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This work is devoted to the study of the luminescent properties of upconversion
nanoparticles and optical fibers doped with upconversion nanoparticles. The host
matrices of the two types of investigated nanoparticles refer to oxides and fluorides.
Both types contain Yb and Er ions, but in different concentrations. Continuous wave
and pulsed pump sources of radiation at 980 and 915 nm were used for excitation of
upconversion nanoparticles.

It was demonstrated that the host matrix and the concentration of lanthanide
ions significantly affect the emission spectrum of upconversion nanoparticles. The
degradation and saturation of luminescence in upconversion nanoparticles is revealed.
The justification of these effects was proposed. In addition, the luminescence
measurements of world-first optical fibers doped with upconversion nanoparticles were
performed.

The results of structural studies of upconversion nanoparticles and optical fibers doped
with upconversion nanoparticles using scanning and transmission electron microscopy
are presented.
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List of abbreviations and symbols

�1 angle of incidence

�2 angle of refraction

�c critical angle of incident

c speed of light in vacuum

n refractive index of a dielectric medium

v phase velocity of light in a medium

� absorption coefficient

� propagation constant

� propagation constant

� electric susceptibility

∆ relative refractive index difference

Λ distance between the hollows in microstructured fibers

�0 wavelength in vacuum

�g wavelength in a waveguide

Ẽ Fourier transform of electric field E

�0 magnetic constant

r nabla, first-order differential operator

! angular frequency

� angle in polar coordinate system

� effective core radius
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� radius in polar coordinate system

�̃ Fourier transform of �

"0 vacuum permittivity or electric constant

a core radius

E� azimuthal of the electric field in polar coordinate system

E� radial of the electric field in polar coordinate system

Ez z-component of the electric field

H� azimuthal of the magnetic field in polar coordinate system

H� radial of the magnetic field in polar coordinate system

Hz z-component of the magnetic field

HEml; EHml hybrid fiber mode

j imaginary unit

Jm Bessel function of the m-th order

k0 free-space wave number

Km modified Hankel function

LPml linearly polarized fiber mode

m integer number

neff effective refractive index

t time

V normalized frequency or V parameter

B magnetic flux density

D electric flux density

E electric field

H magnetic field

M magnetic polarization of the medium
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P polarization

CR cross relaxation

CSU cooperative sensitization upconversion

CUC cooperative upconversion

CW continuous wave

DC downconversion

ESA excited-state absorption

ETU energy transfer upconversion

GSA ground state absorption

MMF multimode fiber

NIR near-infrared

PA photon avalanche

SEM scanning electron microscope

SMF single-mode fiber

TEM transmission electron microscope

UC upconversion

UCNPs upconversion nanoparticles

UV ultraviolet
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1 Introduction

Sources of coherent and incoherent light are applicable in many fields, ranging from

LED lamps and displays, to the creation of new materials by the laser exposure at

the molecular level. Compact and inexpensive sources of visible light are in especially

demand at present.

Conversion of low-energy radiation into radiation with higher energy is made

possible by the use of upconversion nanoparticles (UCNPs), which represent a new

class of nonlinear optical materials and have a high potential as alternative sources

of visible light. Recent advances in the field of synthesis methods have led to the

possibility of setting the necessary size and range of radiation of the upcoconversion

nanoparticles by varying the parameters and conditions of chemical synthesis.

The upconversion nanoparticles are named because of the process that occurs in

them. This phenomenon consists in the conversion of energy, which occurs due to

the absorption of low-energy photons (usually from the near infrared part of spectrum)

and the emission of higher-energy photons in the visible region of wavelength spectrum.

Thus, the frequency of the emitted light is greater than the frequency of the exciting

radiation, i.e. frequency upconversion occurs. The luminescence of the upconversion

nanoparticles can be obtained using the lasers emitting in the near-infrared region.

The results of studies of the properties of such materials can find wide application

in various fields. The upconversion nanoparticles attract considerable attention to

the possibility of their application in lasers, medicine as biosensors, as well as in new

technologies in the design of the displays and as light sources with high intensity for

use in spectroscopy.

From the point of view of practical application, nanoparticle-doped fibers are a

new promising direction. UCNPs embedded in a glass fiber are protected from the

environment, and in addition, this approach allows to maximize the use of pumping

for efficient stimulation of upconversion luminescence in the nanoparticles.

The present thesis is dedicated to this new field of nanophotonics. It describes

detailed investigation of the upconversion luminescence process in nanoparticles powder

and upconversion nanoparticles-doped optical fiber. The thesis consists of 7 chapters.

Chapter 3 gives the necessary background about frequency conversion mechanisms.

Chapter 4 is devoted to the principles of light propagation in an optical fiber. In

chapter 5 experimental technique and result of luminescence measurements of UCNPs

are presented. Chapter 6 describes luminescence properties of optical fibers doped with

upconversion nanoparticles.

