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Yb**/Er** and Yb**/Tm** co-doped LaF; nanoparticles with upconversion luminescence
properties were prepared via the co-precipitation method, followed by heat treatment at
different temperatures in the range of 180°C to 600°C. We investigated the influence of heat
treatment temperatures on the size, morphology, and upconversion luminescence intensity
of the nanoparticles. Significant increases of the particle size and upconversion luminescence
intensity of the nanoparticles were observed with increasing heat treatment temperature.
The upconversion mechanism of the LaF5:Yb>* Er** and LaF;:Yb*", Tm*" nanoparticles was
also discussed.
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1. Introduction

In the field of luminescent bio-labeling, considering their attractive optical and chemical
features such as low toxicity, large effective Stokes shifts, as well as high resistance
to photobleaching, blinking, and photochemical degradation, lanthanide-doped
luminescent nanoparticles were proposed to be a promising new class of luminescent
labelling agents, which have the potential and ability to overcome a number of
problems associated with the commonly used luminescent labels [1-3]. In particular,
lanthanide-doped luminescent materials have the unique feature of converting near
infrared photons (NIR) to visible (VIS) in a process known as upconversion [4, 5].
Labelling with lanthanide-doped upconversion nanoparticles can circumvent auto-
fluorescence from and photo-damage to the biological specimens associated with
conventional luminescent labelling technologies [6, 7], which are mostly based on the
use of ultraviolet (UV) or short wavelength visible (VIS) irradiation.
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The concept of using NIR irradiation to generate VIS emission for bio-applications
first appeared in 1990, through a multi-photon microscopy technique [8]. However, in
multi-photon excitation processes, a high photon flux at MWem ™' and GWem™!
intensities needs to be delivered to the sample because multi-photon absorption involves
a non-stationary quantum mechanical state and thus exhibits very low efficiency [9].
To avoid thermal decomposition processes in the sample, expensive ultrashort pulsed
lasers are frequently employed as light sources. In comparison, lanthanide-doped
upconversion nanoparticles are more preferable since they can easily be excited by
economical continuous wave (cw) diode laser source at conventional excitation light
intensities, as a result of the ladder-like arranged electronic states of the trivalent
lanthanide ions [4, 5].

The preparation of lanthanide-doped upconversion nanoparticles has been reported
previously. However, in the beginning the host matrices involved were mostly
oxides [10—-13]. Very high temperatures were required to prepare these materials and
thus the products usually show low process ability. In addition, oxides usually have
high vibrational energies, which would cause significant loss of the excitation energy
of the luminescent center and thus lead to low upconversion efficiency. Therefore,
oxide nanoparticles were not the optimal candidates for using as upconversion
biolabels. In recent years, fluoride nanoparticles have attracted increasing attention
due to their low vibrational energies and ease of preparation. The syntheses of
lanthanide-doped NaYF,, NaGdF,, GdF;, YF;, and LaF; nanoparticles that can
disperse in various solvents and exhibit strong upconversion luminescence have also
been reported [14-23].

LaF; is a typical fluoride characterized by its adequate thermal and environmental
stability as well as large solubility for all lanthanide ions [24, 25]. Therefore, LaF; is one
of the most frequently used host materials for luminescent lanthanide ions. So far,
lanthanide-doped LaF; nanoparticles have been extensively studied [26-29]. LaF;
nanoparticles with upconversion luminescence properties have also been reported
before [20, 23]. However, most of the previous studies only aimed at the development of
a new synthesis method to prepare LaF; nanoparticles with controlled size and tailored
surface property. Little attention has been paid to the enhancement of upconversion
luminescence, which is also crucial to their practical applications. In this paper,
we prepared Yb*'/Er* ™ and Yb**/Tm>" co-doped LaF5 nanoparticles by a very simple
co-precipitation method. Aiming at enhancing the upconversion luminescence, we then
annealed the samples at different temperatures and investigated the effect of heat
treatment temperatures on the size, morphology, and upconversion luminescence
intensity of the nanoparticles. We also studied the upconversion mechanism of the
LaF5;:Yb*" Er*" and LaF;:Yb> ", Tm** nanoparticles.

