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ABSTRACT

Presented dissertation thesis is devoted to the study of nanocrystalline oxides with
garnet-related structure containing trivalent cations of rare earths. The chosen host
material is Yb3GasO1, with the use of Er** or Ho*" dopants in order to achieve intense
photoluminescence emission from the visible to the near-infrared region when excited
by a 980nm laser. The results of the presented thesis are divided into three main parts.
The first part is devoted to the study of the phase composition, structure, morphology
and chemical composition of nanocrystalline oxides Ybis—Er.GazsOs0
and Ybis-xHo,Gaz5060 with x=0; 0.01; 0.1; 0.5; 1 and 2. The sol-gel combustion method
using citric acid as a chelating agent is chosen as the starting method for the preparation
of these potential phosphors. The second part of the thesis deals with the optical
properties of nanocrystalline oxides of the Ybis—ErGaxsOso series with a focus on
photoluminescence properties. The achievement of intense Stokes photoluminescence
in the near-infrared region (4em=1450-1650 nm) and intense anti-Stokes
photoluminescence, which is dominant in the “red” region (Aem ~630—700 nm), is
discussed based on the presence of efficient energy transfer (ET) Yb** — Er’*, energy
back transfer (EBT) Er*" — Yb?" and cross-relaxation (CR) Er** <> Er’**. The third part
of the thesis deals with the optical properties of nanocrystalline oxides of the
Ybis-xHo,GaxsOsp series, again focusing on photoluminescence properties. In this case,
two types of intense Stokes emission spectra in the near-infrared region are achieved
(Aem =1100-1300 nm and Aem=1800-2200 nm) together with anti-Stokes
photoluminescence, where the perceived color area changes with different Ho?"
concentration. The ET Yb** — Ho**, EBT Ho** — Yb** and CR Ho*" < Ho’" processes
responsible for the observed phenomena are discussed. The detection of these processes
in the both series of studied samples is possible thanks to the use of photoluminescence
spectroscopy in the steady-state, time-dependent and power-dependent mode. The
results of the presented thesis point to a high influence of the Er**/Ho** dopant
concentration in nanocrystalline YbzGasOi2 on the resulting photoluminescence
properties with emphasis to the potential use of the studied materials.



ABSTRAKT

Ptredkladana disertacni prace je vénovana studiu nanokrystalickych oxidl granatove
struktury obsahujicich troymocné kationty vzacnych zemin. Zvolenym hostitelskym
materidlem je YbsGasO12 s pouzitim dopantt Er**, ¢&i Ho®" s cilem dosazeni intenzivni
fotoluminiscence od viditelné aZ po blizkou infracervenou oblast pii excitaci 980nm
laserem. Vysledky predkladané prace jsou rozdéleny na tfi hlavni ¢asti. Prvni ¢ast je
vénovana studiu fazového sloZeni, struktury, morfologie a chemického sloZeni
nanokrystalickych oxid Ybis-+Er,GazsOs0 a Ybis-xHo0,Ga2s060 kde x = 0; 0,01; 0,1; 0,5;
1 a 2. Jako vychozi metoda ptipravy téchto potencialnich luminofori je zvolena sol-gel
spalovaci metoda s pouzitim kyseliny citronové jako chelataéniho Cinidla. Druha ¢ast
prace se zabyva optickymi vlastnostmi nanokrystalickych oxida fady Ybis-+Er:Ga2sOe0
se zaméfenim na fotoluminiscenéni vlastnosti. DosaZeni intenzivni Stokesovy
fotoluminiscence v blizké infracervené oblasti (dem = 1450—-1650 nm) a intenzivni anti-
Stokesovy fotoluminiscence, kterd je dominantni v ,Cervené” oblasti (Aem = 630—
700 nm), je diskutovano na zaklad¢ ptitomnosti UCinnych procesti energetického
pienosu (ET) Yb*" — Er*", zpétného energetického pienosu (EBT) Er*' — Yb**
a kiizovych relaxaci (CR) Er** <> Er**. Tteti ¢ast prace se zabyva optickymi vlastnostmi
nanokrystalickych oxidi fady Ybis-xHoxGaxsOs0 opét se zaméfenim na
fotoluminiscen¢ni vlastnosti. V tomto piipadé je dosazeno dvou typi intenzivnich
Stokesovych emisnich spekter v blizké infradervené oblasti (Aem = 1100-1300 nm
a Aem = 1800-2200 nm) a anti-Stokesovy fotoluminiscence, jejiZ vnimana barevna oblast
se méni s ménici se koncentraci Ho**. Jsou diskutovany procesy ET Yb*" — Ho**, EBT
Ho’* — Yb** a CR Ho** < Ho*", zodpovédné za pozorované jevy. Odhaleni t&chto
procesti u obou fad studovanych vzork je mozné diky vyuziti fotoluminiscencni
spektroskopie v ustdleném stavu, ¢asove rozliSené a fotoluminiscencni spektroskopie
s pouzitim rizného excitatniho vykonu. Vysledky piedkladané prace poukazuji na
vysoky vliv koncentrace dopantu Er**/Ho** v nanokrystalickém Yb3GasO12 na vysledné
fotoluminiscen¢ni vlastnosti s ohledem na potencialni vyuziti studovanych materialti.

KEYWORDS
Garnets, Yb3GasOi12, Er’", Ho’", nanocrystalline oxides, optical properties,
photoluminescence, upconversion photoluminescence.
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1. INTRODUCTION

The study of low-dimensional inorganic materials has undergone tremendous
development in the last few decades. This is due to the development of methods for their
preparation and characterization as well as to a wide range of applications, e.g. in
medicine, catalysis, electronics, optoelectronics, photonics, etc. Nanocrystalline oxides
doped with trivalent lanthanide cations play an important role for applications based on
the conversion, generation or detection of electromagnetic radiation [1, 2].

Oxides with garnet-related structure, in which a trivalent rare-earth cation occupy the
dodecahedral position, appear to be a suitable host matrices for trivalent lanthanide
cations. The interest in these materials began to grow with the discovery of laser
oscillations in 1964 in the now commercially-available Y3AlsO012 garnet doped with
Nd** in single crystalline form. The reason for the constant interest in this group of
materials in the both single crystalline and powder form is some of their unique
properties. These properties are mainly excellent mechanical, thermal and chemical
resistance and relatively low phonon energies [3—7].

