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To investigate the upconversion emission, this paper synthesizes Tm3t and Yb3* codoped Y203 nanoparticles,

and then coats them with TiOg2 shells for different coating times. The spectral results of TiO2 coated nanoparticles

indicate that upconversion emission intensities have respectively been enhanced 3.2, 5.4, and 2.2 times for coating times

of 30, 60 and 90 min at an excitation power density of 3.21x102 W-cm ™2, in comparison with the emission intensity of

non-coated nanoparticles. Therefore it can be concluded that the intense upconversion emission of Y203:Tm3+, Yb3+

nanoparticles can be achieved by coating the particle surfaces with a shell of specific thickness.
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1. Introduction

In recent years, upconversion luminescence of
lanthanide-doped nanoparticles has attracted a great
deal of attention due to their unique optical proper-
ties and potential applications in some fields, such
as solid state lighting,} display monitors,[ opti-
cal communications!®4 and biological fluorescence
labels.>=71 However, a precondition for the devel-
opment of lanthanide-doped nanoparticles as fluo-
rescence biolabels is to obtain water-soluble, pho-
Unfortu-
nately, most inorganic nanoparticles doped with lan-

tostable and biocompatible nanoparticles.

thanide ions are hydrophobic. A convenient strategy
for introducing or grafting hydrophilic/active func-
tional groups onto nanoparticle surfaces can resolve

[8-10] Dye to the well-known silica sur-

the problem.
face chemistry and its benign effects in biological sys-
tems, silica-coated shells are usually considered for
precoating the particle surfaces in order to further
functionalize with active functional groups on silica
shell surfaces.''=13] In addition, TiO, is also one
of the suitable candidates for shell materials due to
its high transparency in the visible wavelength re-
gion and its good thermal, chemical, and mechani-

cal properties.['*15] Nevertheless, upconversion emis-
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sion of TiOy coated lanthanide-doped nanoparticles
has been rarely reported.

Another
nanoparticles as biolabels is that upconversion emis-

precondition for lanthanide-doped
sion intensities of the doped nanoparticles before and
after coating shells cannot be dramatically weakened.
Fortunately, the Haase group!'® recently reported
an improvement in quantum yield after coating a
LaPOy, shell on a CePOy4:Tb core. Moreover, investi-
gators have also focused on the enhancements of lu-
minescence and upconversion emissions for the coated
nanoparticles, such as silica-coated Ln3t-doped
LaF3,'2 surface modified LaFs3/Ln, LaPO4/Ln[17]
and NaYF,:Er(Tm),Yb/NaYF,/polymer.'8! Here,
we report the coating of Y505:Tm?t, Yb3t nanopar-
ticles with TiO5 shells using the Stober method. Ac-
cording to the upconversion emission intensities of
TiO4 coated nanoparticles, a competitive mechanism
between two components is presented. One compo-
nent is the role conversion from the ‘dormant’ state
to the ‘activated’ state of lanthanide ions on parti-
cle surfaces due to the effects of TiOy coated shells.
Another component is the absorption effect of TiO2
shells on incident pump light and the reabsorption
effect of TiOs shells on upconversion emission. En-

hancements in the upconversion emission intensities
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of TiOs coated nanoparticles are demonstrated by

using the competitive mechanism.

2. Experiment

Tm?*t and Yb3tcodoped Y503 mnanoparticles
were synthesized according to the procedure!9:29 with
a slight modification as follows: appropriate amounts
of high purity TmyO3, YbyO3 and Y (NO3)3-6H20O
with a corresponding mole ratio of cations were fully
dissolved in dilute nitric acid solution (1:1 by volume).
Citric acid (0.33 mol), glycol (1.6 mol), and polyethy-
lene glycol 20000 (2.7x10~% mol) were added, respec-
tively. The turbid suspension was heated at 80 °C
and stirred for 8 h to form a gel. The obtained gel
was preheated at 300 °C for 1 h, and then sintered at
800 °C for 1 h in air to remove organic materials and
form final powder samples. Moreover, according to
the modified Stober method, powder samples as core
and isopropyl alcohol as solvent were added into the
flask. Powder samples were dispersed with ultrasonic
oscillation for 30 min. Deionized water and hydrous
ammonia (25%) were added. After strong stirring at
34 °C for 10 min, butyl titanate was also added. Un-
der the same conditions, the reaction continued for 30,
60 and 90 min, respectively. The precipitate was then
centrifuged, washed and dried at 80 °C for 24 h.

