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Er’*-doped Y,Ti,0; nanocrystals were fabricated by the sol-gel method. While the annealing
temperature exceeds 757 °C, amorphous pyrochlore phase Er,Y,_,Ti,O; transfers to well-crystallized
nanocrystals, and the average crystal size increases from ~70 to ~180 nm under 800-1000 °C/1 h
annealing. Er,Y,_ ,Ti,O; nanocrystals absorbing 980 nm photons can produce the upconversion
(526, 547, and 660 nm; 2Hyipp— sz, *S32—*hsp, and “Fgpn—*Iis;2, respectively) and Stokes
(1528 nm; “I3;2— *I15/2) photoluminescence (PL). The infrared PL decay curve is single-exponential
for Er** (5 mol%)-doped Y-Ti,O; nanocrystals but slightly nonexponential for Er** (10 mol%)-doped
Y,Ti»0- nanocrystals. For 5 and 10 mol% doping concentrations, the mechanism of up-converted green
light is the two-photon excited-state absorption. Much stronger intensity of red light relative to green
light was observed for the sample with 10 mol% dopant. This phenomenon can be attributed to the
reduced distance between Er**-Er** ions, resulting in the enhancement of the energy-transfer

upconversion and cross-relaxation mechanisms.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Erbium-doped materials have been extensively utilized in the
optical communication system because the Er>* ions excited by
980 nm photons can emit ~1.54 um photons which are in the
region of the optimum transmission of silica-based glass fibers [1].
Additionally, erbium-doped materials also have the good upcon-
version (UC) property for the application in upconversion
lasers [2]. In recent years, the erbium-doped materials have
attracted the specific attention on the application of the lumines-
cent solar converter (LSC) because of the visible (Vis) upconver-
sion property [3-6]. Generally, LSC is a transparent organic or
ceramic fluorescent thin film which is doped or blended by
organic dyes [7], rare-earth (Re) activators [8], silicon nanocrys-
tals [9], or quantum dots [10,11] on the top or bottom of solar
cells. It can absorb the ultraviolet (UV) light and emit the Vis light
by the downconversion mechanism, or absorb the infrared (IR)
light and emit the Vis light by the upconversion mechanism [12].
Shalav et al. [4] reported that the silicon solar cell in combination
with the NaYF4:Er®* UC-phosphors gave an external quantum
efficiency close to 2.5+ 0.2% under 5.1 mW laser excitation at
1523 nm.
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Basically, the multiphonon relaxation process is directly
related to the phonon energy of host materials, which can
considerably influence the photoluminescence (PL) properties
[13]. Low phonon-energy materials such as Y,03 [14,15], Gd,03
[16,17], ZrO, [18,19], and YAIO3 [20,21] prevent the de-excitation
of the excited-state levels through the nonradiative phonon-
assisted relaxation, resulting in the strongly enhanced lumines-
cence intensity for the IR-to-Vis upconversion. Pyrochlore-phase
dititanate Y,Ti,O; possesses a face-centered cubic crystal struc-
ture with the space group Fd3m (lattice constant, a=10.09 nm)
[22,23], high refractive index (2.34 at 2=563 nm) [24], high
optical band gap (~3.7eV) [25,26], and low phonon energy
(<712 cm~1) [27]. Because Y>* and Er* ions have similar ionic
radii (Y>*=0.0892 nm and Er**=0.0881 nm), as well as Y,Ti»0
and Er,TiO; have the same crystal structural and similar lattice
constant, Er** ions can replace Y>* ions in the Y,Ti,O; lattice,
implying that both Y3* and Er>* ions in Er’>*-doped Y-,Ti,0; are
structurally indistinguishable. Therefore, Y,Ti,O is a very good
candidate for Er** doping, and Er** ions should distribute very
well in the Y,Ti,O; lattice, resulting in the reduction of the
concentration quenching effect and the increase of the PL inten-
sity. Additionally, the Y,Ti,O; host possessing lower phonon
energy than do silica-based glasses can reduce the possibility of
nonradiative recombination and increase the upconversion lumi-
nescence intensity of Er>* ions.