Presented dissertation thesis deals with nanocrystalline YbzGasO1» garnet doped with
Er** or Ho*" ions. The theoretical part of the thesis is devoted to the basic physical,
structural and chemical properties of materials with garnet-related structure and to the
nanocrystalline oxides and basic methods for their synthesis from solution. The main
attention in this part is paid to trivalent cations of lanthanides, 4f < 4f electronic
transitions of these ions and therefore the photoluminescence properties. Aspects of anti-
Stokes photoluminescence, i.e. upconversion photoluminescence, are discussed in more
detail. The experimental and following part is focused on the study of the structure,
morphology, chemical composition and optical properties of the prepared
nanocrystalline garnets. The attention in this part is paid to explain the
photoluminescence properties of the prepared materials by analyzing steady-state, time-
dependent and power-dependent emission spectra. The prepared materials appear to be
suitable for a potential use, for example, for biological imaging, gas sensors, or infrared
radiation detectors.



2. THEORETICAL PART
2.1. Materials with garnet-related structure

The family of materials with garnet-related structure refers to all materials with the
general chemical formula A3B>C3X2, crystallizing mostly in a cubic lattice. “A” denotes
a cation in a dodecahedral position, “B” denotes a cation in an octahedral position, “C”
denotes a cation in a tetrahedral position and “X” denotes one of the anions: O*", OH",
F~, or a combination thereof. However, most garnets, whether occurring in nature in the
form of minerals or synthetic, contain only the O?  anion. We are then talking about
oxide garnets with the general formula A3;B2C3012. The cubic lattice of oxide garnets is
body-centered, with the space group Ia3d, containing 160 atoms (8 formula units). The
arrangement of atoms in the unit cell is relatively tight and the garnet structure is
characterized by a high percentage of shared edges of individual polyhedrons. One can
imagine the garnet structure as a continuous three-dimensional network in which each
tetrahedron shares two non-adjacent edges with triangular dodecahedrons, each
octahedron shares six edges with triangular dodecahedrons and each triangular
dodecahedron shares four edges with surrounding triangular dodecahedrons. At the
same time, tetrahedrons share vertices with octahedrons. Generally, the ionic radius r of
each cation in each type of polyhedron is: 7a > g > rc. The portion of the garnet structure
is illustrated in Fig. 1 [3, 8-10].

Fig. 1. Portion of the garnet structure with cations in the dodecahedral position (red
circle), octahedral position (blue circle) and tetrahedral position (green circle). White
circles denote O? anions.

The tolerance factor of the garnet structure can be expressed by Eq. (1):

4
3 + 1) = 2+ 1)2

= 2(re+ D)

(1)

where ra, s, rc and rp denote the ionic radius of cation A, B, C and anion D,
respectively. The value of zr for the formation of an ideal stable garnet structure is 1 [11].

The unique properties of materials with garnet-related structure include high
hardness, density and refractive index along with a relatively low maximum phonon
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energies. The advantage of the relatively complicated garnet structure is the possibility
of incorporating other atoms (dopants) into this structure in order to control and optimize
the resulting properties. Such an appropriate dopants can be rare earths, alkali metals,
alkaline earth metals, transition or non-transition metals. Synthetic oxide garnets have
a wide range of applications, for example solid electrolytes, magneto-optical sensors,
scintillators, lasers, electroluminescent diodes, phosphors for biological imaging, etc.
Monocrystalline, polycrystalline, or thin-layer samples of oxide garnets can be prepared,
depending on the targeted application [4-8, 12—-15].

2.1.1. Yb3GasOn:

A high phase stability with a value of 7r = 0.998 was predicted for the ytterbium
gallium garnet (Yb3GasO12), which is the focus of this work [11]. Some of the works on
Yb3GasO12 garnet were devoted to study Faraday rotation [16], paramagnetic properties
[17], spin dynamics [18], dielectric properties [19], or thermophotovoltaic properties
[20]. However, only a small attention was devoted to study photoluminescence in rare-
earth/transition-metal doped YbsGasO12. V. Singh and co-authors [21] prepared Cr*-
doped YbsGasOi» nanocrystals by solution combustion route using glycine with the
resulting mean crystallite size =29 nm and recorded an emission spectrum in the visible
region after 371nm excitation. A. Dulda [22] prepared Er**/Nd**-doped YbsGasOi»
nanocrystals by a precipitation method with the resulting mean crystallite size up to
~10 nm and recorded emission spectra in the visible and near-infrared regions with
805nm and 980nm excitation. Nevertheless, the photoluminescence properties of Er**-
doped YbsGasOi; in Ref. [22] were not studied in more detail and the emission intensity
was affected by a relatively small crystallite size.

2.2.  Nanocrystalline oxides

Nanocrystalline oxides can be defined as materials with a particle size smaller than
100 nm, where only O%" appear as anions. Compared to bulk materials, nanocrystalline
materials differ in particular in high surface-to-volume ratio, but the chemical stability
is still maintained. However, the high surface-to-volume ratio leads to the adsorption of
some impurities, especially hydroxyl (—OH) groups on the surface of the nanocrystals.
This leads to a decrease of luminescence quantum yield and to a broadening of the
luminescence spectra in nanocrystalline oxides doped with lanthanides compared to
bulk oxides doped with lanthanides. However, in comparison with widely studied
quantum dots (e.g. CdSe), quantum confinement effects usually do not occur in
nanocrystalline oxides doped with lanthanides as the particle size decreases [1, 2].

According to the principle, the synthetic methods of nanostructured materials
generally can be divided into two approaches referred as “top-down” and “bottom-up”.
The “top-down” approach is based on the transformation of bulk materials into
nanostructured particles. It is mainly based on grinding of bulk materials, but it can also
include methods such as laser ablation or sputtering. Although the methods using “top-
down” approach are relatively simple, the disadvantage is the difficulty to control the
resulting shape and size of the products. The “bottom-up” approach is based on
individual atoms or molecules that are clustered and arranged in a controlled manner to
create nanostructured particles. Compared to the “top-down” approach, the advantage
of the “bottom-up” approach is the possibility significantly influence the resulting
chemical composition by synthetic conditions as well as the shape and size of the
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products. The “bottom-up” approach includes chemical vapor deposition methods and
solution-based methods, e.g. sol-gel combustion, precipitation, co-precipitation,
hydrothermal and solvothermal methods [1, 2, 23-26].

