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Nanocrystalline up-converting Y2O3:Yb3+, Er3+ phosphor particles were processed in a dispersed system-
aerosol, generated ultrasonically at 1.3 MHz from common nitrate precursor solution having fixed ytter-
bium-to-erbium concentration ratio. The appropriate process parameters: residence time 21 s, carrier gas
(air) flow rate 1.6 dm3/min, synthesis temperature 900 �C, led to the formation of un-agglomerated
spherical nanostructured secondary particles, having mean particle size of approx 450 nm, composed
of primary nanoscaled (20 nm) subunits. In order to reach targeting phase crystallinity, the as-prepared
particles were additionally annealed at 1100 �C in air for 12, 24 and 48 h, respectively. Particle structure,
morphology and purity were analyzed by X-ray powder diffraction (XRPD), scanning electron microscopy
(FESEM/SEM), analytical and high resolution transmission electron microscopy (TEM/HRTEM) in combi-
nation with energy dispersive X-ray analysis and Fourier Transform Infrared Spectroscopy (FTIR). All
samples crystallized in a cubic bixbyte-structure, space group Ia-3. The crystallite size changed with
annealing time from 30 nm in as-prepared sample to 135 nm in sample annealed for 48 h, respectively.
Emission spectra were assigned to the following trivalent erbium f–f electronic transitions: 2H9/2 ?

4I15/2

(blue: 407–420 nm), (2H11/2, 4S3/2) ? 4I15/2 (green: 510–590 nm), and 4F9/2 ?
4I15/2 (red: 640–720 nm).

The significant improvement of the emission decay times were observed after thermal treatment and this
effect is correlated further with the structural and morphological particles characteristics. For the anneal-
ing time of 12 h a quite high emission decay times were achieved (blue: 0.14 ms, green: 0.32 ms and red:
0.39 ms).

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

The up-conversion (UC) describes the physical process which
takes multiple photons of lower energy and converts them to
one photon of higher energy [1]. In recent years, there is a great
interest in the investigation of up-conversion luminescence mate-
rials due to the wide range of their applications, such as in solid
state lasers, screen displays, sensors, optical data storage, fluores-
cent labels for sensitive detection of bio-molecules and telecom-
munications [2–6]. The most commonly used activator is
trivalent rare earth ion Er3+ since it posses the metastable 4I9/2

and 4I11/2 levels that can be filled using the low-cost high-power
diode laser of 980 nm. Since the absorption of Er3+ is quite small
at this wavelength, Yb3+ ion has been used commonly as a sensi-
tizer to enhance the absorption. Similar positions of energy levels
between 4I11/2 (Er3+) and 2F5/2 (Yb3+) favors transfer of the excita-
tion energy from Yb3+ to Er3+ ions, leading to the subsequent exci-
tation of erbium higher levels, so emitting light is with higher
energy, i.e. in the visible spectra [7,8].

Since it is well known that up-conversion performance of rare
earth ions depends on the host matrix, the choice of suitable host
material is of great importance. In accordance to the literature, the
following oxides have been investigated up to now: Y2O3, Gd2O3,
Lu2O3, ZrO2 and TiO2 [9–13]. In particular, rare-earth sesquioxides
are well recognized because of their excellent chemical stability,
good thermal conductivity and high light output. Especially, Y2O3

has large energy band gap of 5.8 eV which easily accommodates
energy levels of rare earth dopants, while its low phonon energy
(�430–550 cm�1) minimizes multiphonon nonradiative relax-
ations, which is very important for achievement of high emission
efficiencies after doping [14]. Moreover, Y2O3 with its high melting
point (2450 �C) and good optical properties (refractive index >1.9
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and wide transmission region) is a very suitable host candidate for
up-conversion and laser applications [8].

