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Kurzfassung

Die oberflichenverstiarkte Raman-Spektroskopie (SERS) ist seit mehreren Jahrzehnten
ein wertvolles Werkzeug in der biochemischen Sensorik, der Detektion von Einzelmole-
kiilen und der Photokatalyse. Die molekularen Fingerabdriicke in SERS-Spektren sind
immer von einem breiten Hintergrund begleitet, der von den plasmonischen Nanoparti-
keln stammt. Das Verstdndnis dieser Nanopartikelreaktion ist entscheidend, um die Me-
chanismen hinter plasmonenverstirkten Phinomenen wie Photochemie, Photovoltaik
und Magnetismus zu begreifen. Wahrend die Diskussion iiber die zugrunde liegenden
Prozesse dieses Nanopartikelsignals andauert, liefert diese Arbeit Einblicke in die Rolle
der Interbandiibergénge bei der Entstehung des SERS-Hintergrunds unter Verwendung
von Photolumineszenzanregungsspektroskopie (PLE).

Des Weiteren kénnen die Temperaturen der Nanopartikel und ihrer unmittelbaren Um-
gebung aus dem Anti-Stokes SERS-Hintergrund ermittelt werden. Hier wurden beste-
hende Anti-Stokes-Thermometrietechniken erweitert, um konsistente Temperaturmes-
sungen iiber verschiedene Nanopartikelcluster auf inhomogenen Proben hinweg durch-
fiihren zu kénnen. Dies ermoglicht die gleichzeitige Messung von chemischen Reaktionen
und Temperaturen in Cluster-Systemen mit hoher Photokatalyseaktivitét.

Zuletzt wurde ein Abklingen des SERS-Hintergrunds im Verlauf von wenigen Minu-
ten beobachtet. Dieses Phénomen wird vermutlich durch Elektronentransfers von den
Nanopartikeln in die Umgebung verursacht. Diese Arbeit présentiert erste Ergebnisse
zu der Abhédngigkeit der Hintergrundabnahme von verschiedenen Eigenschaften. Auf
Grundlage dieser Ergebnisse werden weitere Experimente vorgeschlagen.



Abstract

Surface-enhanced Raman spectroscopy (SERS) has been a valuable tool in biochemical
sensing, single-molecule detection, and photocatalysis for several decades. The molecu-
lar fingerprints in SERS spectra are always accompanied by a broad background orig-
inating from the plasmonic nanoparticles. Understanding this nanoparticle response is
crucial for comprehending the mechanisms behind plasmonic-enhanced phenomena such
as photochemistry, photovoltaic, and magnetism. While the discussion regarding the un-
derlying processes of this nanoparticle response is ongoing, this thesis provides insights
into the role of interband transitions in the creation of the SERS background, utilizing
photoluminescence excitation (PLE) spectroscopy.

Furthermore, the temperatures of the nanoparticles and their close environment can be
determined from the anti-Stokes SERS background. Here, existing anti-Stokes thermom-
etry techniques have been extended to accomplish consistent temperature measurements
across various nanoparticle clusters on inhomogeneous samples. This enables simulta-
neous measurements of chemical reactions and temperatures in clustered systems with
high photocatalytic activity.

At last, a decay in the SERS background on the timescale of a few minutes was observed.
This phenomenon is suspected to result from electron transfers from the nanoparticles
into the environment. This thesis presents initial results regarding the dependencies
of this decay on multiple properties. Based on these results further experiments are
suggested.

Vi



Chapter 1

Introduction

Nearly half a century after the first observation of Raman spectra on a roughened silver
surface by Fleischmann, Hendra, and McQuillan in 1974 and the introduction of
surface-enhanced Raman spectroscopy (SERS) by Jeanmaire and van Duyne three
years later, SERS is an essential tool for biochemical sensing , single-
molecule detection , and photocatalysis
106).

Metal nanoparticles show substantial enhancement of electromagnetic fields, scattering,
and absorption due to their localized surface plasmon resonance (LSPR), enabling SERS
. The LSPR is a characteristic of the shape, size, and material of the nanoparticles
as well as the environment .

The group for ultrafast dynamics in condensed matter at the University of Potsdam uses
gold nanoflowers among others. Gold nanoparticles, in general, offer optical en-
hancements in the visual light regime , but high-faceted particles, like nanoflowers,
show even higher enhancement factors in SERS measurements, aid molecule adsorption,
and are more active in photocatalytic reactions . This increases even further
if they are clustered . Therefore, the main focus of this thesis is on
clustered gold nanoflower samples.

A typical SERS spectrum of 4-Nitrothiophenol (4-NTP) coated on a gold nanoflower
substrate is illustrated in SERS spectra contain two main features. Firstly,
they show narrow peaks that can be assigned to the vibrational modes of molecules
adsorbed to the nanoparticle surfaces. Hence, these peaks form fingerprints, well known
for a variety of more or less complex molecules. For 4-NTP, the most prominent peaks
are around 1300 cm ™ as visible in the Stokes region of The vibrational peaks
are also apparent in the anti-Stokes (AS) region if the sensitivity of the measurement
is high enough. In addition, a broad background (BGND) is observed in most SERS
spectra . The origin of this background is still under debate. While some scien-
tists attribute the BGND to photoluminescence (PL) [82], others relate it to
electronic Raman scattering (ERS) or provide different theories
@ involving interaction with the adsorbed molecules. However, the background
is commonly associated with the response of the nanoparticles and their electron dis-
tribution, as it can be observed even in the absence of any attached molecules .
Since the optical properties of metals are influenced by the excitation wavelength, the
SERS background is as well . This thesis discusses this dependence and

1
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Figure 1.1: SERS spectrum of 4-Nitrothiophenol (4-NTP) coated on clustered Au
nanoflowers. They show great signal enhancements in the optical range and were therefore
excited at a wavelength of A\, = 633nm. Vibrational peaks of 4-NTP are observed in
the Stokes region. These peaks are accompanied by a continuous background caused by
the nanoparticles themselves which also extends into the anti-Stokes region. Despite the
use of bandpass filters, a fraction of the Rayleigh scattered peak from the laser remains
noticeable.

derives statements about the origin of the SERS background that suggest extending the
existing theories by a significant contribution of interband transitions. The results of
photoluminescence excitation spectroscopy supporting this are discussed in

Considering its origin and characteristics, knowledge about the nanoparticle response
is crucial not only for enabling background-free SERS imaging. The SERS BGND is
linked to the electron distribution in the nanoparticle. This connects the background to
the photocatalytic activity of the system, as the enhancement of chemical reactions of
adsorbed molecules relies on charge transfer from the nanoparticle
. Also, fully understanding the nanoparticle response can provide insights into the
mechanisms behind other plasmonic-enhanced phenomena such as photovoltaic
and magnetism . Hence, properties of the investigated systems can be derived
from the SERS background. The Anti-Stokes BGND signal for instance can be used for
non-invasive temperature measurements at the nanoscale . This
thesis establishes a data processing method based on the calibrated thermometry of Xie
and Cahill , which enables a comparison of different hot spots on inhomogeneous
nanoparticle samples by eliminating the effects due to varying plasmonic enhancements,

as discussed in [chapter 5

In addition, while investigating the SERS background of the gold nanoflowers, a decay



1. Introduction 3

of the BGND on the timescale of a few minutes was observed that has not been reported
yet. In the decay and its dependencies on several factors are analyzed, but
its source can only be suspected and further investigations are proposed.

Preceding that, the next chapter covers fundamentals and existing literature on the
origin of the SERS background and also explains Anti-Stokes Nanothermometry. Sub-
sequently, describes the methods and samples used in the experiments of this
thesis before delving into the discussion of the results as outlined above.



Chapter 2

Fundamentals and State of the Art

In the field of light-matter interactions, plasmonic materials have fascinated researchers
for many decades. With their unique ability to amplify electromagnetic fields at the
nanoscale, these materials have opened up new horizons for various applications, rang-
ing from ultrasensitive sensing to efficient
light harvesting . One prominent application is surface-enhanced Raman
spectroscopy (SERS), a powerful analytical technique to achieve remarkable enhance-
ments of Raman signals of molecules adsorbed to metal nanoparticles, enabled by their
plasmonic properties . Gold nanoparticles, in particular, are often
favored for their ability to induce plasmonic resonance in the visible range. . There-
fore, they are the focus of this thesis.

This chapter covers the fundamentals of SERS and the response of metal nanoparticles
to incident light. Moreover, preceding research in the literature on the origin and the
properties of the background of SERS spectra is introduced.

2.1 Surface Enhanced Raman Spectroscopy

Raman spectroscopy uses inelastic scattering of photons by matter to investigate the
composition of materials . In most cases, molecules and their vibrational modes are
observed, as depicted in [Figure 2.1] In the scattering process, the incident photons are
not resonant with electronic transitions of the molecule. Therefore, the excitation occurs
via virtual levels . Most scattering processes are Rayleigh scattering, where the final
photon has the same energy as the initial photon. If, in contrast, excitation or relax-
ation of the vibrational modes occurs, the emitted photon is shifted to lower (Stokes)
or higher energies (anti-Stokes), respectively. These inelastic processes are called Ra-
man scattering and the corresponding Raman shifts are characteristic of the vibrational
modes . Hence, a discrete spectrum emerges, containing fingerprints of the investi-
gated molecules, known for countless substances. For 4-Nitrothiophenol (4-NTP), they
are illustrated in with the most prominent peaks around 1300 cm ™!, Due to
the low resolution of this specific recording, they are not visible in the anti-Stokes (AS)
region.

Raman spectroscopy can be used to measure time-resolved, chemical reactions in situ
since it is a non-destructive technique . However, the strength of the Raman peaks
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Figure 2.1: Vibrational scattering in molecules. Scattered light can have the same energy
E as the incident light (Rayleigh) or be shifted (Raman) to the red due to excitation
(Stokes) or to the blue due to relaxation (anti-Stokes) of vibrational modes.

is extremely low due to low scattering cross-sections . The optical cross-sections
o resemble the power P removed from an initial optical mode by a process like scat-
tering or absorption. This power is normalized to the incident intensity I; . Hence,
the optical cross-section of a single object is defined by [Equation 2.1| 1105].

o=— (2.1)

For example, in the case of resonance with an electronic state, the fluorescence cross-
section is about six orders of magnitude larger than the Raman cross-section . There-
fore, either high concentrations of the molecules or laser intensities are required to mea-
sure meaningful Raman spectra . This gladly changes in the vicinity of surfaces of
plasmonic nanoparticles. Here, the incident light induces a collective oscillation of the
free electrons. More precisely it excites localized surface-plasmon polaritons (LSPP)
. Suppose the excitation wavelength falls within the resonance of the LSPP, the lo-
calized surface plasmon resonance (LSPR), strong enhancements of the local electric field
at the surface, absorption, and scattering are caused . As the molecule is adsorbed to
the nanoparticle surface, it is influenced by the local electric field. I. e., in the scattering
process at the molecule, the incident light is plasmonic enhanced . Since the energy
shift due to Raman scattering is in general much smaller than the LSPR width, the
scattered electric field is enhanced as well by the LSPP . Consequently, the intensity
of the scattered light I ... = ]Escatt]2 scales as the fourth power of the local electric
field enhancement . This ultimately results in much higher Raman cross-sections by
up to fifteen orders of magnitude . The use of noble metal nanoparticles
not only enables the detection of molecules via this so-called surface-enhanced Raman
spectroscopy (SERS). Their inert nature and capability to adsorb molecules on their
surface also provide chemical enhancement due to charge transfers onto the molecules
and make metal nanoparticles great photocatalysts.
SERS is therefore a powerful tool to measure chemical reactions as they happen
and even single-molecule Raman spectroscopy is possible with this technique
. In addition to the peaks corresponding to molecule vibrations, SERS spectra
always show a more or less strong and broad background . This BGND
can be attributed to a phenomenon caused by the nanoparticles themselves
. Especially, high-faceted nanoparticles like gold nanoflowers, which show a rather
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strong background, also offer high photocatalytic activity . Therefore a con-
nection between both is likely. covers existing theories about the origin of
this nanoparticle response. Before that, the next section explains basic principles of
light-metal interactions.