8



2 Nanophotonics: fundamentals and applications

Nanophotonics is a �eld of science that deals with the study of the interaction

of light with nanoscale objects. It combines several approaches. The �rst way is the

light con�nement to the dimensions much smaller than the wavelength which is the key

concept for near-�eld spectroscopy and microscopy. The second way is to reduce the size

of objects, thus limiting the interaction between light and matter. Another approach

is the nanoscale con�nement of photoprocesses associated with light-induced phase

change, which is the basis of the methods for the production of photonic nanostructures.

Nanomaterials are the largest part of nanophotonics. A variety of di�erent

nanostructures can be obtained within the framework of the matter con�nement

approach. Metal nanoparticles can serve as an example of objects with size-dependent

optical properties. Electromagnetic �eld interacting with electrons near the metal

surface causes their collective oscillations with a plasma frequency. This e�ect is used

in the surface-enhanced Raman spectroscopy, for ampli�cation of 
uorescence and �eld

enhancement in apertureless near-�eld microscopy and spectroscopy [1].

Three-dimensional con�nement on the scales ranging from nanometers to tens of

nanometers leads to the formation of atom-like structures called quantum dots. Similar

to real atoms, they have discrete energy levels, and the distance between energy levels

depends on the size of the quantum dot. Thus, it is possible to change the color of the

emitted light by varying the size of the quantum dot. Currently, there are commercial

technologies for producing display using quantum dots [1].

Nanostructured materials can exhibit unique nonlinear optical properties. For

example, in a photonic crystal, the periodic structure of alternating regions with

di�erent refractive indices forms a photonic band gap, just as a band energy structure is

formed in crystalline materials [2,3]. This feature leads to the appearance of completely

new properties such as local �eld enhancement, microcavity e�ect, anomalous refractive

index dispersion and anomalous group velocity dispersion which is responsible for

self-collimating and extraordinary angle-sensitive light propagation and dispersion

(superprism). Optical properties of the photonic crystal can �nd applications in low-

threshold lasing, frequency conversion and optical communications [1].

Second important type of nanostructures is rare-earth-doped nanoparticles. Due to

its ladder-like electronic structure, nanoparticles are able to participate in up- and

downconversion processes: the absorbed near-infrared light is converted to visible

radiation (upconversion) and/or to infrared radiation (downconversion). The possible

use of upconversion nanoparticles lies in optical ampli�cation, lasing and chemical

sensing [1]. The present thesis is dedicated to this new �eld of nanophotonics.

It describes detailed investigation of the upconversion luminescence process in

nanoparticles powder and in UCNPs-doped optical �ber.
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3 Upconversion luminescence

Electronic structure of lanthanides is ideal for converting radiation in the range from

infrared to ultraviolet due to the presence of plenty of energy levels. From the viewpoint

of practical application, the nanoparticles doped with elements of the lanthanide group

are most convenient since they can be embedded into many photonic materials. Their

energy structure is well investigated, and the synthesis process is low cost and simple.

This chapter contains a description of the upconversion mechanisms, the structure and

composition of UCNPs, as well as the methods for their synthesis.

3.1 Optical frequency up- and down-conversions

De�nition

Most emission processes in luminescence materials are downconversion (DC) in

nature, i.e. energy of emitted photon is lower than energy of absorbed photon. This

e�ect is the result of losses due to the vibrational relaxation and known as Stokes'

shift. However, for the practical application the opposite e�ect - upconversion (UC)

emission is more interesting. Upconversion emission is a nonlinear e�ect where two or

more near-infrared (NIR) photons are absorbed and converted into one having higher

energy ranging from ultraviolet (UV) to NIR. It was �rst discovered in 1966 by Auzel

and independently by Ovsyankin and Feo�lov [4{6].

Physical mechanisms

Various mechanisms are responsible for upconversion emission and all of them

can be divided into �ve main types: excited-state absorption (ESA) or multistep

(sequential) absorption, energy transfer upconversion (ETU), cooperative sensitization

upconversion (CSU), cross relaxation (CR) and photon avalanche (PA) (Fig. 1) [7].

Figure 1: Upconversion mechanisms [7].

The most commonly used upconversion phosphors are the lanthanides Ln3+ (rare-

earth) elements: Er3+ , Tm3+ , Yb3+ , Nd3+ and Pr3+ . Rare-earth elements are usually
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ionized into trivalent state, giving o� two electrons from the 6s2 orbitals and one

electron from the 5d orbitals or 4f orbitals. Electrons located on the 4f -shell are

shielded by the outer shells 5s2 and 5p6. As a result, the position of the energy levels

of the lanthanides characterized by spin-orbit interaction is very weakly depending on

the environment and energy levels remains practically the same for a particular ion in

di�erent host lattices. Insensitivity to the surrounding host lattice leads to the fact that

a signi�cant number of excitedf states participating in the upconversion process have

su�ciently long lifetimes. Transitions between di�erent energy levels of 4f orbitals

occur within a particular ion. This feature and ladder-like energy structure (Fig. 2)

make lanthanides ideal materials for upconversion luminescence [8].