In this paper, Er3-doped Y,Ti,0; nanocrystals were fabricated
by the sol-gel method which is a very easy technique to fabricate
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nanocrystals with homogeneous dispersion and the precisely
desired stoichiometry of dopants. We demonstrate that Er**
(3, 5, 7, or 10 mol%)-doped Y,Ti»O (i.e., EryY>_,Ti,O7, x=0.03,
0.05, 0.07, or 0.1) nanocrystals have the good upconversion and
Stokes PL properties. The effects of Er>* doping concentration and
annealing temperature on the phase development, crystal struc-
ture, and related upconversion luminescence mechanisms of
Er®*-doped Y,Ti,O; nanocrystals will be systematically
investigated.

2. Experimental materials and methods

Acetic acid (HAc, CH3COOH, 99.5%, Merck) and 2-methoxyethanol
(2-MOE, HOC,H40CH3, 99.5%, Merck) with the molar ratio of Ti/HAc/
2-MOE=1/10/15 were first dropped to titanium isoproxide
{Ti[OCH(CH3),]4, =98%, Acros} to form the titanium solution. Subse-
quently, yttrium solution {a mixture of yttrium acetate
[Y(CH5COO0); - 4H,0, 99.9%, Alfa], methanol (Me, CH30H, =99.5%,
Merck), and ethylene glycol (EG, HOCH,CH(OH)CH,0H, =99.5%, Alfa)
with the molar ratio of Y/Me/EG=1/49/10} and erbium acetate
[Er(CH3COO); - 4H,0 , 99.9%, Alfa] were added to the titanium
solution, followed by stirring for 10 h in order to process homo-
geneous hydrolysis and polymerization reaction for the formation of
the Er>* (0, 3, 5, 7, or 10 mol%)-doped Y,Ti,O; sol-gel solution.

Finally, the Er3* (0, 3, 5, 7, or 10 mol%)-doped Y-Ti,»0, sol-gel
solutions were aged at room temperature for 2 days and then
heat-treated at 100 °C in air for 2 days in order to get pink
transparent dried gels. Dried gels were pyrolyzed at 700-1000 °C
for 1 h in air atmosphere at a rate of 5°Ch~"' to remove organic
species. Pyrolyzed gel powders were die-pressed by a hydraulic
press at 5 MPa to be 1-cm-diameter and 2-mm-thick pellets for
the further measurements of structural and PL characterizations.

The thermal decomposition of Er3+—doped Y>Ti»O; xerogel
powders was studied by a thermogravimetric analysis (TGA, TA
Instrument 5100) and differential scanning calorimetry (DSC,
Netzsch Instrument HT-DSC404) from 30 to 1000 °C with a
heating rate of 3 °C/min in air flow. The X-ray diffraction (XRD)
measurement of samples was performed by an X-ray diffract-
ometer (Shimadzu XRD 6000) with CuKa radiation (A=0.154 nm).
Scanning electron microscope (Hitachi, S4800-1) was operated at
an accelerating voltage of 15 kV for the microstructural examina-
tion. A 980 nm diode laser (JDSU, S26-7602-300, maximum power
300 mW) was inclined 45° and focused to irradiate the center of
pallets with a spot of ~1mm. Fluorescence spectra were
recorded normally from pallets by using a spectrophotometer
(Horiba Jobin-yvon, iHR 550) equipped with a InGaAs photodiode
(Electro-Optical Systems Inc., IGA-050-TE2-H) and photomulti-
plier tube (Hamamatasu, 7732 P-01) at room temperature, and
the distance between pallets and spectrophotometer was accu-
rately fixed for each measurement. The response of the detection
system was precisely calibrated with a tungsten wire calibration
source. The decay curves of Vis and IR emissions were obtained by
modulating the 980 nm laser at 15 Hz with a chopper, and the
outputs of the photomultiplier tube and InGaAs photodiode were
recorded by a digital oscilloscope (Tektronix, DPO 3032).

3. Results and discussion
3.1. Crystal structure

Fig. 1 shows the TGA and DSC curves of Er** (5 mol%)-doped
Y,Ti,0; xerogel powders. The TGA curve shows a significant weight

loss in the temperature range from room temperature (RT) to 757 °C.
A significant weight loss is observed below 350 °C due to the
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Fig. 1. TGA and DSC curves of Er** (5 mol%)-doped Y,Ti,O; xerogel powders.

evaporation of physically adsorbed water and residual organic
solvents. The weight loss corresponding to the decomposition/
combustion of organic components and the formation of amorphous
pyrochlore phase is at the temperature range of 350-725 °C. The
crystallization of amorphous pyrochlore phase occurs at 725-757 °C.
A slight increase in mass (1.3%) between 440 and 572 °C could be
due to the additional pick-up CO, from the atmosphere [28]. No
weight loss was observed as the sample was heated over 757 °C,
which implies that the thermally stabilized and well-crystallized
pyrochlore phase Er** (5 mol%)-doped Y,Ti,O, nanocrystals had
formed. In addition, it can be seen that a weak endothermal peak
at 335 °Cis ascribed to the evaporation of physically adsorbed water
and a weak exothermal peak at 757 °C is related to the crystallization
of the amorphous pyrochlore phase in the DSC curve.