2.3. Photoluminescence

Photoluminescence is the process of emission of electromagnetic radiation from
a certain substance after its excitation by another electromagnetic radiation. In the case
of Stokes photoluminescence, the excitation wavelength is always shorter than the
emission wavelength (Aexc < Aem; therefore Eexc > Eem). From the thermodynamic point
of view, photoluminescence is a non-equilibrium process and therefore an excess
amount of radiation is emitted than would correspond to the Plank's law. The Stokes
shift, which is defined as a difference between the excitation energy and the emission
energy, originates mainly from non-radiative processes of thermalization and phonon
emission. If a luminescence process is spin-allowed (spin multiplicity of the excited and
ground energy levels is same), one may speak about fluorescence. If a luminescence
process is spin-forbidden (spin multiplicity of the excited and ground energy levels
differs), one may speak about phosphorescence. The radiative lifetime for fluorescence
is typically in the range of 0.1 to 10 ns, while for phosphorescence it is typically in the
range of 1 ms to 10 s [27-29].

From a physical point of view, photoluminescence in inorganic semiconductors can
be based on intrinsic electronic transitions between electronic bands of
atoms/molecules, or on extrinsic electronic transitions of some impurities/defects. The
intrinsic photoluminescence is possible only in a high-purity semiconductors. In this
case, an electron is excited from the valence band to the conduction band and a vacancy
created in the valence band than undergoes radiative recombination together with the
excited electron. However, the extrinsic photoluminescence can occur only in
semiconductors with some admixture — an activator (dopant) or structure defects.
Paramagnetic ions of transition metals or of rare earths are the most common dopants in
inorganic materials. The emission bands of paramagnetic ions of transition metals
originate from d < d electronic transitions of partially filled d orbitals. The emission
bands of paramagnetic ions of rare earths originate mostly from 4f < 4f electronic
transitions of partially filled f orbitals. Although neither the d <> d nor the 4f < 4f
electronic transitions are generally allowed in terms of selection rules, the realization is
possible due to an influence of the surrounding ligand field. The emission wavelength
of the paramagnetic ions from the 4" period can change significantly due to the influence
of different host matrix, since the relatively large 3d orbitals are not so effectively
shielded by electron from the outer shells. However, the emission wavelength of the
paramagnetic lanthanide ions does not change significantly in different host matrices.
This is due to the presence of relatively small 4f orbitals inside the larger shells, which
makes the 4f orbitals less sensitive to the surrounding ligand field. Sensitizers are often
being used as dopants together with photoluminescence activators. The purpose of the
sensitizer is absorption of the excitation radiation and efficient energy transfer from the
sensitizer to the activator [27-29].



2.4. Upconversion photoluminescence

Upconversion photoluminescence (UCPL) is a non-linear type of photoluminescence
that does not obey the Stokes' law and therefore belongs to an anti-Stokes processes.
UCPL is based on the emission of electromagnetic radiation of a shorter wavelength
than the wavelength of the excitation radiation (Aexc > Aem; therefore Eexc < Eem). The
generation of photons with a shorter wavelength compared to photons of excitation
radiation involves the successive absorption of two or more photons or energy transfer
taking place at the real metastable excited energy levels of one or more ions. Lanthanide
ions (Ln*") are used most often as UCPL activators, e.g. Pr**, Nd**, Ho*", Er*" and Tm*".
The UCPL phenomenon was also observed when using some transition metal cations,
e.g. Ti**, Ni** and Mo*". The host matrices can be in various forms, e.g. single crystals,
optical fibers, glasses, thin films, or powders. The UCPL phenomenon is currently used
for the construction of continuous fiber lasers, fiber amplifiers, layers for increment of
quantum efficiency of solar cells, or for the phosphors for biological imaging. The non-
linear optical phenomenon opposite to UCPL is photon downconversion. In photon
downconversion, one photon is absorbed while two or more photons of lower energy
are emitted. Although there are four main UCPL mechanisms within Ln**, the following
attention will be paid to two of them, which are important for this work [28, 30-33].

2.4.1. Ground state absorption/excited state absorption

The ground state absorption followed by the excited state absorption (GSA/ESA) is
the simplest UCPL mechanism. The principle of the GSA/ESA mechanism is shown in
Fig. 2 for the Er** ion. By absorbing an excitation radiation of Jexc <980 nm, the electron
is transferred from the ground energy level */;s5 to the #1112 level. By another absorption
of this excitation radiation, the electron is transferred from the excited energy level */11,,
to the *F7,, level. The *Fy;, level is thermally coupled to the 2Hj12 and #Ss» manifolds,
thus resulting in the multiphonon relaxation (MPR) to the *S3» level. The following
radiative transition %S3» — “*[is» is associated with the release of radiation of
Aem =550 nm. The GSA/ESA mechanism takes place within a single ion and is almost
independent of the UCPL ion concentration [28, 30, 32].

20 MPR
4 2 4
FTIZ'I H11/2” 8312 A -
g
4
- 4
<15 For
g 4’9/2
i) B 980 nm
E 10 hii \
>
> 4
o 1312
c 5
L 3 550 nm
980 nm | ©
0 I Y
3+
Er

Fig. 2. General principle of the GSA/ESA UCPL mechanism for the Er** ion using an
excitation radiation source of Aexc =980 nm.
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2.4.2. Energy transfer upconversion

The energy transfer upconversion (ETU) mechanism requires the presence of at least
two optically active ions. The ETU mechanism is therefore strongly dependent on the
interionic distance and thus on the ion concentration. The ETU mechanism can be
divided into two types — ETU occurring within one type of ion and ETU occurring within
two 1on types. In both cases, however, one ion acts as a sensitizer and the other ion acts
as an activator. However, the energy of at least one metastable (excited) level of both
ions must be similar (thus in resonance). The principle of the ETU mechanism is shown
in Fig. 3 for the Er*" and Yb** ions. The excited *Fs level of the Yb** sensitizer ion is
populated via the GSA process. The absorbed energy is subsequently transferred by the
ET1 process to the metastable level /11 of the neighboring Er*" ion. Another GSA
process at the Yb*" ion is followed by the ET2 process to the Er**: *Fy,, level. After the
MPR process to the *S3» level, the emission of radiation of Aem =550 nm occurs by
recombination: Er**: 4Ss» — #I1s». However, the Er** ion can also be excited to the #1112
level by the GSA process, and then only the ET2 process would take place. The Yb**
ions are being widely used as co-dopants together with the Er*" ions. It results in a high
efficiency of the Yb*" — Er** energy transfer and thus in a higher intensity of the UCPL
emission spectra compared when using only the Er’*" ions. However, finding the
appropriate Yb**/Er** doping ratio is very important [28, 30, 32, 34].