Figure 2: Energy diagram of 4f electrons of trivalent lanthanides [9].

Lanthanide-based upconverters consist of two components: mechanically and

chemically highly stable host material with low phonon energy and rare-earth ions as
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luminescence centers. E�cient luminescence is observed when host material is doped

with at least two types of ions. One type, calledsensitizer, has large e�ective cross

section in the IR region of the spectrum. Another type has energy states with longer

lifetimes and is called anactivator. Thus, the sensitizer can non-radiatively transmit

several absorbed photons to the long-lived state of the activator and excite it to higher

levels. Then activator's electron decays to the ground level and emits a photon with a

higher energy, which corresponds to the visible wavelength range. Usually Yb3+ plays

the role of a sensitizer, while Tm3+ or Er3+ acts as an activator.

Excited-state absorption (ESA) is a process of sequential absorption of pump

photons by a single Ln3+ ion. The energy diagram of ESA mechanism is a three-level

structure in which the distance between the energy states G-E1 and E1-E2 is the same

(Fig. 1a). In an ESA process, which is termed ground state absorption (GSA), �rst

photon excites ion from the ground state G to the intermediate level E1, then a second

similar photon promotes it to the higher E2 state. Finally, ion decays from the excited

state E3 to the ground state G emitting photon whose energy is equal to the di�erence

between the levels E3 and G. Since ESA is a single-ion mechanism, the concentration

of the dopants does not a�ect its e�ciency [7].

In the case of energy transfer upconversion (ETU), two neighboring ions

sequentially absorb pump photons. Ion 1, called the sensitizer, �rst absorbs the

excitation photon and goes from the ground state to the metastable level E1 (Fig.

1b). A short time later it relaxes back to the ground level and transfers its energy to

ion 2, known as the activator. Thus, the ion 2 can be successively excited �rst to the

level E1 and then to the emitting state E2. The e�ciency of such process depends on

the concentration of dopants, which a�ects the average distance between neighboring

sensitizer-activator. Currently, the ETU is the most commonly used upconversion

mechanism.

Cooperative sensitization upconversion (CSU) takes the form of interaction of

three ions, two of which are usually of the same type. After absorbing pump photons,

ion 1 and 3 are excited to the higher energy level E1 (Fig. 1c). Then both of them can

simultaneously transfer their extra energy to the ion 2 and return to the ground state.

In that way ion 2 obtains enough energy to occupy a level higher than excited states of

ion 1 and ion 3. Right afterwards ion 2 emits upconversion photon relaxing back to its

ground state. Since CSU requires quasi-virtual pair levels, which are described in the

theory of quantum mechanics by a higher order perturbation, as a rule its e�ciency is

order of magnitude lower than ESA or ETU processes [7].

When the ion relaxes to the lower state, instead of emitting a photon, it can transfer

some of its energy to another ion and excite it (Fig. 1d). In this case, it does not

matter what types of interacting ions. Such process is a fundamental result of ion-ion
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interaction and calledcross relaxation (CR). CR leads to well-known "concentration

quenching mechanism", however it can be used to adjust color of light emitted by

UPNPs. E�ciency of CR process strongly depends on dopant concentration [7].

Photon avalanche (PA) is one more upconversion mechanism discovered by

Chivian and coworkers [10]. It manifests itself when the pump power reaches a certain

limit. Below the threshold, 
uorescence is small, but above some pumping level its

intensity increases by orders of magnitude. PA includes ESA process leading to light

excitation of the ion and CR providing feedback. Initially, ion 2 is excited to level E1
in some way and may be further promoted by resonant ESA process to radiative level

E2, from which it can relax by emitting photon (Fig. 1e). However, ion 2 may also

non-radiatively decay from level 2 to level 1 and transfer some of its energy to nearby

ion 1. In this situation, due to the e�cient CR process both ion 1 and ion 2 occupy the

intermediate level E1. As a result, these two ions are ready to populate the level E2

and further excite two another ions or participate in upconversion luminescence. The

number of ions populating the energy state E1 in such a process grows exponentially. At

low pump power, low population of level 1 leads to low e�ciency of ESA and CR process

is negligible. The pumping intensity above the threshold produces a high population of

level 2 and, consequently, through the relaxation process to a high population of level 1

leading to strong and e�ective upconversion 
uorescence as an avalanche process [11].