The X-ray diffraction (XRD) patterns in Fig. 2(a) and (b) show
the effect of the annealing temperature on the phase evolution of
Er3* (5 or 10 mol%)-doped Y,Ti»0; nanocrystals. Obviously, a weak
broad continuum around 20=~30° in the XRD patterns is the
characteristic of an amorphous structure for the samples annealed
at 600 and 700 °C. While the annealing temperature exceeds
800 °C, the well-crystallized pyrochlore phase is identified by the
characteristic XRD peaks: (22 2),(400), (440), and (62 2) [29].
On the other hand, other samples [Er** (3 or 7 mol%)-doped
Y,Ti,0-] also exhibit the same effect of the annealing temperature
on the phase evolution and the XRD patterns are similar to
Fig. 2(a) and (b) (not shown here). All the XRD patterns indicate
the formation of only a single pyrochlore phase without any
possible other phases such as TiO, (rutile phase), Y»03, and Er,0s.

Fig. 2(c) and (d) shows the XRD patterns of the Er** (3, 5, 7, or
10 mol%)-doped Y,Ti,0, nanocrystals annealed at 800 or 1000 °C
for 1 h. All of the samples possess the pyrochlore structure.
Compared to the diffraction intensities of all the XRD peaks
between samples, the addition of 3-10 mol% Er3* ions does not
significantly influence the peak intensities of Er,Y,_,Ti,O; nano-
crystals, which means that the addition of 3-10 mol% Er*>* ions
into Y,Ti»O host does not apparently degrade the crystallinity of
Er,Y, _,TiO; nanocrystals.

The average grain size (D) of EryY,_,Ti;O; nanocrystals is
determined by the Scherrer equation [30]

Dzsi}“ 1)

\/B3—BZcos0

where S is the Scherrer constant (0.9), A is the wavelength of
incident radiation, 6 is the Bragg angle corresponding to the XRD
peak being considered, as well as By and Bs are the width in
radians of one of the sample and standard (Si powder) diffraction
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Fig. 2. XRD patterns of (a) Er>* (5 mol%)-doped Y,Ti,O; nanocrystals annealed at 600-1000 °C for 1h, (b) Er** (10 mol%)-doped Y,Ti,O; nanocrystals annealed at
600-1000 °C for 1 h, (c) Er** (3, 5, 7, or 10 mol%)-doped Y-Ti,O; nanocrystals annealed at 800 °C for 1 h and (d) Er** (3, 5, 7, or 10 mol%)-doped Y-Ti,O; nanocrystals
annealed at 1000 °C for 1 h. The 20 positions for bulk Y,Ti,0, Er,Ti,0, TiO, (rutile phase), Y03, and Er,O3 are shown on the plot for the reference.

peaks at half-maximum, respectively. The instrument broadening
(Bs) is 0.14 in our system. The average estimated grain sizes of the
Er* (5 mol%)-doped Y,Ti,O; nanocrystals annealed at 800, 900,
and 1000 °C for 1 h are ~44, ~54, and ~76 nm, respectively. On
the other hand, estimated crystal sizes of the Er** (3, 7, or
10 mol%)-doped Y,Ti,O; nanocrystals annealed at 800-1000 °C
for 1 h also exhibit the similar values, which implies that the
addition of 3-10 mol% Er** ions into Y,Ti,O; host does not
apparently influence the grain size of Er,Y,_,Ti»O; nanocrystals.