20 + MPR
-+ 4 2 4
i E 7/2” sz” Sarz
S 4
< 154 Fsrz
= . ET2
o 1
E?D 9/2 .
4 AR
E 10+ lin y A Fse
>
2 44 .
(¢} 32 i ey T
257 ETY, <
550 nm yos &
1 880 nm
I 4 : _Y_L
0+ 4"15/2 34+ 3+ 2F7/2
Er Yb

Fig. 3. General principle of the ETU UCPL mechanism for the Er** and Yb*" ions using
an excitation radiation source of Aexc 980 nm.
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3. EXPERIMENTAL PART

The garnet nanocrystals of composition Yb3GasOi12, Ybi4,99Ero01GazsO0e0,
Ybi14,9Er0,1Ga25060, Ybi14,5Er0,5Ga250c0, Yb14Er1GazsOeo, Yb13Er2GazsOeo,
Ybi4,99H00,01Ga25060, Ybi1s9H00,1Ga25060, Ybi4sH005Ga25060, Ybi14sH01Gaxs0s0 and
YbizHo2GaxsOs0 were prepared using a sol-gel combustion technique. The starting
chemicals were Ga (5N), Yb2Os3 (3N) and Er;Os3 (4N) or Ho20O3 (3N). These were
weighed at a total batch of 1 g of the resulting products. These were then dissolved in
high-purity HNOs3 and the excess HNO; was subsequently removed at 90°C. The dried
metal nitrates were then dissolved in 50 ml of deionized water. The metal nitrates in
water solution were chelated by citric acid keeping the molar ratio of citric acid to metals
(Ga + Yb + Er/Ho) 2.5:1. The pH of the stirred solution was subsequently set to pH =8
(at room temperature) by dropwise addition of highly-pure ammonia solution. The
obtained solution was heated at 90°C under rigorous stirring to obtain a homogenous
transparent-to-pink gel. The dried gel was decomposed in a furnace at 800°C for 2 h and
subsequently at 1000°C for 30 min. The white to slightly pink powder product was then
characterized by a various methods.

The crystalline structure and phase purity were investigated by X-ray diffractometer
(XRD) Bruker D8 ADVANCE in the Bragg-Brentano geometry equipped with Cu Ka
radiation source. The range of the 20 angle was from 5° to 90°. The mean crystallite size
was determined with the use of Scherrer equation (2):

KA
b Bhki €0s Onki @
where K denotes the Scherrer constant, 4 denotes the X-ray wavelength, £« denotes the
line broadening and 6« stands for the angle of diffraction [35].

The crystalline structure was studied in more detail by attenuated total reflectance-
Fourier transform infrared spectroscopy (ATR-FTIR). The infrared lattice spectra were
measured using a Bruker VERTEX 70v instrument in the range from 800 to 50 cm™ .

The chemical composition was studied by an Energy-dispersive X-ray (EDX)
spectrometer AZtec X-Max 20 (Oxford Instruments) with accelerating voltage 20 kV.
The EDX instrument was attached to a LYRA 3 scanning electron microscope (SEM),
which was used for investigation of morphology.

The optical reflectivity was studied using a UV-Vis-NIR spectrophotometer JASCO
V-570. The diffuse reflectance spectra were recorded in the range from 200 to 1800 nm.

The photoluminescence properties were investigated with the use of two types of
instruments. The Stokes and anti-Stokes steady-state and time-dependent emission
spectra of Er**-doped nanocrystals were studied together with the anti-Stokes steady-
state and time-dependent emission spectra of Ho’'-doped nanocrystals using an
instrument FLS1000 (Edinburgh Instruments) with Aexe <977 nm. The Stokes steady-
state and time-dependent emission spectra of Ho*"-doped nanocrystals were studied
using a photoluminescence spectroscope equipped with a SDL-1 monochromator and
with Aexe =980 nm.
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4. RESULTS AND DISCUSSION
4.1. General

Fig. 4 shows the XRD patterns of prepared Ybis-EriGaxsOe (a) and
Ybis--Ho.Gaxs060 (b) nanocrystalline samples (x =0, 0.01, 0.1, 0.5, 1 and 2 at.%). The
XRD patterns confirm that all the prepared samples are single-phase cubic garnets
corresponding to the Yb3;GasOi» structure with the space group Ia3d. The mean
crystallite size of the prepared samples ranges from =27 to =37 nm.

Yo Ep Gazsc;60 = Yb,, Ho Ga, 0, 2
X =

x=1 |
g x=05 ; x=05
S T
42‘ = 42" x=0.1
= x=0.1 =
& & n
= x=001 € x =0.01

ﬂ x=0 ﬁ x=0

| Cubic Yb,Ga O, ‘l Cubic Yb,Ga O,

el gl L el e e s

10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
26(°) 20(°)

Fig. 4. Powder XRD patterns of prepared Ybis—EriGaxsOso (a) and Ybis-xHoxGaz50s0
(b) nanocrystalline garnets. The bottom line corresponds to the YbzGasO1» standard.

Fig. 5 presents the ATR spectra of prepared Ybis—«EriGaxsOs0 (a) and
Ybis-rHo.Gaxs060 (b) nanocrystalline garnets. The ATR spectra of all studied garnets
are very similar to each other and contain absorption bands corresponding to almost
same wavenumbers for each sample. The assignment of the individual absorption bands
to individual structural units is based on Refs. [36—40]. The bands at =705 and
~660 cm!, present as a shoulder, together with the bands at <635 and =595 cm™! are
assigned to the asymmetric stretching modes (v3) of the GaO4 tetrahedra. The band at
~480 cm! is assigned to a combination of the vs modes of the GaO4 tetrahedra and GaOs
octahedra. The band at =450 cm™!, present as a shoulder, is assigned to the v modes of
the GaOg¢ octahedra. The bands at =365, =305, =255 and =220 cm™' represent
a combination of 4 contributions: rotations of the GaOs tetrahedra, asymmetric bending
modes (v4) of the GaOj4 tetrahedra, translations of the GaOg octahedra and v4 modes of
the GaOs octahedra. The bands at =200 and =140 cm™! are assigned to translations of
the YbOs dodecahedra. The bands at =110 and =105 cm™! represent a combination of
translations of the GaO4, GaOs and YbOs polyhedra. No absorption bands related to
isolated Er/Ho-based structural units were observed.
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Fig. 5. ATR spectra of prepared Ybis— Er.GaxsOso (a) and Ybis—rHo:Ga5060 (b)

nanocrystalline garnets. The spectra are normalized on the most intense band at
~365 cm™.