Synthesis of the nanocrystalline host matrix additionally inten-
sifies the luminescence response in comparison to the bulk micro-
crystalline materials. Because of the localized electronic states and
relatively weak ion–phonon interactions, the spectroscopic proper-
ties of the divalent and trivalent lanthanide ions in nanocrystals do
not differ significantly from those in bulk crystals. However, nano-
scale size variation may affect the excited state dynamics including
radiative and nonradiative decay times, energy transfer, and ther-
malization phenomena. Therefore, one expects to observe changes
in luminescence decay times, energy transfer efficiency, and effi-
ciency of upconversion luminescence [15].

Different methods for the synthesis of up-conversion nanocrys-
talline materials are reported in the literature such as sol–gel, com-
bustion, hydrothermal method, pulsed laser deposition and
homogenous precipitation method [16–20]. Synthesis of up-con-
vertors with the good characteristics requires strict control of the
particle size, morphology, crystal structure and uniform distribu-
tion of the luminescent center in the host lattice. Getting the ideal
spherical particles is crucial for the good packing density and a
small scattering of light, and additionally improves the brightness
and resolutions of nanomaterials [21]. In comparison with other
methods, aerosol processing offers the possibility for obtaining
submicronic nanostructured particles with well controlled size
and morphology [22]. The factors that affect the formation of a cer-
tain particle structure and morphology are physico-chemical prop-
erties of the precursor solution and the mechanisms of its
decomposition in a dispersed system-aerosol. The latter one com-
prises several steps like droplets evaporation and drying, solute
precipitation and decomposition, associated with the nucleation,
growth, collision and/or coalescence of primary nanoparticles into
the secondary spherical assemblage; all of them are influenced by
the processing parameters (reaction temperature, atmosphere and
residence time). Since the reaction is performed in disperse sys-
tems, in the droplets of a few microns, the compositional segrega-
tion is suppressed and the uniform distribution of dopants is
enhanced.

In our previous work, we have successfully obtained red emit-
ting down-conversion Y2O3, Gd2O3 and Y1�xGdxO3:Eu3+ (x = 0–1),
phosphor particles with desired morphological and good lumines-
cent properties [23–25]. In addition, we have recently processed
the temperature sensitive up-conversion Y2O3 nanocrystalline par-
ticles, doped with Yb3+ and co-doped with either Tm3+ or Ho3+ [26].
Here, ytterbium and erbium co-doped Y2O3 powders with compo-
sition Y1.89Yb0.1Er0.01O3, and with advanced morphological and
structural characteristics were synthesized for the first time
through aerosol route, i.e. spray pyrolysis, from common nitrate
Fig. 1. X-ray diffraction patterns of as-prepared Y1.89Yb0.1Er0.01O3 and powders anneale
1100 �C for 24 h (b).
solution. The effects of different annealing conditions on particles
structural and morphological characteristics are followed in details
and are further correlated with the measured optical properties.

2. Experimental

Y2O3:Yb,Er powder was synthesized via spray pyrolysis from 0.1 M nitrate pre-
cursor solution containing stoichiometric amounts of Y(NO3)3�6H2O, Yb(NO3)3�5H2-

O and Er(NO3)3�5H2O defined by Y1.89Yb0.1Er0.01O3 composition. Atomization of the
precursor was done with an ultrasonic atomizer (RBI-France, working frequency of
1.3 MHz). The aerosol was introduced into a high-temperature tubular reactor with
the three independently controlled temperature zones by means of air as a carrier
gas, 1.6 dm3/min. The synthesis was carried out on 900 �C and the total droplet/par-
ticle residence time in the reactor zone was about 21 s. The as-prepared powder
was collected at the end of the reactor in electrostatic precipitator and subjected
to the additional thermal treating in air at 1100 �C for 12, 24 and 48 h. The synthesis
procedure flowchart is given elsewhere [22].

