during the 10,000 g centrifugation was calculated to be 3.55 x 102° N,

21836 g " mol " kg
mol 6.022x1023 1000 g

9.81m
s2

F=M,+a=( )+ (10000 +25™) = 355+ 10720 N, (1)
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Multiplying this force by the length of a Au-S bond (~ 1 A) yields an energy of 22.2 peV.
The bond energy for the S-Au bond is 1.6 eV. Even if the Au NR was used in place of the
MUA, the force and energy are still a few orders of magnitude below the S-Au bond
energy (1.73 x 10" N, 11 meV). Thus, the centrifugation is not likely strong enough to

simply shear away the MUA ligand from the Au NR surface.
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Figure4.9 (a) UV-Vis absorption of MUA-capped Au NRs as they are returned to a
neutral pH by centrifugation and resispersing in D.I. H,O. Absorption spectra are shown
for the MUA-capped Au NRs after two (red) and four (blue) rounds of centrifugation,
when the pH of the Au NR solution is 9 and 7, respectively. (b) TEM of an aggregate of
Au NRs from the 4x centrifuged solution.

However, the centrifugation force is still strong enough to force the Au NRs into a
pellet. For the MUA coated Au NRs, as the pH is returned to a neutral state, the MUA
has less of a tendency to be deprotonated. If the MUA coated Au NRs are not
deprotonated, then there is no charge-charge repulsion between the Au NRs. As the Au
NRs are forced together by the centrifugation, the hydrophobic alkyl chains of the MUA
ligands may interact with each other to intertwine like a lipid bilayer. Since this
interaction is entropically favorable, the hydrophobic alkyl chain does not want to be in
the aqueous environment, it could be very difficult to separate the Au NRs after the MUA
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ligands are intertwined. The aggregate seen in Figure 4.9b shows that most of the Au
NRs are coupled side-by-side, which would allow for maximum MUA-MUA interaction.
Furthermore, the heads of the Au NRs are also almost always oriented perpendicular to a
Au NR side. Likewise, as the CTAB is removed during the centrifugation, the bi-layer of
CTAB molecules that formed may be disrupted and a similar effect with the CTAB
molecules may occur as theorized with the MUA ligands.

APDMES chemical template samples were dipped in a pH = 7.4 solution of
MUA-capped Au NRs for 30 and 60 min. The Au NR solution was returned to a neutral
pH using centrifugation. SEM images of the self-assembled Au NRs are seen in Figure
4.10. Au NRs were self-assembled on the alignment mark after 30 min. However, there
was improved patterning on the aminosilane nanodots after 60 min. This suggests that the
Au NRs require a longer time to self-assemble on the APDMES chemical template due
the anisotropic shape and greater inertia of the Au NRs.

Dialysis was also used to reduce the pH of the MUA-capped Au NR solution to ~
7. A 10 mL volume of the Au NR solution was placed in 3,500 MWCO dialysis tubing
and left in a beaker containing 2 L of D.I. H,O overnight. The pH of the D.I. H,O
increased from 7.4 to 7.9 and the resistance of the D.I. H,O decreased from 1.8 MQ to
0.8 MQ, which both indicate that the dialysis was successful in removing NaOH from the
Au NR solution. APDMES chemical templates were immersed in the dialyzed Au NR
solution for 1 hr. and then imaged with SEM. Figure 4.11 shows the SEM of the large
alignment mark.

Unlike the samples where the Au NRs were returned to a neutral pH by

centrifugation, the dialyzed Au NRs did not pattern well (Figure 4.11). The color of the
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Au NR solution became pinkish after the dialysis, but was reddish before the dialysis.
The color change indicates that the Au NR solution has somehow changed. The most
likely explanation is that the Au NRs aggregated during the dialysis, which would make

them more difficult to pattern.
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Figure 4.10 SEM of self-assembled MUA-capped Au NRs on an APDMES template
after (a) and (¢) 30 min. and (b) and (d) 60 min. of immersion in the Au NR solution.
Images are of (a) and (c) a large alignment mark and (b) and (d) aminosilane dots.
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Figure4.11 SEM of self-assembled MUA-capped Au NRs on an APDMES alignment
mark. The Au NRs were returned to a neutral pH using dialysis.

4.4 Conclusions

Three techniques for self-assembling Au NRs on chemical templates via
electrostatics have been presented. This first method, which uses polyelectrolyte coated
Au NRs displayed limited success. This is most likely due to poor wrapping of the PSS
on the CTAB-capped Au NR which results because the sizes of the PSS and the Au NR
are not well matched for this technique.'” "> Using compatible PSS and Au NR sizes
should improve the Au NR patterning.

The second method, which used a cross-linked PSS chemical template to self-

assemble CTAB-coated Au NRs, displayed more success. Developing the cross-linked
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PSS samples by sonicating in D.I. H,O tended to damage the PSS pattern, while
developing by rinsing with D.I. H,O did not cause any damage. Oxygen plasma was used
to remove any remaining PSS traces after development and C12TMS was deposited on
the exposed SiO; surface in order to reduce the amount of non-specific deposition of AU
NRs. However, these processes did not entirely prevent the non-specific deposition. Also,
due to the relief height of the PSS pattern, Au NRs preferred to pattern on the sides of
small PSS patterns instead of on the top of the PSS. The preference for the side patterning
may be due to preferred wetting of the sides of the PSS squares by the solution and
increased van der Waals forces when the Au NRs bind along the side of the PSS, since
the Au NRs are closer to the substrate in this position. This effect may be resolved by
using oxygen plasma to thin the PSS film to a height that would limit the ability of the
solution to wet the sides of the PSS square and enable strong van der Waals forces when
the Au NRs are on top of the PSS as well as when the Au NRs are on the edges of the
PSS.

The final method, which used MUA-capped Au NRs and an APDMES chemical
template displayed good self-assembly with minimal non-specific deposition. However,
this technique suffered from slow self-assembly kinetics and inconsistent patterning of
nano-sized APDMES patterns. The ligand exchange of MUA for CTAB proved to be
sensitive to the pH of the solution. If the pH of the MUA-capped Au NR solution
dropped too low, then the Au NRs would begin to aggregate due to insufficient
electrostatic repulsion. Dialysis was also used to return the MUA-capped Au NR solution
to a neutral pH, but this technique suffered from Au NR aggregation and poor Au NR

patterning.
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Chapter 5

Spherical Assembly of Gold Nanoparticles via Good-solvent Evaporation Process

5.1 Introduction

One of the limitations of using chemical templates to self-assemble nanogold is
that the chemical template cannot self-assemble large enough quantities of nanogold that
can be easily detected. This problem was discussed in Section 3.2.4, where at least 10°
Au NPs were needed to be detected by UV-Vis absorption. Thus, a technique was
devised to self-assemble Au NPs in solution, in large quantities.

Several studies have demonstrated that the spherical assembly of Au NPs can be
achieved by using ligand exchange reactions on the Au NP surface, which is called the
mediator-template strategy.' These approaches exploit the difference in binding energy
between Au NPs and the various ligand molecules. The weekly bound template
molecules on the Au NPs are removed as the mediator molecules strongly bind to the Au
NPs. The size of the spherical beads made from Au NPs could be controlled by the molar
ratio of the mediator to the template-coated Au NPs.

It has been reported that submicron-sized polymeric beads can be prepared by
using good-solvent evaporation methods.®® The perfect dissolution of polymer with a
good-solvent/poor-solvent mixture followed by the complete evaporation of good solvent
from the polymer solution can generate monodisperse polymeric beads. The key factor of

this method is choosing the correct good-solvent and poor-solvent for the selected
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polymer: the two solvents must be miscible and the good-solvent must have a lower
boiling point than the poor-solvent. For instance, THF and water can be used for
polystyrene (PS) or PS-based block copolymers to prepare a uniform size of beads
because THF is miscible with water and has a lower boiling point than water. We found
that the CH,Cly/trifluoroacetic acid (TFA) mixture solvent system also works very well
for the bead formation using PS or PS containing polymers with this method.
Solvent-selectivity has also been used to assemble Au NRs which were end

coated with PS and coated along the sides with CTAB.”"!

By using mixtures of THF,
DMF, and water, the rods were assembled into rings, chains, bundles, spheres, or chains
of bundles, as seen in Figure 1.7.

A novel method was developed to prepare spherical assemblies of Au NPs by
using a CH,Cl,/TFA solution via the good-solvent evaporation method. Au NPs were
synthesized and passivated using thiol-terminated PS (HS-PS) to provide Au NPs with
excellent solubility and stability in organic solvents. The dissolution of the resulting Au
NPs into a CH,Cl,/TFA mixture and the subsequent evaporation of CH,Cl, gives rise to
the assembly of Au NPs. Various molecular weight HS-PS ligands and different Au NP

sizes were tried with different evaporation conditions to control the size of the Au NP

assemblies.

5.2 Experimental
Three samples of HS-PS ligands were received from Polymer Source, Inc. and
used without further purification: HS-PS1100 (M, = 1,100 g/mol, M/M, = 1.12, ~11 PS

units), HS-PS3000 (M, = 3,000 g/mol, M,,/M, = 1.07, ~29 PS units), and HS-PS6500 (M,
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= 6,500 g/mol, My/M, = 1.18, ~63 PS units). All the other chemicals were used as

received from Sigma Aldrich.

