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Zusammenfassung

Diese Arbeit beschäftigt sich mit der Herstellung und Anwendungen von pe-

riodischen Goldnanopartikel-Arrays (PPAs), die mit Hilfe von Nanosphären-

Lithografie hergestellt wurden. In Abhängigkeit der verwendeten Nanosphären-

Größe wurden dabei entweder kleine dreieckige Nanopartikel (NP) (bei Verwen-

dung von Nanosphären mit einem Durchmesser von 330 nm) oder große dreieckige

NPD sowie leicht gestreckte NP (bei Verwendung von Nanosphären mit einem

Durchmesser von 1390 nm) hergestellt. Die Charakterisierung der PPAs erfolgte

mit Hilfe von Rasterkraftmikroskopie, Rasterelektronenmikroskopie und optischer

Spektroskopie. Die kleinen NP besitzen ein Achsverhältnis (AV) von 2,47 (Kan-

tenlänge des NPs: (74± 6) nm, Höhe: (30± 4) nm). Die großen dreieckigen NP

haben ein AV von 3 (Kantenlänge des NPs: (465±27) nm, Höhe: (1530±10) nm)

und die leicht gestreckten NP (die aufgrund der Ausbildung von Doppelschichten

ebenfalls auf der gleichen Probe erzeugt wurden) haben eine Länge von (364±16)

nm, eine Breite von (150 ± 20) nm und eine Höhe von (150 ± 10) nm. Die op-

tischen Eigenschaften dieser NP werden durch lokalisierte Oberflächenplasmon-

Polariton Resonanzen (LPPRs) dominiert, d.h. von einem eingestrahlten elektro-

magnetischen Feld angeregte kollektive Schwingungen der Leitungsbandelektro-

nen. In dieser Arbeit wurden drei signifikante Herausforderungen für Plasmonik-

Anwendungen bearbeitet, welche die einzigartigen optischen Eigenschaften dieser

NP ausnutzen. Erstens wurden Ergebnisse der selektiven und präzisen Größen-

manipulation und damit einer Kontrolle der interpartikulären Abstände von den

dreieckigen Goldnanopartikel mit Hilfe von ns-gepulstem Laserlicht präsentiert.

Die verwendete Methode basiert hierbei auf der Größen- und Formabhängigkeit

der LPPRs der NP. Zweitens wurde die sensorischen Fähigkeiten von Gold-NP

ausgenutzt, um die Bildung von molekularen Drähten auf den PPAs durch schrit-

tweise Zugabe von unterschiedlichen molekularen Spezies zu untersuchen. Hi-

erbei wurde die Verschiebung der LSPPR in den optischen Spektren dazu aus-

genutzt, die Bildung der Nanodrähte zu überwachen. Drittens wurden Experi-

mente vorgestellt, die sich die lokale Feldverstärkung von NP zu nutze machen,

um eine hochgeordnete Nanostrukturierung von Oberflächen mittels fs-gepulstem

Laserlicht zu bewerkstelligen. Dabei zeigt sich, dass neben der verwendeten

Fluenz die Polarisationsrichtung des eingestrahlten Laserlichts in Bezug zu der
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NP-Orientierung sowie die Größe der NP äußerst wichtige Parameter für die

Nanostrukturierung darstellen. So konnten z.B. Nanolöcher erzeugt werden,

die bei höheren Fluenzen zu Nanogräben und Nanokanälen zusammen wuchsen.

Zusammengefasst lässt sich sagen, dass die in dieser Arbeit gewonnen Ergebnisse

von enormer Wichtigkeit für weitere Anwendungen sind.



Summary

This work focuses on the preparation and applications of periodical gold nanopar-

ticle arrays (PPAs). In brief, such nanoparticle (NP) arrays were prepared by

nanosphere lithography (NSL). Depending on the size of the nanospheres used as

a mask either small triangular NPs (by using nanospheres with a diameter of 330

nm), or large triangular and slightly elongated NPs (by using nanospheres with

a diameter of 1390 nm) have been prepared. The PPAs were characterized by

atomic force microscopy, scanning electron microscopy and optical spectroscopy.

The small triangular NPs have an aspect ratio (AR) of 2.47 (edge length of the

NP: (74 ± 6) nm, height (30 ± 4) nm). The large triangular NPs have an AR

of 3 (edge length: (465 ± 27) nm, height: (150 ± 10) nm) and the slightly elon-

gated particles (which have been formed due to the double layer formation on the

same sample) are (364 ± 16) nm in length, have a width of (150 ± 20) nm and

a height of (150 ± 10) nm. The optical properties of these NPs are dominated

by localized surface plasmon polariton resonances (LSPPRs), i.e., collective oscil-

lations of the conduction band electrons, driven by an incident electromagnetic

field. This thesis addresses three significant challenges for plasmonic applications,

exploiting the superior optical properties of these NPs. At first, results on selec-

tive and precise shape tailoring and thus on controlling the interparticle distance

of triangular gold NPs using nanosecond pulsed laser light are presented. The

method is based on the size and shape dependent LSPPRs of the NPs. Second,

the sensing ability of the gold NPs has been used to investigate the formation

of molecular wires on PPAs by a step by step attachment of different molecular

species. Hence, the shift of the LSPPRs in the optical spectra has been employed

to monitor the nanowire fabrication. And finally, experiments to prepare highly

ordered nanostructures in surfaces with femtosecond pulsed laser light exploit-

ing the strongly enhanced near field of triangular gold NPs are presented. The

crucial parameters for these experiments, besides the applied fluences, are the

polarization direction of the incoming laser light with respect to the triangular

NPs orientation and the size of the NPs. For example, elongated holes have been

generated in the substrates, which for high fluences merge together and form

nanogrooves and nanochannels. In conclusion, all of the obtained results in this

thesis are of a tremendous importance for further applications.
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Chapter 1

Introduction

”Nanostructures − structures with at least one dimension between 1 nm and 100

nm − have attracted steadily growing interest due to fascinating properties and

intriguing applications that are complementary or superior to those of bulk ma-

terials. [...] The fundamental study of phenomena that occur in nanostructured

materials has already evolved into a new field of research that is often referred

to as nanoscience. In addition to their indispensable roles in nanoscience, nano

structures are central to the development of a broad range of emerging and exciting

applications such as more powerful computer chips and higher-density information

storage. It is anticipated that nanotechnology will change the way we live, just as

microtechnology has done in the last century.”

Youna Xia and Naomi J. Halas [1]

Since centuries the beautiful color effects of metal nanostructures were of

enormous interest for artists as well as for scientists. Because of their potential

applications involved in all fields of science and technology, in the past 150 years

the studies of nobel metal nanoparticles have gained wide spread interest and

considerable attention. The pioneering work in this field has been introduced

by Michael Faraday in 1856. He proposed that, the small-sized silver and gold

particles are responsible for the beautiful coloration of the famed stable ruby-gold

decorative glasses. Fifty years after M. Faraday investigations, in 1908 Gustav

Mie, explained in his theory the peculiar interaction between light and metal

particles [2]. Since Faraday’s experiments, the research on metal nanoparticles

has increased remarkably over the years, nevertheless Mie’s theory remains of

great interest and value till present.

From a large variety of metals, in particular gold nanoparticles (NPs) have

been widely investigated in recent years, since such NPs have always been per-

ceived as precious structures ideal for many applications ranging from optoelec-

tronics to chemical and biological sensing. All these applications are mainly based
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on the unique and interesting optical properties of gold NPs. These optical prop-

erties are dominated by localized surface plasmon polariton resonances (LSPPRs),

i.e., collective oscillations of the conduction band electrons, driven by an incident

electromagnetic field. The energetic position, the width, and the amplitude of

these resonances depend strongly on the morphology of the NPs, in particular on

their size and shape, and on the dielectric function of the surrounding medium.

The collective oscillation of the conduction band electrons is accompanied by an

enhancement of the local field in the vicinity of the NP surface. The enhanced

field is determined by the geometry of the NP and also depends on the particle

size, and local dielectric environment. The ability e.g., of gold NPs to enhance

the local electric field has led to the development of a new field known as surface-

enhanced spectroscopy with a typical example given by surface enhanced Raman

scattering (SERS) [3].

There is a permanent progress in the development of chemical synthesis meth-

ods and lithographic techniques for NPs preparation with defined size and shapes

dispersed in solution or supported on substrates. In particular, fabrication of ar-

rays of supported monodisperse NPs are being investigated as potential structures

for applications such as SERS [4, 5, 6, 7], surface-enhance fluorescence microscopy

[8], optical devices, etc.

Conventional lithography techniques such as electron beam lithography (EBL)

[9, 10], focus ion beam lithography (FIB) [11], can routinely fabricate array of

metal NPs. Besides these standard techniques, which are of a particular impor-

tance, another technique, i.e., nanosphere lithography (NSL) [12], was established

in recent years and has been applied in this work to prepare regular arrays of gold

metal NPs. As an advantage over EBL and FIB, NSL is a powerful technique for

low-cost fabrication of arrays of NPs with controlled size, shape and interparticle

distance. The technique employs nanospheres dispersed in solution to create a

close-packed monolayer or double layer with hexagonal symmetry, used as a mask

in a subsequent step, when gold is deposited through the nanospheres to fill the

void spaces among the layer lattice. In this way regular arrays of triangular and

hexagonal gold NPs are fabricated in a last step, when the nanosphere masks is

removed. NSL is in particular well known as a suitable technique to fabricate

regular arrays of triangular NPs. These NPs have received considerable attention

due to their interesting optical properties. Triangular gold NPs have a larger

sensing volume and are more sensitive (due to the sharp tips) to the dielectrical

constant of the surrounding material than NPs of equal volume but with different

shapes (e.g., spherical particles). Therefore, triangular NPs are ideal structures

for sensing applications. Moreover, the locally enhanced electromagnetic field in

the vicinity of triangular NPs reach a stronger amplification as for particles with

other shapes, e.g., spherical NPs.
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As already mentioned, NSL can fabricate also regular arrays of hexagonal

NPs which have not only a different shape compared to the triangular NPs but

also exhibit a larger interparticle distance. While the out of plane NP height

fabricated by NSL can be precisely controlled by the amount of deposited mate-

rial, the in plane size and the interparticle spacing is given by the diameter of

the nanospheres used for lithographic mask. Since, for a given nanosphere size

the distance between the NPs is normally fixed and cannot be changed easily

during the preparation process, one needs to develop new ideas to overcome this

drawback. One possibility is tilt evaporation, which can be applied to change the

distance between NPs in a certain predetermined direction [13]. However, the

method is not suitable to change the gap size between the NPs in certain areas

of the substrate selectively. This can be overcome by a post-preparation laser

tailoring of the NPs.

In this thesis the preparation and applications of gold triangular and hexago-

nal NP arrays are presented. Therefore, exploiting the optical properties of these

gold NPs, I address three significant challenges for new plasmonic applications:

at first, pushing the limitations of the NSL towards a new idea to precisely con-

trol the interparticle distance and therefore selectively change the shape of the

gold triangular NPs. Second, if it is possible, that exploiting the sensing abil-

ity of the gold NPs, to detect not only adsorbate layers (results which are quite

often presented in the literature), but even to observe building up unit by unit,

molecular nanowires, consisting of recently synthesized molecular species. And

the third challenge comes from the idea to create new structures with dimensions

well below the diffraction limit of light, over a large area of the substrate, ex-

ploiting the near field enhancement of the triangular gold NPs. For this purpose

femtosecond pulsed laser light has been used to excite the strongly localized near

field of triangular NPs.

This work is divided into two parts: the first one presents the theoretical

background and the experimental set-up (chapter 2 and chapter 3). The second

part concentrates on the experimental results and discussion. The theoretical

background (chapter 2) introduces the necessary information for a proper un-

derstanding and interpretation of the results and phenomena involved in this

research. Chapter 4 concentrates on the preparation and characterization of pe-

riodical particle arrays. Chapter 5 presents the shape tailoring of triangular NPs

by applying ns-pulsed laser light. In chapter 6, the attachment and the formation

of the molecular nanowires on gold NPs is demonstrated. Chapter 7 shows how

nanopatterning of quartz substrates can be precisely produced when fs-pulsed

laser light exploits the strong near field of the triangular NPs. Finally, chapter 8

gives a conclusion of this work.





Chapter 2

Theoretical Background

2.1 Optical properties of metal nanoparticles

In this subchapter a brief discussion of some important concepts regarding the

optical properties of noble metal nanoparticles (NPs) is presented. An under-

standing of the optical properties of metal NPs, which differ greatly from those

of the bulk material, is of fundamental and practical significance. Noble metal

NPs exhibit a strong absorption band in the UV-visible regime that is not present

in the optical spectrum of the bulk metal. This absorbtion band appears when the

frequency of the incident photon excites the conduction band electrons confined

in the volume of the NPs to a collective and coherent oscillation (see figure 2.1

(a)), which is known as localized surface plasmon polariton resonance (LSPPR)

or Mie resonance. In this definition the term localized is used to distinguish be-

tween the non-propagating plasmon of a NP and the propagating surface plasmon

polaritons (SPP), which can be excited in thin metal films and propagate tens to

hundreds of micrometers along the metal surface [14].

Figure 2.1 depicts the schematic representation of the interaction between an

incoming electromagnetic field and a spherical metal NPs. For NPs with a diam-

eter much smaller than the wavelength of light (2R << λ, where R is the radius

of the sphere), the electric field can be considered homogenous (constant) over

the particle [16]. Therefore, the oscillating electric field inside the NP causes the

conduction band electrons to oscillate coherently. Hence, the electron cloud is

displaced relative to the ion core and a net charge difference appears on the sur-

face at both sides of the NP (see figure 2.1(a)). As a consequence of this charge

density difference, a restoring force arises from Coulomb attraction between the

electrons and the ion core that results in an oscillation of the electron cloud rel-

ative to the ion core. Depending on the particle sizes and the wavelength of the

incident light not only a dipole mode (see figure 2.1(b)), but also higher modes,
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Figure 2.1: a) Schematic illustration of the interaction of an incoming
electromagnetic field with a small metal NP, showing the displacement of
the conduction band electron charge cloud relative to the ion core. b) Parti-
cle dipolar field for a NP with a diameter much smaller than the wavelength
of light and (2R << λ) c) quadrupole field of larger NPs, respectively. For
simplicity only the electric field is represented. Images taken from ref. [15].

such quadrupole mode can be excited (see figure 2.1(c)), due to the inhomoge-

neous electric field distribution in the particle [17]. The energetic position, the

width and the amplitude of the LSPPR depend on the particle size, shape and

composition. In addition it also depends on the dielectric function of the metal

and the dielectric function of the environment, respectively.

The latter property has been intensively exploited for optical sensing, where

adsorbate induced refractive index changes near a plasmonic nanostructures have

been measured. It has been shown that binding events can be monitored in

real time, by using inexpensive and simple transmission spectroscopy [18, 19].

In addition, the excitation of the LSPPR is accompanied by an electromagnetic

field enhancement near the surface of the NP [16]. Exploiting this property,

nobel NPs play a major role in applications such as surface-enhanced spectro-

scopies techniques (e.g., surface-enhanced Raman scattering (SERS)) [4, 5] and

in nanopattering methods [20], respectively.
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2.1.1 Mie theory

The first classical electromagnetic approach available for modeling the optical

properties of metal NPs has been introduced by G. Mie in 1908 [2], and is known

as Mie theory. Mie’s aim was to describe the scattering and absorption of light

by a single homogenous sphere of arbitrary material with a radius R. Mie ap-

plied electrodynamic calculations by solving Maxwell’s equations with appropri-

ate boundary conditions in spherical coordinates, for small spheres interacting

with an electromagnetic field. The solution of this calculation describes the extinc-

tion spectra of spherical particles of arbitrary size, surrounded by a homogenous

medium. Mie characterized the optical properties in terms of absorption and scat-

tering cross section, σabs and σsca. The cross sections are directly related to the

intensity of a incident light beam which can be attenuated by scattering (changes

of the propagation direction) and absorption (generation of heat) when it passes

through a medium containing small particles. Following the Lambert-Beer law

we have [16]:

∆Iabs(z) = I0(1− e−Nσabsz) (2.1)

∆Isca(z) = I0(1− e−Nσscaz) (2.2)

for purely absorbing and for purely scattering particles, respectively. Where

∆I abs(z) and ∆I sca(z) represent the intensity of the incoming beam after a dis-

tance z from the particle, I0 is the intensity of the incoming beam and N being the

number density of NPs. Nevertheless, in practice there is a contribution of both:

absorption and scattering and therefore the resulting extinction cross section is

given by:

σext = σabs + σsca (2.3)

However, it must be considered that for very small particles (R < 20 nm) the

relative contribution of absorption to the extinction increases.

The extinction, absorption, and scattering cross sections are calculated from

Mie’s theory and can be express as [16]:

σext =
2π

|k|2
∞∑
L=1

(2L+ 1)Re{aL + bL} (2.4)

σsca =
2π

|k|2
∞∑
L=1

(2L+ 1)(|aL|2 + |bL|2) (2.5)

σabs = σext − σsca (2.6)
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where |k| denotes the wavevector of the electromagnetic field and aL, bL represent

so-called Mie coefficients. L = 1 corresponds to dipole fields, L = 2 quadrupole,

L = 3 octupole fields and so on, where the summation index L gives the order of

the partial wave, described by vector spherical harmonic functions for the electric

and magnetic fields. Although Mie’s theory is the oldest theoretical model for

the characterization of noble metal NPs, it is still very important, since it is the

only exact solution that yield the optical properties of NPs.

2.1.2 Quasi-static approximation

In order to discuss the optical properties of nobel metal NPs in terms of classi-

cal electrodynamics, it is convenient to introduce the quasi-static approximation.

This approximation is related to the interaction of the electromagnetic field with

a spherical particle that is much smaller than the wavelength λ of the incident

field (d � λ, where d is diameter of the particle).

Under these circumstances, the phase of the harmonic oscillating electromag-

netic field can be taken to be constant over the particle volume, and therefore

the interaction of the incident light with the particle is governed by electrostatics

rather than electrodynamics [21]. To illustrate this approximation, an example

using the analytical treatment for a homogenous, isotropic sphere of a radius

a, placed in a uniform, static electric field (E = E0ẑ) is given below. The sur-

rounding medium is considered to be isotropic and no-absorbing with a dielectric

constant εm and the dielectric response of the sphere placed into an electrostatic

field is characterize by the dielectric function ε(ω). The applied field induces a

dipole moment p with a magnitude proportional to the incoming field E0 inside

the sphere:

p = ε0εmαE0 (2.7)

with the polarizability α [21]:

α = 4πa3 ε− εm
ε+ 2εm

(2.8)

where ε0 is the vacuum dielectric constant. The electric field inside Ein and

outside Eout of the sphere can be write as:

Ein =
3εm

ε+ 2εm
E0 (2.9)

Eout = E0 +
3n(n · p)− p

4πε0εm

1

r3
(2.10)
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where n is the unit vector in the direction of the point of interest and r is the

distance from the center of the sphere. Under the resonance condition (2εm =

-ε), the polarizability implies a resonant enhancement of both the internal and

the external field.