2.2 Permittivitiy and Refractive Index

In general, the effect of light-matter-interaction can be described by the electric Polar-
ization P. In the linear approximation, this represents the creation of dipole moments
due to an incident electric field. In the visible spectrum, this mostly happens due to
the displacement of more or less mobile electrons in contrast to the rigid atom nuclei
in solids . The capability of matter to polarize due to an electric field E is given by
the electronic polarizability «. Hence, polarizability and polarization are connected via
the following equation [40]:

P =eynyak (2.2)

Where ¢( is the vacuum permittivity and ny is the particle density of independent
atoms. In crystal structures, it has to be taken into account that the electric field at an
atom site is influenced by the surrounding dipoles. Thus, the local electric field differs
from the external electric field. For cubic crystals, like gold, this leads to a relation
between the polarizability a and the relative permittivity or dielectric function e called
the Clausius-Mossotti equation [40]:

_5—1
e 4+2

%nva (2.3)
Due to its connection to the electric polarization, the relative permittivity is a valuable
optical parameter of the material that is also dependent on the frequency of the electric
field. Since it is a complex parameter, it can be split into real part €,., and imaginary
part €ipag-

€ = €real T iEimag (24)

While the real part indicates the phase difference between the driving electric field

and the material’s response, the imaginary part is a quantity of the field dissipation
inside the material. The dielectric function can also be related to the complex index of

refraction 7 .

n

NG

2.5
n+ ik (2:5)

Here, p is the relative permeability, n indicates the ratio of the vacuum speed of light
to the phase velocity inside the medium, and « is the extinction coefficient. For non-
magnetic materials, p is equal to one. Hence, the real and imaginary parts of the dielec-
tric function can be written as:

€real — n2 - K (26)

Eimag = 2nkK
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Figure 2.2: Dielectric function of gold in the visible range separated into a) imaginary
part €j,,, and b) real part €,.,. The data is provided by Olmon et al. for single
crystal gold.

Since the optical constants n and x are determined through reflectivity and transmission
measurements or ellipsometry , they are often used to calculate the dielectric function
of materials . Imaginary and real parts of both dielectric function and refractive index
are depicted for gold in [Figure 2.2] and [Figure 2.3| respectively.

Generally, the electronic part of the permittivity for solids can be distinguished into two
processes that rely on the electronic band structure of the material. The band structure
of gold is illustrated in Interband processes result from the excitation of
electrons between two bands. In gold, prominent excitations due to the absorption of
photons in the visible range occur from occupied states of the 5d-band into free states
of the 6sp-band. These are shown around the symmetry points X and L in the zoom
panels of Optical transitions can also occur between different conduction
bands at the L-point . On the other hand, in metals, the Fermi level E always lies
inside an electronic band, which enables intraband processes of free electrons. These also
contribute to the dielectric function. For metals, intraband processes are well described
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Figure 2.3: Refractive index of gold in the visible range separated into a) imaginary part
x and b) real part n. The data is provided by Olmon et al. for single crystal gold.

with the classical Drude theory of a free electron gas. Therefore, the dielectric function
can also be separated into an intraband ep,,q. and an interband ;g part @ :

€(w) = EDrude(w> +€B (w) (28)
(.U2
1 _ p
gDrude(w) =1 W (w ¥ 7) (29)

EDrude 18 determined by the plasma frequency w,,, which is the frequency at which &,
changes sign [30], and the collision frequency v of the electron gas. In bulk metals, col-
lisions of electrons can occur with other electrons, phonons, and defects in the material
. As the metal shrinks in size, which is the case for nanoparticles, collisions with the
surface become more frequent. Thus the contribution of electron-surface scattering to
~ can not be neglected @, . These collisions facilitate the transitions of wavevectors
that are essential for electronic intraband excitations forming the foundation for the
nanoparticle response in SERS spectra, discussed in the next section.
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Figure 2.4: Electronic band structure of gold as published by Stete . In the ground
state, occupied electronic states ( darker blue) are separated from the empty states (lighter
blue) by the Fermi level Ep (red line). The panels on the left and right zoom into the
regions around the symmetry points X and L, respectively. Interband transitions I B in
the visible range exist from the 5d-band into the 6sp-band around the X and L-point. At
the L-point, they can also occur between different conduction bands marked as p-band
and s-band.

2.3 Nanoparticle Response

There are various explanations for the SERS background in the literature. Some re-
searchers link the BGND to photoluminescence (PL) [16] [82], whereas others
associate it with electronic Raman scattering (ERS) , or propose
alternative theories that fall outside the scope of this thesis @ . Yet, there is
a substantial consensus that the background originates from the plasmonic nanoparti-
cles themselves, as it can be observed without any molecules adsorbed . LSPPs
are crucial in both, PL. and ERS, as they facilitate significant electromagnetic field en-
hancements and selective absorption and scattering governed by the LSPR . In other
words, the LSPR influences the probability distribution of excited electrons dependent
on the wavelength of the incident light. On the contrary, the emission is determined by
the photonic density of states (PDOS). The PDOS describes the number of photonic
states that are available for emission averaged over the whole nanoparticle . As these
emission channels are also enhanced by the plasmons, the PDOS is also determined by
the LSPR . Regardless of whether PL or ERS is considered, the nanoparticle
response signal resembles its LSPR . The LSPR itself relies on the electronic
properties of the metal like the band structure and thus the permittivity. Also, the size
and shape of the nanoparticle structures, as well as the environment, are crucial for the
LSPR’s characteristic . The extinction spectrum for a batch of gold nanorods
resembling their LSPR is presented in The calculated spectrum of a single
nanorod, depicted in red, exhibits notable narrowing. The broadening in the ensemble
measurement is caused by inhomogeneities between the different nanoparticles due to
the production process . This underlines the importance of their physical shape on
their optical properties. More complex nanoparticles, e. g. with many facets, can there-
fore cause even broader LSPR . Moreover, clusters of nanoparticles amplify these
effects as the area between the particles can create even stronger enhancements, which
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can also change the spectrum .

In|Figure 2.6] both intraband PL and ERS are shown for gold. As a photon is absorbed
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Figure 2.5: Extinction spectrum of Au nanorods in solution (black solid) and calculation
of the spectrum of a single spheroid in water (red dotted) as provided by Zijlstra and
Orrit . The measurement exhibits a broader spectrum due to inhomogeneities in the
production process of the nanoparticles.

by the nanoparticle, an electron from a state below the Fermi level E is excited. In the
case of photoluminescence, as depicted in ), the electron requires a wavevec-
tor transition to be able to populate a real state above the Fermi level. This transition
is most likely provided by the scattering of the electron with the surface of the nanopar-
ticle. Due to the confinement length Ax, wavevector transitions of Ak ~ (w/Ax) are
available . On the other hand, in electronic Raman scattering, the energized electron
occupies a virtual state, and therefore no additional wavevector is required in the initial
process. This is shown in [Figure 2.6b). Ultimately, in both theories, the excited elec-
trons recombine under another wavevector transition with an empty state in the band
structure. If the final state’s energy is above the energetic level of the initial state, as
illustrated, a Stokes-shifted photon will be emitted. These nanoparticle emissions are
often considered to be intraband processes, as they are also observable with excitation
wavelengths above the limit of interband transitions . Nevertheless, interband
processes can greatly enhance the efficiency of nanoparticle emissions . Cai et al.

[16] explain this with interband excitations followed by Auger-like relaxations driving
intraband excitation.

As mentioned, both PL and ERS attribute their broad spectrum to the LSPR of single
or multiple nanoparticles. This thesis does not distinguish between the processes. This
would require experiments on ultrashort timescales since virtual states recombine much
faster than real states . Hence, for the sake of simplification, photoluminescence is
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Figure 2.6: Band structure of gold, modified from Stete , with schematic illustrations
of intraband Stokes a) photoluminescence (PL) and b) electronic Raman scattering (ERS)
in nanoparticles. Vertical arrows represent the incident (blue) and emitted (red) photons,
respectively. Horizontal arrows represent the wavevector transitions due to the scattering
of the electrons with the surface of the nanoparticles. While in PL the electrons populate
real states after the absorption process, the intermediate states in ERS are virtual.

considered the source of the nanoparticle response in all subsequent figures and argu-
ments. Thus, real states in the band structure of gold will represent the intermediate
states in this thesis. The discussed mechanisms also apply to electronic Raman scatter-
ing, if not stated otherwise.

In addition to the so far addressed Stokes shifted background, there is also an anti-Stokes
(AS) component. This can be viewed in on the left side of the Rayleigh peak.
While those emissions also originate from excited electrons in the metal, they are up-
converted with respect to the incident photons . The underlying PL. mechanism is
outlined in [Figure 2.7] Only occupied states can be excited. At absolute zero (0K), each
state below the Fermi level E is occupied in the ground state. Consequently, after an
excitation with a single photon, there is no hole below the initial state to recombine
with and no AS emission is possible. At finite temperatures, the occupation probability
around the Fermi level changes, dictated by the Fermi-Dirac distribution, as shown in
Now, there is a small number of higher initial states and lower empty states
allowing anti-Stokes processes. Accordingly, the distribution of hot electrons and empty
states is far more important in the AS region than the LSPR and PDOS enhancement,
respectively. Hence, the shape of the emission is defined by the occupation distribu-
tion of the electrons in their bands. The maximum possible energy shift is higher, the
higher the temperature is . This explains the exponential decrease of the response
signal towards higher AS shifts in comparison to the flatter trend on the Stokes side, as

indicated by [Figure 1.1
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Figure 2.7: left: Band structure of gold, modified from Stete , with schematic illustra-
tions of intraband anti-Stokes photoluminescence (PL) in nanoparticles. Vertical arrows
represent the incident (red) and emitted (blue) photons, respectively. Horizontal arrows
represent the transfer of wavevectors. right: occupation probability of electronic states
around the Fermi level Er for 300K (solid orange) and 1000 K (dashed blue).
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2.4 Anti-Stokes Thermometry on Metal Nanoparticles

Given that the anti-Stokes signal necessitates the presence of free electronic states below
the Fermi level (or occupied states above), which is typically enabled by finite temper-
atures, it is reasonable to consider that the plasmonic nanoparticle’s AS response could
hold valuable information about the temperature of itself .
Le., changes in temperature shape the AS signals decisively. More precisely, the slope of
the anti-Stokes signal is altered with the temperature, which is clearly evident in
The background displays linearity on a logarithmic scale and its slope decreases
with rising temperatures. Notably, the AS temperature is not to be confused with the
temperature determined by the ratio of anti-Stokes to Stokes signal of molecular Ra-
man peaks . While the latter describes the temperature of adsorbed molecules
due to their active vibrational modes, the AS background describes the temperature
of the nanoparticles themselves. This temperature can be determined not only quali-
tatively but also quantitatively. Multiple approaches using the anti-Stokes spectra of
SERS measurements as nanoscale thermometers are presented in the literature
. To achieve this, the anti-Stokes signal I5g of surface-enhanced Raman
measurements has to be described as a function of Raman shift g and temperature 7'

(29} [43):

Ins (7R, T') = Ysetup (Pr) ILspr (Pr) 7 (PR, T') (2.10)
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Figure 2.8: Anti-Stokes nanoparticle response collected from arrays of nanodisks as a
function of substrate temperature by Xie and Cahill . The logarithmic illustration
clarifies the change of the slope of the signal with temperature.

VSetup (ﬁR) = (DR) 7fexposuure (211)
Iispr (7R) = oxp (7R, T) g2 (7R, T) gi (7R, T) I; (7R) (2.12)

Here, 7getup describes the effects of the setup on the measurement given by the
exposure time tecposure @S well as losses due to the setup and the detector function
combined in «. Ijgpgr is the plasmonic enhanced laser intensity, which consists of the
optical cross-section of the nanoparticle onp, the plasmonic enhancement factors gi?
and gg of the incident and emitted light, respectively, and the incident laser intensity I,.
The temperature dependence of I, g is based solely on the distribution function 7, which
determines the occupation of the electronic states . There is an ongoing discussion
in the literature on which distribution is to be used. Some state that the hot-electron
temperature is measured since electrons cause the nanoparticle response and therefore
Fermi-Dirac should be used . Others claim it is a measurement
of the metal lattice temperature due to dominating electron-phonon scattering, which
requires using the Bose-Einstein distribution . Both can be

approximated by the Boltzmann distribution (Equation 2.15)), as the differences become
negligible within the available Raman shift region in most measurements

[86]. The equations [2.13 show all three distributions, utilizing the Boltzmann
constant kg, the Planck constant h, and the vacuum speed of light c. [Figure 2.9|depicts
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the vanishing deviations for absolute values of Raman shifts above 500 cm ™t

I hC’i)R -1
n = — -1 2.1
nEDp _eXP < kT > } (2.13)
g = exp (208 1] (2.14)
NBE = ] Xp Ky T .
_ I hco -1
NBoltz = |[€XP <_ kb]{%>:| (215)

Moreover, according to Cai et al. , low laser intensities lead to these differences
vanishing due to the large photon spacing, giving the excited hot electrons enough time
on average to equilibrate their temperature with the metal lattice. However, at high
laser intensities, a second exponential component emerges in the signal at high Raman
shifts due to the contribution of a subpopulation of extreme hot carriers .