5.2.1 3nm Au NP Synthesis

The Au NPs were synthesized by following the procedure as described
elsewhere.'” * 3.1 mg HAuCly+3H,0, 2.0 mg HS-PS1100, and 10 mL THF were added
to a 20 mL vial. The solution was stirred for 5 min and then 0.1 mL LiEt;BH (1.0 M in
THF) was added to the solution at once. After 5 min, the solution was stirred gently and

left overnight to complete the reaction.

5.2.2 5nm Au NP Synthesis

The Au NPs were synthesized by a two-phase method as described elsewhere.” >
' To a 250 mL flask were added 550 mg tetraoctylammonium bromide (TOAB) and 32
mL toluene. The solution was stirred for 5 min and then 77 mg HAuCls*3H,0 dissolved
in 20 mL water was added to the solution. The solution was stirred for 15 min. The
organic layer was collected and 42 mg NaBH, dissolved in water was added drop wise to
the solution. The solution was stirred at room temperature for 24 hrs. 2.6 mL of TOAB-
coated Au NPs in the organic layer was taken and transferred to 20 mL flask. Under
stirring, a solution of either 18 mg HS-PS1100, 48 mg HS-PS3000, or 63 mg HS-PS6500
dissolved in 2.5 mL toluene and 10 mL THF was added to the flask. The solution was

kept stirring at least 24 hrs.
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5.2.3 16 nm Au NP Synthesis

The Au NPs were synthesized as described elsewhere.'” A solution containing 50
mg HAuCly*3H,0, 1.0 g of oleylamine, and 1.0 mL of toluene was quickly injected into a
boiling solution of 1.7 g of oleylamine in 49 mL of toluene. After two hours, heating was
stopped and 100 mL of MeOH was added to precipitate the product. The particles were
washed by centrifugation at 6,000 g for 20 min. to isolate the particles. The supernatant
was removed and discarded. The washing was performed three times with 50 mL of
MeOH to remove unreacted starting materials and byproducts. After redispersing the
particles in toluene, the particles were concentrated and dried in a glass vial using rotary-
evaporation. The vial was further dried in vacuo for at least 24 hrs.

The solid Au NPs were resuspended in toluene to create a 2 mg/mL concentrated
solution. A solution of 2.5 mL toluene and 10 mL THF was prepared with either 18 mg
of HS-PS1100, 30 mg of HS-PS3000, or 50 mg of HS-PS6500. To the HS-PS solution, 2
mL of the Au NP solution was added under stirring. The solution was kept stirring

overnight.

5.2.4 Purification of Au NPs

For HS-PS1100 functionalized Au NPs, the Au NP solution was concentrated and
poured into MeOH. The unbound HS-PS1100 was removed by membrane filtration
(MWCO 30,000 g/mol, Millipore Inc.) of the Au NPs using DMF and 1,4-dioxane,
sequentially. Finally, the solid Au NPs were recovered by precipitation of the
concentrated Au NPs/1,4-dioxane solution into MeOH followed by drying under vacuum

for at least 24 hrs.
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For HS-PS6500 functionalized Au NPs, the Au NP solution was separated into
microcentrifugation tubes, and MeOH was added to precipitate the Au NPs. After
centrifugation at 10,000 g for 20 min., the supernatant was removed and the particles
were redispersed with 0.3 mL of toluene. 0.5 mL of MeOH was added to the
centrifugation tubes, the tubes were shaken to mix the toluene and MeOH, and the
centrifugation process was repeated until there was no free HS-PS left in the supernatant
as indicated by thin-layer chromatography. Finally, Au NPs were concentrated and dried

under vacuum for at least 24 hrs.

5.2.5 Au NPs Assembly by Good-solvent Evapor ation

CH,Cl, was added to the dried Au NPs to obtain a 1 g/L concentrated solution. 1
mL of the Au NP solution and an additional 6 mL of CH,Cl, were added to 20 mL vial.
The vial was lightly agitated to mix the Au NPs with the additional solvent. Then, 7 mL
of TFA was added to the solution within 2 min. The solution was placed in a 100
foot/min. face velocity fume hood, uncapped at room temperature for the complete
removal of CH,Cl,. The solution was either not stirred or stirred by a stir bar at either 600
or 1,200 rpm during the evaporation. The solution was left to induce the precipitation of
aggregate of Au NPs. Assemblies of Au NPs were re-suspended in solution using

sonication for 1 min.

5.2.6 Characterization
The Au NPs and spherical beads were characterized by transmission electron

microscopy (TEM) on a JEOL 3011 TEM operating at 300 keV. Samples for TEM were
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prepared by drop-casting the solution onto carbon-coated copper grids (Ted Pella) and
drying the solvent at room temperature. Prepared TEM grids were also analyzed via SEM
using either a Phillips XL30 FEG SEM or a Nova Nanolab FIB/SEM. UV-Vis absorption
spectra were acquired over the range of 300 - 1000 nm using a Varian Cary 50

spectrophotometer.

5.3 Results and Discussion

5.3.1 Au NP Synthesisand Purification

The syntheses of Au NPs were carried out by the reduction of HAuCls*3H,0 with
LiEt;BH in THF, with NaBHy in toluene/water, or with oleylamine in boiling toluene.
HS-PS was used as the organic stabilizing ligand of the Au NPs. For Au NPs produced
with LiEt;BH, only a low molecular weight HS-PS could be used. From this Au NP
synthesis technique, as the molecular weight of the HS-PS increases, the size of the Au

. 13
NPs increases as well.

This occurs because the larger molecular weight HS-PS
sterically hinders additional ligands from attaching to the small Au NPs, and thus the Au
NPs must be larger in order to achieve the necessary areal polymer density on the Au NP
surface to stabilize the Au NPs in solution. However, with the two-phase synthesis and
the oleylamine techniques, the particles are synthesized before they are passivated with
HS-PS. Thus, HS-PS of various molecular weights could be used with particles produced
via these recipes.

From the LiEt;BH synthesis, 2.5 £ 1.6 nm diameter Au NPs (Au NP3) were

coated with HS-PS1100 to obtain Au NP3@PS1100. From the two-phase synthesis, 5.4 +
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1.8 nm diameter Au NPs (Au NPs) were coated with HS-PS1100 and 4.1 + 1.5 nm
diameter Au NPs were coated with HS-PS6500 to obtain Au NPs@PS1100 and Au
NPs@PS6500, respectively. Lastly, from the oleylamine in toluene synthesis, 16.0 +
2.0nm Au NPs (Au NPj¢) were coated with HS-PS1100 and HS-PS6500 to obtain Au
NP;s@PS1100 and Au NP;s@PS6500. The sizes of the Au NPs were determined by
analyzing the TEM images of the Au NP samples.

The unbound HS-P1100 from the Au NP@PS1100 solutions was effectively
isolated by membrane filtration of Au NP solution. The unbound HS-PS6500 were
effectively isolated from the Au NP solutions by repeated centrifugation and
resuspension of the Au NP solutions. At least five rounds of centrifugation were required

to remove the unbound HS-PS6500.

5.3.2 Assembly of Au NPs asthe Good-solvent Evapor ates

The assembly of Au NPs was conducted by the good-solvent evaporation method
as shown in Figure 5.1. The selection of good-solvent and poor-solvent for polymeric
materials is crucial for the preparation of uniform beads. When equal volumes of CH,Cl,
and TFA were added to Au NPs, the Au NP@PS were completely dissolved in the
solution. As the volume of the solution decreased due to the evaporation of CH,Cl, the
resulting solution became hazy and changed color, indicating poor solubility of the Au
NPs and the formation of submicron-sized beads in the solution. Ultimately, once all of

the CH,Cl, evaporated, the assemblies of Au NPs would precipitate out of solution.
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Dissolution of AuNPs in CH,Cl, Addition of TFA to Au NPs/CH,Cl, solution Evaporation of CH,Cl, (Au NP assembly)

Figure 5.1 Method for producing assemblies of HS-PS capped Au NPs via good-solvent
evaporation.

UV-Vis was used to monitor the evolution of the Au NP bead assembly for Au
NP;@PS1100 assembly under 1200 rpm stirring. The UV-Vis spectra of the Au NP
solution after 5, 7.5, and 9 hrs. are seen in Figure 5.2. After 5 hrs. of stirring, the solution
changed colors from red to purplish, indicating that some Au NP aggregation had begun.
The UV-Vis spectrum shows a peak centered at 550 nm, which is slightly red-shifted
from the surface plasmon peak of the Au NP3 (Figure 5.3a). As the stirring continued, at
7.5 hrs, the solution turned a bluish color and the UV-Vis absorption was even more red-
shifted, indicating larger aggregates of the Au NPs. Finally, after 9 hrs., the solution was
colorless and a film was seen on the bottom of the vial. At this point, there was ~ 2 mL of
solvent left in the vial. The UV-Vis of the solution showed a very weak and very broad
absorption peak. However, after sonicating the solution, color returned to the solution and
a sharper absorption peak was seen from the UV-Vis.