The phase composition of the obtained powder samples were performed by X-
ray powder diffraction (XRPD) analysis on X’Pert Philips diffractometer operating
with Cu Ka radiation at 40 mA and 40 kV, in the 2h range from 10� to 100� with
a step scan of 0.02 and counting time of 10 s per each step. Rietveld structural
refinement was done in Topas Academic 4.1 [27]. For the determination of micro-
structural parameters the Fundamental Parameter Approach was used; FWHM
based LVol (volume weighted mean column height) calculation to determine the
intermediate crystallite size broadening modeled by a Voigt function and FWHM
based strain calculation for the strain broadening was used.

The morphological features and chemical purity were investigated by means of
both Scanning (Philips SEM XL30/EDS Dx4) and Field Emission Scanning Electron
Microscopy, FESEM (HITACHI SU-70) with energy dispersive X-ray Analysis. For that
purpose, the powder samples were dispersed on Cu holder and sputtered with Au
(depth layer 2 nm). The particle substructure was analyzed on a 200 kV JEOL-
JEM-2100F Transmission Electron Microscopy (TEM) coupled with energy disper-
sive X-ray Analysis and STEM mode and equipped with ES 500 W CCD camera with
electromagnetic lens. Primary particles were identified as individual particles hav-
ing different contrasts and contour features. Gatan Digital Micrograph™ software
package was used for interpretation of HRTEM images.

The infrared absorption spectra were recorded in the range of 4000–400 cm�1

on Nickolet spectrophotometer (Model 380, Thermo Nickolet Corporation, Madison,
USA). Photoluminescence emission spectra and decay time measurements were
performed on spectroflurometer system which comprises optical parametric oscil-
lator excitation source (EKSPLA NT 342, emission range 210–2300 nm), Cryostat
(Advance Research Systems DE202-AE) equipped with Lakeshore model 331 con-
troller, spectrograph FHR 1000 (Horiba Jobin–Yvon, 300 groove/mm grating) and
ICCD detector (Horiba Jobin–Yvon 3771).

3. Results and discussion

X-ray diffraction patterns of as-prepared Y1.89Yb0.1Er0.01O3 (asp)
and powders annealed at 1100 �C for a different time are presented
in Fig. 1a. All samples have a cubic bixbyte crystal structure, space
group Ia-3. Reflections of thermally treated samples have much
narrower peaks, suggesting the increase in the particle crystallinity
with annealing time. Detailed microstructural analysis performed
through Rietveld refinement (Table 1, Fig. 1b) revealed small
changes in the crystal cell parameters due to the Yb3+ and Er3+
d at 1100 �C for 12, 24 and 48 h (a) and Rietveld refinement of sample annealed at



Table 1
Refined structural parameters of nanocrystalline Y1.89Yb0.1Er0.01O3 powders.

Asp 1100 �C –
12 h

1100 �C –
24 h

1100 �C –
48 h

Unit cell parameter
(Å)

10.5968
(4)

10.5983 (3) 10.5978 (3) 10.5987 (3)

Crystallite size
(nm)

29.7 (7) 110 (11) 129 (12) 135 (17)

Microstrain (%) 0.125 (5) 0.033 (4) 0.02 (1) 0.029 (5)
aY1:O bond length

(Å)
2.2100
(71)

2.193 (11) 2.167 (14) 2.189 (13)

2.2959
(70)

2.307 (11) 2.204 (14) 2.223 (13)

2.3210
(70)

2.308 (11) 2.321 (15) 2.300 (13)

aY2:O bond length
(Å)

2.3009
(72)

2.323 (11) 2.421 (15) 2.397 (13)

aY1(Y3+, Yb3+, Er3+)
x

�0.0314
(1)

�0.0322
(2)

�0.0327 (2) �0.0326 (2)

O2�

x 0.3906
(6)

0.3915 (9) 0.3909 (12) 0.3908 (11)

y 0.1520
(7)

0.1521 (1) 0.1446 (14) 0.14482
(12)

z 0.3832
(8)

0.3858 (11) 0.3957 (15) 0.39233
(14)

