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Kurzfassung

In dieser Arbeit werden neuartige Anwendungsm!glichkeiten von Goldnanopartikeln
als Sensoren und Aktoren f"r temperaturabh#ngige Ver#nderungen von Polymeren auf
der Nanometerskala untersucht. Dar"ber hinaus werden Verfahren entwickelt, um die
Eigenschaften von thermoresponsiven und duroplastischen Polymeren durch plasmoni-
sches Heizen von Goldnanopartikeln gezielt und lokal zu ver#ndern.

Die in dieser Arbeit verwendeten Goldnanopartikel besitzen einen Durchmesser von
unter 100 nm und zeigen aufgrund ihrer Gr!ße bemerkenswerte optische Eigenschaften.
Diese basieren auf sogenannten lokalisierten Oberfl#chenplasmonen, kollektive Oszilla-
tionen der Leitungsbandelektronen, die von einer einfallenden elektromagnetischen Wel-
le angeregt werden. Die wellenl#ngenabh#ngige Oberfl#chenplasmonenresonanz solcher
Goldnanopartikel f"hrt in einem bestimmten Bereich des sichtbaren Lichtspektrums
zu einer Erh!hung des gestreuten und absorbierten Lichts. Dadurch werden Goldna-
nopartikel, trotz ihrer kleinen Abmessungen, durch rein optische Methoden, wie die
Dunkelfeldmikrokopie, sichtbar und zeigen gleichzeitig ein großes Anwendungspotential
als nanoskopische W#rmequellen.

Zun#chst wird das gestreute Licht der Nanopartikel als Indikator f"r die Struktur-
#nderungen von Polymeren verwendet. Dazu werden Goldnanopartikel auf einer Poly-
meroberfl#che positioniert und das Polymer geheizt. Ausgel!st durch eine Kontraktion
des Polymers wird der Abstand zwischen den einzelnen Goldnanopartikeln reduziert, so
dass sich gekoppelte plasmonische Resonanzen zwischen den Nanopartikeln zeigen.

Ein weiteres in dieser Arbeit verwendetes thermoresponsives Polymer ver#ndert seine
Wasserl!slichkeit bei einer Temperaturerh!hung "ber die untere kritische L!sungstem-
peratur. Dabei wird das Wasser aus dem Polymernetzwerk heraus getrieben, was mit
einer Volumen- und Brechzahl#nderung des Polymernetzwerks verbunden ist. Diese $n-
derung wird zun#chst durch die hohe Empfindlichkeit von Goldnanopartikeln bez"glich
der Brechzahl#nderung untersucht und in weiteren Experimenten durch das plasmoni-
sche Heizen der Nanopartikel ausgel!st.

Plasmonisches Heizen von Goldnanopartikeln wird ebenfalls dazu verwendet, um eine
Matrix eines Polymers kontrolliert optothermisch zu ver#ndern. Dabei f"hrt der hohe
Temperaturanstieg zur thermischen Zersetzung des Polymers. Dieser Prozess l#sst sich
mit der Intensit#t des verwendenden Laserstrahls kontrollieren. Starke optische Kr#fte
werden genutzt, um ein einzelnes Goldnanopartikel in einem Poylmerfilm kontrolliert
zu bewegen und so Nanokan#le zu erzeugen.

$hnlich zum Prozess der thermischen Zersetzung eines Polymers, k!nnen plasmonisch
geheizte Goldnanopartikel dazu angewandt werden, um die Kreuzvernetzung von Poly-
merketten zu beschleunigen. Die Gr!ße der erzeugten Polymerstrukturen l#sst sich mit
der Dauer und St#rke des Heizprozesses steuern. Auch hier k!nnen die einzelnen Gold-
nanopartikel durch optische Kr#fte bewegt werden. Hierbei entstehen Polymerf#den im
Nanomaßstab.

Die in dieser Arbeit neu entwickelten Methoden, erlauben die gezielte Untersuchung
und Manipulation von Polymereigenschaften auf der Nanoskala und bieten ein hohes
Anwendungspotential im Bereich der Nanolithographie.
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1 Introduction

The pure and shiny appearance of gold together with its outstanding malleability

made it one of the most treasured materials in the cultural history of mankind.

More than 1500 years ago people also discovered the intriguing optical properties

of the metal by adding gold precursors to molten glass [1]. Depending on the

manufacturing process, the glass appeared in colors ranging from red to purple

[2]. The origin of the color was unknown until 1857, when an English scientist,

Michael Faraday, connected the resulting color to the small size of gold nanopar-

ticles [3]. Half a century later, the German physicist Gustav Mie published a

theoretical paper about light scattering and absorption by small metallic struc-

tures, which exactly describes their size dependent optical properties [4]. Today,

gold nanoparticles with dimensions between 1 and 100 nm and highly diverse

shapes [5–8] are an established and well studied tool in the fast developing field

of nanoscience [9–11].

The interaction of electromagnetic waves with gold is strongly influenced by

the free electron gas of the metal. The incident light excites collective oscillations

of free electrons, which are so-called surface plasmons [12, 13]. Localized surface

plasmons inside gold nanoparticles change their optical properties compared to

bulk gold. Due to the plasmon resonance, which is in the visible region of the

electromagnetic spectrum, the amount of light scattered and absorbed by the

gold nanoparticle increases drastically [10, 14, 15]. The strong sensitivity of the

plasmon resonance to dielectric properties of the surrounding medium [16–18] and

the local electric field enhancement due to increased electron concentration in cer-

tain parts of gold nanostructues [19, 20] constitute enormous sensing properties

of plasmonic particles [21–24]. A drastic temperature increase of gold nanoparti-
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Chapter 1. Introduction

cles by irradiating them with resonant light1 allows their use as a light-controlled

nanoscopic heat source [25, 26]. The applications of plasmonically heated gold

nanoparticles span from thermally induced changes of material properties [27, 28]

to cancer cell hyperthermia [29–31]. Additionally, the enlarged amount of the

scattered and absorbed light leads to an increased transfer of photon momentum

to the gold nanoparticle, which opens the door for resonant optical manipulations

of gold nanoparticles, such as laser printing, stamping or sorting [32–35].

Gold nanoparticles can be used to manipulate polymers, which are natural or

synthetic compounds that are built up by a long chain of repeating units. Highly

diverse physical properties of synthetic polymers make them applicable in almost

all fields of modern manufacturing. In terms of nanofabrication, polymers are

developing into a highly interesting material. Nanostructured polymers play a

role in photonics [36], for biomedical applications [37] and even photovoltaics [38].

Some of the modern polymer nanofabrication methods are connected to scanning

probe techniques, such as thermomechanical writing or near field illumination

[38, 39].

In this work we investigate how laser guided and plasmonically heated gold

nanoparticles can be used as nanoscopic tools for polymer nanofabrication. Nano-

composites made from polymers and nanoparticles combine advantages of both

materials: high sensing properties of gold nanostructures and tunable physical

properties of polymers [40].

The physical background of the plasmonic properties is explained in chapter 2.

This chapter starts with optical properties of gold nanoparticles and introduces

how they lead to plasmonic heating and strong electromagnetic forces exerted

by a strongly focused laser beam. In addition, we briefly present the computer

based calculation methods, which are required for numerical modeling.

In chapter 3 we give a brief overview on the thermal properties of polymers.

In particular, polystyrene (PS), polyvinyl alcohol (PVA), poly (N-isopropylacryl-

amide) (pNIPAM) and polydimethylsiloxane (PDMS) are introduced.

1The frequency of the incident electromagnetic wave corresponds to the plasmon resonance
frequency of the gold nanoparticle.
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The main focus of chapter 4 is the preparation and characterization of polymer-

nanoparticle composites. Furthermore, spectroscopic and microscopic techniques

to characterize and manipulate the samples are discussed and introduced.

The main findings of this work are discussed in two chapters. In the 5th

chapter, plasmonic properties of gold nanoparticles and nanorods are employed

to determine thermal properties of polymers. Initial experiments are based on

external heating of the whole sample. In continuation, gold nanostructures act

as local heat sources to the surrounding polymer. We compare the di$erence in

thermal behavior of the polymer between localized and bulk heating.

The possibilities of using gold nanoparticles in terms of polymer nanopatterning

are discussed in the 6th chapter. Plasmonic heating with a focused laser beam

is applied to manipulate the polymer composites. We explain how nanoparticles

are heated and guided simultaneously by a focused laser beam.

Chapter 7 concludes the work and gives an overview about possible future

applications.
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2 Gold nanoparticles and

electromagnetic radiation

The metallic character of gold nanoparticles give rise to their extraordinary prop-

erties compared to dielectric particles of the same size. Free electrons of gold are

excited by the oscillating electric field component of the incident visible light.

The resulting collective oscillation of the free electron gas is called a plasmon

[12]. In the case of gold nanoparticles, plasmons are confined in nanostructure

dimensions and show a resonance in the visible region of light [10]. The frequency

of the plasmon resonance depends on the size and shape of the nanoparticle [15].

In the following chapter we explain briefly the outstanding optical properties of

gold nanoparticles.

Furthermore, computer based calculations provide for the comparison of the

theoretically-predicted behavior of the system with experimental results. In par-

ticular, analytical and numerical methods are applied to calculate e$ective cross

sections of gold nanoparticles, optical forces, and three-dimensional heat distri-

butions due to plasmonic heating.

5



Chapter 2. Gold nanoparticles and electromagnetic radiation

2.1 Optical properties of gold nanoparticles

The dielectric function of gold

Optical properties of gold nanoparticles can be best explained by looking at the

dielectric function of the metal. The function describes the relationship of the

incident electromagnetic wave and the irradiated structure. For metallic struc-

tures, the dielectric response is strongly determined by the free electrons. The

basic theoretical description for free electrons in a metal is the Drude-Sommerfeld

model [41, 42]. The idealistic model considers electrons, which interact only with

the surrounding atomic nuclei. This assumption reduces the calculation to a one

electron problem multiplied by the number density of free electrons. Using the

mass of the electron me, the damping constant !, and the external field E(t), the

equation of motion can be written as [41]:

me

@2x

@t2
+me!