Fig. 3(a)—(f) illustrates the top-view scanning electron micro-
scopy (SEM) imagines of the Er>* (5 or 10 mol%)-doped Y-Ti,O7
nanocrystals annealed at 800, 900, and 1000 °C for 1 h. For the
samples annealed below 800 °C, no crystal image is detected
because of the amorphous structure, indicating that image resolu-
tion is beyond the detective limitation of the scanning electron
microscope. As the annealing temperature increases to 800 °C,
Er** (5 or 10 mol%)-doped Y-Ti,0, nanocrystals have the average
grain size of approximately 70 nm. Further, the average grain size
gradually increases to ~90 and ~180nm at 900 and 1000 °C
annealing, respectively. The evolution of the microstructure for
the Er** (3 or 7 mol%)-doped Y-Ti,O; nanocrystals annealed at
800-1000 °C is also similar to that of Er** (5 or 10 mol%)-doped
Y>Ti,0; nanocrystals (SEM images not shown here). SEM images
disclose again that the evolution of grain size for the Er**-doped
Y-Ti»O; nanocrystals annealed at different temperatures has the
same trend as that detected by the FWHM of the XRD peak.

However, the FWHM of the XRD peak can be widened by internal
stress and defects so the mean grain size estimated by Scherrer’s
equation is normally smaller than the real value. In addition, when
the grain size is larger than 100 nm, Scherrer’s equation cannot be
used to determine the average grain size because of the limitation
of diffractometer resolution. The discrepancy of average estimated
grain size can be obviously observed in the SEM images.

The above-mentioned evolutions of the XRD peak intensities and
crystal sizes of the Er>* (3, 5, 7, or 10 mol%)-doped Y-Ti,O; nano-
crystals annealed at 800-1000 °C obviously appear to be very similar.
Er’* ions can replace the positions of Y>* ions in the Y,Ti,O lattice
because Y**/Er** ions have the same valance electrons and similar
ionic radii as well as Y,Ti»O/Er,Ti»O7 have the same crystal structural
and similar lattice constant. Therefore, Y>* and Er** ions are
structurally undistinguished in the Er,Y>_ 4Ti,07 lattice, which results
in the very similar properties on the phase evolution and crystal
growth for Er** (3, 5, 7, or 10 mol%)-doped Y-Ti»O; nanocrystals.

3.2. Optical properties

3.2.1. Vis—IR photoluminescence

Fig. 4(a) and (b) shows the upconversion and Stokes PL spectra
of the Er** (5 mol%)-doped Y-Ti,O; nanocrystals annealed at
600-1000 °C for 1h and the Er** (3, 5, 7, or 10 mol%)-doped
Y,Ti»O; nanocrystals annealed at 800 °C for 1h excited by
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Fig. 3. Top-view SEM imagines of Er** (5 mol%)-doped Y,Ti,O; nanocrystals annealed at (a) 800, (b) 900, and (c) 1000 °C for 1 h and Er** (10 mol%)-doped Y-Ti,0-

nanocrystals annealed at (d) 800, (e) 900 and (f) 1000 °C for 1 h.

980 nm, respectively. These visible to infrared fluorescence spec-
tra exhibit the bands at about 526, 547, 660, and 1528 nm which
are identified as the 2Hy1j2—*Iisj2, *S32— *I15/2, *Foj2— 152, and
Nzp—h 52 transitions, respectively. Although Er,Y,_,Ti;0;
nanocrystals possessing lower phonon energy could induce UV
and blue upconversion luminescence, no UV and blue light can be
detected in our measurement system. This could be attributed to
the very weak intensity of UV and blue upconversion lumines-
cence which cannot be detected due to the limitation of our
existing experimental set-up. Or the nanocrystalline materials
possess lots of absorbed contaminants (e.g., CO3 and OH ™) on the
surface and lattice defects, which results in the enhancement of
nonradiative multiphonon decay and no UV/blue upconversion
luminescence [14]. Therefore, this paper only focuses on the study
of green, red, and infrared emissions of Er,Y,_,Ti,O nanocrystals.
However, the more detailed UV-Vis fluorescence measurement
will be executed by more delicate equipments in the near future.

The effect of the annealing temperature on the evolutions of Vis
and IR PL intensities and spectral shapes of Er** (3, 7, or 10 mol%)-
doped Y,Ti,0, nanocrystals are similar to the case of Er** (5 mol%)-
doped Y,Ti,0, nanocrystals (PL spectra not shown here). Obviously,
5 mol% and 800 °C are the optimum Er** doping concentration and
annealing temperature for Er,Y,_,Ti,O; system to achieve the max-
imum PL intensity, respectively. A broaden Vis and IR PL spectra
consisting of some main peaks at 526, 547, 660, and 1528 nm were
observed in the sample annealed at 600 and 700 °C/1h. Such

broadband emissions indicate that the bonding environment of Er**
ions obviously has wider diversity because of the amorphous
structure. When the annealing temperature is higher than 800 °C,
the shapes of Vis and IR PL spectra obviously split into some sharp
peaks (Stark-splitting effect), implying that Er>* ions locate on the
well-defined lattice sites in the crystalline pyrochlore phase
Ero.05Y1.95T1207.

