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IV.c.1. Introduction 

Optical microscopy and spectroscopy of single nanoparticles, such like: molecules, quantum 

dots, nanocrystals, etc., attract great interest of many research groups around the world. Despite 

the fact that optical detection of a single molecule has been performed over 30 years ago, 

luminescence microscopy is still intensively developed [1]. Recently, experimental achievements 

regarding highly-resolved imaging techniques have been awarded the Nobel Prize in Chemistry in 

2014. Indeed, observation of optical response of single nanoemitters gives unique research 

possibilities. First of all, it eliminates heterogeneity that usually accompanies macroscopic 

measurements. Observation of single, individual elements, separated from the ensemble, allows to 

analyze undisturbed physical processes that take place within isolated systems. Therefore, it allows 

to understand the mechanisms of excitation or quenching of the luminescence, as well as energy 

transfer or energy dissipation within the smallest physical objects. 

Experimental analysis of single nanoobjects would not have been possible without 

technological development, which has been observed in the last years. High sensitivity of optical 

detectors, as well as resolution of spectroscopic analyzers, together with excellent precision of 

mechanical elements, all of these allow construction of better optimized analytical equipment and 

manipulation of the matter at the nanoscale. Nowadays, it is possible to design, prepare, and 

investigate completely new class of objects, not observed previously in nature, called hybrid 

nanostructures. Since they consist of least two, well known but different nanoobjects, the hybrid 

nanostructure features new physical properties, as well as functionality, which has been never seen 

before. 

Nowadays, especially interesting are plasmonic hybrid nanostructures. Typically, they 

consist of at least two optically active nanoobjects, one of which is a metallic nanoparticle, and the 

second is any single emitter like: dye molecule [2], fluorescent protein [3], quantum dot [4], 

nanocrystal [5], polymer [6], etc. Hybrid nanostructures can be produced using variety of 

fabrication techniques. The elements can be deposited layer by layer [7], chemically conjugated [8] 

or mechanically positioned using AFM (Atomic Force Microscopy), optical tweezers [9], etc. 

Plasmonic hybrid nanostructures are constructed in order to obtain a new system, featuring 

modified (improved) or completely new optical properties. To the most interesting and frequently 

observed changes, that apply to the a single emitter within a hybrid nanostructure, one can include: 

increase of absorption efficiency, modification of emission rates, spectral broadening of absorption 

lines, sensitizing to polarized light, and control of photostability of the system. Especially important 

are the first two effects, whose occurrence (separable or combined) can lead to the luminescence 

(fluorescence) enhancement phenomenon, called MEF (Metal Enhanced Fluorescence) [10]. 

Observation of the MEF phenomenon is not a trivial task and requires precise optimization 

of all the elements of the hybrid system. Particularly important is appropriate matching of the 

metallic nanoparticles to the spectral characteristic of the emitter. Nowadays, the chemical 

protocols of synthesis, allow to prepare various metallic nanoparticles with different optical 

properties. Especially popular are nanoparticles made of silver or gold, in shape of nanospheres, 

nanorods, nanostars, nanowires, etc. Regarding size, shape, and material properties, metallic 
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nanoparticles can feature different optical properties [11]. Measured absorption spectra, attributed 

to free electrons oscillations in metal, can feature different spectral shapes and widths. Moreover, 

maximum of the extinction can be positioned in a different part of the spectrum, from ultraviolet to 

near-infrared. Exemplary nanoparticles of different shapes, together with corresponding SEM 

(Scanning Electron Microscope) images and extinction spectra are presented in Fig. 1. 

 

 

   

Fig. 1. Exemplary SEM images of the metallic nanoparticles: (a) gold nanospheres, (b) gold nanorods, (c) silver 

nanowires. Corresponding extinction spectra are presented in sections (d), (e) and (f), respectively. Optical 

tuning of the extinction spectra of gold nanorods by changing width-to-length aspect ratio, is presented in 

section (e) [12]. 

 

Depending on the size and shape of the metallic nanoparticles, there are two types of 

electron oscillations that can be activated by light. For small nanoparticles, whose size is much 

smaller than the wavelength of light, LSPRs (Localized Surface Plasmon Resonances) are typically 

observed. However, in a situation when at last one dimension of the nanoparticle is much larger 

that the wavelength of light, SPPs (Surface Plasmon Polaritons) propagating along metal-dielectric 

interface can be activated. Interestingly, SPPs can participate in energy dissipation processes and 

energy transport for distances ranging from a few to even tens of micrometers [13]. 

Metallic nanoparticles operating within a hybrid nanostructure play a double role. On one 

hand, properly optimized nanoparticles can very effectively absorb light and localize the excitation 

energy in the near field (dNF << λexc). At the same time, the emitter is exposed to extremely high 

intensity of the electric field, what – for a spectrally well matched system – can increase excitation 

efficiency. Consequently, enhanced absorption can lead to an increase of the luminescence 

intensity, which can be observed until the system is saturated [14]. In the literature, the above 

process is often called the antenna effect [15]. 

 

 

 (a)           (b)                            (c) 

(d)           (e)                            (f) 
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The second effect contributing to the MEF process is growth of spontaneous emission rates, 

observed for emitters localized close to a metallic nanoparticle. According to the Fermi’s golden 

rule, probability of the emission depends on the product of squared matrix element and DOS 

(Density of States), which express the ability of the structure surrounding the emitter to support the 

emitted photons [16]. Metallic nanoparticle placed close to the emitter allows modification of DOS, 

what – under specific circumstances – can increase radiative emission rates, and as a consequence, 

effective intensity of the emitted light. This phenomenon has been observed for the first time by E. 

Purcell at radio frequencies [17]. Nowadays, metallic nanoparticles are widely used for modifying 

DOS and emission rates of nearby emitters, what is called Radiative Decay Engineering [18]. 

Several parameters have to be optimized in order to observe MEF phenomenon in a 

plasmonic hybrid nanostructure. Especially important is optimal spectral matching between 

elements of the system. To improve absorption of the system, plasmonic resonance should overlap 

with maxima of absorption of the emitter. This quite intuitive condition guaranties effective 

absorption of the excitation energy by the hybrid nanostructure. However, metal-induced 

enhancement of the spontaneous emission rates requires different spectral optimization. According 

to the systematic experimental research, the largest enhancement of the radiative emission rates is 

usually observed for a system, where spectral position of the emission line is red-shifted with 

respect to the maximum of the extinction of metallic nanoparticles [19]. Is such a situation, by 

introducing large enough spectral offset, the nonradiative energy transfer from the emitter to the 

metallic nanoparticle – which can quench the luminescence – can be minimized. Another, 

extremely critical parameter is the distance between the emitter and the metallic nanoparticle. In 

the experiment, single metallic nanoparticle has precisely approached to the emitter using near 

field microscope (Fig. 2). It was demonstrated that maximal MEF can be observed for distances 

between 10 to 15 nm [20]. When the distance is too large, the metal-emitter interaction decreases 

and the enhancement disappears. On the other hand, when the distance is too small, the 

luminescence is strongly quenched by nonradiative energy transfer from the emitter to the metallic 

nanoparticle. 

 

   

Fig. 2. (a) Demonstration of an experiment where single metallic nanoparticles is precisely approached to a 

dye molecule. (b) On the graph, the luminescence intensity (rate enhancement) is plotted versus distance 

between the molecule and metallic nanoparticle [20]. 