RBragg 1.408 1.959 3.181 2.661
Goodness of fit 1.033 1.122 1.113 1.135

a Y1 corresponds to C2 site; Y2 corresponds to S6 site in cubic crystal unit cell,
space group Ia-3.
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incorporation. As it is well known, the cubic bixbyte-structure of
pure Y2O3 (PDF 89-5591) is characterized with the unit cell param-
eter of 10.60 Å and coexistence of two nonequivalent crystallo-
graphic sites for Y3+ ions: non-centrosymmetric C2 at the 24d site
and centrosymmetric S6 (C3i) at the 8a site [28]. Since both dopants
used here have smaller ionic radii in comparison to Y3+

(Y3+:0.104 Å, Yb3+:0.100 Å, Er3+:0.103 Å) slight decrease of the lat-
tice parameter is detected in all samples, Table 1. Selective refine-
ment of the C2 and S6 sites occupation with Y3+ implies that
substitution of Y3+ with Yb3+ and Er3+ ions is more pronounced in
the position C2 than in S6 position, i.e. values of 0.9367 for C2 occu-
pation and of 0.9510 for S6 site are obtained (value of 1 corre-
Fig. 2. SEM micrographs of as-prepared Y1.89Yb0.1Er0.01O3 (a) and p
sponds to full site occupation with Y3+). In accordance to it, the
stoichiometry of as-prepared powder is Y1.8877Yb0.1Er0.01O3 which
correlates well with the targeted one (Y1.89Yb0.1Er0.01O3). All pow-
ders revealed nanocrystalline particles structure. Average crystal-
lite size of 30 nm is founded in as-prepared sample, while this
value increases up to 135 nm in sample annealed for 48 h. Elonga-
tion of the heating time also reduces significantly the microstrain
in the particles.

Typical morphology of the particles obtained through spray
pyrolysis is presented on Fig. 2. Spherical, un-agglomerated
particles with the mean particle size of approx 450 nm are visible
in the as-prepared powder, Fig. 1a. The influence of prolonged
thermal treatment is recognized through the increase of the parti-
cle roughness provoked by the crystal growth. As it is shown by
XRD analysis the size of the primary crystallites is increased from
30 to 130 nm with heating emphasizing the fact that secondary
spherical particles are composed form much smaller nanosized
grains. Although the majority of the particles retain their spherical
morphology, agglomeration of secondary submicronic particles is
also noticeable with annealing time increasing. Consequently,
‘‘necks’’ formation among them due to the sintering process is
sporadically found in the sample which is thermally treated for
48 h, Fig. 2d.

FESEM micrographs are presented at Fig. 3 for as-prepared and
thermally treated powder samples. The obtained results confirmed
SEM observations and the presence of polydispersed spherical par-
ticles, sizing below 500 nm. The sponge-like particle morphology is
prevailing for the as-prepared powders, as seen at magnification
70,000�. The prolonged heating leads to the better differentiation
of primary particles as a result of their thermally induced growth
and aggregation. The typical particle morphology after thermal
treatment at 1100 �C/24 h is presented at Fig. 3c, showing the blue-
berry-like structure of secondary particles representing an assem-
bly of nanosized (<50 nm) primary particles. The primary particles
are predominantly spherical in shape, colliding to the weak aggre-
gates, as evident from the Fig. 3d.

Based on the elemental analysis (Fig. 4a) it is evident the pres-
ence of the following elements: Y (Ka line at 14.9334 and La at
1.9226 keV), Er (La 6.9488, Ma 1.4057 keV), Yb (La 7.4157, Ma
1.5215 keV). The low energy peaks belong to the O (Ka 0.5249)
and probably to the C Ka line at 0.277 keV. Cu (Ka 8.040 and La
0.930 keV) and Au (Ma 2.12 keV, not signed) peaks belong either
owders annealed at 1100 �C for 12 h (b), 24 h (c) and 48 h (d).