It is found from Fig. 4(a) that the Vis and IR PL intensities increase
first with the increase of the annealing temperature from 600 to
700 °C (i.e., the temperature range of the formation of amorphous
Er,Y>_xTi;07), reach the maximum at 800 °C (i.e., the temperature
range of the formation of crystalline EryY>_,Ti;O), and then decrease
with increasing the annealing temperature from 900 to 1000 °C
(i.e., the temperature range of the increase in the crystallinity of
Er,Y>_Ti07). It is well known that the ~1.54 pm intra-4f-f transi-
tion is electric dipole forbidden for a free Er*>* jon. If the symmetry of
the local crystal field at Er>* lattice sites is distorted in host materials,
the parity forbidden intra-4f transition will be partially allowed. In the
well-crystallized Y-Ti,0- lattice, Y>* ions are eight-coordinated in a
distorted cubic coordination polyhedron with the Ds;; symmetry
containing the inversion center [22,23]. In addition, surface and
lattice defects in Er3+—doped Y,Ti»0; nanocrystals can increase the
absorption of H,O and CO, from air. These high phonon-energy
carbonate (CO3’) and hydroxyl (OH~) groups (i.e., ~3350 cm™"! for
CO3 and ~1500 cm~! for OH™) can increase the opportunity of the
nonradiative transition [31,32]. Therefore, the effect of quenching
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Fig. 4. Upconversion and Stokes PL spectra of (a) Er** (5 mol%)-doped Y-Ti,0-
nanocrystals annealed at 600-1000 °C for 1 h, and (b) Er** (3, 5, 7, or 10 mol%)-
doped Y,Ti»0; nanocrystals annealed at 800 °C for 1 h under 980 nm pumping.

centers (CO5 and OH™) and the local symmetry of Er>* lattice sites
always compete with each other to influence the PL intensity.

Although the well-crystallized Er,Y> _Ti;O; nanocrystals form
at =800 °C annealing and Er** ions should locate on the well-
defined lattice sites with high symmetry, the amount of hydroxyl
quenching centers in the Er,Y,_,Ti,0; nanocrystals annealed at
=800 °C is lower than that of the Er,Y,_,TiO; nanocrystals
annealed at =700 °C (FTIR spectra not shown here). High tem-
perature annealing can reduce the defects and impurities (CO3
and OH™) of Er**-doped Y-Ti»0, nanocrystals, which results in
the decrease of quenching centers and increase of PL intensity
[14,33,34]. However, high temperature annealing can also
improve the crystallinity and the local symmetry of Er>* lattice
sites, which leads to the reduction of PL intensity. Because the
effect of increased local symmetry is counteracted by the effect of
reduced quenching centers, the optimum annealing temperature
is just located at 800 °C for Er**-doped Y,Ti,O; nanocrystals.

On the other hand, in Fig. 4(b), when Er** doping concentra-
tion is =7 mol% (i.e., =1.09 x 10%! ions/cm?®), the decrease of
1528 nm PL intensity indicates that the concentration quenching
and cooperative upconversion effects are enhanced due to the

reduced average spatial distance between Er** ions. In Y,Ti»05
there are eight molecules per unit cell, and the possible Y>" sites
for Er** jons to replace are 16. If we postulate that all Er3*
ions homogeneously distribute in the Y,Ti,O, lattice for the
Er>* doping concentration of 1.09 x 10! ions/cm?, the mean
Er**-Er?* distance is approximately 1.027 nm. This quenching
concentration (1.09 x 10! ions/cm?®) is larger than that of the
traditional Er?*-doped SiO, films [35,36].

