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1. Introduction

For centuries, scientists have been amazed by Nature’s ability to create

complex and functional structures that enable life on Earth. This vast

selection of renewable and inexpensive materials with tunable and novel

properties has inspired the development of photonic and electronic de-

vices. [1–3] In most cases, biomolecules are highly specialized functional

moieties with intrinsic order that can potentially provide unique device

properties or even enhanced performance. In this thesis, I will concen-

trate in more detail on two molecular families that are crucial to life on

Earth.

One of the notable examples are chlorophylls that store the energy of the

Sun into chemical energy. Chlorophylls are very versatile molecules as

they can perform the harvesting of light and transfer the excitation to the

catalytic sites, where charge separation takes place. [4] More remarkably,

a single chlorophyll molecule can play any of these roles, depending from

its molecular environment. Chlorophyll molecules with different function-

alizations offer diverse supramolecular self-assembling strategies; i.e., the

self-assembly can be coordinated by other pigments or by the surrounding

protein environment. [5] For instance, the biological chlorophyll assem-

blies have specialized and carefully optimized structural geometries in or-

der to fulfil their respective functions. The green sulphur bacteria serves

as an excellent example of this optimization as it has a photosynthetic ap-

paratus exhibiting near unity energy transfer efficiencies with carefully

optimized intermolecular pigment distances and orientations. [6]

Second important class of biomolecules are the nucleotides; the building

blocks of DNA/RNA. [7] Together with the 20 amino acids, they constitute

the fundamental elements from which all living organisms are formed.

The interplay between the amino and nucleic acids, allow a vast range of

different molecular assemblies to be formed that exhibit a diverse spec-

1



Introduction

trum of physical properties. [8]

Nanotechnology has the potential to integrate different biological con-

stituents into inorganic systems with novel functionalities. For instance,

the strongly emerging atomic/molecular layer deposition method has pro-

ven to be capable in fabricating of three-dimensional inorganic-organic as-

semblies in a layer-by-layer fashion. [9] In principle, this deposition tech-

nique is also compatible with standard semiconductor fabrication tech-

niques, which further increases its applicability.

Nanoscale structures can be used to dramatically enhance the inter-

action between light and molecules, such as improving the emission or

the excitation rates of the molecular moiety. [10, 11] Especially, metal-

lic nanostructures are good candidates to confine and control light on

nanoscale due to the strong interaction between the conduction electrons

of the metal and light, giving rise to surface-plasmon polaritons. [12] From

application point-of-view, this nanoscale control of light can be used to

make low quantum yield processes, such as Raman scattering, more effi-

cient. [13]

This thesis consists of a collection of scientific studies, which investigate

the applicability of molecular systems for photonic applications. Publica-

tions I and II present two different biomimetic supramolecular zinc chlo-

rin - poly(4-vinylpyridine) assemblies and their applicability for emitting

and absorbing light. Publications III and IV demonstrate the intrigu-

ing excitation-dependent emission behaviour in atomic/molecular layer

deposited crystalline sodium-uracil thin films. Publications V and VI il-

lustrate two large-scale fabrication methods to fabricate plasmonic sub-

strates for fluorescence enhancing and surface enhanced Raman scatter-

ing applications, respectively.

This thesis is organized in following way. Chapter 2 presents the key

optical properties of organic molecules. It describes the principal molec-

ular phenomena affecting their optical characteristics, which are utilized

in the scientific studies. Chapter 3 describes the fundamentals of time-

resolved fluorescence and time-resolved emission spectra measurements.

Chapter 4 introduces the structural and optical properties of chlorophyll

molecules, and describes the properties of biological supramolecular chloro-

phyll assemblies. It also summarizes the results obtained in Publications

I and II. Chapter 5 presents nucleobases and atomic/molecular layer de-

position used to grow inorganic-organic thin films. It also summarizes the

results shown in Publications III and IV. Chapter 6 describes the fun-
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damentals of localized surface plasmon enabled enhanced spectroscopic

techniques and covers the key properties of the utilized process steps. It

also summarizes the results shown in Publications V and VI. Chapter 7

summarizes the results presented in the whole thesis.
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2. Optical properties of molecules

Absorption, emission or scattering processes of electromagnetic radiation

by atoms or molecules forms the basics in optical spectroscopy. These

different optical characterization schemes provide indispensable source

of information for scientific research. Moreover, fluorescence as a single

spectroscopic technique, has become the dominant technology in the nu-

merous fields of clinical chemistry, biotechnology and medical research.

[14–17] The basic processes affecting the emission of a molecule, such

as environmental effects, energy transfer and quenching, are well recog-

nized. [18,19]

This chapter presents the basic properties of molecules for understand-

ing the complex cascade of processes that take place after absorption,

leading to the emission of light from molecules. Optical processes in

liquids and solids are discussed. Rotational effects, pertinent mostly to

gases, are left out of scope. Moreover, the physical properties of fluo-

rophores that influence their light emission are covered.

Details of fluorescence quenching is discussed on a general level, while

introducing the resonance energy transfer and the aggregation induced

changes in the spectral properties in more detail. The chapter also presents

rarer optical phenomena, related to the complex interactions between

the fluorophore and the molecular environment leading to the excitation-

dependent emission shifts.

2.1 Energy levels and transitions

When a molecule is excited with light, a variety of processes will take

place given that the energy of the exciting photon is suitable to be ab-

sorbed by the given molecule. For organic molecules, the molecular or-

bitals that are closely involved in absorption and fluorescence are the

5
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highest occupied molecular orbital (HOMO) and the lowest unoccupied

molecular orbital (LUMO). [20] For some molecules, such as chlorins and

bacteriochlorins, higher unoccupied molecular orbitals also play a pivotal

role and must be taken into consideration. [21]

Figure 2.1 illustrates a Jablonski diagram that shows the typical pro-

cesses that occur when a molecule is excited with light. In the figure, the

electronic states are termed either with a symbol S or T corresponding

to the singlet and triplet states, respectively. The electronic ground state

is depicted with the symbol S0, whereas the excited states are expressed

as S1,S2,T1 and T2. For a singlet state, the electron spins of a molecular

system are paired, which means that the total spin angular momentum

(S =
∑

si) is zero. This in turn gives the spin multiplicity (M = 2S + 1)

a value of one, which describes the possible spin orientations in exter-

nal magnetic field. Respectively, the total spin angular momentum for

a triplet state is S = 1 as the spins are unpaired yielding a spin multi-

ciplicity of M = 3, thus the name triplet. [22, 23] The spin pairing and

unpairing is also schematically illustrated in Fig. 2.1, where the arrows

inside the grey boxes show the orientation of the electron spin. In most

cases, the singlet state S0 is the ground state for a molecule, but excep-

tions exist. For example, the ground state of a diatomic oxygen molecule

is a triplet. [20] Moreover, due to the Pauli exclusion principle, the energy

S0

S1

S2

T1

T2

Vibrational
relaxation

Absorption

Internal
conversion

Fluorescence

Phosphorescence

Intersystem
crossing

Figure 2.1. A schematic Jablonski diagram depicting the possible relaxation pathways
for a fluorophore after excitation. Electronic states are termed as S for singlet
state and T for triplet state. The arrows inside the grey boxes schematically
illustrate the spin configuration for each electronic state. Solid and dashed
lines correspond to radiative and non-radiative transitions, respectively.
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of a triplet state in an isolated molecule is generally lower than the singlet

state of the same configuration in accordance with Hund’s rule. [24]

Polyatomic molecules also contain vibrational degrees of freedom, and

each electronic state consists of harmonic-oscillator-like vibrational states,

also shown in Fig. 2.2. [25] Moreover, as the nuclei are more massive that

the electrons, the electrons are assumed to follow the nuclei instanta-

neously, forming the basis for the Born-Oppenheimer approximation. This

allows the molecular wavefunction to be separated into the electronic and

nuclear wavefunctions. [23] Due to the mass difference between the elec-

trons and nuclei, the time scale for electronic transition is approximately

10−15 s, whereas the time scale for molecular vibrations is 10−10 − 10−12 s.

[18] Hence immediately after the electronic transition, the nuclear con-

figuration of the molecule experiences no significant change. This state

is referred to as the Franck-Condon (FC) state. Moreover, the Franck-

Condon principle states that transitions between vibrational states with

similar nuclear coordinates are more probable. The quantum mechani-

cal interpretation reveals that the transition probability is highest when

the overlap between the vibrational wavefunctions is maximized. [26] Fig-

ure 2.2 demonstrates this principle for a diatomic molecule.

At room temperature, thermal energy is not large enough to signifi-

cantly populate the excited vibrational levels. [20, 26] Hence, absorption

usually originates from the lowest vibrational state. Depending from the

energy of the exciting photon, an electron can be excited to either S1 or

S2 electronic states. Immediately after the absorption, the molecule will

undergo rapid vibrational relaxations to the ground vibrational state for

given multiplicity, dissipating the excess energy as heat. The molecule can

also non-radiatively relax between the electronic states known as internal

conversion (IC), which can occur if the vibronic wavefunctions overlap suf-

ficiently. The timescale of this process is on the order of picoseconds. With

a few exceptions, the molecule will relax to the lowest vibrational level of

S1. As the fluorescence lifetimes are usually in the order of nanoseconds,

all relaxation processes complete before the photon emission. This is also

known as the Kasha’s rule, which states that the majority of photon emis-

sion occurs from the lowest excited state of a given multiplicity. [27] All

these aspects lead to the fact that emission in most cases occurs at lower

energy compared to absorption, which is also known as the Stokes shift.

From the lowest vibrational level of S1, the molecule can relax either

via radiative or non-radiative decay. The radiative transitions are termed

7



Optical properties of molecules

as fluorescence and phosphorescence. Fluorescence is a singlet-singlet

transition, whereas phosphorescence is a triplet-singlet transition. The

transition between the different spin multiplicities are referred to as in-

tersystem crossing, and usually consist in singlet-triplet transitions (or

vice versa). These transitions are forbidden in the electric-dipole approx-

imation as they require a spin flip. This means that the processes are

very unlikely to happen, with timescales ranging from microseconds to

seconds. [28] However, the presence of heavy atoms can increase the prob-

abilities of intersystem crossing via the spin-orbit coupling. [29] For exam-

ple, the presence of heavy atoms in molecules, such as halogens and many

transition metals, can promote intersystem crossing and induce phospho-

rescence. [18]

The processes behind non-radiative relaxation are various but the most

frequent processes are internal conversion, photophysical processes (pho-

tobleaching, photoisomerization). Also, intermolecular quenching effects

Internuclear distance

En
er

gy

S0

0

1

2

3

4

4

S1

0

1

2

3

r0

Figure 2.2. The images illustrates Franck-Condon principle for a diatomic molecule and
the electronic transitions between the ground state S0 and excited state S1,
stating that the electronic transitions that exhibit a minimal change in the
nuclear coordinates are most probable. This means that the absorption is
most strongest between the states S0, ν0 → S1, ν4, whereas the transition
S0, ν0 → S1, ν0 is less probable. The absorption is given in blue color and
fluorescence in red color.
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can induce additional decay pathways for non-radiative processes. Some

of these will be investigated in more detail in the following sections.

2.2 Fluorescence quantum yield and lifetime

The quantum yield (Φ) and fluorescence lifetime (τ ) are probably the most

important figures of merit for a fluorophore. Quantum yield is defined as

the ratio of emitted photons to absorbed photons, making it a measure

of the fluorophore brightness. [18] Hence, the substances with quantum

yields close to unity, such as rhodamines, display the brightest fluores-

cence. For a fluorophore, the fluorescence lifetime is also very important

characteristic, as it determines the available time to interact and diffuse

with its environment before emitting a photon.

Figure 2.3 shows a simplified situation for fluorescence, where the ex-

plicit processes leading to the relaxation of S1 state are omitted for clarity

and all the possible non-radiative processes are grouped under a single

rate constant knr. Using the notations of Fig. 2.3, the quantum yield can

be defined as the fraction of molecules that decay by emitting a photon

over all decay routes, yielding

Φ =
Γ

Γ + knr
, (2.1)

where Γ is the radiative decay rate.

Fluorescence lifetime is defined as the average time that the fluorophore

stays in the excited state. In an ensemble of molecules, the emission of a

photon via fluorescence is a random event, where each emission event

S0

S1

Relaxation (10-12 s)

h a h f knrka

Figure 2.3. A schematic diagram of fluorescence. ka, Γ and knr are the rate constants
for absorption, radiative decay and non-radiative decay, respectively. h is the
Planck’s constant. νa and νf are frequencies of the absorbed and emitted
photon, respectively.
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occurs independently from each other. Using the notations in Fig. 2.3, we

can write out the rate equation for the excited state as

dNS1(t)

dt
= kaNS0(t)− (Γ + knr)NS1(t) . (2.2)

Now if we assume that the pump is turned off at time t = 0, we can set

ka = 0 in Eq. 2.2. The resulting differential equation has the familiar

exponential solution that yields an exponential time dependency for the

excited state population

NS1(t) = NS1(0) exp(−t/τ) , (2.3)

where the lifetime is given as

τ =
1

Γ + knr
. (2.4)

Now we should emphasize the probabilistic nature of the emission pro-

cesses and that the lifetime is a statistical ensemble average. This means

that for a large collection of fluorophores, some fluorophores emit quickly

after the excitation and some later than τ .