  

(a)                       (b) 
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Typically, the increase of a quantum efficiency is the main reason, which justifies the effort 

for designing and developing plasmonic nanostructures. It recent years, both organic and inorganic 

emitters (within a hybrid nanostructures) have been considered and analyzed. Of particular interest 

are REs (Rare Earths) doped nanomaterials. In contrast to most of organic and inorganic emitters, 

REs doped materials feature relatively narrow absorption and emission lines. They can be assigned 

to intraconfigurational f↔f transitions, which have mostly dipole-electric or dipole-magnetic 

character [21]. One of the most interesting and popular ions are neodymium (Nd
3+

) and erbium 

(Er
3+

). They have been applied in many optoelectronic devices, like advanced laser systems and 

quantum amplifiers for telecommunication networks [22]. However, true variety of the physical 

effects – that lead to the radiative emission – are activated by anti-Stokes excitation scheme [23]. In 

such a situation, energy of the emitted photons is much higher than energy of the excitation ones. 

The whole process fulfils the energy conservation, since emission of one highly-energetic photon is 

preceded by sequential absorption of two (or more) low-energetic (infrared) photons, what is 

illustrated in Fig. 3. The process of visible light emission under infrared excitation is called UC (Up-

conversion). The largest variety of UC processes have been observed for materials doped with Pr
3+

, 

Tm
3+

, Ho
3+

 and Er
3+ 

ions [23]. 

 

           

Fig. 3. (a) Illustration of the photoluminescence process observed for Stokes system. Highly-energetic photon is 

absorbed what leads to the emission of a photon of lower energy. (b) In the anti-Stokes system, emission of 

light is followed by sequential absorption of low-energetic photons of energies lower that energy of the 

emitted one. 

 

The up-conversion processes have found numerous applications is science and technology. 

On one hand, the anti-Stokes excitation can be an alternative mechanism for optical pumping of 

lasers and telecommunication amplifiers [24]. Some UC processes can find applications in sensors 

[25]. In the last years, however, of particular interest are various nanomaterials doped with rare 

earths ions. One of the most interesting and useful applications is UC contrast for biological and 

medical imaging [26]. Since anti-Stokes luminescence is rarely seen in natural (biological) 

luminescence systems, the acquired tomograms are free of autofluorescence of  tissues and feature 

high signal to noise ratio (high contrast). Moreover, the infrared excitation, that is exploited in UC 

luminescence, allows for better tissue penetration depth, what is crucial for medical applications 

[27]. Quite recently, it has been shown that REs doped nanomaterials can sensitize conductive 

polymers for infrared radiation [6]. This phenomenon can be used for designing new photovoltaic 

systems, operating in the infrared. 
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From the point of view of basic research, rare earths doped nanomaterials are interesting 

candidates for components of plasmonic hybrid nanostructures. Due to complex excitation 

mechanisms that lead to anti-Stokes luminescence, as well as variety of potential applications, 

metal enhanced up-conversion processes are very interesting and important. Influence of a metallic 

nanoparticle on UC luminescence is much more complex than it is observed for typical (Stokes) 

luminescence systems. In general, metallic nanoparticle can improve efficiency of multi-photon 

absorption. Additionally, it can modify spontaneous emission rates of REs ions, which are rather 

low [28]. At the same time, plasmonic effects cannot disturb interionic energy transfer processes 

that are fundamental for many up-conversion mechanisms [23]. Until 2010, that is when I got 

interested in plasmon enhanced up-conversion processes, only basics properties of plasmonic 

hybrid up-conversion nanostructures have been presented [5][29]. Published results concerned 

typically highly concentrated samples. Metal enhanced up-conversion processes occurring within 

single nanostructures have not been examined at this time. The only exception is the experiment 

wherein position of a single nanocrystal (with respect to a metallic nanoparticle) was controlled by 

AFM. Authors demonstrated increased intensity of the emission, illustrated by basic spectroscopic 

analysis [9]. 

  

IV.c.2. Motivation and objectives 

My fascination in up-conversion processes within plasmonic hybrid nanostructures started 

in 2009, when I joined new research group established by Professor Sebastian Maćkowski in the 

Institute of Physics, Nicolaus Copernicus University in Torun. Focusing on new research topic I was 

encouraged to acquire new knowledge regarding optical microscopy of nanostructures. Within two 

years I have learned basics of the fluorescence microscopy, spectroscopy of single molecules, and 

plasmonic. Nevertheless, I was aware that advanced research on up-conversion processes that 

occur in hybrid nanostructures requires unique experimental equipment. Due to financial support 

of the Ministry of Science and Higher Education under the project Mobility Plus, I have completed 

one year long postdoctoral fellowship in the Department of Chemistry and CeNS (Institute of 

Physical Chemistry), Ludwig Maximilian University of Munich, under supervision of Professor 

Achim Hartschuh. During this time, I have learned several new experimental techniques, including 

high-resolution anit-Stokes near field optical microscopy and Fourier plane optical microscopy. 

Using these new experimental capabilities, I collected high quality data, giving new insights into up-

conversion processes occurring in plasmonic hybrid nanostructures. These results have been 

published in international journals and are the essence of my scientific achievement. My research 

were financed by four projects granted by the Ministry of Science and Higher Education 

(N N202 238940, 633/MOB/2011/0), and the National Science Centre (2013/09/D/ST3/03746, 

2017/26/E/ST3/00209). 
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Research on up-conversion processes within plasmonic nanostructures required well 

known, efficient and stable nanoemitters. From available materials I chose α-NaYF4 nanocrystals 

doped with Er
3+

 and Yb
3+

 (2/20 mol%) ions, embedded homogeneously in the volume of 

nanocrystals. α-NaYF4:Er
3+

/Yb
3+

 nanocrystals are one of the most stable anti-Stokes emitters. The 

up-conversion mechanism is well known and is very efficient [23]. Therefore, they can be perceived 

as exemplary emitters, what makes possible to get insight into details of plasmonic effects. I have 

received the nanocrystals as a part of long cooperation with Professor Marcin Nyk from Wroclaw 

University of Technology. The nanocrystals have been prepared using wet chemistry techniques. 

The average diameter of the nanocrystals was about 20 nm and they were dispersed in chloroform 

[26]. Exemplary TEM image of α-NaYF4 nanocrystals is presented in Fig. 4a. 

In α-NaYF4:Er
3+

/Yb
3+

 nanocrystals we observe one of the most efficient and well understood 

mechanism of up-conversion, called ETU (Energy Transfer Up-conversion) [23]. In this system, Yb
3+

 

ions play the role of donors, transferring excitation energy to Er
3+

. The most efficient anti-Stokes 

luminescence guarantees laser excitation at 980 nm, activating 
2
F7/2→

2
F5/2 absorption transition in 

Yb
3+

. Subsequently, the energy is nonradiativelly transferred to Er
3+

 in the sequence of following 

transitions: 
4
I15/2→

4
I11/2 + 

4
I11/2→

4
F7/2 and 

4
I15/2→

4
I11/2 + 

4
I13/2→

4
F9/2, presented in Fig. 4b. Eventually, 

Er
3+

 ions are excited to states 
2
H11/2+

4
S3/2 and 

4
F9/2 and spontaneously emit radiation detected at 

540 nm (green) and 650 nm (red), respectively. The excitation mechanism has a multistage 

character and requires absorption of two quanta of energy. Besides ETU mechanism, nanocrystals 

can be excited via ESA (Excited State Absorption) mechanism, in which two infrared photons are 

sequentially absorbed directly by Er
3+

 ions [30]. 

 

     

Fig. 4. (a) TEM image of α-NaYF4 nanocrystals. (b) Simplified energy diagram of Er
3+

/Yb
3+

 system. Brown 

arrows indicate processes that lead to the anti-Stokes luminescence (green and red arrows) [31]. 