3.2 Upconversion nanoparticles

Lanthanide-doped nanoparticles

Figure 3: Absorption (dashed) and emission (solid) spectra of Yb3+ ions [12].

Usually, the upconversion materials consist of two components, a host matrix

and doping ions. The development of new upconversion materials includes two
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stages: variation of the host material and selection of the optimal concentration of

doping ions. Improperly selected host lattice can increase non-radiative relaxation

and, thus, signi�cantly reduce upconversion e�ciency. As mentioned above, some

of the upconversion mechanisms are sensitive to ion concentration, so a too low

concentration of rare-earth ions leads to ine�ectiveness of these mechanisms, while

too high concentration causes concentration quenching [13,14].

Figure 4: Schematic energy diagram of Yb3+ and Er3+ ions. Dashed arrows indicate energy
transfer from sensitizer (Yb3+ ) to activator (Er 3+ ) [15].

An upconversion compound NaYF4:Yb3+ ,Er3+ was �rstly synthesized in 1972

[16]. But only very recently it was discovered that co-doped NaYF4:Yb3+ ,Er3+ and

NaYF4:Yb3+ ,Tm3+ have very high upconversion e�ciency [17]. Therefore, this material

is most often used for the synthesis of UCNPs. Yb3+ ions play the role of sensitizers

that absorb infrared radiation (Fig. 3) and then non-radiatively transfer extra energy to

Er3+ or Tm3+ ions, which act as activators producing visible or ultraviolet upconversion

luminescence (Fig. 4). At the moment, NaYF4 is the most e�cient material for

upconversion nanoparticles. Firstly, it contains Na+ and Y+ cations whose ionic radius

is close to those of the lanthanide ions. This prevents the formation of lattice strains

and crystal defects [18]. Secondly, 
uorine compounds possess a chemical stability and

low phonon energy (� 350 cm� 1) [8].

The typical size of upconverison nanoparticles can vary from several nm up to 50
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nm. The shape and the size strongly depend on the synthesis process and a�ect on the

optical properties of UCNPs.

Synthesis

UCNPs can be produced in many di�erent ways and each approach has its

own application domain, taking into account advantages and disadvantages. The

most commonly used techniques are coprecipitation, thermolysis, solvo(hydro)thermal

process, sol-gel, combustion and method using ionic liquids.

Lanthanide-doped nanoparticles such as NaYF4:Ln3+ are often prepared by

thermolysis. This process ensures high quality of nanocrystals, monodispersion and

allows controlling photoluminescent properties and sizes of nanoparticles. Thermolysis

involves heating of lanthanide tri
uoroacetate precorsor (CF3COO)3Ln prepared from

acid and corresponding lanthanide oxide, the addition of sodium tri
uoroacetate

CF3COONa and then dropwise transferring the resulting mixture to a solution of

octadecene and oleic acid. Obtained nanoparticles are percipitated by the addition

of excess ethanol and are separated from the solution via centrifugation. Oleic acid

acting as a surfactant controls the size of nanoparticles and prevents their aggregation

by virtue of long hydrocarbon chains. Synthesis is carried out in an anhydrous and

oxygen-free atmosphere [19].

Optical properties

Figure 5: Photos of upconversion luminescence of colloidal nanoparticles of YF3 doped with
(d-h) Er 3+ ions of 0.5% and Yb3+ ions of 10-90%; (i-m) Tm3+ ions of 2% and Yb3+ ions of
10-90%; (n-r) Er3+ ions of 0.5%, Tm3+ ions of 2%, and Yb3+ ions of 10-90% [20].

Upconversion nanoparticles possess strong absorption at 980 nm due to the presence

of ytterbium. Depending on the nanoparticles size, shape, the dopant concentrations,

surface capping ligands and other parameters, the emitted light can vary from

ultraviolet to near-infrared (Fig. 5), covering the whole visible wavelength range.

However, the host material has very little e�ect on luminescence spectra due to weak

coupling of the f-f transition with the local crystal �eld of the host lattice, but may

strongly a�ect on the e�ciency of upconversion process. The main requirements to

the host material are lattice structure compatible with rare-earth ions and low phonon

energy. UCNPs can be either single color or multicolor [8].
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4 Optical �bers

This chapter describes the propagation of light in an optical �ber within the

framework of the basic ray theory. The concept of mode is introduced through the

descriptions of the theory of electromagnetic waves in a medium. Various types of

optical �bers such as single-mode, multimode and coreless �bers are described.

4.1 Basic principles of light propagation in optical �bers

Basic ray theory

In general, light wave propagates in an optical waveguide in a zigzag fashion,

undergoing total internal re
ections (TIR) (Fig. 6). As light is con�ned within an

optical �ber, it is protected from external in
uence and passes through a �ber with low

attenuation.