Fig. 6 presents SEM image of representative Ybi4.5Ero5GazsOe0 sample. The sample
is highly porous and is formed by many agglomerates which is a typical feature for

nanocrystalline materials prepared by sol-gel combustion technique using citric acid
[25].

Fig. 6. SEM image of Ybi4.5Ero5Ga2sOs0 nanocrystalline sample. The scale is 1000 nm.

Tab. 1 lists the determined chemical composition of prepared Ybis—Er:GaxsOso
nanocrystalline garnets with x = 0, 0.01, 0.1, 0.5, 1 and 2. Tab. 2 lists the determined
chemical composition of prepared Ybis—Ho0.GazsO60 nanocrystalline garnets with
x=0.01, 0.1, 0.5, 1 and 2. Taking into account the possible measurement error

(=+1 at.%), one can say that all the prepared samples show good conformity of the
theoretical and determined chemical composition.
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Tab. 1. Theoretical and EDX-determined chemical composition of Ybis—EriGaxsOso
nanocrystalline garnets.

Yb Er Ga O
X (at.%) (at.%) (at.%) (at.%)

0 Theoretical composition 15 0 25 60
Determined composition 15.8 - 24.7 59.5

0.01 Theoretical composition 14.99 0.01 25 60
Determined composition 16.1 - 253 58.6

0.1 Theoretical composition 14.9 0.1 25 60
Determined composition 14.9 - 25.0 60.1

0.5 Theoretical composition 14.5 0.5 25 60
Determined composition 16.0 0.5 25.5 58.0

i Theoretical composition 14.0 1.0 25 60
Determined composition 15.8 1.1 25.5 57.6

) Theoretical composition 13.0 2.0 25 60
Determined composition 13.8 2.1 253 58.8

Tab. 2. Theoretical and EDX-determined chemical composition of Ybis—Ho,Gaxs0s0
nanocrystalline garnets.

Yb Ho Ga O
X (at.%) (at.%) (at.%) (at.%)
0.01 Theoretical composition 14.99 0.01 25 60
Determined composition 15.8 — 24.6 59.6
0.1 Theoretical composition 14.9 0.1 25 60
Determined composition 16.7 — 25.7 57.6
0.5 Theoretical composition 14.5 0.5 25 60
Determined composition 16.6 0.6 24.4 58.4
1 Theoretical composition 14.0 1.0 25 60
Determined composition 14.2 1.0 24.3 60.5
Theoretical composition 13.0 2.0 25 60
2 Determined composition 13.3 2.0 24.6 60.1

4.2. Optical properties of Er**-doped Yb3GasO12 nanocrystals

The diffuse reflectance spectra of prepared Ybis-xEriGazsOso nanocrystalline garnets
from Fig. 7 reveal high optical reflectivity of these samples with various absorption
bands. The broad and strong absorption band at <925 nm corresponds to GSA transition
of Yb** from the 2F72 ground level to the 2Fs excited level. This strong absorption band
is caused by high Yb** content in all samples and it overlaps the absorption band
corresponding to GSA transition of Er** from the */1s» ground level to the */11,2 excited
level. The absorption bands centered at ~1500, =800, =655, =545, =520, =490, =450,
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=410 and =375 nm are attributed to the GSA transitions of Er** from the */;s» ground
level to the excited levels #1132, *Ion, *Fon, *Ss32, 2Hi1n, *F1n, *Fsn/*Fsn, 2Gon and *Gh1p,
respectively. A fundamental absorption by the Yb3GasO12 host is present at A <300 nm.
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Fig. 7. Diffuse reflectance spectra of Ybis—<EriGa>sOso nanocrystalline garnets. Inset
shows detail of the spectra in the 340—700 nm region.

Fig. 8 presents the Stokes emission spectra in the near-infrared region of prepared
Ybis-—xEriGaxsOso nanocrystalline garnets. The emission spectra from the graph come
from the Er*": *I13» — #1512 electronic transition. However, the broadband emission from
the inset of Fig. 8 was interestingly observed in the undoped YbszGasOi2 sample. The
nature of this emission was further studied in the appendix of the dissertation thesis.
A relatively low emission intensity in the Ybi3Er.GazsOs0 sample from Fig. 8 may be
attributed to the concentration quenching effect [41, 42].

Fig. 9 presents the anti-Stokes emission (upconversion) spectra in the visible region
of prepared Ybis-+Er:GaxsOeo nanocrystalline garnets. The dominant emission bands are
situated in “red” region (Aem ©630-700 nm) and are attributed to the Er**: *Fon — #1155
electronic transition. The inset of Fig. 9 shows a significantly less intense emission
bands in “green” and “blue” regions. These are attributed to the Er**: *F7,/2H11/*S30 —
Hisn (em =490-570 nm) and Er**: 2Gop — *I1s (Aem =410 nm) electronic transitions.
The highest photoluminescence intensity was detected in the Ybi4.5Er05GaxsOe0 and
Ybi4EriGaxsOeo samples as for the Stokes photoluminescence while again in the
Ybi3ErGaxsOso sample the concentration quenching of upconversion also occurs [41,
42].

Fig. 10 shows the CIE 1931 chromaticity diagram of the observed anti-Stokes
emission in Ybis-+Er,GaxsOeo nanocrystalline garnets. According to the observed
diagram, the anti-Stokes emission of all prepared Ybis-EriGaxsOs0 samples occurs in
a deep red region.
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Fig. 8. Stokes Er**: *I13p — *I1s5» emission spectra of Ybis+EryGaxsOe nanocrystalline
garnets. Inset shows the broadband emission in the undoped Ybs3GasOi> sample.
Measured at Aexc =977 nm.
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Fig. 9. Anti-Stokes emission spectra of Ybis—Er.Ga2s0e60 nanocrystalline garnets. Inset
shows detail of the spectra in the 375-575 nm region. Measured at Aexc <977 nm.
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Tab. 3 lists the determined lifetime values of radiative transitions observed in
Ybis-«EryGazsOs0 nanocrystalline garnets. The short lifetime component 7i(*/135) is
likely caused by the optically-active centers which cause the observed broadband
emission in the undoped YbsGasOi> sample. The 71(*/132) values do not significantly
change with increasing Er** content. The long lifetime component 72(*132), on the other
hand, is much more sensitive to the Er** content and comes directly from the Er**: 113
— *Iisp transition. The increase of 72(*f132) from =10.35 ms (Ybi4.99Er0.01GazsOs0
sample) to =11.34 ms (Ybi4.9Ero.1Ga2s060 sample) may be caused by a radiation trapping
effect [43]. The following decrease of 72(*1132) up to =2.69 ms (Ybi3Er2GazsOs0 sample)
is caused by Er** < Er** and Yb*" — Er’** energy transfer processes as well as by
concentration quenching effect [41, 42].