2.3 Quenching

Section 2.1 described the intrinsic deactivation pathways for a molecule

after excitation with light. The intermolecular, or extrinsic, processes

that decrease the fluorescence are referred to as quenching. Quenching

of fluorescence can take place in a variety of ways and typically this phe-

nomenon is divided into two distinct cases; static or dynamic quenching

based. The discrimination between the static or dynamic quenching is

based on, whether the process takes place either in the ground- or excited-

state, respectively.

In static quenching, a fluorophore forms a stable complex with another

molecule referred to as a quencher. For this reason, static quenching is

also known as contact quenching. If the resulting ground-state complex

is non-fluorescent, the fluorophore has been quenched statically. For ex-

ample, the aggregation of molecules in micellar systems [30] or the fluo-

rescence behaviour for fluorescent-reporter molecules immobilization on

nucleid acids [31] can be explained by static quenching.

On the other hand, dynamic quenching processes take place when the

molecule is excited. These processes include energy transfer (Dexter and

Förster), collisional quenching and excited-state reactions. [18] In colli-

sional quenching, the excited fluorophore collides with another molecule

10



Optical properties of molecules

resulting in the deactivation of the fluorophore. Typical quencher molecules

include molecular oxygen [32], iodide ions [33] and acrylamide [34]. En-

ergy transfer induced quenching will be investigated in more detail in the

next section.

To distinguish between the two types of quenching requires investigat-

ing either steady-state and time-resolved fluorescence measurements, or

absorption measurements. Since the formation of fluorophore-quencher

complex in static quenching changes the spectral properties, whereas dy-

namic quenching does not, absorption spectroscopy is a valuable tool to

discriminate between these two types of quenching mechanisms (cf. Sec-

tion 2.5). The behaviour between static and dynamic quenching in flu-

orescence measurements is illustrated in Fig. 2.4. Since static quench-

ing forms only non-fluorescent complexes, the non-quenched molecular

moieties still emit light with unaltered lifetime. Therefore, the only no-

ticeable change is the diminished fluorescence intensity. However for dy-

namic quenching, the interaction between the quencher and fluorophore

does not quench the fluorescence completely. Therefore, the observed de-

crease in fluorescence intensity is accompanied by a shortened lifetime as

the function of the quencher concentration.

To investigate the kinetics of quenching, one can plot F0/F (F0 is fluo-

rescence yield without quencher and F is fluorescence yield with quencher

present) as the function of the quencher concentration. This is known as

(a)

(b)
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Figure 2.4. Schematic illustration of the behaviour seen in a steady-state measurement
(left), time-resolved measurement (center) and Stern-Volmer plot (right) for
(a) static and (b) dynamic quenching. The initial situation in the fluorescence
measurements is depicted with red color and after quenching in blue color.
In both cases the steady-state intensity decreases, but the lifetime decreases
only for dynamic quenching, which is illustrated by the distinguishable be-
haviour in the Stern-Volmer plots for each quenching type.
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the Stern-Volmer relationship. The fluorescence lifetime can be used for

the analysis by calculating the τ0/τ ratio instead of F0/F . The different

behaviour between static and dynamic quenching is illustrated in Fig. 2.4

(rightmost images). However, these plots describe only the simplest cases

and the studied sample can simultaneously exhibit both of these quench-

ing types, in which case the curves need not to be linear.

This analysis has been used in Publication I to verify that the ordering of

the molecules is macroscopically homogeneous in the polymer matrix at

low dye concentrations as the non-homogeneous ordering would involve

the creation of aggregates resulting in static quenching behaviour.

2.4 Förster resonance energy transfer

Fluorescence or Förster resonance energy transfer (FRET) is a non-ra-

diative interaction process, where energy is transferred between particles

over distances that are more than molecular (or atomic) radii long. FRET

is named after a German scientist Theodor Förster, who continued the

work of Jean Perrin [35] and formulated the current form of the theory

and also verified it experimentally. [36–38] FRET has found numerous ap-

plications in biological, physical and chemical sciences, such as a molec-

ular ruler in biological systems [39], in situ monitoring of proteins in a

living cell [40], or optical gain tuning via FRET in a biopolymer laser [41].

Classically, FRET is considered as a long range dipole-dipole interaction

between two molecules, a fluorescent donor and an acceptor, which does

not need to be fluorescent. The long range refers to a situation, where no

orbital overlap between molecules exist, but the interaction still exhibits

a near-field character, i.e., within the range from 10 Å to 100 Å.

The efficiency of the energy transfer depends mainly from three factors;

from the spectral overlap between the donor fluorescence and acceptor ab-

sorption spectrum, the value of the donor quantum yield and the acceptor

molar absorption coefficient, and from the orientational factor κ2 that de-

scribes the relative orientation in space between the donor and acceptor

transition dipoles.

Usually, the exact κ2 value is unknown and one must settle for approx-

imative values based on different averaging schemes. Depending on the

relative orientations between the donor and acceptor, this value can range

from 0 to 4. [42] The typical values are κ2 = 2/3 (isotropic random orien-

tations) or κ2 = 0.476 (static orientations). [43,44] Moreover, fluorescence
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anisotropy measurements can be used to determine suitable limits for κ2

and thus minimize the errors when calculating distances. [45]

The energy transfer efficiency is given by [46,47]

EFRET =
1

1 + (R/R0)6
, (2.5)

where R0, the Förster distance, defines the donor-acceptor distance when

the efficiency given by Eq. 2.5 is 50%. The Förster distance is also defined

as

R6
0 =

9000(ln 10)κ2φf

128π5n4NA
JDA (Å

6
) , (2.6)

where n is the refractive index of the host medium, NA is the Avogadro

constant, φf is the intrinsic donor fluorescence quantum yield and JDA is

the overlap integral between the donor and acceptor spectra defined as

JDA =

∫ ∞

0
FD(λ)εA(λ)λ

4dλ . (2.7)

Usually, the fluorescence spectrum FD is normalized to unity and εA is

the molar extinction coefficient of the acceptor. With the access of time-

resolved measurement data, the energy transfer efficiency in Eq. 2.5 can

be also defined as

EFRET = 1− τDA(q)

τD
, (2.8)

where τD is the lifetime in the absence of acceptor and τDA(q) is the life-

time of the donor with a given acceptor concentration q. As will be dis-

cussed in Section 3.1, the amplitude-weighted lifetimes given by Eq. 3.5

can be used to calculate the FRET efficiency in Eq. 2.8.

2.5 Aggregation induced spectral shifts

The close proximity of the molecules can induce extensive changes to the

electronic transition energies of the chromophores, which are also distin-

guishable as altered spectral properties and can be used to determine the

degree of aggregation. [48,49] Qualitatively, the spectral shifts can be ex-

plained by the exciton model, originally presented by Kasha et al. [50].

In this model, the closely-packed molecules are approximated as point

dipoles, and the intermolecular Coulombic interaction causes the elec-

tronic transitions to split into states with altered transition energies and

oscillator strengths. For a dimer consisting of identical molecules with

parallel transition dipole moments μge, the excitonic band splitting term

is given as

ΔE =
2 | μge |2

r3
(
1− 3 cos2 θ

)
, (2.9)
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where θ is the inclination angle between the molecules and r is the center-

to-center distance. In equation 2.9, the excitonic splitting term is directly

proportional to the transition dipole moment. Therefore, the excitonic

splitting is significant only for strong transitions. Also, the inclination an-

gle determines whether the excitonic coupling results in a higher H-type

dimer or lower J-type dimer transition energy (cf. Fig. 2.5), compared to

monomeric moieties. Note, that the exciton theory is valid only when the

molecules can be treated as point dipoles, i.e., no intermolecular orbital

overlap is present.

Monomer
levels

Head-to-tail

e’

e’’

Paraller

g

e

g
0 90(deg)

Dimer
levels

E

r

J-type H-type

Figure 2.5. Schematic exciton energy band diagram for a dimer of identical molecules
with parallel transition dipoles. The dashed line with the red crosses corre-
sponds to the forbidden out-of-phase dipole arrangement.

The effect of aggregation in the absorption spectrum is illustrated in

Fig. 2.6 that shows the absorption spectra (restricted for Qy band) for the

isolated (red) and aggregated (dashed, blue) moieties of Zn-31-OH-PPME

molecule. The formed aggregate has a J-type configuration, since upon the

aggregation the absorption peak exhibits ca. 55 nm bathochromic shift in

comparison to the isolated molecule. However, the measured aggregate is

not a “pure” J-type aggregate, since the spectra do not show the character-

istic line sharpening commonly observed for J-aggregates. [51,52] Similar

type of head-to-tail assemblies have been observed for chlorophyll deriva-

tives and porphyrins that exhibit J-type self-assembly. [53, 54] However,

typically the studied systems may consist of different states of molecular

aggregates (dimers, trimers, oligomers) and hence, the spectral shifts do

not allow for a quantitative inspection of the molecular structure, but can

be very useful to detect the onset of aggregation.

14



Optical properties of molecules

600 650 700 750

0.2

0.4

0.6

0.8

1

N
or

m
al

iz
ed

 a
bs

or
ba

nc
e

Wavelength (nm)

Figure 2.6. Normalized Qy absorption band of isolated (red line, measured from dilute
THF solution) and aggregated (blue, dashed line) Zn-31-OH-PPME molecule.

2.6 Red-edge excitation shifts

The molecular environment induce profound effects on the spectral prop-

erties of molecules affecting the fluorescence spectra, lifetime or the quan-

tum yield. [55] For example, increasing solvent polarity has a tendency to

shift the emission towards lower energies, due to the interaction between

the excited state dipole moment and the polar solvent molecules. [56] Also,

the immobilization to proteins or membranes, and binding to ligands can

alter the spectral properties. [57]

Typical solvent relaxation times are ~10 ps for common polar solvents,

whereas the fluorophore emission lifetimes are several nanoseconds. [58]

Therefore, these system reaches equilibrium before any emission events

take place. If the reorganization of the solvent molecules becomes re-

stricted, it can give rise to red-edge excitation shift (REES), a phenomenon

that describes the shifting of the fluorescence spectrum as a function of

the excitation wavelength taking place in the red-edge of the absorption

spectrum. [59] REES has been observed for a range of fluorophores and

host materials, such as highly viscous and glass forming liquids [60, 61],

polymer matrices [62, 63], and organized assemblies, such as micelles

[64,65] and proteins [66,67].

The first prerequisite to observe REES, is the slowing of the molecu-

lar environment relaxation time down to the same magnitude with the

excited state lifetime. [18] The second prerequisite is the inhomogeneous

broadening of the absorption spectrum, which requires a distribution of

solute-solvent interaction energies. Especially in condensed or viscous

media, the molecules do not necessarily experience an identical environ-
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ment, leading to the inhomogeneous broadening of the absorption and

emission spectra. [59] This broadening is especially pronounced for dipo-

lar molecules in polar media, which can be illustrated by the Onsager

sphere approximation, where the width of the inhomogeneous broaden-

ing function Δν is given as

Δν = AΔμa−3/2(kT )1/2 . (2.10)

A is a constant that depends on the dielectric constant of the solvent, Δμ

is the change of molecule dipole moment upon excitation, a is the On-

sager cavity radius, k is the Boltzmann constant and T is the tempera-

ture. [68] Terms A and Δμ in Equation 2.10 illustrate that the inhomoge-

nous broadening increases in polar environments and for molecules with

intense transitions, respectively. Additional broadening effects can be in-

duced by specific interactions, such as hydrogen bonding and electrostatic

interactions. [69,70]

Figure 2.7 schematically illustrates the temporal relaxation encountered

in REES. Initially, the molecule is in ground-state and the molecular envi-

ronment is in equilibrium meaning, that the dipole orientation is random.
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Figure 2.7. (a) Schematic presentation of the continuous model of solvent relaxation
showing the relaxation of the solvent molecules around the excited dipole
from t = 0 to t = ∞. (b) Schematic Jablonski diagram, where the symbol I
refers to the intermediate states between the initial FC state and the fully
relaxed (R) state. ν0, ν1, and ν∞ refer to the frequencies belonging to the FC,
intermediate and relaxed states, respectively. λFC and λ∞ correspond to the
wavelength maxima of these states, respectively.
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At t = 0, the molecule is excited to the FC state that starts to interact

with the environment. It minimizes the interaction energy between the

fluorophore and the molecular environments by either reorienting the flu-

orophore or solvent molecules until the system is at equilibrium (t = ∞).

Due to the temporal evolution of the relaxation, the REES effects are usu-

ally investigated with the help of time-resolved emission spectra, which

is presented in Section 3.2.
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3. Time-resolved optical measurements

The optical properties and phenomena presented in Chapter 2, can be

studied using fluorescence or absorption spectroscopy. While the absorp-

tion and steady-state fluorescence measurements are relatively easy to

measure using commercial spectrometers, the time-resolved measurements

require more attention. Therefore, the next two Sections present the

basics of time-resolved fluorescence and time-resolved emission spectra

measurements.

3.1 Time-resolved fluorescence

Time-resolved fluorescence measurements form a vital part of any fluores-

cence study, as they reveal information normally excluded in steady-state

fluorescence measurement. Time-resolved fluorescence can be studied ei-

ther in the time or frequency domain. Here I will concentrate on time

domain measurements.

In the time domain measurement, the sample is first excited with a

short pulse that has a duration preferably much shorter than the lifetime

of the sample. This is followed by recording the time-dependent fluores-

cence intensity decay profile I(t). From the slope of the log I(t) plot, the

lifetime can be determined as shown in Fig. 3.1a.

