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1. INTRODUCTION 

The optically generated collective electron density waves on metal-dielectric 
boundaries known as surface plasmon polaritons or simply surface plasmons 
have been of great scientific interest since their discovery [1]–[6]. Being 
electromagnetic waves themselves, surface plasmons and localized surface 
plasmons (SP-s localized on small metallic features) interact strongly with light 
and give rise to the vibrant colours in gold and silver colloids. This effect is 
caused by the strong absorption and scattering of light on plasmonic particles 
[1]–[3], [6]–[9]. Resonant generation of SP waves can give rise to very high 
electric fields in the vicinity of the evanescent plasmon waves. These strong 
electric fields near the metal surfaces have been used in novel applications like 
surface enhanced Raman spectroscopy [10]–[16], metal enhanced and surface 
plasmon-coupled fluorescence [17]–[25], plasmonic lithography [26], 
plasmonic trapping of particles [27]–[32] and plasmonic light trapping inside 
solar cells [33]–[36] etc. Resonant coupling of surface plasmons to fluorescent 
emitters can strongly modify the emitted intensity, the angular distribution and 
the polarization of the emitted radiation and even the spontaneous radiative 
decay times of the luminescent emitters [17], [19], [23], [25]. The phenomenon 
of radiative lifetime shortening is most intriguing as it causes enhanced 
emission and increased photostability of fluorophores and possesses therefore 
high practical value [6], [17]–[23]. More exotic applications of plasmon 
coupled emission are the loss compensation of surface plasmon waveguides, 
SPASER-s, plasmon assisted lasing, single molecule fluorescence 
measurements, SPCE in biological sensing, optical qbit designs etc. [37]–[45]. 
Plasmonics is an exponentially growing research field and so it is 
understandable that also the number of different applications is exponentially 
growing. The subject of the present thesis is related to the spectroscopic study 
of the plasmon coupled photostable emitters. Fluorescent emitters have long 
been of enormous scientific and practical importance with applications in 
various scientific disciplines and in everyday life e.g.in lighting and display 
technologies. There exists also a growing need for new stable, brighter and 
more efficient fluorescent emitters and devices as traditionally used fluorescent 
organic molecules tend to suffer of strong photo-bleaching behaviour and are 
sometimes accompanied by unwanted photoblinking. In this thesis a study of 
plasmonically coupled photostable rare earth dopant containing inorganic 
matrices and fluorescent nitrogen vacancies in nanodiamond hosts is presented. 
These fluorescent systems exhibit unique physical properties and are therefore 
of high scientific importance. The main goal of this work is to investigate the 
optical effects induced by plasmonic structures, which interact with the 
fluorescent systems. 
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2. LITTERATURE OVERVIEW AND  
THEORETICAL BACKGROUND 

2.1. Peculiarities of selected fluorophores 

2.1.1. Fluorescence of rare earth impurity centres 

Rare earth elements, presented in Table 1, can form stable compounds with 
partially filled electronic shells, which give them unique optical properties. 
These partially filled d and f shells can undergo spectrally narrow electronic 
transitions and cover a spectral range from the vacuum-ultraviolet to the far-
infrared. These narrow optically active transitions are the basis for a whole 
range of practical applications as they cover also the visible spectrum. In rare 
earth compounds the 4f electrons are localized near the ion and they are also 
“shielded” by fully occupied shells by 5s and 5p electrons. In rare earths the 
lowest energy 4f electrons are spatially not the outermost ones. This unique 
feature is the cause of the rare earths atom like narrow spectral lines as they 
interact with the host matrix only weakly. The transparent host matrixes 
implanted with trivalent rare-earth impurities are of great potential in the fields 
of laser gain media, luminescent materials and in waveguide and sensorics 
applications [46].  
 
Table 1. List of rare earth elements containing also yttrium which has similar chemical 
properties.  

Element Symbol Atomic number 

Yttrium Y 39 

Lanthanum La 57 

Cerium Ce 58 

Praseodymium Pr 59 

Neodymium Nd 60 

Promethium Pm 61 

Samarium Sm 62 

Europium Eu 63 

Gadolinium Gd 64 

Terbium Tb 65 

Dysprosium Dy 66 

Holmium Ho 67 

Erbium Er 68 

Thulium Tm 69 

Ytterbium Yb 70 

Lutetium Ly 71 
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In the present study we investigate predominantly the Sm3+ doped TiO2 system 
and analyse the modification of the radiative properties by plasmonic silver 
nanoparticles, smooth gold films and core-shell nanoparticles [47]–[51]. For 
understanding the fluorescent systems involved, the energy scheme of Sm3+ 
doped TiO2 system is presented. In Figure 1 the high-resolution low-
temperature (10 K) photoluminescence spectra of Sm3+ doped TiO2 with anatase 
and rutile structure are given [52]. 
 

    
Figure 1. Normalized high-resolution photoluminescence spectra of Sm3+ in rutile and 
anatase phases recorded at 10 K and λex = 355 nm [52]. 
 

2.1.2. Fluorescence of nitrogen vacancies in nanodiamonds 

Defect free pure diamond is a wide band-gap semiconductor (with Bg = 5.5 eV) 
and is colourless in the visible spectrum. However, defects and incorporated 
impurity ions can form more than 500 identified colour centres. Diamond is 
known to form optically active centres with many enclosed chemical elements, 
including Ag, As, B, Co, Cr, H, He, Li, N, Ne, Ni, O, P, Si, Zn, Zr, Ti, Tl, W 
and Xe [53], [54]. In the entire list of colour centres, nitrogen impurities have 
probably gained the most scientific interest. Although nitrogen can form 
different complexes in diamond, two of the most important and most studied 
fluorescent complexes are the charge neutral nitrogen vacancy complex NV0 
and the negatively charged nitrogen vacancy complex NV–. The NV– state has 
been under intense scientific interest, because of its unique electronic structure, 
which enables room temperature control over its spin states, it has a long spin 
coherence time and it is suitable for a single photon emission. These properties 
make the NV– complex an extraordinary research subject for quantum 
computing experiments [53]–[55]. 

Figure 2 A shows the excitation spectra of the NV0 and NV– complexes. The 
NV– complex produces a strong purely electronic transition line at 637 nm 
(1.945 eV), which is the zero phonon line (ZPL). The ZPL is associated with the 
dipole transition between the electronic ground state 3A2 and the excited state 3E 
[54]. The NV0 complex has a strong ZPL at 575 nm (2.156 eV). This transition 
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has been assigned to the transition between the ground state 2E and the excited 
state 2A1 [54]. The zero phonon lines of the NV0 and NV– complexes are both 
accompanied with observable phonon sidebands in the excitation and emission 
spectra. Figure 2 B  shows the room temperature fluorescence spectra of 
nitrogen containing diamond film and exhibits both ZPL-s. Normally both 
charge states exist in the same sample. Both states can be present also in small 
nanoparticle samples and there exist a number of recent reports of photochromic 
switching between the NV0 and NV– charge states [56]–[59]. 

 

A)              B)  
 
Figure 2. The excitation (a) and photoluminescence (b) spectra of the NV0 and NV– 

complexes [53]. 
 

2.2. Fundamental principles plasmonic  
enhancement of emission 

2.2.1. Metal enhanced fluorescence 

Fluorescence is a luminescence process, where a light induced excitation within 
a substance will decay via emission of light. It is also called photoluminescence. 
Fluorescence is the light emission and electronic relaxation from an excited 
singlet electronic state and differs from phosphorescence, where the excited 
state is a triplet [17], [25], [37]. The process of fluorescence (the absorption and 
emission of light with some intermediate energy transfer and loss mechanisms) 
can be described by the Jabłoński diagram formalism. Figure 3 shows a 
simplified Jabłoński diagram with the processes involved in the fluorescence 
phenomena.  
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Figure 3. A simplified Jabłoński showing the mechanisms involved in the fluorescence 
process [17]. 
 
The different stages involved in the light energy absorption, transformation and 
emission are described by rate equations. The fluorescence and internal 
conversion processes are also described by the internal conversion lifetime τic 
and the fluorescence lifetime τf. The fluorescence lifetime is defined as the 
average relaxation time from the excited electronic site to the electronic ground 
state. The typical lifetimes for fluorescence in molecules are in the order of 
nanoseconds and the internal conversion times are in the picosecond scale. The 
overall fluorescence quantum yield can be used to describe an emitter’s 
efficiency for radiative decay. The fluorescence quantum yield is defined by the 
ratio of the number of emitted photons to the number of absorbed photons. 
Three equivalent equations for the calculation of fluorescence quantum yield for 
an isolated emitter are given with eq 1, 2 and 3, 
 

 ߶௙ = ே೐೘ேೌ್ೞ (1) 

 ߶௙ = ௞೑,ೝ௞೑,ೝା௞೑,೙ೝ (2) 

 ߶௙ = τ೑,೙ೝ
τ೑,೙ೝାτ೑,ೝ (3) 

 
In these equations ߶௙ is the fluorescence quantum yield of the excited emitter, ௘ܰ௠ is the number of emitted photons, ௔ܰ௕௦ is the number of absorbed photons, ݇௙,௥ and ݇௙,௡௥ are the intrinsic radiative and non-radiative decay rates of the 

4
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excited electronic state in the units of ିݏଵ for a free emitter and τ௙,௥ and τ௙,௡௥ 
are the radiative and nonradiative decay times of relaxation processes for the 
fluorophore [17], [19], [23], [25], [37], [41].  