The single lifetime component zys(2Fs) shows very low values. It can be attributed
to a high Yb** content which quenches the Yb**: 2Fs, — 2F), radiative transition in all
studied Ybis-+Er.GaxsO¢o nanocrystalline garnets [41, 42]. The gradual decrease of
tyv(*Fsp) values with increasing Er’" content can be attributed to an increment of
efficiency of the Yb** — Er** energy transfer process.

The two lifetime components 3(*Fon) and 7a(*Fon) were determined in the
Yb14.99Er0.01Ga25060, Ybi4.9Ere 1GaxsOe0 and YbissErosGaxsOeo samples. The presence
of only one lifetime component z3(*Fop), or w4(*Fop) in the YbisEriGazsOso and
Ybi3ErGaxsOso samples is caused by decrease of one of the components bellow the
detection limit. However, the gradual decrease of both lifetime components as well as
of the average lifetime <t>(*Fv2) with increasing Er** content from 0.01 at.% to 0.5 at.%
is caused by an increment of efficiency of the Yb*" — Er** energy transfer process.
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Tab. 3. Lifetime values of the Stokes emission Er’*: *Ii3n — *Iisp {71(*l132) and
©2(*132)}, Stokes emission Yb**: 2Fsp — 2F7n {tyv(*Fsr)} and anti-Stokes emission
Er’*™: 4Fon — *Lisp {t3(*Fop) and t(*Fop)}. <t>(*Fop) is the average lifetime of the anti-
Stokes emission Er**: 4Fon — *I15p.

X 71 () TYb 73 T4 <>
(*h3n) (“113n) (>F’sp) (“Fop) (“Fon)  (“Fop)
(at.%) (ms) (ms) @) @) @) )
0 0.945+0.03 - 19+1 — — —
0.01 0.87+0.02 10.35+0.06 17+1 15+1 5442 16£1
0.1 0.80+0.02 11.34+0.05 15+1 15+1 32+1 16£1
0.5 0.73+0.03 6.86+0.04 8+1 12+1 2242 12+1
1 0.86+0.03 5.04+0.04 7+1 12+1 12+1 —
2 0.63+0.02 2.69+0.03 7+1 12+1 12+1 —

4.2.1. Photoluminescence mechanism in Er’**-doped Yb3GasO1, nanocrystals

Fig. 11 presents the proposed photoluminescence mechanism in Ybis— Er:GazsOe0
nanocrystalline garnets using Aexe 977 nm. Firstly, the GSA processes occur
simultaneously at Er’* and Yb*" ions, i.e. Er**: *Iisp — *I112 and Yb3": 27, — 2Fsp.
Since the Yb*/Er** ratio is high in all studied garnets, the GSA and subsequent ESA
processes within Er** ions play a negligible role. The GSA process within the Yb** ions
is followed by the ETUO process: Yb>": 2Fsp + Er**: *I1sp — Yb¥*: 2Fon + Er¥*: 41 p.
Absorption of another photon by the Yb** leads to the ETU1 process: Yb**: 2Fs, + Er*™:
hn — YB3 2F5, + Er*™: #4F75. The radiative transition Er**™: *F70/2H110/*S3n — *hsn
is observed as a weak anti-Stokes emission band in “green” region. The intense anti-
Stokes emission band in “red” region is caused by the radiative transition Er**: 4Fo, —
*I1s5. The efficient depopulation of the energy levels Er**: *F7,/2H112/*S5 is provided
by a presence of cross-relaxation (CR) and energy back transfer (EBT) processes. The
CR1 process between pairs of Er** ions is following: *F7, + 1112 — *Fon + *Fop [44,
45]. The CR2 process between pairs of Er** ions occurs as follows: 2Hi1 + *lisp — *lop
+ 413 [44, 46]. The EBT1 process between Yb*" and Er** ions is following: Er**: 4S3
+Yb*: 2Fyn — Er¥t: 43 + YB3 2Fsp [41, 47-50]. The EBT2 process may also occur:
Er**: 4Fp + YB3 2Fyp — Er*™: 4up + YD 2Fsp [51]. Since the Stokes emission
spectra at =1.5 um come from the Er**: #I13» — “Is; transition, the multiphonon
relaxation (MPR) will occur from the */11 to the *I13» energy level. The MPR process
can also contribute in population of the Er**: *F7»/2H112/*S31» energy levels from higher
manifolds. At the Er’": *I13 level, the ETU2 process occurs: Yb**: 2Fsp + Er’*: 4113 —
Yb3": 2Fn + Er*: 4Fy. The ETU2 efficiency is assumed to be high due to high intensity
of the anti-Stokes emission band in “red” region. Since the relatively weak anti-Stokes
emission band in “blue” region was observed, the ETU3 process is also present: Yb**:
2Fsp + Br¥': 4Fop — YB*': 2Fon + Er¥': 2Gop.
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Fig. 11. Proposed photoluminescence mechanism in Ybis-xErGaxsOes0 nanocrystalline
garnets using Aexc <977 nm.

4.3. Optical properties of Ho**-doped Yb3;GasO12 nanocrystals

The diffuse reflectance spectra of prepared Ybis—+Ho.GasOs0 nanocrystalline
garnets are shown in Fig. 12. The spectra show high optical reflectivity of these samples
with the intense absorption band at <925 nm corresponding to high Yb3" content as in
the Ybis—<EriGaxsOs0 nanocrystalline garnets. The absorption bands centered at =1130,
~640, =535, =485, =450, =415 and =365 nm are attributed to the GSA transitions of
Ho?" from the I3 ground level to the excited levels °Is, °Fs, SF4/>Ss, SF3/PFo/*Ks, °F1/° G,
3Gs and *He/*Hs, respectively.
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Fig. 12. Diffuse reflectance spectra of Ybis-xHo.Ga2s060 nanocrystalline garnets. Inset
shows detail of the spectra in the 340—700 nm region.
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Fig. 13 presents the Stokes emission spectra in the 1050—1350 nm region of prepared
Ybis-Ho.Gaxs060 nanocrystalline garnets. The origin of these emission spectra is from
the Ho’": 3l — °I3 electronic transition. The integrated PL intensity non-linearly
increases from x = 0.01 up to x = 1, as 1s shown in the inset of Fig. 13. The decrease of
integrated PL intensity of the Ybi13Ho02Gaz5060 sample is assigned to the concentration
quenching effect [41, 42]. Nevertheless, the relatively high value of integrated PL
intensity the YbisH02GaxsOe0 sample suggests efficient pumping of the Ho’": °Is level
even at the high doping content.
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Fig. 13. Stokes Ho*": °Is — °I3 emission spectra of Ybis—«Ho.Ga2s060 nanocrystalline
garnets. Inset shows the variation of integrated PL intensity with Ho*" content. Measured
at Aexc ~980 nm.