Although a generalization of the quasi-static approximation applied to metal

NPs of arbitrary size and shape has been demonstrated and suggested good re-

sults, other numerical methods such as the T-matrix method [22], the discrete

dipole approximation (DDA) [23, 24] or finite-difference time domain (FDTD)

simulations have to be used for more complex cases (e.g., for larger NPs) in order

to obtain precise results. With the latter methods the resonant frequencies, local

field enhancement at the NP surface, the scattering, absorption, and extinction

efficiencies can be precisely calculated for NPs with arbitrary size and shape.

Because the main topic of discussion in this thesis is related to the preparation

and applications of triangular gold NPs, I like to emphasize the optical properties

of these interesting structures.

2.1.3 Multipolar excitation in triangular nanoparticles

Generally, the optical properties of metal NPs are influenced by the particle

size. For example, for metal NPs larger that 30 nm, the relative contribution of

scattering to the extinction increases. With increasing particle size higher order

plasmon modes appear in the extinction spectrum. In addition, the plasmon

resonance band of the dipole mode shifts towards the red and its bandwidth

increases. These results can be explained by the fact that for larger NPs, the

incoming light can not polarize the particle homogenously. As a consequence,

retardation effects lead to a gradient of the electromagnetic field, that can excite

higher order modes.

Complementary the optical properties of metal NPs are influenced by the

particle shape. For instance, triangular NPs are a class of nanostructures that

have attracted intense interest as a result of their extraordinary optical properties.

Since such structures are intensively used in the experiments presented in this

thesis, a detailed understand of their properties is required. Due to the unique

triangular geometry multipolar excitations are detected (e.g., quadrupole (L =

2), octupole (L = 3) excitation) only on triangular NPs, results which are not

observed in spherical particles of equal volume. Such multipoles character has

been investigated and reported for silver triangular NPs [26, 27, 28] as well in

gold triangular NPs [25, 29].

Shuford and co-workers calculated the optical properties of triangular gold

NPs dispersed in a water solution using the DDA method [25]. The shape of
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Figure 2.2: Extinction spectra of gold triangular NPs dispersed in a water
solution for NPs with an: a) AR = 2.5, b) AR = 10, and c) AR = 30,
respectively [25].

the investigated NPs has been characterized by their aspect ratio (AR): the edge

length of the NP divided by the particle height. In their theoretical model, they

underlined the importance of the AR of the triangular particles for producing of

well resolved resonances. Figure 2.2 depicts the extinction spectra of triangular

gold NPs with : a) AR = 2.5 (for edge length: 50 nm and height: 20 nm), b)

AR = 10 (for edge length: 100 nm and height: 10 nm) and c) AR = 30 (for edge

length: 150 nm and height: 5 nm), respectively [25]. After the calculations of

Shuford and co-workers in the optical spectrum of NPs with an AR = 2.5 (figure

2.2(a)) a dipole peak can be seen at 673 nm and a shoulder corresponding to the

out-of plane quadrupole mode at 540 nm, respectively. The spectrum for the NPs

with AR = 10 (see figure 2.2 (b)) shows a broad resonance with two maxima at

617 and 584 nm attributed to (L = 2) and higher order multipoles and a peak at

909 nm corresponding to the dipole mode (L = 1). For the larger triangular NPs

with an AR = 30, the optical spectrum shows a dipole peak at 1539 nm (L = 1)
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and the higher order multipoles are located at 849 nm and 749 nm, respectively.

To conclude, generally, it was observed that with the increase of the edge length

and/or decrease of the triangular height more intense and red shifted dipole peaks

are produced.

Snipping effect

A very interesting and important phenomenon regarding the influence of the

geometry of the triangular particles on their optical spectrum, is the rounding

of the tips of the triangles also know as snipping effect. This effect has been

systematically investigated in experimental [31, 32] as well as in theoretical studies

[25, 30] and its importance can be understood if one takes into account that this

structural features strongly influence the extinction spectrum of the particles.

One example is given in figure 2.3 from the work of Kelly et al. [30]. The optical

spectrum for perfect silver triangle NPs with an AR of 6.25 (edge length: 100

nm and height: 16 nm) and 0 nm snip on each tip, consists of three peaks. A

strong peak at 770 nm (corresponding to the dipole excitation), a weaker peak at

460 nm and a small and sharp peak at 335 nm (corresponding to the quadrupole

and higher order excitation, respectively). For the presented silver triangular

particles the dipolar LSPPR is significantly blue-shifted when the snip of the

particles changes from 0 nm to 5 nm and 10 nm, respectively. Hence, the dipole

mode is very sensitive to the snipping effect, e.g., a 10 nm snipped triangle causes

Figure 2.3: Extinction efficiency for silver triangular NPs based on a 100
nm edge dimension with snips of 0, 5 and 10 nm after Kelly et al. [30]. The
NP thickness is 16 nm.
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a blue shift of 100 nm of the dipole mode peak compared to the perfect triangle. In

contrast, the extinction maxima corresponding to the multipole mode excitations

are less sensitive to the snipping effect. In order to understand why the snipping

effect produces such dramatic changes in the optical spectra of the NPs, several

theories were developed. Some of these pointed out that the sharp tips on a

perfect triangle lead to polarization distortions that favor higher order multipoles

[25]. For snipped triangular NPs there are still polarized regions but in general the

field intensity across the NP is more uniform because the polarization distortion

is reduced.

2.1.4 Electromagnetic field enhancement for triangular

nanoparticles

In this subchapter I emphasize some theoretical calculation examples regarding

the electromagnetic near field distribution around triangular NPs performed by

different groups [30, 33, 34, 35, 36].

As mentioned, it is known that for triangular particles higher order multipole

plasmon modes can be excited, resulting in a complex field distribution. In the

last years new analytical and numerical methods have been developed which allow

a precise calculation of the extinction and the scattering cross section as well as

the field distribution for triangular particles. For example, Kelly et al. [30] found

for silver triangular particles with a side length of 100 nm and a thickness of 16

nm, a maximum enhancement at the tips oriented parallel to the direction of the

electric field E chosen along the particle bisector. In this calculation an excitation

wavelength of 770 nm has been used, i.e., dipole excitation. Electromagnetic field

enhancements around silver triangular NPs have been described in detail also by

Hao et al. [35]. These calculations are made for triangular NPs with an edge

length of 60 nm and a thickness of 12 nm using an excitation wavelength of λ

= 700 nm. The extinction spectrum of these particles shows a strong in-plane

dipole plasmon resonance at 700 nm, an in-plane quadrupole resonance at 434

nm, and an out of plane quadrupole resonance at 340 nm, respectively. Hence,

an excitation wavelength of λ = 700 nm, excites strongly the dipole mode of

the triangular silver NPs. In these calculations, it has been observed that for a

polarization direction along the perpendicular bisector of the triangular particles,

a very intense field enhancement was produced at the tip of the particle which is

oriented along the polarization direction.

In addition, calculations for triangular gold NPs have been successfully made.

For example, Crozier et al. using infrared radiation calculated a field enhance-

ment always to be largest at the tips of the particles pointing in the direction of

electric filed for triangular gold NPs with a edge length of 1.56 µm and a thick-
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Figure 2.4: E-field enhancement contours of gold NPs after the descrip-
tion made by J. Boneberg et al. [36]. The polarization of the applied
electric field, indicated with the red arrows, has been chosen parallel to a
triangular bisector (left side of the image, along the y axis) and parallel to
a triangular side, respectively (right side of the image, along z axis). In
these calculations a wavelength of λ = 800 nm has been used.

ness of 60 nm [33]. Recently, Boneberg et al. presented simulations of optical

near-fields of a single triangular gold NP. Figure 2.4 depicts the electromagnetic

field enhancement configuration on the tips of the gold triangular NPs with a

edge length of 240 nm (figure 2.4 (a)) and 480 nm (figure 2.4 (b)), respectively

and a height of 30 nm. For a polarization direction along a bisector of the tri-

angular particles, a very intense field enhancement near the tip of the particle

that is along the polarization direction is produced (left side of figure 2.4). For

the other two tips of the particles, only a minor field enhancement occurs. In

contrast, when the polarization direction is along one side of the particles, two

identical maxima in the intensity of the near field on the tips of the particles are

produced, which are oriented along the polarization direction (right side figure

2.4).
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2.2 Generation of regular arrays of metal

nanoparticles

In this subchapter the preparation of regular arrays of metal NPs by nanosphere

lithography is presented. After a short description of the method, the mecha-

nism which leads to hexagonal ordered nanosphere arrays is shown. Moreover,

the importance of the lateral capillary forces in the self organizing process is

underlined.

2.2.1 Nanosphere lithography

Metal NPs in a regular array have many interesting applications, for example

they can serve as anchor points for electro-optic active molecules [37], in order

to build electro-optical devices [38]. In general, metal NP arrays are prepared

by lithographic techniques, e.g., electron beam lithography [9], photolithography

[39, 40], or nanosphere lithography [41]. While electron beam lithography is time

consuming and expensive, photolithography has some lower limits concerning par-

ticles size. To overcome the aforementioned drawbacks, nanosphere lithography

(NSL) has been invented in the early 1980 by U. Ch. Fischer [42]. One year

later, H. W. Deckman called this method natural lithography [43]. NSL is an in-

expensive technique which allows a high-throughput and additionally, is capable

of producing well ordered two dimensional (2D) periodic arrays of NPs from a

wide variety of materials on many different substrates. Nowadays, this method

continues to be used and is further developed for a large variety of applications,

although it is know for approximately 28 years [44].

The method is divided in 3 steps (see figure 2.5): the first step is represented

by nanospheres deposition and the self organized hexagonal nanosphere array

formation which are used as a lithographic mask. This process is followed by the

deposition of a metal through the mask (step 2). Finally, after metal deposition,

the nanospheres are removed by sonicating the samples for a couple of minutes in

different chemical solvents like ethanol, methanol or dichlormethan (step 3). NSL

is in particular useful to obtain regular arrays of hexagonally ordered triangular

NPs [41]. While the hight of the generated NPs can easily be varied by changing

the amount of the deposited material, the lateral size can be varied by changing

the diameter of the nanospheres used as a mask. Thus, NSL exhibits the ability to

tune the plasmon frequency of NPs from the visible to NIR range [45, 46]. More

complex structures of particles can be created using tilt evaporation (deposition of

the metal at different angles) [13] or by rotating the sample during the deposition

process [47]. Furthermore, NSL can be used not only to create hexagonally packed

triangular NPs but also hexagonal particles [12], and in combination with other
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Figure 2.5: Schematic illustration of nanosphere lithography.

methods nano-rings [48], nanoholes [49, 50], or honeycomb structures [51], which

have many interesting applications [52, 53, 54, 55].

In this work, NSL has been used to obtain regular arrays of triangular and

hexagonal particles. Formation of a regular array of triangular particles is possible

due to the self-assembly of nanospheres into a close packed monolayer (ML) (see

figure 2.6 (a)) that acts as a lithographic mask. The metal which is deposited all

over the mask, passes through the free space remained between the nanospheres,

consisting of three fold triangular shaped interstices in the mask and finally reach

the substrate. After removal of the nanosphere mask, regular arrays of triangular

particles remain on the substrate. The size of the particles as well the distance

between the particles strongly depend on the nanosphere diameter. Van Duyne

and co-workers [41, 46], presented in their papers related formulas (see below)

between the particles size, the interparticle space and the diameter of nanospheres

D. In the case of triangular particles, the relationship between the value of the

bisector of the triangulares, aML, and the value of the nanosphere diameter D, and

moreover the relationship between the value of the interparticles spacing, dip,ML,
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Figure 2.6: Schematic representation of the monolayer (ML) and double
layer (DL) nanosphere masks and the corresponding triangular and hexag-
onal NP array.

and the value of the nanosphere diameter are given by the following formulas:

aML =
3

2

(√
3− 1− 1√

3

)
D = 0.233D and (2.11)

dip,ML =
1√
3
D = 0.577D . (2.12)

Increasing the concentration of the nanospheres in the solution, a significant

portion of the colloidal crystal will consist of double layers (DL) of hexagonal

close packed nanospheres which self assembled onto the substrate. As a result, a

second layer of nanospheres assembles onto the first layer and, in this way, every

second three fold hole is blocked, and a six fold interstices in the mask results.

After the metal deposition through the double layer mask, the nanospheres are

removed and a regular array of hexagonal metal NPs remains on the substrate

(figure 2.6 (b)). Also, the size of the hexagonal particles as well as the distance

between them depend on the nanosphere diameter. The relationship between the
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diameter of the hexagonal NPs, aDL, the interparticles spacing, dip,DL, and the

nanosphere diameter D are defined by the following formulas:

aDL =

(√
3− 1− 1√

3

)
D = 0.155D and (2.13)

dip,DL = D . (2.14)

2.2.2 Capillary forces

As mentioned before, in this work, the ordered nanospheres, are used as litho-

graphic masks for preparation of regular arrays of metal particles. In order to

understand the mechanism of the hexagonal ordering, the role of capillary forces

must be considered, due to the fact that they play an essential role in two dimen-

sional (2D) aggregation and ordering of particles in a rather wide scale sizes from

1 cm down to 1 nm [56, 57, 58]. Capillary forces are defined as the interaction

between nanospheres mediated by fluid interfaces [59]. In some cases, the liquid

phase between two nanospheres forms a capillary bridge. There are two types

of capillary forces: normal and lateral. The normal capillary forces are directed

perpendicular to the planes of the contact lines on the nanosphere surfaces (figure

2.7 (a)). Depending on the shape of the liquid bridge, the normal capillary forces

can be attractive for a concave configuration or repulsive for a convex configura-

tion. The attractive forces of this type are responsible for the three dimensional

(3D) consolidation and aggregation of nanospheres. The lateral capillary forces

are oriented parallel to the position of the contact line between two nanospheres.

The origin of the lateral capillary forces is given by the overlap of the deforma-

tion of the liquid interface - also called menisci - produced by each individual

nanosphere, taking into consideration that the liquid surface is suppose to be flat

in the absence of these nanospheres. Two types of lateral capillary forces exist:

lateral flotation capillary forces and lateral immersion capillary forces. However,

in this work just the lateral immersion forces will be described, because they are

basically responsible for 2D aggregation and ordering of nanospheres. In the case

of lateral immersion capillary forces, the deformations of the liquid surface is re-

lated to the wetting property of the nanosphere surface, e.g., magnitude of the

contact angle and position and shape of the contact line. Therefore, such forces

are determined by the signs of meniscus slope angles ψ and contact line between

nanospheres, where ψ is positive for hydrophilic nanospheres and ψ is negative for

hydrophobic nanospheres. In the situation when ψ=0 capillary forces can not be

produced due to the fact there is no meniscus on the liquid surface in the absence

of the nanospheres. The mechanism of the two dimensional (2D) crystallization

of the nanosphere arrays under the direct influence of the lateral capillary forces
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Figure 2.7: Schematic representation of capillary forces after Kralchevsky
et al. [56]: (a) the normal capillary forces and (b) the lateral immersion
capillary forces.

have been intensively studied [58, 59, 60]. Denkov et al. [61] identified a two

step process for the self assembly strategy of the nanospheres. In a first step, the

solvent starts to evaporate (water is commonly used) and when the thickness of

the film becomes almost equal with the diameter of the nanospheres, a nucleus

consisting of some nanospheres which are sticking on the substrate is produced.

In a second step, the crystal starts to grow, because the evaporation of the sol-

vent caused a permanent flux of nanospheres which flow toward the nucleus, get

trapped and form the ordered array.
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2.2.3 Self assembly strategies to create

hexagonal ordered polymer nanosphere arrays

There is a permanent interest to control and to improve the quality of the 2D

hexagonal ordered nanosphere arrays for new applications [62, 63, 64, 65]. Differ-

ent methods have been developed in order to create such arrays, and the most

important ones are shortly described below. From the applications point of view,

each method brings some advantages or disadvantages. However, it is quite diffi-

cult to achieve a perfect coverage of the substrates with a high hexagonal order

of the nanospheres. The nanospheres can consist of a polymer or SiO2.

Tilt coating

The pioneering work using the tilt coating method has been introduced by

Micheletto et al. [66] and further has been used in many others studies [64, 67, 68].

It is a relative simple procedure, which consists of dropping the colloidal solution

onto a carefully cleaned substrate. In order to control the evaporation rate of

water, the substrate is placed on a Peltier Cell, which allows the control of the

temperature between 2-25 ◦ C with a precision of ±0.1◦ C. It is well known that

the evaporation rate of water is equivalent to the vapor pressure which is ex-

ponentially dependent on the temperature T (p∼e− W
RT , where W represents the

molar evaporation energy and R the ideal gas constant). As a result, the control

of the temperature leads directly to the control of the evaporation rate of water.

The fixed substrate on a Peltier Cell is tilted with a small angle (see figure 2.8)

and therefore the evaporation is forced to start from the top of the substrate. A

horizontal border forms initially and will continue to move from the top to the

bottom of the substrate till the water is completely evaporated and the substrate

is dry. Since the external air flow and contamination disturb the self assembly

of the nanospheres, the experimental procedure requires to take place in a closed

chamber. A higher degree of the ordered array is obtained at low temperature.

Under these conditions, if the condensation from the ambient air becomes greater

Figure 2.8: Schematic illustration of the tilt coating method.
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than the evaporation from the solution, the air humidity must be controlled in-

side the chamber (normally by using silica gel). Under ideal conditions between

50 % and 70 % of the substrates are covered with monolayers using nanospheres

in a wide size range, from 2 µm down to 50 nm. At the bottom of the substrate,

where the evaporation takes place at the end, impurities and the excess particles

create multilayers and disorder.

This method is very efficient because nanospheres with very small diameters

can be used for the formation of the hexagonal ordered array. However, tilt

coating has some limitations because only very smooth and hydrophilic substrates

can be used (e.g., glass, quartz). This can be overcome by using this method in

combination with an other procedure [69]: first the monolayer is formed on the

substrate by tilt coating and then, after the monolayer has been stabilized by

deposition of a metal, the substrate is slowly immersed in water. The monolayer

will leave the substrate and will float on the water surface. Then a new type of

substrate will be used in order to pick up the nanospheres. Thus, the floating

monolayer can be transferred to a large variety of substrates (e.g., indium tin

oxide (ITO)).

Dip coating

The dip coating technique for the fabrication of hexagonal ordered arrays was

described by Dimitrov and Nagayama [70]. This method is much more suitable

for industrial applications [71] and represents the oldest commercial method of

sol-gel technology [72, 73]. The dip coating technique can be described as a

process where the substrate is immersed in the solution with nanospheres and

then withdrawn with a constant rate under controlled humidity and temperature.