 

 

  

                                               (b) (a)
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Functionality of the anti-Stokes emitters is very useful for basic spectroscopic research. In 

contrast to typical (Stokes) photoluminescence centers, the absorption band is localized in the 

infrared part of the spectrum, even hundreds of nanometers far from the emission lines. For this 

reason, the influence of the metallic nanoparticles on absorption and spontaneous emission rates 

processes can be investigated separately. Moreover, for particular case of Er
3+

, the excited states 
2
H11/2+

4
S3/2 and 

4
F9/2 are populated independently, via separate absorption channels from down to 

up, what is illustrated in Fig. 4b. As a consequence, metal induced modifications of radiative 

emission rates from 
2
H11/2+

4
S3/2 does not influence significantly population of 

4
F9/2 level, which is 

excited via independent channel. Therefore, anti-Stokes nanocrystals coupled with properly 

prepared metallic nanoparticles can give unique opportunity to manipulate radiative emission rates 

of chosen, interesting transitions. The objective of my work was to analyze up-conversion processes 

occurring within single plasmonic hybrid nanostructures using advanced techniques of optical 

microscopy and spectroscopy. 

  

IV.c.3. Methodology 

 

The research equipment, that allows for optical characterization of the plasmonic hybrid 

nanostructures, is confocal fluorescence (luminescence) microscope. The microscope was a core 

component of three experimental setups, which were used during my research. Two microscopes 

(LMU and NCU) have been designed and assembled by myself. The third setup (LMU), dedicated for 

near field experiments, was upgraded by myself and adapted to specific spectral requirements of 

the anti-Stokes materials. All experimental setups mentioned above, shared the same basics 

functionality, which is photoluminescence imaging of single nanostructures together with spectral 

and time-resolved characterization of the emission. The microscope built in the Institute of Physics 

NCU is still operating and being upgraded in order to meet new experimental challenges. 

Photography of the experimental setup, together with exemplary results, is presented in Fig. 5. 

Schematics of the experimental setup is presented in Fig. 5b. The samples are prepared by 

depositing (i.e. spin coating) nanoparticles on top of a glass coverslip. Then, it is mounted on a 

sample holder, coupled with a piezo-electric table (Physikalische Instrumente, P-561). The sample 

can be raster-scanned with spatial resolution of about 1 nm. High numerical aperture oil objective 

is used (Nikon, CFI Apo TIRF NA=1.49) and is mounted under the sample (inverted microscope). For 

the excitation source is a single-mode continuous wave semiconductor laser operating at 980 nm 

(Spectra-Laser) and the optical power is about 10 mW is used. The laser beam focused by the 

objective on the surface of the sample form a small spot of diameter about 400 nm. Size of the spot 

determines spatial resolution of the imaging [32]. Light emitted by the nanocrystal is collected by 

the objective and propagates to avalanche photodiode, mounted in the single photon counting unit 

  



 

Fig. 5. (a) Photography of 

Schematic of the experimental setup, where:

filter, M – mirror, λexc

luminescence intensity map of single nanocrystals, (d) emission spectrum together with luminescence 

transient acquired from a single nanocrystal, (e) radiation pattern of a single 

(nanocrystal+nanowire)

 

(Perkin Elmer, SPCM-

front of the detector. The single photon counting unit can be connected either to a counter card 

(National Instruments, PCI

(Becker&Hickl, MSA-

luminescence can be

analysis of the emission. Alternatively, emitted light can propagate toward a monochromator 

(Andor, Shamrock 500i), equipped with EMCCD camera (Andor, Newton) for spectral analysis. The 

whole setup is controlled

Besides the basic functionality mentioned above, each microscope setup has been 

optimized to carry out

Microscopy), BFP (Back Focal Plane

Microscopy) should be mentioned

spectra and time-resolved characteristics of 

professional  and specialized 

unique experimental data, which enabled to describe 

processes that occur in plasmonic hybrid nanostructures. 

(a)   

(c)              
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Photography of the confocal luminescence microscope built in 

Schematic of the experimental setup, where: BS – beam splitter, PH – pinhole

exc=980 nm, λdet1=540/40 nm, λdet2=650/30 nm. Exemplary data demonstrate: (c) 

luminescence intensity map of single nanocrystals, (d) emission spectrum together with luminescence 

transient acquired from a single nanocrystal, (e) radiation pattern of a single 

e) recorded in the Fourier space. 

-AQR-14). Filters dedicated to particular emission lines are mounted directly in 

front of the detector. The single photon counting unit can be connected either to a counter card 

(National Instruments, PCI-6232) for photoluminescence imaging, or to the multiscaler card 

-300) for time-resolved analysis of the emission.

can be projected directly on a CCD chip (Andor, iDus) 

analysis of the emission. Alternatively, emitted light can propagate toward a monochromator 

Shamrock 500i), equipped with EMCCD camera (Andor, Newton) for spectral analysis. The 

whole setup is controlled by a dedicated software programmed in LabVIEW

Besides the basic functionality mentioned above, each microscope setup has been 

zed to carry out advanced measurements. Among them FLIM (

Back Focal Plane) imaging and TENOM (Tip-

should be mentioned. Each of these techniques was developed and adapte

resolved characteristics of α-NaYF4:Er
3+

/Yb
3+

 nanocrystals.

and specialized experimental equipment, it was possible to acquire 

unique experimental data, which enabled to describe qualitatively and quantitative

processes that occur in plasmonic hybrid nanostructures.  

                          (b) 

                      (d)         

 

 

confocal luminescence microscope built in the Institute of Physcis NCU. (b) 

pinhole, BF – band pass filter, LF – laser 

xemplary data demonstrate: (c) red 

luminescence intensity map of single nanocrystals, (d) emission spectrum together with luminescence 

transient acquired from a single nanocrystal, (e) radiation pattern of a single hybrid nanostructure 

emission lines are mounted directly in 

front of the detector. The single photon counting unit can be connected either to a counter card 

6232) for photoluminescence imaging, or to the multiscaler card 

resolved analysis of the emission. Radiation pattern of 

projected directly on a CCD chip (Andor, iDus) that allows angular-depended 

analysis of the emission. Alternatively, emitted light can propagate toward a monochromator 

Shamrock 500i), equipped with EMCCD camera (Andor, Newton) for spectral analysis. The 

by a dedicated software programmed in LabVIEW. 

Besides the basic functionality mentioned above, each microscope setup has been carefully 

FLIM (Fluorescence Lifetime Imaging 

-Enhanced Near-field Optical 

. Each of these techniques was developed and adapted to unique 

nanocrystals. Consequently, using 

experimental equipment, it was possible to acquire high quality, 

and quantitatively up-conversion 

     (e)  
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 In the following part of description, the most important and interesting results have been 

presented and briefly discussed. The focused of this description is the optical properties of 

plasmonic hybrid nanostructures, consisting of α-NaYF4:Er
3+

/Yb
3+

 nanocrystals coupled with metallic 

nanoparticles of different types. First, we studied the up-conversion phenomenon occurring in a 

single nanocrystal interacting with a gold nano-tip. The influence of the distance between 

nanocrystals and the tip on the efficiency of absorption and emission processes is discussed. We 

also described a special role of Yb
3+

 in metal-enhanced absorption and migration of the energy 

within a single nanocrystal. In the next step, gold spherical nanoparticles of diameter about 30 nm 

have been used to prepare a hybrid system, where MEF processes show spectrally-dependent 

distribution of the enhancement factor. I has been shown, that single nanocrystals feature 

enhanced intensity of one emission line (red luminescence), whereas the intensity of the other 

emission line is strongly quenched. Afterwards, the optical properties of hybrid nanostructures 

consisting of elongated metallic nanoparticles (i.e. silver nanowires) are discussed. The role of 

propagating plasmonic excitations in absorption and emission processes has been investigated and 

discussed. We have shown, that silver nanowires sensitize the hybrid nanostructure for polarized 

light and participate in radiative relaxation of the nanocrystals. Additionally, influence of geometry 

of hybrid nanostructure on efficiency of MEF processes, that occur for nanocrystals positioned in 

different parts of the nanowire, has  been examined and presented. In the last part of this study, 

we discuss a unique hybrid nanostructure, which has been specially optimized to show contribution 

of SPPs in the excitation and emission, in small population of nanocrystals. For this purpose, we 

developed a unique method, which allows for very precise deposition of extremely small volumes 