@x

@t
= !eE(t): (2.1)

The damping constant ! is connected to the relaxation time of the free electron

gas � via the relation ! = 1=� and denotes the characteristic collision frequency of

moving electrons with lattice vibrations (electron-phonon scattering). The value

of the collision frequency for gold is typically in the region around 100 THz [43].

In order to solve the equation of motion (2.1) for oscillating electric fields (e.g.

light), we replace the function E(t) with E0e
!i!t, which has an amplitude E0

and a frequency !. The solution of this modified equation is provided by a

motion: x(t) = x0e
!i!t. This solution contains the complex amplitude x0, and

its imaginary part describes the phase shift between the applied electric field and

the response of the electrons due to the damping constant !:

x(t) =
e

me(!2 + i!!)
E0e

!i!t: (2.2)

The equation (2.2) characterizes the time dependent displacement of a free

electron driven by an oscillating electric filed. The macroscopic polarization of a

metal structure P = !Nex considers the contribution of the electron density N

with the charge e, which are displaced by x. In the next step, the macroscopic

6



2.1. Optical properties of gold nanoparticles

polarization can be inserted into the equation of the electric displacement field

[44]:

D = "0E + P = "0"E: (2.3)

This equation connects the electric displacement field D with the external

electric field E using the vacuum permittivity "0, and the dielectric function of

the material ". In our case, the frequency dependent dielectric function "Drude(!)

is determined by a free electron gas inside the metallic structure:

D = "0E ! Ne2

me(!2 + i!!)
E = "0(1 ! Ne2

"0me(!2 + i!!)
)E; (2.4)

and

"Drude(!) = 1 ! Ne2

"0me(!2 + i!!)
= 1 ! !2

P

!2 + i!!
: (2.5)

In this equation we make a substitution using !2
P = Ne2

"0me
. The frequency !P

is called plasma frequency of the free electron gas [41]. The plasma frequency

provides a deeper physical understanding of the optical material properties: at

this frequency the real part of the dielectric function shows a change of sign.

Below the plasma frequency, the real part of the dielectric function becomes

negative, which means that the electric field cannot penetrate the metal and will

be reflected or absorbed by its surface [44].

For noble metals, such as gold and silver, the dielectric function has to be

corrected considering the strong positive background of ion cores. The correction

is implemented by introducing the background permittivity "1 to the dielectric

function [41]:

"Drude(!) = "1 ! !2
P

!2 + i!!
: (2.6)

By plotting the theoretical dielectric function of gold from the equation (2.6)

and comparing it to the measured values for the real and complex part of the

dielectric function, we can observe a limitation of the Drude-Sommerfeld theory

for gold in the wavelength region below 700 nm (figure 2.1).
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Chapter 2. Gold nanoparticles and electromagnetic radiation

Figure 2.1: Comparison of theoretical and experimental values of the dielectric

function of gold. The Drude-Sommerfeld model is calculated with the follow-
ing values: "1 = 9, !p = 1:36 � 1016 Hz and ! = 100 THz (solid lines) [43]. Ex-
perimental values are from the well-known measurement by Johnson and Christy
(dashed lines) [45]. Blue color denotes the real and the red color imaginary parts
of both dielectric functions. The region of the interband transition is marked with
a gray background.

At wavelengths below 700 nm, the energy of the incident photons is su%cient

to induce interband transitions. During this transition, electrons are excited from

the lower energetic d-band to the sp-band of gold (inset in the lower left corner

of figure 2.1). These material specific transitions are not takein into account by

the theoretical model and can be corrected by introducing an additional term

into the equation of motion (2.1). The correction term is represented by a bound

electron with a resonance frequency !0 [41]:

me

@2x

@t2
+me!

@x

@t
+me!

2
0x = !eE(t): (2.7)

Depending on the region of validity, the experimental data or the theoretical

model is used for calculations. The analytic expression provided by the Drude-

Sommerfeld theory is used for calculations if the exciting wavelength is above

8



2.1. Optical properties of gold nanoparticles

Figure 2.2: A spherical gold nanoparticle with an incident electromagnetic wave.

The gold nanoparticle with a dielectric function "(!) is surrounded by a medium
with a dielectric constant "m. The electric field component of the oscillating
electromagnetic wave (green line) deflects free electrons of the gold nanoparticle
(shown in blue) and polarizes it (green minuses and red pluses). At the same
time, an electromagnetic field is induced around the gold nanoparticle due to the
movement of electrons.

700 nm. For shorter wavelengths the experimental data points by Johnson and

Christy are interpolated in order to calculate continuous dielectric functions.

Localized surface plasmons and the quasi-static approximation

Noble metal structures are considered a special case if their physical dimen-

sions are much smaller than the wavelength of the incident electromagnetic wave.

Firstly, the excited electron oscillation is confined inside the structure volume and

cannot propagate away from the excitation area, as this is the case for bulk metal

structures. Secondly, the amplitude of the incident electric field shows only small

di$erences over the nanostructure volume, which results in an almost constant

phase of all excited electrons [42]. According to these properties, the gold nano-

structure can be considered as a nanoscopic antenna which receives and sends

the incident electromagnetic wave [46](figure 2.2).

As mentioned before, collective oscillations of electrons inside a sub-wavelength

metallic structure are called localized surface plasmons. Since only nanoscopic

9



Chapter 2. Gold nanoparticles and electromagnetic radiation

structures are employed in this work, all plasmons and plasmonic properties men-

tioned in this thesis are referred to localized surface plasmons.

To calculate the interaction of a sub-wavelength metallic structure with the

electromagnetic wave, the spacial phase of the oscillating electrons is considered

to be constant over the structure volume. This assumption is called quasi-static

approximation [42]. The most convenient geometry is a homogeneous sphere with

a radius a and a dielectric constant ", surrounded by an isotropic medium with a

dielectric constant "m. The dielectric constant (also called relative permittivity)

of a non-magnetic material is connected to its refractive index by "m = n2 [44].

The incident electric field is static with the field intensity E0. An analytical

solution for the electric potential inside �in and outside �out the sphere is provided

by equations (2.8) and (2.9) [41]. In both equations, the corresponding cylindrical

coordinates are r and �.

�in = ! 3"m

"+ 2"m

E0r cos � (2.8)

�out = !E0r cos � +
"! "m

"+ 2"m

E0a
3 cos �

r2
(2.9)

The equation 2.9 describes the electric potential corresponding to the applied

electric field in the first term and the contribution of a dipole in the second term.

In comparison, a general definition of a dipole potential in each point r is based

on the dipole moment p and the corresponding distance to the dipole center r

[44]:

�Dipol(r) =
pr

4�"0"mr3
=

pr cos �

4�"0"mr3
: (2.10)

This equation can be combined with the equation (2.9) which leads to the

expression for a dipole moment of a dipole, that is located in the center of the

previously introduced sphere:

p = 4�"0"ma
3 "! "m

"+ 2"m

E0: (2.11)

10



2.1. Optical properties of gold nanoparticles

Per definition, the dipole moment is connected to the external electric field

via the electric permittivity of vacuum "0, the permittivity of the surrounding

medium "m and the polarizability coe%cient of the dipole �:

p = "0"m�E0: (2.12)

This relation allows us to extract the size and the permittivity-dependent po-

larizability of a sphere from the equation (2.11):

� = 4�a3
"! "m

"+ 2"m

: (2.13)

This equation (2.13) is known as Clausius-Mossotti equation. A closer look

at this equation provides important information about the frequency dependent

behavior of the nanoparticle polarizability. As introduced in the previous section,

the dielectric function of gold depends on the excitation frequency. At certain fre-

quencies the polarizability shows a resonance behavior which occurs for minimal

values of j"(!)+2"mj [41]. This resonance, which is called the Fr&hlich condition,

is met for Re["(!)] = !2"m, assuming a small and slowly-varying imaginary part

of the dielectric function. The complex polarizability of the nanostructure plays

a significant role in the next chapter, since the electromagnetic force on a gold

nanoparticle is directly connected to the nanoparticle polarizability.

We use the experimental dielectric function of bulk gold (Johnson and Christy

[45]) to calculate the complex polarizability for di$erent excitation wavelengths.

The resulting polarizability of an 80 nm gold nanoparticle in water is shown in

figure 2.3. The plot clearly denotes the resonantly enhanced complex polarizabil-

ity in a region around 540 nm. This plasmonically-increased polarizability a$ects

the amount of scattered and absorbed light by the nanostructure.

E!ective cross section of gold nanostructures

The scattering cross-section of a gold nanoparticle is calculated by dividing the

total scattered or extinct power by the intensity of the incident light, which leads

to expressions [41, 42]:

11



Chapter 2. Gold nanoparticles and electromagnetic radiation

Figure 2.3: Complex polarizability of a spherical gold nanoparticle in water. The
diameter of the gold nanoparticle is 80 nm and the dielectric constant of water
is "m = 1:332. The Fr!hlich condition is met at 516 nm (denoted by a vertical
dashed line).

�sca = Psca=Iinc =
k4

6�
j�j2; (2.14)

�ext = Pext=Iinc = k Im[�]: (2.15)

The extinction cross section contains both, the scattering and the absorption

cross sections: �ext = �sca + �abs. Therefore, the absorption cross section �abs

can be easily obtained from equations (2.15) and (2.14). These calculations are

performed considering vacuum conditions. In a case of another surrounding me-

dia, the incident wavelength, and thus the wavenumber, must be corrected by

the refractive index of the medium.