While in principle the intensity decay profile could be measured from a

single excitation-emission cycle, this is practically impossible due to the

limitations of modern electronics and detectors and the required temporal

resolution to measure the lifetimes of organic molecules. [18, 71] There-

fore, most of time-resolved measurements in time domain are done us-

ing a technique referred to as the time-correlated single photon counting

(TCSPC).

Instead of direct recording of the fluorescence intensity decay, TCSPC
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relies in collecting data over multiple excitation-emission cycles and then

reconstructing the intensity decay profile as a histogram, which is illus-

trated in Fig. 3.1a. One of the prerequisites in a TCSPC measurement is

that the excitation has to be attenuated so that a single excitation pulse

has high probability to produce only a single fluorescence photon. This

is necessary, as after detecting a photon, the detector and the read-out

electronics have a dead time of few a nanoseconds. During this time pe-

riod the system can not register any photons. If this prerequisite is not

met, early photons are over-represented in the histogram also known as

the pulse pile-up. To avoid pulse pile-up, the counting rate should be kept

low, for example near 1 %. [18]

Figure 3.1b illustrates how the intensity decay profile is formed in a

TCSPC measurement. The time between the emission and excitation is

measured by the single-photon counting stopwatch electronics. This cycle

is then repeated several times, to form a histogram from the emission-

excitation time difference readings.

The system used throughout this thesis is illustrated in Fig. 3.1c. The

excitation source is a modelocked, frequency-doubled Ti:S femtosecond

laser (Coherent, Mira 900-F) with repetition rate of 76 MHz, center wave-
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Figure 3.1. (a) Top image: Schematic presentation of the fluorescence decay profile ob-
tained from a time-resolved measurement shown in red color and the excita-
tion pulse in green color. Center image: The photon counts at different time
intervals registered at the detector. Bottom image: The obtained histogram
from the TCSPC measurement used to reconstruct the fluorescence decay
profile. (b) The measurement of the start-stop times in reverse mode TCSPC.
(c) The schematic picture of the used TCSPC setup used in this thesis.
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length 400 nm and a pulse width of 200 fs. Microchannel plate photo-

multiplier tube (Hamamatsu) was used as the detector for the emitted

fluorescence. The whole optical system has a time resolution of 200 ps,

determined from the measured instrument response function (IRF) from

Ludox that consists in colloidal silica in water.

In the most simplest case, the fluorescence decay follows a single ex-

ponential decay. An example of such a situation would exist for a dilute

(~1 μM) fluorophore solution. However in more complex situations, the ob-

served decay has a multi-exponential character that usually stems from

different molecular environment for each fluorophore or different popu-

lations of fluorophores within the studied sample. In this situation, the

fluorescence intensity profile decay can be constructed from the sum of

single exponential decays for n components as

I(t) =

n∑
i=1

αi exp (−t/τi) , (3.1)

where αi and τi are the amplitude and lifetime of the component i, re-

spectively. In most cases, double or three exponential model is sufficient

to gain a satisfactory fit to the measured data. To evaluate how many

components are needed for a good fit is not a straightforward task. The

goodness of the fit in Eq. 3.3 can be used as a guideline, but the most im-

portant criteria is always the knowledge of the physical model behind the

observed phenomenon.

In practice, the observed fluorescence decay I(t) is distorted by the IRF

IIRF that consists of the time profile of the excitation source and the re-

sponse function of the monochromator and detector. Hence, the observed

fluorescence decay is described by the convolution [72]

IM =

∫ t

0
IIRF(t)I(t− t′)dt′ = IIRF(t) ∗ I(t) . (3.2)

IRF can be acquired from a scattering sample, such as Ludox. In this

thesis, the TCSPC data are analyzed using Fluofit software (Picoquant)

that uses a reconvolution algorithm and least-squares analysis to obtain

a fit to measured data. The goodness of the fit can be acquired from the

reduced chi-square parameter that is given as [18]

χ2
R =

1

N − p

n∑
k=1

1

σk
[IM(tk)− IC(tk)]

2 , (3.3)

where N is number of datapoints, p is the number of fitted parameters,

IM(tk) is the measured data, IC(tk) is the calculated decay for a given
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number of datapoints used for the analysis and σk is the standard devia-

tion for each datapoint. Since the emission of a photon is a random process

occurring independently from each other, a TCSPC measurement follows

Poisson statistics. Thus, the standard deviation is simply the square root

of the photon count as σk =
√
IM(tk).

When working with multi-exponential decays, in most cases it is worth-

while to determine an average lifetime. In the analysis, the sum of am-

plitude components αi are usually normalized to unity (
∑

αi = 1). More-

over, two widely used expressions for the “average lifetime” are referred

to as intensity-weighted and amplitude-weighted lifetimes, which are in-

termixed quite freely in the literature. However to be specific, when

discussing average lifetime, only the intensity-weighted average lifetime

should be used. It is defined as

τ̄ =

∑
i αiτ

2
i∑

i αiτi
. (3.4)

The amplitude-weighted lifetime is defined as

〈τ〉 =
∑
i

αiτi ∝
∫ ∞

0
I(t) , (3.5)

which is proportional to the area of the decay curve. This makes the

amplitude-weighted lifetime useful when analysing the efficiencies of en-

ergy transfer as shown in Section 2.4.

3.2 Time-resolved emission spectra

The time-resolved emission spectra (TRES) can be recorded directly us-

ing pump-probe or upconversion methods or either indirectly using TC-

SPC. [18] TRES can be thought to represent the fluorescence spectra

taken at discrete times after a pulsed excitation. The procedure starts

by measuring the time-resolved decays at different emission wavelengths

λem across the fluorescence spectrum F (λ). In this thesis, the intensity

decays were recorded using 5 nm step size in the monochromator. With

500 μm slit width, the monochromator spectral resolution was approxi-

mately 1.5 nm. These time-resolved decays are used to construct a two-

dimensional matrix with wavelength and time as its dimensions, given

by

I(λ, t) =

n∑
i=1

αi(λ) exp [−t/τi(λ)] . (3.6)

Again, the amplitudes are normalized to unity. Next, a new set of inten-

sity decays need to be calculated so that the time-integrated intensity at
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each wavelength is equal to the steady-state intensity at that wavelength

H(λ) =
F (λ)∑

i αi(λ)τi(λ)
. (3.7)

Equations 3.6 and 3.7 are used to obtain the normalized intensity decay

functions at each wavelength, which are used to calculate TRES as in

I ′(λ, t) = H(λ)I(λ, t) = F (λ)

∑
i αi(λ) exp [−t/τi(λ)]∑

i αi(λ)τi(λ)
. (3.8)

The time-resolved emission spectra are now the curves obtained from

Eq. 3.8 taken at time ti. The TRES data I ′(λ, ti) can be improved by fit-

ting a log-normal line shape function to the data, where the log-normal

function is given as [73,74]

Iti(λ) = b exp

{
− ln 2

(
ln [1 + 2γ(λ− λp)/Δ]

γ

)2
}

, (3.9)

where the variables b, λp, γ and Δ denote the height of the peak, peak

wavelength, asymmetry parameter and width parameter, respectively. The

fitting is performed using a least-squares fitting function. An example of

the fitting result is given in Fig. 3.2 that shows the log-normal line shape

function as a red, dashed line fitted to the measured data points.
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Figure 3.2. A plot showing the results of the log-normal function (Eq. 3.9) fitting proce-
dure.

After the aforementioned procedures, the same data can be used to ex-

tract more information about the temporal evolution of the studied sys-

tem, such as the center of gravity and the full width at half maximum

(FWHM) of TRES as done in Publication IV. The center of gravity of

time-dependent spectrum is calculated as

λcg(t) =

∑
i I
′(λi, t)λi∑

i I
′(λi, t)

, (3.10)
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where
∑

i I
′(λi, t) (Eq. 3.8) is the summation over the time-resolved emis-

sion spectrum at some instant of time. The time-dependent full width at

half maximum (FWMH) is defined as

Δλ(t)2 =

∑
i [λi − λcg(t)]

2 I ′(λi, t)∑
i I
′(λi, t)

, (3.11)

where the summations are calculated in a similar fashion as the emission

center of gravity. The examination of Δλ(t)2 can reveal information about

the nature of the relaxation process. For example, a constant FWHM

during the spectral relaxation may suggest a continuous process, whereas

changes during the intermediate times could indicate a two-state process.

[75,76]
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4. Chlorophylls as nanophotonic
components

Through the evolutionary process, the green pigments in plants, algae

and bacteria, referred to as chlorophyll molecules, have become the vi-

tal components by which the photosynthetic organism convert solar en-

ergy into chemical energy. [77, 78] In photosynthesis, chlorophylls partic-

ipate in the light-harvesting, energy transfer and charge separation pro-

cesses. Nearly 100 different chlorophyll and bacteriochlorophyll pigments

are known today, where the majority of these pigments exist in anoxygenic

bacteria. [79]

This Chapter is organized in the following way: Section 4.1 presents

the structural and optical properties of chlorophyll molecules. Section 4.2

presents the typical assemblies found in nature. Finally, Sections 4.3 and

4.4 present the results from Publications I and II, respectively, in which

the potential of supramolecular zinc chlorin – polymer assemblies for pho-

tonic applications has been studied.

4.1 Chlorophylls

4.1.1 Structure

Most of the chlorophyll (Chl) molecules belong to the family of chlorin pig-

ments, which are derived from the porphyrin macrocycle.In the IUPAC

nomenclature the name “porphyrin”, describes heterocyclic molecules com-

posed of four pyrrole molecules connected together with methine bridges

as shown in Fig. 4.1a. [80, 81] Chlorins have a saturated bond between

C-17 and C-18 in ring D and are systematically named as 17,18-dihydro-

porphyrins. A further reduction in bond between C-7 and C-8 in ring B

forms the bacteriochlorin macrocycle, which is systematically referred to

as 7,8,17,18-tetrahydroporphyrin.
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Figure 4.1. (a) The structures of porphyrin, chlorin and bacteriochlorin macrocycles. [82]
The IUPAC-IUB 1-24 numbering scheme presentend for porphyrin. [80, 81]
The arrows show the saturated bonds for chlorin and bacteriochlorin. (b)
Chlorin-type chlorophylls with a saturated bond between C17/C18. (c)
Bacteriochlorin-type chlorophylls with saturated bonds between C7/C8 and
C17/C18. (d) The two of the most common variants in the ester group R17.

In nature, chlorophylls and bacteriochlorophylls are rarely met in the

forms shown in Fig. 4.1a. Instead, as an additional component, they

have an isocyclic five-membered ring E fused to the parent macrocycle

as presented in Figs. 4.1b and 4.1c. [83] Moreover, (B)Chls generally oc-

cur as Mg+2 coordination complexes and a sesqui- (C-15) or di-terpenoid

(C-20) long hydrocarbon chain esterified to the C-17 propionic acid chain

(Fig. 4.1d), but exceptions to both of these characteristics exist.

The macrocycle in all tetrapyrroles consists in alternating single and

double bonds between the carbon atoms, and has the ability to delocal-

ize the p-orbitals around the macrocycle forming a highly stable cyclic

π-orbital structure. [82] The cyclic macrocycle also gives rise to property

called aromaticity in all tetrapyrroles (porphyrins, chlorin, bacteriochlo-

rins) that is manifested by exceptional stability, low reactivity, planarity
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of the macrocycle, uniform bond distances, optical properties and diamag-

netic ring currents. [84,85]

The central metal in (B)Chls has a decisive influence in the formation

of natural and artificial assemblies via the metal-ligand coordinate bond.

The typical ligands in biological systems are different amino acid residues

(histidine, glutamine, asparagine), water and other Chls. [86,87] The Mg

atom can be found in penta- or hexacoordinated form with one or two axial

ligands, respectively, whereas Zn(II) as the central metal is only found as

tetracoordinated (without ligands) or pentacoordinated (one axial ligand)

forms. [88]

The peripheral substituents can provide additional bonding sites for hy-

drogen bonding or coordinative bonding with the central metal. For exam-

ple, the electronegative atoms in the periphery of the macrocycle (e.g. car-

bonyl group at 131) can act as hydrogen bond acceptor and an electroneg-

ative atom with covalently bonded hydrogen (e.g. hydroxy group at 31)

can act as the hydrogen bond donor. Moreover, due to the aromaticity

of the (B)Chls, they are prone to π-π interactions that usually take place

together with other interactions. Also, the long hydrocarbon tail plays im-

portant role in the (B)Chl assembly in biological systems via hydrophobic

interactions. [83]

4.1.2 Optical properties

The Chl molecules have strong absorption bands in the blue and red wave-

length regions, also referred to as the Soret band (~380-430 nm) and the

Q bands (~500-800 nm), respectively. These bands arise originate from

the π → π∗ transitions. [89] This is illustrated in Fig. 4.2 that presents

the molar absorption coefficient spectrum (εA(λ)) for a Chl a derivative

ZnPPME in tetrahydrofuran (THF). On the other hand, the Chls show lit-

tle absorption in green spectral region (approx. 500-600 nm), thus giving

a green or blue-green colour for the pigment. Because of this distinct fea-

ture, the molecules have inherited their name from Greek words (chloros

“green”) and (phyllos “leaf”).

The properties of (B)Chls are highly tunable, as the saturation of the

macrocycle bonds and the changes in the peripheral substituents can strong-

ly affect the optical properties. For example, the saturation of the 7,8-

double bond in BChls can increase the absorption in the visible and NIR

range even 2-3 times extending the usable spectral range without addi-

tional alterations in the molecule. [21,90,91]
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Figure 4.2. The molar absorption coefficient (εA) of ZnPPME in THF.