(femtoliters) of nanocrystals only on one end of a nanowire. It has been demonstrated that 

activation of the up-conversion luminescence can be realized exclusively by plasmon polaritons, 

excluding participation of the photons. It has also been shown that spectrally and time-resolved 

spectroscopic characterization of single emitters (nanocrystals) can be realized exclusively via SPPs. 
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IV.c.4. Experimental results 

[B.P1] „Tip enhancement of upconversion photoluminescence from rare earth ion doped nanocrystals”,

 ACS Nano, 2015, Volume: 9, Issue: 4, Pages: 3617-3626 

The physical properties of plasmonic hybrid nanostructures based on up-converting 

nanocrystals, differ from well known systems based on i.e. single molecules [19]. Nanocrystals 

(including α-NaYF4:Er
3+

/Yb
3+

) are relatively large, often comparable with diameters of some metallic 

nanoparticles. Additionally, optically active ions (i.e. Er
3+

) are distributed throughout the entire 

volume of the nanocrystal, and feature different distance to the surface. Therefore, understanding  

the influence of the distance between the nanocrystal and metallic nanoparticle on efficiency of the 

up-conversion process is an interesting and important problem. 

In the experiment we used fluorescence microscope, presented in the previous section 

(IV.c.3). The microscope has been integrated with a specialized AFM head (shear-force type) [33], 

and adapted to luminescence properties of anti-Stokes materials. Eventually, the microscope 

achieved functionality of near-field optical microscope TENOM [34]. It allows optical (luminescence) 

imaging of single nanostructures with high spatial resolution (20-30 nm). At the same time, the 

microscope has functionality of classical confocal microscope and AFM.  

One of the most important part of the TENOM microscope is a metallic tip. The tip is 

responsible for modification of the radiative processes of nearby emitters. Several dozens of gold 

tips have been prepared using electro-chemical etching technique. Diameter of the tip was typically 

about 20-30 nm, what was each time verified using SEM microscope. Such gold tips are optically 

active in a broad spectral range, from visible to infrared part of the spectrum [32]. Therefore, they 

can operate in the same spectral range as Er
3+

 doped nanocrystals. TENOM microscope makes it 

possible to position the gold tip only few nanometers from the surface, coaxially with the objective, 

which is localized under the sample, as presented in Fig. 6a. If the luminescence enhancement in 

MEF process occurs, it gives dominant contribution to the observed emission. Since MEF can be 

observed only near to the tip, TENOM allows optical imaging beyond the diffraction limit of light, 

and is limited only by a diameter of the tip. 

Investigated sample consists of single α-NaYF4:Er
3+

/Yb
3+

 nanocrystals, deposited (spin-

coated) on a glass coverslip. Topography of the sample, realized using shear-force AFM head, 

proves the presence of single nanocrystal, whose height is about 40 nm and diameter is about 

about 120 nm, as presented in Fig. 6b. Single nanocrystal visualized optically by TENOM microscope 

is presented in Fig. 6c. Very intense red luminescence (red and orange pseudo-color) – which 

dominates broad confocal signal (turquoise pseudo-color) – well correlates with AFM topography. It 

proves that luminescence enhancement appears only when tip is positioned very close to the 

nanocrystal. 

 

 

 



 

 

Fig. 6. (a) General concept of 

nanocrystal visualized by (b) AFM and (c) TENOM microscope 
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oncept of the experiment performed using TENOM microscope. 

nanocrystal visualized by (b) AFM and (c) TENOM microscope (λdet=650 nm, λ

Single nanocrystal interacting with gold tip can be considered as a model plasmonic hybrid 

igh spatial resolution of tip positioning makes it possible to prepare a hybrid 

almost any distance between the particles. In this experiment we measured the 

emission spectrum of a single nanocrystal localized near (10-15 nm) and far from

observed increased intensity of the emission for both green and red emission

Additionally, we measured luminescence transients for both emission lines. In the presence of 

tip, transients feature bi-exponential decays, whereas reference decay profiles ha

exponential character (Fig. 7a). The additional fast components, indicate that radiative emission 

rates increase in the presence of the tip. The slow components, which correspond to the reference 

measurements, demonstrate that not all Er
3+

 ions efficiently interact with 

dopant ions occupy different positions in relatively big nanocrystal.

Luminescence transients of red emission taken from single α-NaYF

presence (red line) and in the absence (black line) of tip. (b)  Approach curve

(green and red) intensity measured versus decreasing distance between tip and 

               (b)          

                                       (b) 

 

TENOM microscope. Single α-NaYF4:Er
3+

/Yb
3+

 

λexc=980 nm) [35]. 

Single nanocrystal interacting with gold tip can be considered as a model plasmonic hybrid 

makes it possible to prepare a hybrid 

distance between the particles. In this experiment we measured the 

nm) and far from the tip. We 

observed increased intensity of the emission for both green and red emissions of the nanocrystal. 

Additionally, we measured luminescence transients for both emission lines. In the presence of the 

exponential decays, whereas reference decay profiles have mono-

a). The additional fast components, indicate that radiative emission 

tip. The slow components, which correspond to the reference 

ions efficiently interact with the tip. Such a behavior is 

in relatively big nanocrystal. 

 

NaYF4:Er
3+

/Yb
3+

 nanocrystal in the 

n the absence (black line) of tip. (b)  Approach curves, illustrate the luminescence 

(green and red) intensity measured versus decreasing distance between tip and the nanocrystal [35]. 

     (c) 
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Very interesting data has been collected in a “tip-approach” experiment. In this case, the 

luminescence intensity is acquired versus distance between tip and nanocrystal. The approach 

curve makes it possible to determine the role of distance in the anti-Stokes metal-enhanced  

luminescence process (Fig. 7b). The reference signal (taken with fully retracted tip) was about 

20 kcps for green and 10 kcps for red emission. Afterwards, the emission intensity collected with tip 

features about 60 kcps for green and 30 kcps for red emission. This observation allows to estimate 

luminescence enhancement factor to be about 3. Interestingly, in contrast to single molecule 

experiment, nanocrystal featured no luminescence quenching for the tip in contact with the 

nanocrystal. This proves that due to relatively large diameter of the nanocrystal, only small 

population of Er
3+

 ions remains in close contact with the tip, and therefore, can be quenched. At the 

same time, more distant ions can still emit or even experience some luminescence enhancement. 

We conclude that tip-induced luminescence quenching (previously observed for single molecules) 

does not exist for α-NaYF4:Er
3+

/Yb
3+

 nanocrystals or cannot dominate the emission process of the 

whole nanocrystal. 