T =300K

—— Boltzmann
=== Fermi-Dirac
1004 -eee Bose-Einstein

Distribution Function /A

-1400 -1200 -1000 —-800 -600 -400 -200
Raman Shift [1/cm]

Figure 2.9: Boltzmann, Fermi-Dirac, and Bose-Einstein distributions, as indicated by
the legend, for negative Raman shifts at 7' = 300K following [Equation 2.13}2.15]

To determine the absolute temperature from the measured anti-Stokes signal g,
VSetup and 1 gpr must be known. While g, Tequires precise knowledge of the setup,
for I1gpr the properties of the nanoparticles have to be determined. Carattino, Cal-

darola, and Orrit assumed the surface plasmon resonance to follow |[Equation 2.16

a Lorentzian function.
2
(T'/2)
- 2 2
(v —ctp —vispr)” + (/2)
Here, vy, is the laser frequency, vy gpg is the resonance frequency of the surface plasmon,
and I' is the width of the resonance. This is a valid approach for gold nanorods. For more

I1spr(OR) = (2.16)



2. Fundamentals and State of the Art 15

complex systems like nanoparticle clusters, the LSPR is not that simple to describe, as
hot spots can create strong LSPR with multiple peaks .
Fortunately, it is possible to eliminate yge,, and I gpr via a calibration process intro-
duced by Xie and Cahill . To remove Ygegyp and I gpg, it is sufficient to run a baseline
measurement at a known temperature 7j, measured at the same set of nanoparticles.
When dividing both signals by each other, only the temperature-dependent distribution
functions 7 remain.

Isignal (Vr> Tnvp) _ 7(vg, Txp) (2.17)

Isignal (Vg Tp) i (vg, Tp)

In the resulting[Equation 2.17] Txp is the only unknown parameter, provided that Tj is
known. Hence, the distribution function 7 (vr, Txp) can be determined and the absolute
temperature of the nanoparticles Typ can be extracted from it. However, measuring the
temperature of the close environment of the sample with conventional thermometers
will not accurately reflect the temperature at the irradiated spot. Plasmonic heating of
the nanoparticles due to absorption of light will always elevate the temperature .
Therefore, an iteration process is needed. For this, multiple SERS spectra are acquired
at different laser powers. Now the temperature for every single power can be calculated
with the lowest power measurement as the baseline. This is done under the assumption
that T, matches the temperature of the environment, often room temperature. This
corresponds to iteration 0 in|Figure 5.2]in[section 5.1 where this calibration process is
shown for the gold nanoflowers used in this thesis. The measured temperature is propor-
tional to the laser power . Hence, a linear function extrapolates the temperature
of the nanoflowers Ty, to a power of P = 0W. In the next step, T} is shifted so that
Tay (P = 0) is equal to the environmental temperature. Afterward, all temperatures are
calculated again with[Equation 2.17] This process continues until Ty, (P = 0) is in a cer-
tain margin around the environment. With this calibration process done, the difference
in temperature caused by laser heating can be considered for upcoming measurements
and it is possible to determine the absolute values of the nanoparticle temperature.
With this method, the temperature can be controlled in plasmonic-driven photoreac-
tions observed via surface-enhanced Raman spectroscopy.

In the subsequent thesis, this approach will be employed to assess the capability of
clustered gold nanoflowers as absolute nanothermometers. Prior to that, the Stokes re-
sponse of the same nanoflowers will be examined, depending on the wavelength of the
exciting light in the visible range. This investigation will offer insights into the origin of
the nanoparticle response spectra and provide information about the role of interband
transitions in photoluminescence or electronic Raman scattering, respectively.




Chapter 3

Experimental

3.1 Gold Nanoflowers

For analysis of the origin of the nanoparticle response, the goal is to create samples with
high SERS background. As stated earlier, this can be achieved with clustered, high-
faceted nanoparticles. Thus, an already available nanoflower sample coated with 4-NTP
was used for most measurements. It was prepared following the procedure described by

Sarhan et al. . A microscopic image of this sample is illustrated in|Figure 3.1} showing
the strong clustering. Moreover, a transmission electron microscopy (TEM) image of

Figure 3.1: Optical image of the Au nanoflowers on silicon that were used for SERS and
photoluminescence

typical gold nanoflowers is represented in with an extinction spectrum in
the inset as published by Sarhan et al. . This extinction spectrum shows the LSPR
peak around 550 nm and the increase of the extinction to lower wavelength due to
interband transmissions. Since the nanoflowers of the sample used in the here presented
experiments are applied to a silicon substrate, no absorption and scattering spectroscopy
in the visible range is possible. Therefore, another sample with equal nanoflowers was
created on glass that was not coated with any additional molecules.

16
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Figure 3.2: TEM image of gold nanoflowers as published by Sarhan et al. . They are
similar to those used in the experiments conducted here. The inset shows an extinction
spectrum of the gold nanoflowers.

3.2 SERS & Photoluminescence Setup

To accomplish SERS and nanoparticle response measurements, a custom-built Raman
microscope was enhanced with a supercontinuum white light source. The experimental
setup is illustrated in For SERS measurements, the sample is exposed to
Aexe = 633 nm light from an Ondaz diode laser system. This laser light is coupled into
the setup using the reflection of volume Bragg grating 1 and focused onto the sam-
ple using an objective lens. Due to the clustered structures on the nanoflower samples,
multiple nanoflowers are still illuminated simultaneously. Subsequently, the Rayleigh
portion is filtered out from the scattered light using all three Bragg gratings 1-3, be-
fore the SERS signal is gathered in an Andor Kymera 328i spectrometer, paired with
an Andor Newton DU970P vis-optimized CCD. This configuration allows simultaneous
recording of Stokes and Anti-Stokes regions, as for example shown in

The nanoparticle response spectra were measured in the same microscope. This tech-
nique is most often called photoluminescence (PL) measurement in the following, despite
the fact that electronic Raman scattering can not be excluded. Therefore, an NKT Su-
perK FIU-15 supercontinuum light source was integrated into the setup together with a
NKT SuperK VARIA tunable filter. The combination of both can achieve coherent light
from 400 nm to 840 nm with a minimum bandwidth of 10 nm. The still present infrared
part of this incident light was filtered with a 750 nm shortpass filter S P. Due to the wide
range of wavelengths, this light is introduced into the setup with the aid of a broadband
pellicle beamsplitter (Thorlabs BP-108) to minimize the shift of the beam. Unfortu-
nately, this beamsplitter modifies the spectral characteristics of both transmitted and
reflected light. To eliminate the modulation from the photoluminescence signals, they
were corrected using transmission spectra of the beamsplitter. One example of such

reference spectra is depicted in [Figure 3.4
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Figure 3.3: Microscope setup used for SERS and photoluminescence imaging. The ob-
jective lens focuses light onto the sample. Stokes and anti-Stokes SERS spectra of the
sample are recorded with a diode laser (Aexc = 633nm) and the spectrometer. Volume
Bragg grating 1 couples the laser into the optical path of the microscope, while all grat-
ings 1-3 remove the Rayleigh peak from the signal. PL spectra are measured with 10 nm
broad, visible light spanning from 410 nm to 633 nm, created by a combination of super-
continuum white light source and tunable filter. A pellicle beamsplitter introduces the
beam into the microscope path. The 750 nm shortpass filter SP removes the IR part of
the incident light, while different longpass filters LP (425 nm, 540 nm, 650 nm) are used
to eliminate the laser from the PL signal. The pellicle beamsplitter, LP filters, and Bragg
gratings 2 and 3 are easily removable to reduce their influence on the measurements when
not needed.

To erase the elastic peak of the supercontinuum laser from the PL signal, different
longpass filters LP with edges at 425 nm, 540 nm, and 650 nm were used, respectively.
PL spectra for comparison of the filters are depicted in the next chapter in
Also, this figure shows PL measurements, where the supercontinuum laser was replaced
by a Aexe = 355nm UV-laser. The filtered light of the supercontinuum decreases in
power at high photon energies. Consequently, a range spanning between 410 nm and
633 nm was selected for analysis. The pellicle beamsplitter and LP filters, as well as the
volume Bragg gratings 2 and 3, are removable to reduce the influence of both measure-
ment methods on each other. Bragg grating 1 is fixed in place, causing a dip at 633 nm
observable in all photoluminescence spectra.
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Figure 3.4: Transmission spectrum of the pellicle beamsplitter (Thorlabs BP-108).

3.3 Absorption & Scattering Spectroscopy

Absorption and Scattering measurements of the Nanoflower sample on glass were con-
ducted using a Agilent Cary 5000 UV-Vis-NIR Spectrophotometer and an integrating
sphere following the method provided by Stete . They consist of two measurements
each, as depicted in The integrating sphere enables the detection of all light
that is reflected by its wall. Hence, all forward scattered light Ipg (upper left) and
all backwards scattered light Igg (lower left) can be collected and summed up to the
scattering spectrum Ig., after correction with the incident light I;.

Ipg + 1
IScatt = E8 IO BS (3.1)

For the absorption measurement, on the other hand, the scattered light is recorded
in addition to the transmission It (upper right) of the sample and its specular reflec-
tion Iz (lower right), respectively. The absorption Iy, can be calculated afterward via

Equation 3.2

Iy

Inps =1— (3.2)
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Figure 3.5: Schematic scattering (left) and absorption (right) spectroscopy of nanopar-
ticles on glass substrates provided by Stete . Both measurements use an integrating
sphere to detect all forward scattered Iwg, backward scattered Igg, transmitted I7, and
reflected Iy light. The different arrangements of the sphere and the sample accomplish
the calculation of absorption and scattering spectrum with the aid of and
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Chapter 4

Origin of the SERS Background

The SERS background (BGND) originates from electronic transitions inside of the
Nanoparticles as described infsection 2.3] Thus, investigating the processes contributing
to the background is crucial for all interactions of light and nanoparticles, making it
a fundamental aspect for the progress of applications like biochemical sensing, photo-
voltaics, or photocatalysis. For example, nanoparticles with strong SERS background
signals, like gold nanoflowers, show strong photocatalytic activity as well .
Hence, a connection between both is likely.

An essential part of the characterization of the nanoparticle response is the contribution
of interband and intraband transitions to the signal. Therefore, the dependence of the
gold nanoflower BGND on different wavelengths of the incident laser light was investi-
gated. In [Figure 4.1} response spectra of the same hot-spot with all used longpass filters
are shown for 355 nm (purple) and 410nm (blue) excitation, respectively. They are in
good agreement with each other. Thus, it is concluded that data from all filters can be
compared. The nanoflower response shows a main peak around 560 nm with additional
peak-like structures on both sides. Comparing the signal to the extinction spectrum in
reveals similarities for wavelength above 500 nm. The nanoparticle response
does not show the interband portion below 500 nm. This difference can be explained by
the fact that the extinction spectrum is a loss spectrum, whereas photoluminescence (or
ERS) provides an emission spectrum. Also, this difference aligns with the literature stat-
ing that the PL signal resembles the LSPR of the investigated nanoparticles .
The additional peaks in the response signal of the nanoflower sample are likely caused
by its inhomogeneous, clustered nature, as multiple nanoflowers are irradiated simul-
taneously. A comparison between the SERS spectrum of the sample excited at 633 nm
and its response to light with center wavelengths of 520nm and 633 nm, respectively,
is shown in In contrast to the small bandwidth Raman-laser, the filtered
supercontinuum light has a bandwidth of 10 nm. Consequently, the molecule vibration
peaks are blurred into the nanoparticle response in the PL recordings. All graphs are
normalized to their respective mean value in the range from 730nm to 850 nm. All
spectra exhibit similar backgrounds above 750 nm, particularly both spectra excited at
633nm. In the range from 633nm to 700nm, the SERS background and nanoflower
response deviate, as the SERS signal decreases with decreasing wavelength. The SERS
spectrum exhibits a noticeable red shift in the maximum of the Stokes BGND relative to

21
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the Rayleigh peak, a phenomenon observed in multiple experiments documented in the
literature . This can be explained by the fact that the Joint density of states
(JDOS) of the electron-hole pairs involved in the emission has a maximum at higher
wavelengths than the Rayleigh peak . The high bandwidth of the supercontin-
uum light as well as the proximity to the filter for A\.. = 633 nm and the large distance
to the laser peak for A, = 520 nm prevent this observation in the photoluminescence
signal. Together with [Figure 4.1} this confirms that the overall shape of the nanoparticle
response strongly depends on the LSPR. Additionally, depicts the response
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Figure 4.1: Response spectra of Au nanoflowers excited at 355nm (grey) and 410 nm
(purple). Different longpass filters with edges at 425 nm, 540 nm, and 650 nm, as indicated
by the legend, were used to block the Rayleigh scattered and reflected light in front
of the spectrometer. The signals are normalized with a fixed factor for each excitation
wavelength to clearly demonstrate the blue and purple graphs. The data collected from
all filters for the same excitation wavelength share the same normalization factor and are
therefore comparable. The nanoflower response signal recorded with all filters is in good
agreement with each other. Hence, the data from measurements with different filters can
be compared.

spectra of the gold nanoflowers at different excitation wavelengths A, normed to their
average values in the wavelength range from 760 nm to 770 nm. The signals were mea-
sured with longpass filters with cutoffs at [Figure 4.3p) 540 nm and [Figure 4.3p) 650 nm.
Just above the filter at 540nm, the signal strength greatly decreases with increasing
excitation wavelength. The signal above 620 nm, on the other hand, only reveals minor
changes for A\ until at least 530 nm. This further indicates the dependence on LSPR.
As a result, it is implausible for this response signal to be caused by Raman scattering
at the attached molecules, which would introduce significant shifts of the whole signal
with the excitation wavelength. Consequently, it has to be generated by the nanopar-
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Figure 4.2: Comparison of photoluminescence (PL) signals of the Au nanoflower sample
with 4-NTP of the same hot-spot excited at 520nm (cyan) and 633nm (yellow), with
540 nm and 650 nm longpass filters, respectively, and the Raman spectrum, also excited at
633nm (green). They are normalized to their respective average in the range from 730 nm
to 850nm. The position of the Rayleigh peak of the SERS measurement is indicated
by a red dashed line. The dip around 633nm in the 520nm response is due to light
passing through a volume Bragg grating essential for the SERS measurements. While both
response spectra show no vibrational Raman peaks of 4-NTP due to the large bandwidth

of 10 nm of the incident light, all three spectra show similar monotonous decreases above
700 nm.

ticles themselves, aligning with previous research .