The overall fluorescence intensity ܫ of a fluorescent emitter can be expressed 
by  

 
ܫ  = ݇௘௫ ∙ ߶௙ ∙ ௖௢௟ߝ  , (4) 
 
where ݇௘௫ denotes the excitation rate of the emitter, ߶௙ is the fluorescence 
quantum yield and ߝ௖௢௟ denotes the system-dependent light collection efficiency 
of the optical measurement setup. The excitation rate is given by Fermi´s golden 
rule and is a function of the local electric field ࡱ, given by 
 
 ݇௘௫ = ଶߨ4) ℎ) ∙ ࡱ|݁〉| ∙ ⁄ଶ|〈݃|࢖  ௘ , (5)ߩ
 
where ℎ denotes the Planck´s constant and ݁ and ݃ are the excited state and 
ground state wavefunctions, respectively. Included also in this equation are ࢖ 
that denotes the absorption transition dipole momentum and ߩ௘ which stands for 
the density of the excited state [25]. 

In the vicinity of metal nanostructures the overall fluorescence of the emitter 
will be changed as the metal structures can modify all of the three variables of 
the fluorescence intensity. Metallic structures, that support SP-s or LSP-s can 
localize and enhance the local electric field strength and thereby enhance the 
excitation rate of the emitter. The metal structures can also modify the spatial 
distribution properties of the fluorescence, which can result in the modification 
of the light collection efficiency. Metal structures (nanoparticles, nanostructures 
and thin films) can also change the radiative decay times through the 
modification of the local density of states for the electromagnetic interaction 
[37], [60], [61]. In a simplified model one can think of this phenomenon as a 
generation of extra decay channels which are formed in the vicinity of metal 
structures. 

A free excited fluorescent emitter without the nearby metal surface has the 
possibility for radiative or non-radiative decay. The addition of a metal surface 
generates two extra decay paths. Therefore, channels for metal mediated 
radiative relaxation and for metal mediated non-radiative decay are created [19], 
[23], [25], [41]. The metal modified system also has now an altered overall 
fluorescence quantum yield, which is given by 
 

 ߶´௙௠ = ௞೑,ೝା௞೑೘,ೝ௞೑,ೝା௞೑೘,ೝା௞೑,೙ೝା௞೑೘,೙ೝ. (6) 

 
In equation 6 ߶´௙௠ denotes the metal modified overall fluorescence quantum 

yield of the fluorophore-metal system, ݇௙௠,௥ and ݇௙௠,௡௥ are the metal mediated 
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radiative and non-radiative decay rates of the fluorophore. The modified overall 
quantum yield has now extra parameters, which can now, depending on their 
values, increase or decrease the overall quantum yield.  

There exists an alternative definition of the modified overall quantum yield, 
that is closely related to equation (6), which was given by [37] and gives extra 
physical insight to the processes involved. When changing the local 
environment of the fluorophore, we change the overall quantum yield of the 
system to  

 

 ߶´௙௠ = ௞ೝ௞ೝା௞೑,೙ೝା௞ೌ್ೞା௞೘ (7) 

 
Here ߶´௙௠ also denotes the metal modified overall fluorescence quantum yield, ݇௥ has here a modified meaning compared to ݇௙,௥ and is now the radiative rate 
of the coupled system and not just the intrinsic radiative rate of the emitter in 
free space. The ݇௙,௡௥ still denotes the intrinsic non-radiative decay rate for the 
free emitter. The two new parameters ݇௔௕௦ and ݇௠ account for the dissipated 
heat and non-radiative electromagnetic modes, respectively [37].  

It has been shown, that the metal mediated radiative and non-radiative decay 
rates are in strong dependence of the fluorophore metal distance. Emitters very 
close (ca <10 nm ) from the metals surface tend to be quenched as the energy 
transfer from the emitter to the metal surface at these length-scales is 
preferentially non-radiative and the energy is coupled to phonons, surface 
phonon polaritons, surface plasmon polaritons and the energy is also dissipated 
as heat [2], [17], [19], [20], [25], [37], [62]–[64]. When the emitter is placed 
near a metal or dielectric surface strong coupling to non-radiative 
electromagnetic modes also called the forbidden light domain can be achieved. 
This light is normally lost and is not usually available for measurement and 
imaging techniques. But by using special out-coupling methods one can convert 
these non-radiative electromagnetic modes to far-field radiation. The most 
known and implemented methods for such near-field out-coupling are the total 
internal reflection fluorescence (TIRF) microscopy [65], [66], supercritical 
angle fluorescence (SAF) microscopy [67], [68] for dielectric surfaces and 
surface plasmon fluorescence spectroscopy (SPFS) [69], SPP enhanced TIRF 
microscopy for metal surfaces [70]. 

Coupling of the fluorescence of emitters to surface plasmons takes most 
effectively place in the distance range of 10–100 nm and has been reported to 
be most efficient at ca 20 nm [17], [19], [23], [25], [37], [71]. To supress energy 
dissipation to heat and other non-radiative processes usually a thin (ca 5–10 nm 
thick) dielectric spacer layer is used in fluorescence enhancing experiments. 

If we now consider the overall florescence intensity of a fluorescent emitter 
near a metal nanoparticle, then various effects have to be considered. The 
summed up effects to the overall fluorescence intensity are then as follows. The 
enhanced near-fields near a resonantly excited particle result in enhanced 
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excitation rate of the emitter. In the presence of a metal nanoparticle or structure 
we have a modified optical mode density and extra relaxation channels for the 
decay of the excited states of the emitter. If the emitter decays through plasmon 
excitation, then the radiative and non-radiative decay of the plasmons has to be 
accounted for. For a nanoparticle, this can be achieved if we introduce the 
wavelength dependent scattering cross-section (Cscat) and the wavelength 
dependent absorption cross-section (Cabs) of the nanoparticle. If we now neglect 
the modifications to the system-dependent light collection efficiency of the 
optical measurement setup, we get a modified equation of the overall 
fluorescence intensity near a metal particle, which is as follows [25]: 

 

´ܫ  = ݇´௘௫ ∙ ቀ ௞ೃ௞ೃା௞ಿೃା௞ಶ೅ + ௞ಶ೅௞ೃା௞ಿೃା௞ಶ೅ ∙ ஼ೞ೎ೌ೟஼ೞ೎ೌ೟ା஼ೌ್ೞቁ ∙  ௖௢௟ (8)ߝ

 ݇´௘௫ denotes here the modified excitation rate, which has been changed by the 
local electric field near the nanoparticle. ݇ோ is now the modified radiative decay 
rate of the emitter, which does not account for the metal mediated radiative 
decay, ݇ேோ denotes here the non-radiative decay channel, which does not 
account for the energy lost in the nanoparticle and ݇ா் denotes the energy 
transfer rate from the excited emitter to the metal nanoparticle. The proportion 
of the energy which will be scattered as light by the nanoparticle and is also 
accountable in the overall fluorescence intensity, can be characterized by the 
values of the scattering cross-section ܥ௦௖௔௧ and absorption cross-section ܥ௔௕௦ 
[25]. 
 

2.2.2. Surface plasmon-coupled emission (SPCE) 

Surface plasmon-coupled emission is the process, where an emitter in close 
proximity (~10–200 nm) to a metal structure supporting plasmon modes is 
electromagnetically coupled to the radiatively decaying plasmon modes. SPCE 
process was first described on smooth continuous thin (~50 nm) silver and gold 
films by Lakowicz et al. and is related to the surface plasmon resonance (SPR) 
effect [20], [22], [38], [72]. The SPCE is considered a reversed SPR process 
because the coupled emitters excite surface plasmons, which can radiate to the 
wavelength dependent SPR angles in the Kretschmann scheme [1], [2], [20], 
[22], [38], [72], [73]. The geometry of the Kretschmann SPR excitation scheme 
is depicted in Figure 4 A. 



17 

 
 

 

 
Figure 4. A. Kretschmann excitation scheme for SPCE experiments. The fluorescent 
emitters are excited by the evanescent fields generated by laser induced surface plasmon 
polaritons. The SPP-s are generated by a p-polarized laser beam incident from the 
prism. The angle for SPP generation is the usual surface plasmon resonance angle, 
which is determined by the wavelength and the wavelength dependent dielectric 
properties of the prism, metal and the dielectric medium on the fluorophore side of the 
metal. B. The reversed Kretschmann geometry for SPCE experiments. Here the incident 
laser excites directly the fluorescent emitter, which then induces SPP-s in the metal 
film. These SPPs have an energy spectrum, which closely resembles the emitter’s 
fluorescence spectrum. The induced surface plasmon can decay as leakage radiation 
through the prism as a radially polarized light cone. The angle of cone is wavelength 
dependent and the maximum intensity is close to the SPR angle for that wavelength.  

5
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In the Kretschmann geometry one uses a prism to couple the light to surface 
plasmons. The prism is covered with a thin ca. 50 nm Ag or Au film which can 
support surface plasmons. One uses a prism with a higher refractive index than 
the medium which is in contact with the other metal film boundary to satisfy the 
wave-vector matching condition known from conventional SPR experiments. In 
the Kretschmann setup the incoming laser beam is p-polarized and it is coupled 
through the prism at a wavelength dependent SPR angle to resonantly excite a 
surface plasmon mode. The excited surface plasmons excite the fluorescent 
emitters via the generated evanescent field. The nearby fluorescent emitters will 
then excite surface plasmon modes in the metal field. These emitter induced 
surface plasmons can radiatively decay through the prism as light. This special 
light is called surface plasmon-coupled emission. The unique properties of this 
type of emission are that the light is strongly p-polarized (radially polarized for 
the whole light cone) and it has the spectral composition of the fluorescent 
emitters, which induced the surface plasmons. The out-coupled light has also a 
wavelength dependent angular distribution, and the maximal intensity of the 
emitted light at a certain wavelength corresponds to the SPR angle for this 
wavelength. These mentioned properties considerably aid the experimental 
identification of the SPCE effect and helps to distinguish SPCE from waveguide 
modes if the studied samples are for example fluorescent dielectric films. 