One should realize that confocal image (the reference one) consists of collective emission 

of all Er
3+

 ions in the nanocrystal. However, tip enhanced luminescence can be attributed to small 

population of the ions, localized very close to the tip. Regarding diameter of the tip and 

approximate depth of penetration of the nanocrystal by EM field (localized around the 

nanocrystal), actual luminescence enhancement factor should be about several hundred! So 

extreme enhancement factor cannot be explained only by metal enhanced emission rate. We 

proved that significant contribution comes from very efficient absorption of light, which occurs in 

the vicinity of the tip. Additionally, very efficient energy migration between high population of Yb
3+

 

ions (20 mol%) distribute the energy within the nanocrystal. Therefore, despite the fact that only 

small population of Er
3+

 ions can interact with the tip, effective absorption of the excitation energy 

within a hybrid plasmonic nanostructure can be very efficient. 

In this work we discussed metal enhanced anti-Stokes luminescence of single α-

NaYF4:Er
3+

/Yb
3+

 nanocrystal induced by a gold tip. By changing position of the tip we investigated 

influence of distance between these particles on the efficiency of MEF process. The role of 

absorption and energy migration within single nanocrystal has been discussed. 

 

[B.P2] „Spectral Selectivity of Plasmonic Interactions between Individual Up-Converting Nanocrystals 

and Spherical Gold Nanoparticles”, Materials, 2017, Volume: 10, Pages: 905-915 

 Efficiency of interaction between nanocrystal and metallic nanoparticle, that occurs within 

plasmonic hybrid nanostructure, depends on their mutual spectral relations. Already studied 

plasmonic hybrid nanostructures, mostly based on molecules and quantum dots, feature rather 

broad absorption/emission bands. Therefore, precise spectral tuning and optimizing of their 

spectral relations was usually ineffective. In the next publication we have shown that in the 

presence of suitably adjusted metallic nanoparticle, emission rates of selected radiative transitions 

in the rare earths doped nanocrystal can be modified and controlled individually. In particular case 

of Er
3+

, infrared excitation at 980 nm activates two relatively narrow emission lines (green and red), 
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which are spectrally isolated from the excitation wavelength. Additionally, due to two-photon anti-

Stokes excitation, excited radiative states 
2
H11/2+

4
S3/2 and 

4
F9/2 are populated independently, 

utilizing partly separated excitation channels described in details in section IV.c.2. By using 

dedicated metallic nanoparticles we have shown that emission rates of green and red luminescence 

can be controlled and modified independently. 

In the experiment we used experimental setup described in section IV.c.3. It features 

typical functionality of luminescence confocal microscope, including photoluminescence imaging 

and spectral analysis of individual nanostructures. Additionally, it has been upgraded and properly 

programmed to enable advanced time-resolved imaging techniques, including FLIM. The general 

concept of FLIM experiment is as follows. For each position on the sample, both PL intensity and 

emission transients are collected. In the next step, both emission intensity and decay constant are 

used to plot spatial distribution of the luminescence dynamics. Because of relatively slow f→f 

emission and to distinguish from biological application, we will call this technique μs-FLIM. 

In the experiment we investigated two types of samples. The first one (reference) consists 

of α-NaYF4:Er
3+

/Yb
3+

 nanocrystals, spin-coated on a glass coverslip. The second sample (hybrid) 

consists of nanocrystals, deposited on a glass substrate previously coated by a thin layer of gold 

nanoparticles. We used spherical gold nanoparticles with a radius of about 15 nm. They feature 

only one, relatively narrow absorption band, positioned at 530 nm. Therefore, within the hybrid 

nanostructure, only one emission line (green) of the nanocrystals spectrally overlaps with extinction 

of the gold nanoparticles. The second (red) emission line is localized near the minimum of the 

extinction. Therefore, in the prepared hybrid nanostructure, emission rates of two luminescence 

transitions can be modified individually and independently. 

 In the first step we visualized spatial distribution of photoluminescence intensity of the 

reference sample. Both PL maps – acquired for green and red emission of α-NaYF4:Er
3+

/Yb
3+

 

nanocrystals under 980 nm excitation – are very homogeneous. The nanocrystals feature average 

intensity of the emission about 25-30 kcps for both emission lines. Next, the same part of the 

reference sample has been analyzed using μs-FLIM technique. The average nanocrystal decay time 

for the considered area was about 75 μs for green and 140 μs for red emission. Additionally, both 

PL and μs-FLIM maps show perfect spatial correspondence. In other words, every single nanocrystal 

contributes to both photoluminescence and μs-FLIM map.  

In the next step we analyzed the hybrid sample. This time, PL intensity maps (acquired for 

both emissions) are qualitatively different. They indicate existence of two populations of 

nanocrystals, interacting differently with gold nanoparticles. One group of the nanocrystals shows 

both emissions, and intensity of the red luminescence slightly increased compared to the reference. 

On the other hand, the second group of the nanocrystals does not show green emission at all. At 

the same time, intensity of red emission is strongly enhanced, as presented in Fig. 8ab. In the μs-

FLIM experiment we observed shortening of the luminescence decay time down to 60 and 100 μs, 

for green and red emission, respectively (Fig. 8cd). Interestingly, the second population of the 

nanocrystals (that shows no green luminescence) features extremely short decay times of the red 

emission, below 30 µs.  
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Fig. 8. Photoluminescence intensity map of hybrid sample, acquired for (a) green and (b) red emission of the 

nanocrystals. The correspondence μs-FLIM maps are presented in section (c) and (d), respectively [31]. The 

second population of nanocrystals, that show no green emission and very fast red luminescence are marked 

with white circles. 

 

To understand the twofold behavior of the nanocrystals within the hybrid nanostructure, 

we considered a simple theoretical model. It is based on elements of Mie theory [36][37] and 

classical electrodynamical model of interaction between a single emitter and a metallic 

nanoparticle [38][39]. Considered model takes into account presence of a single dipolar emitter, 

positioned 5, 15 and 30 nm from the surface of the gold nanosphere of 30 nm in diameter, and 

oriented parallel or perpendicular to the surface of the nanoparticle.  

 Theoretical analysis shows that emission rate enhancement (within such a plasmonic hybrid 

nanostructure) can be observed in a broad spectral range, from 400 to 700 nm. The enhancement 

factor grows rapidly with decreasing distance between the emitter and the sphere. The maximum 

rate enhancement is achieved for d=5 nm (parallel orientation) and the emission wavelength near 

510 nm. However, in the real system, competition between emission rate enhancement and 

luminescence quenching (i.e. absorbance of nanoparticle) should be taken into account. The 

calculated quantum efficiency factor indicates that luminescence enhancement occurs in a limited 

spectral range, which is typically spectrally red-shifted with respect to the maximum extinction of 

metallic nanoparticles [19]. 

 Spectral distribution of quantum efficiency calculated for d=30 nm, is consistent with 

experimental results assigned to the first group of nanocrystals. Calculations confirm presence of 

two emission lines (green and red) and predict slightly increased emission rates (reduction of decay 

times). Properties of the second group of the nanocrystals can be also described within the same 

theoretical model, however, much shorter distance must be considered. Calculation performed for 

d=5 nm show very efficient quenching of the green emission, which is attributed to the 

nonradiative energy transfer from nanocrystal to gold nanoparticles. At the same time, noticeable 

increase of quantum efficiency is expected for longer emission wavelengths (above 650 nm), and 

accompanied by distinctly reduced luminescence decay constants. According to the calculations, 
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enhancement of the emission intensity is especially high, if we assume some dispersion of 

nanoparticles diameters (15 nm < r < 30 nm) and perpendicular orientation of the dipole.  