4.2 Biological chlorophyll assemblies

In the photosynthetic systems (PS), Chl molecules participate in the light-

harvesting, funneling the excitation energy towards the reaction center

(RC) and in the initial charge transfer process in the reaction center to

create a proton gradient across the thylakoid membrane. [92, 93] In this

sense, the Chl molecules are quite versatile, as they can act in any of the

roles depending from the distance between the pigments or in the molec-

ular environment. The photosystems are large protein assemblies con-

sisting of light-harvesting complexes (LHC) surrounding a single RC. The

RC’s are highly specialized pigment-protein complexes with low pigment

density. On the other hand the LHC surrounding the RCs, also known

as the antennae, have high pigment density containing hundreds of pig-

ments per RC. [94]

The most abundant chlorophylls in nature are Chl a and Chl b occur-

ring in a ratio of 3:1. [95] Chl a can be found from the peripheral and core

antenna complexes, where it performs light-harvesting and also partic-

ipates in the electron transfer within the reaction center. On the other

hand, Chl b is only found in the peripheral antenna complexes. As shown

in Fig. 4.1b, the Chl a and Chl b differ only by their peripheral compo-

nents. In position R7, Chl a has a methyl group and Chl b has a formyl

group. However, this small difference is sufficient to induce pronounced

alterations in the optical spectrum between these pigments broadening

the usable spectral bandwidth for photosynthesis. Therefore with subtle

alterations in the precursor molecule, nature has developed many vari-
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Figure 4.3. Fragment of the ligh-harvesting complex (LHCII) in Spinach. The chloro-
phyll molecules are shown as green. [ c© The Royal Society of Chemistry, Pub-
lication I]

ants to perform various functionalities for distinct purposes.

In algae and plants, the pigments are precisely organized by the protein

matrix to facilitate efficient excitation energy transfer that takes place

via the Förster mechanism. In general, this means that the pigments

are organized close together and in correct orientations leading to very

optimized structure that forms local energy funnels, avoids energy gaps

and minimizes concentration quenching. Moreover, the average distance

between the Chl molecules is 10 Å in most antenna complexes. [96] Figure

4.3 shows an example of fragment of the LHCII found in spinach, in which

the Chls are bound to the proteins by the coordination bond between Mg

and various amino acid residues.

However, the green sulphur bacteria have adopted totally different ap-

proach in their antennae structure. These bacteria live in extremely low-

light conditions and still create their energy through the photosynthetic

process. They possess the most efficient antenna structure found from

nature, also called as the chlorosome, which is connected to the RC by

the Fenna-Matthews-Olson complex. These structures are self-assembled

into densely packed aggregates with highest known pigment density in

nature. [97] Furthermore, due to the small distances between the pig-

ments, the excitonic couplings between the molecules are strong leading

to J-type of aggregation. The small distances also enable the excitation

energy to delocalize over multiple pigments, leading to efficient coherent

energy transport with quantum efficiencies close to unity. [6, 98] Artifi-

cial assemblies that mimic the chlorosomal structure have been prepared

by utilizing the self-assembly of suitable functionalized metallochlorins
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Figure 4.4. Sketch of self-assembled aggregates formed by Mg–oxygen electron pair coor-
dination and hydrogen bonding in BChl. [ c© The Royal Society of Chemistry,
Publication I]

and porphyrins via the hydrogen bonding and metal-oxygen electron pair

coordination as illustrated in Fig. 4.4. [53,54,99]

4.3 Mimicking nature - Emissive and absorption regimes in Zn
chlorin-poly(4-vinylpyrine) assemblies

Supramolecular dye-materials are particularly promising for creating func-

tional materials for photonics. [100–102] However, the aggregative ten-

dency of the dyes usually sets limitations for the usable doping levels

in non-interacting host materials. Hence, there has been an increasing

interest in supramolecular materials that can overcome the aggregative

dye-dye interactions. [103,104] Motivated by the pigment-protein analogy

from natural plants, in Publication I we studied supramolecular polymer

dye materials exhibiting functional similarities as their biological coun-

terparts. These results will be reviewed in this section.

As the host material we chose poly(4-vinylpyridine) polymer (P4VP).

The pyridine group in P4VP has a free electron pair that can either act

as a ligand for the central metal in coordinative bond or serve as a hydro-

gen bond acceptor. The binding of Zn chlorin to P4VP is also illustrated

in Fig. 4.5. The binding of Chls and metalloporphyrins to P4VP in solu-

tion has been evidenced by several studies. [105,106] Also recently, it has

been shown by Arulkashmir et al. that the P4VP host can prevent the

aggregation of Zn porphyrin in solid films even with high porphyrin load-
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(b)

(a)

Figure 4.5. (a) Schematic illustration of the non-covalent binding of Zn chlorin in P4VP
polymer matrix [Publication I]. (b) Zn Chlorin molecules studied in Pub-
lication I: Zn pyro-pheophorbide a methylester (ZnPPME) and Zn 31-OH-
pyro-pheo-phorbide a methylester (Zn-31-OH-PPME). [ c© The Royal Society
of Chemistry, Publication I]

ings. [107] As the pigments we chose Zn pyro-pheophorbide a methylester

(ZnPPME) and Zn 31-OH-pyro-pheo-phorbide a methylester (Zn-31-OH-

PPME) (Fig. 4.5b, which are straightforward to derivatise from algae iso-

lated pigments and are also chemically rather stable.

The Zn chlorin binding to P4VP in solution was studied using 1H NMR

and diffusion ordered NMR spectroscopy revealing that P4VP is capable

in tight coordinate bonding with the Zn chlorins even with rather high

pigment loading (~3 equiv. of P4VP, which is calculated from the molar

amount of pyridine units in P4VP). Moreover, the coordinative binding

was studied in the solid state using PS-b-P4VP block copolymer as well to

find out if the P4VP polymer can compete with self-aggregation tendency

of the Zn chlorins. Indeed, the transmission electron microscopy analysis

showed that without chlorins, the pure block copolymer assembles into

cylindrical nanostructures, in which the P4VP forms hexagonal cylinders

in PS matrix. Upon the addition of ZnPPME to the block copolymer, the
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structure is changed into lamellar morphology that is a clear indication

of the selective coordination of the Zn chlorins to the pyridine moieties

even with 1 equivalents. Primarily, the change originates from the volume

fraction increase of the P4VP domains due to the Zn chlorin binding.

Next, the optical properties of the Zn chlorin-P4VP assemblies were

studied thoroughly with absorption and fluorescence spectroscopy. The

required Zn chlorin-P4VP ratio was prepared in THF solution and spun

on glass substrates, which were heated at 80◦C for 2 h to remove resid-

ual solvent. Also, samples for ellipsometer and scanning electron mi-

croscopy (SEM) measurements were prepared on silicon substrates. The

measurements revealed that the spun films were smooth and approxi-

mately 200 nm thick.

Figure 4.6 shows the absorption spectra for Zn chlorin-P4VP assemblies

and Zn chlorins alone. Clearly, without the polymer the Zn chlorins form

aggregates, as evidenced by the line broadening and strong bathochromic

shift for the Qy band. The shifts from the monomer to aggregate corre-

spond to 666 → 677 nm and 655 → 699 nm for ZnPPME and Zn-31-OH-

PPME, respectively. The absorption spectra remains relatively constant

for the loading values between 1:100 and 1:2 equiv., indicating that the

P4VP host is able to keep the pigments in their monomeric form. How-

ever, for both pigments the spectra at 1 equiv. doping level exhibits ag-

gregation characteristics, whereas the Zn-31-OH-PPME Qy band exhibits

an additional shoulder around 700 nm, indicating stronger aggregation

tendency induced by the 31-hydroxy group.

The emission properties were first investigated using steady-state fluo-

rescence measurements. From the steady-state measurement, a linear de-

crease in the fluorescence intensity with increasing chlorin concentration.

Moreover, a linear quenching behaviour for both chlorins (Fig. 4.7a) was

observed in Stern-Volmer type of plots. Moreover, in the SV plot for the

Zn-31-OH-PPME at 6-10 wt% doping, the quenching strength increases.

This indicates that the self-aggregation due to the 31-hydroxy group starts

competing with the P4VP leading to enhanced coupling between the dyes,

which is in line with the results of the absorption measurements.

Figure 4.7b presents the measured amplitude-weighted average fluo-

rescence lifetimes as a function of pigment loading, which were calcu-

lated using Eq. 3.5. The fluorescence lifetimes remain quite constant up

to 0.5 wt% (~0.002 equiv.) concentration, but decrease drastically when

the concentration increases. Moreover, the decay modes change to biex-
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Figure 4.6. The normalized absorption spectra of (a) P4VP(ZnPPME) and (b) P4VP(Zn-
31-OH-PPME) for different pigment concentrations. The black and dashed
lines correspond to the pure chlorin aggregates without the polymer as a
reference. [ c© The Royal Society of Chemistry, Publication I]

ponential after the 0.5 wt% loading. Based on this, we can identify that

at low loading, the pigments mainly remain in monomeric form, i.e., no

substantial coupling between the dyes. For higher concentrations, the in-

termolecular distance is sufficiently short, enabling coupling via FRET.

To continue the analysis, the loading values were transformed to inter-

molecular chlorin-chlorin distances with the chromophore number density

as [108]

r =
3
√
ρ−1n = 3

√
wiρNA

Mdye
, (4.1)

where ρn is the number density, wi is the mass fraction of the pigments in

the polymer, ρ is the density of the host material and Mdye is the pigment

molar mass. FRET efficiency was calculated using Eq. 2.8, based on the

measured lifetime values. By fitting Eq. 2.5 to the calculated data, Förster

distance R0 could be determined for the assemblies as demonstrated in

Figs. 4.7c and 4.7d. The analysis yielded R0 values of 44.7 Å and 45.2 Å

for ZnPPME and Zn-31-OH-PPME, respectively. These values correspond

reasonably well to the reported literature values of 47 Å and 57 Å for Chl

33



Chlorophylls as nanophotonic components

 E
= 

1 
- 

(q
)/

(0
)

R0 = 45.2 Å 

measured
fitted

20 40 60 80 100
0

0.2

0.4

0.6

0.8

1

Intermolecular distance (Å)

(c)

 (n
s)

 

0.5

1.0

1.5

2.0
2.5

3.0

3.5

Dye concentration (wt%) 
2 4 6 8 100

(b) Zn-31-OH-PPME  
ZnPPME 

Dye concentration (wt%)

F 0
/F

(a)

2 4 6 8 10

2

4

6

Intermolecular distance (Å)
20 40 60 80 100

0

0.2

0.4

0.6

0.8

1

R0 = 44.7 Å 

(d)

 E
= 

1 
- 

(q
)/

(0
)

measured
fitted

Zn-31-OH-PPME  
ZnPPME 
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istry, Publication I]

b-Chl a and Chl a-Chl a pairs in a LHCIIb complex, respectively. [109]

4.4 FRET mediated energy transfer in Purpurin 18-Zn
chlorin-poly(4-vinylpyridine) assemblies

In Publication I, the emission and absorption regimes for the Zn chlorin-

P4VP assemblies were identified, showing that this type of system could

be utilized as an absorbing antenna structure or as an emissive moiety.

However, the small Stokes shift and the low optical density of the assem-

blies limits their usability in emitting applications. For emitting appli-

cations, both of these factors could be enhanced with donor-acceptor ar-

chitecture by integrating an another pigment acting as the emitter in the

Zn chlorin-P4VP matrix, illustrated in Fig. 4.8a. Naturally, this emitting

pigment should fluoresce with lower energy than the absorbing moiety.

In Publication II, we wanted to study systems, where energy transfer in

donor-acceptor assemblies mediated by FRET could be used to enhance

the emissive properties of the material. These results are reviewed next.

34



Chlorophylls as nanophotonic components

P18

ZnPPME

FRET
hv1

hv2

hv2

hv1

FRET

P18

(a)

350 450 550 650 750

2
4
6
8

10
12
14
16

x 104

(nm)M
ol

ar
 a

bs
or

pt
io

n 
co

ef
fic

ie
nt

 (M
-1

 c
m

-1
)

P18
ZnPPME

(b)

Figure 4.8. (a) Schematic picture of the donor-acceptor type of assembly, where the pig-
ments are coupled via FRET. (b) The Purpurin 18 molecule used in the study
and the molar absorption coefficient for ZnPPME and P18 highlighting the
spectral differences between these pigments. [ c© IEEE, Publication II]

In the study, we selected Purpurin 18 (P18) and ZnPPME as the acceptor

and donor moieties, respectively. Figure 4.8b presents the P18 molecule

and also the absorption coefficient for both the P18 and ZnPPME demon-

strating the spectral differences between these pigments. The additional

experimental details can be be found from Publication II.

The study was started by investigating the spectral overlap between

ZnPPME and P18. Figure 4.9a shows both the absorption and fluores-

cence spectra for ZnPPME and P18. The spectral overlap extends from

640− 740 nm, being highest at ca. 678 nm. The absorption and fluores-

cence peaks can be found from λQy = 666 nm and λem = 675 nm, respec-

tively. Correspondingly for P18, the absorption and fluorescence peaks

are λQy = 704 nm and λem = 712 nm, respectively. Therefore, the Stokes

shift for this hybrid assembly is increased from 9 nm to 48 nm by using

P18 as an acceptor moiety.