Fig. 14 shows the Stokes emission spectra in the 1800—2300 nm region of prepared
Ybis-xHoxGazs0e0 nanocrystalline garnets. The Ho**: °I; — I electronic transition is
responsible for these observed emission spectra. The integrated PL intensity shows
a maximum for the Ybi4s5Hoo05Ga25060 sample, as can be seen in the inset of Fig. 14.
A significant decrease of the integrated PL intensity for the Ybi4Hoi1GaxsO0e0 and
Ybi3Ho2GaxsOs0 samples suggests more efficient depopulation of the Ho**: 517 level
compared with the Ho*": 5[ level.
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Fig. 14. Stokes Ho*": °I; — °I3 emission spectra of Ybis—«Ho.Gazs060 nanocrystalline
garnets. Inset shows the variation of integrated PL intensity with Ho*" content. Measured
at Aexc <980 nm.

Fig. 15 presents the anti-Stokes emission (upconversion) spectra in the 450-800 nm
region of prepared Ybis-xHo.GaxsOs0 nanocrystalline garnets. There are three types of
the anti-Stokes emission bands. The relatively intense emission bands in “green” region
(dem =530-570 nm) come from the Ho’": F4/S, — °Is electronic transition. The
relatively intense emission bands in “red” region (Aem ~<630—700 nm) come from the
Ho’": °Fs — I3 electronic transition. A significantly less intense emission bands in the
740—770 nm region (which are shown enlarged in the inset of Fig. 15) come from the
Ho?": SF4/°S> — °I; electronic transition. The highest photoluminescence instensity was
detected here in the Ybi49Ho0.1Ga25060 sample. The efficient depopulation of the Ho":
SF4/°S> and °Fs energy levels at x > 0.1 in the Ybis-«Ho.Ga2s060 nanocrystalline garnets
will be further discussed.

Fig. 16 shows the CIE 1931 chromaticity diagram of the observed anti-Stokes
emission in Ybis-xHo.Gazs0s0 nanocrystalline garnets. According to the observed
diagram, the perceived color region changes from yellow to green as the Ho’"
concentration increases.
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Fig. 15. Anti-Stokes emission spectra of Ybis-yHo.GaxsOs0 nanocrystalline garnets.
Inset shows detail of the spectra in the 740—770 nm region. Measured at Aexc <977 nm.
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Fig. 16. CIE 1931 chromaticity diagram of the anti-Stokes emission in
Ybis-xHoxGaz5060 nanocrystalline garnets.

Tab. 4 lists the determined lifetime values of radiative transitions observed in
Ybis-+Ho.GaxsOs0 nanocrystalline garnets. The single lifetime component 7(°/s)
corresponds to the Ho**: °Is — °Ig transition. The 7(°/s) is gradually and slightly increased
with increasing Ho®* concentration from =245 us (Ybis.99H00.01Ga2s060 sample) to
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=272 ps (Yb13Ho.GaxsOs0 sample). This suggests efficient population of the Ho**: /6
level by CR processes [52—54], which will be further discussed.

Both the short lifetime component 7i1(°/7) and the long lifetime component 7.(°I7)
show same trend with increasing Ho** content and come from the Ho*": °I; — 3Ig
transition. The average lifetime <r>(°I7) shows same trend as well therefore. The
<e>(°l7) increases from ~16.90 ms (Ybis99H00.01GarsOe0 sample) to ~17.84 ms
(Ybi149Ho00.1Ga25060 sample), which may be caused by a radiation trapping effect [43].
The following decrease of <t>(°7) up to =2.44 ms (YbizHo.GaxsO¢ sample) is mainly
caused by CR processes [52—54] and by concentration quenching effect [41, 42].

The single lifetime component 7vs(*Fs2) was detected only in the
Ybi4.99H00.01Ga25060 and Ybi149H00.1Gaxs060 samples with value of only =10 ps. In the
Ybis--Ho.GaxsOe0 samples with x > 0.1 the zyp(*Fs.) decreases bellow the detection
limit. Nevertheless, such a low values of tyy(3Fsp2) in the Ybis-«Ho.GazsOs0 samples are
caused by concentration quenching effect [41, 42] and by high efficiency of the Yb** —
Ho®" energy transfer process.

The two lifetime components 73(°F4/°S2) and w(°Fi/’S2) were determined in the
Ybi4.99H0001Ga25060 and YbisoHoo.1Gaxs0O60 samples. However, the short lifetime
component 73(°F4/°S2) decreases bellow the detection limit with x > 0.1 in the
Ybis-«Ho.GaxsOs0 samples, the long lifetime component (°F4/°S>) gradually and
slightly increases with increasing Ho®" content. The origin of this phenomenon is
probably more complex. Nevertheless, the increase of the long lifetime component
©(°F4/°S>) may be caused by a presence of EBT process depopulating the Ho**: F4/°S,
levels, since with increasing Ho*" content the Yb** content decreases and therefore the
efficiency of the EBT process decreases [50, 52, 55, 56].

Tab. 4. Lifetime values of the Stokes emission Ho*": °Is — °Is {z(°I5)}, Stokes emission
Ho*": °I; — 3y {r1(°I7) and ©2(°I7)}, Stokes emission Yb**: 2Fs — 2F7 {zyv(*Fsp)} and
anti-Stokes emission Ho*": *Fu/°Sy — °Is {13CF4/’S:) and ©t(CF4/Sy)}. <v>(°) is the
average lifetime of the Stokes emission Ho*": °I; — 5.

