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Abstract

The near-field and far-field optical response of a gold nanoparticle on a gold film have
been explored in order to find out how different parameters influence the plasmonic
response. Based on this research a design is proposed for a plasmonic biosensor that
senses the spacing between the nanoparticle and the film.

In Chapter 5, the effect of particle shape on the heterogeneity in optical response
is assessed. Heterogeneities can be greatly reduced by using smooth, monodisperse
particles in stead of polydisperse, faceted particles. The relative standard deviation
in the measured spectra decreases from 47% for Sigma-Aldrich particles to decreases
31% for nanoComposix particles. Due to the smoothness and high symmetry of
the nanoComposix particles, the scattering spectra measurements show a high re-
producibility. Residual heterogeneity can be caused by small deviations in particle
shapes and sizes, roughness in the particle film, local variations in the refractive index
and varying angles of incidence.

When decreasing the gold film thickness a broadening in the longitudinal dipole
linewidth is observed while the scattering intensity and resonance wavelength remain
constant. Simulations on the near-field show that the near-field enhancement de-
creases for thinner films. This is due to the decreased dipole moment between a
particle and the film when the film thickness is smaller than the skin depth of gold.
The tunability of the field enhancement while keeping the resonance wavelength con-
stant can be used in order to study the effect of field-enhancements on fluorescence
and SERS. Also the dependency of the optical response of nanoparticles to the spac-
ing from the film is investigated. Nanoparticles are deposited on gold films with
spacer layers with varying thicknesses. As the spacing increases from 0 nm to 10 nm
a blue-shift in the longitudinal dipole resonance of ~200 nm is observed. In order to
propose a suitable film thickness for biosensing, the change in intensity at a probe
wavelength as the spacing varies is assessed for varying film thicknesses. Due the
narrow linewidth of the longitudinal dipole the 45 nm film shows the largest intensity
changes for varying spacings, which makes this the most suitable film thickness for
sensing.

Further research is proposed on a better control of the spacer layer thickness, scatter-
ing spectra simulations including the wavelength-dependent radiation pattern of the
nanoparticle on film, the cause of linewidth broadening with decreasing film thick-
ness, the dielectric functions of gold and chromium films and gold nanoparticles, and
increasing the intensity change and the total intensity at a probe wavelength for
varying spacings.
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Chapter 1

Introduction

1.1 Point-of-care biosensing

Medical diagnostics relies mainly on testing in a medical laboratory. Sending samples
to the laboratory, testing them and returning the results can take hours, up to days,
which means that care has to be provided to the patient, without the results of the
laboratory testing. In several cases, e.g. acute coronary syndrome and congestive
heart failure, a rapid diagnosis (<30 minutes) is needed in order to decide whether a
patient is in need of accute care [1]. Testing at the point of care (POC) would allow
physicians and other clinical personnel to assess the medical condition of a patient
at any desired moment. A comparison of the workflows of medical laboratory testing
and POC testing, shows that much time can be saved by testing at the point of
care, since POC testing involves less steps and the whole process takes place at one
location, Figure 1.1. Several commercial POC sensors are already available, such as
HemoCue’s hemoglobin test [2] and Roche’s International Normalized Ratio (INR)
sensor [3], the widely used pregnancy (beta human chorionic gonadotropin detection)
and glucose tests are examples of POC tests. A physician can use such a test at a
patient’s bedside and obtain the results onsite and take immediate action. Another
advantage is that these sensors require only a small volume of specimen, e.g. blood or
urine [4]. These benefits have led to a growing popularity of POC sensors in hosptials.
According to a 2013 report of the Dutch National Institute for Public Health and the
Environment, all the surveyed hospitals use some sort of POC biosensor in at least
one of their wards, mainly glucose, blood clotting and haemoglobin tests [5].

1.1.1 Continuous monitoring

A POC biosensor enables the detection of concentrations of biomolecules that are
implicative of a certain medical condition. A recognition element captures a specific
analyte, the molecule to be detected. The biological response is converted into an
electrical, optical or chemical signal via a transducer [6]. POC test usually rely upon
taking a sample from the blood of urine and testing through the use of a handheld
device or a test kit. Intergrating of the sensor into the biological system of interest by
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Figure 1.1: Comparison of the workflows of medical laboratory testing and point-of-
care testing.

means of e.g. a micro-dialysis probe or catheter, allows the sensor to measure analyte
concentrations continuously. The progression of the medical condition of a patient
can then be assessed at short time intervals. Within a closed-loop feedback dosing
system, such a sensor could be used to precisely adjust the dosage of therapeutic
drugs as the medical condition of a patient changes. Continuous monitoring is for
example essential in the prevention of hyperglycemia and hypoglycemia. Patients
at risk for these conditions are often monitored only four to five times a day, while
hourly glucose measurements are required in order to administer the right dosage of
insulin in relation to meals, medications, illness, and insulin sensitivity in order to
control the concentration of glucose [7].

For this purpose, the continuous POC biosensor has to fulfil some conditions. First,
the sensitivity should be tuned so that analytes can be detected at their native concen-
trations. Depending on the analyte, concentrations in blood can range from millimo-
lar (e.g. glucose [8]) to attomolar (e.g. botulinum toxin type A [9]) concentrations.
The concentration of the analyte should fall into the detection range of the sensor.
Also the specificity is of importance. The sensor should only report interactions
between the target analyte and the recognition element. For this purpose, usually
target-specific antibodies or aptamers are used. Also, the interaction between the
analyte and recognition element needs to be reversible, so that the sensor can be
used multiple times without needing to replace elements of the device. Lastly, the
time resolution of the sensor should by high enough to detect analyte concentration
changes as fast as possible, so that the clinical personnel can respond to this in time.



1.2 Single-molecule plasmonic nanosensors

Nowadays, POC sensors rely on ensemble measurements. A sample is brought in
contact with a sensor surface where analytes can interact with recognition elements.
When analytes bind to a recognition elements, the electrical, optical or chemical
properties of the sensor surface change. After a certain time the sensor reports the
concentration of a certain analyte, based on the change in the electrical, optical
or chemical signal. The output will thus give the mean response, meaning that
information on single molecules is lost. A sensor should respond to only one type of
species. Interactions of other species with the sensor are classified as non-specific.
However, in ensemble measurements no distinction can be made between specific
and non-specific interactions, since both lead to a changing signal. By sensing the
interaction of a single molecule with the sensor, more information can be gained on
how a molecule interacts with the sensor, such as the temporal behaviour of the
molecule as it is bound to the recognition element. Based on the affinity of the
recognition element predictions can be made on how long an analyte will be bound
to a recognition element until it unbinds. Deviations in the behaviour of specifically
interacting molecules can be recognized as unspecific interactions.

Single-molecule sensing thus allows to specify the interaction of a molecule with the
sensor. However, single biological molecules are often hard to measure purely on basis
of their intrinsic properties, such as their weight or refractive index, so these molecules
often require labels. Labeling the molecules with e.g. fluorescent dyes enables one to
detect single molecules. Label-based detection is known to be extremely sensitive [10].
However, labeling the analytes is often cost- and labour-intensive and time-consuming
[11].

Plasmon-enhanced detection allows for the detection of non-fluorescent molecules
without the need for labeling the analyte [12]. Metallic nanoparticles possess the
property of confining visible light to sub-wavelength volumes and thereby enhance
the electric field around the particle [13, 14]. The strong electric field around nanopar-
ticles is sensitive to the presence of biomolecules and can thus be used for biosensing
[15, 16].

1.2.1 Functionalized nanorods

Single molecule label-free sensing can be achieved by using metallic nanoparticles.
Due to the confinement of the electric field around the particle, the particle surface
is sensitive to refractive index changes. A localized surface plasmon is excited by
exposing the particle to an electric field, such as light. Previously, single molecule
label-free sensing using metallic particles has been demonstrated by members of the
Molecular Biosensing for Medical Diagnostics group [17, 18] and others [19, 20]. The
electric field around the nanoparticle is sensitive to variations in the refractive index,
the presence of a molecule will atler the localized surface plasmon resonance (LSPR)
and can thus be detected by measuring the nanoparticle’s scattering spectrum. The
surfaces of the nanoparticles are funcionalized so that analytes can bind to the surface.



When an analyte binds, the local index of refraction changes which translates to a
shift in the LSPR, Figure 1.2. A probe wavelength is chosen at which the intensity of
the scattered light is assessed. The LSPR shift is however dependent on the molecular
weight of the binding molecule i.e. lighter molecules lead to a smaller LSPR shift.
The sensitivity is thus limited to weights larger than ~ 50 kDa, in the case of using
nanorods [17]. However, several examples can be given of lighter analytes, such as
NT- proBNP (17 kDa [21], cystatin-C (13 kDa [22]) and NGAI (25 kDa), which are
indicative for cardiac impairment [23], cardiovascular disease [24] and acute kidney
injury [25] respectively. In order to detect these, and other lighter analytes, another
detection strategy must be developed.
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Figure 1.2: A gold nanoparticle is functionalized and immobilized on a glass surface.

When an analyte binds to a receptor on the nanorod surface, the spectrum of the
nanorod is red-shifted. Source: Zijlstra et al., Nature nanotechnology, 2012. [17]

1.2.2 Nanorod-nanosphere geometry

In order to measure molecules lighter than ~ 50 kDa, Visser et al. proposed a sensing
strategy where the plasmon shift is independent of the weight of the analyte [26].
A gold nanoparticle with a diameter of 20 nm is tethered to a 20 x 70 nm gold
nanorod via a DNA strand. Due to the localized surface plasmon coupling between
the nanorod and the nanoparticle, changing the distance results in a shifting resonance
wavelength. The plasmon resonance shift thus depends on the distance between the
nanorod and nanoparticle, not on the weight. The scattering intensity of the nanorod-
nanoparticle system is probed at one wavelength, Figure 1.3.
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Figure 1.3: Scattering spectra of a nanorod and nanoparticle with a 50 nm (red) and
a 0 nm (blue) spacing. The scattering intensity is probed at a wavelength of 805 nm.
Source: Visser et al., Nano letters, 2018. [26]

1.2.3 Nanoparticle-film geometry

Even though the plasmon ruler geometry exhibits large scattering intensity changes
upon varying the distance between the nanorod and nanoparticle, the geometry is
complex to assemble and therefore not practical. Therefore, a simpler geometry is
proposed. A spherical nanoparticle is connected to a gold film via a tether. The LSP
in the nanoparticle couples to the delocalized surface plasmon polariton in the film
[27]. The coupling between the particle and the film is similar to a particle-particle
dimer, that can be excited along the transversal and the longitudinal direction of the
dimer [28]. When a nanoparticle is in the vicinity of a metal film, the electric field
will be localized in the gap between the particle and the film. The tight confinement
leads to a large enhancement of the electric field in the gap region. The theory on
plasmonics is further elaborated in Chapter 2. The localization and enhancement of
the electric field in the gap between the particle and the film are found to be heavily
dependent on the particle-film distance [29-31], the particle size and shape [32-34],
the incident angle of excitation [27, 32] and the composition of the nanoparticle and
the film [35-37]. The strong field enhancements between the particle and the film
and its tunability have been proven to be useful in e.g. measurements on DNA
hybridization [38, 39], surface-enhanced Raman spectroscopy (SERS) [40, 41] and
the catalysis of electrochemical reactions [40].