The x-ray diffraction pattern recorded by a
Rigaku D /max-vyB diffractometer shows that the crys-
tal structure of the prepared powders is cubic. The
powder morphologies and TiOs shell thicknesses were
observed by using a JEOL-1010 transmission electron
microscope (TEM, accelerating voltage 100 KV, res-
olution of point image 0.4 nm). Upconversion emis-
sion was carried out under a diode laser excitation
(976.1£2.9 nm, 1.3 W, continuous wave with 1 m fi-
bre (NA: 0.22 and 100 pm), Beijing Hi-Tech Op-
China).
collected with a Hitachi F-2500 fluorescence spec-

toelectronics Co., Ld. Fluorescence was

trophotometer (instrument parameters: 2.5 nm for
excitation slit; 2.5 nm for emission slit; 400 V for
PMT voltage and 0.08 s for response) under 25.2 mW
(3.21x10% W-cm™?) excitation at room temperature.

3. Results and discussion

The upconversion emission spectra of non- and
TiOg-coated Y2O3:Tm3, Yb3+ nanoparticles are
shown in Fig.1, irradiated under an excitation power

density of 3.21x10? W-cm~2 with a 976 nm diode
laser. Since the upconversion emission spectra for all
samples manifest characteristics which are similar to
each other, it is reasonable to ascribe the upconver-
sion emissions to the same origins. The upconversion
emission bands at 477 and 489 nm originate radiative
transitions from the Tm?®*t lowest Stark sublevel 'Gy
to different Stark sublevels 3 Hg.
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Fig.1. Upconversion emission spectra of non- and TiOg
coated Y203:Tm3*, Yb3* nanoparticles for sintered time
of 60 min at 800 °C and coating times of 30, 60 and 90 min.
All samples are excited at 25.2 mW (3.21x102 W-cm™2)

at room temperature.
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Fig.2. Energy level diagrams of Tm3+ and Yb3* ions with
Stark splitting in cubic Y2O3:Tm3*, Yb3t nanoparticles,
and upconversion mechanism.

The upconversion mechanism is attributed to a
successive three-step energy transfer or three-photon
process from three excited Yb3T ions nearby to one
Tm?3t ion, which is shown in detail in Fig.2. At
the same time, for a few excited states, absorption
of Tm?*t ion takes place from level 3F; to 3F, and
from level 3Hy to 'G4. In addition, phonons are also
needed because the energy transfer from Yb3* ions to
Tm3" ions is not a complete resonance according to
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their energy levels. For an unsaturated upconversion
emission process, upconversion emission intensity I,
depends on incident pump power I,ump according to

where n is the number of
[21]

the relation Iy, o< If, 0,
photons involved in the pumping process.

To verify the three-photon upconversion mecha-
nism, the laser pump power dependences of the up-
conversion radiations are measured and displayed in
Fig.3. The slopes of the double logarithmic fitted
lines are close to 3, indicating that blue upconver-
sion emissions of non- and TiOs-coated YoO3:Tm3*,
Yb3* nanoparticles indeed are a three-photon excita-

tion process.
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Fig.3. The integrated intensities of upconversion emis-
sions of non- and TiOz coated Y203:Tm3t, Yb3t
nanoparticles as a function of laser pump power.

It is well known that electric dipole transitions of
lanthanide ions between intra-4f" states are dominant
because the line strengths of electric dipole transitions
are much stronger than those of electric quadrupole
transitions and magnetic dipole transitions. Although
electric quadrupole transitions and magnetic dipole
transitions between intra-4f" states of the isolated lan-
thanide ions are allowed, electric dipole transitions
are forbidden. So, direct excitation for the isolated
lanthanide ions is a relatively inefficient process due
to the forbidden character of electric dipole transi-
tions between intra-4f" states. In comparison with
the energy levels of the isolated lanthanide ions, the
discrete energy levels of lanthanide ions in the host
lattice can be perturbed by the crystalline field; this
fact results in the decrease of the selection rule of ra-
diation transition. Practically, the upconversion lu-
minescence of lanthanide ions originates from intra-
4f™ transitions perturbed by static crystalline fields

and does not involve valence electrons.?>23 So, crys-
talline fields are a prerequisite for the upconversion
luminescence of lanthanide ions. Due to numerous
surface effects of nanoparticles, such as lattice dis-
tortion, broken bond and other surface defects, the
crystalline fields on crystal-air interfaces are badly
degenerated.24=26 A lower quantum yield is conse-
quently observed from the direct excitation process
of the isolated lanthanide ions, and from lanthanide
ions embedded on the particle surfaces due to less
perturbation by the degenerated crystalline fields on
the crystal-air interfaces. Based on the above view-
point, the upconversion emissions of lanthanide-doped
nanoparticles practically originate from lanthanide
ions within nanoparticles rather than those on the par-
ticle surfaces. Fortunately, the coated shell structures
can effectively decrease the surface effects and improve
the degenerated crystalline fields between the core—
shell interfaces.[?”28] The improved crystalline fields
can split 2°T1L; levels of lanthanide ions between the
core—shell interfaces into several Stark levels, and fur-
ther mix their different J states to weaken the se-
lection rules of radiation transitions. Consequently,
large numbers of lanthanide ions between the core—
shell interfaces can become new isolated luminescence
centres; this fact obviously results in enhancements
in the upconversion emission intensities of core—shell
lanthanide-doped nanoparticles. A schematic diagram
of lanthanide ions in the interior core, nearby, and
on the core—shell interface is shown in Fig.4, where
symbolic marks A and B show lanthanide ions in the
interior; mark C indicates a lanthanide ion near the
interface; mark D exhibits a lanthanide ion embedded
on the crystal-air interface, which is called as the ‘dor-
mant’ lanthanide ion; mark E represents a lanthanide
ion coated by TiOs shells with thicknesses of di, ds
and d3, which is called as the ‘activated’ lanthanide
ion because of having a new luminescence centre.