To investigate whether FRET is taking place within the assemblies, we

performed excitation fluorescence scans with a spectral range of 400 –

600 nm, which are shown in Fig. 4.9b. The excitation spectra were col-

lected for emission wavelengths 675 nm and 712 nm corresponding to

the fluorescence maxima of ZnPPME and P18, respectively. Distinctively,

the excitation spectrum of P18 has a good correspondence to the P18 ab-
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and P18 (red) in P4VP. (b) Fluorescence excitation spectra for P18-ZnPPME-
P4VP (dashed) and P18-P4VP (solid) assemblies. [ c© IEEE, Publication II]

sorption spectrum spectral details. Likewise, the excitation spectrum

for the P18-ZnPPME hybrid collected at λem = 675 nm reproduces the

spectral properties of ZnPPME absorption spectrum. The situation, how-

ever, is drastically changed when the excitation scans are collected at

λem = 712 nm. The Soret band is significantly broadened, consisting from

both P18 and ZnPPME peaks, indicating that the energy of ZnPPME is

effectively transferred to P18.

Figure 4.10 shows the fluorescence spectra of the P18-ZnPPME-P4VP

assembly with different ZnPPME:P18 ratios. Clearly, two peaks at 675 nm

and 712 nm are visible when the samples are excited with λexc = 430 nm.

As the P18 concentration increases the ZnPPME emission decreases, while

the P18 emission increases proportionally. Due to poorly chosen excitation

wavelength, some direct P18 excitation might occur, but nevertheless, the
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Figure 4.10. The normalized fluorescence spectra of P18-ZnPPME-P4VP assembly with
different ZnPPME:P18 ratios. [ c© IEEE, Publication II]
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observed trend clearly demonstrates the existence of FRET within the as-

semblies.

Finally, the time-resolved measurements were carried out for the as-

semblies. The ZnPPME concentration was fixed at 2 wt%, while the

ZnPPME:P18 ratio was altered. Table 4.1 presents the lifetime analysis

results, together with the calculated effective energy transfer efficiency,

calculated using Eq. 2.8. The donor lifetime was 1.31 ns. The obtained

results clearly demonstrate that even at low acceptor concentrations, an

efficient FRET process is taking place, which enables P18 to efficiently

quench the ZnPPME fluorescence. This is also supported by the exper-

imentally determined R0 value of 42.2 Å. The FRET efficiency calcula-

tions show that the effective efficiency reaches a value of 82% for the

ZnPPME:P18 ratio of 2:1. Moreover, the data also demonstrates that the

FRET efficiency can be controlled by changing the ratio between ZnPPME

and P18.

Table 4.1. The fluorescence lifetimes of ZnPPME and the effective FRET efficiencies for
the P18-ZnPPME-P4VP complex with different ZnPPME:P18 ratios. [ c© IEEE,
Publication II]

ZnPPME:P18 ratio τD (ns) EFRET

20:1 0.60 0.54

6:1 0.69 0.47

3:1 0.26 0.80

2:1 0.23 0.82
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5. Nucleobases for photonics

Nucleotides are the building blocks in deoxyribonucleic acid (DNA) and

ribonucleic acid (RNA). These polymers convey and store all genetic in-

formation in living organisms. DNA has been utilized quite extensively

in electronic and photonic applications, for instance, as the electron trans-

port layer in organic light-emitting diodes (OLEDs) [110], polymer waveg-

uides [111], nonlinear optical devices [112] and as the gate dielectric in

organic field-emitting transistors [113], to mention a few. On the other

hand, nucleobases (NBs), the constituent moieties of DNA, have gained

significantly less attention. This is surprising, as monomeric entities they

are compatible with vacuum-based deposition techniques, and their prop-

erties are more reproducible in comparison to polymeric DNA. [3]

This Chapter is arranged in the following way. First, Section 5.1 will

discuss some general properties of nucleobases. Second, Section 5.2 will

present atomic and molecular layer deposition technique, which can be

used to fabricate inorganic-organic assemblies. Finally, Section 5.3 will

summarize the results of Publications III and IV, in which crystalline Na-

uracil assemblies exhibiting excitation-dependent emission were studied.

5.1 Nucleic acids and nucleobases

Figure 5.1 illustrates the double-helix structure of DNA polymer that con-

sists of hydrogen-bonded nucleotide pairs. The nucleotides are composed

of unique nucleobases, pentose sugar molecule and a phosphate group.

The helical structure of DNA is enabled by the complementary Watson-

Crick pairing between the base pairs. The base pairs consist of purine

bases (also known as nucleobases); guanine and adenine, and pyridimine

bases; thymine and cytosine. On the other hand in RNA, the thymine

is replaced by uracil (pyridimine). RNA, the single-stranded nucleic acid
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polymer, is mainly responsible in translating the genetic information of

DNA into proteins.

The nucleobases (NBs) exhibit quite large HOMO-LUMO bandgaps in

the energy range from 3.6 to 4.1 eV. [114] According to the reported stud-

ies, the relative ionization potentials are ordered in a following manner;

guanine < adenine < cytosine < thymine < uracil. From the NBs, guanine

has the smallest HOMO and LUMO levels, making it good for hole trans-

port and electron blocking, whereas uracil has the highest HOMO level

for hole blocking and LUMO level for good electron transport. [115,116]

Typically, NBs are non-luminescent due to the extremely low quantum

yields, caused by the extremely efficient internal conversion. [117, 118]

As an example, the typical fluorescence quantum yields of pyridimines in

water are around 0.01. [119] However, earlier research also suggests that

small variations to the NB conjugated system could dramatically increase

quantum yields, opening new pathways to create more emissive species.

[120,121]
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Figure 5.1. Left-hand side illustrates the double-helix structure of DNA polymer com-
posed of hydrogen-bonded NB pairs stacked between the sugar-phosphate
polymer chains. Right-hand side shows the nucleobases of RNA and DNA,
where the complementary hydrogen bonding sites in Watson-Crick pairing
are highlighted.
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5.2 Atomic/Molecular layer deposition

Atomic layer deposition (ALD) is a chemical vapour deposition technique

that relies on the two-step, self-terminating surface reactions. [122, 123]

Due to the sequential, self-limiting deposition steps, ALD can be used

to deposit conformal films onto even most demanding surface topologies,

such as nanostructured and high-aspect ratio surfaces and flexible sub-

strates with atomic level thickness control. [124,125] ALD deposited films

have been shown to be uniform and pinhole-free with typical growth rates

of 1 Å per reaction cycle. [126,127]

The introduction of sequential, self-limiting processes utilizing organic

precursors has made it possible to grow organic films with similar growth

characteristics as the ALD deposited materials. This variant of ALD is

referred to as molecular layer deposition (MLD) as actual molecular frag-

ments are deposited. [128] Moreover, the combined action of ALD and

MLD techniques enables the deposition of hybrid inorganic-organic as-

semblies, where the organic molecules are covalently bound to the metal

atoms to form periodic, interlinked inorganic-organic chains. [129–131]

These hybrid films may not necessarily possess just the combined prop-

erties of their host materials, but can also exhibit totally novel material

properties.
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Figure 5.2. (a) Schematic presentation of the four ALD/MLD steps; 1. pulsing of the inor-
ganic precursor, 2. purge of the excess precursor and byproducts, 3. pulsing
of the organic precursor and 4. purge. (b) Resulting inorganic-organic hybrid
assembly with full monolayer coverage, i.e. the ideal case.
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The typical ALD/MLD cycle is depicted in Fig. 5.2a that consists of four

steps; precursor pulsing steps and purging steps. Also, Figure 5.2b shows

a schematic illustration of a hybrid material, assuming a full monolayer

coverage. The full monolayer coverage is an idealized case that should

be achievable with sufficiently long precursor pulses. However, in prac-

tice there are many reasons why partial coverage takes place. One ex-

ample could originate from the tilting or folding of linear, flexible or-

ganic molecules, which will reduce the amount of active sites on the sur-

face. [129]

5.3 Excitation dependent emission in three-dimensional sodium
networked uracil assemblies

Publications III and IV employed the ALD/MLD technique to fabricate

hybrid inorganic and organic assemblies in layer-by-layer fashion. In this

case, the utilized inorganic moiety was sodium cation and the organic moi-

ety was uracil.

Uracil is known to assemble in a specific crystal structure (shown in

Figure 5.3), which is stabilized via the hydrogen bonds and stacking inter-

actions. [132, 133] Moreover, a tetrametric configuration has been shown

to be favourable in the crystallization of NBs. [134] Uracil exhibits a ten-

dency to bind alkali metals, such as sodium via the oxygen atoms. [135]

In this sense, an inclusion of metal ion to form a stable crystalline nucle-

obase structure has a novel character, which has not been demonstrated

before.

Figure 5.3. Planar uracil structure described in Refs. [132, 133] and the labelling of the
constituent atoms: oxygen (red), nitrogen (blue), hydrogen (white) and carbon
(black).
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The films were grown on the substrates using ALD/MLD layer-by-layer

method taking place via ligand-exchange reactions between the uracil and

Na(thd) (thd: 2,2,6,6-tetramethyl-3,5-heptadionate) precursors. The step

height determined by AFM was 95 nm for a film deposited with 200 cy-

cles, yielding a growth-per-cycle (the average increase of thickness in one

ALD/MLD cycle) value of ca. 4.8 Å/cycle.

The structural properties were analyzed using Fourier transform in-

frared spectroscopy (FTIR). The FTIR spectra of uracil reference and Na-

uracil is shown in Figure 5.4. The most pronounced red shifts are de-

tected for modes ν(C2−−O) from 1710 to 1699 cm−1 and ν(N3−H) from

3129 to 2918 cm−1 indicating that C2−−O and N3−H are hydrogen bonded.

[136] On the other hand, the ν(C2−−O) red shift could also originate from

the binding of sodium ions through oxygen. The band at 1630 cm−1 be-

longs to ν(C4−−O) with a mixture of ring modes, although a contribution

of adsorbed water could be present. [137] The red shift of this band to

1608 cm−1 could originate from the carbonyl group interaction with the

Na ion. [138, 139] The blue-shifted resonance from 1414 to 1427 cm−1

is assigned to the N−H···O hydrogen-bonding, as reported earlier. [138]

Moreover, the N−H bond shift 1507→1553 cm−1 provides additional evi-

dence in the collaborative hydrogen-bonding between the uracil molecules.

[140]
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Figure 5.4. The FTIR spectra from uracil reference powder (green) and Na-uracil thin
film (blue). Figure (a) shows the whole measured specturm and (b) shows a
selected wavenumber area.

The films were found to be crystalline, as indicated by the sharp diffrac-

tion peaks in the grazing incidence X-ray diffraction measurements

(GIXRD) in Fig. 5.5a. However, the peaks could not be fitted to any spe-

cific crystal structure, due to the complex and polycrystalline nature of
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Figure 5.5. (a) GIXRD spectrum of the sodium-uracil thin film deposited on silicon. (b)
The proposed unit cell of the Na-uracil tetrametric structure, where four
uracil molecules are bounded to one sodium ion (cyan). The hydrogen bonds
are depicted with dashed lines.

these nucleic acid derived hybrid films.

Since GIXRD analysis was not able to shed light on the crystal struc-

ture of the Na-uracil films, density functional theory (DFT) calculations

were used to investigate the structural parameters. Based on previous

literature, the explored geometry was limited to planar tetrametric con-

figuration that is capable of forming stable 2D structure as illustrated in

Fig. 5.3. Based on the FTIR and NMR data, the structure in Fig. 5.5b was

proposed. In this configuration, three neutral and one protonated uracil

bound to Na cation in the central space was found to form a remarkably

stable structure.

Following the structural investigations, the samples were studied opti-

cally. Figure 5.6a shows the measured absorption spectra of the uracil

reference and the Na-uracil thin film both deposited on quartz. The uracil

reference sample has two peaks at 200 nm and 260 nm, which are as-

signed to n → π∗ and π → π∗ transitions according to previous research,

respectively. [118] In the case of Na-uracil, the 260 nm peak shifts to

277 nm and becomes broader. In addition, a long spectral trail is visible

that extends to the visible wavelength range.

To gain more information about the optical properties, the absorption

spectra of uracil and Na-uracil was calculated using time dependent DFT.

As illustrated in Fig. 5.6, the measured spectra agrees well with the cal-

culated ones. The observed bathochromic shift could originate from the

planar tetrametric configuration of the uracil molecules. In addition, the
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(b) Calculated absorption spectra of uracil (red) and Na-uracil (blue).

spectral trail could originate from the lower energy peaks similar to the

one observed at 350 nm, but broadened by the structural heterogeneity in

the Na-uracil film.

The steady-state fluorescence spectra are presented in Fig. 5.7. Surpris-

ingly, the samples exhibited strong and intense fluorescence signals. The

strongest signal was obtained using 280 nm pump wavelength. As illus-

trated in Fig. 5.7a, the Na-uracil films showed an excitation-dependent

fluorescence in a broad wavelength range that starts taking place af-

ter the 310 nm excitation wavelength. To further study the shifting be-

haviour, the emission peak wavelengths were plotted as a function of the

excitation (Fig. 5.7b). The fitted curve is linear (R2 = 0.988) with a slope

of 0.68 between the emission and excitation wavelengths. The slope stays

essentially constant up to 540 nm excitation wavelength.

The shifting behaviour of fluorescence taking place at the red edge of the
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Figure 5.7. Images from uracil sodium assemblies exhibiting a broad excitation depen-
dent emission. (a) Normalized emission spectra with various excitation wave-
lengths. (b) A graph of the emission dependency from the excitation wave-
lengths including a linear fit with fitting parameters.
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absorption spectrum is also known as the REES effect. This phenomenon

is described in more detail in Section 2.6. To investigate in more detail

this phenomenon, the assemblies were characterized in the time domain.