From one point of view this method is very similar to the well known technique of

Langmuir-Blodgett (LB). However, there is a major difference: in case of the LB

technique the film is formed initially on a liquid surface and then transferred to

the substrate. On the other hand for the dip coating technique the layer is formed

on the substrate from the nanospheres dispersed in the solution. In this case, the

rate of the crystal growth is directly related with the nanosphere diameter and

with the withdraw velocity of the substrate, vw. It can be calculated with the

following formula [70]:

vw = vk
c =

βl

0.605

jeϕ

kd(1− ϕ)
, (2.15)

where vkc represents the growth rate of the k layer array (k=1 corresponds to

monolayer formation). Equation 2.15 shows that the growth rate of the k lay-

ers depends on: the water evaporation rate (je), the particle volume fraction

(ϕ), diameter of the particles (d), number of layers (k), and on an experimen-
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Figure 2.9: (a) Schematic illustration of the dip coating method and (b)
the mechanism of monolayer formation using this method.

tally determinate constant (β l), respectively. This experimentally determined

constant (β l) depends on the nanosphere-nanosphere and nanosphere-substrate

interaction.

Figure 2.9 (a) shows a schematic illustration of the dip coating method. Figure

2.9 (b) depicts the mechanism of the monolayer formation (with a grow rate vc)

on a substrate which is moving with the velocity vw. Initially, a wetting film

with a thickness h, on the order of the diameter of the spheres forms on the

substrate from the nanosphere suspension. Due to the water evaporation with a

flux je from the film surface, there is a permanent transfer of nanospheres with

an flux jp pushed by the water flux jw from the suspension to the wetting film.

For the formation of densely packed structures the evaporation of water must be

slow enough in order to prevent the agglomeration and defect formation. Along

these lines, the evaporation of water must be restricted to take place near the

nanosphere film. Therefore, the atmosphere around the meniscus suspension must

be saturated with water vapor. The dip coating method has some disadvantages:

the layer formation takes a long time from several hours to few days and a large
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volume of the suspension is necessary.

Drag coating

A new approach for coating of the substrates with clossely packed nanosphere

arrays has been invented, by dragging with a constant velocity a small volume

of a liquid suspension trapped in a meniscus, between two very close attached

plates [74, 75]. This method requires a very small volume of suspension and a

short execution time, overcoming in this way the drawbacks that the dip coating

method brings. A detailed description of this technique has been reported by

Prevo and Velelv [75]. In their study this authors state that the humidity does

not affect the formation of uniform layers. Figure 2.10 shows the schematic

illustration of the method, considering the evaporation flux of the solvent jE, the

hydrodynamic flux of the spheres js, the rate of colloidal crystal growth vc, and

the meniscus withdraw speed vw, respectively which is not necessarily equal with

vc. Starting from the work of Dimitrov and Nagayama [70], Prevo and Velelv

proposed the following formula for the calculation of the colloidal crystal grown

vc [75]:

vc =
Kφ

h(1− ε)(1− φ)
, (2.16)

where K is a parameter which may depend on the rate of the evaporation of

the solvent, but it should remain constant as long as the temperature and the

humidity remains constant, φ is the volume fraction of the spheres in suspension,

h represents the height of the deposited colloidal crystal (for monolayer formation

h is equal with the diameter d, of the sphere) and ε is the porosity of the deposited

colloidal crystal, respectively.

Figure 2.10: Schematic representation of the monolayer formation by the
drag coating method.
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Spin coating

Figure 2.11: Schematic illustration of colloidal crystal formation by the
spin coating method.

A close packed colloidal crystal can also be prepared on different substrates by

the spin-coating method [41, 65, 76]. Figure 2.11 depicts a schematic illustration

of this method where the stages of the process are represented by: deposition of

the solution, spin up the substrate around an axis perpendicular to the coating

area and then spin off the substrate. The last step is represented by the solvent

evaporation and colloidal crystal formation. The final thickness of the nanosphere

layer strongly depends of the spin speed, the viscosity of the solution and solvent

evaporation rate, respectively.

Electrophoretic deposition

Figure 2.12: Schematic representation of the monolayer formation by
electrophoretic deposition. A lateral nanosphere motion in the direction of
the applied electric field takes place.

The electrophoretic deposition method consists of applying an electric field

to a dispersion of electrical charged nanospheres sandwiched by conducting sub-

strates, in order to activate the nanospheres movement. For a rapid and precisely
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controlled deposition of spheres on a conducting substrate (e.g., (ITO)) a dc field

or an ac field can been applied [77, 78]. Nevertheless, there is one major drawback

of this method, given by the limitations to the conductive substrates which can

only be used.

Summary

As I have shown above, different methods can be used to prepare hexagonal

ordered nanosphere arrays. However, independent of the employed method, there

are some general factors which affect the hexagonal ordered array formation and

these are:

• Water evaporation rate: By changing the humidity, the time for crystal-

ization can be varied in a large range, from several minutes to several hours.

The quality and the structure of the 2D crystal growth, are mainly affected

by the rate of crystalization and therefore by the evaporation rate of water.

In general a lower evaporation rate favors a larger area of crystalization.

• Particle size: It is known that using nanospheres with a diameter be-

low 100 nm brings difficulties in getting a good quality of the hexagonally

ordered array. The smaller the nanospheres are, the stronger their Brow-

nian motion is. As a result, the Brownian motion is opposing to the flow

of the nanospheres towards the ordered array and favors structural defect

formation.

• Coefficient of variation: The coefficient of variation (CV ) (size distribu-

tion of the nanospheres) is calculated with the follow formula:

CV =
SD

d
(2.17)

where SD represents the standard deviation (µm) and d represents the mean

diameter of the nanospheres (µm). For instance, small nanospheres are less

monodisperse and therefore the solution which contains these spheres have

a large value for the coefficient of the variation. Generally, the presence

in the nanosphere solution of the spheres with a diameter larger or smaller

than the given one, will induce defects formation in the hexagonal order

array.

• Quality of the substrates: Very clean and hydrophilic substrates must be

used for the production of hexagonal ordered nanosphere arrays. Different

chemical procedures are employed in order to remove all the impurities. In

addition, when nanospheres with a diameter of less then 100 nm are used for

the hexagonal ordered array formation, is very important to assure very flat

surface having the mean corrugation smaller than the nanosphere diameter.
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Experimental Set-up

As mentioned in the introduction, the present work focuses on the preparation and

applications of periodical particle arrays (PPAs). Therefore, NSL has been suc-

cessfully used to prepare regular arrays of gold triangular, hexagonal, and slightly

elongated particles. For simplicity, I refer to all of them as PPAs. Nanosecond

pulsed laser light has been applied to the samples containing the triangular gold

NP arrays, in order to tailor the shape and the gap size between the particles.

Moreover, femtosecond pulsed laser light has been used to excite the strongly local-

ized near fields of triangular gold NPs for the generation of nanoscale structures

on quartz substrates. Before and after irradiation with nanosecond or femtosec-

ond pulsed laser light, the samples containing the triangular particle arrays have

been characterized by atomic force microscopy, scanning electron microscopy and

optical spectroscopy.

In addition, optical spectroscopy has been used to investigate the detection

of molecular complex systems adsorbed on PPAs and the nanowire formation.

Complementary to this method, confocal microscopy experiments have been per-

formed to prove the molecules attachment and the nanowires formation on the

gold NPs. For these investigations, the slightly elongated gold NP arrays have

been used which serve as anchoring points for the molecules.

3.1 Sample preparation

For the experiments described in this thesis a variety of PPAs surfaces have

been prepared using monolayer and double layer masks made by self assembly

of polymer nanospheres with diameters of D = 330 nm and, of D = 1390 nm,

respectively. In brief, square quartz and glass substrates with an edge length of 12

mm were carefully cleaned in alkaline solution (NaOH, KOH) for 20 minutes and

subsequently 5 minutes in 1 M hydrochloric acid, to neutralize the alkali attack
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of the quartz surface. Finally, the samples were cleaned in double distilled water

under sonication for 20 minutes. The polymer nanosphere solution was purchased

from the company Microparticles (percentage of solid polymer spheres is ω = 0.1

wt %). In order to dilute the solution of nanospheres, water has been used as a

solvent. To create large monolayer and double layer areas of well ordered polymer

nanospheres, the tilt coating method of Micheletto has been used [66], which has

been described in chapter 2. Thus 15 µL of the diluted nanosphere solution was

drop coated onto the substrates which were fixed on a custom built Peltier cell.

The Peltier cell allows to control the temperature in the range of 2-25
◦

C with

a precision of 0.1
◦

C. For the tilt-coating method the angle of the deposition,

the temperature and the humidity has been varied, in order to find the best

parameters to obtain large ares with monolayers and double layers. Therefore,

the best results have been obtained when the whole system was tilted by an angle

of about 10
◦
. The area covered with the nanosphere solution was about 1.44 cm2

and on 50 % to 70 % of the substrates, monolayers and double layers, respectively

could be formed. At the bottom of the substrates evaporation of water takes place

at the end. Since, the water contains a lot of impurities and excess nanospheres,

the ability to form ordered monolayers/double layers is reduced and multilayer

and cluster formations occur. For the experiments presented in this work the

temperature was kept at 18
◦

C, although in studies performed by other groups it

was suggest to use a lower temperature [64]. A plastic box has been used to cover

the experimental set-up in order to protect the surface of the substrates from an

external air flow which can disturb monolayer and double layer formation. The

humidity in the plastic box has been controlled by dry nitrogen and a bubble

system. Hence, the quality of the monolayers/double layers have been increased.

After formation of the nanosphere mask, the substrates were mounted on a sample

holder in a thermal evaporation chamber (Balzers BA 510). Gold were thermally

evaporated on the substrates with a rate of ∼ 0.2 nm/s under a pressure of 10−6

Pa. A quartz crystal microbalance was used to determine the thickness of the

evaporated films. In the experiments presented in this work the film thickness

was set to 30 nm if nanospheres with a diameter of D = 330 nm have been used

and to 150 nm for the nanospheres with a diameter of D = 1390 nm. After

preparation of the gold films, the nanosphere mask was removed by sonicating

the substrate for 1 to 3 minutes in dichloromethane. Finally, large areas with

gold PPAs remain on the substrates.

3.2 Laser systems

As mention above, nanosecond and femtosecond pulsed laser light, have been used

for the experiments described in this thesis. The nanosecond pulsed laser light has
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been used in order to tailor the shape and the gap size between the triangular

NPs. The femtosecond pulsed laser light has been used to generate nanoscale

structures on quartz substrates exploiting the localized near fields of triangular

gold NPs. A short description of these laser systems is presented below.

3.2.1 Nanosecond-laser system

The samples containing the gold triangular NP arrays were irradiated from the

particles side with ns-pulsed laser light generated by a BBO-OPO (Beta Bar-

ium Borate-Optical Parametric Oscillator) (Spectra Physics, Quanta-Ray MOPO-

730) that was pumped by the third harmonic of a Nd:YAG laser Spectra Physics,

Quanta-Ray Pro-230). The pulse duration was approximately 5 ns with a repe-

tition rate of 10 Hz. Three different wavelengths have been used in these experi-

ments: λ = 355 nm, 532 nm, and 750 nm, respectively.

3.2.2 Femtosecond-laser system

Irradiation of the samples with the fs-pulsed laser light has been done together

with the PhD students Lars Englert and Lars Haag from the Experimentalphysik

III group (Prof. Dr. Thomas Baumert). Femtosecond pulsed laser light with a

central wavelength of 790 nm was provided by an amplified Ti:Sapphire laser sys-

tem (Femtolasers Femtopower Pro), coupled to a modified microscope setup. The

laser light was focused via a Zeiss Epiplan 50x/0.5NA objective to a spot diameter

of approximately 1.4 µm (1/e2 value of the intensity profile). Subsequently the

laser light has been expanded by a telescope system to overfill the back aperture

of the objective by a factor of two, achieving a homogeneous illumination. A λ/4

plate in front of the objective allowed a change of the polarization of the laser

light from linear to circular. The dispersive effects of the microscope system were

compensated by a prism compressor of the laser amplifier. The pulse duration of

35 fs (FWHM) was detected by autocorrelation measurements. The pulse energy

has been adjusted by a motor driven gradient neutral density filter and recorded

with a calibrated photodiode. To ensure the reproducibility of the experiments,

in particular of the focusing conditions, the sample surface has been probed with

a He-Ne laser in a confocal setup prior to samples irradiation. By placing the

sample 20 µm ahead of the laser focus, the illuminated area on the sample sur-

face was 22 µm in diameter. The irradiation has been performed under normal

incidence using single 35 fs long light pulses, whose polarization was either linear

or circular. After applying a single pulse to one spot on a sample, it has been

translated by a 3-axis piezo table to a new position and another experiment has

been performed. Along these lines, a complete set of experiments has been accom-
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plished with one sample. In order to investigate how the generated nanopattern

evolve as a function of laser energy, two strategies have been used. First, the

intensity profile within the laser spot has been exploited. Due to the Gaussian

intensity distribution, measurements at different distances from the center of the

laser spot yield the generated nanostructures as a function of energy. By this

means, a full set of nanostructures on the substrates was obtained after a single

shot experiment. In addition, to increase the energy range, the pulse energy has

been varied.

3.3 Sample characterization

3.3.1 Atomic force microscopy

In this work, the samples have been systematically studied by AFM measurements

under ambient conditions. A scanning force microscope (ThermoMicroscopes,

Autoprobe CP) has been used in non contact mode (NC- mode) for measuring the

samples topography. The AFM cantilever with spring constant k of approximately

0.84 Nm−1 vibrates at a fixed frequency near its resonant frequency (between 140

kHz and 180 kHz) near the the sample surface, during a scan. A long tube

scanner (ThermoMicroscopes) has been used to cover a large scanning area up

to 100 µm x 100 µm. Silicon tips (Veeco-Ultralevers) with a nominal radius of

curvature of the tip of 10 nm have been used in the investigations, and the images

have been recorded at a scan resolution of 512 x 512 pixels. In order to avoid

external vibrations (from influence of the building) the scanning force microscope

was placed on a active damped table (Halcyonics MOD-1M plus ). Additionally,

the complete system have been placed on an air-pressured based damping table

during operation.

3.3.2 Scanning electron microscopy

Besides the AFM, the samples were also investigated by means of Scanning Elec-

tron Microscopy (SEM) (model FE- SEM Hitachi S-4000). The studied samples

were coated by a sputtered 2 nm gold film in order to obtain a very good con-

ductivity. Gold is a very good material for covering the samples for SEM inves-

tigations, because it is easy to evaporate, assure a high secondary electron yield,

and prevent charging of the substrates. The SEM images have been recorded by

applying an acceleration voltage of 10 kV and a magnification between 20x to

300000x has been used. Secondary electrons are excited by the electrons incident

on the samples. Since their generation region is as shallow as approximate 10 nm,

the diffusion of electrons within the specimen has little influence on the image,
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thus allowing a best lateral resolution to be obtained.

3.3.3 Optical spectroscopy

For the optical characterization of the regular arrays of gold NPs, a Carry 100

spectrometer (Varian) with a spot diameter of approximately 5 mm has been used.

The spectrometer has a resolution of 0.2 nm. While the ex situ microscopy mea-

surements reveal precisely the morphology of the particles, optical spectroscopy

has been used to monitor in situ the optical changes which are associated with

morphological changes. Moreover, optical spectroscopy has been used to investi-

gate the adsorption of molecules on the gold NPs. The light of a deuterium or

a xenon lamp has been used to record the spectra in transmission, in the range

λ = 150 nm to λ = 950 nm. The emitted light from the lamps passes a monochro-

mator that selects the desired wavelength. The monochromatic light is split into

a reference beam and into an incoming beam to the sample. Thus, after passing

the sample the light is guided on an photodiode. In all studies, the samples were

placed perpendicular to the incoming light beam.

3.3.4 Confocal microscopy

The investigations of the samples using the confocal microscope have been made

together with the PhD student Lars Englert from the Experimentalphysik III

group (Prof. Dr. Thomas Baumert). As already mentioned, the confocal mi-

croscopy experiments have been performed to investigate the molecules attach-

ment and the nanowire formation on the gold NPs. For lateral resolved emission

measurements a Leica TCS SP2 confocal microscope has been used. All experi-

ments were done with a PL FLUOTAR L 63.0×\0.70 CORR air objective. In a

first step a region of interest was chosen, by using the normal optical microscope

mode. For the lateral resolved emission measurements the confocal microscope

mode was used. Excitation of the structures was done by the Ar-laser: (457

nm, 476 nm, 488 nm, 514 nm) of the microscope. The intensity for each line

can be separately and continuously adjusted by an acousto-optical beam splitter.

The emissions from the structures are detected by an internal 4 channel prism-

spectrometer. For each channel the bandwidth and center wavelength can be

continuously adjusted by slits. The spectral ranges and amplification parameters

of the photomultipliers are held constant to assure the comparability of the emis-

sion measurements. Channel 1 was adjusted to the spectral region from 479 nm

to 498 nm to get a standard confocal image of the direct reflection of the 488 nm

laser line. Channel 2 records the laterally resolved emissions from the structures.

The confocal microscope has a resolution of 200 nm.
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3.4 Complex molecular systems

In this work the adsorption of various molecules on gold NPs and the de-

tection of supramolecular wire assemblies on the gold NPs has also been

investigated. This work has been done in collaboration with the Univer-

sity of Birmingham, the group of Dr. Zoe Pikramenou, within the EU

project ”UNI-NANOCUPS”. For this purpose the following compounds

have been studied: [Ru(biptpy)(tpySS)](PF6)2, [Ru(tpy-ada)(tpySS)](PF6)2,

[Ru(bpy)2(5,5’-bpySH)](PF6)2, EuSH, [Co(tpySS)2](PF6)2, [Ru(bpy)3]Cl2,

[Ru(biptpy)(tpySS)](NO3)2, [Ru(β-CD-5-bpy)3](PF6)2, [Ru(α-CD-5-bpy)2(β-

CD-5-bpy)]Cl2, bis-propargyl-p.m.-CD, [Ru(α-CD-ttp)(β-CD-ttp)](PF6)2,

[Ir(biptpy)(tpy)](PF6)3, [Fe(tpy-ada)2](SO4), [Fe(norbtpy)2](SO4), Adathioctic,

Ruβ3 and Os(tpy)(biptpy). In order to attach molecules with thiol terminations,

on the gold NPs, the substrates with the PPAs were kept in solution of the

corresponding molecules for 24 hours to accomplish adsorption. Subsequently,

the samples were washed with the solvent used for the molecules and finally

dried with nitrogen.