It is possible to calculate the complex polarizability of spherical gold nanoparti-

cles by using the experimental dielectric function [45] and the Clausius-Mossotti

equation (2.13). Together with this polarizability, equations (2.15) and (2.14)

12



2.1. Optical properties of gold nanoparticles

Figure 2.4: E!ective cross section of a gold nanoparticle. The diameter of the gold
nanoparticle is 50 nm. The surrounding medium is water. The inset in the top
right corner illustrates the idea of an e"ective cross section: the incident intensity
is blocked by an object with the surface area, that is equal to the e"ective cross
section.

provide wavelength dependent e$ective cross sections of a gold nanoparticle with

50 nm diameter surrounded by water.

Figure 2.4 illustrates the e$ective cross sections of the largest nanoparticle,

which can be calculated using the Clausius-Mossotti equation without any re-

striction. For nanoparticle diameters above 50 nm, the value of the scattering

cross section becomes bigger than the extinction cross section, in the wavelength

region between 600 and 800 nm. This leads to unphysical negative numbers for

the absorption cross section. The same behavior is observed by introducing sur-

rounding media with "m > 1:332. Therefore, a more precise solution is required to

calculate more realistic e$ective cross sections of particles with diameters bigger

than 50 nm in a high refractive surrounding media.

Mie theory

The Mie theory assumes an optically isotropic spherical particle with a radius

a and a complex refractive index m, irradiated with a plane harmonic electro-

13



Chapter 2. Gold nanoparticles and electromagnetic radiation

magnetic wave at a wavelength �. This theory considers not only the dipole

contribution, as in the case of the quasi-static approximation, but also the con-

tribution of higher orders of multipole expansion. Boundary conditions for the

electromagnetic wave at the edge of the sphere lead to exact expressions for scat-

tering and extinction cross sections [42]:

�sca =
2�

jkj2
1

X

j=1

(2j + 1)(jajj2 + jbjj2); (2.16)

�ext =
2�

jkj2
1

X

j=1

(2j + 1)Re(jajj + jbjj): (2.17)

In these equations, k = 2�=� is the wavenumber of the incident wave. The

scattering coe%cients aj and bj are

aj =
m j(mx) 0

j(x) !  j(x) 0

j(mx)

m j(mx)�0

j(x) ! �j(x) 0

j(mx)
; (2.18)

bj =
 j(mx) 0

j(x) !m j(x) 0

j(mx)

 j(mx)�0

j(x) !m�j(x) 0

j(mx)
; (2.19)

where x = 2�a
�

is the size parameter of the sphere. The functions  j and �j

are the Riccati-Bessel functions. For particle sizes smaller than the wavelength

of the incident electromagnetic wave, it is su%cient to calculate only the first few

terms of the series in equations (2.16) and (2.17).

The scattering and extinctions cross sections are depending on the complex

polarizability of a gold nanoparticle, as described by equations (2.14) and (2.15).

Using these equations, expressions for the real �0 and imaginary �00 parts of the

polarizability can be derived according to:

�0 =

r

�sca6�

k4
! �2

ext

k2
; (2.20)

�00 =
�ext

k
: (2.21)
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2.1. Optical properties of gold nanoparticles

Comparison of the complex polarizability provided by the Clausius-Mossotti

expression and the values calculated by using the Mie theory denotes again the

limited validness of the quasi-static approximation (figure 2.5).

Figure 2.5: Complex polarizability of a gold nanoparticle. Di"erent ways to calculate
the real (blue lines) and the imaginary (red lines) parts of a nanoparticle polar-
izability (80 nm diameter in water). Solid lines correspond to the Mie theory.
Dashed lines shows results by the quasi-static approximation.

The Clausius-Mossotti equation does not take some important size dependent

plasmonic e$ects, such as a red shift of the plasmon resonance for bigger particles

due to the retardation e$ect, into account [47]. The retardation e$ect occurs when

the the phase of the incident electromagnetic field cannot be assumed as constant

over the nanoparticle volume which leads to excitation of higher orders of multipol

excitation. This e$ect is usually observed for a structure size a > �=10, compared

to the incident wavelength �. Other significant e$ects, such as absorption and

radiation damping are also not considered [41], which explains the big di$erence

shown in figure 2.5.

Additionally, the real part of the nanoparticle polarizability, calculated with the

Calusius-Mossotti equation, is positive over the whole visible wavelength range.

The real part of the polarizability, provided by the Mie theory, suggests a change

of sign (solid blue line in figure 2.5). The change of sign occurs in a wavelength

region below the plasmon resonance. Negative values of the real part of the
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Chapter 2. Gold nanoparticles and electromagnetic radiation

Figure 2.6: E!ective cross sections and complex polarizability of a gold nanopar-

ticle. The diameter of the gold nanoparticle is 80 nm and the surrounding
medium is water. The values represented by solid lines are calculated with the
Mie theory. The dashed lines are calculated with the extended quasi-static ap-
proximation.

polarizability is a substantial feature, which plays a role during experiments with

electromagnetic forces acting on gold nanoparticles as shown in next sections.

Extending the quasi-static approximation

The quasi-static approximation is limited for gold nanoparticles bigger than

50 nm and for surrounding media with high dielectric constants ("m > 1:332). An

alternative expression for the polarizability of a metallic nanosphere is proposed

by Kuwata et al. [48]:

�ext = Vp

1 ! 1
10

("+ "m)(x)2 +O(x4)

(1
3

+ "m
"!"m

) ! 1
30

("+ 10"m)(x)2 ! i16"
3=2
m

9
(x)3 +O(x4)

: (2.22)

In this equation, Vp is the volume of the sphere, x = 2�a=� is the size parame-

ter, a is the radius of the sphere, and � is the wavelength in vacuum. O contains

higher orders of the size parameter.

Complex polarizabilities of an 80 nm gold nanoparticle surrounded by water

and calculated by the extended equation (2.22) and the Mie Theory are in a very

good agreement to each other. Comparing the e$ective cross-sections by both
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2.1. Optical properties of gold nanoparticles

Figure 2.7: Extinction cross section of spherical gold nanoparticles a) The increase,
broadening and red shift of the plasmon resonance of spherical gold nanoparticles
with a diameter between 10 and 100 nm in water. b) The Increase and strong
redshift of extinction cross sections of an 80 nm gold nanoparticle for a varying
refractive index of the surrounding medium.

methods shows a very good agreement. Figure 2.6 illustrates the comparison of

the extended polarizability and Mie theory. The extended polarizability equation

(2.22) is used in the following chapters to calculate the complex polarizability,

e$ective cross sections, and the electromagnetic force on gold nanoparticles.

Figure 2.7 illustrates two important dependences of the plasmon resonance for

spherical gold nanoparticles. Panel (a) shows the increase, the broadening and

the red shift of the plasmon resonance with increasing particle radius. In this

graph, the refractive index of the surrounding medium is constant with n = 1.33.

Panel (b) shows the increase and the strong redshift of the plasmon resonance of

a spherical 80 nm gold nanoparticle as a function of the refractive index of the

surrounding medium.

Among all optical properties, the existence of an absorption cross section de-

notes that a fraction of the incident electromagnetic energy will remain inside the

nanostructure. Depending on material properties, a bigger or smaller fraction of

the absorbed energy can therefore cause a substantial temperature increase. The

high absorption cross section of gold nanoparticles, thus makes them the perfect

candidates to be applied as a nanoscopic heat source.
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Chapter 2. Gold nanoparticles and electromagnetic radiation

2.2 Plasmonic heating

A rather low quantum e%ciency of gold nanoparticles in terms of photolumines-

cence [49] leads to the transfer of almost all absorbed electromagnetic radiation

into heat. The heating e$ect is proportional to the increasing e$ective absorption

cross section in the region of the plasmon resonance [50].

The energy of the excited plasmon decays two possible ways, a radiative decay,

which corresponds to the elastic scattering of light and a non-radiative decay,

which results into the temperature increase of the gold nanoparticle. In detail,

the non-radiative decay of the gold nanoparticle plasmon is connected to inco-

herently oscillating electrons and transfers the plasmon energy to phonons due to

electron-electron and electron-phonon interaction [42]. The result of this process

is an increasing temperature of the gold nanoparticle. Due to the high thermal

conductivity of gold, the temperature distribution over the whole gold nanopar-

ticle volume can be considered as constant (shown schematically in figure 2.8).

Figure 2.8: Decays of the localized surface plasmon. The radiative decay results in
elastically scattered light of the same wavelength as the incident light. The non-
radiative decay is connected to the loss of phase of oscillating electrons. Follow-
ing electron-electron and electron-phonon interactions lead to the temperature
increase of the gold nanoparticle.

The generated heat di$uses away from the hot gold nanoparticle surface, which

leads to the increase of the temperature around the gold nanoparticle. The

di$usion of heat is described by the following equation [50]:
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2.2. Plasmonic heating

�(r)c(r)
@T (r; t)

@t
= r�(r)rT (r; t) +Q(r; t); (2.23)

where T (r; t) is the temperature at the point with the coordinate r at time

t, �(r) the density, c(r) the heat capacity and �(r) the thermal conductivity of

the surrounding material. In our experiments, the heat source Q(r; t) is always

represented by the gold nanoparticle, which absorbs a fraction of the incident

laser irradiation.

When irradiated by a continuous wave laser, the gold nanoparticle generates a

constant amount of thermal energy. At the same time, the amount of the heat

transferred to the surroundings depends on the temperature gradient, which is

increasing for higher nanoparticle temperatures. The point where the tempera-

ture distribution inside the system is constant in time, the thermal steady-state

is achieved.