Based on the evolution of the UV-Vis spectra, it would appear that small
aggregates of Au NPs form as the CH,Cl, evaporates and the solubility of the Au NPs in
the solution decreases. As more CH,Cl, evaporates, the aggregates get larger, presumably
from a combination of smaller aggregates fusing together and individual Au NPs joining

the aggregates.
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UV-Vis absorption spectra and TEM images of the microbeads formed under no
stirring, 600 rpm stirring, and 1200 rpm stirring from Au NP3@PS110, Au NPs@PS110,
Au NP;s@PS1100, Au NPs@PS6500, and Au NP;4@PS6500 are seen in Figures 5.3, 5.4,
5.5, 5.6, and 5.7, respectively. The sizes of the assembled microbeads for the various
sizes of Au NPs, molecular weights of HS-PS, and stirring conditions are summarized in

Table 5.1.
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Figure 5.2 UV-Vis absorption spectra of a solution of Au NP3@PS1100 in a mixture of
CH,Cl, and TFA as the CH,Cl, evaporates under 1200 rpm stirring.

Microbead assemblies generated from larger molecular weight HS-PS are
generally smaller than those generated from lower molecular weight HS-PS. This is
likely because the larger molecular weight HS-PS is less soluble in higher concentrations
of TFA and the Au NP microbead assemblies precipitate out of solution faster.

No microbead formation was observed for the Au NP;s@PS110 system under any
evaporation conditions. The UV-Vis absorption spectra show broadened peaks after the

CH,Cl, evaporation, but the TEM images only showed arbitrary aggregation. This
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arbitrary aggregation may be the cause of the broadened UV-Vis spectra. However, the
Au NP;s@PS1100 may have formed small microbeads that were not distinguishable in
the TEM images. These microbeads may have only been a few Au NPs in size, and
therefore indistinguishable from otherwise random aggregation.

In order to get a different view of the aggregates, the TEM grid was imaged via
SEM. Figure 5.8 shows SEM images of the TEM grids for the Au NP;s@1100
assemblies generated by no stirring and 1200 rpm evaporation. Neither SEM image
shows any well defined spherical structures, but both images show large aggregates of the
Au NPs. Unfortunately, the SEM image for the evaporation with no stirring, Figure 5.8a,
is only zoomed in to 20kx. Higher magnifications were attempted, but there was too
much image distortion due to charging effects on the sample. However, Figure 5.8b is
zoomed in to 100kx, and individual Au NPs can be resolved. In Figure 5.8b there are no
visible distinct spheres, mainly due to the large amount of aggregation. If the SEM image
is closely inspected, it is possible to make out what looks like spherical assemblies of Au
NPs. Still, the spheres were not well-defined enough to properly assess any microbead
assembly from the Au NP16@PS1100 solutions.

As a contrast to Figure 5.8, Figure 5.9 shows SEM images of the Au
NP;s@PS6500 assemblies from 600 rpm evaporation. Not only are the spherical
assemblies easily distinguished at relatively low magnification (Figure 5.9a), higher

magnification (Figure 5.9b) shows the Au NPs clearly aggregated within spheres.
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Figure5.3 (a) UV-Vis spectra of Au NP;@PS1100 in CH,Cl, and in TFA after self-
assembly by no stirring, 600 rpm stirring, and 1200 rpm stirring. Representative TEM
images of the self-assembled beads of Au NP;@PS1100 in TFA from (b) no stirring, (c)
600 rpm stirring, and (d) 1200 rpm stirring.
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Figure5.4 (a) UV-Vis spectra of Au NPs@PSIIOO in CH2C12 and in TFA after self-
assembly by no stirring, 600 rpm stirring, and 1200 rpm stirring. Representative TEM
images of the self-assembled beads of Au NPs@PS1100 in TFA from (b) no stirring, (c)
600 rpm stirring, and (d) 1200 rpm stirring.
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Figure5.5 (a) UV-Vis spectra of Au NP;s@PS1100 in CH,Cl, and in TFA after self-
assembly by no stirring, 600 rpm stirring, and 1200 rpm stirring. Representative TEM
images of the self-assembled beads of Au NP;s@PS1100 in TFA from (b) no stirring, (c)
600 rpm stirring, and (d) 1200 rpm stirring.
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Figure5.6 (a) UV-Vis spectra of Au NPs@PS6500 in CH,Cl, and in TFA after self-
assembly by no stirring, 600 rpm stirring, and 1200 rpm stirring. Representative TEM
images of the self-assembled beads of Au NPs@PS6500 in TFA from (b) no stirring, (c)
600 rpm stirring, and (d) 1200 rpm stirring.
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Figure5.7 (a) UV-Vis spectra of Au NP;s@PS6500 in CH,Cl, and in TFA after self-
assembly by no stirring, 600 rpm stirring, and 1200 rpm stirring. Representative TEM
images of the self-assembled beads of Au NP;s@PS6500 in TFA from (b) no stirring, (c)
600 rpm stirring, and (d) 1200 rpm stirring.
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Table 5.1 Summary of the sizes of Au NP microbead assembly sizes from different sized
Au NPs, molecular weight HS-PS, and evaporation methods. Italicized microbead sizes
indicates a bimodal distribution of microbead sizes

Au NP size M, HS-PS Evaporation Microbead size
(nm) (g/mal) method (nm)
25+1.6 1,100 Still 70.4 £16.5

600 rpm 73.9+27.7
1200 rpm 94.5+19.5
54+1.8 1,100 Still 91.0+£23.5
600 rpm 82.5+22.7
1200 rpm 87.7+24.0
16.0+2.0 1,100 Still N/A
600 rpm N/A
1200 rpm N/A
41+1.5 6,500 Still 58.0+15.5
600 rpm 43.4 £ 18.7
1200 rpm 69.4 + 62.4
16.0+£2.0 6,500 Still 63.6£22.2
600 rpm 61.6+24.1
1200 rpm 86.4 +41.0
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Figure5.8 SEM images of assemblies of Au NP;s@PS1100 in TFA after evaporation
with (a) no stirring and (b) 1200 rpm stirring.
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Figure5.9 SEM images of assemblies of Au NP;s@PS1100 in TFA after evaporation
with 600 rpm stirring. Magnifications of the images are (a) 80 kx and (b) 200kx.
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5.3.3 Effects of Au NP Size on the Size of the Microbead Assembly

Different sizes of Au NPs were functionalized with the same molecular weight
HS-PS in order to determine if the size of the Au NPs affects the size of the microbead
assemblies. Figure 5.10 compares the sizes the microbead assemblies for different sizes
of Au NPs with the same HS-PS ligand at different evaporation conditions. For the
PS1100 Au NPs, the 5 nm Au NPs tend to produce larger microbeads except in the case
of the 1200 rpm stirring evaporation. However, considering the substantial overlap in the
size distribution for the assemblies created when stirring was used during the
evaporation, this data does not show a clear trend.

Looking at the microbead sizes for the HS-PS6500 ligand, it would appear that
the larger 16 nm Au NPs consistently generate slightly larger microbead assemblies. Yet,
the broad size distributions show a lot of overlap for the different sized Au NPs. Thus, it
would appear that the size of the Au NPs does not have a very great effect on the size of
the microbead assembly.
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Figure 5.10 Graphical representation of the effects of the Au NP size on the size of the

microbead assemblies at under different evaporation conditions and with (a) HS-PS1100
and (b) HS-PS6500 ligands.

134



5.3.4 How Stirring Effectsthe Size of the Microbead Assemblies

In order to demonstrate how the evaporation rate effects the size of the microbead
assemblies, the CH,Cl,/TFA solution was either not stirred, or stirred with a stir bar at
600 or 1200 rpm. The 600 rpm stirring did not induce a vortex for the full 14 mL of
solution, but as the volume of the solution decreased from the evaporation, a vortex was
eventually generated. On the other hand, the 1200 rpm stirring generated a vortex for the
14 mL of solution. Total evaporation of the CH,Cl, took ~20 hrs. when either no stirring
or 600 rpm stirring was employed. The evaporation only took ~9 hrs. when 1200 rpm
stirring was used.

It was believed that stirring would result in more uniform microbead assemblies
due to better mixing of the solution. Figure 5.11 is a graphical representation of the
various Au NP systems and the effect of the stirring speeds on the sizes of the microbead
assemblies. In almost every case, the microbead assemblies generated with 1200 rpm
stirring are larger than when 600 rpm stirring or no stirring was used. In the case of the
Au NPs capped with a HS-PS6500 ligand, the size distribution was often bimodal, which
means that there was a mix of large and small microbead assemblies. The bimodal
distributions resulted in the large standard deviations for these data points. The reason
that the 1200 rpm stirred samples produce such large microbead assemblies is because as
the CH,Cl, evaporates faster, there is a greater driving force for the Au NPs to aggregate.
The agitation also increases the likelihood of two Au NPs finding each other to form an
aggregate. This includes smaller Au NP aggregates fusing together to form a larger
aggregate. The elliptical assemblies seen in the TEM images of the Au NP microbeads

are most likely a result of two microbeads fusing into a larger microbead.
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Figure5.11 A graphical representation of the effect of the stirring speeds on the sizes of
the microbead assemblies for the various Au NP systems.