The resonance shift induced by varying nanoparticle-film distance could be used to
identify the presence of certain analytes. When binding a gold nanoparticle to a gold
film via a tether the nanoparticle is restricted in its diffusive motion. The tether can
be designed so that it is an aptamer to a certain analyte. As an analyte binds to
the tether, the contour length of the tether decreases, leading to a decreased time-
averaged distance between the nanoparticle and the film. This results in a red-shift in
the LSPR wavelength of the nanoparticle. The intensity at one wavelength could be
probed, so that the LSPR shift is indicated by a changing intensity. A change in the
time-averaged scattering intensity at the probe wavelength will thus be implicative



section (a.u.)

600 700 800
Wavelength (nm)

Figure 1.4: The scattering cross section of a gold nanoparticle in the vicinity of a
gold film as a function of wavelength before and after an analyte binds to a tether.
The change in particle-film distance induces a shift in the LSPR wavelength. Apope
indicates a wavelength at which the intensity change can be probed. The spectra
show calculated data for a gold sphere with a diameter of 100 nm separated either 6
nm before binding) or 4 nm (after binding) from a 45 nm gold film.

of an analyte binding to the tether, Figure 1.4. Since the analyte can also unbind,
the system is reversible. The weight of the analyte is thus not limiting the sensitivity
of the sensor. The sensitivity and reversibility of the system makes it suitable for
continuous monitoring.

1.3 Content

In this report the properties of the plasmon resonances of gold nanoparticles on a gold
film are investigated, in order to propose a design for the system in Figure 1.4 where
the largest intensity changes can be detected as the particle-film distance changes.
In Chapter 2 the relevant theory on plasmonics is explained. In the experiments
the nanoparticles are deposited directly on the film instead of being tethered. The
spectra of nanoparticles on a film are measured using dark-field microscopy. The
methods for preparing the samples, conducting the experiments and processing the
data are further explained in Chapter 3. In Chapter 4 the results of simulations on the
effect of varying several parameters are presented and explained. The heterogeneity
in the scattering spectra of the nanoparticles is assessed in Chapter 5, where several
contributions to the heterogeneity are elucidated. In Chapter 6, the dependency of
the scattering spectra on film thickness and particle-film spacing are investigated,
and the near-field behaviour is examined. The spacing between the particles and the
film is increased by means of creating polymer layers on the film, before depositing
the nanoparticles. Finally, in Chapter 7 the results of Chapter 5, 6 are summarized
and ideas for future research are proposed.



Chapter 2

Plasmonics

2.1 Plasma oscillations

Conducting media, such as metals and plasmas, have conduction electrons that can
move through the conduction band freely [42]. When such a media is exposed to an
external electric field, the conduction electrons will be displaced from their equilib-
rium. Due to the displacement of these electrons, the opposite charges will exert a
restoring force. Therefore, the electrons will collectively oscillate in antiphase with
respect to the incident field [43].

The motion of free electrons in an external electric field can be described by

§ A+ yd = — Egemiet (2.1)
m

e

where x is the displacement, v is the damping term due to scattering events, e is
the electron charge, m,. is the electron mass and Fy and w are the amplitude and
frequency of the external electric field. The dipole moment p of an electron is obtained
by multiplying the electron charge with its displacement: pu = ex. The macroscopic
polarization is then given by summing the contributions of all individual electrons:
P = n.ex, where n, is the electron density. The dielectric function can then be
calculated using

€0E0 + P
= 2.2
() = 222, (22
from which it follows that
f(w) =14 <L, (2.3)
€0E0
Combining equations (2.1) and (2.3) and using the ansatz z(t) = zoe ™", one can
derive the Drude dielectric function of gold:
w2
fwy=1—- —""~>2— 2.4
(@) w(w + 1) (24)

with w,, the plasma frequency, given by
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with n. the electron density, e the electron charge, m, the electron mass and ¢
the vacuum permittivity [44]. The electron density is material dependent, while the
other parameters are physical constants. The plasma frequency thus depends solely
on the material. Note that equation (2.4) gives an approximation of the dielectric
function. For simplicity, the contributions of bound electrons. However, in reality
bound electrons can be promoted into the conduction band. The real part of the
Drude dielectric function corresponds well to measurements on the dielectric function
by Johnson & Christy [45] and Palik [46]. The imaginary part, which is related to
the refraction of light, of the Drude dielectric function is also in good agreement with
measurements for wavelengths longer than 700nm. However, at shorter wavelengths
interband transitions will show large contributions to the imaginary part, the damping
factor, of the dielectric function.
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Figure 2.1: (A) Comparison of the real part of measured dielectric function and
the Drude dielectric function. (B) Comparison of the imaginary part of measured
dielectric function and the Drude dielectric function.

2.2 Localized surface plasmons

Surface plasmons are coherent oscillations of electrons at the interface between two
medias with dielectric constants of opposite signs, such as a dielectric and a metal
[47]. These surface plasmons can also be localized to subwavelength regions by using,
for example, gold nanoparticles [29]. Due to the confinement of the plasmon in a
small volume, this is called a localized surface plasmon. When such a nanoparticle is
much smaller than the wavelength of the light used to excite the plasmon, the dipole
approximation holds, meaning the electric field within the particle is approximately



homogenous and the free electrons in the nanoparticle will all move in phase [48],
Figure 2.2A. The electric field is then localized around the nanoparticle, which leads
to an enhancement of the electric field Figure 2.2B. Part of the regions were the
electric field created by the particle is opposite to that of the light, Figure 2.2C.
leading to destructive interference between the two fields and thus absorption of the
incoming field. For other regions the constructive interference results in a net field
propagating in other directions, and thus induces light scattering [49]. Since the field
induced by the nanoparticle spans a region larger than the nanoparticle volume, the
scattering cross-section and absorption cross-section are larger than the geometrical
cross-section.

Metallic
nanoparticle
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Figure 2.2: (A) Depiction of metal nanoparticles exposed to an electric field. The
electron cloud moves in antiphase with respect to the electric field. (B) Boundary
element method simulation of the electric field enhancement around a gold nanosphere
in air. The diameter of the sphere is 100 nm and the wavelength of the incident light
is 550 nm. Boundary element method simulations will be explaied in Chapter 4. (C)
Nanoparticle with its localized electric field (red) and an incident external electric field
(blue) (D) Boundary element method simulation of the scattering cross-section of a
100nm gold nanoparticle as a function of wavelength, showing the plasmon resonance.

Since the particle is much smaller than the wavelength of light, it can be treated as
a dipole, with a dipole moment given by

p(w) = drepa(w) E, (2.6)

where F is the external electric field. The polarizability « is given by the Clausius-



Mossotti relation:

em(w) — €4

em(w) + 2e4’ 27)

a(w) =

where ¢,,(w) is the frequency-dependent permittivity of the metallic nanoparticle, g4
is the constant permittivity of the surrounding dielectric and V' is the nanoparticle
volume. The polarizability exhibits a maximum when

em(w) 4+ 264 =0, (2.8)

meaning that the conduction electrons in the nanoparticle thus form a dipole at the
frequency where €,,(w) = —2¢4 [50].

Equations (2.4) and (2.8) are combined and + is set to 0 for simplicity. This gives an
approximation for the LSPR frequency:

2
wrLsp ~ b ; (2.9)
2€d —+ 1

where w), is given by equation (2.5). The LSPR thus not only depends on the material
of the particle, but also on the surrounding medium. The LSPR can be observed as
a peak in the scattering intensity, due to the enhanced scattering cross-section at
resonance Figure 2.2D.

2.2.1 Damping of plasmon resonance

Damping of the plasmon resonance leads to a broadening of the linewidth. There are
several contributions to the damping:

e Bulk damping due to the absorption of light in gold. This results into intraband
excitation within the conduction band and interband exciations which take
place between other bands and the conduction band. These effects are described
by the imaginary part of the dielectric function, Figure 2.1. From the dielectric
functions of gold, one can derive that interband transitions become significant
at wavelengths shorter than 600 nm, since here the Drude dielectric function,
that does not take into account absorption, starts to deviate from measured
dielectric functions.

e Radiation damping, due to the emission of photons by oscillating electrons, by
converting kinetic energy into electromagnetic energy. The electrons thus lose
energy, resulting in a damping of their motion. This radiation damping rate
is linearly proportional to the amount of oscillating electrons and thus larger
particles exhibit a larger linewidth broadening due to radiation damping [51].

e Electron-surface scattering, meaning that electrons can scatter at the surface
of the nanoparticle and thereby lose energy which also broadens the plasmon
resonance. This effect is mainly contributing to the broadening for particles

10



with a diameter smaller than ~40nm, because 40nm is the electron mean free
path in gold [52, 53].

e Electron-defect scattering, meaning that electrons can scatter at defects in the
lattice of the metal.

2.2.2 Driven damped harmonic oscillator

An intuitive way of understanding localized surface plasmons is by describing them
as harmonic oscillators which are driven by the incident electric field. As the electron
cloud is displaced from the equilibrium, it experiences a restoring force F' = —kx, so
its equation of motion is given by

mi = —kx (2.10)

with k the spring constant and x the displacement. The displacement as a function
of time is then
z(t) = Acos(wt + ¢) (2.11)

with A the amplitude, w the resonance frequency and ¢ the phase of the oscillation,

where
wo =V k/m, (2.12)

with m the mass of the electron cloud. However, taking into account the driving
force and damping terms alters the equation of motion. A driven damped oscillator
is described by

mi = —kx —mpa + F,. (2.13)

The —kz term is recognized as the restoring force (equation (2.10)), —m/[i represents
the damping, with g the damping constant and F,, is the driving force. In the absence
of a driving force, this equation can be solved by assuming

x(t) = ae " cos(Q). (2.14)

The solution is then given by

z(t) = ae™'" cos(Qt), (2.15)

where a is the amplitude, 7 = 2/3, and Q = (w2 — 8?/4)"/2. Due to the damping,
the oscillator frequency is thus reduced from wy to {2 and the amplitude exponen-
tially decreases in time at the rate 1/7. Including the contribution of the external
driving field does not alter the transient behaviour, but adds a steady-state solution
to equation (2.15). The transient behaviour of a driven damped harmonic oscillator
is shown in Figure 2.3.
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Figure 2.3: Transient behaviour of a driven damped harmonic oscillator.

2.3 Near-field and far-field of a dipole

The near-field and far-field are regions of electromagnetic field around the nanopar-
ticle. Close to the nanoparticle surface, within a distance r < A, the non-radiative
near-field dominates, while far from the surface, r > 2\, the radiating far-field dom-
inates. The transition zone in between is referred to as the intermediate region [54].

The peak intensity can be derived from the equation of motion of a driven damped
harmonic oscillator, equation (2.13). Consider that the driving force is given by
F.. = Fycos(wt). In steady state the motion is then given by

z(t) = A(w) cos(wt — @), (2.16)
with an amplitude

Fo/m
V(Wi —w?)? + (Bw)?

with wy the resonance frequency given by equation (2.12). From equation (2.17) it
follows that the amplitude is largest at a frequency of

wyr = \/wi — 2/2, (2.18)

which is thus red-shifted from the natural frequency wy due to damping of the oscil-
lation.

Alw) = (2.17)
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The fields radiated by a dipole in the radial (r), polar (#) and azimuthal (¢) directions
are given by

cos(l) (2 n2d
7 - 2, n2a - 2.1
T 47]'808 (rg + CT2 dt) “’l’(t nr/c)‘7 ( 9)

g _ sin(f) (1 nl n*ld?