Fig. 3. FESEM micrographs of the Y1.89Yb0.1Er0.01O3 powder: as-prepared (a and b) and annealed at 1100 �C/24 h (c and d).
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to the holder or to the sputtering layer. The elements distribution
is highly homogeneous as followed by the energy dispersive X-ray
analysis of the selected rectangular area inside a particle sizing ap-
prox. 800 nm (Fig. 4b).
Fig. 4. EDAX spectrum (a) and elements distribution inside
Since the luminescent efficiency of phosphors depends in a
great measure of particles purity, Fourier transform infrared emis-
sion spectroscopy (FT-IR) is also performed. As shown, FT-IR spec-
tra (Fig. 5) shows sharp peak at 560 cm�1 from Y–O bond vibration
a particle (b) for the Y1.89Yb0.1Er0.01O3 powder system.



Fig. 5. FT-IR spectroscopy of nanocrystalline Y1.89Yb0.1Er0.01O3 powder annealed at
1100 �C for 24 h.
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[29] and more important, no presence of residual –OH groups
which may quench emission. Peak at 2350 cm�1, Fig. 5, is due to
physically adsorbed CO2 at the sample surface as a consequence
of the measurement environment.

Fig. 6a represents the low magnification bright field TEM image
of the approx 600 nm in size secondary particle with the
Fig. 6. Bright field TEM image of the particle inner struc

Fig. 7. A magnified bright field image from Fig 6 (a) and th
corresponding selected area electron diffraction (SAED) patterns
indexed according to the Ia3 phase (Fig. 6b and c). The crystallized
area appears as the dark field. It is evident the particle composite
structure and the presence of primary nanoparticles associated
with nanoporosity, the former aroused through the collision/coa-
lescence mechanisms during spray pyrolysis [30]. The SAED pat-
terns of the particle inner and at the edge domains imply the
particles polycrystalline structure having high defect content. The
cubic symmetry, implied by SAED, indicates the interplannar
spacings of 0.189 and 0.262 nm corresponding to the 440 and
400 planes, respectively, of a Y1.88Yb0.12O3 compound (JCPDF
87-2368).

Further magnification and contrast analysis of the TEM image in
bright field mode of a secondary particle from Fig. 6, reveal small
subspheric primary nanoparticles sizing below 20 nm, presented
at Fig. 7a. The contrast at the external edge of the secondary parti-
cle suggests the presence of approximately 20 nm thick crust at the
particle surface. HRTEM analysis (Fig. 7b) shows the presence of
well crystallized periodical structures implying the primary parti-
cles are with crystalline structure. FFT (Fast Fourier Transform)
analysis (Fig. 7c) reveals the interplanar spacings corresponding
to the X-ray value for (222) and (200) planes, respectively, of cu-
bic, Ia-3 phase (file card JCPDF 87-2368, compound type
Y1.88Yb0.12O3) as well as to the structure explained by ICSD
84132, the latter used for the XRD structure refinement. This im-
plies a very good agreement of the structural data obtained by
XRD and TEM analyses. STEM and energy dispersive X-ray analysis
ture (a) and the corresponding SAED patterns (b,c).

e corresponding HRTEM lattice image (b) with FFT (c).



Fig. 8. STEM image and EDS mapping of Y1.89Yb0.1Er0.01O3 particles.

Fig. 9. Energy level diagrams of Yb3+ and Er3+ ions following excitation with
978 nm.

Fig. 10. Up-converted spectra of Er3+ ions in nanocryst
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additionally confirmed homogeneous elemental distribution and
exclusively presence of yttrium, ytterbium and erbium (Fig. 8)

Up-conversion mechanism in Yb3+–Er3+ co-doped systems may
result from different processes, such as energy transfer up-conver-
sion (ET), excited state absorption (ESA) and addition of photons by
energy transfer (APTE) [17]. Schematic diagram of this process is
presented in Fig. 9. The energy transfer from excited Yb3+ ions pro-
mote the state of Er3+ from the 4I15/2 to the 4I11/2 and from 4I11/2 to
the 4F7/2 by excited state absorption. After non-radiative decay to
lower energy states (2H11/2, 4S3/2 and 4F9/2) electrons radiatively
de-excite to the ground state giving green and red up-conversion
emissions. In the case of blue up-conversion emission, electrons
from the 4I11/2 level non-radiatively de-excite to 4I13/2 and then
they are promoted to 4F9/2 and 2H9/2 by excited state absorption.
Blue up-conversion emission is then realized by the radiative de-
excitation from 2H9/2 level.
alline Y1.89Yb0.1Er0.01O3 powder excited at 978 nm.