Chapter 4

Generation and Characterization

of Periodical Particle Arrays

It has already been presented in the previous chapters that using nanosphere

lithography, periodical particle arrays (PPAs) can been formed on different sub-

strates. In this chapter experimental results regarding the preparation and char-

acterization of the PPAs using optical spectroscopy, scanning electron microscopy,

and atomic force microscopy are presented.

Self-organized monolayers and double layers of polymer nanospheres with a

diameter of 330 nm and 1390 nm respectively, have been prepared on quartz and

glass substrates using the method of tilt coating as described in chapter 3. Figure

4.1 (a) depicts the SEM image of a monolayer of nanospheres with a diameter

of 330 nm on a quartz substrate. An increase of the nanosphere concentration

in the polymer solution leads to a double layer formation of the polymer crystal

lattice. Figure 4.1 (b) shows the SEM image of a double layer of nanospheres with

Figure 4.1: (a) SEM picture of a monolayer of nanospheres and (b) SEM
picture of a double layer of nanospheres with a diameter of 330 nm on a
quartz substrate.
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Figure 4.2: SEM picture of a multilayer hill of nanospheres with a diam-
eter of 1390 nm on a quartz substrate.

a diameter of 330 nm on a quartz substrate. It can be observed that nanospheres

self assemble on an already formed monolayer, and create a double layer (see the

right side of figure 4.1 (b)).

The hexagonal packing order exhibits different defects (indicated in the figures

4.1.(a) and (b) with the arrows and the circles) so called point defects and line

defects. The point defects appear, for example, due to the fact that a nanosphere

is missing in the polymer crystal lattice. Most of the time, this void is occupied

by other nanospheres with a smaller diameter.

Although, the nanospheres are commonly provided by the companies as

monodispersed in size [79], they have a size distribution characterized by a coef-

ficient of variation (see for details chapter 2). Thus, there are some nanospheres

in the polymer solutions with diameters smaller or larger than the nominal diam-

eter. From the point defects another kind of defects appear, such as dislocations

in the hexagonal order which are called line defects. As a consequence of the line

defects the polymer 2D crystal is divided in domains which may have slightly

different orientations.

In addition to the point and line defects, another defects have been found.

Hence, due to the presence of nanospheres with larger diameters than the nom-

inal one, multilayer hill formation can occur. Figure 4.2 shows the SEM image

of a multilayer hill formation induced by a nanosphere which has a diameter al-

most 5 times larger than the nominal one (here 1390 nm). The spheres with a

smaller diameter aggregate to the larger one, since the water meniscus around

the aggregate is steeper than the meniscus in the vicinity of the mononolayer.
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Figure 4.3: SEM picture of a partial removed nanosphere mask on a
quartz substrate. The nanospheres have a diameter of 330 nm. Triangular
NPs remain on the substrate from where the mask has been removed.

After formation of the nanosphere mask (consisting of monolayers and/or

double layers) a gold film has been deposited. Finally, the nanosphere mask was

removed by sonicating the substrates 1 to 5 minutes in dichlormetane leaving

behind PPAs. Figure 4.3 shows a SEM image of a partially removed monolayer

nanosphere mask, where triangular particle arrays can be seen that remain on the

substrate, from where the mask has been removed. In addition to the triangular

NPs, also gold line defects can be seen that remain on the substrate (figure 4.3)

which are placed in the original position of the line defects of the nanosphere

mask.

4.1 PPAs obtained using nanospheres with a di-

ameter of D = 330 nm

PPAs using nanospheres with a diameter of D = 330 nm have been characterized

after preparation by atomic force microscopy, scanning electron microscopy, and

optical spectroscopy. SEM images of the NPs after preparation show, that the

particles are placed in a hexagonal order and exhibit a triangular shape (see

figure 4.3 and an enlarged view, figure 4.4 (a)). From the SEM images I have

determinated the in-plane lateral size of the NPs as well as the the gap size

between two NPs. Hence, the edge length of a NP is (74 ± 6) nm and the gap

size between two neighbouring NP tips amounts to (102 ± 14) nm. I want to

underline that the triangular NPs experimentally fabricated by NSL are not so
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Figure 4.4: (a) SEM image, (b) AFM image, and (d) optical spectrum
of a triangular gold NP array after preparation using nanospheres with a
diameter of 330 nm. (c) is a schematic representation of the triangular NPs
studied.

perfect as the the ideal particles presented in the theoretical background (see

subchapter 2.2.1).

Information about the sizes of the NPs has also been obtained by AFM mea-

surements (see figure 4.4 (b)) where a value of (96 ± 7) nm for the edge length

of the triangular particles and a height of (30 ± 4) nm have been found. The

value of the edge length of the triangular detected by AFM is different from the

value detected by SEM. Also the tips of the particles are looking more round in

the AFM image. These differences between the data detected by SEM and AFM,

can be explained with the fact that the AFM values have not been deconvoulted

for tip broadening effects. Hence, it must be considered that as long as the AFM

tip is much sharper than the triangular NP tips, the true edge profile of the NP

is represented. However, when the triangular NP tips are sharper than the AFM

tip, the image will be dominated by the shape of the tip. Figure 4.4 (c) depicts

the schematic representation of the triangular particles where the NP size is de-
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fined in terms of two parameters: the in plane size of the particles given by the

edge length of the triangular face, and the out of plane height of the particles.

In addition, an aspect ratio (AR) has been defined, which represents the edge

length divided by the NP height. For the SEM and AFM data presented above,

an aspect ratio of 2.47 for the investigated NPs has been determined (where the

edge length of the NPs is given by the SEM data and the height of the NP is

given by the AFM data, respectively).

In the optical spectrum of the triangular NPs after preparation, a strong

LSPPR at λLSPPR = 730 nm and a less intense peak at λLSPPR = 550 nm are

observed (see figure 4.4 (d)). These peaks can be attributed to the excitation of

a dipolar and quadrupolar LSPPR, respectively, according to theoretical calcu-

lations presented from different groups, using the discrete dipole approximation

(DDA) method [25, 29]. However, the peak at λLSPPR = 550 nm can be much

more precisely explained as an overlap between the quadrupolar LSPPR of the tri-

angular particles and the absorption band of the hexagonal particles which have

been formed on a small area of the substrate due to a double layer formation.

Below 500 nm the absorption increases due to the the interband transition, i.e.,

the transition of electrons from the Au 5d band to empty 6sp bands above the

Fermi level [80, 81]. The optical spectra of the triangular NPs after preparation

followed perfectly the theoretical calculations reported by Shuford et al. [25].

For simplicity, I call the triangular NPs obtained using nanospheres with a

diameter of 330 nm: the small triangular NPs.

4.1.1 Snipping effect

In my experiments I have observed that the snipping effect, described in chapter

2, affects in time the small triangular NPs (with an edge length of: (74± 6) nm

and a height of (30 ± 4) nm). As already mentioned, snipping effect represents

the rounding of the tips of the triangular NPs. These interesting particles exhibit

initially very sharp tips with many loosely bound atoms, therefore the atom

diffusion from the particles tips was investigated.

Along these lines, glass substrates with small triangular gold NPs (edge length:

(74± 6) nm, AR = 2.47, and a gap size between two NPs of (102± 14) nm) have

been kept for two months under ambient conditions inside a plastic box. The

morphological characterization by SEM (figure 4.5 (a)) and optical spectroscopy

(figure 4.5 (b)) after two months, proves that the snipping effect affects the par-

ticles morphology. From the SEM images it was deduced that the edge length of

the particles decrease to (60± 5) nm, the AR = 2 and the gap size between two

particles increase to (116± 8) nm. As a result, snipping, of the tips of 6 nm has



36 Generation and Characterization of Periodical Particle Arrays

Figure 4.5: (a) SEM image of small triangular NPs (with an edge length of:
(74±6) nm and a height of (30 ± 4) nm) two months after the preparation
and (b) optical spectra, initially after preparation and two months after
preparation, respectively.

been produced at each tip. Figure 4.5 (b) depicts the optical spectra of the as

prepared triangular particles (black spectrum) and of the NPs with a snip of 6

nm (red spectrum), respectively. It has been shown before that the as prepared

particles exhibit two distinct bands, in their optical spectra. The first appears

at 730 nm and indicates the excitation of the dipole mode of the LSPPR and a

weaker band at 550 nm which indicates the overlap between the excitation of the

quadrupole mode of triangular NPs and the absorption band of the hexagonal

NPs. In the optical spectrum of triangular NPs with snips of 6 nm (red spectrum)

the dipole resonance peak narrows and is blue-shifted by 160 nm compared to

the as prepared triangular NPs. This shift has been produced due to the shape

change of the NPs. The decrease in the extinction can be explained by the other

spectral position of the LSPPR band of the triangular NPs with snips of 6 nm.

These results are in excellent agreement with the theoretical assumptions pre-

sented before (chapter 2). It was noticed that the rounding of the tips of the

triangles was produced as a consequence of the diffusion of the bound atoms

from the tips of the NPs. Therefore, the edge length of the small triangular NPs

becomes smaller.

The main motivation behind the research that will be presented and discussed

in the next chapters, rely on the interesting optical properties of triangular gold

NPs, originating from their extreme anisotropy. The small triangular NPs (with

an edge length of: (74±6) nm and a height of (30 ± 4) nm) have been successfully

used in the experiments concerning the shape change of the NPs as well as the

change of the gap size between NPs by applying ns-pulsed laser light (chapter

5). Also the small triangular NPs are ideal biosensors for the investigation of the
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attachment of molecules on the NPs (chapter 6) and in addition they are playing

a major role in nanopatterning of substrates when fs-pulsed laser light is applied

(chapter 7).

4.2 PPAs obtained using nanospheres with a di-

ameter of D = 1390 nm

PPAs using nanospheres with a diameter of D = 1390 nm have been produced and

subsequently characterized by different methods, such as atomic force microscopy,

scanning electron microscopy, and optical spectroscopy. Due to their interesting

applications (see chapter 6 for details) in addition to the triangulars also slightly

elongated NPs were produced. In order to keep the energetic position of the

dipole resonance of the triangular NPs at the same wavelength as for the small

triangular NPs presented in 4.1, a gold film of 150 nm has been deposited. Figure

4.6 (a) depicts the AFM image of a triangular NP array. The edge length of the

NP is (464 ± 28) nm and the height is (150 ± 10) nm and therefore, an AR =

3 has been determined. The gap size between two NPs amounts to (342 ± 24)

nm. The AFM image is very similar to the SEM image of the NPs (see figure

4.6 (b)), in both of them the triangles exhibit very sharp tips. Even the size of

the NPs detected by AFM are very similar to the data recorded by SEM. From

the SEM images, the side length of the NPs is (465 ± 27) nm and the tip to tip

gapsize between two triangles is (310 ± 23) nm. The reason for the similarity

between the data recorded by SEM and AFM (size and shape) is that the the tip

broading effects have less influence on the recorded data due to the larger size of

the particles in comparison to the AFM tip dimensions. Figure 4.6 (c) depicts

the optical spectrum of the PPAs obtained using nanospheres with a diameter of

D = 1390 nm. The spectrum of the large PPA clearly reveals two distinct bands,

one at 730 nm which is assigned to the dipole resonance of the triangular NPs

and one at 650 nm which indicates the presence of the slightly elongated particles

(figure 4.6 (e)). The expected absorption band at λ = 550 nm, attributed to the

excitation of quadrupolar LSPPR of the triangular NPs, is super-imposed by the

strong absorption band of the elongated particles. It has been shown already

that double layer nanosphere assembly leads to formation of hexagonal particles.

However, due to the larger diameter of the nanospheres and moreover due to

the preparation technique which require that the samples to be tilted with a

specific angle, the tangential component of gravity has been favored the slightly

movement of the second layer of nanospheres on the first layer. Hence, these

kind of particles can form. Figure 4.6 (d) depicts the schematic representation

of the slightly elongated NPs and figure 4.6 (e) shows the SEM image of an

elongated particles array. The particles are (364 ± 16) nm in length and have a
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Figure 4.6: (a) AFM image, (b) SEM image, and (c) optical spectrum
of a gold NP array after preparation using nanospheres with a diameter of
1390 nm. (d) Schematic illustration of the slightly elongated NP formation
(e) with their affiliated SEM image.
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width of (150 ± 20). The distance between two particles, d, is d = (1484 ± 18)

nm, d is indicated in figure 4.6 (c). Due to the fact that the distance between

two slightly elongated NPs is almost 5 times larger than the distance between

two triangles, these particles are used in the confocal microscopy investigations

of different molecules (see for details chapter 6), rather than the triangular NPs.

This can be easily understood if ones takes into account the limits of the resolution

of the confocal microscope. For simplicity I call the PPAs obtained using the

nanospheres with a diameter of 1390 nm: the large triangular NPs and the large

slightly elongated NPs, respectively. The snipping effect has not been observed

that affects the large triangular NPs, after two months.





Chapter 5

Shape Tailoring of Triangular

Gold Nanoparticle Arrays

In this chapter experimental results regarding the precise tailoring of the gap size

between supported triangular NPs arranged in a hexagonal array are presented.

To achieve this goal, NPs prepared by nanosphere lithography are tailored with

ns-pulsed laser light using different fluences and wavelengths. The results demon-

strate that, in a certain range, the gap size between the NPs can be adjusted,

for example, to the length of functional molecular wires, which could be used to

build a molecular device. In addition to the ns-pulsed laser light investigations,

thermal annealing of the triangles has been performed for comparison.

5.1 General remarks

Tailoring of NPs with laser light is a well known technique since several years. It

has been extensively applied to small supported metal NPs with sizes below 20 nm

[82, 83, 84]. The underlying method of using laser light to change the morphology

of NPs rely on the size and shape dependence LSPPR, which allows a selective

tailoring. Several studies have been reported fragmentation and melting of NPs

in solution [85] as well as an elongation of NPs in a glass matrix [86]. It has been

demonstrated that the pulse energy, the laser wavelength and the pulse width,

strongly influence the morphological changes of the NPs [87, 88]. However, only

few experiments have been performed with supported large NPs with sizes above

50 nm on substrates [89]. In particular, detailed studies about changing the gap

size between NPs in an array are still lacking.

On the other hand, due to the strong interest in the fabrication of novel

materials with tailor made performance by altering the particle shape and size,

both irradiation with intense ns-pulsed laser light as well as with fs-pulsed laser
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light have been used to change the morphology of the NPs. Along these lines,

defined size and shape manipulation of supported NPs was achieved using ns-

pulsed laser light [83, 84, 88]. Fs-pulsed laser light leads to strong modification

of the NPs embedded in different matrices [90] or dispersed in solutions [85, 91].

For particles supported on surfaces fragmentation and dislocation was observed

rather than a shape effect [92, 93]. The main difference as compared to ns pulsed

laser light is that during fs-pulse non-thermal effects can take place in the NPs

because the pulse length is much shorter than the thermalization time of the NPs,

which is in the order of picoseconds. Therefore, irradiation with fs-pulsed laser

light can lead to shape and size changes of the NPs before the deposited laser

energy is transferred to the surrounding medium. As a consequence, due to the

high excitation energy a significant amount of electrons can be ejected from the

NPs and this leads to highly charged particles which fragment and/ or ablate

from the substrate due to Coulomb explosion [91, 94].

In the experiments described in this chapter, only the small triangular NPs

with an edge length of : (74 ± 6) nm and a height of (30 ± 4) nm), an AR = 2.47

and a gap size between two neighbouring NP tips of (102 ± 14) nm will be used.

The reason is the extraordinary potential of these NPs in applications such as an-

chor points for the formation of uni- and bi-directional molecular nanowires with

a size length between 110 nm and 200 nm (given by the molecular species which

form the nanowire). A detailed investigation of the formation of the nanowires

attached on these small triangular NPs will be presented in chapter 6.

Triangular NPs have very sharp tips. Therefore, atoms at the NP tips exhibit

a very low coordination number. Hence, a temperature rise, either by excitation

with laser light or simply by thermal heating, causes strong diffusion and, if the

temperature is high enough, evaporation of these atoms. Both results in more

spherical NPs and allows an increase of the gap size between the triangular NPs,

i.e., it is the basis of post-preparation laser tailoring. For the tailoring process

three different wavelengths have been used: First, λLaser = 355 nm was chosen,

resulting in the excitation within the interband transition. Second, λLaser = 532

nm and third, λLaser = 730 nm have been used, to exploit excitation of the

quadrupolar and the dipolar LSPPR, respectively. However, the results after

irradiation with λLaser = 355 nm and λLaser = 532 nm are nearly identical, and

thus, they will be discussed together. Details are presented below.

5.1.1 Principle of laser tailoring of metal nanoparticles

As already mentioned, ns-pulsed laser light can be used to tailor the NPs dimen-

sions. Therefore, I want to present the basic idea of this technique. Laser light

provides the opportunity to thermally change the shape and size of metal NPs
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through melting and evaporation of surface atoms.

The wavelength of the incident laser light have to be chosen such that only

the resonant NPs, i.e., NPs with a certain shape, absorb the light efficiently. As

a consequence, the deposited energy is rapidly converted into heat. The tempera-

ture rise stimulates desorption and surface diffusion of atoms preferentially from

the tips of the triangular NPs, and the NPs change their shape towards spheri-

cal. Figure 5.1 depicts the schematic representation of the laser tailoring process,

where figure 5.1 (a) shows a NP ensemble with the corresponding extinction spec-

trum before irradiation with ns-pulsed laser light. The excitation wavelength

(hν1) of the ns-pulsed laser light has been chosen such that correspond with the

absorption band LSPPR of the triangular NPs. Figure 5.1 (b) shows the NP en-

semble with the corresponding excitation spectrum after laser tailoring with the

Figure 5.1: Schematic representation of the principle of laser tailoring of
NPs using (a) an excitation wavelength corresponding to the LSPPR of the
triangular NPs (hν1) and (b) an excitation wavelength corresponding to the
LSPPR of the snipped particles (hν2). (c) shows the NPs after irradiation
with ns-pulsed laser light of different wavelengths.
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wavelength (hν1). It can be observed that the triangular NPs become snipped

particles. Figure 5.1 (c) shows NP ensemble with the corresponding excitation

spectrum after laser tailoring with the wavelength (hν2) corresponding to the

LSPPR of the snipped NPs. It can be observed, that after laser tailoring the

snipped particles become spherical. To conclude, using ns-pulsed laser light, it is

possible to tailor the NPs shape from triangular to spherical.

5.2 Shaping of triangular gold nanoparticles by

ns-pulsed laser light

5.2.1 Influence of the laser fluence

In each experiment the fluence has been gradually increased in steps of 5 mJ/cm2,

starting from 5 mJ/cm2 until a change in the spectrum has been observed. For

every experiment 100 pulses have been applied. If the fluence F was chosen too

high, all the particles were displaced from the substrates and the hexagonal order

was destroyed. For example, for the experiments with λLaser = 355 nm and with

λLaser = 532, respectively a fluence of F = 25 mJ/cm2 practically displaced or

dislocated all the particles from the substrates (see figure 5.2).