S ) In o), (2:20)

) =
4dtege cr?

Epni =0, (2.21)

derivation given in A. In the near-field =2 terms dominate, in the far-field the !
terms and in the intermediate field the 7=2 terms. The near-field is thus generated
by the displacement of conduction electrons and therefore related to the amplitude
of the plasma oscillations and thus the intensity of the near-field should peak at wyp.

According to equation (2.20), the far-field scattering of a nanoparticle results from the
acceleration of the conducting electrons, derivation in Appendix A, so the maximum
scattering cross-section should be situated at a similar frequency as the kinetic energy.
The kinetic energy can be calculated using

T = 1/2mi?, (2.22)

where & can be derived from equation (2.16). The time average of the kinetic energy
is then given by

2 w2
T>=-9% 2.2
ST I —wP + (G 22

which peaks at wy. Therefore, the far-field scattering cross-section will peak at wy.
The near-field enhancement peak is thus red-shifted with respect to the maximum
scattering intensity in the far-field.

This behaviour is illustrated in Figure 6.7. As the damping constant increases the
maximum of the amplitude shifts to lower frequencies while the maximum of the
time-averaged kinetic energy remains constant for increasing .
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Figure 2.4: Calculations on (A) the amplitude of the steady-state motion and (B)
the time averaged kinetic energy for varying values of the damping constant 5 with
a resonance frequency wy = 8, indicated by the green, dashed lines.

2.4 Nanoparticle on film

The largest field enhancements can be found in the most tightly confined fields, such
as around sharp corners [55], in the region between two nanoparticles [56], or in the
gap between a metallic film and a nanoparticle, which is spaced a few nanometers
from the film [57]. When a nanoparticle is in the proximity of a metallic film, Figure
2.5 A, the localized surface plasmon of the nanoparticle couples with the delocalized
surface plasmon polariton in the film. When a charge is at a distance d from an infinite
conducting plane, it will interact with the film as if there is an opposite charge present
in the film also at a distance d from the surface. The plasmon coupling between a
nanoparticle and a metallic film can thus be regarded as a nanoparticle coupling to

its image, Figure 2.5B.
| ‘

O

A

Figure 2.5: (A) Geometry of a nanoparticle on a gold film with a spacer layer. (
A vertically (left) and horizontally (right) polarized particle and their images in the
film (bottom).
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Due to the reduced symmetry, with respect to a single nanoparticle, the LSP’s longi-
tudinal and transversal modes become spectrally distinct [57], where the transversal
mode corresponds to the horizontally polarized sphere and the longitudinal mode to
the vertically polarized sphere in Figure 2.5B. The oscillation of the conducting elec-
trons in the nanoparticle are influenced by the presence of the gold film. Electrons
near the gap between the particle and the film feel the presence of opposite charges in
the film. The net charge is therefore reduced and the restoring force between oppo-
site charges in the particle decreases, which thus leads in a red-shift of the resonance
frequency. The longitudinal dipole exhibits the largest red-shift in the presence of
a film, since the electrons oscillate in the direction normal to the film, so a larger
charge accumulation will form at the particle surface in the gap region.
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Chapter 3

Materials and Methods

3.1 Sample preparation

Gold films are deposited on glass slides using thermal evaporation. In order to make
the gold adhere to the glass surface, a 5 nm chromium layer is deposited on the
glass substrate before depositing the gold. The film thicknesses are measured using a
Dektak XT Profilometer by blocking gold deposition of a small region with tape and
measuring across the edge when the tape was removed, Figure 3.1.

The surface roughness on gold films is best assessed by performing atomic force
microscopy (AFM) on the average roughness (R,) and root-mean-square roughness
(R,) along 50um lines [58]. These measurements are performed on 10 nm, 15 nm,
30 nm and 45 nm gold films. The results are shown in Appendix B. The values of
these parameters were found to be low on all film thicknesses: R,=0.2-0.4 nm and
R,=0.2-1 nm.

Before depositing gold nanoparticles on the gold film, it is first cleaned in order to
remove contaminations. The slide is submerged in a solution of 50 mM KOH and
25% H50s for five minutes, after which it is thoroughly rinsed with Milli-Q water and
dried with Ns.

The nanoparticles that are used in the experiments are nanoComposix ultra uniform
100nm gold nanoparticles, functionalized with PEG12-Carboxyl. The nanoparticle
stock solution is diluted with 3 mM NaOH (pH 11-12) to deprotonate the carboxylic
acids, induce repulsion, and therefore prevent particle clustering. The gold surface
of the slide is coated with particles by spin coating a droplet of 100 uL diluted
nanoparticle solution. Afterwards, the slide is cleaned by rinsing it with methanol
and dried with Ns.
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Figure 3.1: (A-D) Height profiles across a region transitioning from bare glass to a
5nm Cr layer plus gold layers of (A) 10nm, (B) 15nm, (C) 30nm and (D) 45nm. The
glass region was blocked by tape during the gold evaporation and removed afterwards
to analyze the height profile of the gold layer. The measured section was selected by
aligning the needle by eye in the softwares camera. Then, the film height determina-
tion was calculated by the average height across the final 0.5um of the scan (shaded)
to avoid the noisy portions that stem from peeling back the tape.

3.1.1 Spacer layer deposition

In the cases that the particle needs to be located at a certain distance from the
gold film, a dielectric spacer layer can be deposited on the film before spin-coating
the nanoparticles. This spacer layer is created via layer-by-layer deposition of posi-
tively charged poly(diallyldimethylammonium chloride) (PDADMAC) and negatively
charged polystyrene sulfonate (PSS). Such a spacer layer is schematically shown in
Figure 3.2A together with the structural formulas of PSS and PDADMAC. These
polymers are dissolved in 1 M NaCl at a concentration of 10 mg/mL monomer. First
a droplet of 150 ul. PDADMAC is deposited on the cleaned gold film and incubated
in a humid chamber. After 30 minutes of incubation the film is rinsed thoroughly
with first 1 M NaCl, then Milli-QQ water and then again with 1 M NaCl. The sample
is dried with Ny and the procedure is repeated with PSS. After depositing the desired
amount of layers, the nanoparticles are spin-coated on the spacer layer. The thickness
of the layers is characterized via ellipsometry. In Figure 3.2(B) the thickness of the
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spacer layer as a function of the amount of individual polymer layers is shown.
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Figure 3.2: (A) PDADMAC (purple) and PSS (green) spacer layer deposited on a gold
film. (B) Thickness of the spacer layer as a function of deposited layers. Every two
layers consist of one PDADMAC and one PSS layer. The circles indicate the average
of three samples, with the errorbars showing the highest and lowest measured values.

3.2 Hyperspectral imaging

Halogen light source

The spectra of the nanoparticles are measured us- °

ing dark-field microscopy, schematically shown in
Figure 3.3. The light of a halogen light source is Collector
partially blocked by a aperture so that only the Central

outer ring of light will be focused on the sample. aﬁerture

Since the numerical aperture of the condenser is

larger than that of the objective lens, no direct I Condenser
light will enter the objective lens. Therefore, only e e ee o

the scattered light from the sample is observed. Sample

A sample is illuminated and the scattered light /4 saoaaoao.. Scattered light
is collected by a 20X Nikon Plan Apochromat
objective and then collected by an Andor iXon
electron-multiplying charge-coupled device (EM-
CCD) camera. The range of numerical apertures
(NAs) of the condenser lies between 0.80 and 0.95
and that of the objective is 0.75. The microscope
is aligned at the filter where the highest intensity I Bandpass filter
of highest light is observed, in order to prevent

saturation of the camera. When aligning the set- -
up the camera integration time and the opening of

the aperture are adjusted so that the background
is minimal and the light scattered from the par-
ticles is as intense as possible, without saturating
the camera.

Objective

EMCCD camera

Figure 3.3: Schematic overview of
a dark-field microscopy set-up.
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In order to measure the spectra of the nanoparticles on a sample, the x- and y-position
of the sample is positioned so that at least ~100 particles are visible in the field of
view (400x400pum) and the background is low, typically below 800 counts. Bandpass
filters with center wavelengths ranging from 510 nm to 860 nm with a passband of
45 nm are subsequently placed in front of the camera. At every center wavelength
an image of the scattered light is captured and saved. For every filter it is checked
whether the microscope is still focused and the z-position of the objective is adjusted
if needed.

3.3 Spectral Corrections

The bandpass filters vary in the amount of

light that passes through, and the emission 1.2

intensity of the halogen light source varies ° o

by wavelength. Also, sensitivities of the 2> 1°0 g o0

camera and the objective depend on the %08- ° °

wavelength of the incoming light, so in order € ° o oo

to measure the spectra a correction needs 3 0.6 °o

to be applied for external influences to the % oooo

detected scattering intensity. Therefore, a £ 04

sample with no nanoparticles on the surface 2 ool o0

is placed under the microscope. The micro- ' °°°°°ooo
scope is defocused so that more light will 0 - - -
reach the objective. The procedure of hy- 500 600 700 800 900

perspectral imaging is repeated, except for Wavelength (nm)

the refocusing for every filter. The average
intensity of the field of view at every wave-
length is than calculated and normalized by
the average intensity at 510 nm. The result
is then shown in Figure 3.4. These values
will be used as a correction factor by divid-
ing the collected intensities at all wavelengths by the corresponding spectral correction
values.

Figure 3.4: Spectral corrections, mea-
sured using a slide with a 45 nm gold
film. The intensities are normalised to
the intensity at 510 nm.

3.4 Data processing

After collecting the images the spectra are calculated in MATLAB using the SPectrad
app, developed by M. Horacek. A region of interest (ROI) of 13x13 pixels is defined
around each particle, Figure 3.5. The scattering intensity of a particle is calculated
by subtracting the background - the average intensity of the whole field of view - from
each pixel in the ROI and subsequently summing the counts of these pixels. This
sum is divided by the normalized intensity value (Figure 3.4) of the corresponding

19



wavelength. This procedure is repeated for the images at the other wavelengths.
The resulting spectra of the particles are analysed. Only particles in the center of
the field of view are considered, since particles in the periphery tend to be out of
focus. The center of the field of view is indicated by the red dashed box in Figure
3.5. Also, spectra that show no plasmon peak, or have to much noise to distinguish
a clear plasmon, are discarded. The particles that are located in the center and show
a plasmon, are saved and further processed.
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Figure 3.5: The SPectrad app is used to find the particles in the dark-field image
(left) and calculate the spectra. The spectra of the particles in the center of the
image (middle, red dashed box) are analysed. A typical ROI of a particle is shown
on the right.

The Lorentzian function can be used to fit the plasmon resonance peaks in the mea-
sured spectra, which is given by:

T
(z = x0)* + (31)%

where I is the plasmon linewidth and z( the resonance energy. A three-peak Lorentzian
function is fitted to the saved spectra. However, not all spectra show three peaks. In
order to make a distinction between spectra with three and two peaks, it is assessed
whether the fitted peaks show local maxima. If a fit shows indeed three local max-
ima, so three points that are higher than neighbouring points, there are indeed three
distinguishable plasmon resonances. If a fit shows less than three peaks, the spectrum
is fitted again, but with a two-peak Lorentzian function, since this will give a more
accurate fit. Also, if a three-peak fit shows a peak with a linewidth smaller than 100
meV, a two-peak Lorentzian function is fitted, since this is often a consequence of
an incorrect fit. Both the two- and three-peak fitting algorithms are constrained to
only assign peaks between wavelengths 500 nm and 900 nm. Examples of a spectra
with two peaks and three peaks are shown in Figure 3.6. When further processing
the fits, also the fits with a r-squared value lower than 0.85 are discarded, since these
are often inaccurate fits.