One alternative SPCE excitation scheme is the reversed Kretschmann 
scheme in which the fluorescent emitters are directly excited by a laser beam. 
The excited emitters in the proper distance from the metal film (~10–200 nm) 
decay by excitation of surface plasmons, which out-couple through the prism. 
The resulting emission is like in the Kretschmann scheme p-polarized and forms 
a light-cone with an angular distribution, which depends on the spectrum of the 
emitter. The reversed Kretschmann scheme is depicted in Figure 4 B. 

SPCE is a surface sensitive technique because the metal mediated decay of 
the excited fluorescent emitters through the excitation of surface plasmon is a 
distance dependent phenomenon. This surface sensitivity and polarisation 
dependence has been used in various biological sensing and high contrast and 
background suppression imaging applications [19], [20], [22], [38], [39], [41], 
[70]. It is also possible to combine the Kretschmann and reversed Kretschmann 
SPCE experimental setups with the Fourier plane imaging technique under oil 
immersion microscopes giving rise to a new microscopic method called leakage 
radiation microscopy (LRM) [74]–[76]. This microscopic technique allows 
direct imaging of the leakage radiation produced by radiative decay of surface 
plasmons and is used as a tool to study dielectric loaded plasmonic waveguides 
and it is also suitable for plasmonic loss compensation experiments. 
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2.2.3. Fluorescence enhancing plasmonic substrates and systems 

The research of high efficiency fluorescence systems has given already a 
myriad of plasmonic substrates and systems, which can be constructed to 
enhance the properties of the emitted fluorescence. The classical plasmonic 
substrates for enhanced fluorescence experiments range from simple evaporated 
silver or gold films [63], [69], [77], single nanoparticles [62], single crystal 
nanowires [78], self-organizing nanoparticle films (fabricated with the thermal 
dewetting process [79]) also called the silver or gold island films [23], 
structures obtained with colloidal lithography , different kind of metallic 
nanoantenna geometries fabricated with electron beam lithography [80], even 
more complicated systems fabricated with focused ion beam setups and the list 
goes still on. In the pioneering works of Drexhage et al. simple thick film 
metallic mirror surfaces were used for the measurement of modification of the 
emitter’s fluorescence properties. Amos and Barnes (in 1997) used a similar 
simple system to investigate the modification of the spontaneous emission rate 
of Eu3+ ions in chelate host Langmuir-Blodgett film systems and characterized 
the distance dependent lifetime modification and presented data, which show 
the decay of the excited emitters into SPP relaxation channel on thin metal 
films. Lakowicz developed the substrates further and used silver-island-films 
and continuous smooth film systems enhanced with coupled metal nanoparticles 
to further enhance the fluorescent properties of emitters. Single nanoparticles, 
and coupled nanoparticles have been used to enhance the excitation rate and 
radiative-decay rates amounting for enhanced fluorescence intensities. Bowtie 
antennas and electromagnetically coupled spherical and cylindrical 
nanoparticles are extensively studied as also the reported metallic nanohole 
arrays.  

A recent report of the application of a commercially available micro and 
nano-structured SERS substrate (Klarite, depicted in Figure 5), to enhance the 
fluorescence of molecules placed on top of it motivated us to employ these 
substrates in the characterization of plasmon coupled fluorescence of 
photostable NV-centres in fluorescent nanodiamonds [81].  

The present study focused predominantly on the plasmonic enhancement of 
rare-earth ions incorporated into metal oxide hosts, which were prepared using 
sol-gel techniques and the plasmonic systems were chosen to be compatible 
with these techniques. The emphasis was on continuous thin film samples, 
which were doped with metal nanoparticles and insulator-metal-insulator 
samples in which a smooth thin gold film was covered by a thin layer of rare-
earth containing metal oxide. Rare-earth doped metal oxide films, which were 
modified by incorporating plasmonic core-shell nanoparticles, were also 
investigated. 
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3. GOALS OF THE STUDY 

For any practical implementation of sophisticated physical phenomena one 
needs to understand underlying physics and the basic behaviour of the systems 
where the phenomena exist. Plasmon-fluorophore coupled systems are therefore 
no exception. The present study is an experimental investigation of the 
fluorescence behaviour of high refractive index photostable fluorophore 
materials with enclosed or nearby plasmonic structures. Most of the scientific 
community investigating plasmonic interactions with fluorophores consider 
predominantly only low-refractive index media (mostly polymers and 
solutions), which have been doped with organic dye molecules. These systems 
are quite easy to manufacture, but are prone to photo bleaching which obstruct 
the implementation of these systems in real applications. The fluorescent media, 
which are studied in this thesis, are of great scientific and practical importance 
as they do not suffer under photo bleaching, have high quantum yields and 
demonstrate other unique physical properties. The photostable RE doped oxides 
possess very narrow band emission spectra which is of great practical 
importance to labelling, sensing, lasing and light conversion applications. The 
NV-centres in nanodiamonds are also of great interest as they exhibits strong 
room temperature ZPL lines and shows a rare type of spin behaviour, which can 
lead to their application in quantum computing. Plasmonic structures enable the 
focusing of light energy to sub-diffraction limited volumes, can be used for 
waveguiding in miniature devices and allow the enhancement of fluorescence. 
These are but a few applications of plasmonic waves but they are also the main 
reasons why it is of great practical importance to understand the effects induced 
by these metallic structures to the emission properties of these fluorescent 
materials.  

The experimental investigation presented in this work specifically aims to 
determine the phenomena induced by the metallic structures to the fluorescence 
of the described materials. To accomplish the task the work has the following 
specific goals: 
1. To incorporate plasmonic particles into RE doped oxide materials fabricated 

by the sol-gel method and to investigate the emission and structural 
properties of such composite materials and to determine the role of 
plasmonic phenomena. 

2. To fabricate planar dielectric-metal-dielectric structures for SPCE 
experiments with high refractive index fluorescence RE doped oxide films 
and for the narrow band study of the SPCE phenomenon and possible 
waveguiding effects. And to characterize the angular and polarization 
dependence of the coupled emission of such structures. 

3. To investigate possible spectral modifications of fluorescent nanodiamonds 
induced by nearby plasmonic structures.  
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4. EXPERIMENTAL METHODS 

4.1. Sample preparation and characterization 

In the current work, three general types of different fluorophore systems were 
studied. First type of nanostructures that were investigated consisted of rare 
earth ion doped metal oxide thin films, which contained plasmonic particles. 
The second types of samples were RE doped oxide thin films on thin metallic 
films suitable for SPCE experiments. Both the metal films and the nanoparticles 
incorporated into the oxide films were chosen to support surface or localized 
plasmon waves. The third type of fluorophore systems were NV complex 
containing fluorescent nanodiamonds, which were placed on a commercially 
available nanostructured gold substrate, which supports plasmon waves and are 
used in surface enhanced Raman spectroscopy. 
 

4.1.1. Sol-gel derived rare earth doped oxides 

The exact procedures of the fabrication of rare-earth ion doped metal oxide 
samples are described in detail in the referred articles included in the thesis. 
Here I describe only the fundamental fabrication technique of the sol-gel 
process used for the production fluorescent rare-earth doped metal oxides.  

Host titanium dioxide was prepared by sol-gel method with hydrolysis and 
polycondensation of Ti(OBu)4 (Alfa Aesar, 98 wt %). The precursor was 
obtained after mixing of distilled water and n-butanol (YA-KEMIA OY) with 
Ti(OBu)4 (mole ratio 1:24:1.6) and subsequent stirring for 1 h at 21°C. This was 
followed by incorporation of commercially available Ag nanoparticles 
(Nanoamor) or the silica-gold core-shell nanoparticles fabricated by us. The 
next step involved the doping of the nanoparticle containing precursor with 
samarium salt Sm(NO3)2·H2O (1 mol % or 2 wt % relatively to the weight of the 
TiO2 film). For the SPCE experiments the same sol-gel solution without metal 
nanoparticles was spin coated on top of a metal thin film substrate. 

 

4.1.2. Fluorescent nanodiamonds with nitrogen vacancies 

Investigations of the plasmon modified emission of fluorescent NV centre 
containing nanodiamonds were done using commercially available fluorescent 
nanodiamonds (FND) with the size of 140 nm. The nanodiamonds were 
purchased from from Adamas Nanotechnologies Inc. (USA). The FNDs had a 
diameter of 140 nm. The FNDs were drop and spin coated onto a commercially 
available micro- and nanostructured KLARITE 303 surface enhanced Raman 
spectroscopy (SERS) substrates. The substrates consist of lithographically 
structured Si wafer, which was covered with a roughened Au film. The 
structures consist of ordered inverted pyramidal features as depicted in Figure 5. 
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Figure 5. A scanning electron micrograph of the nano- and micro-structured KLARITE 
303 SERS substrate used in the plasmon-coupled emission experiments with NV centres 
in nanodiamonds. 
 
It was found that the traditional spin coating technique was more suitable for the 
placement of FNDs into the pyramidal microstructures. The slow drying process 
with the simple drop coating method was not suitable for the placement of the 
FNDs into the cavities of the structure, because the self-organisation of the 
FNDs when using the slow drop coating method resulted in that most of the 
FNDs were placed in the areas between the resonant cavities. It is believed, that 
the relative big size of the nanoparticles is the reason why it is difficult to place 
the FNDs inside the voids, as they tend to get pinned at surface with relatively 
high roughness. 
 