According to the REES model, one should observe a continuous relaxation

in TRES (cf. Section 3.2). To construct the TRES matrix, fluorescence

intensity decay data was collected across the whole emission spectrum for

400 nm excitation wavelength. The fluorescence decay data was analyzed

using a three-exponential model.

Figure 5.8a shows a collection of normalized TRES spectra calculated at

different times after the excitation. The observed shifting of the TRES

spectra to longer wavelengths is in accordance with the REES model.

REES model also predicts that species excited to the FC state should emit

at higher energies than the R state. Moreover, the emitting species at R

state should exhibit longer lifetimes than the species in the FC state. This

is exactly what is observed in Fig. 5.8b.

The figure shows intensity weighted lifetimes (Eq. 3.4) recorded at dif-

ferent wavelength values of the emission spectrum. The lifetime increases

linearly from 1.7 to 2.4 ns, illustrating that the FC species emit their light

earlier than the relaxed moieties. One can also conclude that the transi-
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Figure 5.8. Results of TRES and lifetime analysis. (a) TRES spectra taken at different
points of time after the excitation, (b) Average lifetime (τ̄ ) as the function of
emission wavelength, (c) Emission center of gravity as the function of time
after excitation and (c) the fluorescence emission halfwidth as the function of
time after excitation.
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tion takes place in a continuous manner.

To strengthen the evidence for the REES model, the time-dependent

fluorescence center of gravity and the fluorescence spectrum half width

were calculated, shown in Figures 5.8c and 5.8d, respectively. The re-

sults are consistent with the REES model that requires continuous spec-

tral changes. The center of gravity demonstrates a dynamic Stokes shift,

where the majority of changes take place within 1 ns. Moreover, the spec-

tral half width stays quite constant during the spectral relaxation.

Typically, the NB lifetimes are in the picosecond range due to the ex-

tremely efficient internal conversion. However, the measured uracil life-

times for our films are three orders of magnitude higher than the reported

values for uracil in aqueous solution. [117,141] Thus, based on the defini-

tion of lifetime (Eq. 2.4), one of the rate constants, knr or Γ must decrease.

The most probable explanation would be the decrease of the non-radiative

component, as the samples also exhibited bright fluorescence. This be-

haviour could stem from the interactions between uracil and sodium, or

the extensive hydrogen bonding network between uracil molecules, which

can inhibit the internal conversion process in uracil.
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6. Plasmon enhanced spectroscopy

Plasmonics refers to the phenomena that arise from the coupling between

electromagnetic fields and the conduction electrons of metallic interfaces

or metallic nanoparticles. For various nanophotonic applications, this cou-

pling is highly beneficial as it allows confining light into nanometer scale.

This in turn enables new possibilities to use light to manipulate and in-

teract with single nanoscale objects with small absorption cross-sections

(e.g. molecules), which would otherwise be impossible. [24]

To date, metallic nanostructures have been employed in various ap-

plications, such as sensing elements for chemical and biological experi-

ments [142, 143], enhanced spectroscopies (e.g. fluorescence and Raman

scattering) and to enhance nonlinear processes [144, 145]. Moreover, sin-

gle molecule detection sensitivity has been demonstrated [146], resulting

in a wealth of applications utilizing metal enhanced fluorescence (MEF)

[147,148] and surface enhanced Raman scattering (SERS) [149,150].

This Chapter is organized in following way. The first section discusses

the properties of surface plasmon resonance and the influencing factors.

Next section presents the foundations for metal enhanced fluorescence

and surface enhanced Raman scattering. The last sections will review the

results of economical and large-scale plasmonic substrates development

for fluorescence enhancement and surface enhanced Raman scattering

applications published in Publications V and VI, respectively.

6.1 Localized surface plasmon resonance

When light interacts with a metallic particle, it can give rise to the col-

lective oscillation of the conduction electrons, also referred to as localized

surface plasmon resonance (LSPR), which is illustrated in Fig. 6.1. These

coupled modes of electrons and the incident electromagnetic field are lo-
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calized close to the metal-dielectric interface with exponentially decaying

electric field in a direction perpendicular to the interface. Resulting from

this localization, LSPs can concentrate the incident light to nanometer

scale and provide orders-of-magnitude enhancements to the local electro-

magnetic field strength. [12]

This local field enhancement enables plasmonic nanoparticles (NP) to

be utilized as antennas that can efficiently focus the incoming electro-

magnetic radiation into small volumes. For isolated particles, the focus-

ing effect is considered to consist of the plasmonic enhancement at the

resonance frequencies and the lightning rod effect, which is related to the

shape of the particle. The plasmonic enhancement effect takes place by ac-

cumulating of surface charges upon resonance that produces the strongly

localized electric fields. The lightning rod effect is a phenomenon in which

sharp features of an electrically charged particle produce the strongest

electric fields. [12,24]
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Figure 6.1. Schematic illustration of the localized surface plasmon oscillation for metal
nanoparticle in a sinusoidally varying electric field.

The resonance wavelength is affected by multitude of different factors,

such as shape and size of the particle, composition and local environment.

Generally, the increase in the particle size tends to red shift the reso-

nance. Moreover, the extinction spectrum of a NP consists of scattering

and absorption that exhibit R6 and R3 dependency on the particle radius,

respectively, meaning that for small particles (R < 25 nm) the extinction

is mostly dominated by the absorption, whereas for large particles the

scattering dominates. [151]

In the quasi-static approximation (d 	 λ, i.e. the particle is much

smaller than the wavelength of incident light), the polarizability for a
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spherical particle is given as [152]

α(ω) = 4πR3 ε(ω)− εm
ε(ω) + 2εm

, (6.1)

where εm is the dielectric constant of the surrounding medium and ε(ω) is

the dielectric function of the metal particle. Although Eq. 6.1 is only appli-

cable to small, spherical particles, it demonstrates the strong dependence

of the resonance frequency on the dielectric environment, which is the ba-

sis for LSPR sensors in biological and chemical experiments. Typically,

when the value εm increases, the resonances will red shift. [153]

In the visible spectral range, the most popular materials are gold (Au)

and silver (Ag) due to their low losses. From these two materials Ag has

lower losses, but it’s strong chemical reactivity has favoured Au in prac-

tical applications. Also recently, aluminium [154] and copper [155] have

been been utilized as cheap and abundant plasmonic materials for UV-Vis

and NIR spectral range, respectively.

Coupled NP systems can provide improved tunability and control of

spectral properties in respect to single NP systems. The coupling effects

between plasmonic NPs can lead to spectral changes and additional field

enhancements. For example in a particle dimer, by adjusting the dis-

tance between the particles and shifting between the two orthogonal po-

larizations of the incident light, the resonance can be tuned anisotrop-

ically. [156] Also in particle dimers (or oligomers) with few nanometer

gaps, the near-field coupling can create intense field enhancements, also

referred to as “hot spots”, enabling single molecule sensing [157] or su-

percontinuum generation [158]. Moreover, the ordered arrays of NPs can

exhibit extremely narrow and intense extinction lineshapes due to the

collective/coupled resonance modes that consist of the single NP LSPRs

and the diffraction orders of the array [159,160]. Moreover, these ordered

arrays can be tuned for spectrally [161] or spatially [162] selective re-

sponses. Finally, ordered clusters of NPs can support complex collective

oscillations that can provide very broad plasmonic resonances with tun-

able Fano resonances for sensing purposes. [163]

6.2 Plasmon enhanced spectroscopy techniques

In this thesis, the investigated surface enhanced spectroscopic techniques

are MEF and SERS. Both of these phenomena can be described within the

same theoretical quantum optical framework, differentiated only by the

51



Plasmon enhanced spectroscopy

molecule-NP distance. [164, 165] In principle, the observed enhancement

effects in both techniques consist of two factors that are:

1. Increased excitation rate for the molecule.

2. Improved emission to the far field.

The contribution of these factors takes place in a following way. First, the

metallic NP will concentrate the incoming radiation into nanoscale vol-

umes that intensifies the local field and increases the excitation rate. In

the presence of metal particle, the local field enhancement for a molecule

situated at r is given as

γexc ∝ |E(r, λ)|2 / |E0|2 , (6.2)

where E0 is the electric field without the nanoparticle present.

Second, the excited fluorophore induces a mirror dipole in the NP, which

can reradiate the emission more efficiently to the far field resulting in

enhanced luminescence. It has been considered that this coupling takes

place via the scattering modes of the NP. This theory has been supported

by the observation of angular-dependent and p-polarized emission in MEF

measurements indicating that the far-field emission originates from a cou-

pled plasmon-fluorophore system. [166, 167] In addition, due to the scat-

tering efficiency dependency in the particle size, particles in which the

scattering dominates over the absorption, have been shown to be more

ideal for MEF applications. [168]

As a summary in both cases, the NPs can be thought to act as an an-

tenna that can function either in the focusing or collecting mode. The

following of this section will be devoted in a more detailed description of

the principles of MEF and SERS.

6.2.1 Metal enhanced fluorescence

In addition to the aforementioned factors, the plasmonic NPs also change

the local photonic mode density leading to changes in the radiative and

non-radiative decay pathways as illustrated in Figure 6.2. These changes

play an important role in the fluorescence enhancement.

The quantum yield and lifetime for an isolated molecule were introduced

in Section 2.2. The modified quantum yield for a fluorophore in the vicin-
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Figure 6.2. Schematic Jablonski diagram for (a) an isolated fluorophore and (b) a fluo-
rophore adjacent to a metal nanoparticle. Γ and knr are the radiative and
non-radiative decay rates for an isolated molecule, whereas Γm and km are
the radiative decay rate and non-radiative decay rate for a molecule next to
a plasmonic NP, respectively. ka and γexc are absorption rates for an isolated
molecule and a molecule-plasmonic NP moiety, respectively.

ity of a plasmonic NP is expressed as [19]

Φm(d) =
Γm(d) + Γ

Γm(d) + km(d) + Γ + knr
, (6.3)

where Γm and km are the radiative decay rate and non-radiative decay

rate induced by the metal NP, respectively. Moreover, both Γm and km

depend on the distance d between the NP and the fluorophore. Similarly,

the lifetime changes to

τm(d) =
1

Γm(d) + km(d) + Γ + knr
. (6.4)

Both Γm and km will approach zero with increasing fluorophore-metal dis-

tance, and thus the Φm will approach the value of Φ at far enough separa-

tion. The contribution of km dominates at distance smaller than 2 nm due

to the efficient unidirectional energy transfer to the metal particle, which

will quench the fluorophore effectively. However, the effectiveness of km

decreases more rapidly than Γm at longer distances. Because of this, MEF

experiments often employ a dielectric spacer layer to prevent quenching.

Moreover, various single molecule experiments in which the emission in-

tensity has been measured as a function of the particle-molecule distance,

have given a strong evidence that the fluorescence enhancement has a

local maximum. [169–171]
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In addition, the relative orientation of the fluorophore to the metal and

the degree of spectral overlap between the LSPR and the absorption/emis-

sion spectra is an important factor determining the fluorescence enhance-

ment strength. [172] Recent investigations indicate that the maximum

enhancement value is obtained when the fluorophore emission peak is

slightly red shifted from the plasmon resonance of the particle. [173] Fi-

nally summing up all the contributions, the fluorescence rate enhance-

ment using Eqs. 6.2 and 6.3, is given as γenh = γexcΦm/Φ.

The plasmonic NP induced quantum yield increase always leads to short-

ening of the molecule lifetime. This also means that the fluorophore stays

less time in the excited state, which in turn decreases the probability that

a fluorophore can decay by another pathway or photobleach, which im-

proves the photostability of the molecule. [10,19]

It is worth noting that if the intrinsic quantum yield of a fluorophore is

already close to unity (e.g. Rhodamine 6G [174] or terrylene in p-terphenyl

matrix [175]), the achievable enhancement values are much more mod-

est, 10-20-fold. [170, 171] However, for fluorophores with lower quantum

yields, the obtainable enhancement values can be substantially higher.

For instance, a 40-fold enhancement has been obtained for IR800 fluo-

rophore with gold nanoshells [148], a 100-fold enhancements have been

measured for cyanine dyes situated in periodic silver nanoparticle ar-

rays [176] and even 400-fold enhancements have been obtained for ph-

thalocyanine molecule with a silver island film with 15 nm fatty acid

spacer layer [177].

6.2.2 Surface enhanced Raman scattering

Raman scattering is an inelastic scattering phenomenon in which a pho-

ton is coupled to the vibrational modes of the molecule via the polariz-

ability of a molecule. [178, 179] This process is schematically illustrated

in Fig. 6.3. In a classical scattering phenomenon, most light is scattered

elastically (Rayleigh scattering) meaning that the incident and scattered

photons have same energy. When a part of the incident photon’s en-

ergy is transformed into vibrational quanta of the molecule, this process

is termed as Stokes scattering. In this case, the scattered photon has

lower energy than the incident photon. Also, there might exist a possi-

bility that the molecule already lies at an excited vibrational state, and

the scattering takes place to the ground state. In that case the scattered

photon has higher energy than the incident photon. This type of scat-
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tering is referred to as anti-Stokes scattering and it is generally weaker

than the Stokes scattering process. The resulting Raman spectrum pro-

vides unique “fingerprint” for a given molecule and provides a powerful

label-free measurement scheme, which has enabled the widespread use of

Raman in physical, chemical and materials sciences. [180,181]
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Figure 6.3. Schematic Raman scattering diagram.