3.2.2. Photoluminescence lifetime

Fig. 5(a)-(c) shows the 547, 660, and 1528 nm PL decay curves
of the Er** (3, 5, 7, or 10 mol%)-doped Y-Ti,O, nanocrystals
annealed at 800 °C for 1 h under the excitation of 980 nm. For 3,
5, 7, and 10 mol% Er** doping concentrations the lifetimes of
1528 nm PL are 6.66, 4.50, 4.40, and 2.86 ms, respectively, which
are similar to the reported values [37-39]. The 1528 nm PL decay
curves of (3, 5, or 7 mol%)-doped Y,Ti,O; nanocrystals are single-
exponential; however, the decay curve slightly deviates from
single exponentiality for (10 mol%)-doped Y,Ti»O, nanocrystals.
This means that for 3-7 mol% Er>* doping concentrations most
Er** ions are situated in similar sites. For 10 mol% Er>* doping
concentration, some Er>* jons on the nanoparticle surface absorb-
ing lots of CO3 and OH~ quenching centers have faster decay
than do those Er’* ions located inside nanocrystals. The local
environment of the Er** ions located close to the nanoparticle
surface is different from that of those ions located inside nano-
crystals, which leads to the reduced lifetime and slightly non-
exponential decay curve. In addition, the enhanced energy-
transfer mechanism between Er>*-Er>* ions also can significantly
reduce the lifetime of the sample with 10 mol% Er** doping
concentration.

The lifetimes of 547 nm upconversion emissions are all around
715 ps for the samples with 3, 5, 7, or 10 mol% Er>* doping
concentration, and the decay curves of all samples are single-
exponential. The energy gap AE between ?Hy1//*S3p, and “Fgp
levels is about 3100 cm~ ", and only one OH~ phonon can bridge
this energy gap. Therefore, the presence of adsorbants on the
nanocrystalline surface leads to a more efficient depopulation for
2H,1/; and *S5/; levels of Er** ions on surface. This implies that the
Er* ions on surface could not dominate the green upconversion
and the green upconversion mainly may come from the Er*>* ions
inside nanocrystals. In addition, the single-exponential decay
curves for all samples indicate that the chemical environment of
most Er?* ions for Er** (3-10 mol%)-doped Y-Ti,»0, nanocrystals
are similar. In the other words, for the sample with 10 mol% Er3*
ions a certain proportion of Er>* ions on the surface of nanocrys-
tals could encounter the depopulation of 2H; 1,2 and 453/2 levels by
multiphonon relaxation. Therefore, Er>* (10 mol%)-doped Y,Ti»0-
nanocrystals exhibit the single-exponential decay curve, which
may be caused from the Er** ions inside nanocrystals.

The lifetimes of 660 nm upconversion emissions are 832, 895,
980, and 872 ps for the samples with 3, 5, 7, or 10 mol% Er’*
doping concentration, respectively, and the decay curves of all
samples are also single-exponential. Compared to 547 nm emis-
sion, the longer lifetime could be attributed to the different
energy-transfer upconversion and cross-relaxation mechanisms
between green and red emissions [14], which will be discussed
later. In addition, it is interesting to notice that the lifetime of red
upconversion emission does not decrease monotonically with the
increase in Er*>* doping concentration in comparison with that of
the Stokes emission, and this is different from the case of the
Er**-doped Y.05; nanocrystals [14]. The detailed study on the
temporal behavior of the upconversion lifetime versus Er®*
doping concentration will be examined by utilizing pulsed laser,
and it'll be discussed on the separate paper in the future.
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980 nm.

3.2.3. Upconversion mechanism

It is worthwhile to mention that the intensity of red emission
increases with the increase of Er’* doping concentration in
upconversion luminescence spectra. Fig. 6(a) and (b) shows the
intensity ratio of Ig/lg and (Ig+Ir)/[r as a function of dopant
concentration in Er’*-doped Y,Ti,O; nanocrystals, respectively
(where Ig, Ig, and Ijg represent the integrated intensity of green,
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Fig. 6. Intensity ratio of (a) Iz/lc and (b) (Ig+Ir)/lr as a function of dopant
concentrations for Er>*-doped Y,Ti,0; nanocrystals (where I, Iz, and I represent
the intensity of green, red, and IR emissions, respectively).