As shown in ) for higher A, the signal continues to change, such that a
decrease in the signal can also be detected at higher emission wavelength ranges. Apart
from the LSPR enhancement, there has to be another wavelength-dependent property.
This behavior is assigned to interband excitations of the 5d-band, as explained later in
and On a side note, The shifting peak between 700 nm and 750 nm is a
feature of the supercontinuum laser. It is not present at higher excitation wavelengths,
since the light passed through a 750 nm short-pass filter before hitting the sample.
While the differentiation between photoluminescence (PL) and electronic Raman scat-
tering (ERS) is beyond the scope of this thesis, the focus instead lies on different aspects
of the nanoflower response spectra and, consequently, the SERS background. To facili-
tate a clear distinction between the two analysis methods, Raman measurements with
the narrow bandwidth laser 633 nm are referred to as SERS, and the nanoparticle re-
sponse spectra acquired using the supercontinuum laser as photoluminescence (PL) or
response spectra. In the upcoming sections, the dependence of the nanoparticle response
on the excitation wavelength is explored.



4. Origin of the SERS Background

a)

12 520
10
500
<
-+
° g
1 480 g
e 3
£ 6 %
2 §
460 E
o
44 o
440
2 -
420
0 -
550 600 650 700 750 800
Wavelength [nm]
b)
600
5 -
575
41 550 5
o
c
o
2 525 2
£ 31 S
S c
z 500
B
(S}
2 <
475 %
14 450
425
0 -

640 660 680 700 720 740 760 780 800
Wavelength [nm]

Figure 4.3: Au nanoflower photoluminescence (PL) spectra above a) 540nm and b)
650 nm. The nanoflowers were excited by different wavelengths ranging from 410 nm to
520nm or 620 nm, respectively, as shown in the color bar. All spectra are normalized
to their average in the range from 760nm to 770nm. a) reveals great differences in the
emission below 620nm supposed to originate from interband transitions. While in a)
the nanoflower spectra above 630nm are similar, b) demonstrates further changes at
higher emission and excitation wavelengths. Between 700 nm and 750 nm there are peaks
originating from the light source. They shift with the excitation wavelength and vanish
above 750 nm since the light passes through a 750 nm short-pass filter before hitting the
sample.
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4.1 Photoluminescence Excitation Spectra

Changing the excitation wavelength influences the strength of the nanoflower emission.
Response spectra at the same spot and laser power, but different excitation wavelengths
Aexe are shown in for above a) 540 nm and b) 650 nm, respectively. They are
not scaled to each other. Indeed, it is noticeable that the intensity of the nanoparticle
emission diminishes as the excitation wavelength increases. This observation suggests
higher photon energies are more likely to trigger the underlying processes.

As mentioned earlier, the photoluminescence resembles the LSPR. Cai et al. show
that the shape of the photoluminescence does not change for A, as high as 785 nm and
therefore attribute it to intraband emission. In contrast, the signal changes with A,
in the experiment conducted here, as depicted in Additionally, the overall
PL intensity is still increasing for excitations below 550 nm, which is below the LSPR
maximum, as presented in Thus, the PL signal can not be solely explained
by wavelength-independent, LSPR-enhanced, intraband processes. Hence, the overall
strength of the PL signal is further investigated for different excitation wavelengths in
this section.

The highest excitation wavelength used in this experiment is 633 nm, which is equal to
1.96 eV. This is still enough energy to excite some interband transitions in gold with a
minimum band-to-band distance of around 1.8eV to 1.94eV . Nevertheless,
interband emissions always require previous interband absorption, because the 5d-band
is fully occupied in the ground state. The emission process itself thus can not cause the
amplification of the signal. Generally, the rise of the overall signal strength indicates an
increase in absorption with decreasing A,
reveals, that the signal intensity is not monotonous increasing with decreasing
excitation wavelength. For a clearer view, the photoluminescence intensity was averaged
over the spectrum and depicted versus the excitation wavelengths, creating photolumi-
nescence excitation (PLE) spectra, which express the absorption of the nanoflowers. In
Figure 4.5] different PLE spectra are shown for the same series of measurements as
depicted in Hereby, not the whole spectrum was taken into account, which
would only result in one PLE spectrum. Instead, the different lines show PLE spectra
averaged over distinct emission wavelength ranges. The region compromised by the laser
feature was avoided. Besides, for all ranges below 666 nm, the spectra measured with the
540 nm longpass filter were used. Therefore, they end at A.,, = 540 nm. In [Figure 4.5h),
the data is shown in the measured unit Cﬁ%f, while in |Figure 4.5F)), the excitation
spectra are normalized to their averaged values in the range A, = 448 nm to 495 nm.

Since the PLE spectra contain information about the PL signal strength, they are
correlated to absorption processes in the nanoparticle and reveal different features. At
first, all spectra peak around 440nm. Thus, the absorption decreases most likely for
even higher excitation energies. Also, the signal changes for the various emission re-
gions. The non-normalized spectra in ) indicate an overall decrease of the
PLE with increasing emission wavelengths. This is due to PL signals decreasing for
wavelengths above 560 nm. Moreover, the slope of the PLE spectra varies. Hence, the
differences in the signal strength between the excitation wavelengths diminish for higher
emission wavelengths. At last, at A, around 560 nm, an additional peak is visible. To
further investigate this, absorption and scattering spectra of the nanoflower films are
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Figure 4.4: Stokes gold nanoflower photoluminescence (PL) spectra for several excitation
wavelengths between 410nm and 633 nm, as indicated by the color bar, with incident
light blocked by a) 540 nm and b) 650 nm long-pass filters in front of the spectrometer,
respectively. All spectra were measured at the same laser power at the sample and are
shown normalized only to the laser power and exposure time of the spectrometer. Peaks
shifting with the excitation wavelength between 700 nm and 750 nm originate from the
light source. They vanish above 750 nm since the light passes through a 750 nm short-

pass filter before hitting the sample. The overall signal strength shrinks with increasing
excitation wavelengths.
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Figure 4.5: Photoluminescence excitation (PLE) spectra of the Au nanoflowers on Si. To
achieve this representation, the photoluminescence spectra were averaged over different
ranges, as indicated by the legend, for each excitation wavelength. The region compro-
mised by the laser feature (700 nm to 750 nm) was avoided. The PLE is shown in a) counts

per laser power and exposure time and b) normalized to the average of the PLE in the
excitation range from 445nm to 495 nm.
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shown and discussed in the next section.
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4.2 PLE vs. Absorption

Because the substrate of the so far inspected nanoflower sample is silicon, no transmis-
sion measurements in the optical region are possible. Therefore, another gold nanoflower
sample was created on glass. This sample’s respective PL and PLE spectra are depicted
in [Figure A.1] and [Figure A.2] and discussed throughout this section. In
the absorption (grey dash-dotted) and scattering (grey dotted) spectra from the glass
substrate sample are shown. They are compared in a) to a representative PL spectrum

(Aege = 480nm) (dark blue) and a PL spectrum of the sample on Si (purple dashed),
and b) to the PLE spectrum of the nanoflowers on glass, measured in the emission range
from 766 nm to 775nm. The new nanoflowers reveal photoluminescence similar to the
other sample on Si, but the absorption and scattering indicate no correlation to the
nanoflower response and thus the LSPR. This is unexpected, since in general, the LSPR
peak should be evident in nanoparticle loss spectra, as demonstrated in the extinction
spectrum in Furthermore, the only similarity between absorption and PLE
is that both decrease in the range from 445nm to 480 nm. On the other hand, the ab-
solute values of the absorption spectrum can differ from the PLE since the sample is
inhomogeneous and the PLE is only measured on a small spot while the absorption is
measured in a large area. On the other hand, the shapes of the signals should resemble
each other in some way, but this is not the case for most parts. The scattering spectrum
also provides no clues on the shape of PL and PLE, contrary to several reports in the
literature .

The absorption and particularly the scattering spectra are more related to the extinc-
tion coefficient x of single crystal gold measured by Olmon et al. , as depicted in
All three curves are normalized to their minimum at 480 nm. I. e., the elastic
UV-vis spectra of the strongly clustered nanoflowers seem to behave more like bulk gold,
but apparently the PL and PLE do not. Instead, the interband-only part of the extinc-
tion coefficient xrg shown in matches the different PLE spectra quite well
in the region above 440 nm. To show this, the dielectric function ¢, taken from Olmon
et al. , was corrected by its Drude part. For this, the Drude part was calculated with
and the values for w, and 7 as presented by Blaber, Arnold, and Ford @
Afterward, the interband permittivity e;g was converted into the refractive index and
ultimately its imaginary part k1g.

The shape of x drastically alters without the Drude part, especially above 500 nm.
The PLE closely resembles pure interband absorption, thus indicating the PLE de-
pends strongly on interband transitions. Particularly, the PLE of the nanoflowers on
glass is dominated by interband transitions. This is in contrast to the earlier introduced
mechanisms of photoluminescence and electronic Raman scattering , which
only covered intraband transitions but aligns well with the results of previous research
showing enhancement of the PL (or ERS) due to interband absorption . Con-
sidering the PLE of the nanoflowers with a silicon substrate, only emissions measured
in low wavelength regions dark blue dashed line) seem to follow the trend
of kip. For higher emission and excitation wavelengths, there is a distinction between
the photoluminescence excitation spectra of both samples. The sample on Si deviates
from kg, which indicates additional absorption. As a rough guess, the difference be-
tween the PLE spectra of both samples in the emission range from 766 nm to 775 nm,
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Figure 4.6: Different spectra of gold nanoflowers. left axis: a) and b) absorption (grey
dash-dotted) and scattering (grey dotted) spectra as a percentage of the incident light of
nanoflowers on glass. right axis: a) photoluminescence (PL) measured at 480 nm excitation
on a glass substrate (dark blue) and at 410 nm on a Si substrate (purple dashed) averaged
to their signal above 666 nm, respectively. b) PLE spectrum of gold nanoflowers on glass
measured in the emission range from 766 nm to 775nm. While the shape of the PL (and
thus the LSPR) signal is independent of the substrate, the absorption and scattering
spectra have no similarity to the PL. The only connection between absorption and PLE
is that both decrease in the range from 445 nm to 480 nm.
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Figure 4.7: Absorption (black dashdotted) and scattering (black dotted) of the Au
nanoflowers on glass and extinction coefficient k of single crystal Au by Olmon et al.
(golden). All curves are normalized to their minimum value, respectively. While all three
graphs have their minimum around 485 nm, especially the scattering spectrum and s of
bulk gold resemble each other.

as they are shown [Figure 4.8] was calculated and depicted in [Figure 4.9 This difference