A bimodal distribution of microbead assembly sizes was observed for the
AuNPs;@PS6500 and Au NP;s@PS6500 samples evaporated with 1200 rpm and the Au
NP;s@6500 sample evaporated at 600 rpm. While the increased evaporation rate for the
1200 rpm stirring partially explains the heterogeneity of the sizes, the stirring is probably
most likely to blame. The stirring generates shear forces on the Au NPs and their
assemblies. These forces, accompanied by the stir bar which is violently agitating the
solution could cause the assemblies of the Au NPs to break apart. Thus, large assemblies
may be obliterated into smaller assemblies.

The 600 rpm stirred samples and the not stirred samples resulted in fairly similar
sized microbeads, except in the case of the bimodal Au NP;,@6500 system. The reason

for the similar sizes could be that the 600 rpm stirring does not violently disrupt the

136



system enough in the early stages of the evaporation. In fact, the general trend is that the
600 rpm stirring resulted in slightly smaller average microbead assembly sizes, but
slightly larger size variances. The reason for the slightly decreased size could be that as
the evaporation proceeds, the volume of the solution decreases and the 600 rpm stirring
becomes capable of more violently agitating the solution, which in turn leads to more
rapid evaporation. Keeping in mind that all of the Au NP microbead assemblies
precipitate out of solution, the accelerated evaporation may force the precipitation of the
microbead assemblies sooner than if there was no stirring. Also, as the stirring becomes
more violent, there is a greater likelihood that the Au NP assemblies may be blasted apart
from the stir bar and the shear forces, which accounts for the larger standard deviations.
Lastly, the samples that were not stirred generally produced microbead assemblies
with fairly narrow size distributions. Without any stirring, the evaporation is allowed to
proceed at a fairly constant rate. Also, there are no shear forces or stir bar available to
smash apart the Au NPs. Since evaporation without stirring is fairly calm, the microbeads
are allowed to assemble slowly. Once they reach a critical size, they become insoluble
and precipitate out of the solution. It would appear that evaporation without stirring is the
best route to producing relatively uniform microbead assemblies. The uniformities seen
for the microbeads generated without stirring are comparable with those generated using

L 1-4
cross-linking molecules.

5.4 Conclusions
The spherical self-assembly of large quantities of Au NPs was prepared by using

the good-solvent evaporation process. Au NPs were synthesized by one-phase or two-
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phase method with thiol-end functionalized polystyrene (PS-SH) as a passivation layer.
The resulting PS-coated Au NPs were dissolved in CH,Cl,/TFA mixture solvent (1:1,
v:v) and the spherical beads could be formed after the complete evaporation of volatile
CH,Cl, in the solution.

It was found that the microbead assemblies of Au NPs were generally smaller for
larger molecular weight HS-PS. Also, larger Au NPs generally yielded larger microbead
assemblies. Although it was thought that stirring would result in more uniform microbead
assembly sizes, stirring actually resulted in less uniform sizes. Also, rapid stirring
accelerated the evaporation of the solution, which led to greater microbead sizes and
greater size variations. By allowing the evaporation to proceed without agitation,

relatively uniform microbead assemblies were generated.
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Chapter 6

Block Copolymer Templates for Self-Assembling Gold Nanoparticles

6.1 Introduction

Block copolymers are polymers that are composed of two different types of
monomers which make up two separate blocks. Based on the fraction of each block, fx,
block copolymers can self-assemble into thermodynamically favorable configurations, as

seen in Figure 6.1."
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Figure 6.1 Bulk configurations of a poly(styrene)-b-poly(isoprene) block copolymer for
different fractions of poly(styrene). Image recreated from Bates.

Poly(styrene)-b-poly(4-vinyl pyridine) (PS-PVP) is a common block copolymer
that has been heavily researched.”® The poly(styrene) (PS) block is hydrophobic, while
the poly(4-vinyl pyridine) (PVP) block is hydrophilic. The chemical structure of PS and
PVP monomers are shown in Figure 6.2. Based on the solvent choice, it is possible to

form micelles of the PS-PVP in solution with one block as the core and the other as a
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pseudoligand.™ ® Furthermore, the solvent choice can affect the morphology of the block

copolymer film.°

=
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N

Figure 6.2 Chemical structures of the (left) PS monomer and the (right) PVP monomer.

Block copolymers are generally spin-cast on substrates. The morphology of the
resulting configuration is dependent upon the substrate. Figure 6.3 illustrates the
morphologies of PS-PVP (fps = 0.51) thin-films spin-cast on different substrates. The
pattern observed for the mica substrate shows spheres of PS on top of PVP due to the
strong attraction and repulsion to the mica of the PVP and PS, respectively. The
interaction between the Si and the PVP is not as strong as for the mica, thus a more
random pattern is observed. In the case of the graphite substrate, the PS wets the non-
polar surface with random PVP blocks protruding on the surface. Furthermore, the
morphology of the block copolymer film can be altered by using solvent annealing to
selectively bring one block to the surface of the film.’

The bulk lamellar thickness, L, is the film thickness for which the bulk
morphology repeats, as illustrated in Figure 6.4. For film thicknesses below L, the
substrate effects dominate the morphology. At film thicknesses above L, the fractions of

the blocks define the bulk morphology.*
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Figure 6.3 AFM images of the surface of thin films of PS-PVP spin cast on different
substrates. Image recreated from Zhao.*

PVP has the ability to be quaternized. This means that the nitrogen in the pyridine
ring bonds to an alkyl chain, and develops a permanent, positive charge. Bromoalkanes
are commonly used to quaternize PVP and dibromoalkens can be used to both quaternize
and cross-link PVP.”!! The bromide ion serves to counter the charge on the nitrogen.

Interestingly, quaternized PVP can be used as an anti-microbial film."?
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Figure 6.4 Illustration of the bulk lamellar length for a PS-PVP (fps = 0.51) film on mica.
Image reproduced from Zhao.*
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Since the size of the block copolymer domains are determined by the length of the
block, it is possible to tune the sizes of the block copolymer features. Unlike lithographic
methods which are generally limited by the size of the incident radiation, block
copolymers can be used to generate features that are only a few nanometers in size. Thus,
quaternized PS-PVP was used as a chemical template for the self-assembly of Au NPs via

electrostatics with smaller feature sizes than were possible with EBL.

6.2 Experimental
Polystyrene-block-poly(4-vinylpyridine) (PS-PVP, M, ps = 44,000 g/mol, My, pyp
= 4,400 g/mol, M,/M, = 1.09) was obtained from Polymer Source, Inc. All other

chemical were from Sigma Aldrich and used as received.

6.2.1 Preparing PS-PVP Films

Solutions of PS-PVP in toluene at concentrations of 0.75, 1.10, 1.15, 1.20, 1.50
and 1.75 wt% were spin-cast onto clean 1 cm” pieces of Si wafer at 3,800 rpm for 30 s.
Prior to use, Si wafers were cleaned by sonication in a 50/50 (v/v) solution of acetone and
IPA, air dried, and hydroxylated by sonication in nitric acid for 10 min. All solutions
were filtered through a 0.45 pm PTFE filter prior to spin-casting. At least three samples
were prepared for each concentration of PS-PVP. After casting, samples were dried under
vacuum overnight.

Annealing for 15 hours under toluene vapor, followed by immersion in MeOH for

five hours was performed to allow the film to rearrange into the desired microstructure
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and to expose the PVP regions, respectively. Samples were then dried overnight under

vacuum.

6.2.2 Quaternization of PVP

Quaternization of the PVP domains with 1,4-dibromobutane was performed under
an N, atmosphere at 110°C for 24 hours."* Following quaternization, samples were
immersed in methanol to remove excess 1,4-dibromobutane. Samples were then dried

overnight under vacuum.

6.2.3 Au NP synthesis

5 nm Au NPs were prepared by the reduction of gold salt using NaBH,." 20 mL
of an aqueous solution of 0.25 mM HAuCly and 25 mM trisoduim citrate was prepared.
Next, 0.6 mL of ice-cold 0.1 M NaBH4 was added to the solution under stirring. Almost

immediately, the solution turned a pinkish color, indicating the formation of Au NPs.

6.2.4 Characterization

A J.A. Woollam Co., Inc multi-wavelength ellipsometer (control module EC110)
equipped with a Xenon 75 W light source was used to measure the thickness of the PS-
PVP film. The surface morphology of the thin films was characterized using a Nikon
Optiphot optical microscope in reflective mode and a Nanoscope Illa AFM (Veeco) in

tapping mode.
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The absorbance spectrum of the Au NPs was characterized via a Cary 50 Bio UV-
Visible spectrophotometer (Varian) and the size was confirmed by TEM on a JEOL 3011

300 keV microscope.

6.3 Results and Discussion

6.3.1 PS-PVP thin film preparation

The PS-PVP thin films were prepared and the thickness was measured using
ellipsometry. Four samples each of 0.75, 1.10, 1.20, 1.50 and 1.75 wt% PS-PVP were
prepared, and three samples of 1.15 wt% PS-PVP were prepared. In order to make an
accurate concentration, the polymer was weighed out in a vial and the corresponding
volume of toluene was added to the vial with a micropipette. Table 6.1 lists the average
thicknesses of the films after casting. The deviation of the film thickness was no more
than 0.87 nm for any group of samples. The film thickness follows a linearly increasing
trend with concentration, as seen in Figure 6.5.