N |—

L(z) = (3.1)
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The Lorentzian fits return the linewidths and the resonance wavelengths of the fitted
peaks, which are used to further analyse the spectra.
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Figure 3.6: Examples of spectra that show two peaks (A) and three peaks (B). The
blue circles represent the measured data and the red curve the fit.
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Chapter 4

Simulations

4.1 Boundary element method

The simulations are done using a boundary element method approach developed by
De Abajo and Howie [59]. The Maxwell equations are solved along the boundaries of
all surfaces in order to fulfill a set of boundary conditions. These boundary conditions
are defined, based on the dielectric functions of the media. U. Hohenester and A.
Triigler developed the metallic nanoparticle BEM (MNPBEM) toolbox to apply this

method specifically to metallic nanoparticles [60-62].

The MNPBEM toolbox is used to simulate the opti-
cal response of 100 nm gold nanoparticles. The ge-
ometry is shown in Figure 4.1, where a nanoparticle
is placed on a layer structure consisting of chromium,
gold, a dielectric layer and a semi infinite glass slide.
The amount of layers and thickness of the layers
can be varied. However, the glass layer is present
in all simulations. Also, the 5 nm chromium layer
is considered in all simulations that include a gold
film and is never varied in thickness. The medium
surrounding the nanoparticle is air(n = 1).The re-
fractive index of the spacer layer is set to n = 1.5,
as Han et al. reported that the refractive index of
PDADMAC and PSS multilayers is ~1.52 [63]. The
dielectric functions of both gold and chromium are
taken from data of Johnson & Christy [45].

In the simulations, the particles are excited from
above by plane waves under an incident angle of 70°.
The incident angle follows from the NA of the con-
denser (0.8-0.95) which means that the angles of the

Gold film

Glass slide

Figure 4.1: The geometry that
is used in simulations, consist-
ing of a semi-infinite glass sub-
strate, a 5nm chromium layer,
a gold film, a spacer layer
and a 100nm gold nanoparti-
cle, excited by both p- and s-
polarized light equally, under
an angle of 70°.

incoming light lie between 53° and 72°. Also, since the incident light is unpolarized, it
is assumed that s- and p-polarized light contribute equally, by doing simulations for s-
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and p-polarized light separately and summing their contributions. The polarization
of the incident light is further explained in Section 4.4.

4.2 Mesh size

The mesh size is determined by simulating the spectra of a particle on gold for
increasingly finer meshes and thereby find the mesh size for which the values of both
the linewidth and resonance wavelength of the longitudinal no longer vary as the mesh
size increases. From this calibration, Figure 4.2, it is concluded accurate results can
be obtained by simulating spheres with at least 200 vertices.
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Figure 4.2: (A) The resonance wavelength and (B) the linewidth of the longitudinal
dipole mode as a function of vertices in the simulated nanoparticle.

4.3 Plasmonic modes

As explained in Chapter 2, when a nanoparticle couples to a metallic film, the
transversal dipole and longitudinal dipole modes become spectrally distinct. Fig-
ure 4.3 shows the spectrum for a 100 nm nanoparticle spaced 1 nm away from a 45
nm gold film. Surface charge distributions are calculated to identify the modes corre-
sponding to these peaks. Interestingly, besides the transversal dipole and longitudinal
dipole, a quadrupole peak emerges at 540 nm, which is caused by the asymmetry of
the particle-on-film system [64].

As stated before, large field enhancements can be found within the gap between
a nanoparticle and a metallic film. From Figure 4.3 it becomes clear that for the
quadrupole mode and the transversal dipole a 'cold spot’ in electric field enhancement
can be found at the center of the gap, with the 'hot spots’ at the lateral sides of
the gap. However, the longitudinal dipole mode exhibits a single "hot spot’ at the
gap center. The largest field enhancements can be found in the gap center of the
longitudinal dipole due to the charge accumulation at the particle surface in the gap
region, which makes the gap region very sensitive to variations in e.g. the refractive
index and the nanoparticle geometry.

23



x10%

25
e (1)
£ ot
[
ke
©
O 15
o (2) ‘
[72]
(@]
& 1f
2
S o5t (3) ‘
(]
[&]
[0)]

500 600 700 800 900 1000

Surf h u. log(E/E
Wavelength (nm) urface charge (a.u.) 9(E/E,)

J
|

-0.5 0 0.5

Figure 4.3: Scattering spectrum for a 100 nm particle, on a 45nm thick film with
a Inm spacer. The numbers indicate the (1) quadrupole (2) transversal dipole (3)
longitudinal dipole mode. On the right, the corresponding surface charge and near-
field plots are shown.

4.4 Polarization

In Figure 4.4A the interaction of a horizontally polarized and a vertically polarized
sphere with their images in the film are depicted. The field around the horizontally
(left) polarized particle interferes either constructively or destructively with its image
in the film, depending on the spacing. The vertically (right) polarized nanoparticle
resonantly couples to its image in the film. Whether these modes occur, depends on
the polarization of the light. Two different types of polarization of the incident light
are defined: p-polarization and s-polarization, with the component of the electric
field parallel to the plane of incidence for p-polarized light and perpendicular to the
plane of incidence for s-polarized light. When p-polarized light reaches a nanoparticle
under a certain incident angle @, the polarization direction is given by

E, = cos(f) - Eg,x + 0 - Ep,y + sin(f) - Eo.z (4.1)
and for s-polarized light

E, =0 EpuX+1-Epy +0- Ey.2, (4.2)

with the z- and y-directions parallel and the z-direction perpendicular to the film
surface. The polarization directions with respect to the film are shown in Figure 4.1.
This means that p-polarized light has electric field components in both the horizontal
and vertical direction and can therefore excite both the transversal dipole and the
longitudinal dipole, Figure 4.4A. S-polarized light however, has only a component in
the horizontal direction and thus cannot excite the longitudinal dipole.
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In Figure 4.4B the scattering spectrum of a particle on film is calculated as a function
of the incident angle 6 (Figure 4.1) of a superposition of p-polarized and s-polarized
light. At an incident angle of 0° both E, and E, will only have components in the
x- and y-direction. As the incident angle increases, the y-component will remain
constant, but the xz-component as the z-component increases (equations (4.1) and
(4.2)). The simulations in Figure 4.4B confirm this as with increasing incident angle
the transversal dipole decreases in intensity while the longitudinal dipole increases.
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Figure 4.4: (A) Depiction of a transversal dipole (left) and a longitudinal dipole
(right) and the electric fields in a nanoparticle, with their images in the film (bottom).
(B) Calculated scattering spectra of a 100 nm particle on a 45 nm film with a 1 nm
spacing as a function of the incident angle.

4.5 Spacing

4.5.1 Limit

The model solves the system classically using the Maxwell equations, such that non-
classical effects are not taken into account. For gaps larger than 1 nm, classical
models are sufficient to describe the plasmon response, but they fail to describe the
system for smaller gaps [31]. Two effect cause the non-classical behaviour at small
spacings (<1nm): quantum tunnelling and electron nonlocality. Due to quantum tun-
nelling the electromagnetic interactions between the particle and film are reduced,
which results in a weakening of the longitudinal dipole mode [65]. Non-locacilty of
the electrons means that charges do not reside at the surface, but rather, are spread
into the nanoparticle [66]. These effects could thus lead to a reducing intensity of the
longitudinal dipole mode and a less pronounced red-shift. It is therefore avoided to
simulate spacings smaller than 1nm.
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4.5.2 Optical response

In Figure 4.5A the scattering spectra of 100 nm particles on a 45 nm film are shown
for varying spacings. As the spacing increases the longitudinal dipole decreases in in-
tensity and blue-shifts. This can be explained intuitively by considering the restoring
forces in a particle. When light is incident on a particle, the charges get displaced.
Negative and positive charges thus reside on opposite sides of the sphere. This re-
sults in a restoring force leading to a resonance condition, as explained in Chapter 2.
When the particle is in the vicinity of a gold film, the red-shift in the longitudinal-
and transversal dipole mode is due to opposite charges in the particle and film facing
each other in the gap region, as depicted in Figure 4.5B. When a particle is placed
close to the film surface the net charge is spaced further apart which reduces the
restoring force and thus results in a lower resonance frequency. Increasing the dis-
tance between the particle and the film diminishes the attractive force between the
charges in the particle and the surface, which results in an increasing resonance fre-
quency [67]. Also, the intensity of the longitudinal dipole decreases for increasing
spacing, since a stronger electric field will be induced when charges are placed closer
together.
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Figure 4.5: (A) Simulated spectra of a nanoparticle on a 45 nm film with a varying
spacer layer thickness. (B) A horizontally polarized (left) and a vertically (right)
particle with their surface charge distributions and their images in the film (bottom).

4.6 Film thickness

In Figure 4.5A the scattering spectra of 100 nm particles on a film are shown with
a b nm spacer for varying film thicknesses. When decreasing the film thickness, the
resonance wavelength of the longitudinal dipole remains constant while its intensity
decreases. Since gold has a skin depth of ~44nm [68], films exceeding this thickness
will act as a mirror where an image charge is formed creating a dipole with the
nanoparticle. Decreasing the film thickness to thicknesses below the skin depth will
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thus lead to a decrease in the dipole moment [69]. Since the intensity of the radiated
light scales quadratically with the dipole moment, equation (2.20), the decreasing
film thickness will lead to a decreasing scattering intensity.
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Figure 4.6: Simulated spectra of a 100 nm nanoparticle on a film with a 5 nm spacer
layer with a varying film thickness.

4.7 Refractive index of the medium

The refractive index of the medium will have an influence on the plasmon resonance
wavelength due to the polarization in the medium. Due to the localized surface
plasmon the field around the nanoparticle is greatly enhanced. This influences the
polarization of the dielectric medium in this region, which leads to a charge accumu-
lation around the nanoparticle. This partially compensates the charge accumulation
of electrons within the nanoparticle. Therefore, the restoring force is reduced and
the plasmon resonances will red-shift. The refractive index, n, is related to the po-
larizability, «, via the Lorentz-Lorenz equation:

n*—1 A4

n?+2 3
where N is the number of molecules per volume, meaning that the polarizabilty
of the medium increases with increasing refractive index. A medium with a larger
refractive index will thus have a larger effect on the plasmon resonances, Figure 4.7.
Also, an increasing intensity of the plasmon resonances is observed when increasing
the refractive index. This is explained by equation (2.17), where it is found that the
amplitude of the electron oscillation at resonance increases as the resonance frequency
decreases.

Na, (4.3)
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Figure 4.7: Simulated spectra of a 100 nm nanoparticle on a 45 nm film with a 5 nm
spacer layer with a varying refractive index of the medium.