Table 2
Decay times of nanocrystalline Y1.89Yb0.1Er0.01O3 powder excited at 978 nm.

Decay time (ms)

2H9/2 ? 4I15/2 Blue
(407 nm)

2H11/2, 4S3/2 ?
4I15/2

Green (563 nm)

4F9/2 ? 4I15/2 Red
(660 nm)

Asp 0.06 0.27 0.23
12 h 0.15 0.32 0.39
24 h 0.16 0.29 0.39
48 h 0.15 0.29 0.35

Fig. 11. The temperature dependant up-conversion emission of nanocrystalline
Y1.89Yb0.1Er0.01O3 powder thermally treated at 1100 �C, 48 h.

Table 3
The temperature dependence of decay times in nanocrystalline Y1.89Yb0.1Er0.01O3

powder thermally treated at 1100 �C, 48 h.

Decay time (ms)

2H9/2 ?
4I15/2 Blue

(407 nm)

2H11/2, 4S3/2 ?
4I15/2

Green (563 nm)

4F9/2 ? 4I15/2 Red
(660 nm)

300 K 0.15 0.29 0.35
200 K 0.15 0.29 0.34
100 K 0.16 0.22 0.38
50 K 0.19 0.24 0.31
20 K 0.15 0.30 0.27
10 K 0.17 0.34 0.32

Fig. 12. Temperature dependence of the red to green emission integrated area ratio
of nanocrystalline Y1.89Yb0.1Er0.01O3 powder thermally treated 48 h.
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The up-conversion luminescence spectra for as prepared and
annealed samples of Y1.89Yb0.1Er0.01O3 excited at 978 nm shows
blue, green and red luminescence around 407 nm, 563 nm and
660 nm, respectively, Fig. 10. Emission peaks are assigned to the
following trivalent erbium f–f electronic transitions: 2H9/2 ?

4I15/2

(blue: 407–420 nm, three photon process), (2H11/2, 4S3/2) ? 4I15/2

(green: 510–590 nm, two photon process), and 4F9/2 ?
4I15/2 (red:

640–720 nm, two photon process) [31]. Since the yttrium oxide
structure has two crystallographic six-coordinated sites that could
give different Stark splitting of Er3+ 4f levels, following transitions
are assumed: the S6 lattice with a higher symmetry generates the
smallest crystal field so the Er3+ ions on this sites experience the
smallest Stark splitting (480 cm�1) compared to 720 cm�1 on the
other Er3+ (C2) site. For Er3+ ions accommodated at C2 site, the f–f
transitions are partially allowed by forced electric-dipole transition
due to the odd parity terms in the crystal field. On the other hand,
for ions situated in the S6 sites of inversion symmetry, only weak
magnetic-dipole induced transitions are possible. Therefore, the
4f spectra presented in Fig. 10 exhibit electric dipole transitions
from the Er3+ ions residing in the C2 sites and magnetic dipole tran-
sitions from both sites. The emission bands mostly correspond to
Er3+ on C2 site whose occupation is more pronounced as it was
shown by XRD structural refinement. Increase of the emission
intensity with the elongation of heat treatment is observed indicat-
ing the improvement of UC efficiency with the rise of the powders
crystallinity and the ordering of the crystal lattice. The intensity of
the green up-conversion is the most prominent in all samples.