Since, the Raman scattering cross-section (~10−30 cm2) is 14-15 orders-

of-magnitude smaller than the fluorescence cross-section (~10−15 cm2),

surface enhanced Raman scattering (SERS) has emerged as a powerful

method to enhance the Raman signals. [182, 183] When a molecule is

brought close to a roughened metal surface or plasmonic nanostructure,

the Raman signal can be increased by 4-14 orders of magnitude in compar-

ison to bulk, enabling single molecule sensitivity. [13, 146] The enhance-

ment in a SERS experiment consists of the plasmon-molecule coupling

that was discussed in the beginning of this section and from chemical en-

hancement. The chemical enhancement can provide roughly 10-100 times

boost to the Raman signal. [184] Since the frequency shifts of the Ra-

man scattered light are usually much lower than the plasmon resonance

linewidth, the total enhancement factor can be approximated to mainly

consist of the local field enhancement as G = |γexc(ω)|4. [24] Especially, the

“hot spots” between adjacent metal nanostructures provide the highest

enhancement. Recent studies have also shown that they also contribute

disproportionally large portion of the observed Raman signal. [185, 186]

Furthermore, as both of the enhancement mechanisms require close prox-

imity to the plasmonic particle in order to work effectively, the SERS en-

hancement decreases very rapidly as the function of distance.
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6.3 Plasmonic materials for surface enhanced spectroscopy

The majority of periodical nanostructures are currently fabricated using

e-beam lithography (EBL) or focused ion beam (FIB) milling. [187–189]

In EBL, a photoresist is sequentially exposed using an electron beam,

which is followed by development and lift-off steps. In FIB, a metal film

or bulk is milled with energetic ions causing site specific sputtering to

define the desired structure. Both methods provide high-resolution and

structural design freedom making them ideal for prototyping. However,

due to their serial nature, both methods have very high fabrication costs,

rendering them unfeasible for patterning areas larger than a couple of

mm2. [176, 190] This high-cost can be amended with other techniques,

such as nanoimprint lithography (NIL), where a large master stamp is

used to pattern structures on a soft resist. [191] However, this approach

limits the freedom in design and the high-cost related in the patterning of

the stamp is still present. Moreover, imprinting high-aspect ratio nanos-

tructures is not a trivial task, even with dedicated facilities.

Other approaches to produce periodical structures include bottom-up

methods and interference lithography. Bottom-up methods utilize self-

-assembly of colloidal spheres to form a mask or template for metal depo-

sition. A notable example of this is the Fischer pattern, which is created

using self-assembled polystyrene sphere acting as the shadow mask and a

subsequent metal evaporation. However, the creation of sufficiently large

and defect-free structures is challenging, which limits the applicability of

this approach. [192]

Optical interference lithography (IL) is an established technique that

has several advantages in fabricating periodic structures. [193–195] IL

utilizes an interference pattern to expose photoresist created by two or

more intersecting, coherent light sources. As a technique, IL is relatively

simple and inexpensive and capable of exposing a whole wafer at once

without a need for a photomask. The downsides of traditional IL are

related to the sensitivity of the post-processing steps, e.g., the used re-

sists are sensitive to stray light, temperature and moisture. Thus, all the

post-processing steps must be conducted immediately after the exposure

and preferably in facilities (e.g. cleanrooms), where the temperature and

moisture are controlled. Moreover, even moderately reflective surfaces

can lead to the generation of standing wave patterns in the photoresist,

which are unwanted in the exposure process. [194, 196] The amplitude of
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this standing wave pattern can be decreased by reducing the reflection

of the substrate surfaces with highly absorbing and antireflective coat-

ings. [194] Also, increasing absorption of the resist (e.g. by incorporating

dyes) can decrease the standing wave effect.

Figure 6.4 illustrates the Lloyd mirror interferometer setup used in Pub-

lication V, where the mirror is perpendicular to the substrate creating the

second beam. In this type of interferometer, the directly incident and the

reflected beams will create the interference pattern on the surface of the

photoresist film with a periodicity of Λ = λ/2 sin θ. [197, 198] By rotating

the whole mirror stage with respect to the incident beam, the periodicity

Λ can be adjusted from tens of microns to the half wavelength. However,

if the beam divergence angle is not zero, this will introduce error in the

interference pattern periodicity away from the mirror. [198] The Lloyd

mirror setup is quite robust to mechanical vibrations and air turbulence,

since only the optical path variations between the closely spaced mirror

and sample give rise to interference pattern disturbances.

Mirror

Sample

Laser beam Rotation
stage

Figure 6.4. Schematic illustration of the interferometer setup using the Lloyd mirror.

For SERS applications, non-ordered structures have gathered consid-

erable attention due to the ease of fabrication. The selection of utilized

structures is quite broad, such as colloidal metal particles in solution

[13,146], roughened surfaces (metal islands [199], chemically etched sur-

faces [200]), metallic nanowires [201] and silicon nanowires coated with

metal [202] to mention a few. These disordered aggregates can provide

very high enhancement factors due to the abundance of “hot-spots”, but

a trade-off between the reproducibility and enhancement is often encoun-

tered. The highest enhancement factors for SERS have been obtained for

colloidal materials, but this approach is hindered by the aggregation of

the metal particles before the analyte is introduced.
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6.3.1 Azopolymer based fabrication scheme for large-scale
plasmonic arrays

Polymers containing azobenzene molecules, also referred to as azopoly-

mers, are particularly promising as an alternative photosensitive mate-

rial in interference lithography. The advantage of azopolymers is their

ability to form a surface relief gratings (SRG) when illuminated with an

interference pattern that has either polarization or spatial intensity gra-

dients. [203] The resulting SRG is an exact replica of the incident irra-

diation pattern and thus azopolymer-based processes do not necessarily

require additional post-processing steps. [204,205]

The SRG formation originates from the reversible cis-trans photoiso-

merization of azobenzene molecules upon exposure to light also shown in

Fig. 6.5. [206] The azopolymers normally exist in the straight trans-state,

but upon absorbing a photon of suitable energy they can rapidly switch to

the bent cis-state. The separation of the para-carbon atoms can be even

from 5.5 to 10 Å between the cis-trans-state as illustrated in Fig. 6.5, re-

spectively. [207] The relaxation back to the trans-state can take place ther-

mally or by absorbing a photon with different wavelength. [208] Thus, the

continuous exposure to light usually leads to a reversible switching be-

tween the photoisomerization states enabling macroscopic light-induced

mass transport in azopolymer films below the glass transition tempera-

ture. [209]

The azobenzene molecules in trans-state are more efficiently excited

with light that is polarized along the molecules. This polarization sen-

N
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Figure 6.5. The trans-cis photoisomerization of pseudo-stilbene molecule.

58



Plasmon enhanced spectroscopy

sitivity mitigates their sensitivity to stray light and enables processing in

normal lighting conditions. [210] In addition, the polarization sensitivity

also eliminates the standing pattern, which is present when performing

exposures on reflective surfaces with conventional photoresists. Finally,

films prepared using azopolymers are not overly sensitive to over expo-

sure enabling more advanced mask designs with multiple exposures. [204]

To date, azopolymer interference lithography (APIL) has proven to be a

versatile technique for nanofabrication, as well as in micro and nanopho-

tonic applications. [211] APIL has been employed to pattern gold [205]

and silicon surfaces [204], for sub-wavelength tapered holes and wave-

length-scale conical structures from gold [212] and as an template to grow

GaAs nanowires [213].

Motivated by these properties of APIL, in Publication V we studied the

potential of azopolymers in fabricating large-scale plasmonic nanostruc-

tures for enhancing molecular fluorescence. These results will be re-

viewed in the following section. In Publication V we used poly(disperse

red 1 acrylate) azopolymer (pDR1A) that has pseudo-stilbene side-chain

attached to the acrylate polymer chain.

Process flow

The whole process flow is schematically illustrated in Fig. 6.6. More de-

tailed description of the fabrication process can be found from Publica-

tion V. Diced and cleaned borosilicate glass substrates were coated with

40 nm of silver followed by 20 nm of gold using e-beam evaporation. Next,

the azopolymer was spun on the substrates and dried for 2 h at 85◦C

yielding ~100 nm polymer films. The 2D grating was created by two sub-

sequent exposures in a Lloyd mirror interferometer (λexp = 488 nm). The

second exposure was performed for a 90◦ rotated sample. SRGs were par-

tially etched using a reactive ion etcher (RIE) with oxygen to expose the

Au surface. The purpose of the Au layer was solely to protect Ag from

oxidation in the O2 etch step. To transcribe SRG onto the metal films and

form the nanostructures, RIE etching using argon was performed. The

etching was done in steps (30 s etch, 2 min cooling) to prevent the poly-

mer mask melting down during the RIE etching. The resulting structures

were annealed in nitrogen atmosphere (300◦C) and coated with 10 nm

of ALD alumina to provide a quenching spacer layer and protect the Ag

nanostructures from oxidation. A photograph of the ready substrate is

shown in Fig. 6.6.
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Figure 6.6. The schematic process flow using the azopolymer as an etching mask: a) de-
position of Ag (40 nm) and Au (20 nm) using e-beam evaporation; b) spin
coating of the azopolymer (100 nm); c) inscription of the SRG on the azopoly-
mer; d) etching in O2 to expose the Au surface; e) dry etching in Ar; and g)
Annealing and ALD deposition of 10 nm thick Al2O3. (g) Photograph of a 2D
grating (Λ = 370 nm) fabricated on a 2× 2 cm2 glass substrate. [ c© The Royal
Society of Chemistry, Publication V]

Characterization and results

Two samples with periodicities of Λ = 370 nm and Λ = 1 μm were fabri-

cated. The morphology of the fabricated structures was analysed using

SEM and atomic force microscope (AFM). Figure 6.7 shows a collection

of SEM and AFM images of the fabricated structures for both gratings.

These results demonstrate that the structures are mainly homogeneous

in shape and size, with a small degree of ellipticity and imperfections.

The slight ellipticity might originate from the variations between the two

subsequent exposures. The SEM analysis also reveals the highly sym-

metrical nature and good long-range order of the samples. The statisti-

cal SEM image analysis gave an average diameter of d = 142± 3 nm and

d = 175.6±3.8 nm for the samples with Λ = 370 nm and Λ = 1 μm, respec-

tively. Moreover, the AFM analysis gave average height of h = 67±5.5 nm

and h = 144± 11 nm for Λ = 370 nm and Λ = 1 μm, respectively.

Based on the measured extinction spectra, Rhodamine 6G (R6G) and

Cascade Blue (CB) were selected as fluorescence probes for the Λ = 370 nm

and Λ = 1 μm gratings, respectively. The reference sample in the confocal

and fluorescence measurements was ALD alumina coated glass substrate

to minimize any errors originating from varying degrees of immobiliza-

tion on different surfaces. Moreover, the reference and the NP sample

were dipped using same procedure parameters. Edge-filters were utilized

in the measurements to block unnecessary excitation light.

The stage-scanning confocal images and the fluorescence spectroscopy

results are shown in Fig. 6.8. The scan areas in the confocal measure-

ments were 500× 500 μm2 and 250× 250 μm2 from samples with

Λ = 370 nm and Λ = 1 μm, respectively. The uniformity of fluorescence
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Figure 6.7. Scanning electron microscope images of the fabricated 2D gratings after the
atomic-layer-deposited Al2O3 for two grating periods Λ = 370 nm (a and c)
and Λ = 1 μm (b and d). The corresponding AFM scans for (e) Λ = 370 nm
and (f) Λ = 1 μm samples. [ c© The Royal Society of Chemistry, Publication V]

in the large-area confocal scans clearly demonstrates the spatial homo-

geneity in both nanoparticle gratings, and provides additional evidence to

the good long-range order of the samples. The enhancement factor was

determined by calculating the ratio of the averaged fluorescence between

the nanoparticle sample and the reference sample, while keeping the ex-

citation irradiance constant during the measurements. The enhancement

factor for R6G on the Λ = 370 nm grating is 14-fold in the confocal mea-

surement and approximately 11-fold in the fluorescence measurement,

which are quite close to each other. Correspondingly, the enhancement

factor for CB on Λ = 1 μm grating is only 2-fold in the confocal measure-

ment. However, the enhancement factor for CB is roughly 6.5 in the flu-

orescence measurement. Most likely, this difference could be explained

by the higher collection efficiency and the different collection geometry in

the fluorescence measurement.

As discussed earlier, the molecular fluorescence enhancement is usually

accompanied by the shortening of lifetime. Based on this information, we

measured the lifetimes for R6G and CB on the nanoparticle gratings, on

glass reference and in solution. The measured lifetimes are presented in

Table 6.1. Emission wavelengths of 560 nm and 420 nm were used for

R6G and CB, respectively. The obtained lifetimes for R6G and CB in DIW

were 3.98 ns and 3.86 ns, respectively, and could be satisfactorily fitted

using a single exponential model. Especially, the lifetime of R6G corre-

sponds exceptionally well to the values reported in the literature. [214]

Upon the deposition on glass, the lifetimes of R6G and CB are decreased
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Figure 6.8. Stage-scanning confocal microscope and fluorescence scans using R6G (a-c)
and CB (d-f) as the probe fluorophores. Figures (a and d) are the confo-
cal microscope scans from glass reference samples with deposited molecules,
and figures (b and e) present the confocal microscope scans from samples,
in which the molecules are deposited on the fabricated nanostructures. For
image pairs (a-b) and (d-e) the upper and lower limits are set to the same
values to more clearly demonstrate the measured fluorescence intensity dif-
ference. The used excitation wavelengths were 532 nm for (a-b) and 403 nm
for samples (d-e), and the average excitation power was 72 μW. Images (c)
and (f) show the fluorescence spectra of R6G molecules and CB molecules,
respectively, deposited on glass substrate and on 2D nanoparticle array. The
excitation wavelength used for R6G was 520 nm and 350 nm for CB. [ c© The
Royal Society of Chemistry, Publication V]

to 1.53 ns and 2.42 ns, respectively. As CB is designed to be more resistant

to quenching effects, the relative drop in lifetime is lower than for R6G.