red, and IR emissions, respectively). By increasing Er** doping
concentration from 3 to 10 mol%, the relative intensity ratio (Iz/Ig)
of red and green upconversion luminescence increase from ~0.58
to an approximately value of 3.75. The energy gap AE between the
4S3/2 and “Fg); levels is about 3100 cm ™, and it requires at least
five phonons (Y-Ti»0, cutoff energy=~714 cm~!) to bridge this
energy gap. Hence, the nonradiative relaxation from “Ss/, level is
inefficient, which induces that the intensity of red emission is
lower than that of green emission for the samples with low Er**
doping concentrations (3 and 5 mol%). However, the intensity of
red emission is higher than that of green emission for the samples
with higher Er** doping concentrations (7 and 10 mol%). In other
words, there must exist different red upconversion mechanisms
between low and high Er>* doping concentrations for Er**-doped
Y,Ti,0; nanocrystals. In addition, the relative intensity ratio
[(Ic+Ir)/Iir] of Vis and IR emissions increases from ~0.01 to an
approximately value of 0.07 with the increase of Er** doping
concentrations from 3 to 10 mol%. The intensified upconversion
luminescence and suppressed Stokes emission is attributed to the
enhanced energy transfer between Er>*-Er** ions.

In order to investigate the possible up-converted emission
mechanisms, we study the variation of the up-converted PL
intensity by different excitation power (P) for the Er®*-doped
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Y,Ti,0; nanocrystals with low and high Er** doping concentra-
tions. For the Er** (5 or 10 mol%)-doped Y,Ti,O; nanocrystals
annealed at 800 °C/1 h, the intensity of green and red upconver-
sion luminescence (526, 547, and 660 nm) versus the pump
power at 980 nm has been plotted in Fig. 7. The slopes of both
green and red emissions for Er** (5 mol%)-doped Y,Ti,O; nano-
crystals are approximately equal to 2 on a log-log scale during
P = 210 mW. This result confirms that green and red emissions
belong to a two-photon absorption upconversion process [40-42].
However, the slopes of 526, 547, and 660 nm emissions for Er3*
(10 mol%)-doped Y,Ti»O; nanocrystals are 2.00, 1.99, and 1.80
during P=210 mW, respectively, indicating that the upconversion
mechanism of green emission is a two-photon absorption process
but red emission a little derives from the biphotonic case. There-
fore, there exist some complex mechanisms for red emission.
In addition, when pumping power is larger than 210 mW,
intensity saturation occurs. For Er3* (5 mol%)-doped Y,Ti,07
nanocrystals, the slopes of green (526/547 nm) and red emissions
reduce to 1.05/0.79 and 0.77, respectively. On the other hand, for
Er** (10 mol%)-doped Y-Ti»O; nanocrystals the slopes of green
(526/547 nm) and red emissions also reduce to 1.39/1.17 and
0.90, respectively. The significantly reduced slope can be attrib-
uted to the competition between linear decay and upconversion
process for the depletion of the intermediate excited states [43].
Similar phenomenon is also found in the ErsAlsO;, [44], Er3*-
doped Y,05 [45], or Er**-doped BaTiO5 [46].

Schematic possible upconversion mechanisms of the Er’*
excited-state absorption (ESA), energy-transfer upconversion
(ETU), and cross-relaxation (CR) under 980 nm pumping for low
and high Er3* doping concentrations are shown in Fig. 8(a) and (b).
Generally, there are two kinds of mechanisms for the upconver-
sion luminescence. One is the ESA and the other is the ETU
[47-49]. Mechanism I is the general ESA mechanism. A 980 nm
photon elevates an electron from the 4 52 level up to the 44 2
level and successively the electron in the 4111/2 level can be
excited further to the 4F7/2 level by another 980 nm photon,
which results in the green and weaker red emissions. Mechanism
Il is another kind of the ESA mechanism. The electron in this I; 12
level relaxes to the 4113,2 level through a multiphonon relaxation
and then the 4F9,2 level is populated via the ESA of the electron in
the 4113,2 level, which leads to the red emission. Mechanism III is
the general ETU mechanism related to the energy transfer
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800 °C/1 h.
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between two Er3* activators. The electron of one Er®* activator

absorbing one 980 nm photon is elevated to the 414 12 level. Then
this excited electron which absorbs another 980 nm energy
transferred from another neighboring Er®* activator is further
elevated to the 4F7/2 level, which causes the green and weaker red
emissions. Mechanism IV is another kind of the ETU mechanism.
The electron of one Er®* activator in the %I, 12 level relaxes to the
4113/2 level through a multiphonon relaxation and this electron in
the “I 3/, level is elevated to the *Fg, level via the excited state
absorption of 980 nm energy transferred from another neighbor-
ing Er** activator, which induces the red emission. Mechanism V
is a CR mechanism (*F7j2+*I11/2 — *Foj2+*Foy2). The electron of one
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Er®* activator in the *F;j, level is de-excited to the “Fg, level
accompanied with raising the electron of another neighboring
Er®* activator from the *I;;; level to the “Fg, level through a CR
mechanism, resulting in the red emission [50].