 

 4.2. Experimental measurement setup 

The measurement system for the SPCE thin film experiments consisted of a 
BK7 glass semi-cylindrical coupling prism mounted on a simple manual 
rotational stage and a commercial photodiode or a fibre coupled spectrometer 
mounted on another rotational stage. The system was further developed in the 
later stages of the experiments and consists now of a computer controlled 
automated rotational stages for the variable angle excitation and measurement 
of the SPCE light. More exact description for the measurement setups used can 
be found in the included articles.  
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5. RESULTS AND DISCUSSION 

5.1. Enhanced fluorescence in RE doped metal oxides  
by incorporated silver nanoparticles 

The fluorescence of the Sm3+ ions in TiO2 host matrix was modified by the 
introduction of Ag nanoparticles to the system. Silver nanoparticles with the 
primary particle size of 30–50 nm were introduced to the host during the sol-gel 
fabrication procedure. The main aim of incorporation of silver nanoparticles 
was to observe metal induced modifications of samarium ion fluorescence. In 
[49], [50] it was found, that the Ag nanoparticles incorporated into the TiO2 
host matrix did modify the fluorescence intensity. Comparative measurements 
of fluorescence intensities were carried out with three different excitation 
schemes. The direct excitation scheme uses direct excitation of the f-f transition 
of rare-earth ions with the excitation wavelength of 488 nm. The indirect 
excitation scheme with the excitation wavelength at 355 nm is used to pump the 
TiO2 host with the following non-radiative energy transfer from the host to the 
Sm3+ ions. The indirect excitation of the Sm3+ ions is known to be more 
efficient as the effective cross section for the indirect excitation is several orders 
of magnitude higher than for the direct excitation [82]. The incorporated silver 
nanoparticles had a plasmonic resonance wavelength at around 400 nm, which 
was determined using transmission spectroscopy and shown in Figure 6 [49]–
[51]. An excitation wavelength of 410 nm was also used, to enhance the 
fluorescence emission through resonant localized surface plasmons pumping the 
system. 

 
Figure 6. Transmission spectra of the prepared metal oxide films with incorporated 
silver nanoparticles: (1) TiO2doped with 4 wt. % of silver nanoparticles (30–50 nm); (2) 
ZrO2 doped with 8 wt. % of silver nanoparticles (5–15 nm). The substrate material was 
glass in both samples. [51] 
 
The excitation wavelengths for both the direct and indirect excitations are off 
the plasmonic resonance wavelength. This means that no strong enhancement 
effects were expected due to enhanced absorption and higher local electric 
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fields. The plasmonic resonance at 400 nm differs substantially also from the 
emission bands of Sm3+ ions shown in Figure 1. It was then expected that there 
will be no significant modifications of the fluorescence intensities. Just the 
opposite was found in the experiments. We found that silver nanoparticles 
dispersed in the samarium doped TiO2 films did give rise to enhanced 
fluorescence intensities even without the direct involvement of localized surface 
plasmons in the absorption or emission process. The fluorescence spectra at the 
different excitation wavelengths displayed similar structure at the broad scale, 
but the finer features in the photoluminescence spectra varied considerably with 
the excitation wavelength (see Figure 7).  
 

A)     B)   
 

C)  
 

Figure 7. Photoluminescence spectra of TiO2:Sm3+ and TiO2:Sm3+ –Ag composite 
samples. A) λex = 355 nm indirect excitation without plasmonic enhancement,  
B) λex = 488 nm direct excitation without plasmonic enhancement and C) λex = 410 nm 
excitation at plasmonic resonance of the substrate, with minor plasmonic enhancement 
of the signal. [49] 
 
To understand the differences between the spectra of the direct and indirect 
excitations, micro-Raman scattering measurements were carried out. Raman 
scattering data gives information, which helps to determine the local crystalline 
structure of the prepared samples. The spincoated samples with doped and co-
doped TiO2 films are amorphous at first and the crystal structure is formed after 
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the gelation, drying and annealing cycle. The Raman data with the information 
on the crystal structure of the sample is depicted in Figure 8. 
 

 
Figure 8. Micro-Raman measurement data of the doped and co-doped TiO2 films. 1) 
TiO2:Sm3+ film with Raman bands at 143, 196, 398, 518 and 639 cm–1, which are 
typical for TiO2 anatase crystalline structure. 2) TiO2:Sm3+ –Ag film with modified 
Raman bands, with bands associated with rutile at 245 and 445 cm–1 and brookite at 
323, 366 cm–1 crystal structure. The spectrum was measured at a silver aggregate. 3) 
TiO2:Sm3+ –Ag film sample measured away from the silver aggregate. [49] 
 
In the Figure 8 the spectrum 1 shows the TiO2:Sm3+ films Raman signature and 
it is commonly associated with the anatase crystal structure of the TiO2 host 
[83]–[85]. Spectrum 2, which depicts the micro-Raman data for TiO2:Sm3+ –Ag 
film, measured near a silver aggregate differs from the previous spectrum. It has 
extra Raman bands associated with the rutile [83] and brookite crystal structure 
[86], [87]. Also some broadening of certain Raman bands is observed, which 
can be a manifestation of non-complete crystallisation of the co-doped samples. 
This is further exemplified by the spectrum 3, which was measured far away 
from silver aggregates and does not show any Raman bands associated with 
crystalline TiO2 structure. The idea, that silver aggregates help the 
crystallisation of the TiO2 host was confirmed by Raman mapping of the 
samples [49]. As the Raman measurements showed the presence of amorphous 
and crystalline features in the TiO2:Sm3+ –Ag films it was expected, that also 
the fluorescence spectra are modified by the different phases.  

The fluorescence spectrum measured with λex = 355 nm from TiO2:Sm3+ 
films depicted in Figure 7 shows narrow bands for split electron transitions: 
4G5/2  6H5/2, 

4G5/2  6H7/2, 
4G5/2  6H9/2, 

4G5/2  6H11/2 proving that the 
radiative Sm3+ ions are located in the TiO2 anatase environment and these 
measurements are in accordance with the Raman scattering experiments [52], 
[83]. 
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The fluorescence with λex = 355 nm from co-doped TiO2:Sm3+ –Ag films 
showed a modified spectrum, with extra narrow lines if compared to TiO2:Sm3+ 
sample without the silver particles. It has been proposed, that these extra lines 
account for Sm3+ ions situated in a modified site in the anatase phase and these 
sites differ by the coordination of nearby oxygen vacancies [83]. The possibility 
of the formation of new complex optical centres must be also considered, which 
have been reported by Malashkevich et al. in a very similar structure [88]. The 
very sharp nature of these extra spectral lines suggests that the local 
environment of the emitting centres is still highly crystalline.  

Under the direct excitation with 488 nm the fluorescence of the TiO2:Sm3+ –
Ag samples does not show the fine structure as with the indirect excitation. 
Only broad spectral features can be observed if measured at some silver 
aggregates and minor spectral peaks are seen in areas away from the silver 
aggregates. The broad nature of the spectral lines is common for the emitting 
centres, which are situated in disordered surroundings like amorphous and 
glassy host matrixes [89]. The direct excitation is considered to excite all the 
Sm3+ ions in the co-doped sample and the dominantly broad nature of the 
spectral bands proves that most of the ions are located in a disordered local 
environment. The statement is backed by the Raman scattering measurements, 
which showed the presence of crystalline phase only near the silver aggregates 
as depicted in Figure 8. A microscopic florescence mapping of the intensive 
Sm3+ ion bands (at 600 and 647 nm) under direct excitation (λex = 488 nm) 
showed that the local fluorescence signal was 20 times higher at silver 
aggregates than in sites away from the particles [49]. The enhancement is 
considered to be a complex phenomenon and it is more probable that it is 
caused by simple and complex silver ion centres, which transfer their energy 
non-radiatively to the samarium ions. Fluorescence measurements with  
λex = 410 nm, which is in resonance with the localized plasmons yielded only 
around a 1.5 higher intensity near the silver aggregates. The lack of spectral 
overlap of Sm3+ ion band with the plasmonic scattering spectrum in the main 
reason we do not consider the SPCE type enhancement of the emission. The 
samarium ions do not excite radiative plasmon modes in a considerable amount 
and thus does not account for the enhanced emission. 

 
 

 5.2. Enhanced fluorescence in RE doped oxides  
by incorporated gold core-shell nanoparticles 

The discussion of fluorescence intensity enhancement by plasmonic structures 
yielded the result, that nanoparticles with higher scattering cross-sections are 
more suitable than small sub 50 nm nanoparticles, which have a relatively 
higher absorption cross-section and higher losses. In this section we present and 
analyse the effects of relatively big silica-gold core-shell nanoparticles on the 
emission of TiO2:Sm3+ thin films.  
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The fabrication of the core-shell nanoparticles was based on the Ströber 
method followed by the covering of the core particles by a continuous gold 
film. The resulting nanoparticles were characterized by scanning electron 
microscope (SEM) measurements and yielded a size of the silica core 
approximately 140 nm and a thickness of the gold shell ca 15–20 nm (Figure 
9 A). Extinction measurement of the nanoparticles dispersed in water showed 
pronounced maxima at 525 and 675 nm and closely resembles the calculated 
spectrum using Mie theory (Figure 9 B). Dark field imaging confirmed the 
plasmonic nature of the nanoparticles incorporated to the TiO2 host matrix. 
Florescence imaging confirmed the existence of strong Sm3+ emission near the 
plasmonic particles. The comparison of dark field images with fluorescence 
images demonstrated an excellent spatial correspondence between the location 
of the highly scattering and fluorescing spots (Figure 10). Similar fluorescence 
images taken on films without the core-shell particles did not show the presence 
of bright spots. The lack of such bright spots in undoped TiO2:Sm3+ thin films 
stands as evidence that the gilded nanoparticles participate in an enhanced 
emission Sm3+ ions. 