In this work we demonstrated that enhancement of the luminescence intensity, observed 

within plasmonic hybrid nanostructures, strongly depends on mutual spectral relation between 

emitter and metallic nanoparticle. We have shown that after appropriate optimization it is possible 

to observe at the same time enhancement and quenching of two different emission lines within 

one nanostructure. We demonstrated that those processes depend on the distance between a 

dipolar emitter and metallic nanoparticles, as well as relative orientation of the dipole. 

 

 [B.P3] „Silver nanowires as receiving-radiating nanoantennas in plasmon-enhanced up-conversion 

 processes”, Nanoscale, 2015, Volume: 7, Issue: 4, Pages: 1479-1484 

Among modern metallic nanostructures, elongated nanoparticles form a distinctly different 

class of materials. Silver nanowires – for instance – can support surface plasmon polaritons, which 

can propagate on metal-dielectric interface. SPPs can be activated by light and transport the 

excitation energy along the nanowire. In the plasmonic hybrid nanostructure, besides already 

discussed luminescence enhancement, additional processes involving propagation can be observed. 

For example, SPPs can participate in excitation and emission processes of nearby nanocrystals. Due 

to low symmetry of the nanowires, polariton-mediated processes depend on geometry of the 

sample and polarization of the excitation beam. 

In the experiment we used the microscope setup presented in the previous sections. It 

allows PL imaging, as well as spectral and time-resolved analysis of single nanostructures, including 

μs-FLIM. In this work, however, polarization of the laser beam was controlled precisely. We used 

high quality linear polarized together with a quarter-wave plate to freely rotate polarization vector 

around the beam axis. Also the spatial distribution of EM field in the excitation beam was carefully 

controlled. Typically we used a Gaussian mode TEM00. However, the fundamental Gaussian mode 

focused by a high numerical aperture objective has rather complex character. If the incidental 

beam is polarized linearly, tightly focused beam features the same linear and transversal 

polarization. Additionally, a longitudinal component oriented along the propagation direction is 

observed [32]. 

The hybrid sample has been prepared in several steps by using spin-coating technique. 

First, water solution of silver nanowires was deposited on glass coverslip. Concentration of the 

colloid was optimized so as to obtain density of nanoparticles of a few nanowires (4-5 on average) 

per 100 μm
2
. In the next step, colloidal solution of α-NaYF4:Er

3+
/Yb

3+
 nanocrystals dissolved in 

chloroform has been spin-coated on the substrate. Density of the colloid was about 1 mg/ml. It was 

optimized in such a manner that obtained density of the nanocrystal was quite high but still free of 

agglomeration. 
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The purpose of the first measurement was to localize silver nanowires on the substrate. To 

do this, we used confocal microscope operating in light scattering mode. By analyzing spatial 

distribution of scattered laser radiation we localized several silver nanowires, randomly arranged 

on the substrate, as presented in Fig. 9a. In the next step, the same part of the sample was 

visualized using PL imaging (Fig. 9b). Analyzing both maps we can conclude that intensity of the 

nanocrystals emission is on average 7 times higher (with respect to the reference) if they are 

localized near the silver nanowires. 

 

 

Fig. 9. (a) Light scattering map presents arrangement of silver nanowires on the sample. (b) PL intensity map 

(λem=650 nm) and (c) μs-FLIM map acquired for the same part of the sample [36]. 

 

Increase of the radiative emission rates, which can be observed in the vicinity of metallic 

nanoparticles, is one of the most crucial phenomenon that contributes to observed luminescence 

enhancement. In the next experiment we used μs-FLIM technique to analyze dynamics of 

luminescence in the plasmonic hybrid nanostructure. Exemplary μs-FLIM map, acquired over the 

same part of the sample, is presented in Fig. 9c. One can notice that red emission decay times, 

acquired for nanocrystals localized near silver nanowires (125 μs on average) are much shorter than 

the reference ones (175 μs on average). Decrease of the luminescence decay time is accompanied 

by increase of the luminescence intensity. Therefore, we conclude that Purcell effect has significant 

contribution to the observed luminescence enhancement. 

 In this research we also shown that for silver nanowires, increase of the luminescence 

intensity depends not only on distance between nanocrystal and nanoparticl,e but also on the 

position of particular nanocrystal (emitter) relative to the nanowire. Statistical analysis shows that 

the highest increase of the radiative emission rates is observed for nanocrystals localized close to 

the end of the nanowire. It means that in a such a position, interaction between the emitter and 

nanowire is the most efficient. This is due to large curvature of the nanowire surface, providing 

good matching between wavevector of the emitted radiation and the polariton [37]. 

 Finally, we performed the experiment, where photoluminescence imaging of the hybrid 

nanostructure was realized using linearly polarized excitation (laser) beam. In this case, we always 

acquired two complementary PL maps, collected using two orthogonal linear polarizations. We 

observed that metal-induced increase of the luminescence intensity is the highest when excitation 

radiation is polarized linearly and parallel to the nanowire. The PL intensity contrast, estimated as 

the ratio of two polarization states, was about 3 – 4. One should remember that rare earths doped 

nanocrystals feature no permanent dipole moment. At the same time, amount of the energy 
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absorbed by the nanowire depends on the polarization of incidental laser beam. Therefore, in this 

experiment we proved that silver nanowire behaves as optically active nanoantena, transferring the 

collected excitation energy directly to nanocrystals. Effective increase of the absorption efficiency, 

observed within plasmonic hybrid nanostructure, is related to much higher absorption cross section 

of the nanowire. Therefore (besides Purcell effect) effective increase of the absorption efficiency 

gives significant contribution to the overall luminescence enhancement phenomenon. 

 In this work we presented a microscopic picture illustrating metal enhanced luminescence 

phenomenon that takes place in a plasmonic hybrid nanostructure consisting of α-NaYF4:Er
3+

/Yb
3+

 

nanocrystals and single silver nanowires. We demonstrated that increase of the radiative emission 

rates depends on spatial position of nanocrystals relative to the nanowire. We have shown that 

silver nanowires increase effective absorption efficiency and sensitize the nanostructure for 

polarization state of the excitation beam. 

 

 

[B.P4] „Radiation channels close to a plasmonic nanowire visualized by back focal plane 

imaging”, ACS Nano, 2013, Volume: 7, Issue: 11, Pages: 10257-10262 

 

 In the next publication we discussed the role of propagating plasmon polaritons in radiative 

dissipation of the energy by a plasmonic hybrid nanostructure. In the experiment we used the same 

microscope setup. However, it has been significantly upgraded by additional detection channel, 

designated for back focal plane detection in the Fourier space. We used additional, external lens for 

transformation of the real space image, and projection on a CCD chip [38]. Acquisition of valuable 

information, regarding angular distribution of the emitted radiation, required the use of objective 

featuring large numerical aperture (NA=1.4). The experiment has been performed using the same 

type of hybrid sample discussed in the paragraph [B.P3]. It consists of α-NaYF4:Er
3+

/Yb
3+ 

nanocrystals coupled with single silver nanowires.  Additionally, it has been investigated using AFM 

microscope, to receive topographic information, and determine precise location of single 

nanocrystals relative to the nanowire. 

 BFP measurement gives a lot of valuable information regarding angular distribution of the 

emitter radiation. In the case of a single molecule (single dipole), the image recorded in the Fourier 

space (radiation pattern) has a form of round map, typically of inhomogeneous distribution of the 

radiation intensity. Careful analysis of the radiation distribution – carried out individually for each 

emitter – allows to estimate exact orientation of the molecule during emission process [39]. 

Interestingly, radiation patterns can give crucial information regarding role of surface plasmon 

polaritons in the processes of distribution and reemission of the radiation within plasmonic hybrid 

nanostructures. 