Figure 5.2 depicts the SEM image of a triangular gold NP array after irradi-

Figure 5.2: SEM image of a triangular gold NP array after irradiation
with λLaser = 532 nm applying a fluence of F = 25 mJ/cm2.
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ation with λLaser = 532 nm applying a fluence of F = 25 mJ/cm2. It can be

clearly observed that particles with a diameter ranging from 20 nm to 200 nm

were formed and also that all of them are displaced due to the high fluence applied.

Thus in these experiments, beneath the wavelength of the applied ns-pulsed laser

light the fluence is the crucial parameter.

5.2.2 Shaping of triangular gold nanoparticles by ns-

pulsed laser light with λ = 355 nm and λ = 532 nm

For the experiments with λLaser = 355 nm and with λLaser = 532 nm, an optimal

fluence of F = 15 mJ/cm2 has been found. The spot diameter of the laser light on

the sample was 7 mm. To characterize the samples optical spectroscopy (spot size

Aspot ≈ 5 mm) and scanning electron microscopy were used. However, the SEM

images give only the information about the in-plane size of the NPs. The height

of the NPs have not been measured because the focus of the research described

in this chapter is to change the gap size between NPs.

Figure 5.3(a) depicts the optical spectra of the NPs before (solid line) and

after (dashed line) irradiation with λLaser = 355 nm. It can be observed that

after irradiation the amplitude of the dipole resonance of the small triangular NPs

is decreased and, additionally a new absorption band develops around 530 nm,

which is assigned to the shape change of the triangular NPs to more oblate NPs.

In order to prove the former assumptions, detailed microscopy measurements have

been performed. The SEM image of the NPs after irradiation with λLaser = 355

nm (see figure 5.3(b)) shows that the triangles are converted to oblate NPs with

a lateral diameter of (65 ± 5) nm. As well the gap between two NPs increases

from (102 ± 14) nm to (128 ± 18) nm.

Figure 5.3: (a) Absorption spectra of a triangular gold nanoparticles array
before and after irradiation with laser light with λLaser = 355 nm and (b)
SEM image of a triangular gold NP array after irradiation.
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Very similar results are obtained after irradiation with λLaser = 532 nm. The

absorption spectra of the NPs after irradiation with λLaser = 532 nm and the

corresponding absorption spectrum for the as prepared NPs are presented in figure

5.4(a). The spectrum after irradiation shows a significantly reduced LSPPR at

λLSPPR = 730 nm, while again a new LSPPR with a maximum around λLSPPR =

530 nm shows up as a result of the shape change of the triangular NPs to more

spherical.

Again, SEM investigations have been performed. Figure 5.4(b) depicts an

SEM image of the NPs after irradiation with λLaser = 532 nm. As expected from

the spectroscopic measurements, the NPs have been transformed from triangular

into oblate NPs, with a diameter of (60 ± 4) nm. Due to this shape change of

the NPs, the gap size between the NPs has been increased from (102 ± 14) nm

to (136 ± 37) nm, demonstrating that in general, an increase of the gap size is

possible.

As shown above, the same results have been obtained using λLaser = 355

nm and λLaser = 532 nm as excitation wavelengths. Therefore these results are

discussed together. The residual peak in the spectra at λLSPPR = 730 nm after

irradiation is caused by the remaining triangular NPs on the substrate. Because

of the Gaussian intensity profile NPs located in the outer regions of the laser spot

do not absorb enough energy to be transformed from triangular to oblate NPs.

Consequently, their LSPPR still remains at λSPPR = 730 nm. The decrease of

extinction over the entire spectra can be attributed to the reduced cross section

and eventually the reduced volume of the NPs due to evaporation of atoms.

Although the main goal has been achieved, the irradiation with a wavelength

of λLaser = 355 nm and λLaser = 532 nm shows two major drawbacks. A closer

examination of the images shows that large NPs with lateral diameters above 180

Figure 5.4: (a) Absorption spectra of a triangular gold nanoparticle array
before and after irradiation with laser light with λLaser = 532 nm and (b)
SEM image of a triangular gold NP array after irradiation.
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nm have been generated and a significant distortion of the hexagonal order has

occurred. The latter effect is also reflected by the large standard deviation of

the measured gap size between the NPs after irradiation. The distortion of the

hexagonal order can be explained as follows. As mentioned before, the absorbed

laser light converts into heat. The temperature rise during a laser pulse might

be high enough to rapidly melt the NPs. In addition, significant heat diffusion

from the NPs into the substrate takes place and the substrate is heated locally.

Because the surface tension of liquids decreases with temperature and so liquids

tend to be pushed away from hotter towards cooler region [95], resulting in a

distortion of the hexagonal order.

The reason for the appearance of the large NPs is not understood at present.

One possibility is that due to the strong heating of the NPs due to the interband

excitation, line defects, i.e., a row of connected NPs form by coalescence one

large NP which may migrate over the surface until it renucleates on the surface.

The similarity of the results using λLaser = 355 nm and λLaser = 532 nm can

be understood by taking into account that λLaser = 532 nm is still close to the

interband transition region starting at 520 nm [96] and the effect of the interband

absorption dominates over the absorption via the quadrupole LSPPR excitation.

Thus, the morphological changes are similar to the experiments with λLaser = 355

nm. These findings are in line with the results presented in [89].

5.2.3 Shaping of triangular gold NPs by ns-pulsed laser

light with λ = 730 nm

For the experiments with λLaser = 730 nm the laser beam was focused to a

diameter of approximately 2 mm and has been precisely scanned over the entire

sample to obtain a homogenous intensity. The wavelength was chosen such that

it coincides with the dipolar LSPPR of the triangular NPs. The fluence was

set to F = 50 mJ/cm2. The absorption spectra after and before irradiation

with λLaser = 730 nm are depicted in figure 5.5(a). The comparison of both

spectra shows that the peak at λLSPPR = 730 nm is shifted to λLSPPR = 680 nm

as a result of the selective excitation within LSPPR. But most importantly, no

absorption band has been developed at 530 nm. The shape changes induced by

the laser light should stop immediately when the LSPPR is no longer in resonance

with the wavelength of the laser light. As a consequence the shift of the LSPPR

is small and the lateral size of the NPs should be significantly larger compared

to the NPs irradiated with λLaser = 532 nm. In this case, the observed decrease

of extinction can be explained again by the reduced cross section, the loss of

material due to evaporation but also due to the different energetic position of the

LSPPR.
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To verify the former assumptions, again SEM measurements have been per-

formed. Figure 5.5(b) depicts an SEM image of the NPs after irradiation with

λLaser = 730 nm. The image shows that most of the triangular NPs suffered

a shape change towards more spherical with a diameter of (67 ± 6) nm, which

explains the shift of the LSPPR to a lower photon energy. However, the shape

change of the NPs after irradiation is not so drastic as compared to the NPs

irradiated with λLaser = 355 nm or λLaser = 532 nm. Nevertheless, an increase

of the gap size from (102 ± 14) nm to (122 ± 11) nm was observed. This can

be explained as follows. Irradiation with λLaser = 730 nm causes a fast but not

so drastic shape change, which takes place during the first few light pulses. This

shape change is accompanied by a shift of the LSPPR to lower photon energies,

until it doesn’t interact with the laser light anymore. Although the irradiation

continues, no further heating of the NPs and thus, no further shape changes oc-

cur. This is in contrast to irradiation with λLaser = 355 nm and λLaser = 532 nm,

where the excitation is mainly a result of the interband transition and permanent

heating of the NPs is caused. Another important result is, that the hexagonal

order remained intact and no larger NPs are observed in these experiments. Both

is fundamental for the use of the NP arrays as anchor points, e.g., for functional

molecular nanowires. The standard deviation of the distance between NPs af-

ter irradiation with λLaser = 730 nm is significantly smaller compared to the

value obtained after irradiation with λLaser = 355 nm and with λLaser = 532 nm

respectively, demonstrating again that the hexagonal order remained intact.

In contrast to the former experiments with λLaser = 355 nm and λLaser = 532

nm some triangular NPs remained unchanged on the substrate (figure 5.5 (b)).

This can be explained most likely by non-resonant gold dimers. Due to small vari-

ations in the NP shape and size after preparation, some NPs are nearly in direct

contact with each other. These dimers undergo a strong dipole-dipole interaction

Figure 5.5: (a) Absorption spectra of a triangular gold NPs before and
after irradiation with laser light with λ = 730 nm and (b) SEM image of a
triangular gold NP array after irradiation.
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and their LSPPR position is situated at significantly lower photon energies [97].

Consequently, no resonant absorption of light occurs if the polarization of the

laser light is along the dimer axis and the NPs remain in their triangular shape.

This shows nicely that the changes have been induced by a selective excitation via

the dipole LSPPR of the NPs. Another difference to the former experiments is

that a significantly higher fluence was necessary to tailor the NPs although the ex-

tinction amplitude at λLaser = 730 was significant higher than at λLaser = 532 nm

or 355 nm. This can be explained by the different excitation and relaxation mech-

anisms involved in both processes. While during excitation of the dipolar LSPPR

most of the incident light is scattered [16], it is mostly absorbed at λLaser = 532

nm and λLaser = 355 nm, i.e., within the interband transition. Hence, a higher

fluence is necessary to tailor the NPs, if an excitation via the dipolar LSPPR is

chosen. Nevertheless, heating of NPs via dipolar LSPPR excitation results in a

better control and a more defined tailoring process compared to an excitation via

the interband transition.

In summary, the results show that the mechanism of heat generation in the

meta-stable NPs via an excitation of an LSPPR is obviously completely different

to the mechanisms taking place after excitation via the interband transition. The

former results demonstrate that by exciting triangular NPs via the dipolar LSPPR

a gentle shape tailoring of the NPs and thus, an adjustable gap size has been

obtained. Furthermore, by varying the wavelength of the laser light precise tuning

of the gap size can be achieved. Hence, post grown laser tailoring of triangular

NPs is a suitable method to prepare highly ordered NPs, whose gap size can be

adjusted to the length of functional molecules, used for future molecular devices.

5.3 Thermal annealing of triangular gold

nanoparticles

It is worth to mention, that a change of the gap size can also be achieved by

thermal annealing of the NPs [98]. Experimentally, the samples containing the

small triangular NPs were transferred into a furnace and were heated to a tem-

perature of T = (500 ± 5)◦C for 30 minutes. The shape and size of the NPs are

characterized before and after thermal annealing by scanning electron microscopy

and atomic force microscopy. Additionally, the optical properties have been mea-

sured by applying optical spectroscopy. Figure 5.6 (a) depicts the optical spectra

of triangular gold NPs before (solid line) and after (dashed line) thermal anneal-

ing. Along these lines, after thermal annealing a new plasmon band develops at

about 530 nm while the LSPPR at 730 nm disappears. The optical changes can be

explained mainly by shape changes of the NPs from triangular to more oblate par-
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Figure 5.6: (a) Absorption spectra of a triangular gold NPs before and
after thermal annealing (b) SEM image of an oblate gold NP array after
thermal annealing.

ticles. The high annealing temperature caused eventually material evaporation

and since the most thermodynamically stable particle shape is a sphere (which

has a lower surface energy than any other shape) induced the shape change of

triangular NPs to more oblate. This causes not only the developing of a new

absorption band, but also a reduced cross section for the interaction of the incom-

ing light with the NPs (see figure 5.7 (a)). The latter effect together with the

different energetic position of the LSPPR and eventually a reduced volume due

to evaporation of atoms cause the developing of a new absorption band. Detailed

investigations about the size of the particles extracted from the SEM data (see

figure 5.6 (b)) lead to the result that after annealing the particles become oblate

with a lateral diameter of (63 ± 7) nm.

In addition to the SEM investigations, AFM has been used in order to deter-

mine the height of the annealed NPs. Figure 5.7 (a) shows the AFM image of a

NP array after thermal annealing. On the right side a typical height profile of

the generated oblate NPs is represented (figure 5.7 (b)). It can be observed that

after heating the height of the particles slightly increases from (30 ± 4) to about

(33 ± 5) nm.

To conclude, although a change of the gap size between NPs is possible using

thermal annealing, this method has two major drawbacks. First, a precise tuning

to a certain gap size is hard to obtain, due to the lack of a precise temperature

control in the NPs. Second, thermal annealing is not selective to certain areas of

the sample, i.e., all NPs will be treated in the same way. In contrast, irradiation

with laser light allows to adjust independently different gap sizes in different areas

of the NP arrays.
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Figure 5.7: (a) AFM image of an oblate gold NPs array formed after
thermal annealing and (b) typical height profile of the generated oblate
NPs after thermal annealing, respectively .

5.4 Concluding remarks

Triangular gold nanoparticles (NPs) have been tailored using ns-pulsed laser light.

Additionally thermal annealing of the particles has been performed for compari-

son. It has been demonstrated that selective and precise tailoring of the shape and

thus, also of the gap size is possible by excitation of the dipolar localized surface

plasmon polariton resonance (LSPPR) with ns-pulsed laser light. After irradia-

tion with wavelengths of λLaser = 355 nm and λLaser = 532 nm the NPs shape

changes from triangular to oblate accompanied by a distortion of the hexagonal

order and the appearance of large NPs. After irradiation with λLaser = 730 nm,

a well defined shape change towards more spherical NPs was also observed. But

in contrast to the former experiments the hexagonal order remained unchanged

and no large NPs have been formed. The shape changes were accompanied by

an increase of the gap size between the NPs from (102 ± 14) nm to (122 ± 11)

nm and a shift of the SPR from 730 nm to 680 nm. Due to the gentle tailoring

of the NPs by the excitation of the dipolar LSPPR, further tailoring of the gap

size should be possible using different wavelengths. This means, by varying the

wavelength, the gap size can be precisely tuned in order to meet, e.g., the length

of certain electro-optically active molecular wires. Thus, the tailored NPs can be

used as anchor points for molecular circuits as will be show in chapter 6.





Chapter 6

Detection of Adsorbates on Gold

Nanoparticle Arrays

In this chapter experimental results regarding the formation of molecular wires on

periodical particle arrays (PPAs) by a step by step attachment of different molec-

ular species are presented. In the literature, up to now, only supramolecular wires

assembly in solution has been shown. Therefore, the attachment and assembly of

the molecular nanowires on gold PPAs has been always a great challenge.

6.1 General remarks

During the last years a great deal of effort has been devoted to the investigation

of alternative technologies able to continue the miniaturization race in nanoscale

technology. A great challenge is to use molecular materials as active elements that

perform the basic electronic functions, reducing in this way the standard circuit

dimensions more than a million times, to the molecular scale. However, operation

Figure 6.1: Schematic illustration of the unidirectional energy/electron
transfer from a donor to an acceptor by using cyclodextrin host-guest-
methodology into a nanowire attached on a gold nanoparticle.
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of supra-molecular systems at room temperature is a formidable challenge. In this

work, PPAs will be used as anchor points to form molecular nanowires for molec-

ular circuit applications. The experimental results presented in this chapter were

achieved within a collaboration with chemists from University of Birmingham,

the group of Dr. Zoe Pikramenou. In this research programme metallocyclodex-

trin molecules are employed in order to build uni- or bi-directional molecular

nanowires which exhibit photoinduced long-range energy or electron transport.

Figure 6.1 shows the schematic illustration of the energy/electron transfer

steps using cyclodextrin host-guest-methodology into a nanowire attached to a

gold nanoparticle. Cyclodextrin molecules are consisting of glucose units with a

hydrophobic cavity. This cavity can include a new receptor with multiple bind-

ing sites for metallo-guests. The nanowires consist of different molecular species

which allow more sophisticated systems with selectivity in the direction of electron

or energy transfer [99, 100, 101, 102]. The supra-molecular nanowire assembly can

occur in solution or on the surface. However, the idea behind the work presented

in this chapter is the supra-molecular nanowire assembly on the surface, e.g., to

build up the nanowire unit by unit from different molecular species. The first

molecule of the nanowires is attached to the gold NPs by sulphur groups which

bind to the gold atoms. Along these lines, preparation of PPAs as anchoring

points for adsorption of molecules with preferred orientation for energy/electron

transfer is of great importance in nanoscience and nanotechnology. An impor-

tant task to achieve this goal is to align the molecules by attaching them to

PPAs for example, consisting of triangular or hexagonal gold islands prepared by

nanoshpere lithography.

In the previous chapter, I have shown that using NSL in combination with

laser tailoring a change of the shape and thus, of the gap size between the small

triangular NPs is possible. This gap size has to be tuned in order to match the

final length of the molecular nanowire. In this chapter, the focus of my research

is based on proving the formation of the molecular nanowires on PPAs by a step

by step attachment of different molecular species. For this purpose, PPAs con-

sisting of small triangular NPs, large triangular NPs and large elongated NPs are

used. In order to investigate the formation and the attachment of the molecular

nanowires on the metal NPs, optical spectroscopy and confocal microscopy have

been applied in this study. The novelty and the importance of the results pre-

sented in this chapter are given by the formation of an unique configuration of

the nanowires composed of different recently synthesized molecular species. These

new molecular species yield a high potential for future applications in molecular

electronic devices.
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Optical spectroscopy experiments

Optical spectroscopy is a very suitable technique to detect molecular binding

events as well as a molecular nanowire formation. Moreover, remarkable progress

has been made in the last years in the development of optical biosensors and

their applications [103, 104, 105, 106, 107, 108, 109] by monitoring the shift of

the surface plasmon polariton resonance maximum (λmax) induced by the binding

of the target molecules to the NP surface. Furthermore, optical spectroscopy has

been used in our group as an important tool to study the adsorption of various

molecules on gold NPs [110, 111]. It has been used in the present work to monitor

the nanowire formation on the gold NPs.

As mentioned in chapter 1, the position, the width and the amplitude of

the LSPPR, depend not only on the morphology and on the material but also

on the dielectric surrounding of the NPs. It is well known from theoretical as

well as from experimental studies, that a red or a blue shift of the LSPPR is

caused when molecules are adsorbed on metal NPs [104, 112, 113]. Red shifts

are observed when a static charge transfer takes place from the metal NP to the

adsorbate layer and/or if the dielectric constant of the adsorbate shell is higher

than that of the medium that initially surrounds the NPs. Blue shifts of the

LSPPR are expected if the static charge transfer from the adsorbate to the metal

NPs is produced and/or if the dielectric constant of the adsorbate layer is lower

than that of the medium that initially surrounds the NPs.