Figure 6: The propagation of electromagnetic waves in an optical �ber [21].

In order to describe the propagation of light in a waveguide using the ray theory

model, it is necessary to introduce the refractive index of a material. The refractive

index of the dielectric medium is a dimensionless ratio of the speed of light in vacuum

to the phase velocity of light in the medium:

n =
c
v

(4.1)

The more optically dense medium, the slower light travels in it, and the refractive index

indicates how many times the speed of light in the material is less than in vacuum.

Therefore, the denser material has the higher the refractive index. When a ray passes

through the interface between two media with di�erent refractive indices, refraction

occurs. In addition, a small amount of incident light is re
ected back. If a ray travels

from a dielectric with higher refractive indexn1 at an angle� 1 to the normal, then in
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a medium with lower refractive indexn2 the ray will travel at an angle � 2, where� 2 is

greater than � 1 (Fig. 7).

Figure 7: Illustration of ray refraction.

The refractive indices and the angles of incidence are related to each other according

to Snell's law [22], which is expressed as follows

sin� 1

sin� 2
=

v1

v2
=

n2

n1
(4.2)

It states that the ratio of the sines of angles of the incident and refracted rays is equal to

the ratio of phase velocities of these rays, or equal to the inverse ratio of the refractive

indices. One can see that the angle of refraction� 2 is always greater than the angle

of incidence� 1, sincen1 is always greater thann2. At a certain angle of incidence� c,

angle of refraction� 2 will be equal to 90� (Fig. 7). In this limiting case, the critical

angle of incidence� c can be found using the formula 4.2

� c = arcsin
�

n2

n1

�
(4.3)

If rays are incident at an angle greater than critical angle, then almost all of them

(99.9%) re
ect back into the originating medium, i.e. they undergo total internal

re
ection at the interface between two dielectric materials with di�erent refractive

indices [21]. Due to this e�ect light in the waveguide can propagate with very low

losses. Figure 8 shows the propagation of a meridional light ray along the axis of

an optical �ber by means of consecutive total internal re
ections at the interface of

high-index core and low-index cladding.
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Figure 8: The light ray propagation in an ideal optical �ber [22].

In its most general form, an optical �ber consists of a core of circular section,

cladding surrounding it and protective coating (jacket). To achieve total internal

re
ection the refractive index of a core must be higher than the outer layer. Since the

air has a refractive index less than that of glass, so in this case, the light can propagate

along the core even without the cladding. But in practice such implementation is not

applicable because of the attenuation of the light beam caused by contamination and

scratches, which cover an unprotected core.

Figure 9: Face view and pro�le of an optical �ber [21].

Figure 9 shows the optical �ber in two projections, indicated dimensions and

refractive indices are typical for the most commonly used �bers [21].
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Electromagnetic mode theory

Simple ray theory described above makes it possible to understand the basic

principles of light transmission in optical �bers. But in order to build a more complete

model, it is necessary to consider the theory of electromagnetic waves in the medium,

which is based on Maxwell's equations. For a non-conducting silica optical �ber without

free charges, these equations in terms of the electric �eldE, magnetic �eld H , electric


ux density D and magnetic 
ux density B are as follows

r � E = �
@B
@t

(4.4)

r � H =
@D
@t

(4.5)

r � D = 0 (4.6)

r � B = 0 (4.7)

In an external electric �eld E silica optical �ber like any other dielectric medium

has an induced polarizationP. Silica glass is an isotropic medium, soP is linearly

proportional to E and can be expressed as

P = "0 � � E (4.8)

where� is the electric susceptibility.

The 
ux densities and the �eld vectors are related by following expressions

D = "0E + P (4.9)

B = � 0H + M (4.10)

where "0 is the vacuum permittivity or electric constant, � 0 is the magnetic constant

and M is the magnetic polarization of the medium.

Taking the curl of Eq.4.4 and using Eqs.4.5, 4.9 and 4.10 one obtains the wave

equation

r � r � E = �
1
c2

@2E
@t2

� � 0
@2P
@t2

(4.11)
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Using Fourier transform of E(r ,t )

~E(r ; ! ) =
Z

E(r ; ! ) exp(j!t )dt (4.12)

as well as a similar expression forP(r ,t ) and taking into account that � 0 � "0 = 1=c2,

wave equation 4.11 can be written in the frequency domain as

r � r � ~E = � "(r ; ! )
! 2

c2
~E; (4.13)

where the frequency-dependent permittivity is de�ned as

"(r ; ! ) = 1 + ~� (r ; ! ) (4.14)

Here ~� (r ; ! ) is the Fourier transform of � (r ; ! ) and ~E is Fourier transform of electric

�eld. The frequency-dependent dielectric constant"(r ; ! ) is a complex quantity. Its

real part is responsible for the refractive indexn and imaginary part is related to the

absorption coe�cient �

" = ( n + i�c= 2! )2 (4.15)

Hence

n = (1 + Re~� )1=2 (4.16)

� = ( !=nc )Im~� (4.17)

As can be seen, bothn and � are frequency dependent. After some simpli�cations,

wave equation 4.13 takes the form

r 2~E + n2(! )k2
0
~E = 0 (4.18)

wherek0 is the free-space wave number

k0 = !=c = 2�=� 0 (4.19)

and � 0 is the wavelength of the optical �eld oscillation at frequency! in vacuum.