Using the correlation curve, a sample with a predictable thickness was created.
Two methods were used to determine the ideal thickness: ellipsometry measurement of
the thickness of a donated sample with the correct microstructure and AFM image
measurements of the periodicity of the surface features (domains) on a sample. The PS-
PVP film sample provided by Dr. Ho-Cheol Kim from IBM (M,, ps = 35,500 g/mol, M,,
pvp = 3,600 g/mol) had a thickness of 50.87 £ 1.67 nm, and the desired microstructure is
present, as seen in Figure 6.6. The polymer weight fraction (fpyp= 0.092) corresponds to a

body centered cubic bulk film morphology with PVP spheres. The periodicity of the
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surface domains, L, was measured to be about 24 nm, meaning that the total film
thickness is about 2L. Since the thickness was very close to an integer multiple of the
periodicity, the surface morphology matches the bulk morphology, and PVP domains are
present.

Table 6.1 The thicknesses of spin-cast PS-PVP films before and after annealing with
toluene vapor

Concentration Pre-annealed Post-annealed Changein

(wt% PS-PVP) Thickness (nm) Thickness (nm) Thickness (nm)
1.75 62.93 +£0.24 - -
1.50 53.04+£0.16 - -
1.20 35.94 +0.09 - -
1.15 38.34+0.11 40.29+0.12 1.95
1.10 35.53+£0.08 36.21 £0.09 0.68
0.75 27.92+0.16 - -
0.50 23.78 +£0.30 21.87+0.40 -1.91
0.25 17.29 + 0.87 14.59 +1.32 -2.70
0.38 14.60 + 0.55 15.38 £0.75 0.78

—y=57685+30.006x RP= 0.04702
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Figure 6.5 Correlation curve between the concentration of the polymer in toluene and the
thickness of the polymer film.
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Figure 6.6 Height and phase AFM images of a PS-PVP film prepared by Dr. Ho-Cheol
Kim showing a hexagonal array of PVP domains.

AFM image measurements of the PVP domain periodicities of the prepared
samples yielded dissimilar numbers. Periodicities of 24 = 3 nm and 35 £ 7 nm were
measured for the 1.15 wt% and the 1.50 wt% samples, respectively. For the polymer used
to create the thin films, fpyp = 0.124, which corresponds to a bulk morphology of PVP
spheres, like the sample provided by Dr. Kim. However, the domain periodicity should
depend only on the lengths of the polymer blocks, and therefore should be the same for
any thickness. The difference in the periodicity measurements for each thickness is
difficult to explain. A more accurate measurement of the domain periodicity can be
obtained by making more measurements on more AFM images of different samples. The
most important thing to notice is that although the periodicity is not consistent across the
samples, the surface morphology exhibits nano-scaled PVP domains. Ellipsometry

indicated that the 1.50 wt% sample was 53 + 0.2 nm thick and the 1.15 wt% sample was
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38 £ 0.1 nm thick; both are relatively close to integer multiples of the values predicted by
the two methods, and are considered in greater detail.

The preparation of a PS-PVP film for nanoparticle adsorption and assembly
requires careful attention to the thickness of the film in order to achieve the correct
microstructure. The microstructures of the samples were observed by AFM. The
microstructure of the 1.15 wt% film is seen in Figure 6.7. The AFM images of the PS-
PVP samples indicated the formation of the correct microstructure; there were small
domains that may be used as a pattern for nanoparticle assembly. They both show PVP
domains of about 20 nm in diameter. It is difficult to interpret the AFM phase image in
order to tell whether the PS or the PVP is the raised or lowered domain. The PVP should

appear raised on the phase image because it has a higher T, than PS, and thus is stiffer.

Data type Height Data type Amp1itude
Z range 4.000 nm Z range 0.1000 v

Figure 6.7 Height (left) and Phase (right) AFM images of 1.15 wt% PS-PVP in toluene
solution as cast onto Si. The height image indicates the presence of small (~20 nm
diameter) raised domains.
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The film thickness measurements by ellipsometry are fairly accurate, but the
AFM images are inconclusive. The desired microstructure has spherical PVP domains in
a PS matrix. While the AFM images confirmed the presence of domains of the correct
size, they did not provide detailed enough resolution to confirm that the domains are
PVP. Identifying the species of the domain was almost a matter of perspective since no
clear images at high enough magnifications could be obtained. The AFM images were
limited by the fact that the tip radius is large, and the AFM scanner is meant for larger
regions. This may all be ameliorated by using smaller tips and a scanner designed for
smaller regions. Most of the samples showed that there are nano-domains at the surface,
but it was hard to tell whether or not the domains were the correct species. Re-scanning
these samples under more suitable conditions should reveal the true nature of the sample.

The 1.10, 1.15, 1.20, 1.50, and 1.75 wt% PS-PVP samples were annealed, and the
thickness changed by less than 3 nm for any concentration, as seen in Table 6.1. The
microstructure became more defined, as seen in Figure 6.8. The films were in a high
energy state directly after casting, which was relieved through annealing. After annealing
the features became more pronounced and the film was closer to an equilibrium state.

The macroscopic surface of the samples was uneven, but the microstructure still
exhibited nano-scale domains. The unevenness in the surface is likely a result of the
thickness of the film not being a perfect integer multiple of the domain periodicity. This
causes the phases to separate and the surface reconstructs roughly into islands and

hairline features in order to minimize its free energy.
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Figure 6.8 AFM (a) height and (b) phase images of the 1.15 wt% PS-PVP film after
annealing with toluene.

6.3.2 Quaternization of the PVP domains

The next step in film preparation was the quaternization. 1,4-dibromobutane was
used because in addition to giving the pyridine a positive charge it also cross-links the
PVP groups, which should reduce swelling that may occur in aqueous solvents.'' The
1.15 wt% sample was quaternized, and the surface was characterized using AFM, as seen
in Figure 6.9. The surface appears to be disfigured and the desired nano-domains appear
to no longer be present. However this may have been a result of a dirty AFM tip or the
previously mentioned poor imaging conditions. More likely, though, the PVP domains
have swelled after the quaternization due to the additional akyl chain disrupting the

packing of the PVP domains.
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Figure 6.9 AFM (left) height and (right) phase images of the 1.15 wt% PS-PVP film
after annealing and quaternization with 1,4-dibromobutane.

After the Au NPs were prepared, the quaternized 1.15 wt% sample was dipped
into the aqueous, citrate-capped Au NP solution, but the surface morphology appears to
have changed even more than before, as seen in Figure 6.10. A possibility is that the PVP
in the film swelled in the presence of water, which would imply that the cross-linking did
not succeed as was intended. Also, no Au NPs appeared to remain on the surface.
However, it is possible that the Au NPs were too small to be perceived by the relatively
large AFM tip. Carbon nanotube coated AFM tips or scanning transmission electron
microscopy (STEM) may be more useful in imaging the small Au NPs.

The sample prepared by Ho-Choel Kim was quaternized using 1-bromobutane.
After quaternization, the PVP domains appeared raised, relative to the PS matrix (Figure
6.11). This was most likely due to swelling of the PVP domains and increased volume of

the PVP domains due to the interference in the packing because of the additional alkyl
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chain. The hexagonal arrays are still present, which indicates that the PVP is still present

at the surface.

0 2.00 pm 0O 2.00 pm
Data type Height Data type Amp1itude
Z range 5.000 nm Z range 0.10000 v

Figure6.10 AFM height (left) and phase (right) images of the 1.15 wt% quaternized
sample after immersion in a citrate-capped Au NP solution.
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Figure 6.11 AFM height image of the PS-PVP film prepared by Dr. Ho-Cheol Kim after
quaternization.
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The quaternized sample was then immersed in the Au NP solution. The AFM
images are seen in Figure 6.12. There appear to be many spherical areas that are much
harder and more raised than the rest of the surface. These areas also appear to be
hexagonal in conformation, which suggests that they are the PVP regions. It is believed
that the additional hardness which is detected in the phase image corresponds to Au NPs
on the PVP regions. However, closer analysis of these areas showed that the spheres were
~20 wide and ~ 7nm higher than the surface. Since the spherical dimensions were similar
to those observed of the PVP domains of the film before the quaternization, it is safe to
conclude that the spheres are the PVP domains. The increased height could either be due
to swelling or the presence of Au NPs. After the quaternization, the swollen spheres had a
height of ~1 nm, which means that the additional height may be from the presence of Au
NPs. Since the Au NPs are so small, it is impossible to resolve them with the AFM. SEM
was attempted to visualize the Au NPs, but the Au NPs were too small to be resolved
with the SEM. Again, a carbon nanotube coated AFM tip or STEM could be used to

better visualize the Au NPs.
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Figure 6.12 AFM (left) height and (right) phase images of the PS-PVP film prepared by
Dr. Ho-Cheol Kim after quaternization and immersion in a citrate-capped Au NP
solution.

6.4 Conclusions

PS-PVP block copolymer films were spin cast and annealed to generate a
honeycomb pattern of PVP at the surface. Annealing in toluene relaxed the PS-PVP, and
immersion in MeOH exposed the PVP spheres. Quaternizing with 1,4-dibromobutane
cross-linked the PVP regions and gave them a positive charge. The quaternization caused
the PVP regions to become swelled, probably due to the extra volume of the alkane
chain.