 

A)    B)  
 
Figure 9. A) SEM image of the fabricated core shell nanoparticles. B) Experimental (1) 
and theoretical (2) extinction spectra of the nanoparticles dispersed in water. [47] 
 
The direct excitation measurements of local fluorescence with λex = 355 nm 
near and away from these bright spots have the traditional shape of Sm3+ ions 
incorporated in TiO2 with anatase structure. The results of the spectral 
acquisitions are depicted in Figure 11 and show approximately 10 times 
enhanced samarium spectra signal at the particles compared to the samarium ion 
situated in the area without plasmonic nanoparticles. Similarly to the case of 
silver nanoparticles covered in the previous section we cannot attribute the 
stronger signal to the simple plasmonic enhancement of electric fields as the 
excitation wavelength with 355 nm is of the resonance of the particles.  
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A)  B)  
 

Figure 10. A) Greyscale dark field scattering image. B) Greyscale fluorescence image 
from the same area as A) from TiO2:Sm3+-Au thin films with excitation wavelength  
λex = 355 nm. [47] 
 

 

Figure 11. Micro-luminescence spectra of TiO2:Sm3+–Au films measured on a bright 
scattering particle (blue curve) and away from it from the background (black curve) 
with λex = 355 nm. The insets show wide field fluorescence images from the measured 
areas. The exact measured points are in the centre of the images. [47] 
 
The possible mechanism of metal mediated emission could be involved, but 
multiple measurement of fluorescence lifetime proved to be inconclusive. 
Although some lifetime measurements showed a certain degree of lifetime 
shortening there was a lack of a systematic trend and some locally measured 
lifetimes at the nanoparticles showed even an increased averaged lifetime. It 
was necessary to use three exponential decay components to satisfactorily 
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describe the measured decay kinetics. A sample decay curve is depicted in 
Figure 12 and some extra measurement results in the following Table 2. The 
fluorescence lifetime components with their values in the order of few hundred 
microseconds represented with τ3 are typical for RE ions situated in a good 
quality anatase crystalline environment. The lifetimes in the order of tens of 
microseconds can correspond to samarium ions situated in the host having 
different crystallinity or are near local lattice defects. The average lifetimes for 
the measurements on the particle and off the particle did not differ considerably. 
Thus it is concluded that the radiative decay rate is not considerably changed by 
the plasmonic nanoparticles. The detected enhancement with the ultraviolet 
excitation could have different origins and the possibility of plasmon assisted 
non radiative energy transport to the samarium ions has to be considered. 
Recent publications have demonstrated non-radiative plasmon interactions 
involving enhancement of excitonic processes in improved photocatalysis. And 
also plasmon assisted Förster resonance energy transfer in quantum dot systems 
has been described.  
 

 
Figure 12. Normalized experimental fluorescence decay kinetics: from background (1), 
from bright spot (2) of TiO2. [47] 
 
Table 2. Lifetime components and averaged lifetime of fluorescence kinetics 
measurements of TiO2:Sm3+–Au thin films. [47] 

Sample type τ1, µs τ2, µs τ3, µs τ, µs 

Particle 1 2.5 25 156 103 

Particle 2 6.5 48 299 147 

Particle 3 10.5 78 294 202 

Background 1 4.1 35.3 225 138 

Background 2 7.4 50 220 137 
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Direct excitation of the fluorescence with λex = 355 nm yields a similar 
spectrum and is depicted in Figure 13. The spectra in this case consist of 
broader and almost featureless Sm3+ emission bands and are typical for the 
situation 
 

 
Figure 13. Micro-luminescence spectra of TiO2:Sm3+–Au films measured on a bright 
scattering particle (red curve) and away from it from the background (blue curve) with 
λex = 532 nm. [47] 
 
 

5.3. SPCE of photostable rare-earth  
doped metal oxide thin films 

For the study of the SPCE phenomenon commercially available gold film 
substrates were covered with samarium doped TiO2 thin films with various 
thicknesses (47, 64 and 100 nm). The 50 nm thick gold film covered glass 
substrates were bought from PHASIS (Switzerland). The sol-gel method was 
used in combination with spin coating to cover the gold side of the substrates 
with the TiO2:Sm3+ films. The thicknesses were estimated using transmittance 
spectra of reference samples without the gold layer [90]. These films were then 
attached to a semicylindrical BK7 prism, which was attached to a goniometric 
measurement system allowing the study of angular dependent fluorescence. For 
the SPCE experiments mostly the reverse Kreschman scheme was employed 
depicted in Figure 4 B. The samples were excited by the third harmonic of a 
Nd:YAG laser with λex = 355 nm. A fibre coupled CCD spectrometer (Ocean 
Optics 2000) was connected to goniometric system. Angular and polarization 
dependent fluorescence spectra were recorded at the prism side of the setup in 
the range of 0°–90°. The degree of polarization was determined by using an 
analyser placed before the spectrometer. The degree of polarization was 
estimated by the ratio of minimal and maximal intensities given by 
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ܲ = ூ೘ೌೣିூ೘೔೙ூ೘ೌೣାூ೘೔೙ ,  (9)  

 
where P denotes the degree of polarization an ܫ௠௔௫ and ܫ௠௜௡ are the maximal 
and minimal fluorescence intensities respectively registered by the 
spectrometer. 
 

   
 
Figure 14. Normalized variable angle fluorescence spectra of TiO2:Sm3+ thin films 
samples. a) TiO2:Sm3+ thin film sample on pure glass attached to the semicylindrical 
prism; b) TiO2:Sm3+ thin film sample on the gold-covered glass slides attached to the 
semicylindrical prism. [48] 
 
Figure 14 depicts the dependence of the recorded fluorescence spectra on the 
detection angle of the spectrometer on two different samples. First a reference 
sample of a samarium doped TiO2 thin film on a glass substrate attached to the 
prism setup was measured, which showed no significant dependence on the 
detection angle (Figure 14 A). In contrast the TiO2:Sm3+ film on the gold 
covered glass slide showed a strong angle dependence of the signal (Figure 
14 B). The fluorescence spectra showed the typical features for the TiO2:Sm3+ 
system with pronounced peaks specific to Sm3+ ions with maximal intensities at 
583, 616, 665 and 728 nm corresponding to the 4f–4f transitions. A very strong 
angle dependence of the gold film sample becomes evident in the 45° < θ < 80° 
angular range. More exact measurements showed that the intensities of the 
different peaks of the Sm3+ ions depend non-monotonically on the detection 
angle. Each peak has a maximal value at a different angle. Thus, the metal-
dielectric film system allows tailoring of the fluorescence spectrum by 
modifying the interrelation of the intensities of different fluorescence bands at 
different detection angles. 

The more exact polarization and detection angle dependent measurements of 
the fluorescence intensities of the distinct pronounced emission wavelengths 
revealed two different types of radiation. The measurements revealed a strong 
dependence of the polarization and angular distribution properties of the 
radiation, which is sensitive to the film thickness of the TiO2:Sm3+ layer spin 
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coated on top of the gold substrate. To understand the physical processes 
involved we used theoretical reflectance calculations of the layered and prism 
coupled system. The results of the measurements and calculations are depicted 
in Figure 15. 

 

 
Figure 15. Measured angular dependence of the fluorescence (a–c) and calculated 
reflectance (d–f) of the metal-dielectric system of TiO2:Sm3+ /50 nm Au/glass with 
varying thicknesses of the TiO2:Sm3+ layer. Data for different spectral peaks are plotted: 
(1) 583 nm; (2) 616 nm; (3) 665 nm and (4) 728 nm. Also depicted in the plots are the 
polarization of the emission and the thickness of the TiO2:Sm3+ film. [48] 
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The nature of the SPCE light as described in paragraph 2.2.2.  is that the emitted 
radiation is p-polarized. P-polarized light was also registered in the experiment, 
but only in the case of the thinnest 47 nm thick TiO2:Sm3+ layer sample. The 
thicker samples showed predominantly s-polarization emission. This 
corresponds to the coupling of the fluorescence to leaky waveguide modes 
inside the TiO2 layer. The phenomenon can be understood with the help of the 
theoretical reflectance calculations of such a layered system. These show that 
the attenuated total reflection dips in the p-polarized reflectivity plots, which are 
attributed to the plasmonic modes on the gold-TiO2 interface exist only for the 
thin 47 nm sample. The high effective dielectric constant of TiO2 does not allow 
the necessary wavevector matching condition for the exciting of surface 
plasmon polaritons to be fulfilled for the thicker samples. The effective 
dielectric constant “felt” by the evanescent electric fields of the electromagnetic 
waves is low enough only in the thinnest sample. If the dielectric constant of the 
fluorescent layer would be lower than the glass/oil/prism substrate, then it is 
possible for both the surface plasmons and wave guide modes to be 
simultaneously excited. This has been previously showed in experiments with 
thick dielectric loaded plasmonic waveguides.  

The data plotted in Figure 15 shows a good correlation between the angular 
positions of the minima in the calculated reflectivity curves at the specific 
wavelengths with the corresponding angular positions of the measured 
fluorescence intensity maxima at the same wavelengths. The minima of the 
reflectivity curves at these certain wavelengths correspond to the excitation of 
either leaky surface plasmon modes or the leaky wave guide modes. The same 
modes are excited by the fluorescence of the incorporated samarium ions and as 
the modes are leaky, they can out-couple at the certain angles, which are visible 
in the reflectivity calculation data. The degree of polarization for the coupled 
emission was in the range of 0.8–0.9. The metal dielectric structure studied, 
enables the redistribution of traditionally isotropic emission of the randomly 
oriented Sm3+ ions in a controlled manner. It is shown, that one can modify the 
polarization and angular distribution of the fluorescence by controlling the 
TiO2:Sm3+ layer thickness of the sample. Although in the presented study of this 
geometric setup the fluorescence lifetimes of the different type of leakage 
radiation could not be investigated, it is believed that the also the lifetimes for 
the surface plasmon coupled and waveguide mode coupled radiation are 
modified and differ from the bulk TiO2:Sm3+ sample. Combining the 
photostability of the fluorescence of Sm3+ ions in the TiO2 host matrix and the 
possibility of controlled modification of the polarization, the angular 
distribution and possibly the fluorescence lifetimes it is proposed that rare earth 
doped oxides are of high importance for fundamental and experimental 
investigation of advanced leaky waveguide structures. A polarization and 
spectrally sensitive leakage radiation microscope combined with fluorescence 
lifetime imaging would be an ideal tool for such further experimentation. 
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5.4. Spectral reshaping of NV centre luminescence 

One of the most intriguing phenomena of plasmon coupled emission is the 
spectral reshaping of fluorescence of the plasmon-coupled emitters [91]–[95]. 
This effect is based on the modification of the fluorescence spectra of the 
emitters, when placed near a plasmonic system, which has resonances 
overlapping some parts of the emission spectra of the emitter. The effect can be 
understood if considering equation (8) in paragraph 2.2.1. It is shown, that the 
enhancement of fluorescence intensity near a plasmonic particle depends on the 
scattering cross-section of the particle. The scattering cross-section is a 
wavelength dependent and thus the enhancement factor is also a wavelength 
dependent process. As differently shaped plasmonic nanoparticles of different 
materials can have diverse scattering cross-sections with very different 
wavelength dependent enhancement profiles, it is possible to selectively 
enhance some parts of the fluorescence spectra of the emitters. It is important to 
note, that the overall fluorescence spectra of the emitters coupled to a plasmonic 
system contain at least two different kind of radiation. The spectra are a mix of 
the intrinsic fluorescence profile with unpolarised light and of the plasmon-
coupled emission, which is polarized in a way, which is determined by the 
radiative plasmons and is a very similar effect to SPCE. 