(black) is compared to a photoluminescence spectrum of the Si sample (purple dashed).
Both curves are averaged over the range of the difference spectrum and they show sim-
ilarities. As stated before, the PL resembles the plasmonic resonance (LSPR) of the
nanoparticles . Hence, the deviation of the Si sample may be explained with a
stronger dependence on the plasmonic enhancement. Since a single PLE spectrum still
contains information about the absorption process and not the emission, this shows the
role of the LSPR enhancement in the absorption process. It is important to note, that
both intraband and interband absorption can be enhanced by plasmons . Therefore,
the presence of the LSPR peak does not necessarily confirm the existence of intraband
transitions. However, the deviation between low- and high-energy emissions indicates
different absorption processes, despite being excited by the same wavelength. Thus, the
additional plasmonic enhanced absorption may be attributed to a higher relevance of
intraband processes. In contrast, the emission of high-energy photons is dominated by
pure interband absorption, as revealed by the different slopes in the PLE of )
In this regime, LSPR enhancement seems to play no significant role in the absorption
process. The cause of the difference in the PLE between both samples in the low-energy
region remains uncertain. It is possible that different hot spots on the same sample
exhibit diverse contributions of pure interband and plasmonic effects in the response
signal. This could be attributed to the fact that on clustered nanoflower samples, not
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Figure 4.8: Different photoluminescence excitation (PLE) spectra (blue) of Au nanoflow-
ers on glass (solid) and Si (dashed), respectively, with their averaged ranges indicated by
the legend. Additionally, the interband-only part of the extinction coefficient kg of bulk
Au is shown (golden). kg was calculated with data from Olmon et al. and Blaber et
al. ﬂg]] All spectra are normalized over their average values in the range from 445 nm to
495 nm, respectively.

only the shape of the particles plays a role. Also, their positions relative to each other
are crucial since extreme field enhancements can occur in the gaps between nanoparti-
cles . Hence, the plasmonic enhancement can strongly deviate between
different hot spots. Also, the absence of plasmonic enhancement in the PLE spectra of
the glass sample may be associated with the fact that scattering and absorption spec-
tra are similar to bulk gold, as shown before in To confirm this, multiple
hot spots need to be measured on both samples. Moreover, other nanoparticle clusters
with well-known LSPR, like spheres or rods, should be examined to compare if their
PLEs follow the same interband and LSPR properties. Also, the decrease of the PLE
below 440 nm is not fully covered. Since the plasmonic enhancement decreases below
560 nm, as indicated by the response spectra in this perhaps outweighs the
increase due to stronger interband absorption below 440 nm. Hence, in this region, the
excitation process would be dominated by pure interband transitions without any LSPR
enhancement. This also has to be discussed further in future projects.
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Figure 4.9: Difference of the PLE spectra from the gold nanoflower samples on glass and
silicon emitted at 766 nm-775nm, as depicted in (black solid), compared to the
photoluminescence spectrum of the sample on Si excited at 410nm (purple dashed). Both
curves are normalized to their maximum, respectively, and show similar characteristics.

4.3 5d-Band Excitation

Given that interband absorption appears to enhance the response strength of the gold
nanoflowers, the question arises as to which mechanism is responsible for this effect. The
differences in the photoluminescence in below 620 nm in particular can be
explained with interband transitions. Two options for interband absorption can occur,
direct and indirect interband transitions. Both types and the related emission paths are
demonstrated in 1)-4). Before each radiative decay, the excited electrons and
holes can interact with the crystal lattice via phonons to some degree. For simplification,
only the radiative parts of the decay paths are discussed. The direct excitations 1)-3)
populate empty states above the Fermi level. These transitions require no additional
momentum and excite real states. There is no reason to consider ERS here.

At first, the excited electrons could decay via 1) intraband transitions. For this, they
recombine with an empty state around the Fermi level E under additional momentum
transition. Only in a small range below the Ep, empty states are available due to the
finite temperature of the system. Interband transitions excited by up to 3eV, as used
in this experiment, can only elevate electrons less than 1.5eV above Ep. This can be
approximated from the presented gold band structure (Figure 2.4) or by calculating the
hot-carrier generation rates for gold nanospheres . Hence, the maximum energy for
intraband emitted photons is still in the IR range below 825 nm for the excitation wave-
lengths used in this experiment. I. e., this process does not enhance the optical region of
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Figure 4.10: Possible origins of the nanoparticle response with interband excitation of
electrons: 1) intraband emission, 2) Auger process as suggested by Cai et al. , 3) elastic
interband reemission, and 4) inelastic interband reemission. The band structure of gold
is adopted from Stete .

the nanoparticle response observed here. Besides, in this process, a hole remains in the
5d-band that possibly can recombine with another electron after additional excitation or
traveling along the band due to scattering processes. For excitation energies close to the
minimum interband energy at the position, where Fermi level and 6sp-band cross, the
hole can recombine without further lattice interactions. This leads to emissions around
the excitation energy and is comparable to the effect of 3) elastic interband reemissions,
described later. Furthermore, the probability of intraband emissions after interband ex-
citations should be low for two main reasons. Firstly, in the infrared region, the PDOS
remains low, resulting from the great distance to the LSPR enhancement. Secondly, the
lifetime of such an intraband PL relaxation (= 1 ps) is expected to be much higher than
the lifetime of the d-band hole (< 50 fs) . Consequently, interband reemissions
should be favored.

To create visible inelastic emissions, Cai et al. propose 2) an Auger process that
further raises the energy of the excited electron while another electron recombines with
the available d-band hole. This enables intraband emissions in the optical range but
requires either interaction with electrons around and below the Fermi level or multiple
excited electrons simultaneously. The former enables emissions with an energy maxi-
mum roughly equal to the interband transition since the electron can only be elevated
by this amount above the Fermi level. This leads to emissions in the visible spectrum
that account for the increase in the PLE due to interband absorption. Multiple excited
electrons at the same time, on the other hand, necessitate high intensities due to the
short lifetimes of d-band holes .

Otherwise, 3) direct interband reemission would occur. Here, the excited electrons can
recombine with the hole state they were excited from. This interband reemission is
mostly elastic and therefore near the excitation wavelength . This cannot explain,
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why the signal strength below 620 nm decreases, while the excitation wavelengths are
getting closer to the filter edge, as observed in

At last, this thesis suggests that absorption may also occur with the aid of wavevec-
tor transfer to accomplish 4) inelastic interband reemission (IIR). Here, an excitation
occurs in positions of the band structure where the interband distance is less than the
incident photon energy. Consequently, additional momentum is transferred to reach an
available, empty state. This should be possible since otherwise momentum-forbidden
intraband processes, as presented before as PL, also occur in metal nanoparticles. If,
instead, electronic Raman scattering is the underlying process, a virtual state above the
6sp-band is excited. The excited electron can then relax on several paths involving IR
intraband emission and non-radiative decay. Additionally, the remaining hole state in
the d-band can recombine with another electron below the Fermi level.

For this inelastic interband reemission, two conditions have to be met. Firstly, the exci-
tation of a d-band electron must occur in a location in the k-space, where the sp-band
above is occupied. Secondly, the incident photon has to provide enough energy to excite
the electron above E to access an empty state. The emission induced by the relaxation
of a ground state electron from the sp-band into the d-band hole has the energy of
the associated direct interband transition. In contrast to the almost elastic reemission
process described in 3), this emission can have significant energy differences from the
incident photons. The maximum energy of an emitted photon enabled by this process
corresponds to the minimum energy of direct interband absorption in this region of
the band structure. Around the X-point, this energy maximum is at about 1.8eV to
1.94eV (=~ 690nm to 640 nm) [62]. This does not explain the changes in emissions
below 620nm for different ... Also, the Fermi level can be reached by all excitation
wavelengths used in this experiment. Hence, no differences should be observed in the
emission spectra. At the L-point, however, the emission wavelength can be ~ 510nm
or higher. This includes the spectral region below 620 nm, where the strongest
changes between the gold response spectra are observed (compare . Hence,
ITIR forms an alternative to Auger-like excitation. To determine which emission process
is more likely, the minimum excitation energies required to emit photons at different
energies around the L-point were calculated from gold band structures of different ref-
erences . These calculations are approximated for T'= 0 K. AFE,jq 1y is the
minimum energy needed for a specific emission energy AFE,, ;. For the Auger excitation,
AF¢y; is the difference of the excited state in the 6sp-band Eg, and Ep and two times
AFE,psmin is the energy needed to reach the excited state from the d-band FEj4. This

is shown in [Figure 4.11a) for an exemplary photoluminescence process at the L-point.
Thus, both values can be calculated by the following equations:

AEerni(k) = Ed(k) + 2A‘Eabs,min(k) - EF(k) (41)
AEaubs,min('lf) = Esp(k) - Ed(k)

For IIR, as illustrated in [Figure 4.11p), AE,,; at a certain point in the band structure
is the difference between 6sp-band Eg, and 5d-band E4, while the difference between
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Figure 4.11: a) Auger process and b) inelastic interband reemission at the L-point.
Both processes show emissions in the visible spectrum. The required minimum absorption
energy AE,ps min and the corresponding emission energy AFE,,,; for the processes at a
specific point in the bandstructure can be calculated with the energies of the 5d-band Ey

and 6sp-band Eg, and the Fermi energy Ep via|Equation 4.174.4

Ep and Ejy is equal to AEy,g min- Both values are presented as follows:

AE‘emi(k‘l) = AE/‘abs,min(k) + Esp(k) - EF(k) (43)
= Esp(k) - Ed(k)
AE‘abs,min(kj) = EF(k) - Ed(k) (44)

Both AE, s min and AE,,; are illustrated against each other for the two processes and
for four analyzed gold band structures in with their corresponding wave-
lengths A\, ps max and AXgp;. Since all band structures are simulated somehow and only
bulk gold was considered, they all differ from the real situation in the studied nanopar-
ticle system. Consequently, the calculated values are only rough estimates. A, ps max
in the band structure indicates the initiation point of the emission process for specific
AMgi- Hence, all absorption energies depicted above the lines can enable the respec-
tive emission process. However, does not provide any information about
the efficiency or the shape of the emission for specific excitations. With inelastic inter-
band reemission considered in ), the differences between the band structures
are larger. On the other hand, the slope in ) with the Auger excitation is
steeper. Both emission processes can be relevant for emissions from 550 nm to 620 nm. In
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Figure 4.12: Minimum required photon energy AFE, . i, for emissions at energy AE,;
around the L-point with corresponding wavelengths A\ p max and AX,,; for a) Auger
processes and b) inelastic interband reemission. The values are calculated via a)
and [4.2|and b) and [4.4] from different band structures published by
Guerrisi, Rosei, and Winsemius [41], Rangel et al. , and Christensen , as noted in
the legend. Both can roughly explain changes in the PL signal below 620 nm, but Auger-
like processes better fit the observations for higher emission wavelengths.
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this emission range, changes in the PL signal were observed at Ay from approximately
445nm to 530 nm in ), which overlaps with the A),pg max of both processes
in this emission range. For higher emission wavelengths, as shown in ), Auger
excitation seems to be more likely. All emissions until at least 850 nm should be forbidden
for excitations at 600 nm and above with inelastic reemission. Hence, the observations
in ) can not be described by inelastic interband emissions alone. The Auger
process gradually shifts the required wavelength and matches the observations better.
The same calculations evaluated at the X-point are shown in[Figure A.3] Both processes
at the X-point do not explain any changes observed in the PL signal, as only light above
~ 640 nm is emitted and these emissions are enabled by every A, used in this experi-
ment. However, these emissions may explain the additional absorption observed at high
emission wavelengths, as depicted in Why only the X-point emissions would
show LSPR enhancement, remains unclear. Thus, intraband-only emissions are still a
valid option.

Non-radiative scattering of excited electrons and holes as well as LSPR enhancement
have to be taken into account to explain the whole picture of the changes between the
Aexe N1 without the rather sharp cutoffs calculated in for Auger
excitation and IIR. Furthermore, the region of the nanoparticle response closer to the
Rayleigh peak has to be examined. This could provide information about the minimum
PL emission wavelength possible with both processes for specific excitations, as this
minimum likely differs from the direct interband reemission wavelength. Additionally,
using smaller bandwidth light sources and investigating single nanoparticles or more
defined structures such as Dimers and Trimers could offer a greater resolution of
the response signal and its starting edge. Moreover, a more precise determination of the
band structure, considering the properties of nanoparticles, could help to narrow down
the range of A\, pg max-

While the presented experiments can not distinguish between photoluminescence
and electronic Raman scattering, it is evident that the response originates from the
gold nanoflowers themselves and strongly depends on LSPR enhancement and the in-
trinsic properties of gold. The dominance of interband processes at the L-point in the
nanoparticle response was shown with photoluminescence excitation spectra. Additional
absorption was observed at high emission wavelengths. This may be caused by intraband
processes or interband absorption at the X-point. This dependence of the response sig-
nal on the excitation wavelength is in agreement with the work of different researchers
showing that the yield of the response signal relies on the overlap of the excitation with
both LSPR and interband transitions to enhance absorption or emis-
sion.