Additionally to shifts of the LSPPR, other changes in the optical spectra of the

NPs after the molecules adsorption can also be observed, for examples increasing

or decreasing of the amplitude and changes in the width of the plasmon peaks. In

order to understand this modification in the optical spectra it is important to take

further into consideration some well known effects like the dynamic charge transfer

which induce fluctuations of the NP electron density and change the width of the

plasmon resonances. Furthermore, an adsorbed layer may change the surface

tension and thus giving rise to a change of the NP aspect ratio [114, 115].

Confocal microscopy experiments

In addition to the optical spectroscopy, confocal microscopy has been employed as

an complementary method to investigate the attachment of the molecules on the

gold NPs and the formation of nanowire, respectively. With respect to the limits

of the resolution of the confocal microscope, only the large slightly elongated NPs

with a side length of (364.3 ± 16.6) nm and a distance between them about (1484

± 19) nm, (see chapter 4 for details) have been used in this study.
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Control experiments

In order to verify the assumption that only adsorbate induced local refractive

index changes, cause the shifts of the LSPPR and moreover the fluorescent signal

in confocal microscopy, control experiments have been done. Therefore, molecular

species with no binding connections for gold NPs have been employed in these

studies.

Molecular species

Different recently synthesized molecular species have been used in the experiments

presented in this chapter. For simplicity I present the chemical structures and

the names of the molecular species used in these investigations and number them,

respectively (see figures 6.2 and 6.3).

6.2 Investigation of metal complexes adsorbed

on gold nanoparticles

As already described before, the great challenge of the research presented in

this chapter is proving the formation of the molecular nanowires on PPAs by

a step by step attachment of different molecular species. However, before the

investigation of the formation of the nanowires attached on PPAs, experimental

results regarding the attachment of the anchor molecules are presented. Thus, at

first different molecular species (molecules 1, 3, 4, 5, and 6) with thiol termination

were investigated. These recently synthesized compounds have been chosen for

the experiments presented below, because they present a strong potential for

electro optical devices applications.

In these experiments the substrates with the PPAs were kept in a molecular

solution for 24 hours (concentration of 1 mM for each kind of molecule), to accom-

plish the adsorption process. Subsequently, the samples were washed with the

solvent used for the molecules solution and finally dried with nitrogen. The data

presented below correspond to the experimental measurements realized by using

the samples with small triangular NP arrays and with large NP arrays containing

the large triangular NPs and the slightly large elongated NPs, respectively.

6.2.1 Optical spectroscopy results

The LSPPR shift induced by the adsorbates ∆λmax is given by:

∆λmax = λmax〈after〉 − λmax〈before〉 (6.1)
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Figure 6.2: The names and the chemical structures of the molecular units
that have been used for designing of supramolecular assemblies. These
types of molecules are numbered from 1 to 5.
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Figure 6.3: The names and the chemical structures of the molecular units
that have been used for designing of supramolecular assemblies. These
types of molecules are numbered from 6 to 11.
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Figure 6.4: (a) Optical spectrum of the molecules 1 dissolved in acetoni-
trile solution. (b) Optical spectra of the small triangular NPs (with an
edge length of: (74± 6) nm and a height of (30 ± 4) nm) before and after
the adsorption of molecules 1. (c) Optical spectra of the large NPs before
and after the adsorption of molecules 1.

where λmax〈before〉 and λmax〈after〉 represent the position of the LSPPR band

before and after the adsorption of the molecules on the gold NPs. In this study

only the shift of the dipole LSPPR band will be investigated due to the fact that

this is much stronger as the shift of the quadrupole LSPPR band.

Figure 6.4 (a) illustrates the optical spectrum of the molecules 1 dissolved in

acetonitrile solution. This compound dissolved in solution exhibits two absorption

bands in the optical spectrum: a strong peak at 300 nm and a weaker peak at

480 nm. Figure 6.4 (b) shows the optical spectra of the small triangular NPs

before and after the adsorption of the layer of molecules 1. A huge red shift of

61 nm of the dipole LSPPR band can be observed. In the optical spectra after

the adsorption of molecules 1, besides the shift of the LSPPR a supplementary
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absorption maximum at 300 nm was detected (figure 6.4 (b)). This band is

attributed to the adsorbed molecules on the particles. In addition, the adsorption

of molecules on the NPs induces an increase in LSPPR band amplitude because

more material (molecules and NPs) contributes in this situation to the optical

absorption signal. Similar experiments have been made using the large PPAs.

Figure 6.4 (c) depicts the optical spectra of the large NPs before and after the

adsorption of molecules 1. In this case a red shift of only 14 nm has been recorded.

Hence, the LSPPR red shift for the configuration with the molecules attached

on the larger NPs is smaller than that for the the configuration with molecules

attached on smaller particles. Again the absorption band of the compound at

300 nm is clearly visible.

Similar investigations have been made using the other molecules attached

on small and large NPs. Table 6.1 summarize the red shift data of the dipole

LSPPR band with the values between 26 nm and 61 nm after the adsorption

of the investigated molecular species on the small triangular NP (with an edge

length of: (74± 6) nm and a height of (30 ± 4) nm) arrays.

Table 6.1: LSPPR data summary for molecular complexes adsorbed on
to the small triangular gold NPs with an edge length of (74±6) nm and
height of (30 ± 4 )nm.

Inorganic compound Solvent Red Shift of the LSPPR

with ∆λ.

Molecule 1 Acetonitrile 61 ± 1 nm

Molecule 3 Acetonitrile 33 ± 1 nm

Molecule 4 Methanol 45 ± 1 nm

Molecule 5 Acetonitrile 26 ± 1 nm

Table 6.2 summarize the data regarding the red shift LSPPR with the values

between 9 nm and 17 nm for the investigated molecular species (e.g., molecule

3, 4, 5, and 6 respectively ) attached on the large PPAs. For all investigated

molecules, it has been always observed that the LSPPR red shift for the config-

uration with the molecules attached on the larger NPs is smaller than that for

the configuration with molecules attached on smaller particles. This can be un-

derstood by taking into consideration the static charge transfer of electrons from

metal NP to the molecules. The ratio between the transferred electrons and the

remained conduction band electrons is much higher for small NPs as for larger

NPs. It can be concluded, that the larger NPs are less sensitive. However, they

are of a particular importance due to the fact that only such structures can be

used in the following confocal microscopy investigations of adsorbed molecules.
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Table 6.2: LSPPR data summary for molecular complexes adsorbed on
the large PPAs.

Inorganic compound Solvent Red Shift of the LSPPR

with ∆λ.

Molecule 1 Acetonitrile 14 ± 1 nm

Molecule 3 Acetonitrile 9 ± 1 nm

Molecule 4 Methanol 13 ± 1 nm

Molecule 5 Acetonitrile 11 ± 1 nm

Molecule 6 Acetonitrile 17 ± 1 nm

6.2.2 Confocal microscopy results

As already have been underlined before, the larger NPs, especially the slightly

elongated ones are very suitable for the confocal microscopy investigations.

Molecule 1 has a very strong luminescence [116] and for its excitation a wave-

length of λexc = 480 nm has been used. The detection of the signal has been

made in the range between 650 nm to 750 nm. Figure 6.5 (a) shows the confocal

microscopy image of slightly elongated NPs in reflection mode and figure 6.5 (c)

depicts the fluorescence signal (represented by the red spots) of the molecules

1 adsorbed on gold NPs. For comparison also the SEM image of the slightly

elongated NPs (see figure 6.5 (b)) is presented. The hexagonal order of the flu-

orescence spots signal indicates very clear that these molecules attach only on

particles. On the lower left side of image 6.5 (c) it can also be observed that

some molecules agglomerate and stick on the particles and substrate, as can be

seen by the red large spot.

Figure 6.5: Confocal microcopy images of (a) slightly elongated gold
NPs in reflection mode and (c) molecules 1 adsorbed on gold NPs. (b)
For comparison also the SEM image of the slightly elongated gold NPs is
presented.
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6.2.3 Control experiments

Control experiments have also been performed by applying optical spectroscopy

and confocal microscopy measurements on a compound without thiol termination

(molecule 2) as a test measurement in order to verify that the shift of the LSPPR

and the fluorescent signal in the confocal microscopy is indeed a result of the

adsorption of molecules on the PPAs. Along these lines test experiments using

the molecules 2 have been done. This compound is very similar to the molecule

1 complex, but without the thiol legs, i.e., there should be no binding possibility

to the gold nanoparticles.

Figure 6.6 depicts the optical spectra of the small triangular NPs (with an

edge length of: (74 ± 6) nm and a height of (30 ± 4) nm) before and after the

attempt of attaching of molecules 2. As it was expected, within the experimental

error, this compound does not produce a shift of the LSPPR. Complementary,

in the confocal microscopy investigation of the molecules 2, no fluorescent signal

was detected. Hence, the images are not presented.

To conclude, it was shown that the adsorbate induced local refractive index

changes were responsible for the shift of the LSPPR. Complementary the adsor-

bate induced the fluorescent signal in confocal microscopy. Thus, it was demon-

strated that the anchor molecules only attach to the gold NPs.

Figure 6.6: Optical spectra of the small triangular NPs before and after
the attempt of attaching the layer of molecules 2.
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6.3 Investigation of supramolecular assemblies

on gold nanoparticles

Until now just one kind of molecules has been attached on the particles. The

great challenge of the research presented in this section is the investigation of a

supramolecular wire assembly onto gold metal NPs in a stepwise reversible fashion.

For this purpose a variety of components have been used. In the following some

of the most interesting molecular combinations for designing the supramolecular

assemblies are presented.

6.3.1 Wire assembly 1: molecule 3, molecule 7, and

molecule 8

Experimental procedure

The wire assembly 1 contains three molecules: molecule 3, molecule 7, and

molecule 8. Experimentally, the attachment of the first component has been

achieved by leaving the substrates with the PPAs overnight in a methanolic so-

lution (1 mM) of molecule 3. After 24 hours immersion time, the substrates

containing the layer of molecules 3 were washed with methanol in order to re-

move any excess compound from the gold NPs and finally the substrates have

been dried with a gentle flow of nitrogen. Afterwards the optical spectra were

recorded. Subsequently, the substrates containing the first component were im-

mersed in a solution (10 % CH3CN in H2O) of molecule 7 and left for two hours

for the docking of the second component. Afterwards, the substrates were washed

with water, dried with nitrogen and optical spectra were recorded. Finally, the

last step involved immersion of the substrate in a solution (10 % CH3CN in H2O)

of molecule 8 for two hours for the docking of the third component. Similarly,

after docking, the substrates were washed, dried with a flow of nitrogen and at

the end an optical absorption spectrum was recorded.

Optical spectroscopy results

Figure 6.7 (a) shows the schematic representation of the wire assembly 1 attached

on the small triangular gold NPs (with an edge length of: (74±6) nm and a height

of (30 ± 4) nm).

After the adsorption of the layer of molecules 3 on the particles a 20 nm

red shift of the dipole LSPPR band has been recorded in the optical spectra

(figure 6.7 (b)). Hence, the molecule 3 represents the first unit of this nanowire.
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Figure 6.7: (a) Schematic representation of the nanowire containing:
molecule 3, molecule 7, and molecule 8 attached to the small triangular
gold NPs (with an edge length of: (74 ± 6) nm and a height of (30 ± 4)
nm). (b) Optical spectra of the small triangular NPs before and after the
attachment of every unit of molecular species to the nanowire. (c) Confocal
microscopy image of a layer of molecules 3 adsorbed on slightly elongated
NPs (with a side length of (364.3 ± 16.6) nm and a distance between them
about (1484 ± 19) nm).

The binding of the second component leads to extra red shift of 11 nm whereas

the third component, molecule 8, induced a further red shift of 15 nm of dipole

LSPPR band. The observed red shifts of the LSPPR are summarized in table

6.3.
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Table 6.3: LSPPR data summary for the molecular wire assembly 1 con-
taining: the molecule 3, the molecule 7, and the molecule 8, assembled onto
small triangular gold NPs with an edge length of (74 ± 6) nm and a height
of (30 ± 4).

Step Components Dipole band LSPPR shift

LSPPR/nm with ∆λ/nm

1 Gold Nanoparticles 713 ± 1 -

2 Gold Nanoparticles

+ molecule 3 733 ± 1 20 ± 1

3 Gold Nanoparticles

+ molecule 3

+ molecule 7 744 ± 1 11 ± 1

4 Gold Nanoparticles

+ molecule 3

+ molecule 7

+ molecule 8 759 ± 1 15 ± 1

Confocal microscopy results

Additionally to the optical spectroscopy, confocal microscopy has been applied in

order to prove that the molecules 3 only bind on the gold NPs and not on the

substrate. Figure 6.7 (c) depicts the confocal microscopy image of the molecules

3 adsorbed on slightly elongated NPs. For these experiments a λexc = 458 nm

has been used and the fluorescent signal was detected at λfl = 620 nm. The

hexagonal order of the fluorescence spots signal indicates very clear that these

molecules attach only on particles.

Control experiments

In order to verify that the red shift of the LSPPR is due to the three steps in

the nanowire formation, again control experiments have been done. One of them

involved washing of the three-component wire assembly 1 with acetonitrile that

breaks the supramolecular hydrophobic binding between molecule 3 and molecule

7. After the breaking of the nanowire, again a LSPPR signal has been recorded

and a back shift to λ = 735 nm, a value which is very similar to the position of

the LSPPR band of the triangles after the attachment of the layer of molecules

3.

In a second control experiment the NPs without the anchor molecules 3 were

left in a solution of molecules 7 for two hours. After washing and drying of

the substrate, an optical spectrum was recorded and compared with the optical
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spectrum for the as-prepared small triangles. Since the second molecular unit

have no binding connections to the gold NPs, they are removed by the washing

solvent and therefore no change in the optical spectrum has been observed.

To conclude, the optical spectroscopy investigations as well as the control

experiments have nicely proved the formation of the wire assembly 1 on the

NPs by a step by step attachment of molecule 3, molecule 7, and molecule 8.

Complementary, the confocal microscopy images show that the adsorption of the

anchor molecules 3 was produced only on gold NPs.

6.3.2 Wire assembly 2: molecule 6, molecule 7, and

molecule 9

For this wire configuration, samples containing the small triangular gold NPs with

an edge length of the triangles of about (74 ± 6) nm and a height of (50 ± 6) nm

respectively, have been used as anchoring points for nanowires attachment. Since

the particles are 20 nm higher than before, the dipole LSPPR band is situated at

around 620 nm. I want to underline that these particles with a height of (50 ± 6)

nm have been used only for the experiments including wire assembly 2 and wire

assembly 3. For the building of the nanowires the same experimental procedure

as the one described before (see wire assembly 1) has been used.

The chemist collaborators from the University of Birmingham have done exper-

iments using these three molecular units, to prove the wire assembly in solutions

[117]. Starting from their results, it has been assumed that attached on the sur-

face this wire will have the configuration illustrated in figure 6.8 (a): molecule 6,

molecule 7, and molecule 9. However, the optical spectra after the attachment

of every molecular component of the nanowire on the triangles indicate an other

scenario. The first component of the nanowire, molecule 6, has thiol terminations

and binds on the gold triangles which leads to a red shift of 23 nm of the dipole

LSPPR band in the optical spectrum (see figure 6.8 (c)). Attaching the second

molecular unit, molecule 7, to the nanowire induced an extra 17 nm red shift of

the dipole LSPPR band. The novelty of these experiments appeared when the

third component of the nanowire was added. A back shift of 18 nm was observed

and the LSPPR band is situated at the same wavelength as for the NPs with the

adsorbed layer of molecule 6 (the first component of the nanowire). These results

probably indicate that the binding between molecule 6 and molecule 7 breaks

after the attachment of molecule 9. Hence, the nanowire has been broken and

only molecule 6 remains on the NPs which explains the back shift of the LSPPR

to λ = 642 nm. Figure 6.8 (b) shows the schematic representation of this scenario.

Table 6.4 presents the data summary of these results. Currently, ellipsometry and

XPS experiments are underway which will give a detailed insight for the stepwise
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Figure 6.8: (a) Schematic illustration of the assumed configuration of the
nanowire containing : the molecule 6, the molecule 7 and the molecule 9
and (b) schematic illustration of the experimentally proved configuration
for the same nanowire. (c) Optical spectra of the triangular NPs (with
an edge length of the triangles of (74 ± 6) nm and a height of (50 ± 6)
nm) before and after the attachment of every unit molecule species to the
nanowire.
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Table 6.4: LSPPR data summary for the molecular wire assembly 2 con-
taining: molecule 6, molecule 7, and molecule 9 assembly onto triangular
gold NPs with an edge length of about (74 ± 6) nm and a height of (50 ±
6) nm, respectively.

Step Components Dipole band LSPPR shift

LSPPR/nm with ∆λ/nm

1 Gold Nanoparticles 620 ± 1 -

2 Gold Nanoparticles

+ molecule 6 643 ± 1 23 ± 1

3 Gold Nanoparticles

+ molecule 6

+ molecule 7 660 ± 1 17 ± 1

4 Gold Nanoparticles

+ molecule 6

+ molecule 7

+ molecule 9 642 ± 1 -18 ± 1

wire assembly on surfaces. Preliminary results support the optical spectroscopy

measurements.

Control experiments have been also done for the wire assembly 2. They are

similar with the control experiments for the wire assembly 1 and therefore are

not described in detail. To conclude, the results presented in this section have

demonstrated the formation of the wire assembly 2 on the NPs. This wire includes

two units: molecule 6 and molecule 7.

6.3.3 Wire assembly 3: molecule 10, and molecule 11

The wire configuration containing the molecule 10 and molecule 11 is particulary

important due to the fact that both optical spectroscopy and confocal microscopy

proved the wire formation. A similar experimental procedure as before has been

used. In these investigations samples containing the small triangular gold NPs

with an edge length of the triangles about (74 ± 6) nm and a height of (50 ± 6)

nm respectively, have been used as anchor points for the nanowires attachment.

Figure 6.9 (a) depicts the schematic representation of this wire assembly. After

the adsorption of the layer of the molecules 10 on the triangular NPs a 12 nm red

shift of the dipole LSPPR band was observed (see figure 6.9 (b)). Subsequently,

the molecule 11 was added to the nanowire and an extra 13 nm red shift was

recorded.
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Figure 6.9: (a) Schematic representation of the nanowire configuration:
molecule 10 and molecule 11 attached to triangular NPs. (b) Optical spec-
tra of the triangular NPs (with an edge length of the triangles of (74 ± 6)
nm and a height of (50 ± 6) nm) before and after the attachment of every
unit of molecules to the nanowire. (c) Confocal microscopy image of the
wire assembly 3 on the slightly elongated NPs (with a side length of (364.3
± 16.6) nm and a distance between them about (1484 ± 19) nm).
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Additionally to the shift of the LSPPR after the binding of the second com-

ponent to the nanowire, a supplementary absorption maximum at λ = 300 nm

has been detected in the optical spectra. This peak is caused by the molecule 11

which has an absorption band at this wavelength. Thus, there also is a strong

influence to the optical signal due to the strong interaction between the molecular

resonances and NP resonances. The optical spectroscopy data of these measure-

ments were summarized in table 6.5 below.