 

 

 



20 

 

 Exemplary PL intensity map of the nanocrystals localized in the vicinity of single silver 

nanowire is presented in Fig. 10a. The nanostructure has been investigated using BFP technique, by 

acquiring red luminescence of the nanocrystals in the Fourier space. Recorded radiation patterns 

are presented in Fig. 10bcd and differ in the excitation geometry, with the laser spot focused 

precisely on (b) lower-left end of the nanowire, (c) middle of the nanowire and (d) upper-right end 

of the nanowire. 

  

 

Fig. 10. (a) Exemplary PL intensity map illustrating emission of the nanocrystals positioned in the vicinity of 

single silver nanowire. Radiation patterns were collected at 650 nm under 980 nm laser excitation focused on 

(b) lower-left end, (c) middle, and (d) upper-right end of the nanowire [40]. 

 

BFP radiation patterns, recorded for considered hybrid nanostructures, feature quite 

complex character. First of all, they consist of a bright and regular rim. Due to random orientation 

of the nanocrystals and a lot of dopant ions, information of orientation of particular ions is 

averaged. Therefore, the rim can be attributed to direct emission from the nanocrystals. 

Additionally, each pattern contains several intense fringes, which are oriented perpendicularly to 

the axis of symmetry of the nanowire. 

Interestingly, presence of bright fringes directly proves contribution of SPPs in the emission 

process. Nanocrystals, however, can emit the energy directly to free space or transfer it 

nonradiatively to the nanowire. In the latter case, relaxing ions launch polaritons, which receive the 

energy and transport it along the metal-dielectric interface (along the nanowire). During this 

process, the energy is reemitted under leakage radiation, contributing to the collected BFP 

radiation patterns [41]. Leakage radiation gives important information regarding geometry of the 

metallic nanostructure, its orientation, as well as other spatial limitations. Additionally, depending 

on the excitation point, observed fringes differ in distribution and numbers. When the considered 

plasmonic hybrid nanostructure is excited by a laser spot focused on lower-left end of the nanowire 

(case b), activated polariton propagates towards upper-right end, contributing to the fringes 

presented in Fig. 10b. Symmetrical situation occurs when upper-right end of the nanowires is being 

excited. On the other hand, nanostructure excited by a laser focused in the middle of the nanowire, 

shows polaritons propagating towards two directions, contributing to the fringes visible in Fig. 10c. 

Careful analysis of BFP patterns allows to estimate direction and magnitude of the wave  

vector of propagating polaritons. Our experiment has shown that in the considered plasmonic 

hybrid nanostructure, polaritons do not propagate strictly on a metal-dielectric or metal-air 

interface. On the contrary, our results demonstrate that polaritons hybridize, combining features of 

these two materials. We directly proved that silver nanowires do not participate only in the 

absorption processes, but significantly contribute to distribution and reemission of the energy. 

2 µm 
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Eventually, by comparing intensity of emission contained in a rim and in fringes, one can estimate 

relative energy distribution between radiative deexcitation channels available for the nanocrystals.    

In this work we directly proved that silver nanowires participate in distribution and 

reemission of the energy converted by α-NaYF4:Er
3+

/Yb
3+

 nanocrystals. BFP analysis demonstrates 

that propagation direction of polariton strictly depends on sample geometry and excitation point. 

We also estimated magnitude of wave vector of surface plasmon polaritons and contribution of 

polaritons in radiative processes of deexcitation of the nanocrystals. 

  

[B.P5] „Remote activation and detection of up-converted luminescence via surface plasmon 

polaritons propagating in a silver nanowire”, Nanoscale, 2018, Volume: 10, Issue: 26, 

Pages: 12841-12847 

 

 The role of metallic nanoparticles in the anti-Stokes luminescence processes (attributed to 

the α-NaYF4:Er
3+

/Yb
3+ 

nanocrystals) can have complex character. In optimal conditions, their 

presence can increase efficiency of absorption and radiative emission rates of the nanocrystals. 

Additionally, silver nanowires can sensitize the plasmonic hybrid nanostructure to polarization state 

of incidental beam, and can participate in excitation processes. Due to BFP imaging we shown that 

surface plasmon polaritons can transport and reemit the energy up-converted by nanocrystals. In 

the last experiment, being original summary of the whole presented research project, we took 

advantage of obtained knowledge and experience to perform an experiment, in which propagating 

surface plasmon polaritons allow remote control of the optical properties of up-converting 

nanocrystals. 

We put in a lot of effort to prepare a sample of strictly controlled geometry and 

functionality. In contrast to already presented data, where distribution of nanocrystals and 

nanowires was rather random, in this case position of nanocrystals relative to the nanowire was 

strictly defined. Self-prepared and then investigated sample consists of a single silver nanowire with 

diameter of about 200 nm and lengths of 18 μm. On one (upper) end of the nanowire we deposited 

very small population of the nanocrystals, what can be seen in Fig. 11a. To do this, we used original 

technique regularly applied for in vitro procedures [42]. Small amount of colloidal nanocrystals 

(femtoliters) was transferred on the surface using a glass pipette with inner diameter of about 

500 nm. Position of the pipette was controlled very precisely using piezoelectric manipulator, 

operating in 3D. The whole instrument has been mounted on top of the confocal microscope, 

allowing real-time control of the sample preparation process. 
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Fig. 11. Microscopic image of a single silver nanowire, decorated by small population of nanocrystals, 

visualized by (a) transmission and (b) PL microscopy (λdet=650 nm). (c) PL map demonstrating emission of light 

from free (lower) end of the nanowire. (d) Experimental configuration used to investigate polariton-mediated 

excitation and emission processes [42]. 

 

In the experiment we used confocal fluorescence microscope described in details in the 

previous paragraphs. We visualized prepared nanostructure using photoluminescence imaging 

mode. Acquired PL intensity map is presented in Fig. 11b. It proves that small population of the 

emitters (nanocrystals) is localized exclusively near the upper end of the nanowire. Also SEM 

measurements do not show any other nanocrystals near the nanowire, but only these on nanowire 

end. In the first step we investigated emission transients of both emissions. Estimated decay times 

are much shorter than we observed for the reference sample. It proves that deposited nanocrystals 

interact with the nanowire quite efficiently. 

In the next step we visualized lower end of the nanowire. This end is physically free of the 

nanocrystals. Nevertheless, using full available excitation power (about 20 mW) we can observe 

luminescence signal, what is presented in Fig. 11c.  The physical configuration leading to this 

observation is presented in Fig. 11d. The laser spot focused on free end of the nanowire launches 

polaritons, which can propagate towards opposite end. Polarization resolved analysis shows that 

this process is most efficient when excitation light is polarized linearly, along the nanowire. 

Polaritons reaching upper end interact with nanocrystals and activate up-conversion process. Due 

to sequential, two-step absorption of the energy excited states of Er
3+

 are being excited. Now, there 

are two scenarios of the deexcitation process, which can be realized either due to radiative 

emission of light (local), or due to polaritons activated by excited nanocrystals. Such polaritons 

propagate back to the lower end, where the energy is released radiatively to open space [38]. 