4.8 Particle size

The effect of the particle diameter on the scattering spectrum is shown in Figure 4.8.
Increasing the particle diameter results in an increasing scattering intensity and a red-
shift in the longitudinal dipole resonance wavelength. Due to the larger number of
oscillating electrons and therefore a stronger field enhancement. Due to the increased
particle size, opposite charges are spaced further apart, Figure 4.5B, such that the
restoring force decreases, which thus results in a red-shift of the plasmon resonances.
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Figure 4.8: Simulated spectra of a nanoparticle on a 45 nm film with a 5 nm spacer
layer with a varying particle diameter.
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Chapter 5

Heterogeneity

Heterogeneity in the far-field optical response of particles on a film can be caused
by various factors. In this chapter, the heterogeneity from particle-to-particle and
sample-to-sample is assessed and possible causes of the heterogeneity are identified.

The spectra of at least 100 nanoparticles on gold are measured. Figure 5.1A shows
the single particle spectra of 117 particles on a 45nm gold film with a 5nm polymer
spacer layer. The resonance wavelength of the longitudinal dipole appears to be
~700nm. However, its resonance wavelength and linewidth vary from particle to
particle. This is shown in Figures 5.1B and C, where a normal distribution is used to
find the mean and the standard deviation. In order to summarize the variations in
the scattering spectra from particle to particle, the results are shown by taking the
mean of the single particle spectra, Figure 5.1B, where the shaded part depicts the
standard deviation from the mean.
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Figure 5.1: Waterfall plot of single-particle scattering spectra for 117 particles on
a 45 nm thick film with a 5 nm polymeric spacer. Distributions of the resonance
wavelength (B) and the linewidth (C) of the longitudinal dipole mode with a normal
distribution fit (red curve).(D) Mean (blue line) and standard deviation (shaded area)
of 117 particle spectra.
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5.1 Particle geometry

5.1.1 Polydisperse particles

Sigma-Aldrich particles with a diameter of 100nm are spin-coated directly on a 45nm
gold film. The TEM image, Figure 5.2A. The particle diameters measured on the
major and minor axes show two populations, one with diameters of below 50 nm and
one with diameters above 50 nm, 5.2B. The particles with diameters below 50 nm will
probably not be observed in the measurements due to their low scattering intensity.
The mean diameter of the minor and major axes of the population of larger particles
is 93.8 4+ 15.0 nm with a mean aspect ratio of 1.15 4+ 0.18 nm, Figure 5.2C.
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Figure 5.2: (A) TEM image of Sigma-Aldrich 100nm nanoparticles. (B) Dispersion
of the diameters of 198 particles measured along the major axis (blue) and the minor
axis (red). (C) Histogram of the aspect ratios of 89 particles with a diameter of
the major axis larger than 50 nm. (D) Mean (blue line) and standard deviation
(shaded area) of 119 Sigma-Aldrich particle spectra.(E) Three measured spectra of
individual Sigma-Aldrich particles (blue, green, yellow) with arrows indicating the
peaks emerging due to the asymmetry of the particles.

The spectra are measured using dark-field microscopy. According to figure 4.3, three
modes should be distinguished: the quadrupole at 540 nm, the transversal dipole
at 600 nm and the longitudinal dipole at 750 nm. However, the measured spectra
deviate from the simulations, Figure 5.2D. Since the particles are deposited directly
on gold, the gaps between the particle and the film are smaller than 1 nm. As
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explained in Chapter 4, the BEM calculations fail to predict the plasmonic behaviour
at such small gap sizes and can therefore not be compared to experiments.

In roughly ~ 20% of the individual Sigma-Aldrich particles, a peak is observed that
is not predicted in earlier simulations, Figure 4.3. In Figure 5.2E three examples of
these spectra are shown, where the arrows indicate the peak of which the origin is not
known. Kleemann et al. reported that this peak emerges due to facets on asymmetric
particles facing the film [32].

Figure 5.3A shows the bottom view of such a particle. The particle is depicted as
an ellipsoid with semi-axes a,, a, and a, with a facet width w,. Either p- or s-
polarized light is incident on the particle from the top with an incidence angle 6 and
an azimuthal direction ¢.

500 700 500 700 900
Wavelength (nm)

Figure 5.3: (A) Simulation setup, ellipsoid semi-axes a, and a, and facet width w,.
(B) Scattering spectra of p-polarized (gray) and s-polarized (bblack) incident light.
Orthogonal polarization axes (z, y) within the azimuthal plane (solid, dashed) show
different modes. T: transversal dipole, Q: quadrupole, s, ,: dark cavity modes. (C,D)
Simulated scattering spectra from a nanoparticle on film for p- and s-polarized light.
Source: Kleemann et al., ACS nano, 2016 [32].

The spectra of a 80nm faceted particle on a gold film for different polarizations and
directions are shown in Figure 5.3B. Under p-polarized light illumination the peak at
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750 nm can be identified as the longitudinal dipole. Under s-polarized illumination
however, the longitudinal dipole disappears as is expected, but two other modes
appear in stead, which is not predicted by previous simulations. The intensity of
these modes, labeled as s, and s,, depends on the illumination direction, as s, is
strongest under illumination from the z-direction and s, under illumination from the
y-direction.

This behaviour is shown in more detail in Figures 5.3C and D, where the scattering
spectrum is plotted as a function of azimuthal angle. In the simulations the following
geometry parameters are used: a,=30nm, a, = a, =40nm and w,=25nm. For p-
polarized light (Figure 5.3C) there is no dependence on the polarization angle, due
to the z-oriented dipole that exhibits a centrosymmetric charge distribution which
is independent on the facet asymmetry. For s-polarized light however, the s, and s,
modes show a clear dependence on the polarization direction, with a 90° phase-shift
in their response. Changing the incident azimuthal angle of s-polarized light accesses
modes along different facet directions. Both the facet asymmetry and the facet width
influence the position of the resonance wavelength of the s, and s, modes.

Simulating the surface charge distributions of the modes with the same geometry
(a;=30nm, a, = a, =40nm) gives the results in Figure 5.4A. The longitudinal dipole
(P) and the quadrupole mode (Q) have surface charge distributions over the entire
particle, while the surface charges of the s, and s, modes are confined to the gap.
Their charge separations are along two perpendicular axes. Since a, > a,, the surface
charge distribution is confined over a smaller surface at s, than at s, and will thus
have a shorter resonance wavelength. In order to elucidate the origin of these modes,
the simulations are compared to an analytical cavity model, Figure 5.4B. In the
analytical cavity model of a faceted nanoparticle on a flat film, modes are described
as drum-like standing waves, and calculated analytically by

Ai(w, d) = Mpy/weg/(doy) + oo, (5.1)

where ), is the plasmon wavelength of gold, e is the gold background permittivity, e4
is the gap permittivity, w is the facet width, d the gap size and «; is the i-th antinode
of the Jy(a) cylindrical Bessel function. Even-order modes ¢ are bright modes and
odd-order modes are dark. The calculated even modes and odd modes are shown
in Figure 5.4B as dashed and solid lines respectively. The s,- and s,-mode match
equation (5.1) well for mode order i=1, meaning that the s-modes are dark-modes.
Usually these modes thus do not radiate into the far-field. However, due to the facet
on the nanoparticle, these modes become bright under s-polarized illumination.
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Figure 5.4: (A)Surface charge distributions of a slightly elliptical nanoparticle with

=30nm, a, = a, =40nm. (B) Comparison of analytical cavity model (gray lines,
dark solid = odd, dashed = even) and BEM simulations (blue, orange and gray
points). Source: Kleemann et al., ACS nano, 2016 [32].

In Figure 5.5 several polarization dependent scattering spectra of faceted nanoparti-
cles are shown. Large variations in the optical response from particle to particle are
observed, which is in agreement with the large variety in particle geometries (SEM
images).

Increasing nanoparticle asymmetry
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Figure 5.5: Measured scattering spectra for 80nm nanoparticles on film with their
SEM images (insets). The orange and blue arrows indicate the polarization angle of

maximum intensity for the s, and s, modes respectively. Source: Kleemann et al.,
ACS nano, 2016 [32].

In the case of a faceted sphere the s, and s, modes can thus be excited using s-
polarized light. Due to the strong dependence of these modes on the facet geometry,
size and incident azimuthal direction, a large heterogeneity in the single particle
spectra is observed.

5.1.2 Ultra-uniform particles

The heterogeneity can thus be reduced by using uniform, non-faceted particles. In
Figure 5.6A a TEM image of such particles is shown where the particles show indeed
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a large monodispersity in shape.
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Figure 5.6: (A) TEM image of nanoComposix 100nm nanoparticles. (B) Mean (blue
line) and standard deviation (shaded area) of 117 particle spectra. (C) Dispersion
of the diameters of 60 particles measured along the major axis (blue) and the minor
axis (red). (D) Histogram of the aspect ratios of 60 particles.

These particles are deposited on a 45nm gold film with a 5nm spacer layer. The
resulting mean scattering spectrum is shown in Figure 5.6B where the measured
mean spectrum is compared to a simulation. The spacer thickness is estimated by
comparing the longitudinal dipole resonance wavelength of the measurements with
simulations, which gives the best match for a 5nm spacing, Figure 5.6B. This is well
above the spacing of 1nm, so non-classical effects do not need to be taken into account
and BEM calculations can accurately predict the optical response. When comparing
the mean spectrum of the nanoComposix particles, Figure 5.6B, to that of the Sigma-
Aldrich particles, Figure 5.2B, a decrease in the average relative standard deviation
is found from 47% for the Sigma-Aldrich particles to 31% when using nanoComposix
particles. This is caused by the reduced heterogeneity with respect to the Sigma-
Aldrich particles, as the mean particle diameter of the major and minor axes exhibits
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a smaller standard deviation 94.0 £ 3.7 nm, Figure 5.6C, and the mean of the aspect
ratio of the nanoComposix particles is much closer to 1: 1.05 £ 0.04 nm, Figure 5.6D.

Due to the increased heterogeneity in optical response, in further experiments nanoCom-
posix particles are used.

5.2 Sample-to-sample heterogeneity

The heterogeneity from particle-to-particle is thus
reduced by using ultra-uniform nanoComposix 1
nanoparticles. Three samples are prepared where
nanoComposix particles are deposited on 45 nm
films with 5 nm spacings. The measured spectra
are shown in Figure 5.7A where all three samples
show a plasmon resonance at approximately the
same wavelength, from top to bottom: 681 + 17
nm, 683 + 19 nm and 678 + 22 nm. The hetero-
geneity from sample-to-sample is thus found to be
low when using nanoComposix particles, meaning
that a high reproducibility is obtained.

Scattering intensity (a
o [

600 700 800
5.3 Residual heterogeneity Wavelength (nm)

Figure 5.7: Mean and standard
Several parameters could contribute to the resid- deviation of the spectra, mea-

ual heterogeneity found in Figure 5.7, such as the gured on three samples with 117
slight asphericity of the particles, Figure 5.6C and  (top), 139 (middle) and 188 (bot-
small deviations in the particle-film spacing. Fur- tom) nanoComposix particles on
thermore, Lumdee et al. reported that roughness 4 polymer spacer on a 45nm gold
in the film can lead to a shift in the longitudinal ]y,

dipole resonance. The sensitivity to the surface

roughness is caused by the tight confinement of the field, which makes the plasmon
resonance sensitive to the geometry near the gap at small spacings. Lumdee et al.
showed that when simulating the coupling between a particle and a film with a rough-
ness of R, = 1.2 nm, a red-shift in the longitudinal dipole wavelength of 5 nm is found
[70]. The measured surface roughness of 45nm gold films used for the experiments is
found to be even lower, R, = 0.3 — 0.6 nm, so shifts < 5 nm can be expected due to
the roughness on the films.