The steady-state temperature increase around a spherical gold nanoparticle

with a volume VP acting as a heat source with a constant thermal energy Q

depends on the thermal conductivity of the surrounding medium k0 and the

distance to the nanoparticle surface r [50]:

�T (r) =
QVP

4�k0r
: (2.24)

This equation has its validity only for distances r bigger than the radius of the

gold nanoparticle. The amount of the absorbed heat Q is calculated by using the

previously introduced absorption cross section of the gold nanoparticle:

Q =
�absI

VP

: (2.25)

In this equation I is the power density of the incident electromagnetic wave.

Simulating heat distributions around hot gold nanoparticles

The heat distribution around spherical heat sources with an isotropic heat con-

ductance can be calculated analytically by applying symmetry simplifications

(equation 2.24). All relevant values are assumed to be constant at di$erent tem-

peratures. Nevertheless, the heat distribution for asymmetric geometries has usu-
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Chapter 2. Gold nanoparticles and electromagnetic radiation

Figure 2.9: Calculated temperature increase of the surroundings and the surface

of the gold nanoparticle in water. Left panel shows the temperature increase
as a function of the distance to the nanoparticle center for di"erent nanoparticle
diameters and 100 kW/cm2 heating power density. Right panel illustrates the
temperature increase of the gold nanoparticle surface for di"erent power densities
and nanoparticle diameters.

ally no analytical solution and can only be calculated numerically. Additionally,

relevant material properties, such as the heat capacity and thermal conductivity,

show a temperature dependent behavior which makes the calculation significantly

extensive.

It is therefore important to distinguish the exact amount of light absorbed by

a gold nanoparticle. For this calculation the e$ective absorption cross section

of the nanoparticle and the laser intensity are required. E$ective cross sections

are calculated by the program ’MQMie’ version 3.2a by Dr. Michael Quinten

[51]. It provides exact solutions of the Mie theory for coated spherical particles of

defined materials surrounded by di$erent media. Alternatively, it is possible to

use the extended polarizability equation (2.22) and absorption cross section from

equations (2.15) and (2.14) for bare gold nanoparticles. The exact value of the

laser intensity is calculated by taking a picture of the laser spot in the focal plane

of the objective. Afterwards, the image of the spot is measured and approximated

by a two-dimensional Gaussian function to calculate the power distribution in the

spot. It is assumed that the gold nanoparticle is placed exactly in the middle
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2.2. Plasmonic heating

Figure 2.10: Numerical calculation of the temperature distribution around a hot

gold nanoparticle. a) The experimental geometry is built inside the pro-
gram. b) A cut through a three-dimensional temperature distribution simula-
tion around a spherical gold nanoparticle. The diameter of the nanoparticle is
80 nm, the surrounding medium is water and the laser intensity is 1 mW. The
heating laser beam is focused by an objective with an NA of 0.9.

of the laser spot and the intensity of the central area, which is equal to the

absorption cross section, is absorbed by the nanoparticle. Dividing the absorbed

power by the nanoparticle volume leads then to the required power density Q.

A commercial program ’Comsol Multiphysics’ version 4.0 by FemLab, is used

to solve the heat di$usion equation numerically for arbitrary geometries and ma-

terial properties. This program applies the method of finite elements, which

divides the simulated volume into small triangular elements and solves individual

heat di$usion equations for defined boundary conditions between each element

[52]. Therefore, the correct definition of all boundary conditions plays an im-

portant role. Factors, such as heat transfer or insulation between single struc-

tures, constant temperatures or heat sources must be consistent with realistic

conditions. The total simulation volume is defined to be big so outer boundary

conditions can be held constant without disturbing the simulation.

The exact geometry of the sample area of interest is built inside the program.

The material properties, such as heat capacity and thermal conductivity are of

high importance to provide temperature values comparable with the experimental

results.
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Chapter 2. Gold nanoparticles and electromagnetic radiation

The program allows to calculate both the steady-state and time dependent

temperatures for arbitrary heat sources and geometries.

2.3 Optical forces

In order to understand the electromagnetic force acting on an object by an in-

cident laser beam, also referred to as optical force, three important object size

regimes have to be considered. Firstly, the Rayleigh regime, which corresponds to

the situation when the size of the object is much smaller than the incident wave-

length a << � [53]. This regime describes the interaction of light with molecules

and shows the prominent scattering intensity dependence to 1=�4. Secondly, the

geometrical optics regime, which represents the interaction of light with non-

absorbing particles with a >> � [54]. At this point, the origin of optical forces

can be described in terms of ray optics. A transparent sphere refracts the incident

light and changes its direction and momentum, which leads to a force pointing in

the opposite direction. This force pulls the object into the region of the maximal

intensity of light, where the incident beam is not refracted by the object. In the

ray optics regime the size of the object is usually bigger than the size of the light

beam. Thirdly, a special case between the ray optics and Rayleigh regimes, which

is the Mie regime. The Mie regime is characterized by the interaction of light

with objects with a � �, which corresponds to all experiments done in this work

[55]. Figure 2.11 gives an overview on all three regimes. In order to visualize the

processes, the illustrated width of the beam corresponds to the wavelength of the

electromagnetic wave. In all three cases the beam propagation direction is from

top to the bottom.

One of the possible approaches to calculate the optical force on an object is

the consideration of a Lorentz force on a dipole [56]. The classical expression for

the Lorentz force on a moving object with speed v and charge q, depends on the

electric and magnetic fields E and H [44]:

FLorentz = q(E(r; t) + v(r; t) � �0H(r; t)): (2.26)

In this equation �0 = 4�10!7N=A2 is the vacuum permeability.
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2.3. Optical forces

Figure 2.11: Di!erent regimes of optical forces on an object. Left: the Rayleigh
regime, with a very small object inside the laser beam. Middle: Mie regime,
the size of the object is on the order of the incident wavelength. Right: the ray
optics regime. The size of the particle is considerably bigger than the wavelength
and the beam diameter.

In the case of a dipole with a dipole moment p = "0"m�E, the Lorentz force

can be written as [57]:

Fdipole = (p � r)E + �
dp

dt
� H: (2.27)

In this equation, we use the dipole approximation for electric and magnetic

fields. With the Maxwell equations and the vector equality, the total force equa-

tion can be represented as a function of the electric and magnetic fields:

Ftotal = "0"m�[
X

j

EjrEj + �
@

@t
(E � H)]: (2.28)

Using the real �0 and imaginary �00 parts of the extended complex polarizability

and averaging over the optical period T = 2�=!, an equation is obtained which

is only depending on the electric field:

hFtotali =
1

4
"0"m�

0r(E�E) +
1

2
"0"m�

00 Im

(

X

j

E�

j rEj

)

; (2.29)

where * denotes the complex conjugate.
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Chapter 2. Gold nanoparticles and electromagnetic radiation

The total force can be decomposed into two important components, the gradi-

ent force

hFgradi =
1

4
"0"m�

0r(E�E); (2.30)

and the scattering force

hFscati =
1

2
"0"m�

00 Im

(

X

j

E�

j rEj

)

: (2.31)

The gradient force depends on the real part of the complex polarizability and

follows the gradient of the intensity. The gradient force usually acts towards

the region with the highest light intensity. The gradient force is used to confine

structures with a strongly focused laser beam, which shows high intensity gradi-

ents around the focal point. This confinement leads to optical trapping or optical

tweezing.

The scattering force depends on the imaginary part of the complex polarizabil-

ity and follows the Poynting vector S of the incident electromagnetic radiation.

Alternatively, the scattering force is described by [58]:

hFscati =
"2m
c

(�scat + �abs)hSi: (2.32)

The name scattering force is rather misleading, since it contains both forces

acting on a metallic nanoparticle due to the scattered and absorbed light [56].

The dependence of the gradient force on the real part, and the scattering force

on the imaginary part of the polarizability allows di$erent regimes of optomechan-

ical manipulations (figure 2.12). Using di$erent ratios of the real and complex

polarizabilities, the ratio of the gradient and scattering force can be adjusted

by applying di$erent wavelengths of the incident light. For gold nanoparticles

in the order of tens of nanometers, the real part of the complex polarizability

dominates in the long wavelength region around 900–1000 nm. This region is

marked by a vertical orange line. It is possible to confine gold nanoparticles in

three dimensions using a strongly focused laser beam with these wavelengths.
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2.3. Optical forces

Figure 2.12: Complex polarizability of a gold nanoparticle in a medium with a high

refractive index. The diameter of the gold nanoparticle is 80 nm, the refractive
index of the medium is 1.5. The blue curve represents the real part and the red
curve is the imaginary part of the polarizability. The green vertical line marks
the region with the maximal repulsive gradient force, the yellow line the region
with the maximal scattering force and the orange line marks the region of the
mainly attractive gradient force.

In the wavelength regions close to the plasmon resonance (yellow line), the

dominating imaginary part of the polarizability leads to the strong scattering

force, which overcomes the gradient force and accelerates the gold nanoparticle

along the beam propagation direction.

Additionally, the real polarizability of plasmonic nanoparticles can also obtain

negative values. The negative value results in a change of the gradient force form

attractive to repulsive. It occurs at wavelengths blue shifted compared to the

plasmon resonance (figure 2.12, green line). In this case, the gold nanoparticle is

not attracted by the gradient force anymore, but repelled from the region with

the highest intensity. The gold nanoparticle follows the negative gradient of the

electric field and optical trapping or confinement with a focused Gaussian beam

is possible.
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Chapter 2. Gold nanoparticles and electromagnetic radiation

To be able to confine the gold nanoparticle with an incident wavelength in

the region of negative real polarizability, special beam shapes like a hollow beam

(Laguerre-Gaussian laser mode [59]) can be used [56]. In this case, the movement

of the gold nanoparticle is limited inside the low intensity region in the focus of

the beam. A similar principle is applied to trap atoms with blue detuned optical

traps [60, 61].