Spectral analysis of the radiation emitted by the lower end of the nanowire shows a 

spectrum, which consists of two lines peaking at 540 and 650 nm, which can be assigned to the 

luminescence emission of Er
3+

 ions. This observation proves that nanocrystals are indeed a source 

of the emission in considered nanostructure. Additionally, we observed that in the process, green 

luminescence is quenched by the nanowire much more that the red one. We have found two 

reasons that can contribute to this effect. First of all, attenuation of radiation by a silver nanowire 

increases with rising energy of polariton. Such a behavior can be deduced from the absorption 

(a)          (b)                (c)                (d) 
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spectrum of colloidal nanowires [43]. Secondly, as it was already discussed, metal-induced 

enhancement of the luminescence is spectrally selective. The enhancement factor reaches 

maximum for emission lines red-shifted with respect to the maxima of extinction of nanoparticles 

[31][44]. These two effects spectrally modify the nanostructure in such a manner that red 

luminescence dominates intensity of green emission. 

More information can be obtained with time-resolved analysis of the emitted radiation. 

First, it should be noticed that silver nanowires do not emit at all under 1 μs long (pulsed) laser 

excitation at 980 nm. Furthermore, propagation time of polaritons can be assumed to be infinitively 

short with respect to the luminescence decay times observed in Er
3+

. In the considered sample, 

luminescence transients acquired from the lower end at 540 and 650 nm feature decay constants 

of about 30 and 110 μs, respectively. Interestingly, life times estimated directly for nanocrystals 

localized on upper end of the nanowire are longer, and equal about 60 and 130 μs. Therefore, we 

conclude that geometry of the sample determines effective population of the nanocrystals 

contributing to the acquired transients. For direct laser illumination, excitation spot (400-500 nm in 

diameter) excites large population of the nanocrystals, localized both close and far from the 

nanowire. Therefore, due to metal-emitter distance variations, rate enhancement factors, as well 

as decay times can fluctuate, and in the experiment averaged life time is collected. In the situation 

when polaritons remotely activate nanocrystals, population of the nanocrystals is strongly limited 

to nanocrystals positioned very close to the nanowire. These nanocrystals feature very high (and 

similar) rate enhancement factor and very short life time of the luminescence 

In the present experiment we used propagating surface plasmon polaritons remotely  

control  remotely (and fully bi-directional) small population of up-converting nanocrystals, localized 

on one end of a single silver nanowire. Our demonstration exceeds results presented by other 

groups, where only one-directional polariton mediated processes have been observed. These 

qualitatively new results demonstrate quite new functionality of such a plasmonic nanostructure. 

We have defined new class of non-local optical processes (occurring in hybrid nanostructures), 

which allows to control luminescence processes or other (i.e. chemical) reactions at the nanoscale. 

On the other hand, SPPs can participate in spectrally and time-resolved characterization of single 

emitters. These results may have significant impact on integrated nanosensorics and 

biomedical/diagnostics applications. 
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IV.c.5. Summary 

 

Presented scientific achievement is an original and important contribution to 

understanding physical processes that occur within plasmonic hybrid nanostructures. Discussed 

publications present new experimental results regarding  up-conversion processes taking place in 

rare earths doped nanostructures localized close to metallic nanoparticles. This research 

complements and significantly expands current state of knowledge with innovative and high quality 

experimental results.  

One of the most significant achievement  is detailed description of  the optical properties of 

a single α-NaYF4:Er
3+

/Yb
3+

 nanocrystal localized in the vicinity of  metallic nanoparticles. Plasmon 

enhanced up-conversion process has been observed and studied in details using tip-enhanced near 

field optical microscope technique, TENOM. The microscope has been rebuilt, optimized, and 

adopted in order to make it possible to investigate up-converting nanomaterials. In this research it 

has been shown that metal enhanced up-converted luminescence can be efficiently and very 

precisely activated within single a nanocrystal that is much larger than effective diameter of the 

metallic tip (or nanoparticle). We have also shown that such a hybrid nanostructure is less sensitive 

to emission quenching  (caused by too small distance between nanocrystal and tip) than already 

studied systems involving single molecules. We demonstrated that efficient, metal-enhanced 

absorption (in a single nanocrystal) is realized mostly due to nonradiative energy transfer between 

Yb
3+

 ions. In the next step, we used unique luminescence properties of up-conversion nanocrystals 

to demonstrate spectrally selective enhancement of the luminescence. For this research, we used 

carefully optimized gold spherical nanoparticles to optimize the system in such a manner that one 

(red) emission was enhanced, whereas at the same time the second (green) emission was strongly 

quenched. It was the first demonstration of such a selective plasmonic effect within single 

nanoemitter. This result can be of particular interest for e.g. advance biomedical imaging or 

microscopic analytical analysis.  

  A lot of new information was provided by a series of microscopic experiments performed 

on plasmonic hybrid nanostructures consisting of elongated metallic nanoparticles, especially silver 

nanowires. Due to new experimental techniques like µs-FLIM and BFP imaging, we investigated 

influence of the geometry of elongated metallic nanoparticle on the efficiency of MEF process. We 

investigated the role of SPPs in absorption and emission processes that take place within the hybrid 

nanostructure. Eventually, we have shown that propagating plasmon polaritons (which are 

activated by light) can be exploited for bi-directional, remote control of small population of the 

nanocrystals localized on one end of the nanowire. We demonstrated that propagating polaritons 

can mediate in spectrally and time-resolved analysis performed for such a nanostructure. 

Moreover, in contrast to already known light-controlled experiments, we have shown that up-

conversion process involving ETU mechanisms can be realized exclusively by polaritons. In other 

words, we proved that in some cases photons can be eliminated from the experiment carried out at 

strictly optical frequencies. 
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The presented scientific achievement has a basic research character. Nevertheless, due to 

observation of new and unique effects, it suggests possible innovative applications. From this point 

of view, especially interesting are plasmonic hybrid nanostructures featuring non-local effects. We 

have shown that besides luminescence enhancement in MEF process, propagating polaritons 

effectively transport the energy within the hybrid nanostructure. Importantly, this process is 

undisturbed by diffraction, and can effectively connect macroscopic optical elements (apparatus) 

with single nanoemitters. Single silver nanowire can be therefore considered as alternative 

development path of optoelectronic devices, allowing further miniaturization and potential 

applications in controlling physical, chemical and biological processes at the nanoscale. 

The potential of nonlocal plasmonic/optical processes research has been appreciated by 

the Experts of National Science Centre of Poland. Thanks to financial support obtained within the 

SONATA BIS 7 program, I received the opportunity to establish my research group and carry out 

further research on polariton mediated, non-local processes in plasmonic hybrid nanostructures. 
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V. Other scientific/artistic achievements. 

 

My scientific activity after PhD concerned first of all experimental research on various 

optically active hybrid nanostructures. The superior goal was to design and investigate 

nanostructures featuring new functionalities, which can be potentially interesting for practical 

applications. I was involved, for instance, in basic research on hybrid biological nanostructures. The 

main goal of this research was to increase efficiency of photosynthesis [u1][u2][u3]. I was also 

involved in experimental research on modern photovoltaic materials. In this project we modified 

spectroscopic properties of conducting polymers (components of a p-n junction) dedicated for 

photovoltaic applications. In the investigated hybrid system, the polymer has been activated by up-

conversion nanocrystals. In this way, the polymer became sensitive to infrared radiation, which 

supplies significant part of the solar energy, that cannot be absorbed by silicon-based devices [u4]. 

My scientific activity concerned also development of modern nanomaterials, dedicated for 

biomedical [u5][u6] and optoelectronic applications [u7][u8]. For two years, I have also been 

involved in microscopic studies of hybrid nanostructures based on graphene. In the meantime, I 

have been developing semi-empirical computing methods useful for modeling both energy 

structure and absorption/emission spectra of rare earths doped materials [u9]. Results of my 

research alowed to describe luminescence processes occurring in various optoelectronical materials 

including scintillators [u10], anti-Stokes materials [u11], and telecommunication fiber amplifiers 

[u12]. 
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