Mode concept

The mode concept is a main concept in the theory of light propagation in optical

waveguides. An optical mode is a possible solution of Helmholtz equation (Eq. 4.20),
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which is obtained from Maxwell's equations and the boundary conditions.

r 2E + n2(! )k2
0E = 0 (4.20)

Further discussion refers only to the guided modes of a step-index optical �ber.

Because of the shape of an optical �ber it makes sense to seek a solution of Eq. 4.20

in the cylindrical coordinates with z-axis directed along the axis of the �ber. Solution

can be found by method of variable separation:

Ez(�; �; z ) = F (� )�( � )Z (z) (4.21)

Here this method is applied only for longitudinal componentEz of the electric �eld

vector. Other components of electromagnetic �eld (E � ; E � ; H � ; H � ; Hz) can be

expressed using Maxwell's equation. When all variables in Eq.4.21 are found, the

general solution of Eq.4.20 has the form

Ez =

8
<

:
AJm (p� ) exp(jm� ) exp(j�z ); � � a

CK m (q� ) exp(jm� ) exp(j�z ); � > a
(4.22)

where A, C are constants,Jm ; K m are Bessel and modi�ed Hankel functions,a is the

radius of �ber core andp, q parameters are de�ned in a following way

p2 = n2
1k2

0 � � 2 (4.23)

q2 = � 2 � n2
2k2

0 (4.24)

Similar solution for longitudinal componentHz is

Hz =

8
<

:
BJ m (p� ) exp(jm� ) exp(j�z ); � � a

DK m (q� ) exp(jm� ) exp(j�z ); � > a
(4.25)

wherem is an integer number.

In an optical �ber both components Ez and Hz are nonzero (m = 0 is exception).

Therefore, �ber modes are hybrid modes and denoted byEH ml or HE ml , depending

on whether Ez or Hz dominates. For weakly guiding �bers another notationLPml

(linearly polarized modes) is used.

Propagation constant� uniquely determines a �ber mode, which propagates with an

e�ective refractive index nef f = �=k 0. Its value lies in the rangen1 > �n > n 2. Similar

to the bulk refractive index, the e�ective refractive index changes the wavelength in
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the waveguide as follows

� g = � 0=nef f (4.26)

Inside the cladding the optical �eld decays exponentially. It does not occur until

nef f < n 2. But when q2 = � 2 � n2
2k2

0 = 0 or nef f = n2, the mode reach cuto�, meaning

that a single-mode regime is established.

The normalized frequency orV parameter is de�ned as

V = k0a(n2
1 � n2

2)1=2 � (2�=� )an1

p
2� (4.27)

This quantity is useful to express cuto� condition through the refractive indices of

core n1 and cladding n2, core radiusa and wavelength � of light propagating in a

�ber [23,24].

For large values of V, �ber supports propagation of many modes. Starting from

a certain value of V only single-mode operation is possible. Thus, all optical �bers

with glass cladding surrounding can be divided into two large groups: single-mode and

multi-mode �bers. The term multi-mode is usually applied to the �bers with a core

diameter of 50 microns or more. Due to the relatively large core diameter, multiple

modes of light propagate in such a �ber [21].

4.2 Types of optical �bers

Single- and multimode �ber

An optical �ber consists of a glass core with an uniform refractive index and a

circular cross section, surrounded by cladding with a slightly lower refractive index.

Figure 10a and 10b shows pro�le of single-mode and multimode �ber having an abrupt

change at the core-cladding boundary. When light propagates inside a multimode �ber

(MMF), it undergoes multiple total internal re
ections from the core-cladding interface

and travels in zig-zag manner inside the core.

The diameter of the core in a single-mode �ber (SMF) is from 2 to 10� m. This

allows the propagation of only one transverse mode. The single-mode �ber is free from

intermodal dispersion (light pulse broadening). Typical diameter of a multimode �ber

is 50� m or greater, which leads to the propagation of many modes inside the core [22].

The �ber may also not have a core (Fig. 10c). Then air play the role of the shell with

a smaller refractive index. Such a �ber is called coreless. It is easier to manufacture

and usually they are used for testing of doping technology.
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Figure 10: The refractive index pro�le and ray propagation in (a) single-mode, (b) multimode,
(c) coreless �ber [22].