In our experiments, TiOs coated shells can be dis-
tinctly identified by TEM micrographs in Fig.5. How-
ever, x-ray diffraction (XRD) spectra of TiOy coated
Y203:Tm?t, Yb3* nanoparticles in Fig.6 only show
highly crystalline core structures. No characteristic
diffraction peaks of crystalline TiOs shells are de-
tected. Further experiments with pure TiO5 fine pow-
ders synthesized under the same conditions confirm
that the TiO5 shells on the particle surfaces are non-
crystalline, as shown in Fig.6(a).
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Fig.4. Schematic diagrams of lanthanide ions near, on the core—shell interface and in the interior
core, as well as the absorption effects of TiO2 shells on 980 nm incident light and reabsorption effects

on 477 and 489 nm upconversion emission.
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Fig.5. TEM micrographs of non-coated (a) and TiO2 coated Y2O3:Tm3+, Yb3* nanoparticles for coating times of
30 (b), 60 (c) and 90 min (d).
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Fig.6. XRD spectra of noncrystalline TiO2 shells (a), JCPDS card (No:05-0574) for cubic Y203(b),Y203:Tm3t,
Yb3+ nanoparticles (c) and TiO2 coated Y2O3:Tm3*, Yb3+ nanoparticles for coating times of 30 (d), 60 (e) and
90 min (f).
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After coating with noncrystalline TiOy shells,
intra-4f" states of lanthanide ions between the core—
shell interfaces can be perturbed by a ligand field: one
component is from the host, and the other from the
noncrystalline TiOo shells. Consequently, lanthanide
ions between the core—shell interfaces are activated
to participate in the upconversion emission process.
Thus, the enhancements of the upconversion emission
intensities for TiOs coated with Y5O5:Tm3*, Yb3+
nanoparticles should be considered as contributions
from lanthanide ions on the particle surfaces, i.e. role
conversion of lanthanide ions on the particle surfaces
from the ‘dormant’ state to the ‘activated’ state. This
means that noncrystalline TiOy coated shells indeed
provide the ‘dormant’ lanthanide ions on the parti-
cle surfaces with ligand fields to activate them, lead-
ing to an additional upconversion emission. Moreover,
the enhanced degrees of upconversion emission inten-
sities of the coated nanoparticles should be determined
by some factors, such as lanthanide-doped concentra-
tions, specific surface areas of nanoparticles, different
shell materials and the coated shell thicknesses.

In comparison with the upconversion emission
intensity of non-coated nanoparticles in our experi-
ments, 3.2, 5.4, and 2.2 times enhancements of the
upconversion emission intensities of TiOg coated with
Y503:Tm3*, Yb3+ nanoparticles for coating times of
30, 60 and 90 min are respectively observed at an
excitation power density of 3.21x102 W-ecm~2. To
enable quantitative evaluation of the effects of shell
thicknesses on the additional upconversion emission
intensities, a parameter called relative variable ratios
(RVR) of upconversion emission intensities is intro-
duced here. Thus, RVR is defined as

Icoat - Iref

RVR =
I ref

x 100%, (1)

where I.o.t and I are the integrated intensities of
upconversion emission of TiO5 coated and non-coated
nanoparticles as references, respectively. From the
calculated results of RVR in Table 1, it can be seen
that RVR begins to rapidly rise from a coating time
of 30 to 60 min, and then undergoes an abrupt re-
versal at 60 min, subsequently falling from 60 to 90
min sharply. The developing tendency of RVR im-
plies that besides role conversion of lanthanide ions
on the particle surfaces, another factor has practically

influenced the upconversion emission enhancements of

TiO coated nanoparticles with increasing shell thick-

nesses.

Table 1. Relative variable ratios of upconversion emission
integrated intensities of TiOg coated YoO3:Tm3*, Yb3+
nanoparticles for different coating times. All samples are
excited at 25.2 mW (3.21x10%2 W-cm™2) at room temper-
ature.