Calculation of optical forces

To calculate the resulting optical forces on a plasmonic nanostructure, the optical

force equations have to be solved for the case of a tightly focused laser beam.

All force calculations are done with a commercial program for mathematical

calculations ’Mathematica’ version 8.0 by Wolfram Research.

The electric field distribution of a focused laser beam in cylindrical coordinates,

depending on the radius r and height z, can be described using the following

equation [62]:

E(r; z) = E0

p

2=�
w0

w
e!

r2

w2 ei(k( r2

2R
+z)+�); (2.33)

where � is the wavelength of incident light and k = 2�n=� is the wave vector

inside the medium. The propagation direction of the laser beam is the z-direction.

E0 is the maximum electric field amplitude in the focus provided by

E0 =

p
2�0c0P

w0

; (2.34)

with the laser power P , the permeability of the free space �0, the speed of light

in vacuum c0, the width of the beam along the z-axis w, and at the focal plane

w0:

w0 =
�

�NA
; w(z) = w0

p

1 + (z=z0)2: (2.35)

The equations contain NA, the numerical aperture of the focusing objective,

described before (equation 4.1), and z0, which is the length at which the beam

cross section area doubles:
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2.3. Optical forces

z0 =
�w2

0n

�
: (2.36)

R and � are connected to z0 and z-coordinate:

R = z(1 +
�z0
z

�2

) and � = tan!1
�z0
z

�

: (2.37)

The electric field equation can be applied on the optical force equations for the

gradient force (2.30) and scattering force (2.31).

In order to plot the direction dependent optical force on a gold nanoparticle,

we split the resulting optical force equations into components parallel to both

coordinates r and z [62]. This leads to four expressions, the gradient force into

z-direction:

FgradZ(r; z) = !"0
�
�0E2

0

zw4
0

z20

�

1

w4
! 2r2

w6

�

e!
2r2

w2 ; (2.38)

the gradient force into r-direction:

FgradR(r; z) = !2"0
�
�0E2

0

rw2
0

w4
e!

2r2

w2 ; (2.39)

the scattering force into z-direction:

FscatZ(r; z) =
"0
�
�00E2

0

w2
0

w2

�

k

�

1 ! r2

2

z2 ! z20
(z2 + z20)2

�

+
w2

0

z0w2
0

�

e!
2r2

w2 ; (2.40)

and the scattering force into r-direction:

FscatR(r; z) =
"0
�
�00E2

0

rw2
0

w2

k

R
e!

2r2

w2 ; (2.41)

Cross-sections of optical forces in z and r-directions acting on a spherical gold

nanoparticle with 80 nm diameter irradiated by a 1 mW focused laser beam in

water are calculated with previous equations (2.38-2.41) and shown in figure 2.13.

At this point should be mentioned that these calculations represent an ap-

proximated, idealistic situation. The real focused laser beam shows di$raction
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Chapter 2. Gold nanoparticles and electromagnetic radiation

Figure 2.13: Optical forces acting on a spherical gold nanoparticle. Plots of the
gradient, scattering, and the total force applied by a laser beam on a 80 nm gold nanoparticle
in water. The laser beam with a wavelength of 632 nm is focused by a NA 0.9 objective. The
laser power is 1 mW. In all plots, the arrows denote only the direction of the force, its magnitude
is represented by the color distribution.

patterns which are not considered here [63]. Additionally, the influence of the

gold nanoparticle on the laser beam is not taken into account.
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3 Thermal properties of polymers

Synthetic polymers are highly diverse in their physical properties. Thermoplas-

tics are rigid polymers that become reversibly soft above the glass transition

temperature [64]. Elastomers are flexible polymers with a glass transition tem-

perature below the operating temperature, often called the rubbery state [65].

Thermosetting polymers are fluid and deformable, but become irreversible rigid

after heating [66]. In some cases, polymers show thermoresponsive behavior due

to changes in solubility [67] or pre-stressed polymer manufacturing [68].

At the beginning of this chapter we give an overview on the general thermal

properties of polymers. Afterwards, we focus on the particular thermal response

of polymers, which are employed in this work.
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3.1 Thermal response of polymers

Figure 3.1 illustrates idealistic temperature dependent behavior of an model poly-

mer regarding its deformability. All possible states, from the glassy, the rubbery

and the fluid states with corresponding glass and melting transitions, are shown

in the graph.

Figure 3.1: Increasing deformability of a polymer versus the increasing tempera-

ture. By increasing the temperature, the polymer undergoes a glass transition,
which leads to a deformable rubbery state. Further increase of the temperature
initiates melting of the polymer with the highest deformability. Thermal degra-
dation occurs when the thermal energy is su#cient to break chemical bonds of
the polymer chain (adapted from [69]).

The glass transition is a thermal property of amorphous and partially crys-

talline polymers. It is connected to the thermal energy, which is required to

allow long-range segmental motion of the polymer chains [70]. Above the glass

transition temperature Tg, it is possible to overcome the interaction between indi-

vidual polymer chains by applying an external force. The polymer state above Tg

is often called the ’rubbery state’. In this state, polymers become highly flexible

and soft. Some factors, such as the polymer chain length [71], shape [72], chain

defects, or the heating rate a$ect a range of the glass transition temperature [73].

Fully crystalline polymers show no glass transition, but have a relatively sharp

melting point.
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3.1. Thermal response of polymers

At the melting point of a polymer, the interaction between individual polymer

chains is broken by thermal energy [74]. Above the melting point Tm, the poly-

mer behaves as a viscous liquid. Again, factors, such as polymer chain length,

the degree of crystallinity, high polarity, and strong binding between individual

polymer chains will a$ect the melting temperature [75]. The exact value of Tm is

hard to predict theoretically and is usually experimentally derived. In compari-

son, fully cross-linked polymers show no melting point. These polymers possess

covalent or ionic bonds between polymer chains and start to degrade by high

thermal energy before melting.

The stability of most polymers decreases at high temperatures. Increasing

thermal energy destabilizes chemical bonds of polymer chains and breaks the long

chains to shorter oligomers and monomers [76]. A further increase of the tem-

perature eventually leads to evaporation of polymer components. This process is

called thermal degradation [76]. Above the thermal degradation temperature a

strong volume and weight decrease of the polymer can be observed.

Polymers also exhibit defined thermoresponsive properties. Usually, these

properties are based on a change of the solubility at di$erent temperatures. An

important definition in this context is the lower critical solution temperature

(LCST), denoting the temperature above which two components are not longer

miscible. Polymers with a temperature dependent miscibility allow the solvent

to swell the polymer network below the LCST [77]. At the LCST these polymers

undergo a phase transition which leads to the release of the solvent from the

polymer network [78]. During the phase transition, the polymer changes some

of its physical properties drastically. Beside the variable solubility, a pronounced

change in the polymer volume, density and refractive index is observed [79]. Ad-

ditional thermoresponsive character can be provided to polymers by introducing

mechanical stress into the polymer in the rubbery state. Cooling down to the

glassy state retains the stress inside the polymer. By heating the polymer above

the glass transition temperature, the introduced stress can be released and the

polymer can change its shape back to the original [80].

In following sections we will briefly explain the relevant thermal properties of

the polymers used in this thesis.
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3.2 Thermally induced shrinking

Polystyrene (PS) shows a glass transition at temperatures around 100 �C [81],

which makes the polymer soft and easily deformable above this temperature.

Decreasing the temperature again leads to the rigid glassy state. This behavior

makes PS an important polymer for molding processes, where the hot deformable

polymer takes the form of the mold and retains it after the cooling [82]. The

melting temperature of PS is around 240 �C [74].

Figure 3.2 shows the chemical structure of PS. The polymer is highly trans-

parent for visible light and not soluble with polar solvents like water. Strongly

nonpolar solvents as toluene or hexane are able to dissolve the polymer. The sur-

face of structures made of PS is usually hydrophobic and can be modified using

oxygen plasma treatment.

Figure 3.2: The chemical

structure of PS. PS consists
of a long hydrocarbon chain
with a phenyl group on every
second carbon atom.

A single transparent polymer sheet with a thickness of 1 mm is cut into pieces

and used as a substrate for our experiments. At temperatures above the glass

transition, the polymer changes its shape irreversibly, such that the surface area

of the polymer sheet decreases with the simultaneously increasing thickness. This

behavior also leads to a decrease of the distance between structures on top of the

polymer surface [80].

The thermoresponsive properties of pre-stressed PS are achieved by the way

how the polymer sheet is manufactured. A PS sheet is stretched and heated

above the glass transition temperature at the same time. The following rapid

cooling of the polymer retains the deformed shape and the applied mechanical

stress. At the glassy state, PS is rigid and cannot be deformed by the inner

mechanical stress. However, if the pre-stressed polymer is heated above the glass

transition temperature, it becomes soft again and returns back to the original
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Figure 3.3: Surface shrinkage of the pre-stressed PS sheet. The surface area decreases
at temperatures above the glass transition of PS. Simultaneously, the thickness
of the PS sheet increases.

unstressed shape. This process is irreversible and requires reapplication of heat

and mechanical force in order to change the shape of the polymer again.

3.3 Volume phase transitions

Poly(N-isopropylacrylamide) or pNIPAM is a widely studied polymer with de-

fined thermal properties. At room temperature pNIPAM is hydrophilic and, to-

gether with water molecules, builds a swollen three dimensional structure, when

pNIPAM chains are cross-linked. At temperatures around the lower critical so-

lution temperature (LCST), which is 32-34 �C [83], cross-linked pNIPAM shows

a sharp volume phase transition, which is the result of the solubility change of

pNIPAM network in water. Below the LCST, the polymer network is hydrophilic

and hydrated by water molecules. Above the LCST, the polymer becomes in-

soluble in water or hydrophobic. Under hydrophobic conditions, the previously

water swollen polymer network collapses and expels water molecules. Thereby

the volume of the collapsed pNIPAM based structure decreases by several times

compared to the swollen state.