X T 71 (9 <> TYb 73 T4
Cls) Ch) Chy) Ch)  CFsn) CFPS) (CFilS)
(at.%)  (us) (ms) (ms) (ms) (us) (us) (us)

0.01 245+1 6.38+0.04 18.11+0.02 16.90+0.1 10+1 12+1 43+1
0.1 255+¢1 6.91+0.02 19.26+0.01 17.84+0.1 10+1 14+1 52+1

0.5 2571 3.33+£0.01 10.30+0.01 9.08+0.1 - - 53+1
1 270+1 1.96+0.01 5.85+0.01  5.04+0.1 - - 58+1
2 272+¢1 1.21+£0.01 3.13+0.01  2.44+0.1 - - 60+1

4.3.1. Photoluminescence mechanism in Ho**-doped Yb3GasO12 nanocrystals

Fig. 17 presents the proposed photoluminescence mechanism in Ybis-xHo.Gaxs0e0
nanocrystalline garnets using Aexe <980 nm. Firstly, the GSA process at Yb** ion occurs:
Yb3*: 2F7, — 2Fsp. The GSA process at Ho*" ion cannot occur [52, 54] and the ESA
process at Ho** ion will play a negligible role due to a high Yb**/Ho®" content in all

24



studied samples. The GSA process leads to the ETUO process: Yb**: 2Fsp + Ho**: Iy —
Yb3": 2F5, + Ho®*: 316, Absorption of another photon by the Yb** is followed by the
ETUL1 process: Yb**: 2Fsp + Ho’™: Iy — Yb**: 2Fyp + Ho*": SFu/°S,. The radiative
transition Ho**: 3F4/°S, — 3Is provides the observed anti-Stokes emission in “green”
region. The radiative transition Ho*": °F4/°S» — °I7 provides a much weaker “755 nm”
emission. The emission in “red” region comes from the radiative transition Ho*": °Fs —
3Is. At the Ho*": I level, part of the electrons undergoes the Ho**: °fs — °I3 radiative
transition which is observed as the Stokes emission spectra at ~1.2 pum. Another part of
the electrons is depopulated by the MPR process to the lower-lying °I; level. The
radiative transition Ho**: °I — I3 is observed at =2 um. Nevertheless, part of electrons
at the Ho*": °I7 level undergoes the ETU2 process: Yb**: 2Fsp» + Ho': °I; — Yb**: 2Fy)
+ Ho*': °Fs. The efficient population of the Ho*": °Is level is provided by a presence
of following CR and EBT processes. The CR1 process between pairs of Ho*" ions is
following: °Fa/*S> + °I; — °Fs + °I¢ [52, 54]. The CR2 process between pairs of Ho*"
ions is following: °I; + °I; — Iz + °Is [53]. The EBT process between Yb** and Ho**
occurs as follows: Ho*": Fu4/°S, + Yb**: 2F7p — Ho’": °Is + Yb**: 2Fs5, [52, 55, 56].
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Fig. 17. Proposed photoluminescence mechanism in Ybis-xHo.GaxsO0e0 nanocrystalline
garnets using Aexc <980 nm.
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5. CONCLUSION

Within the submitted dissertation thesis, the nanocrystalline oxides with the
composition Ybis- Er,Gazs0s0 and Ybis-xHo,Ga25060 (x =0, 0.01, 0.1, 0.5, 1 and 2 at.%)
were prepared by the sol-gel combustion technique using citric acid. X-ray diffraction
analysis confirmed the single-phase nature of all prepared nanocrystals corresponding
to the cubic Yb3GasOi> garnet structure. The presence of structural units of YbOg
dodecahedrons, GaOs octahedrons and GaOys tetrahedrons was confirmed by attenuated
total reflectance-Fourier transform infrared spectroscopy. Since the mean crystallite size
of the prepared samples ranges from =27 to =37 nm, the samples can be classified as
nanocrystalline oxides which was also proved by scanning electron microscopy. The
chemical composition of the nanocrystalline garnets determined using energy-dispersive
X-ray spectrometry corresponds to the theoretical composition. Analyzing the diffuse
reflectance spectra, one can say that all the studied nanocrystalline garnets show high
optical reflectivity from the visible up to a part of the near-infrared region. The
absorption bands of present Er*'/Ho’" and Yb*' ions originated from the 4f < 4f
electronic transitions are well defined in the diffuse reflectance spectra. A broad and
intense absorption band between =850 to <1050 nm corresponds to high Yb** content
in all studied samples and makes the doped samples suitable for efficient pumping by
the 980nm laser.

The intense Stokes and anti-Stokes emission bands were observed in the
Ybis-xEriGaxsOso nanocrystalline garnets. The Stokes emission bands in the ~1450-
1650 nm region come from the Er**: 113, — *I15,2 electronic transition. The anti-Stokes
emission bands in the visible region show intense bands in “red” region originating from
the Er’*: *Fon — *I1sp electronic transition. The emission bands in “green” region
originating from the Er*": *Fyn/Hup/*S3n — *lisp electronic transition were
significantly less intense. The observed anti-Stokes emission therefore occurs in a deep
red region. The lifetime values of observed radiative transitions were determined and
the photoluminescence mechanism was proposed. The energy transfer Yb** — Er** and
the energy back transfer Er’* — Yb’" play a dominant role in the observed
photoluminescence properties of all Ybis—EriGaxsOso nanocrystalline garnets. In the
Ybis-+EryGazsOeo nanocrystalline garnets with x > 0.01, the cross-relaxation Er** «» Er**
processes further contribute.

The intense Stokes and anti-Stokes emission bands were also observed in the
Ybis-:Ho.GaxsOeo series. The Stokes emission bands in the =1050-1350 nm region
come from the Ho*": °Is — I electronic transition. The Stokes emission bands in the
~1800-2300 nm region come from the Ho*": °I; — °Is electronic transition. The anti-
Stokes emission bands in the visible region show intense bands in “green” region
originating from the Ho*": °F4/°S, — °Ig electronic transition. The intense anti-Stokes
emission bands are also in “red” region which come from the Ho**: °Fs — 31 electronic
transition. The emission bands in “755 nm” region originating from the Ho**: °F4/°S> —
3[7 electronic transition were significantly less intense. The observed emission color of
the anti-Stokes emission can be easily tuned changing the Ho** content. The lifetime
values of observed radiative transitions were also determined and the
photoluminescence mechanism was proposed as well. The energy transfer Yb** — Ho**
and the energy back transfer Ho** — Yb*" play a dominant role here in the observed
photoluminescence properties of all Ybis-xHo.Ga2s0¢0 nanocrystals. With x > 0.01 in
the Ybis-HoxGaasOeo series, the cross-relaxation Ho** <> Ho** processes further occur.
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