After immersion into a citrate-capped Au NP solution, there were more raised
areas on the PS-PVP film. The AFM phase image showed increased hardness of these
raised areas, which may be from the deposited Au NPs. However, due to the small size of

the Au NPs, it was impossible to resolve them with AFM or SEM.
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Further study is needed to investigate the feasibility of using PS-PVP as chemical
templates for the self-assembly of Au NPs. Improved AFM images would be needed to
properly assess if Au NPs self-assemble on top of the quaternized PVP domains. It may
also be possible to use a carbon nanotube coated AFM tip or STEM to investigate the

self-assembly of the Au NPs.
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Chapter 7

Janus Gold Nanorods

7.1 Introduction

While there was great effort to assemble Au NPs using chemical templates and in
solution, Au NRs were only assembled using chemical templates. As with the Au NPs,
the major drawback of using chemical templates is that the chemical templates do not
self-assemble very many Au NRs at a time.

Previous work on assembling Au NRs on large scales in solution have used
biological ligands to self-assemble Au NRs in both an end-to-end manner' and a side-by-
side manner’. Solvent selectivity was also used to assemble Au NRs into various
structures®™, as seen in Figure 1.6. Adipic acid was also used to assemble bundles of Au
NRs in solution.® Yet, despite these efforts, there still has not been any successful
technique to produce pairs of Au NRs in solution.

The idea here was to create Janus Au NRs, or Au NRs that were coated with inert
ligands on all sides except one, which had a functional ligand. The functional ligand
would be used to direct the self-assembly of the Au NRs by using either electrostatics or
solvent selectivity.

Two separate efforts were conceived to produce Janus Au NRs. The first effort
used EBL defined Au NRs which would be coated with a ligand, lifted off from the

substrate, and then the newly exposed side would be coated with a second, functional
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ligand. (Figure 7.1) The second effort worked in a similar vein, except CTAB coated Au
NRs would be deposited on a substrate and the exposed surfaces would incur a ligand
exchange. After lifting off the Au NR, the remaining surface that had been in contact

with the substrate would undergo a ligand exchange for a functional ligand.

Pattern Au NRs Functionalize exposed surfaces
using e-beam with thiolated polymer
R

Etch Ti/Cr adhesion layer and functionalize
remaining surface with charged polymer

i Combine Au NRs with oppositely charged
‘ Au NRs and embed pairs in a polymer
matrix

Figure 7.1 Illustrated protocol for generating Janus Au NRs with EBL and their
electrostatic assembly.

7.2 Experimental
Thiol-functionalized poly(ethylene glycol) (HS-PEG, M, = 2,000 g/mol) was
purchased from Polymer Source. All other chemicals were purchased from Sigma

Aldrich and used as received.
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7.2.1 EBL Patterning of Au NRs

A 45 nm layer of thermal oxide was grown on the Si wafers. After a dehydration
bake at 150°C for 5 min. on a hot plate, PMMA resist (PMMA 950k A2, MicroChem)
was spin-coat onto the wafer at 4000 rpm for 60 sec. to obtain a resist thickness of ~ 65
nm. A pre-bake was then performed by heating the wafer at 170°C in an oven for 30 min.

Electron-beam lithography (EBL) was performed at 20 keV with at 30 um
aperture using a Raith 150 (Raith) to write an array of 50,564 100 by 20 nm lines. After
exposure, samples were developed by immersing samples in a 1:3 (v/v) mixture of MIBK
and IPA for 20 sec., immersing samples in IPA for 30 sec., and drying the samples under
a stream of N,. O plasma reactive ion etching (250 mT, 17% 02, 80 W, 15 s) was used
to remove any trace organics from the wafer surface after development.

10 A of Ti and 200 A of Au were sequentially deposited using an SJ-20 electron-
beam evaporator to form the Au NRs. Lift-off was done by immersing the sample in
chloroform in a vial overnight and shaking the vial to remove the PMMA.

The sample was then immersed into an aqueous 1 mM HS-PEG solution
overnight. Au NRs were liberated from the surface either by sonicating in MeOH for 2.5

hrs. or by immersion in HF.

7.2.2 Effects of Acids and Bases on the Gold-Thiol Bond

SPR-220 photoresist was spin-cast on a Si wafer using an ACS 200 cluster tool
(Karl Suss) to generate a 3 um thick film. The wafer was exposed using a custom made
mask to generate 1 sq. in. features with an MA-6 mask aligner. Post-bake and

development was performed using the ACS 200.
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The patterned wafers were then treated with oxygen plasma and 100 A of Ti and
2000 A of Au were sequentially deposited using an SJ-20 electron-beam evaporator to
form the Au squares. Lift-off was performed by sonicating the wafer in a large beaker of
acetone. The wafer was scribed using a RA 120M Automatic Scriber (Karl Suss) to
cleave the wafer into individual Au squares.

Oxygen and hydrogen plasma were sequentially used to clean the Au surface
using a Plasmatherm 790. The Au coated Si wafers were then immersed into a 1 mM
ethanolic dodecanethiol solution overnight to enable monolayer formation. The Au
coated wafers were then washed with D.I. H>O. The contact angle of a water droplet on
the Au surface was measured in three locations.

Au coated Si wafers were then soaked in either acetic acid, hydrochloric acid,
sulfuric acid, nitric acid, hydrofluoric acid, trifluoroacetic acid, hydrogen peroxide, or
ammonium hydroxide for 5 min. The wafers were then transferred to 300 mL of D.I. H,O
for 10 min. and dried with Ar gas. The contact angle of a water droplet on the Au surface
was measured in three locations again and XPS was used to examine the surface

chemistry of the Au coated Si wafer.

7.2.3 Lifting-off Au NRs Deposited on a Surface

Au NRs were synthesized as reported elsewhere.” A CTAB-capped Au NP seed
solution was prepared by adding 0.3 mL of an ice-cold 10 mM NaBH, aqueous solution
to an aqueous solution containing 4.7 mL of 0.1 M CTAB and 25 pL of 50 mM HAuCl,.
A growth solution was prepared by first adding 30 mL of 0.1 M CTAB, followed by

additions of 0.3 mL of 50 mM HAuCly, 0.57 mL of 1.0 M HCI, 360 pL of 10 mM
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AgNOs, and 240 pL of 0.1 M L-ascorbic acid. The addition of ascorbic acid turns the
solution colorless. 72 pL of the 5 min. old CTAB-capped Au NP seed solution was added
to the growth solution to initiate Au NR growth. The growth solution was kept at 30°C
overnight for Au NR growth. Centrifugation at 10,000 g for 30 min. was performed twice
to separate the Au NRs from excess CTAB and left-over starting materials. The
supernatant was discarded each time and the Au NRs were redispersed in D.I. HO each
time.

Pieces of Si wafers were coated with C12TMS via gas-phase silanization. The
cleaned Si wafer was placed in a desiccator with 100 puL of silane overnight under
vacuum. The wafer was then rinsed with MeOH and D.I. H,O, and then placed on a
hotplate at 140°C for 30 min.

A 10 pL droplet of the Au NR solution was placed on pieces of C12TMS coated
wafers and allowed to dry in air. The wafers were then sonicated in D.I. H,O for 30, 60,
120, or 180 min. to lift-off the Au NRs from the substrate. The lift-off solutions were

analyzed with UV-Vis.

7.2.4 Characterization

Contact angle measurements were performed using a stereoscopic microscope and
in-house software. UV-Vis absorption spectra were collected using a Cary UV-Vis Bio
50 (Varian) and scanning from 200 to 1000 nm. TEM and energy-dispersive X-ray
spectroscopy (EDS) were performed using a Jeol 3011 HRTEM equipped with an EDS

detector (EDAX) operating at 300 keV. SEM was performed using either an XL30 FEG
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SEM (Phillips) operating at 10 keV or a Nova Nanolab FIB/SEM operating at 10 keV.

XPS was performed using a Kratos Axis Ultra XPS.

7.3 Results and Discussion

7.3.1 EBL Patterning of Au NRsfor Janus Au NRs

Au NRs were generated by EBL and the evaporation of Ti and Au. Figure 7.2
shows SEM images of typical Au NRs generated via this process with a 30 um and a 10
um aperture. The Au NRs produced with the 30 pm aperture were thicker than both those
produced with the 10 pm aperture and what was programmed into the EBL pattern. The
reason the Au NRs are thicker is because the beam is thicker for the 30 um aperture than
for the 10 um aperture. Thus, the beam is unable to generate features as fine as 20 nm.
However, the beam current is ~10x larger when using a 30 um aperture, so more Au NRs

may be produced in a shorter amount of time.
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Figure 7.2 SEM image of Au NRs generated by EBL at 20 keV with a (a) 30 um and (b)
10 pm aperture.
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Au NRs were immersed in a HS-PEG solution to coat the exposed Au surfaces
with HS-PEG. The HS-PEG is water soluble, so the Au NRs should be able to be
suspended in solution after they are lifted off. Sonication in MeOH for 2.5 hrs. liberated
the Au NRs from the Si surface. The MeOH lift-off solution was concentrated with
centrifugation and UV-Vis was used to observe if any Au NRs were in the solution.
Figure 7.3a is of the UV-Vis spectra of the concentrated lift-off solution. While there is
no peak around 520 nm, only 50,564 Au NRs are patterned on the surface. As previously
discussed in Chapter 3, this number of Au NRs is incredibly too small to be detected by
the UV-Vis.