Moreover, the fluorescence decay gains a biexponential character upon

the deposition on glass. As expected, when the fluorophores are placed

on the nanoparticle grating, the lifetimes are decreased. The lifetime of

R6G is decreased to 0.51 ns and the lifetime of CB to value of 0.93 ns. For

both fluorophores this corresponds to approximately 3-fold decrease in the

lifetime in comparison to the glass reference.

The lifetime decrease upon the glass deposition originates from the chan-

ged photonic mode density of glass versus to the solution and also the

quenching effects of oxygen. Especially on glass samples, the longer life-

time component is proportional to the reduced relative local density of

states of the molecules on alumina coated glass surface (factor of ~1.4-1.5).

[215] Interestingly, when the molecules are deposited on the nanoparti-

cle grating, the shorter lifetime component accounts approximately 80%
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of the total decay indicating a strong nanoparticle-fluorophore coupling.

Thus, the lifetime analysis results are in qualitative agreement with the

measured fluorescence enhancement values.

Table 6.1. The parameters for the fluorescence lifetime analysis showing the lifetime
and amplitude components (τi, ns) and xi for the fit, respectively, mean life-
time (τ̄ , ns) and goodness of the fit χ2

R. [ c© The Royal Society of Chemistry,
Publication V]

Rhodamine 6G
Sample τ1 (x1) τ2 (x2) τ̄ χ2

R

in 1 μM DIW solution 3.98 (100%) - 3.98 0.97

on glass 1.72 (63%) 0.62 (37%) 1.53 1.16

on nanoparticles 0.79 (20%) 0.15 (80%) 0.51 1.22

Cascade Blue
Sample τ1 (x1) τ2 (x2) τ̄ χ2

R

in 1 μM DIW solution 3.86 (100%) - 3.86 1.06

on glass 2.44 (94%) 0.41 (6%) 2.42 1.11

on nanoparticles 1.35 (23%) 0.25 (77%) 0.93 1.91

6.3.2 Black silicon as a SERS substrate

Black silicon (BSi) is used to refer to a silicon substrate with nanoscale

surface features. These features can be fabricated using a vast selection of

dry and wet etching techniques. Mostly, the nanostructured BSi surfaces

consist of conical shaped features (or even spikes) that lead to efficient

(e.g.. 99% [216]) absorption of light in the visible and infrared spectral

range. Due to the efficient light absorption, the surface of the material

appears black, hence the name black silicon.

Originally, these nanoscale surface features were considered as unwant-

ed side-effects of dry etching, but lately BSi has gathered a lot of attention

as a cost-efficient and large-scale way of producing nanostructures. This

is because these structures can be fabricated with maskless dry etching,

which should be available in any silicon processing facility. BSi has been

utilized to increase the absorption in silicon solar cells enabling, record

high efficiencies [217], creating superior black surfaces with minimal re-

flection (R < 0.5%) in the spectral range of 350 nm−2000 nm [218] and as

SERS substrates [219–222]. However, the effect of the spike structure and

the metal coating thickness on the plasmonic behaviour on these conical

BSi SERS substrates has not been thoroughly investigated. Therefore, in

Publication VI we investigated how these parameters influence the SERS
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enhancement. These results are reviewed in this section.

The BSi samples were fabricated on a RCA-1 cleaned wafers using a

cryogenic deep reactive ion etching with inductively coupled plasma (ICP-

RIE) using SF6/O2 plasma at a temperature of -110◦C. Two different BSi

substrates with different cone geometry and density were fabricated by

varying the process parameters in the ICP-RIE etching. The inductive

plasma power was a constant 1 kW, whereas the other process parameters

are listed in Table 6.2. After sample cleaving, the BSi substrates were

coated with silver using e-beam evaporation. Figure 6.9a shows a photo

of a 4 inch BSi wafer and a silver coated BSi sample piece, demonstrating

the uniformity of the process.

Table 6.2. The used ICP-RIE parameters in fabricating the two different BSi substrates.

Sample Chamber Pressure (mTorr) Platen power (W) SF6/O2 (sccm/sccm)

BSi01 10 4 30.5/27.5

BSi02 20 6 40/18

R6G was used to evaluate the SERS enhancement. The R6G was de-

posited on the samples by incubating the substrates in 1 μM R6G with

0.75 mM NaCl in DIW for 10 minutes. To remove excess R6G, the sam-

ples were rinsed with DIW and dried in ambient conditions. A pre-cleaned

Si substrate was used as the reference. R6G is one of the oldest Raman

probe materials used in the literature and thus its spectral properties

are well known. However, the Raman community is currently discour-

aging the use of R6G in SERS measurements due its enormous Raman

cross-section, which can lead to inordinately high SERS signal especially

in resonant Raman measurements. [223, 224] Nevertheless, this should

not pose any problems, as the main contribution of Publication VI lies in

identifying the effect of the sample geometry and Ag coating thickness in

the SERS enhancement on BSi related materials.

First, the effect of the varying silver layer thickness to the SERS en-

hancement was studied. Different nominal silver thicknesses were de-

posited on the BSi01 sample set ranging from 35 nm to 150 nm. The

Raman spectra for these samples are presented in Fig. 6.9b. The plain

Si reference clearly demonstrates the Raman peak of crystalline silicon

at 520 cm−1, but no R6G Raman peaks are visible. On the other hand,

the Raman spectra collected from the Ag coated BSi01 samples, distinc-

tively shows all the prominent Raman peaks of R6G. [225] This evidently

shows that the enhanced Raman signal is due to the Ag coated nanos-
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Figure 6.9. (a) Photo of 4" BSi wafer and Ag coated BSi01 sample. (b) Raman spectra of
R6G on plain Si surface and on BSi surface with varying Ag thickness. The
intensities of (c) The Raman peak at 614 cm−1 and (d) the background at
591.8 cm−1 with changing Ag thickness. [ c© Wiley-VCH Verlag GmbH & Co.
KGaA, Publication VI]

tructures on the BSi substrate. Figures 6.9c and 6.9d further illustrate

how the varying Ag thickness affects the intensity of the Raman and the

background signals. The Raman signal was acquired from 614 cm−1 peak

and the background intensity taken was at 591.8 cm−1, respectively. A

local maximum is achieved at a thickness of 80 nm and a similar trend is

observed for the background intensity.

To link the observed SERS enhancement with the substrate topology,

the samples were studied using SEM. Figure 6.10 presents a collection

of SEM figures of BSi structures coated with different nominal silver

thickness. As expected, a thinner silver coating enables the formation

of nanoparticles, but a thicker film results in a continuous layer of silver.

For a coating thicknesses of 35 nm and 55 nm, the appearance of the sam-

ples is quite similar explaining the comparable Raman enhancement. For

80 nm thick coating, the nanoparticles are still discernible, but the for-

mation of a continuous film starts taking place. For thicker samples, the

deposited silver forms mainly a continuous coating.

The electric field distribution near the structures was calculated using

a commercial Optiwave finite-difference time-domain (FDTD) simulation

software. Based on the SEM analysis, four different geometries were

used. The FDTD simulations agree really well with the observed SERS

measurements; i.e., the highest electric fields are produced for a structure

consisting of a combination of thin silver film with nanoparticles. This

would correspond to the nominal Ag thickness of 80 nm as indicated by
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Figure 6.10. SEM images of the (a) uncoated and coated BSi01 substrates with Ag thick-
nesses of (b) 35 nm, (c) 55 nm, (d) 80 nm, (e) 100 nm and (f). The scale in
each image corresponds to 200 nm. [ c© Wiley-VCH Verlag GmbH & Co.
KGaA, Publication VI]

the SEM analysis.

Finally, to study how the BSi substrate type influences the SERS en-

hancement, the Raman performance of BSi01 and BSi02 substrates was

compared. The Raman spectra for both substrates with nominal silver

thickess of 80 nm is shown in Fig. 6.11a. Figures 6.11b and 6.11c also

present the SEM images with the same magnification from BSi01 and

BSi02 structures, respectively. Notably, the Raman signal from the Ag

coated BSi01 is 8 times higher than obtained from the Ag coated BSi02

substrate. This results from the different substrate geometry that leads to

the formation of different Ag nanostructures on the BSi. Also, the density

of the spikes on the BSi01 substrate is higher, and moreover, the spikes

are sharper. This leads to the abundance of “hot spots” on the BSi01 sub-

strate, which enables higher SERS enhancements to be obtained.

Figure 6.11. (a) The difference between the Raman signal of BSi01 and BSi02 samples
coated with 80 nm of Ag. The SEM images of (b) BSi01 and (c) BSi02 sub-
strates with 80 nm of silver. In both these both figures the scale bar cor-
respond to 200 nm. [ c© Wiley-VCH Verlag GmbH & Co. KGaA, Publica-
tion VI]
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The presented results can be divided into two parts. The first part fo-

cuses on the utilization of biological molecular components in photonic

applications and the second part investigates the development of versatile

nanofabrication methods for plasmon enhanced spectroscopy techniques.

First, biomimetic supramolecular zinc chlorin - P4VP assemblies were

investigated, in which the P4VP host acts as an scaffold for the Zn chlo-

rins in the visible wavelength range. The employed approach allows to

bind the pigments in the polymer host preventing the aggregation of the

dyes. Moreover, this approach also allows the pigments to be distributed

in the thin film structure homogeneously in the macroscopic scale. The

practical upper limit for the absorbing material was identified at 0.5. eq.

(300 wt%). At lower doping levels, the pigments are quenched by the

Förster mechanism, where the doping level for the emitting material lies

at ca. 0.002 equiv. (ca. 1 wt%).

The incorporation of an acceptor molecule into the P4VP-Zn chlorin as-

sembly was found to increase the Stokes shift and the spectral range of

the absorption via the Förster mechanism. The optical analysis of these

P4VP-Zn chlorin-P18 complexes suggested the existence of an efficient

energy transfer within the assemblies. Both of these assemblies are anal-

ogous to chlorophyll-protein complexes.

Second, the strongly emerging ALD/MLD technique was used in grow-

ing novel organic-inorganic assemblies, in which a uracil (organic moiety)

was linked by sodium (inorganic moiety) to form a crystalline 3D network.

The assemblies were found to adopt a planar tetrametric configuration as

indicated by DFT analysis and corroborated by the FTIR and 1H NMR

measurements. The measurements also indicated that the adjacent uracil

molecules are hydrogen-bonded.

The lifetime of uracil in the complex was found to be 3 orders of mag-
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nitude higher, than the values reported for molecular uracil. Moreover,

the assemblies exhibited intense blue fluorescence, which is not common

as the quantum yields of NBs are commonly very low. The extraordinary

behaviour originates from the the hydrogen-bonded network and electro-

static interactions that effectively inhibit the internal conversion process

and lead to the decrease of the non-radiative decay rate. Moreover, the

assemblies were found to exhibit an excitation dependent fluorescence

caused by REES. Qualitatively this is caused by the existence of energet-

ically different species, which is evidenced by the inhomogeneous broad-

ening of the absorption spectra.

Third, large-scale and economic plasmonic substrates were fabricated

for MEF and SERS applications. The MEF substrate was fabricated using

azopolymer lithography to create periodic and symmetrical 2D gratings

from silver that had good long-range order. An enhancement factor of

14 was obtained for R6G with a grating periodicity of Λ = 370 nm. The

intensity was roughly doubled for CB in Λ = 1 μm grating. The actual

interparticle distances are too large in both samples to support efficient

coupling between the particles and thus the near-field enhancement is

mostly responsible of the observed enhancement. In this respect, the 14-

fold enhancement value for R6G on the Λ = 370 nm grating is comparative

or even better when comparing with other published work using similar

structures and dyes. On the other hand, the extremely low enhancement

values for CB cannot be explained by this model. The lower enhancement

values could be partly explained by the lower scattering efficiency of the

multipolar plasmonic mode of the nanoparticles in the Λ = 1 μm grating

as suggested by earlier research. [226]

The SERS substrate fabrication employed a maskless etching technique,

to form nanoscale structures on silicon substrate for subsequent silver

evaporation. The nominal silver thickness of 80 nm was found to pro-

duce the highest electric field enhancements as evidenced by the FDTD

calculations and by the local maximum in the R6G SERS intensity. Also,

higher density of the spikes, as well as sharper cone geometry, was found

to provide more “hot spots”, leading to higher SERS enhancement.

The results presented in this thesis can be utilized in a broader context.

The proposed schemes utilizing chlorins and nucleobases could be utilized

for organic solid state lasers, single photon emitters, optical switches or

OLEDs. These results also highlight the advantages of supramolecular

systems in developing novel and functional assemblies inspired by Na-
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ture. The presented nanofabrication methods can be developed further to

be used with a larger material selection and more sophisticated fabrica-

tion schemes.
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