Due to the hydrated state of the cross-linked pNIPAM network, it is often called

a hydrogel. Micro and nanoscopic structures are named microgels and nanogels

respectively. The three dimensional microgel network is typically cross-linked,

with pNIPAM serving as a long backbone and N,N+-methylenebisacrylamide a

commonly used cross-linker [84]. Usually microgels are produced as a colloidal

dispersion in water. Techniques, such as dynamic light scattering can be eas-
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Figure 3.4: The chemical struc-

ture of pNIPAM. pNIPAM con-
tains a long hydrocarbon chain with
an acrylamid group modified with an
isopropyl side group.

ily applied to measure the size and the swelling behavior of colloidal pNIPAM

microgels [85].

During the collapse process, the volume of the pNIPAM microgel drastically de-

creases, which leads to the change of the e$ective refractive index of the microgel

particle. At the swollen state, the refractive index of the microgel corresponds to

the refractive index of water, which forms more than 90/ of the microgel volume

[86]. At the collapsed state, water is partially repelled from the polymer network,

leading to the increase of the refractive index of the microgel. Figure 3.5 shows

the behavior of pNIPAM microgels in water at two di$erent temperature regimes:

the swollen microgel at room temperature and the collapsed one above the lower

critical solution temperature.

Figure 3.5: pNIPAM microgel in wa-

ter at di!erent temperatures. Left
panel: the microgel particle is swollen by
water at temperatures below the LCST,
containing more than 90% of water [86].
Right panel: above the LCST the polymer
network becomes hydrophobic, which leads
to water expulsion and collapse of the struc-
ture.

The phase transition of pNIPAM is fully reversible [87]. By decreasing the

temperature below the LCST, the water solubility of pNIPAM increases again and

water molecules hydrate the polymer. Here, the cross-linked pNIPAM undergoes

a reversed volume phase transition and swells to the original size.
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3.4. Thermal degradation

The kinetics of the volume change depends on pNIPAM structure size to the

power of two [88], which leads to a very fast temperature response of micro- and

nanogels down to the hundred nanosecond regime [89].

3.4 Thermal degradation

Thermal degradation process of polymers starts when the thermal energy is su%-

cient to break chemical bonds between polymer chain components. In this work,

two polymers are heated to temperatures above the thermal degradation temper-

ature, polyvinyl alcohol and polystyrene.

Polyvinyl alcohol at high temperatures

Polyvinyl alcohol or PVA is a synthetic water soluble polymer (figure 3.6). Films

made of PVA are transparent in the visible spectrum of light. Due to its high wa-

ter solubility and a%nity, PVA changes its physical properties, such as deforma-

bility or electric conductivity, at high humidity or with water contact [90, 91].

Therefore, PVA is often employed as a base for humidity sensors in some appli-

cations [92].

Figure 3.6: The chemical

structure of polyvinyl al-

cohol. PVA consists of a
hydrocarbon chain with an alco-
hol group bond to every second
carbon atom.

PVA shows a glass transition around 80�C [93] and a melting point around

230�C [94]. In air, the thermal degradation of the polymer starts at temperatures

above 300�C [95]. The degradation process can be observed by thermal gravi-

metric analysis (TGA), measuring the mass loss of the polymer as a function of

the temperature. Additionally, the intensity of O–H and C–H stretching modes,

measured by Fourier transform infrared spectroscopy, drastically decreases [96].

This decrease corresponds to the breaking of chemical bonds and the sequential

shortening of the polymer chains.
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The first weight loss of 4.2/ is connected to water losses from the polymer

matrix at temperatures around 82�C. PVA always shows a small content of water

due to its high water a%nity. In air, the process of thermal degradation of PVA

shows two main steps: at 378�C and 449�C with a corresponding mass losses of

52.4 and 41.7/, respectively. The remaining weight of the carbon residue after

water loss and both thermal degradation steps is 1.7/. These temperatures are

measured for a specific PVA molecular mass of 24000 g;mol and a certain heating

rate of 1 �C;min [96]. Small variations of the thermal degradation temperature

are expected for other values for the molar mass and heating rate.

Thermal degradation of polystyrene

PS has a glass transition temperature around 100�C and shows a melting point

around 240�C. Thermal degradation of PS starts at around 320�C with a maxi-

mum at 390-400�C, which leads to the total weight loss of 99/ and a remaining

1/ of carbon residue at temperatures above 430�C [97].

3.5 Heat induced cross-linking

Polydimethysiloxane or PDMS is a synthetic silicone-based elastomer. The poly-

mer is transparent in the visible range of light. PDMS is widely used in the area

of soft lithography [98]. The polymer is often employed as a material for microflu-

idic cells [99] and can show both hydrophilic and hydrophobic properties, which

can be controlled by the surface treatment [100]. The advantage of PDMS is its

thermally triggered cross-linking reaction. Therefore, it belongs to thermosetting

polymers.

Figure 3.7: The chemical structure of

polydimethylsiloxane. PDMS consists of
an alternating chain of oxygen and silicon
atoms. Two methyl croups are bond to each
silicon atom.

In our experiments, we use a commercially available PDMS precursor with the

trade name Sylgard 184. The polymer has two components with di$erent chain
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3.5. Heat induced cross-linking

lengths. The components are mixed and react together (figure 3.8). The cross-

linking reaction at room temperature is very slow and takes approximately two

days. At higher temperatures the cross-linking reaction can be significantly ac-

celerated, reducing the curing time from days to a few minutes. The cross-linking

kinetics is not yet studied. The temperatures and times provided by the manu-

facturer represent rough values for bulk structures: 48 h at room temperature,

45 min at 100�C, 20 min at 125�C and 10 min at 150�C [101].

Figure 3.8: Two compounds of the PDMS precursor and its cross-linking reaction.

a) Siloxane oligomers of around 60 bases build the backbone of the polymer. b)
Short siloxane molecules of about 10 bases are used to cross-link long siloxane
oligomers. c) Schematic view of the platinum catalyzed reaction between both
components of PDMS. (Adapted from [102])

The platinum catalyzed cross-linking reaction is shown schematically in figure

3.8c. Platinum acts as a catalyst during the hydrolization reaction, which binds

the short cross-linker molecules to the long siloxane oligomers. After the ther-

mally activated cross-linking reaction, PDMS builds an elastic three dimensional

network. Usually, the untreated PDMS network is hydrophobic and insoluble
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both in water and in nonpolar solvents, such as hexane. PDMS has no sharp

melting temperature and degrades at temperatures around 500�C [103].
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4 Characterization of

polymer-nanoparticle

composites

The following chapter describes methods and techniques used to characterize

and manipulate polymer samples. The chapter starts with an introduction of the

sample characterization methods, such as dark field microscopy and spectroscopy.

Afterwards, non-optical characterization by atomic force and scanning electron

microscopy is briefly introduced. These techniques allow the investigation of the

sample with nanoscopic resolution. Additional techniques, such as dynamic light

scattering and absorbance measurements, are applied to characterize the samples.
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4.1 Dark field microscopy

The dark field microscope (DFM) is a powerful tool for gold nanoparticle charac-

terization [104]. Due to the localized plasmon resonance in the visible region of

the light spectrum, it is possible to observe spherical gold nanoparticles with an

optical microscope by separating the scattered and illumination light as shown in

figure 4.1a. The visible color of plasmonic structures observed in a DFM corre-

sponds to the wavelength of the resonance peak position. For example, spherical

gold nanoparticles with 80 nm diameter show a plasmon resonance peak between

540 nm to 580 nm in di$erent media. This wavelength is visible as a green color

of the scattering structure, as illustrated in figure 4.1b.

Figure 4.1: Schematic view of the DFM and observed gold nanoparticles. a)
Schematic view of the DFM. The white light is focused by a condenser in the
way, that it does not reach the objective aperture. Only the scattered light of the
sample is collected by the objective. b) Several 80 nm gold nanoparticles on a
glass substrate observed with the DFM. The non-scattering background is black,
which is the origin of the $dark field$ denotation.

The basic principle of a DFM is the hollow cone shape of the illuminating light

beam, which is focused in the sample plane. The dark region in the middle of

the light cone and the high incident angle avoids direct light propagation into the

objective. This condition is usually achieved by a condenser system of lenses and

spherical mirrors with a mechanically blocked middle part of the illuminating

beam. Successful dark field observation depends on the coaxial conformation
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4.1. Dark field microscopy

of the condenser and the light collecting objective and the ratio between their

numerical apertures (NA):

NA = n sin(�): (4.1)

This equation contains n, the refractive index of the immersion medium and

�, the half angle of the focused cone of light. If the NA of the objective is higher

than the NA of the condenser, the illuminating light will be collected by the

objective and disturbs the observation.

Samples can only be observed in a DFM if they scatter light or if they possess

luminescent properties. In order to increase the contrast between the observed

structure and the background, the substrate is thoroughly cleaned from unwanted

scatterers. Additionally, the spectrally resolved scattering properties of the sam-

ple can be investigated if the scattered light is collected by a spectrometer.

The DFM used in this work is based on a conventional upright microscope

Axiovert 100 by Zeiss GmbH. The light source, a 100 W halogen lamp, covers

the whole visible spectrum of light. The dark field configuration is provided by

a set of two condensers. An oil dark field condenser ’Zeiss 445323’ with an

NA between 1.2 and 1.4 (corresponding to inner and outer cones of light) allow

observations and manipulations with high NA objectives. A special immersion oil

with a refractive index of 1.518 is used between the condenser and a glass cover

slide. An air dark field condenser ’Zeiss 465505’ with a lower NA is used to

avoid oil contact with the sample and to keep it clean for further measurements.