TEM was used to visualize the contents of the lift-off solution, as seen in Figure
7.3b. Clearly, metallic nanoparticles are present in the lift-off solution. However, the
majority of these particles are smaller than 20 nm, which means that the Au NRs are
destroyed during the sonication for lift-off. EDS was used on the TEM sample to
determine the nature of the metallic nanoparticles. The EDS spectrum is seen in Figure
7.3c. The peaks for Cu, Co, and Fe are from the TEM column and the TEM grid. A peak
for Ti is present at ~4.25 keV, but there are no peaks for Au. Thus, it appears that the
metallic nanoparticles are actually Ti nanoparticles. The Ti nanoparticles most likely
formed during the sonication for lift-off, since Ti was used as an adhesion layer between
the Au NR and the Si substrate. Oddly enough, there is no Au present anywhere. The
most likely explanation is that that the Au NRs are destroyed during the lift-off process
and the absorption peaks in Figure 7.3a below 300 nm are from the HS-PEG. Still, the

fate of the Au NRs is unknown.
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HF was also used to lift-off the Au NRs, since wet etching would not damage the
Au NRs like the sonication. Despite the selectively etching both the SiO, and the Ti
adhesion layer, no Au NRs could be observed after lift-off with HF. This is most likely

due to the small number of Au NRs that are generated with this technique.
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Figure 7.3 The (a) UV-Vis spectrum, (b) TEM image, and (c) EDS spectrum of the
MeOH lift-off solution after lifting-off the Au NRs.

7.3.2 The Effects of Acidsand Bases on Dodecanethiol Coated Au Films
Since HF was to be used to etch the Ti and SiO, that anchored the EBL defined

Au NRs to the substrate, it was necessary to see how HF would affect a thiol-functional
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ligand. Dodecanethiol was chosen because of its ability to form a hydrophobic, self-
assembled monolayer on Au films and its simple chemistry.®

The acids and bases that were selected for this study were chosen because they are
commonly used to wet etch metals and other materials. TFA was chosen because it is
both an acid and it is an organic solvent. Thus, the TFA should wet the dodecanethiol
surface.

Figure 7.4 graphically displays the contact angles of a dodecanethiol coated Au
film before and after being exposed to an acid or a base. The average contact angle for all
of the samples as prepared is ~102°, which indicates a hydrophobic surface. The only
sample which showed an average contact angle below 100° was the HCI sample. But, the
large standard deviation indicates that one data point skewed the average lower than it
should have been. This must be the case, because the contact angle is larger after the acid
exposure and the standard deviation is smaller.

Both the nitric acid and hydrogen peroxide samples showed decreased contact
angles after exposure to the acid and base, respectively. Both nitric acid and ammonium
hydroxide are known to be capable of oxidizing organics. Thus, the decreased contact
angles may be due to oxidation of the dodecanethiol.

XPS was used to determine if the acids or bases disrupted the chemistry of the
dodecanethiol ligand bound to the Au surface. The XPS data for the dodecanethiol coated
Au films is summarized in Table 7.1. The plain sample is a dodecanethiol coated Au film
that was used as prepared. Comparing the atomic percentages for the S 2p content, it
would appear that only the nitric acid treated sample shows a large decrease in S 2p. Both

the nitric acid and the hydrogen peroxide samples show substantial increases in the O 1s
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content, which supports the theory that these chemicals oxidize the dodecanethiol. Also,
the nitric acid shows a decrease in C 1s content, which indicates that the nitric acid may

have etched the dodecanethiol.
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Figure 7.4 Contact angles of water on the dodecanethiol-coated Au surface before and
after soaking in an acid or a base.

Table 7.1 XPS data for the relative atomic percentages of the surfaces of dodecanethiol
coated Au films on Si wafers before and after being soaked in an acid or a base

Aa%‘?to'lc HCl | H,S0, | HNO3 | H0; | NH,OH | HF | TFA
Au 4f | 5820 | 57.95 | 56.88 | 56.48 | 62.78 | 56.78 | 54.85 | 55.31 | 51.77
S2p | 2.10 | 224 | 2.28 3.24 1.37 | 2.00 1.86 3.08 | 2.74
C1s | 3835 | 38.34 | 40.24 | 39.38 | 33.29 | 38.10 | 42.23 | 40.58 | 44.01
O1ls | 1.36 1.48 | 0.60 0.89 2.56 | 3.12 1.07 1.03 | 1.48

Plain

Thus, it appears that the nitric acid is most capable of damaging the
dodecanethiol, including cleaving the Au-S bond. The hydrogen peroxide may only

oxidize the dodecanethiol, but does not appear to damage the Au-S bond. Based on the
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contact angle measurements and the XPS data, the rest of the acids and bases appear to
have little to no effect on the dodecanethiol. However, longer exposure times may reveal

more adverse effects.

7.3.3 Lifting-off Au NRs Deposited on a Surface

Au NRs were drop cast on a C12TMS coated substrate. It took ~2 hrs. for the 10
pL droplet to evaporate. Samples were placed in a 20 mL vial with D.I. H,O so that the
sample was floating on the D.I. H,O surface, with the C12TMS side in the D.I. H,O.
Attempts to sonicate with the Si wafer submerged in the D.I. H,O resulted in the Si wafer
floating to the top of the D.I. H,O due to the hydrophobicity of the C12TMS monolayer
and the general buoyancy of the Si wafer piece.

The CTAB-capped Au NRs are hydrophilic and are only confined to the C12TMS
surface because the D.I. H,O evaporated. Thus, by sonicating the sample in D.I. H>O, it is
expected that CTAB-capped Au NRs will come off of the Si wafer into solution. The
UV-Vis spectra for the lift-off solutions are seen in Figure 7.5. The UV-Vis spectra for
the Au NRs, CTAB, and D.I. H,O are also included for reference.

All of the UV-Vis spectra for the lift-off solutions show absorption peaks around
250 nm, which is most likely due to CTAB. None of the lift-off solutions show an
absorption peak around 525 nm except for the 30 min. solution. This solution also shows
absorption around 850 nm. Both of these absorption peaks match up well with those of
the Au NRs’ transverse and longitudinal plasmon absorptions. All of the lift-off solutions
show some absorption around 950 nm. This could correspond to aggregates of Au NRs

that lift-off into the D.I. H,O. The Au NRs may have formed these aggregates as the D.I.
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H,O evaporated in order to minimize their free energy in the presence of the hydrophobic
CI2TMS coated surface. However, since the lift-off solutions did not display absorption
peaks similar to those of the Au NRs, it appears that this technique is not successful for
confining and lifting-off Au NRs. Etching the SiO, substrate with HF could enable the

Au NRs to lift-off successfully.
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Figure 7.5 UV-Vis spectra of the D.I. H,O lift-off solutions for CTAB-capped Au NRs

sequestered on a CI12TMS coated Si wafer. Spectra for CTAB and CTAB-capped Au
NRs are included as references.

7.4 Conclusions

Two separate techniques were presented for preparing Janus Au NRs. The first
technique used EBL to generate Au NRs. However, this technique suffers from poor
throughput, as it takes ~15 min. to generate 50,596 Au NRs. In order to produce 10 Au

NRs, at least eight hours of EBL would be necessary.
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Also, using sonication to lift-off the Au NRs appears to destroy the Au NRs.
Since there were so few Au NRs available, they were impossible to detect via UV-Vis
even when HF was used for the lift-off.

The effects of common acids and bases on the Au-S bond was also investigated. It
appears that dodecanethiol-coated Au films are not affected by exposure to acids or bases
except for powerful oxidizers like nitric acid and hydrogen peroxide. Still, if the
dodecanethiol-coated Au films were immersed in the acids and bases for longer times,
adverse effects may be observed.

CTAB-capped Au NRs that were deposited on a CI2TMS coated Si substrate
attempted to be lifted-off by sonicating the Si substrate in D.I. H,O. UV-Vis was used to
characterize the lift-off solutions and revealed that the individual Au NRs did not lift-off
of the substrate, but aggregates of Au NRs may have lifted-off in solution. Thus, this
technique was inadequate for Janus Au NR production. Etching the SiO, substrate with

HF, however, may enable lift-off.
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Chapter 8

Conclusions and Remarks

8.1 Conclusions

The purpose of this thesis is to explore novel techniques for self-assembling
nanogold to be used as building blocks for optical metamaterials. In the following
sections, the conclusions of the electrostatic self-assembly using chemical templates,
cross-linking Au NPs, the self-assembly of Au NPs using good-solvent evaporation, and

Janus Au NRs are summarized.

8.1.1 Electrostatic Self-Assembly of Nanogold Using Chemical Templates

The initial plan was to use a chemical template as a factory for self-assembling
nanogold. By controlling the size of the chemical template, different numbers of
nanogold elements would self-assemble on the chemical template. Electrostatics were
used to direct the self-assembly because they are long-range forces and it is easy to tailor
the surface charge of both nanogold and substrates.

A chemical template was generated using EBL and an aminosilane. The feature
sizes of the chemical templates were limited by the size of the electron beam used in the
EBL. The aminosilane self-assembled on exposed SiO, to give the patterned area a

positive charge. The choice of aminosilane proved to be critical. APDMES was chosen
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because APTMS and other aminosilanes with multiple ethoxy or methoxy groups can
form gels, which resulted in “halos” of aminosilane on the wafer surface.'