In the Er*-doped Y,Ti,O; nanocrystals with low Er** doping
concentration (5 mol%), the green and red luminescence intensi-
ties present a quadratic dependence on 980 nm pump intensity,
which can be ascribed to the upconversion process of the two-
photon ESA involving mechanism I and II, as shown in Fig. 8(a).
Although mechanism I can produce stronger green emission and
weaker red emission, mechanism II can also produce additional
red emission.

On the other hand, for the Er®*-doped Y-,Ti,O, nanocrystals
with high Er>* doping concentration (10 mol%), other mechanism
IlI, IV, or V can also appear to be involved in the green and red
luminescence except above-mentioned mechanism I and II, as
shown in Fig. 8(b). Because the Er**-Er’>* distance is reduced for
high Er** doping concentration, the cooperative effect of the ETU
(mechanism III and IV) and CR (mechanism V) between two Er>*
ions can be enhanced. The green emission comes from the two-
photon ESA (mechanism I) and ETU (mechanism III) , resulting in
a slope of 2; however, the red emission involves other more
complicated mechanisms such as mechanisms III, IV, and V,
resulting in a slope of 1.80. Therefore, the final obtained red
upconversion could be summarized from the overall contribu-
tions of five mechanisms (I, II, III, IV, and V), which makes Er**
(10 mol%)-doped Y,Ti»O; nanocrystals generate the stronger red
emission. In addition, the effects of ETU and energy migration can
also suppress 1528 nm PL, and reduce its lifetime.

4. Conclusions

Er’* (3, 5, 7, or 10 mol%)-doped Y,TiO; nanocrystals were
fabricated by the sol-gel method. The evolutions of the phase
development, crystallinity, and grain sizes between the Er** (3, 5, 7,
or 10 mol%)-doped Y,Ti»O; nanocrystals annealed at 600-1000 °C/1 h
appeared to be very similar. Below 800 °C, all samples possess the
amorphous structure but after =800 °C annealing, all samples
exhibit the well-crystallized pyrochlore structure. The average
crystal sizes increase from ~70 to ~180 nm under 800-1000 °C
annealing for 1 h.

The Er3*-doped Y,Ti,O; nanocrystals absorbing the 980 nm
photons can produce the upconversion (526, 547, and 660 nm;
2H1]/2—>4115/2, 453/2—>4I15/2 and 4F9/2—>4I15/2, respectively) and
Stokes (1528 nm;  “I;3,—*I;52) photoluminescence. The
optimum parameters for obtaining the maximum Vis and IR PL
intensities of Er’*-doped Y,Ti,O; nanocrystals is 5 mol% Er**
doping concentration and 800 °C annealing temperature. The
lifetimes of 547, 660, and 1528 nm PL emissions are 713 ps,
895 ps, and 4.5 ms, respectively, for 5 mol% Er** doping concen-
tration, and the lifetimes of 547, 660, and 1528 nm PL emissions
are 708 us, 870 us, and 2.8 ms, respectively, for 10 mol% Er3*
doping concentration. In addition, the IR PL decay curve is single-
exponential for 5 mol% Er’* doping concentration but slightly
nonexponential for 10 mol% Er** doping concentration. The
shorter lifetime and slightly nonexponential decay curve of Er**
(10 mol%)-doped Y,Ti,O; nanocrystals indicate that the reduced
Er®*-Er’* distance induces the concentration quenching effect
and the local environments of Er>* ions are a little different.

The Er** (5 mol%)-doped Y,Ti,O; nanocrystals excited by
980 nm can emit both green and red light via the two-photon
excited-state absorption mechanism. For Er** (10 mol%)-doped
Y,Ti,O; nanocrystals, the green emission comes from both the
two-photon excited-state absorption and energy-transfer upcon-
version mechanisms but the mechanism of red emission also

involves the cross-relaxation which is enhanced by the reduced
distance between Er>*-Er>* ions except the two-photon excited-
state absorption and energy-transfer upconversion mechanisms.
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