The emission decay times of Y1.89Yb0.1Er0.01O3 powders were
measured following excitation at 978 nm, and results are given
in Table 2. The lowest value of decay time is detected in as-pre-
pared sample because the process parameters (short residence
time and high temperature gradient in the reaction zone) favor
the formation of defects and retention of microstrains in particles
influencing further the luminescent efficiency. With the change
of the annealing time, the decay time value of blue emission
(407 nm) stay constant, while green (563 nm) and red (660 nm)
decay times significantly increase. Red emission decay time preva-
lence is confirmed in all heat treated samples. The highest value is
measured in powder annealed for 12 h. Slight decreases of the de-
cay time with the further prolongation of powders heat treatment
is probably related to the observed morphological changes, i.e.
agglomeration of particles and appearance of interparticles sinter-
ing. The presence of strong green component in spectra indicates
very weak ion-pair energy transfer process, implying homogenous
distribution of rare-earth ion dopants in the nanocrystalline host
matrix [31]. Since it is known that the up-conversion efficiency is
mainly influenced by the non-radiative relaxation in material
[32], a quite long emission achieved implicates very good up-con-
version efficiency of nanocrystalline Y1.89Yb0.1Er0.01O3 powders ob-
tained through spray pyrolysis. The magnitude of up-conversion
enhancement achieved in nanocrystalline Y1.89Yb0.1Er0.01O3 pow-
der obtained through spray pyrolysis is about ten times in compar-
ison to the reported values for nanocrystals with the same
composition obtained through combustion synthesis (4S3/2 ?

4I15/2:
0.011 ms; 4F9/2 ? 4I15/2: 0.021 ms), and for �30% higher than in
bulk (4S3/2 ?

4I15/2: 0.25 ms; 4F9/2 ? 4I15/2: 0.28 ms) [33].
The temperature dependant up-conversion emission of nano-

crystalline Y1.89Yb0.1Er0.01O3 powder thermally treated 48 h is pre-
sented on Fig. 11, while corresponding decay times are given in the
Table 3. The presented results show that synthesized powders ex-
hibit the temperature dependant up-conversion emission. Blue
emission has the strongest intensity at 10 K. Up to 200 K the red
emission intensities are stronger than green ones while afterwards
green emission intensity is the strongest one. The temperature
dependence of the 2H11/2 ?

4I15/2 green emission could be also fol-
lowed at the temperatures higher than 100 K, when its increasing
trend is detected. This feature can be explained by the existence of
thermalization process between 4S3/2 and 2H11/2 levels, separated
by an energy gap of about 720 cm�1, Fig. 9. When two energy levels
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of the rare earth activator are closely separated by a difference of
approximately 1000 cm�1, the upper level will not emit the energy
at low temperatures due to the high multi-phonon relaxation that
quenches it. With the increasing the temperature, the upper level
becomes more populated and therefore the emission from this le-
vel gradually increases at the expense of the lower level population
[34]. In this temperature range the emission bands do not shift in
magnitude or direction indicating further that the crystal field
splitting occurs on both the C2 and S6 sites.

Calculated values of ratio between integrated areas of red (640–
720 nm) and green (510–590 nm) emission (R/G) vs. temperature
are presented in Fig. 12. It is clearly evident that at temperatures
over 200 K green emission becomes much stronger, but the red
emission is still dominant. Observed enhancement of green emis-
sion additionally proves that the mechanisms connected with the
green up-conversion are temperature dependent.

4. Conclusion

It has been demonstrated that ultrasonic aerosol processing
may provide spherical, non-agglomerated, approx 450 nm in size
Y1.89Yb0.1Er0.01O3 particles with advanced optical properties due
to its capability for size and morphology control during synthesis
process. This method also suppresses compositional segregation
at the droplet level, and therefore more uniform distribution of do-
pants is achieved. Additional thermal treatment of powders im-
proves further up-conversion efficiency, confirmed by increase of
the emission decay times. Observed superior emission decay times
are consequence of achieved materials purity and homogeneous
doping, and also consequence of modification of a refractive index
in effective medium due to the particle nanocrystalline nature.
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