Various sizes of dots were used in the chemical templates, which enabled
different numbers of Au NPs to self-assemble on the dots. The ratio between the diameter
of the aminosilane dot and the diameter of the Au NP determined how many Au NPs
would self-assemble on the dot. It was found that the electrostatic self-assembly of the
Au NPs was very fast, reaching an equilibrium after ~10 minutes.

By adding NaCl to the Au NP solution, it was possible to increase the number of
Au NPs that self-assemble on the same size aminosilane dot. This was due to the charge
screening of the NaCl. However, care should be taken as to when the NaCl is added to
the Au NP solution. If the NaCl concentration of the Au NP solution becomes too large,
the Au NPs will irreversibly aggregate and there will be non-specific deposition on the
chemical pattern substrate.

The electrostatic self-assembly of Au NRs was more challenging, most likely due
to the fact that the Au NRs are anisotropic and are synthesized with CTAB, a positively
charged, cationic surfactant. Thus, either the surface charge of the Au NRs must be
altered to be compatible with the aminosilane chemical template or a negatively charged
chemical template must be used.

PSS was used to coat the CTAB-capped Au NRs in order to give the Au NRs a
negative surface charge, but this did not work very well for the self-assembly of the Au
NRs. It is believed that there was a mismatch between the size of the Au NRs and the

molecular weight of the PSS that prevented this method from being successful.”*
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A negatively charged chemical template was created by using EBL to cross-link
PSS. This way, the CTAB-coated Au NRs could self-assemble on the negatively charged
PSS pattern. However, the Au NRs appeared to prefer to self-assemble on the edges of
the PSS pattern, not on top of the PSS pattern. This may have been caused by surface
roughness on the PSS surface or the edges of the PSS were the most energetically
preferred configuration for the Au NRs.

The CTAB capping agent was replaced with MUA via a ligand exchange reaction
on the Au NRs.* The MUA enabled the Au NRs to be used with the aminosilane
chemical template due to the negatively charged carboxylic acid. Care should be taken
when returning the Au NRs to a neutral pH from the basic conditions necessary for the
ligand exchange. If the Au NRs are centrifuged in a pH neutral solution, irreversible
aggregation of the Au NRs occurred. This may be due to poor repulsion between Au NRs
at neutral pHs and the centrifuging forcing the Au NRs to aggregate. The MUA-capped
Au NRs were successful in self-assembling on the APDMES chemical template, but the
kinetics were slower than for the Au NPs. The slower kinetics are most likely due to the

anisotropy of the Au NRs.

8.1.2 Cross-Linking Au NPsUsing PDDA

Since the chemical templates were to serve as factories for creating assemblies of
nanogold, the assembled nanogold must be cross-linked and lifted-off from the chemical
templates. PDDA was used to cross-link self-assembled Au NPs. The PDDA has a

permanent charge, so the electrostatic attraction to the Au NPs is pH independent.
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Additional Au NPs were shown to self-assemble on top of the PDDA cross-linked Au
NPs, indicating that the PDDA is successful at binding to the Au NPs.

NaOH solutions were used to lift-off the cross-linked Au NPs by immersing the
chemical templates holding the self-assembled Au NPs into NaOH solutions. While the
basic conditions should release the Au NPs from the APDMES substrate due to the
deprotonation of the APDMES amine in basic solutions, no lift-off was observed without
sonicating the lift-off solution. Since the self-assembly of the Au NPs was found to be
unsuccessful at a pH = 11 due to the deprotonated aminosilane, it appears that the Au
NPs are not simply electrostatically bound to the chemical template. It is possible that the
aminosilane ionically binds to the Au NP, which leads to a more stable bond than the
electrostatic attraction between the Au NP and the aminosilane. This ionic bond and van

der Waals forces between the Au NP and the substrate may be why sonication is required

to lift-off the Au NPs.

8.1.3 Self-Assembly of Au NPs Via Good-Solvent Evapor ation

The spherical self-assembly of large quantities of Au NPs was successfully
prepared by using the good-solvent evaporation process with HS-PS coated Au NPs. It
was found that the microbead assemblies of Au NPs were generally smaller for larger
molecular weight HS-PS. Also, larger Au NPs generally yielded larger microbead
assemblies. Although it was thought that stirring would result in more uniform microbead
assembly sizes, stirring actually resulted in less uniform sizes. This was most likely due
to the shear effects of the stirring that could break apart assemblies of Au NPs. Also,

rapid stirring accelerated the evaporation of the solution, which led to larger microbead
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sizes and greater size variations. By allowing the evaporation to proceed without

agitation, relatively uniform microbead assemblies were formed.

8.1.4 Janus Au NR Fabrication

The concept for Au NRs with two different ligands, or Janus Au NRs, would
allow for self-assembly of the Au NRs based on solvent selectivity for one ligand,
electrostatics between functional ligands, or biological interactions. Two methods for
creating Janus Au NRs were conceived. The first method involved drop-casting wet
chemistry synthesized Au NRs on a substrate, exchanging the ligands on the exposed
surfaces, and lifting-off the Au NRs from the substrate. However, after drop-casting the
Au NRs, it was not possible to liberate the individual Au NRs from the substrate despite
unfavorable interactions between the Au NRs and the substrate.

EBL was also used to fabricate Au NRs. The exposed surfaces could be capped
with a thiol-functional ligand and the final surface could be capped with a second thiol-
functional ligand. However, attempts to lift-off the Au NRs were not successful. Using
sonication appeared to destroy the Au NRs and lift-off with HF was inconclusive, since

no Au NRs could be detected.

8.2 Future Considerations
The work presented here is not just a chronicle of success, but a chronicle of
failure as well. Based on these failures, it is possible to direct which directions to pursue

in the future.
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In the case of the electrostatic self-assembly of nanogold using chemical
templates, this process was fairly successful for Au NPs and somewhat successful for Au
NRs. Assembling CTAB-capped Au NRs on PSS templates could be perfected by
annealing the PSS film to reduce surface roughness and using oxygen plasma to thin the
PSS in order to prevent the Au NRs from self-assembling on the sides of the PSS
patterns.

Cross-linking and lifting-off the Au NPs showed limited success with PDDA.
Since sonication was necessary to liberate the Au NPs from the surface, it would appear
that more than electrostatics are keeping the Au NPs at the surface. If the attraction were
purely electrostatic, then the Au NPs would move around if the substrate was reimmersed
into D.I. H,O and subsequent imaging of the same region would reveal a different
configuration of Au NPs. A study into the nature of the bonding holding the Au NPs on
the chemical template is necessary to choose a better cross-linking molecule and lift-off
conditions. If the bonding is purely electrostatic, then a short, dithiol ligand could be used
to cross-link the Au NPs since the Au NPs would “dance around” on the aminosilane dot
while in water until the dithiol molecule binds the Au NPs together. Additional thiols
could be used to cap the rest of the Au NP surface, which could disable the electrostatic
interaction holding the Au NPs on the chemical template.

The PS-PVP thin films could also be used to direct the self-assembly of Au NPs
that are too small (~5 nm) to be used to generate monomers, dimmers, and trimers of Au
NPs with the relatively large patterns (~40 nm) generated via EBL. However, in aqueous
solutions the PVP domains are prone to swelling, which could greatly affect the self-

assembly of the Au NPs. The success of this method is very questionable. A better
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technique for producing fine chemical templates for the self-assembly of Au NPs may be

block copolymer nanolithography.”'°

This would involve selectively etching the minority
block of a block copolymer to pattern aminosilane on the exposed Si surface.

In order to get the Janus Au NRs to work, a proof of concept at the micron-scale
may be used. This would use photolithography to produce the Au microrods, which
would greatly improve the throughput of the process. Also, this would give insight into if
the HF could be used to gently release the Au NRs without destroying them. The major
challenge with the Janus Au NRs is throughput. It is very difficult to produce billions of
Au NRs via lithography, although it is very easy via chemical synthesis. One way to
improve the throughput would be to use nanoimprint lithography. However, the main
bottleneck would be fabricating the imprint mask.

Another approach to forming elements for optical metamaterials would be the
self-assembly of metamaterial unit cells. Previously, micron-sized, hexagonal discs were
self-assembled into large, highly ordered, three-dimensional arrays.'' Based on the
hydrophobicity and hydrophilicity of the surfaces of these discs, which were generated
using self-assembled monolayers, the discs self-assembled. If such discs were patterned
with SRRs, it could be possible to self-assemble three-dimensional NIMs from these
discs. The investigation into the stability of the Au-S bond was done partially to assess if
the ligand could withstand the exposure to common acids and bases used to etch
materials that may be used in the fabrication of these discs.

Lastly, the most important future work that should be embarked is the optical
characterization of the self-assembled nanogold. While the idea was to create elements

for optical metamaterials, no optical measurements were performed to determine the
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permeability or permittivity of the self-assembled nanogold. Once the optical properties
of the self-assembled nanogold structures are assessed, it would be possible to go back
and refine the self-assembly to produce structures with more meaningful properties, if
necessary. The microbead assemblies of Au NPs should be the first things to characterize,

since they are available in large quantities.
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