The nanoparticle response is ubiquitous in SERS spectra and denoted as a continu-
ous background since most measurements aim for the Raman peaks of the attached
molecules. Therefore, many approaches are known trying to eliminate the SERS back-
ground via shaping of the nanoparticles or data processing @ . While this
is meaningful for data analysis, the existence of the nanoparticle background is desir-
able since its dependence on the hot carrier distribution is crucial for example for the

activation of photocatalysis .
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4.4  Anti-Stokes SERS

Besides the Stokes shifted background, there is also an anti-Stokes (AS) signal. As stated
in[section 2.3] this is emitted light of ERS or PL processes inside the nanoparticles, too.
However, the distribution of hot electrons and empty states dominates in the AS region
over the LSPR enhancement. For this upconverted light, on average more than one
photoabsorption is required . To prove this, the power law exponents k(\) for the

nanoflower responses were determined with the model in [Equation 4.5, where Igjgy,, is
the measured signal at laser power P. a and k are the fit parameters.

Igignal (P, A) = a(A) - P*Y (4.5)

The power law indicates the dependence on the intensity of the incident light and hence
on the number of absorbed photons per emitted photon . PL and SERS spectra
of the gold nanoflower sample on glass were measured and analyzed for different laser
powers. The power law exponents k are shown in In fact, the power laws
for the Stokes parts at 520 nm excitation in [Figure 4.13p) and the SERS spectrum in
Figure 4.13b) both have values of k around one. Instead, in the anti-Stokes region, the
power law exponent increases with distance to the Rayleigh peak. The higher the energy
of the AS emission, the more photons are required on average before thermalization
with the crystal lattice occurs . Since the anti-Stokes signal is closely related to
the hot-carrier distribution of the nanoparticles, it also holds information about their
electron temperature. Hence, Jollans et al. state that the non-linear power law on
the anti-Stokes side is caused by a combination of the rising photon count and the
increasing electron temperature with higher powers, which strongly influences the anti-
Stokes signal. The dependence of the anti-Stokes signal of the clustered gold nanoflowers
on the temperature is discussed in the next chapter.
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Figure 4.13: Spectrally resolved power law exponents k (black) for a) 520 nm excited
PL and b) 633nm excited SERS of Au nanoflowers on glass. A representative PL and
SERS spectrum (green) are depicted, respectively .



Chapter 5

Gold Nanoflowers as Thermometers

Since the anti-Stokes nanoparticle response is also determined by the properties of the
illuminated nanoparticles dependence on their temperature is observable
. As described in the slope of the AS signal changes with the temper-
ature. This is demonstrated in for gold nanoflowers. For this measurement,
the sample holder was heated to different temperatures T,,,. Unfortunately, the sample
holder expanded thermally, which is why the measured spot could not be held constant.
Thus, the signal strength changed in the Stokes region. Hence, the spectra are normal-
ized to their respective integrated signal strength to emphasize the expected, decreasing
slope with rising T,,, in the anti-Stokes region. The Stokes regions instead remained
largely unchanged apart from a factor due to the different plasmonic enhancements.
This is especially useful for kinetic SERS measurements. While observing a molecule
reaction by a change of Raman peaks, the temperature of the system can be recorded
simultaneously with the same measurement. In this chapter, anti-Stokes thermometry,
as introduced in is implemented for kinetic SERS measurements of gold
nanoflowers. The measurements of different hot spots on the clustered sample are taken
into account and the evolution of the temperature over time is discussed.

For temperature calculations, a range of Raman shifts from —1040 em ™! to —460 cm
was chosen. At greater distances to the Rayleigh peak, the signal is strongly influenced
by noise, particularly for low laser power measurements, while the Rayleigh peak itself
dominates the signal above —460 cm ', The shape of the AS signals in this range on a
logarithmic scale, as visible in can be described as linear. No relevant de-
viations in the calculated temperatures were determined while testing the Boltzmann,
Fermi-Dirac, and Bose-Einstein distribution functions. Following these observations and

previous studies , a Boltzmann distribution was chosen for all tem-

perature measurements.

41
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Figure 5.1: SERS spectra of the Au Nanoflowers and 4-NTP at different environment
temperatures T,,,, as noted in the legend. All graphs are averaged to their integrated
signal strength. While the Stokes region remains nearly unchanged the slope of the anti-
Stokes region decreases with rising temperature. The logarithmic illustration reveals the
exponential decay of the anti-Stokes region to higher energy shifts.

5.1 Xie and Cahill Calibration

Following an approach by Xie and Cahill , an iterative calibration process was per-
formed to enable absolute temperature measurements, as described in It
determines the temperature rise due to laser heating as a function of laser power. This
is illustrated in where the measured nanoparticle temperatures for various
laser powers on a single spot of the nanoflower sample are shown. In the final itera-
tion, the extrapolated temperature at zero laser power T, (P = 0) deviates by merely
ATy, = —2.2mK from the temperature of the environment 7, = 320 K. Thus, ATy,
represents the temperature increase caused by laser heating of the hot spot.

To confirm the accuracy of this measurement, the sample holder was heated to specific,
distinct temperatures. For optimal heat transfer between the sample and holder, they
were connected by conductive silver paint. As the baseline Igjg1 (Vg Tp) for all temper-
ature measurements, the calibration spectrum with the lowest laser power P = 0.37 mW
was used. Its temperature Ty = T, + AT, was calculated to be 328.81 K. During the
heating process, the sample holder expanded thermally. Thus, the sample moved trans-
versely and out-of-focus with respect to the laser spot. Consequently, a new spot had
to be used for every single external temperature, leading to challenges in the fitting
process of the data. The plasmonic enhancement factor differs for each measurement
and hence also between the reference measurement at 7 and the measurements at other
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Figure 5.2: Temperature calibration process following Xie and Cabhill as described
in Deviations ATy, (dots) between the measured Temperature of the gold

nanoflowers T, (calculated with [Equation 2.17) and the temperature of the environment

shown against the used laser power P. In iteration 0, 7j is assumed to equal the envi-
ronment. The temperatures are extrapolated linearly to zero laser power (dashed lines).
Afterward, T is shifted by the difference between T, (P = 0) and the external tem-
perature and the next iteration starts until T, (P = 0) falls into £10mK around the
temperature of the environment in iteration 3.

temperatures. Therefore, another fitting parameter is introduced in [Equation 5.2| that
covers this difference in total intensity.

ISignal (5Ra TAu) . n (171:{7 TAu)
~ — {18PR ~
Isignar (VR Tp) n (vg, Tp)

R — Ispr (Spotr, )
SR Iopr (Spotr, )

(5.1)
(5.2)

This parameter Rgpg reflects the ratio of the signal strength Iqpr of both spots based on
the different plasmonic enhancement at distinct hot spots. The plasmonic enhancement
was approximated to be constant in the Raman shift for the conducted experiment. The
incident light was at 633nm for all measurements and the analyzed emission ranges
between ~ 594 nm and 615 nm. Within this small region, the LSPR exhibits relatively
flat behavior for high excitation wavelengths, as shown in ) Future research
may take the detailed LSPR shape into account.

The logarithmized model employing the Boltzmann distributions for both temperatures
T\, and Tj is linear in Raman shift vy with the temperatures as slope and Rgpr as an
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The necessity to introduce the plasmonic enhancement ratio Rgpr is demonstrated in
[Figure 5.3| In|Figure 5.3h), SERS spectra are shown without any post-processing apart
from normalization to their respective laser power and exposure time. An offset between
each SERS spectrum is recognizable even in the Stokes part. The Stokes shifted response
is barely influenced by the temperature and therefore should look the same for equal
plasmonic enhancements. The spectra are normalized to the fitted Rgpr as illustrated
in ) This normalization eliminates the offset in the Stokes region and clearly
shows the different slopes of the anti-Stokes data. This is consistent with
Wei et al. use a similar approach to compare different hot spots. They exhibit equal
molecule SERS peak strengths on different batches of nanoparticles and different sub-
strates after normalizing the peaks to the strength of the elastic SERS peak. Hence, they
claim that the elastic peak can be used as a measure of the plasmonic enhancement .
Since Rgpg is the offset in it also contains information about the SERS
signal at vg = 0 and thus the elastic Rayleigh peak. With this normalization of the
SERS data, different spots on the clustered gold nanoflower sample can be compared.
Finally, the results of the temperature measurements are shown in Kinetic
SERS spectra were measured for a total of 15 distinct spots with three spots for each of
the five temperatures T,,. The spectra used for this were measured in the first seconds
of irradiation and are the ones shown in [Figure 5.3 and [Figure 5.1l Laser heating of
small nanostructures reaches an equilibrium after tens of nanoseconds . Afterward,
another effect raised the temperature as further described in[section 5.2] Therefore, only
the first second was taken into account for the comparison of the heated environment.
The mean temperatures T}, are illustrated as red dots in [Figure 5.4h) against the tem-
perature of the external heater T,,,,. The error bars are the associated standard errors of
the mean. Additionally, the plasmonic enhancement ratio Rgpg is shown in )
for every distinct measured spot on the sample. They seem to form bunches for each
temperature indicating a correlation with T,,,. This may be derived from the tempera-
ture dependence of the LSPR. The LSPR absorption peak of metal nanoparticles shifts
and broadens and the near-field enhancement shrinks with rising temperature .
Also, the necessity of adjusting the focus settings for every T, may have to be taken
into account. Hence, in this series of measurements Rgpr might contain more informa-
tion than just the plasmonic enhancement. A linear fit is depicted as a red dashed line
with a fixed slope of one as Ty, should match T,,, apart from an offset due to laser
heating. Thus, the second parameter Ty, (7,,, = 0) = 10.96 K represents the average
deviation of Ty, from the environment. The calibration function, measured at another
spot, predicts a temperature increase of 11.43 K at the used laser power 0.48 mW. With
a deviation of only 4.1% the raised temperature can be attributed to plasmonic heating.
Consequently, the measured temperatures align well with the sum of the environmen-
tal temperature and laser-induced heating, validating the anti-Stokes signal of SERS
spectra as a reliable measure of the temperature of the irradiated nanoparticles. As a
result, the gold nanoflowers are excellent absolute thermometers of the environment at
the nanoscale.
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Figure 5.3: SERS spectra of the Au Nanoflowers and 4-NTP at different environment
temperatures. The graphs in a) are normalized only to their respective laser power and
exposure time. In b), they are additionally scaled to their corresponding Rgpg, determined
in the fitting process.
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Figure 5.4: a) Anti-Stokes temperature measurement of the Au nanoflowers T},, depen-
dent on the environmental temperature T,,, with the standard error of the mean as the
error bar. The corresponding linear fit (dashed line) has a fixed slope of m = 1. Hence,
Taw(Ter, = 0) = 10.96 K represents the average deviation of T, from the environment.
b) Plasmonic enhancement ratio Rgpg is shown for every distinct measured spot on the
sample (three at each temperature). Rgpr seems to correlate with T, as the measured
values form bunches.
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5.2 Temperature Modulation With Time

Knowledge about temperature changes in SERS is crucial for understanding the influ-
ence of nanoparticle excitation on reaction mechanisms. Therefore, the temporal evo-
lution of the nanoparticle temperature was measured in a second timescale. While the
anti-Stokes temperatures at the start of the measurement equal the environment of the
nanoparticles plus laser heating, as demonstrated in the preceding [section 5.1} the tem-
perature subsequently increased further during the next hundred seconds.

This behavior is shown in The nanoparticle temperature is increasing an-
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Figure 5.5: Anti-Stokes temperatures of the Au nanoflowers T, over time for different
environment temperatures as indicated by the legend. Error bars show the standard error
of the mean of all three spots measured at each Ty,,. While Ty, matches T, in the first
second of irradiation, it raises subsequently.

other ~ 20 K and saturates after around 100s to 150s. Keblinski et al. assign such
heating over several hundreds of seconds to collective heating of an ensemble of nanopar-
ticles. This assumes that the volume the temperature is conducted from is smaller than
the laser-heated volume. The here conducted measurements rely on the anti-Stokes emit-
ted light from the sample reaching the spectrometer. A significant portion of the light
may be lost in the microscope path. Not the loss of intensity due to filters is relevant, but
rather the loss of spatial information, for example, due to pin holes and slits, as one is
installed in the spectrometer. If collective heating causes this elevation of temperature,
future nanoscale temperature measurements either have to employ a redesigned beam
path enabling an optimized spatial light acquisition or longer equilibration times have
to be considered.

Additionally, the enhancement ratio Rgpg is decreasing with time as depicted in
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Figure 5.6: Plasmonic enhancement ratio Rgpg over time for different environment
temperatures as indicated by the legend. Error bars show the standard error of the mean
of all three spots measured at each T,,,. Rgpr shrinks over time, indicating an overall
decay of the SERS background.