This paragraph of the thesis was motivated by the reported lack of data on 
the spectral reshaping of fluorescence of plasmon-coupled emitters described by 
[25], and includes data, which has not yet been published. The studied system 
has been motivated by the recent publication by [81], where a commercially 
available SERS substrate was used for the modification of the fluorescence 
lifetime of emitters and to visualize the lifetime modification under a 
fluorescence lifetime imaging microscope.  
 

5.4.1. Spectral reshaping of plasmon coupled single nanodiamonds 

First the fluorescence spectra of single nanodiamonds with included fluorescent 
nitrogen vacancies are discussed. As described in paragraph 4.1.2., an ultra-
sound pre-treated and diluted solution of FNDs in deionized water was drop 
coated on top of the Klarite SERS substrate and dried on a hotplate. The 
sufficient low concentration of the solution and quick drying resulted in 
adsorption of single nanodiamonds which were scattered around the substrate 
and covered the structured and smooth gold film regions of the Klarite 
substrate. The distance between single FNDs was enough to measure single 
particle spectra. Care had to be taken not to measure the small aggregates of 
single particles, which are coupled to one another and which are difficult to 
distinguish from single particles under a fluorescence microscope.  

The excitation wavelength used in the fluorescence measurements and 
imaging was 523 nm from a second harmonic of a Nd:YAG solid state laser. 
The microscope used was a heavily modified microscope setup based on 
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Olympus BX41M microscope combined with an Andor iXon EMCCD camera 
for highly sensitive imaging and a fibre-coupled Andor SR303i spectrometer 
with Andor Newton camera for spectral measurements. The spatially filtered 
excitation beam allowed for wide field and focused excitation of FND 
fluorescence. The fibre-coupled spectrometer was aligned to measure the focus 
spot of the focused beam and the central position of the wide field illuminated 
region allowing the simultaneous measurement of fluorescence spectra of 
tightly localized area while imaging. The fluorescence was filtered with a 532 
nm notch filter and a 550 nm long pass filter from Thor labs. For the exact 
positioning of the FNDs into the focus spot of the laser beam and the 
spectrometer a piezoelectric positioning system Nano–H100 from Mad City 
Labs Inc. was used allowing the positioning of the 140 nm FNDs in the focus 
with a used 5 nm precision. The measurement of fluorescence spectra was 
highly sensitive to the location of the nanodiamonds in respect to the focus spot 
and careful focusing procedure of every single nanodiamond was implemented 
to exclude chromatic aberration effects in spectral acquisitions.  

 

 
Figure 16. Fluorescence spectra of single nanoparticles deposited on the smooth Au 
regions of the Klarite SERS substrate. Although the intensities vary from particle to 
particle the spectral shape is almost the same for all particles. The small variations of 
the shape are mainly due to different fractional composition of NV0 and NV– centres in 
the particles. All spectra contain the distinctive ZPL features for the NV0 and NV– 
charge states. The sharp line at ca 810 nm is an unfiltered laser line. The inset shows the 
fluorescent image obtained using λex=532 nm and shows the nanoparticles for the 
corresponding spectra. 
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To understand the plasmonic effects on the fluorescence of single FNDs 
baseline measurements were done for single nanodiamonds on the smooth gold 
film regions of the Klarite substrate. The inset of Figure 16 shows a drop coated 
area of the unstructured gold film, where FNDs can be observed as bright white 
spots. Single nanoparticle fluorescence spectra were measured away from 
aggregated nanodiamonds in the wide field illumination scheme. The 
corresponding spectra of the numbered nanodiamonds are depicted in Figure 16 
and they differ mainly in their respective intensities. Small deviations in the 
shapes are explained by the different fractional composition of NV0 and NV– 

colour centres. These are very similar to typical room temperature fluorescence 
spectra of nanodiamonds containing NV colour centres, with the small peaks 
near 575 and 637 nm associated to the ZPLs of the NV0 and NV– optical 
complexes. Also typical for the FND is the shape of the phonon wing, this is in 
good agreement with previously published data. A sharp peak at ca 810 nm can 
be observed which is an unfiltered weak laser line.  
 

A) B)  
 
Figure 17. A) Intensity normalized fluorescence spectra of single FNDs depicted in 
Figure 16 which gives a better view of the variations in the spectral shape in the 575–
625 nm range. B) The intensity normalized and averaged spectrum of the 5 measured 
nanodiamonds on the smooth gold film with markers showing the ZPLs of the NV0 and 
NV– complexes at 575 and 637 nm respectively.  
 
The intensity normalized fluorescence spectra of the corresponding single 
nanodiamonds are depicted in Figure 17 A, which gives an enhanced view of 
the small spectral shape differences of the measured particles. Figure 17 B 
shows the averaged spectrum of the five intensity normalized spectra. Also 
depicted are the positions of the zero phonon lines of the NV0 and NV– 
complexes at 575 and 637 nm. The noise in the measured fluorescence spectra 
is systematic and does not come from the lack of fluorescence signal. It 
disappears when measuring continuous samples and can be observed only in 
single particle measurements and shows interference type of behaviour. 
Figure 18 shows the comparison of the averaged and intensity normalized 
spectrum of the FNDs on the smooth gold film regions of the Klarite substrate 
to the spectrum of the FNDs placed on a normal microscope glass substrate. 
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There are only minor differences between these two spectra. The spectra of the 
highly reflective smooth gold film region contains an unfiltered laser line near 
810 nm and has a higher background signal in the 550–650 nm region. 
Otherwise the spectra have an almost identical shape and display the typical 
ZPLs. 

 
Figure 18. The comparison of the averaged and intensity normalized spectra of 
fluorescent nanodiamonds placed on top of a glass slide and the unstructured gold film 
on the Klarite substrate. 
 
Figure 19 A and B show the drop coated single FNDs in the centre of wide field 
illumination scheme image (the central bright spots). They show FNDs on the 
structured gold film regions of the Klarite substrate. The spectral measurements 
were taken at the central position of the images and the data is presented in C. 
Two different measurements of the same nanoparticles are shown. The first 
spectral acquisition for each nanodiamond was done after a careful positioning 
of the nanodiamonds into the measurement spot to yield the highest signal. The 
second spectrum for each nanodiamond was registered after moving the sample 
stage and the following exact repositioning and focusing procedure. These 
double measurements show that after an exact repositioning routine the spectra 
are the same and chromatic aberration effects can be avoided. The spectra 1a 
and 1b in Figure 19 C show the data for the FND depicted in the centre of 
Figure 19 A.  
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A)     B)  

C)   
 
Figure 19. A) and B) depict fluorescence microscopy images of two different 
nanodiamonds deposited on the structured Klarite substrate area. C) depicts the 
recorded fluorescence spectra of the FND-s in the centre of images A) and B). Two 
spectra were measured for both particles to assure the correct positioning and focusing 
of the nanoparticles. 
 
The recorded spectra form the nanodiamond depicted in Figure 19 A (spectra 1a 
and 1b) show a noticeably modified phonon wing. It exhibits an unusual feature 
for the nanodiamond spectrum near 700 nm and it is attributed to the metal 
induced spectral modification. The exact analysis of the positions of the FNDs 
yielded, that both of the drop coated nanodiamonds were not situated inside the 
pyramidal resonator. A previous study on molecules and small quantum dots 
had shown the drying process deposits the particles predominantly inside the 
pits and not on the area between them [96]. It is thought that in the case of the 
drop coating process the sticking of the FNDs in the areas between the pits is 
caused by the bigger size of the FNDs.  

Experimental and theoretical studies combined with numerical simulations 
of such inverted pyramidal structures show a complex nature of the angular 
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dispersion of reflectance with a multitude of surface plasmon polariton and 
localized plasmon modes combined with diffractive features [97]–[99]. This 
complicates the analysis of the spectral modification shown in Figure 19 C. 
Especially as the nanodiamonds are not situated inside the resonant cavity and 
thus it is difficult to conclude, if this is a coupling phenomenon to surface 
plasmon or localized plasmon modes. To enhance the deposition of particles 
inside the pits spin coating with undiluted stock solution was used in the later 
stages of the experiments. The use of spin coating resulted in big areas of the 
structured part of the Klarite substrate where nanodiamonds were deposited 
inside the pits, but it is not guaranteed, that the pits are filled with just one 
nanodiamond. Figure 20 depicts the fluorescence spectra of single pits filled 
with nanodiamonds with the corresponding exact measured locations. One can 
see high variance of the shape of the measured spectra, which is believed to be 
caused by different local electromagnetic environment of the measured FNDs. 
This is a reasonable assumption as the FNDs are in different locations inside the 
micro voids and also the surface roughness is quite big as these structures are 
specialized for SERS measurements. The roughened surface has local hot spots 
with very different local plasmonic resonances.  