4.3 Rare-earth-doped �bers

Rare-earth-doped �bers are optical �bers, the core of which contains embedded

ions of the lanthanide group. The most commonly used ions are ytterbium, erbium,

thulium, niobium, holmium and europium. For practical use, the glass core matrix

is doped with rare-earth elements with concentrations ranging from tens to several

thousand parts per million. To achieve maximum e�ciency, the doping pro�le should

be a delta function with a maximum in the center of the core. However, it is necessary

to balance the spatial con�nement and concentration of rare-earth elements, since a

stronger con�nement requires higher concentration. In turn, too strong concentration

leads to clustering and, as a result, to 
uorescence quenching and a decrease in device
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performance [25].

The composition of the glass host matrix is also extremely important and primarily

determines the solubility of rare-earth elements, which a�ects the 
uorescence emission,

absorption and cross section of ESA. Commercially-used �ber lasers are mainly based

on a phosphate or multicomponent silicate composition, which were designed to prevent

the clustering at high doping concentration [26].

4.4 Fiber glass materials

Figure 11: The measured attenuation spectrum of an ultra-low-loss silica �ber (solid line)
and various attenuation mechanisms (dashed line) [22].

Most of the glass optical �bers are produced from silicon dioxide. Depending on the

�eld of application, various chemical elements such as boron, phosphorus, germanium,

tellurium and aluminium can also be added to the glass matrix. The addition of

impurities a�ects the refractive index and phonon energy, latter is critically important

in the case of �bers doped with rare-earth materials. To prevent the clustering of

lanthanides, the silica �bers with sodium and aluminum are used as a host matrix.

The advantage of silica-based �bers is that they are transparent in a wide spectral

range. In the near infrared part of the spectrum (about 1.5� m), they demonstrate

extremely low absorption and scattering losses. However, the presence of hydroxyl

(OH) groups leads to strong absorption at a wavelength of 1.4� m (Fig. 11). At the
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same time, a high concentration of OH groups reduces the absorption in the ultraviolet

region [22,27].

The disadvantage of silica �ber is high phonon energy of� 1100 cm� 1. Therefore,

tellurite (phonon energy � 700 cm� 1) and 
uoride (phonon energy � 350 cm� 1) �bers

with lower phonon energy have been developed, since the phonon-induced non-radiative

relaxation is the main mechanism that negatively a�ects the upconversion e�ciency.

In addition to low phonon energy, 
uoride glass is characterized by the absence of

hydroxyl groups, high chemical stability and transparency from 250 nm (ultraviolet)

to 2 � m wavelengths. These features make them optimal material for rare-earth doped

�bers [8].
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5 Characterization of nanoparticles

The luminescent properties of upconversion nanoparticles depend on many factors

and one of them is host matrix composition. This chapter presents studies of the

luminescence of two types of nanoparticles. Both types are doped with Yb and Er

ions, but they have di�erent host matrices. As pump sources, 980 nm and 915 nm laser

diodes were used. Supercontinuum laser with a cut out and ampli�ed portion of the

spectrum at 980 nm played a role of pulse pumping.

5.1 Sources of pump light

Figure 12: The scheme for measuring the luminescence of UCNPs using 980nm CW laser
diode.

The setup for the measurements of upconversion luminescence spectra are shown

in Fig. 12. The pump source light is delivered via a �ber pigtail. The light further

collimated by the �rst optical lens. The second lens is used for focusing of the pump

light directly on the UCNPs samples. Both lenses and �ber pigtail are placed on

the optical stages. Powder of upconversion nanoparticles was attached to double-

side adhesive tape and mounted on the holder (Fig. 12, 13). The UCNPs powder

was irradiated with the pump beam, and after that emitted light and residual pump

were collected using 105/125� m multimode optical �ber (MMF), placed closely to the

sample. The measurements of the emission spectra of the upconversion nanoparticles
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were performed using Yokogawa optical spectrum analyzer.

As a pump source three options were employed: 980 nm continuous wave (CW)

laser diode, 915 nm CW laser diode and 980 nm pulsed source. A continiuos wave

(CW) laser diode II-VI LC96Z600-76 was chosen as a source of 980 nm light for an

excitation of UCNPs. The maximum power of the laser diode is about 200 mW, at a

maximum current of 800 mA. The laser diode has output single-mode �ber pigtail for

light delivering. The core diameter of the output pigtail was equal to 4.4� m surrounded

by 125 µm of the cladding area. The numerical aperture (NA) of the �ber was 0.16.

An optical isolator with input and output single mode �ber pigtails was spliced to the

diode pigtail to prevent back re
ections that could damage the pump source.

For pumping at 915 nm, laser diode K915FA3RN-25.00W (BWT Beijing Ltd.) was

used. The laser beam was collimated and then focused with a lens system (Fig. 12).