A change in Rgpr equals a change in the overall SERS signal strength, as
discussed in the previous section in [Figure 5.3| In [Figure 5.7, Rgpg and the integrated
SERS signal are correlated to each other. They demonstrate a strong positive correla-
tion for all temperatures and hot spots. The average Pearson correlation coefficient over
all measurements is (0.990 & 0.008). I. e., The surface-enhanced Raman background of
the gold nanoflowers decayed to a certain level while irradiated and Rgpr is a great
quantity for the overall signal strength. The correlation of T, and Rgpg is shown in
These quantities have a negative correlation with a Pearson coefficient of
(—0.794 + 0.037), but especially at later times or low values of Rgpr the tempera-
ture has strong noise. It can not be excluded that other properties are involved in this
process. Nevertheless, there has to be a process during the irradiation of the nanoflow-
ers that changes both the nanoparticle temperature and the overall background of the
SERS signal. In particular, the decay of the SERS background was observed on separate
nanoflower samples and is discussed from the aspects of different properties in the next
chapter.
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Figure 5.7: Correlation of the integrated SERS signal and the enhancement ratio Rgpgr
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hot spots for each temperature are marked by different colors, as displayed by the legend.
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Chapter 6

Decay of Metal Nanoparticle Response

In several kinetic SERS experiments, a decay of the background signal (BGND) on the
timescale of a few minutes was observed. Multiple SERS spectra are depicted over the

time of irradiation in [Figure 6.1| showing this decay.
In SERS measurements with a high background, for example, measurements on clus-
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Figure 6.1: SERS spectra of Au nanoflowers coated with 4-NTP after different times of
irradiation as indicated by the color bar.

tered, high-faceted nanoflowers, this decrease of the BGND signal can strongly outweigh
changes in the Raman peaks of the adsorbed molecules. Hence, it must be taken into ac-
count for the analysis of photocatalytic reactions, and the determination of the source of
the BGND decay is most relevant. Since the SERS BGND is attributed to light-matter
interactions in the nanoparticles, various explanations are possible. Photoluminescence
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(or ERS) originates from the recombination of excited electrons and holes in the metal
band structure. If these electrons relax non-radiatively or are transferred into another
object this would hinder light emission and decrease the PL signal. Electron-phonon
scattering equilibrates on a picosecond timescale and thus does not explain such
a slow decay. On the other hand, electron transfer channels from the nanoparticles in
this experiment can involve the substrate, the air, or attached molecules. In general,
the number of electrons in the nanoparticle influences the plasmonic enhancement of
scattering and apsorption . Also, changes in the structure of the nanoparticles could
modify the background. Heat is reported to change the structure of gold nanoparticles
for temperatures above at least 400 K due to melting or shaping of the surface
. In the experiments presented in this thesis, the temperature of the nanoflowers
due to external and laser heating does not exceed 370 K as demonstrated in
and therefore is not likely to alter the shape of the nanoparticles, but there is also
another reason to rule out this explanation outlined in the next section.

6.1 Recovery of the Background

In measurements using the same hot spots, it was discovered that the background regen-
erates between irradiations. The BGND decays of two different hot spots are depicted
in [Figure 6.2 Vibrational peaks were excluded from the data processing. The average
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Figure 6.2: Background (BGND) decay of gold nanoflowers on Si measured nine months
before[Figure 6.3] Two different hot spots were recorded and marked with different colors.
During the measurement, the laser was shut down for 200s and 60s, respectively, as
indicated by the legend. After the time in the dark the signal recovered for a significant
portion of the original strength and started to decay again.
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of the remaining BGND spectrum was determined dependent on the time. During the
recording, the laser was shut down for 200s and 60s, respectively. Afterward, the sig-
nal recovered in the dark and started to decay again. It reaches signal strengths close
to the original value of the Raman background. This behavior excludes the melting of
nanoparticles from the list of possible explanations since such restructuring of the sur-
face would be irreversible.

It has to be mentioned, that the ability to recover the background in the dark dimin-
ished with the age of the nanoflower sample. After nine months, while still regenerating,
the background needs much longer time in the dark as shown in[Figure 6.3] After a first
measurement of a hot spot, marked by Start in the legend, 37 min in the dark were not
enough to recover the nanoparticle response significantly. However, after an additional
18.83 h regeneration is visible. Nevertheless, an offset between the initial and final mea-
surement persists. Due to technical issues, the last measurement was conducted with
less laser power (0.13 mW) than the first measurement (0.22 mW), explaining this offset.
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Figure 6.3: Background (BGND) decay of gold nanoflowers on Si measured nine months

after |[Figure 6.2| Right after the first irradiation (Start), the laser was shut down for
37 min and then again for 18.83 h. After the first pause, almost no recovery was determined

despite [Figure 6.2|showing fast regeneration. Only the long time in the dark accomplishes
good recovery.

6.2 Decay Rates and Spectral Behavior

For the following investigations, it is required to quantify the background decay. There-
fore, different fitting models were tested. While an exponential function does not de-
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scribe the decay data sufficiently, as shown in bi-exponential and stretched
exponential models fit much better. At the time being, there are marginal reasons to
justify a bi-exponential decay model. It would assume exactly two decay channels with
two separate decay rates. Of course, there may be multiple channels if, for example, the
decay is due to charge transfers to the substrate, adsorbed molecules, etc. Right now
there are no indications of the number of decay channels. Also, the response of differ-
ent nanoparticles in the illuminated cluster may decay at slightly different rates. The
stretched exponential model or Kohlrausch-William-Watts (KWW) function provides a
form where the sum of several exponential decay modes is described by a distribution
exponent [3 . Therefore, the mean decay rate (kpgnp) can be determined without
the need to handle multiple decay processes. Hence, the KWW model is used to quantify
the decay for now. The mean decay rate (kpgnp) of the background signal Izanp(t)
is given by the mean relaxation time (7) using the relaxation time 7, the stretching
exponent § and the Gamma-function I' .

. B
Tasn(®) = Toexp =210 | 4 1, (6.1
T 1
(7) = 5T (5) 62)
(Facan) = 75 (6.3)

Here, t; is the starting time. I and I are the respective start and end values of the
BGND.

Each measurement presented in this chapter is either a time-dependent record of SERS
spectra or photoluminescence spectra. The calculation of the decay rates can therefore
be determined spectrally resolved. Especially, the difference between Stokes and anti-
Stokes regions is of interest due to their different origins. This is done in
for the decay processes also depicted in As expected, the decay rates after
37min without illumination are minimal since almost no regeneration was possible in
this short time span. Interestingly, the decay rates after 18.83h are generally higher
than at the start despite the fact, that the sample is irradiated with less laser power
in the final measurement. How the laser intensity affects the decay rate is discussed
in For now, we look at the spectral differences of the decay rates. The
calculations are restricted to regions without vibrational Raman peaks determined by
the attached molecules. Their behavior might be influenced by molecular effects such
as photoreactions or the detachment of molecules rather than by the intensity of the
background signal. In all three measurements, a maximum of the decay rates around the
Rayleigh wavelength is apparent, decreasing on both sides. In the anti-Stokes region,
(kpanp) shrinks faster than on the Stokes side with increasing distance to the Rayleigh
peak.

If the number of available electrons drives the background decay and the decay channels
transfer electrons regardless of the emission frequency, the mean decay rates represent
a distribution of the electrons involved in the emission processes. As mentioned earlier,
the nanoparticle response relies on the distribution of electrons. Hence, at high energy
shifts lower decay rates correlate with lower response signals. The AS signal is far more
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Figure 6.4: Exponential, bi-exponential, and stretched exponential fits, as indicated by
the legend, for an underlying SERS BGND decay process (orange). While the exponential
function is far off, the rest provides good results.

dependent on the distribution of electrons and holes than the Stokes region. Thus, the
slope of the decay rates is steeper on the anti-Stokes side. On the other hand, at low
Raman shifts up to 1400 cm™ ' on the Stokes side, the SERS signal is increasing with
rising Raman shift while the decay rates already drop. The SERS background depends
on the joint density of states of the excited electron and available hole states .
In contrast, the hole states are irrelevant to the decay rates as the electron transfer
occurred before emission. This can explain the deviation of both signals.
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Figure 6.5: Spectrally resolved (kggnp) of the SERS BGND decay depicted in
Decay rates of the final measurement are higher than in the initial process despite using
less laser power, as indicated by the legend. (kpanp) peaks at the Rayleigh wavelength
and decreases towards both sides.

6.3 Incident Light

A series of measurements with different laser intensities confirms the minor decrease of
the mean decay rates to higher Raman shifts, as presented in ) Only the
data received at the highest laser power 4.16 mW deviates from this trend and rises in
a fluctuating manner above 1000 cm ™. If this outlier presents a feature due to high
intensities with maybe high electron temperatures, remains to be determined.

Overall, the mean of (kpanp) increases with laser power. [Figure 6.6b) depicts, that
the decay rate increases nonlinear, especially for low power. In the previous section, the

decay rates after signal recovery were higher than at the start (compare ,
despite the lower laser power. This is contrary to the observations of this section. Hence,
the regeneration of the nanoparticle background should be reviewed again.

In addition, the BGND decay is observed in the photoluminescence experiments. Kinetic
measurements were recorded for different excitation wavelengths. The results are pre-
sented in[Figure 6.7} Even for the spectra taken with equal laser power at 171 pW, there
is no clear trend of the decay rates recognizable with the different excitation wavelengths.
However, most excitations follow the drop to wavelengths further away from the laser
peak as in the SERS spectra. Only the lowest excitation wavelength seems to increase
(kpanp)- Following the charge carrier theory from above, this indicates more electrons
are involved in high wavelength emissions. Since this phenomenon only appears at the
lowest excitation wavelength, maybe the domination of interband transitions plays a
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Figure 6.6: Mean decay rates (kpgnp) of SERS spectra at different laser powers. a)
Spectral resolved decay rates (orange) at their respective laser powers with a representa-
tive SERS spectrum (green). b) Average (kganp) with their standard error of the mean as
error bars. The error bars are barely visible due to their average value of 4.6 x 107°s7t.
While the spectral dependence of the mean decay rates at the highest laser power de-
viates from the other measurements, the average (kggnp) monotonously increases with
laser power.

57



6. Decay of Metal Nanoparticle Response 58

le—-2
1.0 .
7 0.81 L 250
o,
3
& 200
SHE _
g I
© | Sk
< —e— 405 nm, 26.80 uW 150 85
©
© 0.4- —e— 440 nm, 36.50 uW o~
o —o— 460 nm, 32.00 uW L 100
C
© —e— 520 nm, 171.00 uW
= —s— 560 nm, 171.00 yW
0.2 <o
580 nm, 171.00 uW
620 nm, 171.00 uW
L 633 nm, 171.00 uW. Lo
0.0

620 640 660 680 700 720 740 760 780 800
Wavelength [nm]

Figure 6.7: Mean decay rates (kpgnp) of the photoluminescence (PL) of Au nanoflowers
on Si at different excitation wavelengths (orange) and laser powers, as noted in the leg-
end. A representative PL spectrum is shown in green. The measurement with the lowest
excitation wavelength (405nm) deviates from the monotonous decrease with rising emis-
sion wavelength. Also, there is no clear trend of the integrated (kggnp) with excitation
wavelength even at the same laser power.

role in this observation. Thus, interband excited electrons would be mostly involved in
a mechanism causing high wavelength emissions. A connection to the anomalous behav-
ior of the PLE below 440 nm(compare can only be suspected at the moment.
Nevertheless, a measurement of the Au nanoflowers on glass at A, = 410 nm confirms
the increase of (kggnp) with emission wavelength at high energy excitations, as shown
in Hence, the range between 405 nm and 440nm should be reviewed again
with decay rate measurements under controlled conditions.
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Figure 6.8: Mean decay rates (kpgnp) of the photoluminescence (PL) of Au nanoflowers
on glass excited at 410 nm (orange). A representative PL spectrum is shown in green. The
increasing decay rates with longer wavelengths support the observations at low-wavelength

excitation in [Figure 6.7

6.4 Environment

Since possible charge transfers are dependent on substances and their properties in close
proximity to the nanoparticles, changes in the environment must be taken into account.
This section contains first pieces of evidence of the influence of temperature, the chem-
ical composition of the atmosphere, the substrate, and the adsorbed molecules. While
further investigations are required for each of these topics ideas for future experiments
are provided.