Table 6.5: LSPPR data summary for the molecular wire: molecule 10,
and molecule 11 assembly onto triangular gold NPs with an edge length of
(74 ± 6) nm and a height of (50 ± 6) nm respectively.

Step Components Dipole band LSPPR shift

LSPPR/nm with ∆λ/nm

1 Gold Nanoparticles 640 ± 1 -

2 Gold Nanoparticles

+ molecule 10 652 ± 1 12 ± 1

3 Gold Nanoparticles

+ molecule 10

+ molecule 11 665 ± 1 13 ± 1

The confocal microscopy images are in perfect agreement with the data

recorded by optical spectroscopy and show nicely the nanowire formation. The

first molecular unit of the nanowire, molecule 10, is a non luminescent complex,

but the second component of the nanowire molecule 11 show a very strong lu-

minescence thus creating a fluorescent signal at λfl = 680 nm using λexc = 458

nm. Therefore the binding between molecule 10 and molecule 11 complex was

emphasized in the confocal microscopy image shown in figure 6.9 (c).

Similar control experiments, as for wire assembly 1 and 2, have been made.

These control experiments support the results obtained by optical spectroscopy

and confocal microscopy.

6.4 Concluding remarks

In this study the formation of the nanowires on PPAs is revealed by exploring

the shift in the LSPPR induced by the attachment of different molecules. In

addition to the optical spectroscopy, confocal microscopy has been applied. The

images demonstrate that the nanowire formation only takes place on the gold NP

arranged in a periodic array. Repetitive and control experiments support these

results. Hence, the challenge of the formation of the nanowires on PPAs was

successfully carried out.



Chapter 7

Nanopatterning of Quartz

Substrates Exploiting the Optical

Near Field of Triangular Gold

Nanoparticles

In this chapter an innovative and inexpensive method for the formation of new

and interesting nanopatterns in quartz substrate will be presented. This method

allows large area nanopatterning of surfaces with nanostructure dimensions well

below the diffraction limit. Such nanostructures are obtained exploiting the field

enhancement driven by the excitation of localized surface plasmon resonances of

highly ordered triangular gold NP arrays. It will be shown that besides the fluence,

the polarization of the laser light with respect to the triangular NPs orientation

and moreover the size of the NPs are the key parameters for the nanostructures

formation.

7.1 General remarks

In the field nanotechnology there is an ongoing interest to generate structures

with dimensions well below the diffraction limit. This interest is driven by the

great potential of such nanostructures for advanced applications. To achieve this

goal, initially near field technologies have been developed [118, 119]. One ap-

proach was to irradiate the tip of an atomic force microscope or of a scanning

tunneling microscope with laser light. In this way nanostructures with lateral

dimensions below 30 nm, i.e., significant below the diffraction limit, have been

produced underneath the tip, illuminated with ns pulsed laser light with a wave-

length of 532 nm [120]. But due to its limited throughput, this kind of near field
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nanolithographic technique is not suitable for industrial applications.

A more promising approach, which has attracted increasingly more attention

in recent years, exploits the near field of latex or SiO2 micro and nanospheres

arrays on substrates, irradiated with ns- or fs-pulsed laser light under normal

incidence [121, 122]. Due to the lens effect of the spheres, high electromagnetic

fields in the vicinity of the substrate are generated, which overcome the ablation

threshold [123, 124]. Hence, depending on the arrangement of the spheres, highly

ordered arrays of nanoholes can be created in the substrate [125].

Recently similar experiments were undertaken using spherical noble metal

particles, exploiting their unique optical properties and can be nicely exploited

in nanoscale surface patterning [126, 127, 128, 129]. For example, Nedyalkov et

al. have shown, that if gold nanospheres with a diameter of approximately 200

nm are illuminated with polarized fs-pulsed laser light, the local field distribution

underneath the nanoparticle creates elongated holes [20]. Whereas the orientation

of the holes is along the polarisation direction of the laser light. Driven by these

results great attention has been paid in the last years, in studying nonspherical

NPs, which produce much stronger local electromagnetic fields than spherical

particles [30, 124, 129]. In particular, NPs with sharp tips, such as triangulares

show a great potential, to obtain well defined nanoscale structures over large

areas of the substrate. Finally, to obtain well defined nanostructures, femtosecond

pulsed laser light has to be used rather than nanosecond pulsed light. The reason

being that thermal effects are significantly reduced if ultrashort pulsed are applied.

As a consequence, clear contoured and precise nanostructures are generated [123,

130].

7.1.1 Experimental procedure

To obtain the nanopattern in the quartz substrates the samples containing the

small triangular NPs (with an edge length of: (74± 6) nm and a height of (30 ±
4) nm) as well as the large triangular NPs (with an edge length of: (465 ± 27)

and a height of (150 ± 10) nm) were irradiated under ambient conditions with

femtosecond pulsed laser light. As presented in chapter 4, these particles exhibit

in their optical spectra a strong dipolar LSPPR band at λ = 730 nm. Hence, the

used wavelength of the laser light of λ = 790 nm, excites strongly the dipole mode

of the triangular gold NPs. In order to investigate the influence of the photon

energy on the nanopatterning of the quartz substrates, energies in a range from

E =0.1 µJ to E = 7.6 µJ have been applied. Hence, the applied fluence is below

the ablation threshold of quartz (∼ 2 J/cm2) [131, 132]. In this thesis just the

experimental results obtained with energies between E = 0.16 µJ and E = 3.9

µJ will be presented, due to the fact that on these values of energies the most
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Figure 7.1: (a) SEM image of an orientation marker consisting of 12
lines written by applying high energetic fs-pulsed laser light. Inside of the
orientation marker areas affected by laser light (few of them are indicated
with the red circles) by using different energies can be observed. The red
arrow indicates the polarization direction of the incoming laser light. (b)
Schematic illustration of an area affected by a laser spot. This area contains
four different regions with different kind of structures.
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fascinated results are obtained.

Initially the diameter of the laser spot has been set to φ = 22 µm. In fur-

ther investigations the diameter of the laser spot has been increased to φ = 32

µm. Orientation markers have been made on the samples (see figure 7.1 (a)) for

a detailed information about the experimental procedure (e.g., the polarization

direction of the incoming laser light with respect to the nanoparticle orientation)

and for an easier identification of the nanopatterns by using the microscopy tech-

niques. Figure 7.1 (a) depicts an SEM image of an orientation marker. The red

circles inside of the orientation marker, indicate some of the areas affected by

the laser light employing different energies. After laser processing, the quartz

substrates were cleaned, by royal water (2 hours) to remove remaining gold and

subsequently sonicating for few minutes in distilled water to eliminate the residues

of ablated material. To characterize the samples before and after irradiation scan-

ning electron microscopy , atomic force microscopy and optical spectroscopy has

been applied.

Due to the Gaussian distribution of the incident laser intensity a broad range

of laser fluences can be studied in a single experiment. Figure 7.1 (b) depicts the

schematic illustration of an area affected by a laser light. This area contains four

regions with different structures. Decreasing the radial distance of an area affected

by a laser spot, these regions can be defined as: the region (1) with low fluence,

the region (2) with medium fluence, the region (3) with high fluence and finally

the region (4) with a fluence above the ablation threshold. For all investigated

values of energies from E = 0.16 µJ to E = 3.9 µJ, these four regions are detected

when the small triangular NPs (with an edge length of: (74±6) nm and a height

of (30 ± 4) nm) are irradiated. In the case when the large triangular NPs (with

an edge length of: (465 ± 27) and a height of (150 ± 10) nm) are irradiated by

fs-pulsed laser light, just the region (3) and region (4) are detected (details will

be presented below).

7.2 Results and discussions

7.2.1 Influence of the applied laser energy

At the beginning the influence of the applied fs-pulsed laser energy on the nanopat-

tern formation, exploiting the Gaussian energy distribution of the intensity profile

within the laser spot, has been investigated. Along these lines, the experimental

results applying energies of E = 0.16 µJ and E = 2.1 µJ, using linear polarized

laser light are presented below. In these experiments the small triangular NPs

with an edge length of: (74± 6) nm and a height of (30 ± 4) nm, have been used.
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Irradiation with an energy of E = 0.16 µJ using linear polarized laser

light and a spot diameter of φ = 22 µm

Figures 7.2 (a-c) show AFM images obtained in region 1, 2, and 3 respectively,

after irradiation with laser light. Although the illuminated area had a diameter of

22 µm, only in an area with a diameter of 8 µm nanostructures are created. The

reason is, that outside this region the enhanced local field in the vicinity of the

NPs does not overcome the ablation threshold of quartz (∼ 2J/cm2). However,

in region 1, which extends for the applied energy from 5 µm to 8 µm from the

center of the beam, small elliptical holes are generated (figure 7.2 (a)). The holes

have an average depth of < D > = (4.5 ± 1) nm and mean short and long axis of

(35 ± 3) nm and (38 ± 4) nm, respectively. In region 2, i.e., from 3 µm to 5 µm

from the center, nanostructures composed of three clearly distinct subholes are

created (figure 7.2 (b)), two small ones and one large hole. While the large holes

have a mean depth of < D > = (13 ± 2) nm and a mean width of < W > = (49

± 4) nm, the small holes are only < D > = (4.5 ± 2) nm deep and < W > =

(24 ± 3) width. Due to the fact that the subholes start merging together, their

length is not examined.

The subholes are merged completely together in region 3 (1 µm to 3 µm from

the center), and form nanogrooves with a bone-like shape in a chequered structure

(figure 7.2 (c)). The nanogrooves have an average depth of < D > = (14 ± 2) nm

and an average width of < W > = (104 ± 5) nm. In the z-direction (indicated in

figure 7.2 (c)) the center to center distance between neighboring nanogrooves is

about 330 nm. This value corresponds to the diameter of the nanospheres, used

Figure 7.2: AFM images of the generated nanopatterns in region 1 (a),
region 2 (b) and region 3 (c), respectively by applying an energy of E = 0.16
µJ. The red triangles indicate the original position of the small triangular
NPs (with an edge length of: (74± 6) nm and a height of (30 ± 4) nm) on
the substrate. The black arrow indicates the polarization direction of the
incoming laser light.
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for the lithographic mask. The previously presented results for regions 1 to 3 are

summarized in table 7.1.

Table 7.1: The dimensions of the nanopatterns obtained by AFM analysis.

Region Structure Mean Mean Distance

depth/nm width/nm from center /µm

1 Elliptical holes 4.5 ± 1 35 ± 3 5 to 8

2 Large subholes 13 ± 2 49 ± 4 3 to 5

Small subholes 4.5 ± 2 24 ± 3 3 to 5

3 Nanogrooves 14 ± 2 104 ± 5 1 to 3

In region 4 an ablation crater has been generated due to a fluence above

the ablation threshold of the substrate. As mentioned in paragraph 7.1.1, the

triangular NPs localize the electromagnetic field such, that in the vicinity of the

particles ablation occur, although the average fluence of the laser light is below

the ablation threshold. Hence, the general trend, that larger structures appear

closer to the center of the area affected by the laser spot, can be easily explained

by the Gaussian energy distribution of the laser beam. At the edge of the laser

spot, the fluence is relatively low and no or only little ablation occur. Coming

closer to the center, the fluence increases and therewith, more material is ablated

causing larger nanostructures.

To interpret the shape of the generated nanostructures, the field distribution

in the vicinity of the NPs has to be taken into account. This field distribution

depends strongly on the orientation of the triangular NPs with respect to the

polarization direction of laser light. Hence, for an easier understanding of the

results, in figure 7.2 the polarization direction and the initial position of the tri-

angular NPs are indicated. In addition, in figure 7.2 (c) an interparticles axis

(y) oriented in the direction of the common bisector of two triangles and a per-

pendicular axis (z) have been defined. For the experiments presented above, the

polarization direction was nearly perpendicular to one base line of the triangles

oriented along the y-direction.

As presented in the theoretical background (see subchapter 2.1.4), for a similar

configuration as presented in figure 7.2, Boneberg et al. have calculated, that the

highest fields are generated only on the tip that points in the y-direction. The

other two tips oriented along the z-axis exhibit only small field enhancements.

These calculations perfectly explain the observed experimental results. For low

energies, i.e., in region 1, the ablation threshold has been overcome, only at the

tip where the highest fields are generated. In region 2, the localized field at

the two minor tips exceed the ablation threshold and beneath the major hole,

two minor holes are created. The reason that these minor holes have different
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sizes is due to the fact that the base line along the z-direction is not exactly

perpendicular to polarization of the laser light. Hence, the field distribution is

slightly different at both tips and different amount of material is ablated. The

generation of the most important structure, the nanogrooves, is an interplay of

two effects. First, due to the high fluence in region 3, larger areas are ablated,

such that the ablation areas created by the three NP tips, overlap. In addition,

the ablation areas, created by the two mainly excited tips of neighboring triangles

i.e., the tips along the common bisector in the y direction, merge together. Both

effects together lead to a nearly homogeneous ablation of material and the bone-

like structures are generated. This result points to the most crucial parameters in

these experiments: The size of the NPs and their arrangement on the substrate.

The reasons are: First, only for NPs with a side length less than 240 nm the

highest fields are generated directly at the tips. For larger triangular NPs, the

highest fields occur more at the side of the particles [34]. Second, only small NPs,

as used in the presented experiments, permit a sufficient overlap of the enhanced

field of the three NP tips, such that a homogeneous ablation of material can

take place. Third, the tip to tip distance between two neighboring NPs must

be in the same order as the side length of triangular particles, to create uniform

nanogrooves. Only in this configuration, the local fields of two neighboring tips,

either from one NP or from two neighboring NPs have a sufficient overlap to

permit a homogeneous ablation.

Irradiation with an energy of E = 2.1 µJ using linear polarized laser

light and a spot diameter of φ = 22 µm

As mentioned in paragraph 7.1.1, for the laser treatment experiments presented

in this thesis, the pulse energy has been varied from E = 0.16 µJ to E = 3.9 µJ,

in order to increase the applied energy range. However, for the same orientation

of the small triangular NPs with respect to the direction of the polarization of

the laser light, similar nanopatterns have been formed in the regions (1) to (4),

independently of the applied energy. The only difference is, that for the same

spot diameter but increasing energy the area covered with nanopatterns increase

to 16 µm and therefore the regions (3) to (1) are situated at larger distances from

the center of the area affected by the laser spot. Due to the similarities to the

former experiments, a detailed description of the results obtained with an energy

of E = 2.1 µJ is omitted and only one example is given.

Figure 7.3 (a) depicts the 3D-AFM image of nanogrooves generated in region

(3) (situated at 2 µm distance from the spot center) after irradiation with a single

pulse with an energy of E = 2.1 µJ. Although the illuminated area had a diameter

of 22 µm, only in an area with a diameter of 16 µm nanostructures are created.

However, with increasing the energy, the area with nanostructures is increased by
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Figure 7.3: (a) 3D-AFM image of the generated nanogrooves in region
3 by applying an energy of E = 2.1 µJ. The black arrow indicates the
polarization direction of the incoming laser light. (b) Typical height profile
of the generated nanogrooves with a mean depth of < D > = (11.5 ± 2)
nm and a maximum mean width of < W >= (117 ± 3) nm.

approximately 8 µm as the area with nanostructures created using the energy E =

0.16 µJ. The polarization direction of the laser light with respect to the triangular

NPs orientation was the same as in figure 7.2 (c). Hence, nanogrooves with the

same bone-like shape and very similar dimensions are generated as before. The

grooves have mean depth of < D > = (11.5 ± 2) nm and a maximum mean

width of < W > = (117 ± 3) nm. Figure 7.3 (b) depicts a height profile across

the generated nanogrooves. It demonstrates that all generated nanogrooves have

similar depth and therewith a homogeneous ablation occurs in the areas where

high local field were generated. Finally it can be concluded that the fluence

determines the width and the depth on these nanopatterns.

7.2.2 Influence of the polarization of laser light

The most crucial parameters for the experiments presented here is the orientation

of the triangular NPs with respect to the direction of the polarization of the laser

light. In this section experimental results using a different orientation of the NPs

with respect to the direction of the polarization of the incoming laser light are

presented. Here, the small triangular NPs (with an edge length of: (74± 6) nm

and a height of (30 ± 4) nm) have been irradiated by applying an energy of E =

3.9 µJ, using linear polarized laser light. In addition experimental results using

circular polarized laser light with energies of E = 0.16 µJ and E = 3.9 µJ are

presented.
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Irradiation with an energy of E = 3.9 µJ using linear polarized laser

light and a spot diameter of φ = 22 µm

In these experiments the area affected by the laser light coincides with the diame-

ter of the laser beam (here 22 µm) as a results of the higher applied energy. The

direction of the polarization of laser light was rotated with 90◦ as compared to

the experiments presented in 7.2.1.

Figure 7.4 (a-c) depict the AFM images of the nanopaterns formed in region

1, 2, and 3 respectively. Nanoholes are generated in region (1) situated approxi-

mately 10 µm from the center of the affected area (see figure 7.4 (a)). In contrast

to the structures presented in 7.2.1 double hole structures have been observed in-

stead off only single holes. Due to the orientation of the triangular particles with

respect to the polarization direction of the laser light, extremely high near fields

are reached on the two tips along the baseline, which are almost parallel oriented

to the direction of the incoming light. Again holes are situated in the former place

of the particles (indicated with the red triangles in figures 7.4 (a-c) which have

the tips oriented parallel to the direction of the polarization of the laser light. The

region (2), situated on 8 µm from the center, contains again double holes which

are merged together (see figure 7.4 (b))as a result of the higher fluence. At just

3 µm from the center i.e., at high fluences, nanochannels in the substrates have

been generated (see figure 7.4 (c)). These channels are oriented in the direction

of the polarization of the incoming laser light. These nanopatterns are located

on the original position of the removed triangles and the distance between them

is equal to the diameter of the nanospheres used for the lithographic mask (here

Figure 7.4: AFM images of the generated nanopatterns in region 1 (a), 2
(b) and 3 (c), respectively after applying an energy of E = 3.9 µJ. The red
triangles indicate the original position of the small triangular NPs (with an
edge length of: (74± 6) nm and a height of (30 ± 4) nm) on the substrate.
The black arrows indicate the polarization direction of the incoming laser
light.
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330 nm).