 

A)  B)  
 
Figure 20. A) Locally measured fluorescence spectra of single pyramidal pits with 
FNDs inside. B) The measured locations corresponding to the measured spectra.  
 
To get a better overview of the shape modification of the FND spectra we 
employed intensity normalization and averaging over the 6 measured spectra 
and compare the results with the normalized and averaged spectra of FNDs 
situated on the smooth gold film.  
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Figure 21. Comparison of the normalized and averaged fluorescence spectra of FNDs 
inside the pyramidal pits of the structured area (Red) and the FNDs on top of the 
smooth gold film area (Black) of the Klarite SERS substrate. 
 
Figure 21 shows clearly a reshaping of the fluorescence spectra of 
nanodiamonds, which are situated inside the pyramidal pits which support 
localized plasmon modes. One can observe a noticeable change in the phonon 
wing structure with a distinct peak near 690 nm. The ZPLs for the NV0 and NV– 
are still visible and assuring that the measured spectra originates from these 
complexes. The most obvious changes are the relative increase of the intensity 
of the phonon wing peaking at around 690 nm. This is accompanied with the 
relative decrease of the intensities in the 575–675 nm range. The increase of the 
phonon wing intensity at 675–850 nm range is associated with relaxation 
processes involving plasmonic modes of the structure. To confirm this 
hypothesis one needs exact lifetime measurements. The lifetime measurements 
(not shown) using a frequency domain fluorescence lifetime imaging 
microscope on these covered substrates resulted in a very low signal. This was 
caused by the relative low efficiency of fluorescence of the NV complexes 
compared to regular fluorescence dyes. Thus the signal was too noisy for any 
conclusive validation of the hypothesis. Other possible factors that could 
account for the spectral reshaping phenomena are the spectrally dependent 
diffusive and normal incidence reflectivity of the structured samples, which 
could also produce modifications in the spectra [97]–[99]. As described the 
fibre coupled system was highly sensitive to precise focusing and positioning of 
the emitters into the focusing point. Although careful focusing and positioning 
procedure was followed there exists a minute possibility that the altered signal 
originates from a spectrally dependent detection efficiency of emitters on such a 
corrugated substrate. Very similar spectra obtained with a different 
measurement setup (presented in 5.4.2.) are the basis that we neglected the latter 
effect with high certainty. 



41 

5.4.2. Spectral reshaping of plasmon coupled  
ensemble of nanodiamonds 

The ensemble measurements of fluorescence originating from the 
nanodiamonds situated on the smooth and structured areas of the Klarite 
substrate showed very similar behaviour as the single particle and pit 
experiments. The measured areas are the same as depicted in Figure 16 and 
Figure 20. The spectral measurements were done with the InVia micro Raman 
measurement system from Renishaw. A defocused 488m nm laser beam was 
used to coarsely map the nanodiamond fluorescence spectra of the smooth and 
structured parts of the Klarite substrate. The excitation spot diameter was 
around 20 µm. Bright field images of the measured samples can be seen in 
Figure 22. The greyscale overlay depicts the overall fluorescence intensity map 
of the structured and smooth parts of the substrate covered with FNDs. Spectra 
with the highest signals were used in the comparison between the fluorescence 
of FNDs situated on the different regions of the substrate and are presented in 
Figure 23. 
 

A)  B)  
 
Figure 22. A) A microscope image of a structured region of the Klarite substrate half of 
which is covered with NV centre containing FNDs and has a greyscale overlay map of 
the fluorescence intensity. B) A microscope image of a smooth region of the Klarite 
substrate which is covered with NV centre containing FNDs and has a greyscale overlay 
map of the fluorescence intensity.  The scale bar in both images is 20 μm. 
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Figure 23. Modification of NV centre photo luminescence spectra of fluorescent 
nanodiamonds. The Smooth 1 and Smooth 2 spectra depict the two intensity normalized 
measurements of luminescence of nanodiamonds placed on the smooth Au film region 
on the Klarite substrate. The Structured 1 and Structured 2 intensity normalized spectra 
measured on the structured part of the substrate depict a modified shape. The easily 
noticeable spectral modifications overlap with the plasmon associated features in the 
reflectance measurements of the Klarite substrate shown in Figure 25. 
 
The comparison of the FNDs spectra on the structures and the smooth part of 
the Klarite substrate yields clearly noticeable differences. The spectra of the 
FNDs situated on the structured surface show a shifted maxima and relative 
decrease of the short wavelength and relative increased signal of the long 
wavelength region. The modifications are similar to spectra of single 
nanodiamonds or voids which also possess a red shifted maximum and 
decreased short wavelength intensity. The red shifted maximum of the ensemble 
measurements is broader and the peaks near 700–725 nm and shape varies 
slightly by measurement to measurement. The averaged signal over all the 
mapping points for FNDs on structured and unstructured gold without the 
normalization procedure is shown in Figure 24. Although the recorded intensity 
of FND fluorescence on the structure was higher one cannot report an enhanced 
fluorescence signal with full confidence. This is due to the fact that the exact 
number of FNDs is unknown for both substrate types. That is why the intensity 
normalized spectra are preferentially analysed.  
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Figure 24. Averaged fluorescence intensities of the mapped regions depicted in 
Figure 22. The averaged signal is stronger on the structured surface and the maximum 
of the spectrum is shifted to longer wavelengths.  
 
In order to better understand the processes involved in the spectral reshaping, 
we measured the normal incidence reflectivity of the Klarite substrate. The 
measured normal incidence reflectivity of a clean Klarite substrate has a 
noticeable wavelength dependent behaviour and is typical for such inverted 
pyramidal structure. The reflectivity data (shown in Figure 25) is very similar 
with previously reported experimental and theoretical studies [97]–[99]. It is 
interesting to note that there is a disagreement in the literature. Authors of [97], 
[99] argue, that the pit localized surface plasmons are associated with the dips 
in the specular reflection measurements and authors of [98] argue, that the 
peaks in the normal incidence reflectivity should be associated with the 
localized plasmon modes. The manufacturer of the SERS substrates 
recommends to use Raman excitation wavelengths 633 and 785 nm which fall 
to the shorter wavelength side of the reflection peaks, making the optimized 
enhanced Raman signal overlap with the maximum of the peaks. Therefore it is 
concluded that the peaks overlap with the radiative pit localized surface 
plasmon modes and effective surface plasmon coupled emission in the normal 
incidence regime is obtained at the maximal values on the peaks. From the 
fluorescence measurement data (Figure 25) an evident shift of the maximal 
position of the FNDs spectrum can be seen which is at first glance overlapping 
more with the minima than the maximal value in the reflectance measurement. 
But as the reflectance measurements were done on a clean substrate the red shift 
of the plasmon modes due the higher effective refraction index induced by the 
nanodiamonds inside the pits is not accounted for. 
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Figure 25. Normal incidence reflectivity spectrum (black) overlaid by the intensity 
normalized fluorescence spectra measurements of nanodiamonds on the structured part 
of the sample (dark grey) and on the smooth gold film area (light gray). Also depicted 
vertical lines are the manufacturers recommended wavelengths for SERS measurements 
showing that the optimum SERS enhancement region is situated on the peaks of the 
reflectivity curve. 
 
Based on the numerical simulation data and theoretical analysis of [98] it is 
proposed, that the modified spectra of the FNDs on the structured part of the 
Klarite substrate are caused by pit localized radiative higher order plasmon 
modes which effectively enhance the phonon wing region of NV complex 
fluorescence. It is sad that further proof of this could not be given by 
fluorescence lifetime imaging measurements, as our equipment was not 
sensitive enough to give reliable lifetime measurement data. 
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6. CONCLUSION 

We report the successful fabrication of photostable fluorescent TiO2:Sm3+ thin 
films with high refractive index using the sol-gel fabrication method. This wet 
chemistry method enables the co-doping of the fluorescent matrix with metallic 
nanoparticles and when combined with the spin coating procedure it can be 
applied in the fabrication of layered structures suitable for studying 
waveguiding and surface plasmon-coupled emission phenomena.  

Locally enhanced fluorescence intensities were registered for the fluorescent 
TiO2:Sm3+ thin film samples with incorporated plasmonic metal nanoparticles. 
Fluorescence measurements with the direct and indirect excitation schemes of 
the Sm3+ ions revealed a maximum local enhancement of the fluorescence 
intensity by 20 times. The maximal signal enhancement Sm3+ ions was obtained 
with TiO2:Sm3+ thin films co-doped with silver nanoparticles and with the direct 
excitation scheme with λex = 488 nm. Co-doping the samples with silver 
nanoparticles induces the formation of micro-aggregates which disturb the 
homogenous anatase crystalline structure of the fluorescent TiO2:Sm3+ thin 
films. Raman scattering measurements showed the mainly amorphous nature of 
the TiO2:Sm3+–Ag samples with a mix of anatase, rutile and brookite phases in 
the vicinity of silver aggregates. The enhancement of Sm3+ emission with with 
λex = 488 nm is more likely connected with the presence of silver ions than with 
plasmonic effects. The direct excitation resulted in broad and featureless 
fluorescence spectrum of Sm3+ ions which originates from samarium situated 
predominantly in an amorphous environment.  

In contrast the indirect excitation of TiO2:Sm3+ with λex = 355 nm results in a 
spectrum with pronounced sharp features which is associated with samarium 
ions enclosed in a crystalline anatase lattice. The measurements with λex = 355 
nm in the vicinity of silver aggregates show a modified spectrum with extra 
narrow lines and results also in an enhanced fluorescence of Sm3+ ions. The 
extra lines originate from different emission centres which probably differ by 
the coordination of charge-compensating oxygen vacancies and causes splitting 
of f–f transitions. Excitation with λex = 410 nm overlapping the plasmonic 
resonance band of the silver nanoparticles yielded in a fluorescence 
enhancement of 1.5 times and provides the evidence that plasmon enhanced 
absorption is overshadowed by other sensitizing effects in these systems. 