At first, the kinetic data introduced in is used to determine the temperature
dependence of the BGND decay. shows the mean decay rates for all fifteen hot
spots. In ), the rates are averaged over the three spots for each temperature
and presented against the Raman shift, while in ) (kpgnp) is averaged over
the Stokes region and plotted against the externally controlled temperature for each
spot. Generally, the decay is faster with higher temperatures. Since the temperature of
the nanoflowers is increasing while irradiated, as demonstrated in it is of
interest if both temperature and BGND changes occur on the same timescale. There-
fore, the calculated anti-Stokes temperatures 7Ty, and plasmonic enhancement ratios
Rgpr were modeled the same way as the background. The mean decay rates (kp u> and
<kRSPR> in ) and b) correspond to the fits depicted in [Figure A.4}a) and
b), respectively, that contain the data from [Figure 5.5 and [Figure 5.6] The decay of
Rgpr matches the decay of the SERS background as already discussed in
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Figure 6.9: Mean decay rates (kggnp) of SERS spectra presented inat differ-
ent environmental temperatures. a) Spectral resolved mean decay rates (orange) averaged
for all measured hot spots at their respective temperatures, as the legend indicates. The
error bars are the standard error of the mean between the different spots. A represen-
tative SERS spectrum is depicted in green. b) Average (kpgnp) for each single hot spot
vs. their temperature. These values only account for the Stokes region to compensate for
the decrease on the AS side. Error bars indicate the standard error of the mean from the
different Raman-shifted emissions.
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The temperatures, on the other hand, not only increase faster than the BGND decays
((kggnp) =~ 0.01 s to 0.04s <k:TAu> ~ 0.0257" to 0.158_1), the dependence on
the external temperature does not appear to saturate for higher temperatures. Conse-
quently, the background decay is at least not entirely determined by the temperature
changes, consistent with their correlation in

All experiments so far were performed in air. It is suspected that more reactive compo-
nents like oxygen or water molecules interact with the nanoflowers to exchange electrons
and holes with the nanoparticles. To minimize the influence of surrounding molecules,
the sample was placed in a continuously flowing nitrogen atmosphere at 60 °C. As il-
lustrated in the decay is following the same observations as before. The
decay rate (kpanp) is about half as much as in air with similar laser power in
despite the heightened temperature. However, the role of different plasmonic
enhancements can not be ignored. Hence, for now, it is suspected that components in
the air around the nanoparticles do not dominate the decay. To determine the influence
of the air SERS measurements have to be conducted at the same hot spots in different
atmospheres. Also, Raman Spectra could be measured with e. g. a drop of Ethanol on
top of the sample. Ethanol is a known hole scavenger and could stop the decrease of
the total electron number in the nanoflowers. If this leads to a vanishing decay or even
an increase in the Raman background, this could prove the connection between the
nanoparticle response and the number of electrons.

The same theory was also tested for different adsorbed molecules and substrates. A

sample with 4-ATP (4-Aminothiophenol) exchanging 4-NTP (4-Nitrothiophenol) was
measured and its decay rates are depicted in The strength of the SERS
background is also dependent on the molecules adsorbed to the nanoparticles due to
the difference in electrochemical potential . The amino group of 4-ATP is more
electron donating in comparison to the nitro group of 4-NTP . Consequently, the
background decay rates should decrease or invert. Similar to the nitrogen atmosphere,
(kpanp) shrinks for this sample. However, due to the fabrication process, the density
of nanoflowers on the sample is low, resulting in a comparatively weaker overall back-
ground signal than that of the 4-NTP sample. This introduces strong noise in the decay
rates. Hence, this measurement should be redone with higher nanoparticle density to
validate the differences in (kganp)-
On the other hand, the sample with gold nanoflowers on glass also used in
consists of big gold clusters. It is not coated with additional molecules and glass is an
insulator, contrary to Si, making it a good candidate for additional investigations. The
measurement presented in is the only kinetic measurement of the sample
so far. The extremely low laser power does not allow comparison of the decay rates
to the other samples. Hence, additional kinetic SERS and PL measurements should be
conducted. Also, after checking the decay rates without attached molecules, the sample
could be coated with either 4-NTP or 4-ATP giving more insights into the role of the
molecules and substrate.
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Figure 6.10: Mean decay rates of a) the nanoflower temperature <kTAu> and b) the plas-
monic enhancement ratios <k RSPR> deduced from SERS spectra at different environmental
temperatures, as presented in The error bars show the standard error of the
mean between the different hot spots. The decay rates correspond to the fits shown in
Figure A.4
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Figure 6.11: Spectral resolved mean decay rate (kpgnp) for a kinetic SERS measurement
of Au Nanoflowers in Ny-atmosphere at T, = 60°C (333.15K).
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Figure 6.12: Mean decay rates (kganp) of SERS spectra of Au nanoflowers coated with
4-ATP at different laser powers. a) shows the spectral resolved mean decay rates (orange)
for distinct laser powers, as indicated by the legend. A representative SERS spectrum
(green) is also depicted. In b), the average (kggnp) over all Raman shifts in the Stokes
region are presented against the incident laser power. Error bars indicate the respective
standard error of the mean.

64



6. Decay of Metal Nanoparticle Response 65

6.5 Photoreaction

Furthermore, it can be demonstrated that the background decay operates independently
of the photochemical reaction also induced by the irradiation. Therefore, the reaction
from 4-NTP to DMAB is observed, see Koopman et al. and Sarhan et al. for
more information about this reaction. The nanoflower response decay is triggered by low
intensities at which the reaction rates and thus the changes of the molecular peak heights
are not relevant as shown in ) There is almost no DMAB peak visible
at 1136 cmfl, which is the most pronounced. The reaction was accelerated directly
afterward with a higher intensity in ) The adsorbed 4-NTP molecules
reacted, causing their corresponding peaks to decrease while the DMAB peaks raised.
A change in the BGND is not observable since it could not recover in the meantime. This
is further shown with (kggnp) presented for both measurements. However,
this does not necessarily imply that the photoreaction has no impact on the SERS
background. Charge transfer from the nanoparticles is the driving force in these reactions

. Some kind of decay is expected in the course of the reactions,

but this is no more influential than other transfer channels.
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Figure 6.13: SERS spectra over time of irradiation of gold nanoflowers coated with 4-
NTP. Positions of vibrational SERS peaks corresponding to 4-NTP and SERS are marked
with arrows. a) The BGND decay is triggered with low laser power (0.27 mW), where
nearly no reaction from 4-NTP to DMAB should be triggered. No DMAB peaks are
clearly pronounced. b) Subsequent illumination with higher power (1.16 mW) raises the
reaction rate to DMAB showing changes in the corresponding peaks. The BGND remains
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Chapter 7

Conclusions

This thesis investigated the always present background observed in SERS measure-
ments, which arises from the response of the nanoparticles to the incident light
. The dependence of clustered, high-faceted gold nanoflowers on various excitation
wavelengths within the visible range was analyzed. Notably, the overall BGND sig-
nal’s shape likely resembles the photonic density of states PDOS and, consequently, the
localized surface plasmon resonance LSPR of the nanoflowers.This aligns with earlier
studies . However, a strong correlation between the overall signal strength
and the incident photon energy was determined. With the aid of emission-dependent
photoluminescence excitation (PLE) spectroscopy, this relationship is attributed to a
substantial reliance on interband absorption. This aligns with literature showing that
interband processes enhance the efficiency of nanoparticle emissions . Addition-
ally, changes in the shape of the photoluminescence spectra were observed, which are
contrary to the intraband-only emission processes, often presented in the literature |7
. Thus, Auger processes, as proposed by Cai et al. , and inelastic inter-
band reemission are suggested to enable excitation-dependent, Stokes-shifted, interband
processes with visible emissions. Particularly emissions at shorter wavelengths are dom-
inated by pure interband absorption. In contrast, emissions at high wavelengths can rely
on additional, LSPR-enhanced absorption since an additional peak arises in the PLE
spectra that overlaps well with the LSPR of the nanoflowers. This additional absorp-
tion can be attributed to either pure intraband processes or interband processes at the
X-point. In this region, differences between the two analyzed samples were determined,
that remain partially unresolved. Therefore, further analysis of distinct hot spots of gold
nanoflowers is recommended. Clusters consisting of nanoparticles with simpler shapes,
like nanospheres, offer further perspectives. This could improve the comprehension of
the nanoparticle response due to their homogeneous single-particle LSPR while main-
taining the strong enhancements of multimers .

Moreover, the anti-Stokes (AS) region of the nanoparticle response was investigated.
Analysis of its power law indicates the significant reliance of AS emissions on the ener-
getic electron distribution, in contrast to the Stokes region. This enables the extraction
of information about the nanoparticles that are directly linked to their electron distribu-
tion. The temperature of the irradiated nanoparticle cluster and its close environment

is commonly derived from the anti-Stokes signal . Thus, an
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expansion to the calibrated AS thermometry published by Xie and Cahill was
established. This advancement allows for the comparison of temperatures and SERS
signals of different hot spots on inhomogeneous nanoparticle samples. As SERS facili-
tates non-destructive, time-resolved analysis of photocatalytic reactions, this approach
holds the potential to be beneficial in experiments investigating the underlying physical
and chemical mechanisms. This is particularly useful because high-faceted and clustered
nanoparticles offer quite strong photocatalytic activity . In kinetic measure-
ments, an elevation in temperature occurring on the timescale of several minutes was
noted. This could arise from the collective heating of surrounding nanoparticles
58]. Hence, it is hypothesized that in this experiment the volume of nanoparticles the
temperature is determined from is smaller than the volume of heated nanoparticles.
Should this assumption hold true, the spatial recording capabilities of the setup can be
optimized.

During each SERS and PL measurement, a decay of the nanoparticle background was
observed over multiple minutes of irradiation. Different theories explaining the decay
were considered. Currently, charge transfer from the nanoflowers into the environment
is suspected to be the most likely. It is in agreement with the origin of the nanoparticle
response and its dependence on electronic processes. Also, charge transfer is reversible
matching the observations of this thesis. Additionally, a series of experiments was con-
ducted to evaluate the impact of various properties of the environment and the incident
light on the decay of the nanoflower response. It was demonstrated that the decay is
not fully covered by the well-known charge transfer to adsorbed molecules for the pur-
pose of photocatalysis. To quantify the decay, a Kohlrausch-William-Watts (KWW)
function was employed. This approach includes the probability of multiple contributing
decay channels and deviating decay rates from different nanoparticles in the illuminated
cluster. This offers great utility. The decay rates are affected by examined aspects, in-
cluding laser power, temperature, and chemical composition of the environment. In
order to validate the observations, well-structured experiments need to reproduce them.
Furthermore, if the total number of electrons is the crucial variable, electrochemical
potentials in the close environment have to be investigated. Hence, different electron
donors, like ethanol, and acceptors should be used in the environment of the nanopar-
ticles and as adsorbed molecules. The impact of different shapes of nanoparticles would
be of interest since it affects the hot carrier generation and thus possible charge trans-
fers into the environment. Finally, excitations with high photon energies deviate from
the otherwise uniform observations. The dependence on pure interband excitations in
this regime changes the hot electron distribution and thus maybe the probability of the
decay channels. In contrast, the shape of the emission spectra remains the same due
to LSPR enhancement domination. In order to improve the picture of this nanoparti-
cle BGND decay, the distributions of the decay rates against the emission wavelengths
should also be examined more closely.
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Supplementary Materials

A.1 Origin of the SERS Background
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Figure A.1: Stokes gold nanoflower on glass photoluminescence (PL) spectra for several
excitation wavelengths from 410 nm to 633 nm, as indicated by the color bar, with incident
light blocked by a 650 nm long-pass filter in front of the spectrometer. All spectra have
been measured at the same laser power at the sample and are shown normalized only to
the laser power and exposure time of the spectrometer. Peaks shifting with the excitation
wavelength between 700 and 750 nm originate from the light source. They vanish for higher
excitation wavelengths since the light passes through a short-pass filter before hitting the
sample blocking light above 750 nm. The overall signal strength shrinks with increasing
excitation wavelengths.
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Figure A.2: Photoluminescence excitation (PLE) spectra of the Au nanoflowers on glass.
To achieve this representation the photoluminescence spectra have been averaged over
different ranges, as indicated by the legend, for each excitation wavelength. The region
compromised by the laser feature (700 nm - 750 nm) was avoided. The PLE is shown in a)
counts per laser power and exposure time and b) normalized to the average of the PLE
in the excitation range from 445 nm to 495 nm.
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Figure A.3: Minimum required photon energy AFE,p i, for emissions at energy AE,,;
around the X-point with corresponding wavelengths A\ ps max and Ay, for a) Auger
processes and b) inelastic interband reemission. The values are calculated via a)
and b) from different band structures published by Guerrisi,
Rosei, and Winsemius [41], Rangel et al. , and Christensen [25], as indicated by the
legend. For the A, used in this thesis, all emissions in the observed range are enabled.
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A.2 Gold Nanoflowers as Thermometers
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Figure A.4: a) Anti-Stokes temperatures Ty, (red dots) of the Au nanoflowers and b)
plasmonic enhancement ratios Rgpgr (orange dots) over time of irradiation for different
environmental temperatures T, as in|Figure 5.5| and [Figure 5.6} respectively, but with
corresponding fits following (solid lines). Error bars show the standard error
of the mean of all three spots measured at each T,,,.
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