Also, the refractive index around the nanoparticles influences the longitudinal dipole
resonance wavelength, Figure 4.7, especially in the highly sensitive gap region. It is
not unlikely that the refractive index in this region varies from particle to particle,
which would contribute to the heterogeneity in the optical response. The particles are
functionalized with either citric acid (Sigma-Aldrich), or PEG-Carboxyl (nanoCom-
posix). The density of the coverage could vary from particle to particle. Also, water
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could be left over in the gap after drying the sample. Variations in the volume of the
water in the gap leads to varying longitudinal dipole resonance wavelengths. Figure
5.8A shows simulated spectra of a particle on a 45nm film with a Inm spacing and
varying refractive indices in the gap. A refractive index in the gap region is added
by simulating a Inm layer with a certain refractive index between the particle and
the gold film. The simulations show that varying the refractive index leads to a shift
in the longitudinal dipole resonance wavelength. Variations in the refractive index in
the gap region thus contributes to the heterogeneity from particle-to-particle.
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Figure 5.8: (A) Simulated spectra of a nanoparticle on a 45nm film with a Inm spacer
layer with a refractive index of n = 1 (blue), n = 1.3 (red) or n = 1.5 (yellow). (B)
Simulated spectra of a nanoparticle on a 45nm film with a Inm spacing with incident
light under an angle of 53° (blue), 62° (red) or 72° (yellow).

The NA of the dark-field condenser lies between 0.8 and 0.9, which means that the
incident light excites the particles under angles of between 53° and 72°. Figure 5.8B
shows that varying the incident angle does not change the resonance wavelength of
the longitudinal mode, but it does change the scattering intensity of the quadrupole
and transversal dipole modes, which can be attributed to varying contributions of
s-polarized and p-polarized light to the optical response with varying incident angle,
as is explained in Section 4.4. Since the incident light on the sample is a mix of light
coming from all angles between 53° and 72°, different particles might be excited under
different angles, which adds another contribution to the heterogeneity.
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Chapter 6

Film thickness and particle-film
spacing

As explained in the previous chapter, ultra-uniform nanoComposix particles exhibit
a higher homogeneity in the particle scattering spectra with respect to the Sigma-
Aldrich particles. Therefore, nanoComposix particles will be used in further experi-
ments in order to achieve a high reproducibility. The influence of the film thickness
on the far-field and near-field optical response is assessed, in order to propose an op-
timal film thickness for sensing where the intensity of the longitudinal dipole is high
and the intensity at a probe wavelength shifts significantly as the particle-film spac-
ing is varied. First, the response of the particle scattering spectrum on varying the
gold film thickness is assessed. Next, the influence of the particle-film spacing on the
scattering spectrum is investigated. Finally, an optimal film thickness is proposed for
sensing, based on the intensity of the scattering spectra and intensity changes upon
varying the spacing on different film thicknesses.

6.1 Film thickness

Again hyperspectral microscopy was used to measure the spectra of particles on a gold
film. However, the thickness of the gold film is varied. Samples are prepared with a
10 nm, 15 nm, 30 nm and 45 nm gold film. Four single polymer layers, corresponding
to a b nm spacer, are deposited on each sample as explained in Chapter 3, after which
the nanoComposix particles are spin-coated.

The resulting spectra are shown in Figure 6.1 together with the simulated spectra
of this system. Two peaks can be identified: the quadrupole at ~540 nm and the
longitudinal dipole at ~690 nm. The resonance wavelengths of these modes do not
change as the film thickness is varied. The ratio in intensity between the longitudinal
dipole and quadrupole mode changes for varying film thicknesses from approximately
3:1 for the 45 nm film to 1:1 for the 10 nm film, which is similar to what is observed in
the simulated spectra. However, in earlier simulations a decrease in the longitudinal
dipole scattering intensity is observed, Figure 4.6, which is explained by the reduced
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Figure 6.1: (A-D) Mean and standard deviation of the spectra of 100 nm nanoCom-
posix nanoparticles, measured on varying gold film thicknesses:(A) 115 nanoparticles
on a 10 nm film; in (B) 116 nanoparticles on a 15 nm film; in (C) 136 particles on a
30 nm film; and in (D) 117 particles on a 45 nm film. Red lines show the simulated
far-field spectra.

dipole moment between the nanoparticle and the image charges in the film as the
thickness decreases. This is not observed in the measurements, where the intensity of
the longitudinal dipole remains roughly constant. These higher collected intensities
are caused by the increased transmission of light through thinner film, Appendix C,
which is not taken into account in the simulations. Due to the higher transmission,
the intensity decrease in the longitudinal dipole is not observed in experiments.

A second effect that is observed is that with decreasing film thickness the linewidth
of the longitudinal dipole increases. Sobhani et al. studied this effect for aluminium
nanoparticles on a varying aluminium film thickness [71]. It is hypothesized that the
longitudinal dipole exhibits a narrower linewidth when coupled to a film due to a
decrease in the radiation damping. Decreasing the film thickness leads to a less tight
confinement of the field in the gap and thereby an increased relation damping, which
thus results in a broader linewidth. Further research needs to be conducted in order
to confirm that an increased radiation damping really is the mechanism that leads to
a linewidth broadening on decreasing film thicknesses and is discussed in 7

38



Interestingly, the transversal dipole is not visible in the measurement, even though
this mode is observed in the simulations. The calculations on the scattering cross-
section include contributions in all directions. In reality, light is collected via the
objective, meaning that light scattered in other directions is not collected. The radi-
ations pattern differs per mode and is not homogeneous in all directions, Figure 6.2.
The collected intensity thus depends on the mode and on the position of the objective
with respect to the particle and its collection angles. Possibly, when measuring from
below (z < 0), as is the case in the experiments, the objective will collect only a small
fraction of light scattered by the transversal dipole, whereas the radiation patterns
of the quadrupole and longitudinal dipole are more directed towards the objective.
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Figure 6.2: Radiation patterns of 100 nm gold particles on a 45 nm gold film with a 5
nm spacer of the (A) quadrupole, (B) transversal dipole and (C) longitudinal dipole.
The top of the spacer layer is situated at z=0.

The calculated dependency of the far-field spectra on the film thickness is shown in
more detail in Figure 6.3A. For films thicker than ~40 nm the scattering intensity at
the longitudinal dipole mode remains constant, while for thinner films the intensity
decreases gradually. Not only the longitudinal dipole, but also the transversal dipole
decreases in intensity for a decreasing film thickness. This could also be due to the
incomplete image dipole at thinner films, which decreases the dipole moment, such
that less light is radiated from the transversal dipole as well.

The measured resonance wavelengths and linewidths of the longitudinal dipole are
compared to simulations in Figure 6.3B. Apparently, the measured linewidths are
consistently smaller than what is predicted by simulations. In Chapter 2 the different
influences on linewidth broadening are explained. One, or more, of these damping
effects is thus smaller than predicted. Small variations in the nanoparticle diameter
are observed in the TEM image, Figure 5.6A, which influences the contributions of
surface scattering and radiation damping. Surface scattering is reduced by increasing
the nanoparticle diameter. However, for particles larger than 40 nm surface scattering
is not a significant influence and further increasing the particle diameter will thus
not narrow the linewidth. On the the other hand, larger particles exhibit a larger
radiation damping and will thus exhibit a linewidth broadening. Radiation damping
could explain the linewidth narrowing if a large portion of particles is smaller than 100
nm in diameter. In Figure 5.6C the distribution of nanoComposix particle diameters
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Figure 6.3: (A) Calculated far-field spectra of a gold nanoparticle with a 5 nm spacer
above gold films of varying thicknesses. (B) Effect of film thickness on the longitudinal
dipole mode resonance wavelength (blue) and linewidth (red). The blue (red) line
represents the calculated longitudinal dipole mode resonance wavelength (linewidth),
while dots represent the measured values. Error bars on the experimental data are the
standard deviation of the normal distribution for the single-particle spectra measured
for each sample. (C) Calculated near-field spectra of a gold nanoparticle with a
5 nm spacer above gold films of varying thicknesses. The near-field is calculated
at the center of the gap region at 2.5 nm above the gold film. (D) Relationship
between the near-field enhancement and gold film thickness, for a 1 nm (yellow), 5
nm (blue) and 10 nm (red) spacing. The near-field enhancement at the center in the
nanoparticle-film gap is plotted. The inset shows an example near-field calculation
in the nanoparticle-film gap (gold film thickness 45 nm, 5 nm spacing).

is shown, where a mean diameter of 94 £+ 3.7 nm is found. Even though this is
smaller than 100 nm, when decreasing the particle diameter from 100 nm to 90 nm,
a linewidth narrowing of only ~30 nm is observed. Therefore, the slightly smaller
diameter of the nanoComposix particles compared to the simulated particles does
not explain the difference in measured and simulated linewidths. Another effect
that could narrow the linewidth is a reduced electron-defect scattering. However, in
calculations an ideal particle is simulated, which will therefore have no defects. This
can thus not explain the narrower linewidth of the measured plasmon resonances with
respect to the simulations. What is left is the bulk damping. Possibly an unsuitabel
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dielectric function of gold is used in the simulations. In simulations the dielectric
function as measured by Johnson & Christy [45] is used. However, literature values
vary on the appropriate optical constants of gold 2.1. Even the deposition method can
be of influence [72]. Therefore, the measured longitudinal resonance wavelengths and
linewidths are also compared to simulations using the dielectric function according to
Palik [46] in Figure 6.3B, dashed line. The simulated linewidth using Palik’s dielectric
function are still broader than the measured linewidths, but are narrowed with respect
to the previous simulations and thus closer to the measured values. The resonance
wavelength however is red-shifted with respect to the measured wavelength, meaning
that according Palik’s dielectric function, the spacing is slightly larger than 5nm. Not
only the dielectric function of gold, but also of the 5 nm chromium adhesion layer can
influence the linewidth. For the chromium layer the dielectric function as measured
by Johnson & Christy is used. However, for thin films the dielectric function of
chrome varies a lot from that of the bulk [73], which will thus have an effect on the
scattering spectra, especially when the gold film thickness is thinner than the skin
depth of gold, ~44 nm.

The stronger coupling between the particle and film at thicker films, can also be
observed in the near-field enhancement in the gap. The near-field enhancement is
calculated in the middle of the gap, 2.5 nm above the gold film. In Figure 6.3C the
resulting near-field spectra as a function of film thickness are shown. Also in the
near-field enhancement the longitudinal dipole increases for increasing film thickness
until it saturates. The near-field spectra are broadened with respect to the far-
field spectra due to constructive interference between the near-field and incident field
on the red wing of the longitudinal dipole mode. The field enhancement is largest
at the longitudinal dipole mode, which is shown for a 45 nm gold film in Figure
4.3 in Chapter 2. The field enhancement at the gap center is thus plotted at the
longitudinal dipole resonance in Figure 6.3D, where it is observed that the near-field
enhancement gradually increases from E% = 20 at a 10 nm film thickness until it
saturates at Eﬁo = 60 for films thicker than 45 nm. These results are compared to
simulations on 1 nm and 10 nm spacers. For an increasing spacing the near-field
enhancement between the particle and the film decreases. However, also on the 1
nm and 10 nm spacer the near-field enhancement saturates at a film thickness of 45
nm. Not only the film thickness, but also the particle-film spacing thus influences
the near-field enhancement in the gap region.