90 min

123.2%

60 min

444.3%

30 min

223.1%

coating time

RVR

Considering the same upconversion material used
in our experiments, we find that the factor should re-
sult from absorption effects of TiO4 shells on incident
light. According to Lambert’s law,[?%) transmission in-
tensities of incident light will decrease with increasing
absorption layer thicknesses, namely

Itrans = IOe_k$a (2)

where I a5 is the transmission intensity; I is the in-
cident light intensity; & is the absorption coefficient of
solid; x is the transmission distance of incident light in
a solid. In addition, the absorption coefficient of the
solid is related to both the refractive index and the ex-
tinction coeflicient of the solid according to Ref.[29],

namely

k= %nrenv (3)
where \g is the wavelength of incident light; n. is the
refractive index of the solid; 7 is the extinction coef-
ficient of the solid. Because the transmission light is
also the pump light in Fig.4, the absorption effects of
different thickness TiO5 shells on 976 nm incident light
actually weaken the pump light, and further decrease
the upconversion emission intensities of TiOs coated
nanoparticles according to the relation Iy, o¢ 17,
Moreover, reabsorption effects of TiOs shells on 477
and 489 nm upconversion emissions also should be
considered. Assume that the transmission distances
(z) of incident light can be substituted by TiOz shell
thicknesses, which are measured from TEM micro-
graphs in Fig.5. The refractive index of TiOy film
is 2.30 at 500 nm,% and its extinction coefficient is
about 7.5x107%; the refractive index of TiO, film is
2.09~2.31 at 980 nm, and its extinction coefficient
is about 2.0x1072 ~ 3.5x1072. According to Egs.(2),
(3), and the relation Iy, o< If,p,
influence of different thickness TiO5 shells on 980 nm

we can calculate the

incident light and 500 nm upconversion emission, as
shown in Table 2. It can be seen from the calculated
results that the thicker TiOs shells are, the stronger
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both absorption effects of TiO2 shells on 980 nm inci-
dent light and reabsorption effects on 500 nm upcon-
version emissions are. Thus, we ascribe the upconver-
sion emission enhancements of TiOs coated nanopar-
ticles to a competition process between two mecha-
nisms. The first is the role conversion of lanthanide
ions on the particle surfaces from the ‘dormant’ state
to the ‘activated’ state due to re-perturbation by the
ligand fields from coating noncrystalline TiOs shells.
The other is the absorption effects of different thick-
ness TiO4 shells on incident pump light and reabsorp-
tion effects of TiO5 shells on the upconversion emis-
sion. When the TiO; shells are thinner, the enhance-
ments in the upconversion emission intensities of TiO4
coated nanoparticles originating from role conversion

of lanthanide ions on the particle surfaces are pre-
dominant, while absorption and reabsorption effects
of TiOg shells are also weak; this fact leads to the en-
hancements in upconversion emission of TiOy coated
nanoparticles. When TiOs shells are thick, absorp-
tion and reabsorption effects of TiOg shells turn into
the dominant factor in the competition process; this
fact obviously weakens the upconversion emission of
TiOs coated nanoparticles. It is a specific thickness
TiOg shell that can provide the best ligand field for the
‘dormant’ lanthanide ions on the particle surfaces to
fully activate them, and absorption and reabsorption
effects of TiO- shells are also appropriate; this fact re-
sults in the remarkable enhancements in upconversion
emission of TiOy coated nanoparticles.

Table 2. Absorption effects of different thickness TiO2 shells on 980 nm incident light, upconversion emission
and reabsorption effects of TiOg shells on 500 nm upconversion emission.

coating time 30 min 60 min 90 min
TiO9 shell thickness 34 nm 50 nm 63 nm
absorption effects of TiOg2 shells on 980 nm incident light (Ipump / Io) 96.8% 95.3% 94.2%
Tup o Igump(lup/lg, n =3) 90.7% 86.6% 83.6%
reabsorption effects of TiO2 shells on 500 nm upconversion emission (Ilumin/fg) 90.6% 86.4% 83.4%

4. Conclusions

It can be seen from the above results and dis-
cussion that the upconversion emission intensities of
Y>05:Tm?t, Yb3T nanoparticles can be enhanced
by coating with TiOy shells.
the upconversion emission intensity of non-coated

In comparison with

nanoparticles, 3.2, 5.4, and 2.2 times enhancements of

the upconversion emission intensities of TiOy coated

Y205:Tm?*, Yb3T nanoparticles for coating times of
30, 60 and 90 min can be respectively achieved at an
excitation power density of 3.21x10%2 W-cm~2. Con-
sidering the developing tendency of RVR, a competi-
tion process between two mechanisms was presented.
It can be therefore concluded that intense upconver-
sion emission of Y5;03:Tm3*, Yb3+ nanoparticles can
be achieved by coating the surfaces of doped nanopar-
ticles with a specific thickness shell.
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