The air condenser has an NA between 0.8 and 0.95, which limits the number of

objectives suitable for this condenser to air objectives only.

The light, scattered by the sample, is observed either directly by eye or detected

with a digital camera or spectrometer. A Canon 500D digital camera connected

to one of the output ports is used for imaging. A grating spectrometer (Acton

SpectraPro 300i by Princeton Instruments), which is connected to a liquid nitro-

gen cooled CCD (Spec-10 by Princeton Instruments), is used for spectroscopy.

To allow sub micrometer precise positioning of the sample inside the microscope,

the sample holder is modified with a XYZ-stage.
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4.2 Scanning electron and atomic force

microscopy

Non-optical techniques are applied in order to investigate sample features with

dimensions below the di$raction-limited resolution of the optical microscopy.

4.2.1 Scanning electron microscopy

The scanning electron microscopy (SEM) is based on the interaction of a focused

electron beam with the sample surface. A beam of electrons focused with mag-

netic lenses to a tiny spot, provide a much higher resolution compared to optical

microscopes that operates with visible light. The electron wavelength is described

by the de Broglie relation and depends on the applied acceleration voltage U with

�e = h=
p

2eUme. Here, h is the Plank constant, and e and me are the electron

charge and mass. This wavelength is on order of several tens of picometers for

accelerating voltages between 0.2 and 5 kV. Figure 4.2a illustrates schematically

the path of the electron beam inside an SEM.

Figure 4.2: The scanning electron microscope. a) Schematic view of the SEM. The
electrons are accelerated and focused on the sample (green line). The scattered
electrons (green dashed arrows) are collected by di"erent detectors. A conductive
metal layer is applied on a sample and prevents charging. b) SEM micrograph of
a single gold nanoparticle with 82 nm diameter visualized with an SE detector.
The sample plane is tilted by 45 degrees.
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So called primary electrons of the electron beam are scattered by the sample

both in inelastic and elastic ways. Inelastically scattered electrons are called

secondary electrons (SE). These electrons are usually low energetic (10-50 eV),

thus only few nanometers of the sample surface contribute to the signal. SE from

deeper layers cannot escape the sample and be detected. Several factors, such as

local surface curvature of the sample, atomic number of the scattering material,

electron beam energy and its angle to the sample surface, a$ect the SE signal.

Elastically scattered electrons are so called back scattered electrons (BSE). Their

energy is much higher than the energy of SE, therefore it is possible to collect

signal from deeper layers of the sample surface. The BSE signal strongly depends

on factors, such as atomic number of the sample material and the angle between

the irradiated surface and the electron beam. All images in this thesis are made

with Zeiss Ultra 55 SEM.

Non-conductive samples are usually coated with a thin layer of metal or carbon

to discharge the surface from incident electrons. In this work, a thin conductive

layer is made with a Sputter Coater EM SCD005 by Leica, which provides carbon

or metallic gold-palladium layers.

4.2.2 Atomic force microscopy

Atomic force microscopy (AFM) is a powerful technique to investigate the sur-

face morphology the sample. The working principle of an AFM is based on the

sequential sample scanning by using a sharp tip and measuring the interaction

between the tip and the sample surface [105]. In order to detect the signal, a laser

beam is pointed on a reflective upper side of the cantilever. Its refection falls on

a 4-segment photodiode, which allows very exact measurement of the cantilever

deflection caused by the sample surface. Both, the horizontal and vertical posi-

tion of the cantilever are controlled by very precise piezos. A schematic of the

working principle of an AFM and an image of an 80 nm gold nanoparticle on a

glass surface are shown in figure 4.3.

The spatial resolution of an AFM depends on the tip curvature [106]. In this

work, tips with a radius below 7 nm (NANOSENSORS by NanoWorld AG) are
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Figure 4.3: The atomic force microscope. a) A schematic view of an AFM. A cantilever
with a sharp tip interacts with a sample surface which leads to bending of the
cantilever. The position of the reflected laser beam is detected with a photodiode.
b) An AFM scan of a gold nanoparticle with a diameter of approximately 80 nm.

used for measurements. These tips are coated with a 30 nm thick aluminum,

have a force constant of 42 N;m and a resonance frequency of 330 kHz.

Three operation modes are mostly relevant for measurements with an AFM:

the contact mode (static mode), the non-contact mode [107] and the tapping

mode [108] (dynamic modes). In the contact mode the scanning tip is contacting

the sample surface physically. The signal is provided by cantilever deflections

due to the sample roughness. This mode is usually applied in combination with

rigid samples and can destruct fragile samples [108]. Dynamic modes use excited

cantilevers [109] and are based on forces, such as van der Vaals and Coulomb in-

teractions, which occur between the sample surface and the tip at small distances.

In the non-contact the cantilever is oscillating with a few nanometer amplitude

less than 10 nm to the sample surface. In the tapping mode, the cantilever is

oscillating at higher distances and amplitudes both in the range of 100-200 nm.

The oscillation frequency of the cantilever in the non-contact and tapping modes

is a$ected by the interaction with the sample surface. Therefore, the read out is

based on the changing oscillation frequency of the cantilever. Non-contact and

tapping modes can be applied with soft samples, such as lipid layers [110].

All measurements in this work are performed with a NanoWizzard AFM by

JPK Instruments AG.
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4.3. Dynamic light scattering

4.3 Dynamic light scattering

In our experiments, we apply the technique of dynamic light scattering (DLS)

in order to measure the mean hydrodynamic radius of pNIPAM microgels inside

the colloidal suspension.

The method is based on light scattering by small di$using particles. The

fluctuation of the scattered light due to the Brownian motion of particles allows

to calculate their mean velocity and the di$usion coe%cient D. The radius of the

particle is connected to D via the Stokes-Einstein equation [111].

Here, all DLS experiments are performed with a Zetasizer Nano S by Malvern

Instruments GmbH, which uses a 4 mW He-NE laser with a wavelength of 633 nm.

4.4 Laser heating and spectroscopy setup

A new setup was built to perform heating experiments and measure the change

of optical properties of the pNIPAM coated gold nanorods simultaneously. The

setup combines both a continuous wave laser (with a wavelength of 800 nm to

heat the gold nanorods) and a probing white light beam for absorbance mea-

surements (figure 4.4). The heating process is triggered by a continuous wave

800 nm Ti:Sapphire laser (Coherent, Inc.) focused by a lens inside a sample

filled-cuvette. A tungsten halogen lamp HL-2000 (Ocean Optics, Inc.) acts as

a white light source. The maximum overlap of both beams, which is significant

for the successful measurement, is realized by an exact positioning of the beam

splitter. After the cuvette with pNIPAM-nanorod suspension both beams are

parallelized by a second lens.

To obtain the exact extinction spectrum of the nanocomposite, we perform

baseline experiments with a water-filled cuvette. The di$erence between the

empty sample and the pNIPAM-nanorod suspension provides the pure absorbance

of the sample. In all experiments, the spectral region around the laser wavelength

is blocked by the notch filter (NF03-808E-25 by Semrock, Inc.) to avoid direct

laser propagation into the spectrometer. The blocked region also contains no

relevant signal, and is therefore removed from all spectra. The remaining signal

is interpolated with a polynomial function.
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Figure 4.4: Schematic view of the pNIPAM-nanorods heating setup. The setup is
used for simultaneous laser irradiation and optical extinction measurement of
pNIPAM-nanorod nanocomposites. A semitransparent beam splitter overlaps the
white light and the heating laser. The beam is focused by a lens L1 inside a cuvette
containing the sample. The second lens L2 collimates the beam and the notch
filter blocks the laser. The remaining white light is collected by a spectrometer.
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5 Plasmonic sensing and

manipulation of

thermoresponsive polymers

In the following chapter we investigate possibilities for applying gold nanostruc-

tures to sense nanoscopic polymer changes. Properties, such as plasmon coupling

or plasmon shifts due to refractive index changes, allow to monitor the distance

between gold nanostructures or changes in their surrounding respectively. In

the first part of this chapter, surface changes of a thermoresponsive polymer are

investigated by using gold nanoparticles as nanoscopic markers on top of a trans-

parent polymer sheet. The defined shrinking behavior of the polymer leads to

plasmon coupling of previously laser-printed gold nanoparticles. The second part

of the chapter deals with the application of a gold nanorod as a sensor and trigger

volume phase transitions of a thermoresponsive polymer.
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5.1 Plasmon coupling of gold nanoparticles by

substrate shrinking

The plasmonic property of two or more gold nanoparticles changes drastically for

very short separation distances [112]. To understand this process, we consider

the electric field outside the gold nanoparticle, which can be calculated from the

electric potential (equation 2.9). This potential has an anisotropic distribution

and leads to maximal values of the outer electric field in a direction parallel to the

polarization of the exciting electric field. The e$ect is called local field enhance-

ment. If local electric fields of two nanoparticles a$ect their localized plasmon

oscillations, the resonance of both nanoparticles shifts to a lower energetic region

[113]. Coupled nanostructures are a big interest for di$erent applications, such

as biosensors [114], florescence [115] and Raman signal enhancers [116]

The method of laser printing is a straightforward technique to produce arbi-

trary structures of individual metallic nanoparticles on a planar surface [33]. This

method uses a strongly focused laser beam to deposit colloidal gold nanoparticles

on the surface of a substrate in controlled geometries. Unfortunately, due to plas-

monic heating and light scattering around a printed gold nanoparticle, placing a

second nanoparticle close enough to couple both of them plasmonically has been

a challenge. The closest distance between two gold particles achieved by this

method is around 200 nm. At this distance no plasmon coupling of printed gold

nanoparticles is observed and the distance between laser printed gold nanoparti-

cles must therefore be significantly reduced.