6.2 Particle-film spacing

The particle-film spacing thus has an effect on the near-field enhancement in the gap
region. In order to gain more insight into the effect of the particle-film spacing on
the optical response the scattering spectra of nanoparticles on a film are measured
as well as simulated for varying spacer thicknesses.

Polymer spacer layers are deposited onto 30 nm gold films as explained in Chapter
3. Four samples are prepared with either 0, 2, 4 or 6 polymer layers, corresponding
to 0 nm, 2.5+0.5 nm, 5.3£1.2 nm and 17.743.8 nm spacings respectively, Figure
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3.2. NanoComposix particles are deposited on top of these layers and the spectra are
measured via dark-field microscopy. The resulting spectra are shown in Figure 6.4,
together with simulated spectra. The longitudinal dipole resonance clearly blue-shifts
as the spacing between the particle and film is increased, with a total shift of ~200
nm between no spacer and 6 polymer spacer layers (17.743.8 nm). In Chapter 4 it is
already discussed that no accurate predictions on the optical response of the particle
on a film with no spacer layer (Figure 6.4A), since the model does not include the
effects of quantum tunnelling and electron delocalization.
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Figure 6.4: (A-D) Mean and standard deviation of the spectra of nanoparticles,
measured on varying numbers of polymer layers:(A) 127 nanoparticles on 0 layers; in
(B) 134 nanoparticles on 2 layers; in (C) 116 particles on 4 layers; and in (D) 139
particles on 6 layers. Red lines show the simulated far-field spectra for spacings of
(A) 1 nm, (B) 3 nm, (c) 6 nm and (D) 10 nm.

The 2 layers spacer and 4 layers spacer are compared to simulations with a 3 nm and
6 nm spacer respectively, which corresponds well to the measured spacer thicknesses
of 2.54+0.5 nm and 5.3+1.2 nm. However, the spectra with a spacer of 6 layers
correspond to the simulation of a 10 nm spacer, which is thinner than the measured
thickness of 17.743.8 nm. Inhomogeneities the thickness of the spacer layer of a
few nanometers have been reported on these polymers previously [74]. Possibly, the
measurements were taken on a thinner part of the spacer. Also, the particles could
gradually sink into the spacer layer, such that the spacing decreases. A better control
over the spacer layer thickness is needed in order to know the exact nanoparticle-film
spacing.
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The shift in the resonance of the longitudinal dipole
can be explained by considering the interaction of a
nanoparticle with its image in the film. When light is
incident on a particle, the charges get displaced. Neg-
ative and positive charges thus reside on opposite sides
of the sphere. This results in a restoring force lead-
ing to a resonance condition, as explained in Chapter
2. When the particle is in the vicinity of a gold film,
the longitudinal- and transversal dipole mode are red- % y & 5
shifted due to opposite charges in the particle and film
facing each other in the gap region, as depicted in Fig-
ure 6.5. The net charge is thus spaced further apart
which reduces the restoring force in the particle and
thus results in a lower resonance frequency. Increasing
the distance between the particle and the film dimin-
ishes the attractive force between charges in the particle
and the film, which results in an increasing resonance
frequency. Also, as the resonance frequency increases the amplitude of the oscillation,
and thereby the intensity of the radiated field, decreases. The quadrupole will not
show significant shift since only a small fraction of the charges are confined near the
surface.

Figure 6.5: A horizontally
polarized (left) and a verti-
cally polarized (right) parti-
cle with their surface charge
distributions and their im-
ages in the film (bottom).

Although the spectra of the particles on 2 and 4 polymer layers, Figures 6.4B and C,
show a good correlation with the simulations, on 6 polymer layers the ratio between
the intensity of the quadrupole and longitudinal dipole peaks does not correspond
to the simulation. While the simulation shows a ratio of 1:1, the measured inten-
sity of the longitudinal dipole is approximately five times larger than that of the
quadrupole. This is probably due to a shift in the transversal dipole resonance so
that it overlaps with the quadrupole in the simulation. In Figure 6.6A the spectrum
of a nanoparticle on a 10nm spacer layer is simulated for excitation with p-polarized
light and s-polarized light, and a superposition of these spectra. S-polarized light
excites both the quadrupole and transversal dipole mode as explained in Chapter 2.
However, only one peak is observed instead of two in the simulation for s-polarized
light in Figure 6.6A. In order to find out why only one peak is observed, the spec-
tra for s-polarized excitation are shown as a function of spacing in Figure 6.6B.
For decreasing spacings, the transversal dipole red-shifts and decreases in intensity,
while the quadrupole remains constant in resonance wavelength and intensity. The
peak at ~570 nm in Figure 6.4D is thus a superposition of the transversal dipole
and quadrupole. The simulated peak ratio at the 10 nm spacing in Figure 6.4D is
thus the ratio between the longitudinal dipole peak intensities and a superposition of
the intensities of the transversal dipole and quadrupole peaks. However, in Chapter
Section 6.1 it is already discussed that the transversal dipole is in many cases not
observed in measurements, possibly due to its radiation pattern and the collection
angles of the objective as explained in Section 6.1. It would thus be incorrect to
compare the peak ratio of the simulated spectrum to that of the measured spectra,
since in the measurements the transversal dipole does most likely not contribute to
the peak intensity of the peak at ~540 nm. In Figure 6.6B it is observed that the
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calculated scattering cross-section of the quadrupole alone is ~ 2000 nm?. When
comparing this to the calculated scattering cross-section of the longitudinal dipole
in Figure6.6A (~ 8000 nm?), a ratio of 1:4 is found which is much closer to what is
observed in experiments, Figure 6.4D.
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Figure 6.6: (A) Simulated spectra of a particle on a 30nm film with a 10nm spacer
layer for p-polarized, s-polarized excitation and a superposition of these spectra. (B)
Simulated spectra for varying spacer layer thicknesses with s-polarized light.

The calculated dependency of the far-field spectra on the particle-film spacing is
shown in more detail in Figure 6.7A. The longitudinal dipole blue-shifts when in-
creasing the spacing as is observed in experiments (Figure 6.4). Over a range of 10
nm, the resonance of the longitudinal dipole shifts ~200 nm to the blue, with the
largest shifts at small spacings, Figure 6.7B, due to the tight confinement of the elec-
tric field at small spacings and therefore the high sensitivity to changes in spacing.
Also, the transversal dipole resonance blue-shifts slightly from ~630 nm to ~580 nm.
Also a decrease in the longitudinal dipole resonance is observed due to the decreasing
amplitude of the electron oscillations for an increasing resonance frequency.

In the previous section it is already briefly discussed that the particle-film spacing
influences the near-field enhancement in the gap. This is shown in more detail in
Figure 6.7C, where the near-field enhancement is largest at small spacings. At a
spacing of 1 nm, the field is enhanced more than 200 times, while at a 10 nm spacing
the field enhancement decreases to Eﬁo = 20, since opposite charges in the particle
and film are closer together when the spacing is small and thus a stronger field will
be induced.
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Figure 6.7: (A) Calculated far-field spectra of a 100 nm nanoparticle with a varying
spacing above 30 nm gold film. Black lines indicate the positions of the quadrupole,
transversal dipole and longitudinal dipole. (B) Calculation of the longitudinal dipole
resonance wavelength of a 100 nm nanoparticle on a 30nm gold film as a function
of the spacing. (C) Calculated near-field spectra of a 100 nm nanoparticle with a
varying spacing above a 30 nm gold film. The near-field is calculated at the center
of the gap region. The black line indicates the position of the dipole (D) Calculated
scattering cross section of a 100 nm nanoparticle on a 10 nm, 15 nm, 30 nm and 45
nm gold films as a function of spacing.

The resonance wavelength thus blue-shifts for increasing spacing. In the previous
section it is discussed that decreasing the film thickness leads to a broader linewidth.
When probing the scattering intensity at one wavelength for varying spacer thick-
nesses, smaller intensity changes are thus expected for films thinner than the skin
depth of gold. In order to quantify the intensity change, the normalized scattering
intensity at a probe wavelength of 700 nm as a function of the particle-film spacing is
plotted for varying film thicknesses in Figure 6.7D. The scattering intensities of the
four films are normalized to the scattering intensity at a 5 nm spacing, since Figure
6.4 shows that on all film thicknesses a similar intensity is found at a wavelength of
~ 700 nm. Figure 6.7D shows that films with a thickness of 10 nm and 15 nm exhibit
indeed a smaller change in intensity upon variations in the spacing. While decreasing
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the spacing from 10 nm to 2 nm on a 45 nm film leads to an intensity increase of
450%, on a 10 nm film the intensity does not change significantly when decreasing
the spacing from 10 nm to 5 nm after which it decreases to 30% of its initial value.
This due to the narrower linewidth of the spectrum of a particle on a 45 nm film and
thus a steeper slope.

Even though simulations predict that the intensity of the longitudinal dipole de-
creases with decreasing film thickness, measurements show that similar intensities can
be detected due to the higher transmission of thinner films. However, the linewidth
increases with decreasing film thickness, possibly due to an increased rate electron-
surface scattering. Even though similar intensities can be detected on all film thick-
nesses, intensity changes upon shifts in the longitudinal plasmon resonance at a probe
wavelength will be larger for spectra with narrower linewidths. Since the 30 nm and
45 nm films exibit the narrowest linewidths, these seem the most appropriate for the
proposed biosensor, where the presence of analytes will be measured via intensity
changes upon plasmon shifts.

Eventually, the tethered particle biosensor will measure conformational changes of
the tether by probing the intensity of the light scattered by the particle at a probe
wavelength. The intensity of the scattered light and the changes in scattered in-
tensity should be high enough to be detectable. Measurements show that the film
thickness does not significantly influence the scattering intensity of the longitudinal
dipole. Even though the dipole moment between the particle and its image in the film
reduces for a decreasing film thickness, the transmission increases for decreasing film
thickness. The scattering intensities at the longitudinal dipole resonance are there-
fore comparable for all film thicknesses and the suitability for sensing thus depends
on the change in intensity as the spacing varies. The intensity at a probe wavelength
of 700 nm changes most for a film thickness of 45 nm, due to the narrow linewidth of
the longitudinal dipole. This will thus be the most suitable film thickness for sensing.

Some observed phenomena remain unexplained. The transversal dipole is not ob-
served in the measured spectra, even though simulations show a transversal dipole
peak. It is hypothesized that the radiation pattern of this mode is not directed
towards the dipole. Also the measured linewidth is consistently smaller than the
simulated linewidth. Using different dielectric functions of gold turns out to have
a significant impact on the scattering spectrum. More knowledge is needed on the
actual dielectric function in order to accurately simulate the scattering spectrum of
a nanoparticle on film system. Approaches in order to gain more insight into these
phenomena are discussed in Chapter 7.

A blue-shift in the longitudinal dipole resonance of ~200 nm is observed when in-
creasing the particle-film spacing from 0 nm to 10 nm, due to the increasing restoring
force within particles as the spacing increases. A good correlation was found between
simulations and measurements except for the measurements on the spacer consisting
of 6 polymer layers. According to simulations the particle-film spacing on the 6 poly-
mer layer spacing is 10 nm, which does not correspond to the measured thickness
of 17.74£3.8 nm. This could be due to variations in the spacer layer thickness, or
particles slowly sinking into the polymer layer. Also, the measured ratio between the
quadrupole and longitudinal dipole peaks differs from simulations, possibly due to
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the radiation pattern of the transversal dipole, as explained Section 6.1. A suggestion
for a better control over the spacer layer thickness is proposed in Chapter 7.
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Chapter 7

Conclusions and outlook

The nanoparticle-tether-film system is proposed as a geometry for a plasmonic biosen-
sor. The particle will be tethered to the surface, where the tether is an aptamer for
analytes. Before looking into the dynamics of the system it is interesting to anal-
yse different aspects of the plasmonic response. Hyperspectral microscopy is used in
order to measure the spectra of hundreds of particles simultaneously.