Measurements with TiO2:Sm3+ films co-doped with successfully synthesised 
silica-gold core-shell nanoparticles yielded also locally enhancement of 
fluorescence of Sm3+ ions. Indirect excitation with λex = 355 nm produced 
higher enhancement than with direct excitation with λex = 532 nm. The local 
fluorescence intensity was approximately 10 times higher near the core-shell 
particles in the case of indirect excitation and about 2.5 times in the case of 
direct excitation. The achieved local enhancement in Sm3+ fluorescence can be 
explained by two plasmonic effects. First is plasmonically increased direct 
absorption of 532 nm light by Sm3+ ions. The second is the plasmonically 
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enhanced energy transfer from the excitons in TiO2 host induced by UV light 
(355 nm) to the Sm3+ ions. The fabricated fluorescent TiO2:Sm3+ thin film 
layered waveguide and plasmonic waveguide structures showed controllable 
emission from RE ions. We successfully demonstrated the coupling of narrow 
band Sm3+ ion emission to leaky surface plasmon and waveguide modes. It is 
possible to tune the polarization and angular properties of the emission by 
changing the thickness of the TiO2:Sm3+ thin film. It is demonstrated in this 
thesis that placing fluorescent nanodiamonds containing nitrogen vacancy 
colour centres on nanostructured plasmonic substrates can cause considerable 
modifications to the fluorescence spectrum. Single nanoparticle and ensemble 
measurements show that the spectral modifications originate from the 
interaction with the structured gold surface. It is proposed that the near-field 
coupling of the NV centre fluorescence to radiative localized surface plasmon 
modes is the main contributor to the recorded spectral reshaping.   
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SUMMARY 

The present thesis includes an experimental study of the modification of the 
emission of photostable emitters induced by nanometallic structures supporting 
plasmon modes. The theoretical part of this work describes the plasmonic 
effects on fluorescence and analyses the behaviour of plasmon-fluorophore 
coupled systems. The systems studied in this thesis are comprised of plasmonic 
structures coupled with the fluorescence of photostable or non-bleaching 
emitters. Most of the articles in the field of plasmonics, which deal with the 
interaction between plasmons and fluorescence emission study predominantly 
systems with traditional organic dye molecules in low refractive index 
materials. These dye molecules are usually not photostable and can suffer from 
photo bleaching, which restricts their range of application in plasmonic systems. 
The thesis at hand considers photostable fluorescent materials, which have a 
high refractive index and are less studied in the plasmonics literature. The 
fluorescence of titatnium oxide films doped with fluorescent samarium 3+ ions 
with incorporated plasmonic silver nanoparticles, gold core-shell nanoparticles 
and films covered on top of a thin gold layer are characterized. Also included in 
the thesis is the a study of a system comprised of fluorescent nanodiamonds 
containing NV-centres, which were placed on a nano- and micro structured gold 
substrate possessing plasmonic modes resonantly overlapping with the NV-
centres fluorescence.The main focus was to investigate the possible effects of 
plasmonic structures on the emission characteristics of the fluorescent materials 
like the fluorescence intensity, the spectral shape, the angular distribution of the 
emission and modification of fluorescence lifetimes. It was found that 
TiO2:Sm3+ films co-doped with silver and gold nanoparticles produce locally 
enhanced emission, but the plasmonic effects alone do not explain the entire 
observed enhancement. Direct excitation of Sm3+ ions in silver doped samples 
with λex = 488 nm yielded a locally increased fluorescence intensity of up to 20 
times. The enhancement cannot be explained by purely plasmonic enhancement 
of absorption or by the SPCE phenomenon and originates with high probability 
from traditional non-radiative energy transfer between silver and samarium ions 
and photoactive complexes comprised of these ions. In the the gold doped 
samples and in the indirect excitation of silver samples part of the enhancement 
is caused by plasmonic increase in Sm3+ direct light absorption in the vicinity 
of noble metal dopants or better energy transfer from light induced excitons in 
TiO2 host to Sm3+ ions. It was found that by changing the thickness of 
TiO2:Sm3+ films situated on top of a 50 nm thick gold layer, it is possible to 
control if the narrowband emission of Sm3+ ions couples to surface plasmon or 
waveguide modes. The reversed Kretschmann scheme was employed for the 
characterization of the different type of polarization for fluorescence-coupled 
leaky SPCE and waveguide modes. The tuning of the fluorescent layer 
thickness results in controllable modification of the polarization and angular 
distribution of the emission. Spectral reshaping of photostable fluorescent 
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nanodiamonds is also demonstrated, which is induced by localized surface 
plasmon modes located on inside the pyramidal pits of the nanostructured 
Klarite substrates. Single particle and pit fluorescence imaging and spectral 
measurements combined with ensemble measurements show noticeable 
modified fluorescence spectra. 
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SUMMARY IN ESTONIAN 

Nanometalliliste struktuuride poolt põhjustatud muutused 
fotostabiilsete fluorofooride kiirguses ja spektri kujus 

See väitekiri käsitleb metall-dielektrik-pindadel levivate ja lokaliseeritud pinna-
plasmonite vastasmõju fotostabiilsete kiirguritega. Töö teoreetilise ülevaate 
osas kirjeldatakse plasmonite mõju fluorestsentskiirgusele ning analüüsitakse 
plasmon-fluorofoor sidestatud süsteemi käitumist. Uurimise all olid plasmoon-
sed süsteemid, kus pinnaplasmonid või lokaliseeritud pinnaplasmonid on 
sidestatud fotostabiilsete ehk mittepleekivate kiirgustsentrite fluorestsentsiga. 
Senised plasmoonika valdkonna uurimused, mis käsitlevad plasmonite ja fluo-
restsentskiirguse vastasmõju, on põhinenud enamjaolt vaid tavapärastel orgaani-
listel värvainemolekulidel, mis paiknevad madala murdumisnäitajaga kesk-
kondades. Need molekulid ei ole üldiselt fotostabiilsed ja pleegivad kiiresti ning 
see piirab nende rakendamist plasmonitega sidestatud süsteemides. Käesolevas 
uurimustöös keskendutakse fotostabiilsetele kiirgavatele materjalidele, mis on 
suure murdumisnäitajaga ning mida on senises teaduskirjanduses vähem 
käsitletud. Väitekirjas iseloomustatakse sool-geel-meetodil valmistatud samaa-
riumi 3+ (Sm3+) ioonidega dopeeritud titaanoksiidist (Sm3+:TiO2) kilede fluo-
restsentsi, kui need fluorestseerivad kiled on vastasmõjus plasmoonsete 
hõbedast nanoosakestega, kullast kiledega ja kihiliste kullast nanoosakestega. 
Lisaks vaadeldakse ka süsteemi, mis koosneb lämastik-vakants- (NV) 
kiirgustsentreid sisaldavatest nanoteemantidest. Nanoteemandid on paigutatud 
nano- ja mikroskaalas struktureeritud kullast kiledele, millel eksisteerivad NV-
tsentrite fluorestsentsiga kattuvad resonantsed pinnaplasmonite moodid.  

Peamiselt vaadeldi plasmonstruktuuride mõju fluorestseerivate materjalide 
kiirguskarakteristikutele, nagu näiteks intensiivsus, fluorestsentsspektri kuju, 
kiirguse ruumiline jaotus ja kiirguse eluiga. Leiti, et hõbeda nanoosakestega 
dopeeritud Sm3+:TiO2 kilede puhul hõbeda nanoosakesed võimendavad kiirgust, 
kuid plasmonite põhjustatud võimendus ei selgita kogu intensiivsuse 
suurenemist. Sm3+ otsesel ergastamisel lainepikkusel 488 nm registreeriti fluo-
restsentskiirguse lokaalne intensiivsuse kuni 20-kordne suurenemine ning 
demonstreeriti, et see võimendus ei ole seletatav ainult plasmonite võimendatud 
neeldumise ega pinnaplasmonitega sidestatud kiirguse SPCE (Surface plasmon-
coupled emission) kaudu. Seega on antud juhul intensiivsuse kasvu suure 
tõenäosusega põhjustanud traditsiooniliste mittekiirguslike energiaülekande 
protsessidega hõbeda ja samaariumi ioonid ning neist moodustunud foto-
aktiivsed ühendid. Kullaga dopeeritud ja kaudse ergastusega hõbedaga proovide 
fluorestsents on osalt plasmonite poolt võimendatud. Seda tingib otsesel 
ergastusel neeldumise kasv kuldosakeste lähedal ja efektiivsem energiaülekanne 
eksitonidelt kaudsel ergastusel. Leiti, et 50 nm paksustele kullast kiledele 
kaetud Sm3+:TiO2 kihtide paksuse muutmisega on võimalik juhtida seda, kas 
Sm3+ ioonide peenestruktuurne kiirgus sidestub plasmonmoodidega või 
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lainejuhi moodidega. Pööratud Kretschmanni skeemi kasutava katseseadmega 
määrati, et SPCE tüüpi lekkekiirgus ja lainejuhi moodidega sidestatud kiirgus 
on erineva polarisatsiooniga. Fluorestseeriva kihi paksuse muutmisega saab 
juhtida lekkekiirguse polarisatsiooni ning nurksõltuvusi. Lisaks demonstreeriti 
fotostabiilsete nanoteemantite fluorestsentsspektri kuju muutusi, mis on 
põhjustatud struktureeritud Klarite substraadi püramiidsetes aukudes asuvate 
lokaliseeritud pinnaplasmonite moodide poolt. Üksikute osakeste ja üksikutes 
aukudes asuvate osakeste fluorestsents mõõtmised koos mõõtmistega suuremalt 
pinnalt demonstreerisid selget spektraalkuju muutst.  
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