The nanochannels have a mean depth of < D > = (31 ± 4) nm which almost

three times larger than the depth of the generated nanogrooves after applying

an energy of E = 0.16 µJ. From a set of height profiles a mean lateral width of

the nanochannels of < W > = (94 ± 3) nm has been obtained. To explain the

generated nanopatterns one has to consider the electric field enhancement at the

triangular NP tips. Due to the orientation of the two tips of the triangles along the

polarization direction, the electric field enhancement reaches a maximum strength

at these two tips. For a better understanding, an interparticle coordinate system

with an axis (y) oriented into the direction of the baselines of two triangles and

in the same time, almost parallel with the direction of the incoming laser light

(see figure 7.4 (c)) has been defined. The axis (z) has been chosen such that it is

perpendicular to the axis (y). The local fields of two neighboring NP tips overlap

and from here a nearly homogenous ablation of the substrate along the y axis

has been produced, leading to the nanochannel formation. A sufficient overlap

of the enhanced fields of the neighboring tips can be produce only when NP are

small enough and therefore there is a small tip to tip interparticle separation.

Most important, the length of the generated nanochannels is only limited by

the quality of the triangular NP array and the area which can be homogenously

illuminated with laser light. Finally, it should be noticed that the nanochannels

are surrounded by a rim. Other authors [34, 126] pointed out that the formation

of a rim around the ablated area can be explained by the ablation products of

the substrates or some removed gold which resolidified on the quartz substrate.

The presented results of this section are summarized in table 7.2 below.

Table 7.2: The dimensions of the nanopatterns obtained by AFM analysis.

Region Structure Mean Mean Distance

depth/nm width/nm from center/µm

1 Large holes 4 ± 1 28 ± 3 10 to 22

Small holes 3 ± 1 27 ± 1 10 to 22

2 Large subholes 11 ± 2 41 ± 2 8 to 10

Small subholes 7 ± 1 39 ± 4 8 to 10

3 Nanochannels 31 ± 4 94 ± 3 3 to 8

Irradiation with an energy of E = 0.16 µJ and E = 3.9 µJ respectively

using circular polarized laser light and a spot diameter of φ = 22 µm

In order to investigate the influence of the polarization of the laser light on the gen-

erated nanopatterns, additional experiments using circular polarized laser light
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have been performed. Figure 7.5 (a) depicts the AFM image of the generated

nanopatterns in region (2) situated at 3 µm from the center, after applying fs-

pulsed laser light with an energy of E = 0.16 µJ. A mean depth of < D > =

(8.5 ± 1) nm for these holes have been detected. Figure 7.5 (b) depicts the

AFM image of the generated nanopatterns in region (2) situated at 8 µm from

the center after applying fs-pulsed laser light with an energy of E = 3.9 µJ. It

can be observed that much larger holes which are completely merged together

are obtained. These structures have a mean depth of < D > = (11 ± 2) nm.

Compared to the nanostructures obtained with linear polarized laser light, after

applying circular polarized laser light, the generated structures are more sym-

metric. This can be explained as follows: circular polarized laser light results

in a symmetric spatial distribution of the near field of the triangular NPs and a

similar field enhancement on all the tips occur. Hence, nanopattern with higher

symmetry are obtained. However the structures presented in figures 7.5 (a) and

(b) have not a perfect symmetry as we supposed. This can be understood, if

ones take into account that the triangular NPs can not be fabricated as the ideal

structures, which are used in theoretical calculations. Therefore particle-particle

and particle-substrate interactions as well as the imperfections of the size and

shape of the NPs may create this asymmetry in the nanohole formation.

Figure 7.5: (a) AFM image of the generated nanopatterns in region (2)
after applying fs-pulsed laser light with an energy of E = 0.16 µJ and
(b) AFM image of the generated nanopatterns is region (2) after applying
laser light with an energy of E = 3.9 µJ using circular polarized laser light.
The red triangles indicate the original position of the small triangular NPs
(with an edge length of: (74± 6) nm and a height of (30 ± 4) nm) on the
substrate.
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7.2.3 Influence of the nanoparticle size on the nanopat-

terns formation

It has been already mentioned that for nanopatterning of substrates by exploiting

the near field of the triangular NPs, the applied fluence, the polarization direc-

tion of the laser light, and the NP dimensions are the crucial parameters. In

this section some experimental results are presented to underline that just for

small triangular NPs with a small tip to tip separation, a sufficient overlap of the

enhanced fields of neighboring tips can been produced. However, this overlap is

necessary for the formation of nanogrooves and nanochannels. For these experi-

ments the large triangular NPs with side length (464 ± 28) nm and with a height

of (150 ± 10) nm have been used. The tip to tip distance of two neighbouring

triangles amounts to (342 ± 24) nm. The samples have been irradiated by ap-

plying linear polarized fs-pulsed laser light with an energy of E = 3.9 µJ and

using a spot diameter of φ = 22 µm. In the area affected by the laser light, just

the region (4) with a large ablated crater and the region (3) with nanoholes have

been detected. Figure 7.6 (a) shows the 3D-AFM image of a triangle on a quartz

substrate. After applying fs-pulsed laser light, for a polarization direction almost

Figure 7.6: 3D-AFM images of: (a) single triangular NP on a quartz
substrate, (b) nanoholes generated in the original place of the NP after
applying a polarization direction along the bisector of the triangle and (c)
two nanoholes generated in the original place of the NP after applying a
polarization direction along one side of the triangle.
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along the bisector of the NP, one nanohole results on the tip of the triangle (figure

7.6 (b)). In contrast, two nanoholes results on the tips of the triangles when the

polarization direction is parallel with one side of the particle. These nanoholes

have a mean depth of < D > = (20 ± 3) nm and a mean width of < W > =

(100 ± 5) nm. In addition, in both images (figure 7.6(b) and (c)) it is observed

that also nanoholes on the sides of triangular NPs appeared. Nanochannels and

nanogrooves have not been detected. Due to the larger tip to tip interparticle sep-

aration, no overlap of the field enhancement of two triangles have been produced.

Moreover, for the large NPs the field enhancement is not localized only on the

tips on the NP but also on their edge length. Thus, it has been demonstrated,

that the size of the NPs play a major role in the nanopattern generation.

7.2.4 Influence of the laser spot diameter

The formation of nanochannels in quartz substrates is of tremendous importance

for applications in modern technology, e.g.,in nanofluidics [133, 134]. As already

mentioned, the length of the nanochannels is mainly limited by the quality of the

prepared NP arrays and the area which can be homogenously illuminated by the

laser light. Along these lines, similar experiments as described in 7.2.2 applying

linear polarized laser light with an energy of E = 3.9 µJ have been made. In a

following step the diameter of the laser spot was increased from φ = 22 µm to

φ = 32 µm, in order to get a larger processing area per pulse, and in this way a

higher productivity. The small triangular NPs (with an edge length of: (74± 6)

nm and a height of (30 ± 4) nm) have been used in these experiments.

Figure 7.7 (a) shows the SEM image of a highly ordered monolayer of

nanospheres with a diameter of D = 330 nm on quartz substrate. As long as

Figure 7.7: SEM images of quartz substrates with: (a) monolayer of latex
nanospheres, (b) highly ordered triangular gold NPs and (c) nanochannels
generated by ablation mediated by the near field of triangles. The arrow
indicates the polarization direction of the laser light.
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the substrates are covered with this closed packed layer, regular arrays of trian-

gular NPs can be prepared (figure 7.7 (b)). Subsequent irradiation with fs-pulsed

laser light of these particles leads to the generation of highly order nanochannels

in the substrates (figure 7.7 (c)). It is observed that the nanochannels are again

nicely oriented in the polarization direction of the applied laser light.

A detailed investigation of the width and the depth of the nanochannels in the

quartz substrates is provided by the AFM image analysis. Figure 7.8 (a) shows

a 3D-AFM large scale image of these structures. The black arrow indicates

the polarization direction of the incoming laser light with respect to the NPs

orientation. From a set of hight profiles a mean lateral width of the nanochannels

of < W > = (96 ± 4) nm and a mean depth of < D > = (4 ± 1) nm were obtained.

Keeping the same value of the energy but increasing the diameter of the laser spot

leads to decreasing of the laser fluences that can been exploited for a single spot.

As a consequence, also the depth of the nanochannels has been decreased. Figure

7.8 (c) depicts the high resolution AFM image of the these structures. The red

Figure 7.8: (a) Large scale 3D-AFM image of the generated nanochan-
nels oriented along the direction of the polarization of the laser light (see
the arrow). (b) Typical hight profile of the generated nanochannels. (c)
High resolution AFM image of the same nanopattern generated in quartz
substrate. The red triangles indicate the original position of the NPs on
the substrate.
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triangles indicates the original position of the small triangular NPs (with an edge

length of: (74± 6) nm and a height of (30 ± 4) nm)on the quartz substrate.

To conclude, it has been demonstrated that nanochannels with sizes well below

the diffraction limit have been generated on µm large scale in quartz substrates

exploiting the optical near field of the small triangular gold NPs.

7.3 Concluding remarks

In this chapter nanopatterning of quartz substrates has been demonstrated by ex-

ploiting the enhanced near field in the vicinity of triangular gold NPs irradiated

with fs-pulsed laser light. It has been shown that simple hole structures, nanohole

structures which can be regarded as being composed of clearly expressed subholes,

and finally nanogrooves/ or nanochannels in the quartz substrates can be gener-

ated when small triangular NPs (with an edge length of: (74±6) nm and a height

of (30 ± 4) nm) are irradiated with fs-pulsed laser light. The applied fluence only

determinates the width and the depth of the generated nanopattern.

Nanogrooves are obtained when the common bisector of two triangles is par-

allel to the direction of the incoming laser light and nanochannels when the base-

lines of two neighboring particles are oriented parallel with the direction of the

polarization of laser light. The formation of the nanogrooves and nanochannels

into the quartz substrates at high fluences, by using small triangular particles

with a specific orientation with respect to the polarization of the laser light, is

a very promising result for preparation of the substrates with technological ap-

plications. The experiments done with the larger triangular NPs (with an edge

length of: (464 ± 28) nm and a height of (150 ± 10) nm) emphasized that the

size of the particle is one crucial parameter in nanopatterning of the substrates.

On such particles the field enhancement was produced not only on the tips on

the NPs but also on their edge. Hence, the generation of the nanogrooves/ or

nanochannels in quartz substrates is not possible when the large triangular NPs

have been irradiated by fs-pulsed laser light.

To conclude, the most crucial parameters in these experiments are the polar-

ization direction of the laser light with respect to the orientation of the triangular

NPs and the size of the NPs.





Chapter 8

Conclusions

The focus of this work was the preparation and applications of periodical gold

nanoparticle arrays (PPAs).

The nanoparticle (NP) arrays were prepared by nanosphere lithography (NSL).

For this purpose, a nanosphere mask consisting of a monolayer and/or a double-

layer of nanospheres with diameters of D = 330 nm or of D = 1390 nm were

prepared on glass and quartz substrates by tilt coating. In a next step a gold film

with a thickness of 30 nm (for the nanospheres with a diameter of 330 nm) or 150

nm (for the nanospheres with a diameter of 1390 nm) has been deposited through

the nanosphere mask. Subsequently, the mask was removed by sonicating the

samples in a solvent, leaving behind on the substrates either small triangular NPs

(by using nanospheres with a diameter of D = 330 nm), or large triangular and

slightly elongated NPs (by using nanospheres with a diameter of D = 1390 nm),

respectively. The PPAs were characterized by atomic force microscopy, scanning

electron microscopy and optical spectroscopy. The small triangular NPs have

an aspect ratio (AR) of 2.47 (edge length of the NP: (74 ± 6) nm and height

(30 ± 4) nm). Hence, their optical spectrum exhibits a strong dipole LSPPR at

λLSPPR = 730 nm and a weaker quadrupolar LSPPR at λLSPPR = 550 nm. The

large triangular NPs have an AR of 3 (edge length: (465 ± 27) nm, height: (150

± 10) nm) and very similar optical properties compared to the small triangular

NPs. Therefore, a strong absorbtion band at λLSPPR = 730 nm assigned to the

dipole resonance of the triangular NPs was detected in their optical spectrum.

The expected absorption band at λLSPPR = 550 nm, attributed to the excitation

of the quadrupolar LSPPR of the triangular NPs, is super-imposed by the strong

absorption band of the elongated particles which have been formed due to the

double layer formation on the same sample. The slightly elongated particles are

(364 ± 16) nm in length and have a width of (150 ± 20) nm. Hence, their optical

spectrum exhibit a strong absorption band at 650 nm.

From the point of applications of the PPAs, the research presented in this
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thesis exploits the fascinated optical properties of the gold NPs. In particular,

triangular gold NPs are of a tremendous importance due to their interesting and

valuable applications. In this thesis I have addressed three significant challenges:

at first the shape tailoring of the triangular NPs by nanosecond pulsed laser light,

second the formation of molecular wires on PPAs by a step by step attachment

of different molecular species, and finally nanopatterning of substrates exploiting

the optical near field of triangular gold NPs.

One of the challenges of this work, comes from the idea to realize molecular

circuits in order to overcome the classical limits of silicon technology. To build

up such circuits highly ordered arrays of NPs, which act as anchor points for uni-

and bi-directional molecular wires, are necessary. Depending on the length of

the molecular wires, the distance between the metal NPs has to be adjusted to

the length of these wires. One of the limitations of the nanosphere lithography

technique is that the size and the distance between the NPs are determined by

the size of the nanospheres. In order to overcome this disadvantage NSL in com-

bination with tailoring the dimension of the NPs with laser light has been used.

For the tailoring experiments, the small triangular NP arrays have been irradi-

ated with nanosecond pulsed laser light with three different wavelengths: First,

λLaser = 355 nm was chosen, resulting in the excitation within the interband tran-

sition. Second, λLaser = 532 nm, and third λLaser = 730 nm have been used, to

exploit excitation of the quadrupolar and the dipolar LSPPR, respectively. After

the irradiation of the particles with λLaser = 355 nm and λLaser = 532 nm the

small triangular NPs have been transformed into oblate NPs. Due to this shape

change of the NPs the gap between the NPs has been increased, demonstrating

that in general a tuning of the gap is possible. However, the irradiation with a

wavelength of λLaser = 355 nm or λLaser = 532 nm shows two major drawbacks:

large NPs have been generated and moreover a significant distortion of the hexag-

onal order has occurred. The most promising results have been obtained when the

wavelength was chosen such that the dipolar LSPPR was excited. The hexagonal

order of the NPs remains intact after irradiation with λLaser = 730 nm, in con-

trast to an excitation via the quadrupole LSPPR or within interband transition.

Hence, the gap between the NPs can be tuned from approximately (102 ± 14)

nm to (122 ± 11) nm due to a shape change of the NP from triangular to oblate.

The morphological changes are accompanied by a significant shift of the LSPPR

from λLSPPR = 730 nm to λLSPPR = 680 nm. Nevertheless, it must be considered

that a gentle tailoring of the NPs has been achieved only by the excitation of the

dipolar LSPPR of the NPs. Further tailoring of the gap size should be possible.

That means, by varying the wavelength of the applied nanosecond pulsed laser

light, the gap size between the NPs can be precisely tuned in order to meet, e.g.,

the final length of a certain electro-optical active molecular wire.
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Another challenge of the research presented in this thesis was based on the

investigation of the attachment of molecular nanowires on gold PPAs. In the

literature, up to now, supramolecular wires assembly in solution has been shown.

Nevertheless, in order to build up molecular circuits, the supramolecular wires

assembly has to be made on the substrates and not in solutions. Therefore, the

attachment and assembly of the molecular nanowires on gold PPAs has been

always of a great interest.

At first, the attachment of the anchor molecules has been investigated followed

by supramolecular wire assembly onto gold metal NPs in a stepwise reversible

fashion. The small triangular NPs as well as the large triangular and slightly

elongated NPs have been used in this study. Exploiting the sensitivity of the

LSPPR, these particles act as biosensor platforms that convert small changes in

the local refractive index into spectral shifts of the LSPPRs in the NP extinction

spectra. Hence, this shift of the LSPPRs has been used to monitor all steps of

the nanowires fabrication. Complementary to the optical spectroscopy, confocal

microscopy investigations have been done. The hexagonal order of the fluores-

cence spots signal in the confocal microscopy images indicates very clear that the

molecules attachment and the nanowires formation occur only on particles and

not on the substrate. In order to verify the assumption that only the adsorbate

cause the shifts of the LSPPR and moreover the fluorescent signal in confocal

microscopy control experiments have been done. Therefore, molecular species

with no binding connections for gold NPs have been employed in these studies.

To conclude, the experimental results presented in chapter 6 show the formation

of molecular wires on PPAs by a step by step attachment of different compounds

and demonstrate the building of the nanowires consisting of up to three units of

recently synthesized molecular species.

The third challenge of this work was to create surface structures with dimen-

sions well below the diffraction limit of light, exploiting the strongly localized

near fields of highly ordered triangular gold NP arrays, excited with femtosec-

ond pulsed laser light. Along these lines, single light pulses with a duration of

35 fs and a central wavelength of λ = 790 nm were used to irradiate the sam-

ples containing the small triangular (with an edge length of the NP: (74 ± 6)

nm and height (30 ± 4) nm) as well as the large triangular NPs (with an edge

length: (465 ± 27) nm, and height: (150 ± 10) nm). After irradiation, the NPs

were removed and nanostructures with dimension well below the diffraction limit

(with a depth in a range from 4 nm to 31 nm and a width in a range from 24

nm to 104 nm, depending of the applied laser fluence) were generated in the

substrates. These nanostructures are formed by ablation, while the structures

itself mapping the local fields around the NPs. Depending on the fluence and

polarization direction of the laser light with respect to the NPs orientation, dif-
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ferent structure have been generated in the substrates, such as elongated holes,

which for high fluences merge together and form nanogrooves and nanochannels.

Nanogrooves are obtained when the common bisector of two triangles is parallel

to the direction of the incoming laser light and nanochannels when the baselines

of two neighboring particles are oriented parallel to the direction of the polariza-

tion of laser light. Most important, the length of these nanochannels is in the

micrometer range and only limited by the area of which the highly ordered NPs

can be prepared. The experimental results presented in chapter 7 demonstrate

that by using appropriate NP dimensions and irradiation conditions nanogrooves

and nanochannels on industrial scale with the desirable characteristics in differ-

ent substrates can be generated. This approach may have a large impact in the

nanotechnology field and the generated nanostructures are highly promising for

future technological applications. However, it must be considered that the gener-

ation of the nanogrooves/ or nanochannels in quartz substrates was not possible

when the large triangular NPs (with an edge length: (465 ± 27) nm, and height:

(150 ± 10) nm) have been irradiated by femtosecond pulsed laser light.

To conclude this work takes advantage of the extraordinary optical properties

of gold NPs prepared by nanosphere lithograpy. In particular, this thesis has suc-

cessfully shown the tailoring of NPs placed in a hexagonal order, the attachment

and formation of molecular nanowires on PPAs, and moreover the nanostructur-

ing of substrates with structures with dimensions well below diffraction limit of

light. All of the obtained results emphasize the great potential of nanoparticle

arrays for further applications.
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