In Chapter 5, the effect of particle shape on the heterogeneity in optical response is
assessed. Polydisperse, faceted particles (Sigma-Aldrich) are compared to to smooth,
monodisperse particles (nanoComposix). The relative standard deviation in the mea-
sured spectra decreases from 47% for Sigma-Aldrich particles to decreases 31% for
nanoComposix particles. Due to the smoothness and high symmetry of the nanoCom-
posix particles, the scattering spectra measurements show a high reproducibility.
Residual heterogeneity can be caused by small deviations in particle shapes and
sizes, roughness in the particle film, local variations in the refractive index and vary-
ing angles of incidence.

In Chapter 6, the influence of the gold film thickness and the particle-film spac-
ing on the near- and far-field response are assessed. According to simulations the
longitudinal dipole decreases in intensity as the film thickness decreases while its res-
onance wavelength stays constant. However, in the measurements no decrease in the
longitudinal dipole intensity is observed, due to the higher transmission of light in
thinner films. Also, The measured linewidths of the longitudinal dipoles are consis-
tently smaller than the simulated linewidths. Further research needs to be conducted
to elucidate the cause. Simulations on the near-field show that the near-field en-
hancement decreases for thinner films. This is due to the decreased dipole moment
between a particle and the film when the film thickness is smaller than the skin depth
of gold. The tunability of the field enhancement while keeping the resonance wave-
length constant can be used in order to study the effect of field-enhancements on
fluorescence and SERS. The field enhancement can be tuned without changing the
gap size, material or particle immobilization chemistry, which affect the resonance
wavelength of the nanoparticle on film and thus changes the spectral overlap between
the emitter and resonance. This enables studies on the transition from the weak
coupling to the strong coupling regime [75] and plasmon-enhanced electrochemistry
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[76] with various degrees of field enhancement. Also the dependency of the optical
response of nanoparticles to the spacing from the film is investigated. NanoComposix
particles are deposited on either 0, 2, 4 or 6 spacer layers on 30nm films. The result-
ing spectra correspond well to simulations. However, according to the spectra of the
nanoparticles the 6 layers spacer is thinner than what is measured using ellipsometry.
Possibly, there are large variations in the spacer thickness. Overall a 200nm blue-shift
is observed when increasing the spacing from 0 to 6 layers, which corresponds to a
increase from a Inm to a 10nm spacing. In order to propose a suitable film thickness
for biosensing, the change in intensity at a probe wavelength as the spacing varies is
assessed for varying film thicknesses. Due the narrow linewidth of the longitudinal
dipole the 45 nm film shows the largest intensity changes for varying spacings, which
makes this the most suitable film thickness for sensing.

For future research it will be interesting to gain more insight in the following:

e Even though the spacer layer thicknesses are measured for varying numbers of
layers, little is known about what is the actual particle film distance, due to
variations in the spacer thickness and the possibility of particles sinking into the
spacer. In order to overcome this problem the spacer layer could be deposited
using atomic layer deposition of a dielectric, such as Al,Os3, where the root-
mean-square roughness is found to be low: R, = 0.43nm [77], meaning that
there are no large deviations in spacer thickness. This allows for more accurate
simulations, since the spacer layer is known and varies very little from particle
to particle.

e The transversal dipole is not observed in experiments, even though it is present
in simulations. The simulations consider the scattered light in all directions,
but in reality scattering spectra are measured using only the light that is col-
lected by the objective. Simulated radiation patterns in Figure 6.2 show that
the radiation pattern differs per mode. It is hypothesized that the transver-
sal dipole does not radiate in the direction of the objective. Simulating the
far-field scattering spectrum taking into account the wavelength-dependent ra-
diation pattern and the collection angles of the objective could confirm if this
is the reason that the transversal dipole is not observed in the measurements.
Experimentally, the sample could be illuminated from the bottom so that the
radiation in another direction is collected. Measuring the scattering spectra
when illuminating the bottom of the sample will thus give more insight into the
radiation patterns of the different modes.

e The linewidth of the longitudinal dipole broadens as the film thickness de-
creases. It is suggested that this is caused by an increase in the radiation
damping. In order to confirm this, measurements could be done on the spec-
tra of particles on film for a varying electric field confinement in the gap e.g.
varying the particle-film spacing. If a less tightly confined electric field, thus
a larger spacing, indeed leads to a linewidth broadening, this effect could be
attributed to radiation damping.

e The measured linewidths of the longitudinal dipoles are much narrower than
the simulated ones. This is could be due to the dielectric function of gold
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that is used in the simulations. It would therefore be useful to measure the
dielectric function of the gold films and of the gold nanoparticles. Furthermore,
the presence of the chromium layer greatly influences the scattering spectra of
gold nanoparticles on the 10 nm and 15 nm films. Lozanova et al. reported
that the dielectric function of thin chromium films depends on the thickness
of the layer. The dielectric function of metallic film can be calculated from
the transmittance and reflectance spectra of the film [78]. Measurement on the
dielectric function of single nanoparticles are performed by Stoller et al. where
the complex polarizability and thereby the dielectric function is assessed of gold
nanoparticles [79].

In Chapter 6 it is concluded that for the 45 nm gold film exhibits the largest
intensity changes at a probe wavelength for an increasing spacing, due to the
narrow linewidth of the longitudinal dipole. This will therefore be the most
suitable film thickness for the proposed biosensor. The scattering intensity is
now only assessed at a probe wavelength of 700 nm. The intensity changes
for varying spacer thicknesses could be assessed for different probe wavelengths
in order to study if other probe wavelengths exhibit larger intensity changes.
Experimentally, this could be studied by measuring the scattering intensity
of nanoparticles on a 45 nm film at one wavelength using a band-pass filter.
However, a lot of scattered light will be filter, such that long integration times
(~10 s) are needed in order to collect enough light. A single wavelength light
source will eliminate the need for filtering, such that shorter integration times
can be used.
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Appendix A

Derivation electric dipole fields

The field of a dipole in a homogeneous, linear and isotropic space can be derived by
considering two oscillating charges q of opposite sign, separated by an infinitesimal
spacing ds, and thus a dipole moment g = gds. Assuming that all fields are induced
by the dipole, gives an electric field

E(r) = oG (r,ro)p, (A1)

where w is the oscillation frequency, po is the vacuum permeability, p is the per-
meability of the medium, the dipole is located at r = ro and the dyadic Green’s

nd
function G, a second order tensor which is represented by a 3x3 matrix, where each
column specifies the electric field of a dipole whose axis is aligned with one of the

A4
three coordinate axes. In a homogeneous space, G is given by

Glr,ro) = (T + 5 VV)G(r, o), (A.2)

Axd
where I is dyadic the unit tensor, k is the wave number and the scalar Green’s

function is given by

exp(ik|r — ro|)

= A.-
G(r,ro) 47|r — 1o (A.3)
From equations (A.2) and (A.3) it follows that in a Cartesian system
o exp(ikR) ikR—1\ ¢ 3—3ikR— kK’R’RR
Gler)==pr |\!t e ) ! K2R 2

where R = |r — rp| and RR denotes the outer product of R with itself. Three
x4

ranges can be distinguished in G: the near-field region where R < A and the (kR)™>
terms dominate, the far field, R> 2\, where only the (kR)" terms survive and the
intermediate field where A <R< 2\ and (kR)™! terms dominate.
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The Green’s functions for these regions are then given by

pnd exp(tkR) 1 © )
< exp(ikR) i ¢ 9
= I-— A.
G == R R (I —3RR/R"), (A.6)
Gre = P (7 rR/R2) (A7)

<> <> <>
where Gnr, Gir, Gy are the near-field, intermediate field and far-field Green’s

functions respectively.

¥

X

Figure A.1: The fields of a dipole are represented in a spherical coordinate system
(r, 8, ¢) in which the dipole points along the z-axis (# = 0).

Consider an origin at r = ro and a dipole orientation along the z-axis, p = |p|n,.
The fields are now represented in spherical coordinates r = (r, 6, ¢), Figure A.1, and
E = (E,, Ey, E;). Combining equations (A.1) (A.4) then gives

pcos(0) exp(ikr) o [ 2 2i
E,. = k - — A.
" Amege r k2r2  kr )’ (A-8)
psin(6) exp(ikr) o (1 i
Ey = k ———1 A9
o 4dmene r k2r2  kr ’ (A.9)
E;=0. (A.10)
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E. thus has no far-field term. The time dependent fields can be derived by substi-
tuting

exp(ikr)k™p = exp(ikr) (%)m (—iw)" e, (A.11)

which can be expressed in the time-domain by taking the Fourier transform:

exp(ikr)k™p = <%) jt—mu(t —nr/c), (A.12)

and thus give the time-dependent fields:

cos(0) (2 mn2d
" i bl AUy , Al
) (S 4224 ) el (A1)
sin@) (1 nl n?ld
By = stoatarge - A14
o 47'('508 (7”3 + cr? - c2 rdt? “’l'(t m‘/c)|, ( )

where n is the refractive index of the medium. The far-field is thus generated by the
acceleration, the intermediate-field by the speed and the near-field by the position of
the conducting electrons.
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Appendix B

Gold film surface roughness
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Figure B.1: (A-D) AFM height analysis images of a 10nm gold film (A), 15nm gold
film (B), 30nm gold film (C), and 45 nm gold film (D). Note that the color bar scales
vary slightly for each image. Surface roughness scan data(R, and R,)for multiple
scans per sample are presented in Table B.1.
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Table B.1: Values of R, and R,, measured using AFM on film thicknesses of 45nm,
30nm, 15nm and 10nm along 50um lines.

Film thickness (nm) R,(nm) R, (nm)
0.489 0.385
45 0.559 0.388
0.323 0.256
0.378 0.27
0.484 0.385
0.48 0.382
30 0.484 0.385
0.484 0.384
0.324 0.257
0.332 0.263
0.492 0.388
0.461 0.363
0.354 0.28
0.294 0.231
0.311 0.245
15 0.293 0.23
0.313 0.248
0.282 0.221
0.45 0.351
0.439 0.344
0.427 0.322
0.426 0.323
0.243 0.191
0.24 0.188
1.14 0.367
10 0.41 0.319
0.248 0.194
0.237 0.186
0.584 0.415
0.506 0.382
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Appendix C

Gold film thickness
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Figure C.1: UV-Vis spectroscopy measurements on the transmission of gold films
with thicknesses of (blue) 10nm, (black) 15nm, (red) 30nm and (yellow) 45nm. The
increasing film thickness leads to a lower transmission, with almost total extinction at
45nm, where the film acts as a near perfect mirror. Earlier studies have reported the
large change in spectral profiles when thickening the film from 10 to 15nm [73, 80].
The presence of the 5nm chromium adhesion layer has a much stronger impact on
the thinner (<30nm) films. This is reported to lead to a higher optical absorption
from 300-400nm and a broadening of the gold absorption peak [80].
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