The laser diode delivered up to 1.1 W power launched into multi-mode output �ber

pigtail with core/cladding parameters as 105/125� m and 0.22 NA.

a) b)

Figure 13: Upconversion luminescence: a) Y2O3:Yb,Er, b) NaYF 4:Yb,Er UCNPs.

In order to investigate the upconversion luminescence of nanoparticles under 980

nm pulsed pumping a pulsed source of 980 nm and �ber ampli�er were built up.

Measurements with pumping in the pulsed mode make it possible to minimize the

e�ects associated with the heating of the sample. Due to the short duration of the

pulses of 6 ps, the material does not have time to heat up, as is the case with constant

pumping.

980 nm ultra-fast pulse laser can be built up only by using Yb-doped �ber since it

has emission at 980 nm under excitation by 915 nm source. However, due to high cross-

section value of Yb-ions (Fig. 4) at 980 nm, there is an e�ect of strong light reabsorption
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with further emission at 1040 nm wavelength. It means that the internal losses in the

laser cavity becomes very high exceeding the gain. This fact denotes that the design of

980 nm pulse laser is a very complicated task, which separately requires a lot of e�orts.

Therefore, can easier solution has been found. A supercontinuum laser was used to

obtain pulses at the given wavelength. Supercontinuum laser is a multi-stage �ber

laser comprising several principal parts: 1) Ultra-fast pulse laser { seed. It delivers low

power (couple of mW) ultra-short pulses (several ps) with �xed repetition rate (tens

of MHz). 2) These pulses are further stretched in time domain and ampli�ed in multi-

stage �ber ampli�er operated by chirp pulse ampli�cation (CPA) scheme. 3) These

high power long pulses are then compressed in time domain down to their transform-

limited value. Now they are extremely high peak power ultra-short pulses. 4) These

pulses are launched into highly nonlinear optical �ber, which generates multiple new

harmonics in the broad wavelength spectrum range by stimulated nonlinear process.

At the output of the source it gives a pulse of extremely broad light covered visible,

near-infrared and infrared ranges.

Supercontinuum laser "Fianium" (NKT Photonics A/S) generates ultra-broadband

radiation with the repetition rate of 20 MHz. It has a continuous spectrum in a range

from 450 nm to beyond 2� m, so the portion of the spectrum at a wavelength of 980 nm

can be cut by the use of an interference bandpass �lter. The bandpass �lter FB980-10

(Thorlabs Inc.) was utilized in the setup (Fig. 14). It features a center wavelengths of

980 nm and has FWHM equal to 10 nm. After �ltration 980 nm light was lauched into

a single-mode �ber by means of a focusing lens with aperture compatible with �ber

NA to obtain high e�ciency of light coupling. The measured value of the light power

at a wavelength of 980 nm in single mode �ber was about 100� W. Since the directly

obtained power from supercontinuum source is too low for stimulation of upconversion

process, the 980 nm light was further ampli�ed in Yb-doped �ber ampli�er.

A bidirectional pumping scheme was chosen for �ber ampli�er. In general, it

consists of two counter-directed 915 nm laser diodes, active Yb-doped �ber between

them and signal source of 980 nm radiation (Fig. 14). The �rst �ber dichroic coupler

combines the input signal and pumping from 915 nm single-mode laser diode (Lumics

SN0713368) which is connected in forward direction meaning that it coincides with

the direction of the input signal propagation. The second 915 nm single-mode laser

diode (Lumics SN0713367) emits in backward direction through the other �ber

dichroic coupler, which serves to separate the backward pumping from the ampli�ed

signal. The highly concentrated ytterbium-doped phosphor-silicate �ber length of

4 centimeters acts as an active medium and converts light at 915 nm to 980 nm.

The cut-o� wavelength of the �ber (the transition from multi-mode to single-mode

operation) is situated below 915 nm ensured e�cient pump light conversion into the
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Figure 14: Scheme of bidirectional pumped �ber ampli�er.

signal (pump light and signal modes are fully overlapped). The high-concentration of

Yb-ions promotes the e�cient ampli�cation at 980 nm, while extremely short �ber

length prevents reabsorption e�ect with further emission at the longer wavelength.

a) b)

Figure 15: Oscilloscope picture of the pulse train (a) and the autocorrelation trace of the
pulse (b) after the light ampli�cation.

As a result, the oscilloscope picture and the autocorrelation traces of the pulse

obtained at the output of the Yb-doped ampli�er are shown in Fig. 15. The oscilloscope

picture shows pulse train with repetition rate of 20 MHz. The autocorrelation

measurements reveals three peaks: the central peak and two at the side. The

autocorrelation image should be discerned in the way that the number of pulses includes
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