A substrate made of thermoresponsive pre-stressed PS leads to decrease of its

surface+s structures by decreasing the surface area after the shrinking process at

moderate temperatures [68, 80]. Pre-stressed PS retains its original shape after

heating it above its glass transition temperature of around 80�C. The material is

manufactured as a stretched planar sheet to achieve shrinking in two dimensions

(length and width) and an increase in one dimension (thickness).

48



5.1. Plasmon coupling of gold nanoparticles by substrate shrinking

Measuring the shrinking factor of pre-stressed PS

Gold nanoparticles are printed on a glass substrate using optical force printing

[33]. Colloidal spherical gold nanoparticles with a diameter of 82 nm are printed

by applying a focused laser beam with a wavelength of 532 nm. Multiple beam

arrays can be used to parallelize the printing process and to print nanoparticles in

an arbitrary pattern within seconds [32]. Splitting the singe beam into multiple

beams is achieved by a spatial light modulator (SLM) based on a liquid crystal

matrix.

Figure 5.1: Pattern of gold nanoparticles on a pre-stressed PS. Left panel: gold
nanoparticles are printed from a colloidal suspension on a glass substrate. Middle panel: trans-
fer process by pressing the polymer and the glass substrates against each other. Right panel:
the resulting pattern on a pre-stressed PS substrate.

First, gold nanoparticles are printed on a glass cover slip. The resulting struc-

ture is then transferred from the glass substrate to a polymer substrate by using a

mechanical press with a force of 14 kN applied for 7 min (figure 5.1). Simultane-

ously, both substrates are heated to soften the polymer and improve the transfer

e%ciency. The comparison of the pattern before and after the transfer process

shows over 99/ of successfully transferred gold nanoparticles (figure 5.2).

Figure 5.2: Laser stamped and trans-

ferred gold nanoparticle pattern in a

DFM. Gold nanoparticles with a diameter
of 82 nm are printed on a glass substrate
(a) and transferred to a pre-stressed PS (b).
The number and position of most gold nano-
particle patterns remain after the transfer
step. The scale bar is 10 !m. (Adapted
from [117])
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The importance of the transfer step is explained as follows: direct laser print-

ing of gold nanoparticles on the polymer substrate is only possible at higher laser

intensities due to the strong repulsive interaction between the polymer surface

and gold nanoparticles. Laser printing on a glass surface can be achieved with

a laser power around 300 !W, while laser powers above 900 !W are necessary

to print the same gold nanoparticles on the polymer surface. Increasing the

laser intensity simultaneously leads to higher temperatures of the gold nanopar-

ticle surface. Thus, the polymer surface is modified by hot nanoparticles during

the laser printing process, as shown in figure 5.3b. The simulation of the heat

distribution around the gold nanoparticle is shown in figure 5.3c and provides

temperatures above the glass transition of PS (red dashed line). At these tem-

peratures the polymer matrix becomes soft and allows the gold nanoparticle to

be pressed into the polymer by optical forces. Additionally, the mechanical stress

inside the polymer is locally released, leading to the deformation of the polymer

around the printed nanoparticle. To avoid modifications of the polymer surface

during the laser printing, gold nanoparticles are first printed on a glass substrate

and then transferred to the polymer.

Figure 5.3: Laser printing of gold nanoparticles on a polymer substrate. A pattern
of laser printed gold nanoparticles on the PS surface observed by DFM (a) and
SEM (b). The polymer surface is modified due to their high surface temperature
as shown in the red inset. c) The simulated heat distribution around the gold
nanoparticle. The red dashed line denotes the temperature region above the glass
transition temperature of PS. (Adapted from [117])
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In order to determine the shrinking factor, by which the length and the width

of the substrate surface are decreased, an array of over 640 gold nanoparticles

is printed on a glass substrate and transferred to a pre-stressed PS substrate.

Interparticle distances before and after shrinking are measured by analyzing the

gold nanoparticle array with a SEM. The measurement shows that separation dis-

tance decreased by a factor of 2.34. Figure 5.4 shows the measured distribution of

the interparticle distance for the whole laser stamped array of 640 nanoparticles.

The narrow distribution of the shrinking factor is connected to nearly uniformly

shrinking of the polymer even at the sub-micron level.

In terms of measuring surface changes on such a small level, arrays of gold

nanoparticles exhibit a big potential. Measured with a DFM, it is possible to cal-

culate the position of the gold nanoparticle with a precision below 25 nm just by

approximating its image with a 2D-Gaussian. SEM measurements allow the gold

nanoparticles to be localized with much higher precision, which is significantly

below 5 nm. Therefore, this method allows to monitor changes of the polymer

with a high precision by measuring nanoparticle positions before and after the

shrinking.

Figure 5.4: Measuring the shrinking

factor of pre-stressed PS. The histogram
shows the number of gold nanoparticles ver-
sus the factor, by which the distance be-
tween these nanoparticles is reduced after
the substrate shrinking process. Fitting the
histogram with a Gaussian function reveals
the mean shrinking factor of 2.34. (Adapted
from [117])

Plasmon coupling after substrate surface decrease

The interparticle distance provided by the laser stamping method is bigger com-

pared to single particle laser printing. The reason is the better focusing quality of

a single laser beam, which cannot be reached by using an SLM due to higher opti-

cal aberrations. For the following experiments, gold nanoparticles were therefore
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only printed with a single beam. Dimers, trimers and tetramers are produced

on a glass substrate in order to transfer them to pre-stressed PS and achieve

plasmon coupling by substrate shrinking. The exact distance between single gold

nanoparticles is measured by SEM. Before substrate heating, the particles were

printed at a distance around 280 nm (center to center), which is again too far

to observe a notable plasmon shift. One of the produced trimers is shown exem-

plary in figure 5.5a. The single gold nanoparticles can still be distinguished by

DFM. Also, the scattering spectrum of the produced trimer corresponds to the

spectrum of uncoupled gold nanoparticles with 82 nm diameter.

The PS substrate is placed into an oven for three minutes to induce the shrink-

ing process. The oven temperature is 165�C, which is above the glass transition

temperature but below the melting temperature of PS. The result is shown in

figure 5.5b. During the shrinkage of the PS sheet, the distance between the

gold nanoparticles follows the decrease of the substrate surface. Hence, single

gold nanoparticles of printed structures are not separately distinguishable with

an optical microscope anymore. Additionally, the light scattered by the struc-

tures shifts from green to orange, which indicates plasmonic coupling between

the nanoparticles. The distance between the particles was now around 120 nm

(center-to-center) or 20 to 40 nm (surface-to-surface), which is su%cient for plas-

monic coupling. The scattering spectra of coupled structures cannot be approx-

imated with a single Gaussian function, but by using a fit of two functions as

shown in figure 5.5c. That drastic change of the scattering spectrum results from

the plasmon coupling between gold nanoparticles inside the trimer.

The theoretically predicted plasmon resonance of a single 82 nm gold nano-

particle surrounded by water is around 550 nm. Before the substrate heating,

the scattering peak of the laser printed nanoparticles is around this value. After

substrate heating and shrinking, a second red shifted peak in the scattering spec-

trum appears. The position of this peak depends on the exact distance between

plasmonically coupled gold nanoparticles. In the case of two nanoparticles with

a surface-to-surface distance of 20 nm, the scattering peak red shifts to 585 nm.

A similar red shift is observed in our experiment: the peak of the second Gaus-

sian function approximating the scattering spectrum lies around 590 nm. The

simultaneous appearance of two peaks in the same spectrum is explained by the
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Figure 5.5: Plasmonic coupling of a trimer after substrate shrinking. DFM images of
a trimer structure, printed using 82 nm gold nanoparticles, before (a) and after (b)
the substrate heating. SEM image of the trimer after shrinking is shown in the top
right corner of panel (b). The black curve in (c) shows the scattering spectrum of
the trimer after shrinking. The red dashed line shows an approximation consisting
of two Gaussian functions (green lines). (Adapted from [117])

nonlinear polarization of the illuminating light: both plasmonically coupled and

uncoupled modes of the printed structure are excited at the same time.

For realistic sensing applications with plasmonically coupled gold nanoparti-

cles, the resulting surface-to-surface distance must be reduced. The first possi-

bility is to reduce the interparticle during the laser printing process. The second

possibility is to choose another shrinking material with a higher shrinking factor.

Both of these possibilities are discussed in the following section.

Reducing the interparticle distance

A closer look at the complex polarizability function and cross sections of the gold

nanoparticle provides important information about the printing process. All of

these factors a$ect the precision and the resulting interparticle distance. The

complex polarizability is connected to optical forces acting on a gold nanopar-

ticle during the laser printing process, with the absorption and scattering cross

sections determining the surface temperature and the amount of scattered light,

respectively. Theoretical calculations predict a considerable change of all impor-

tant factors by applying other wavelengths during the laser printing process.

Laser printing of gold nanoparticles is usually done by a laser with a wavelength

of 532 nm. In figure 5.6a and b the position of this wavelength is denoted with a

vertical green line. At 532 nm the real part of the polarizability shows positive

values close to zero. At the same time, the imaginary part of the polarizability is
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Figure 5.6:Polarizability, e!ective cross sections and optical forces at di!erent
wavelengths. a) Complex polarizability of an 82 nm gold nanoparticle in water.
b) E"ective absorption and scattering cross sections of the same gold nanoparticle.
c) Calculated optical forces exerted by a 532 nm laser beam, focused with an 1.0
NA objective. The laser power is 1 mW. d) Calculated optical forces at a 633 nm
wavelength. The same laser power and same NA are used.
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