2. Experimental

In a typical procedure to prepare the lanthanide-doped LaF; nanoparticles, 0.4 mmol
LnCl; (Ln=La, Yb, Er/Tm) were added to a beaker containing 100 ml ethanol. After
being stirred magnetically for about 10min, the mixture became a colorless
transparent solution. Then, slightly excessive ammonium fluoride (1.5mmol NH4F)
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was added to the beaker. After being stirred for 4 h at 60°C, the precipitated powders
were separated by centrifugation, washed with deionized water and ethanol for several
times, and then dried in an oven at 50°C for 12 h. To study the effects of heat treatment
on the properties of the products, the as-prepared nanoparticles were annealed for 2 h at
different temperature (180°C, 400°C, and 600°C) in a stove and collected for
characterisation.

The phase and crystal structure were analysed by X-ray diffraction (XRD)
(Philips XD98) using Cu Kea radiation. Transmission electron microscope (TEM)
images were taken on a JEM-1230 microscope operating at 80 kV. The upconversion
emission spectra were taken on the Hitachi F-4500 fluorescence spectrophotometer
with an external 980-nm LD as the excitation source, instead of the xenon source
in the spectrophotometer. Differential thermal analysis (DTA) and thermal
gravity (TG) measurements were carried out in a CDR-1 differential thermal analyser
in order to detect the other effects of heat treatment on the as-prepared LaF;
nanoparticles.

3. Results and discussion

Figure 1 shows the transmission electron microscope (TEM) images of the 20 mol%
Yb** and 2mol% Er’* co-doped nanoparticles as prepared and after heat treatment
for 2h at different temperatures. The size of the nanoparticles increased rapidly from
less than 10nm to around 100nm with elevating heat treatment temperatures,
indicating growth of the nanoparticles happened during the heat treatment processes.
Due to reduction in the surface energy caused by increase of the particle size, less
agglomeration was observed for samples annealing at higher temperatures.

The crystal phase of the nanoparticles was determined by X-ray powder diffraction.
Figure 2(a) gives XRD patterns of the 20mol% Yb*" and 2mol% Er*" co-doped
nanoparticles synthesized at different temperatures. Compared to the JCPDS standard
card (32-0483) of the hexagonal LaF; crystal, there were no excessive peaks, indicating
the formation of the single-phase hexagonal crystalline of LaF;. From figure 2(a) we
can also observe that with increasing heat treatment temperature the intensity of the
diffraction peaks increase gradually and the full width at half maximum (FWHM) of
the peaks reduced gradually, indicating improvement of the particle crystallinity and
increase of the particle size. The mean particle size of the nanoparticle can be estimated
roughly from the broadening of the peaks by using the Scherrer formula. Figure 2(b)
shows the relationship between the heat treatment temperatures and particle diameters
determined by fitting (111) diffraction peak to Scherrer formula. As can be seen, the
particle size increased only slightly at heat treatment temperatures below 400°C. Heat
treatment above this temperature will cause significant increase of the particle size over
100nm. Thus, a heat treatment temperature of lower than 400°C is suitable for
preparing LaF; nanoparticles.

To investigate other effects of the heat treatment, the DTA-TG analysis of the as
prepared 20mol% Yb** and 2mol% Er** co-doped nanoparticles was taken and the
results are given in figure 3. The TG diagram exhibits two obvious weight-losses in the
temperature ranges of 70-90°C and 90-250°C. The weight—loss in the temperature
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Figure 1. TEM images of 20mol% Yb>* and 2mol% Er** co-doped LaF; nanoparticles (a) as-prepared
and after heat treatment at (b) 180°C, (c) 400°C, and (d) 600°C.

range of 70-90°C can be attributed to the evaporation of the ethanol molecules, and
the weight-loss in the temperature range of 90-250°C was due to the removal of the
OH™ groups, NH4Cl, and NH4F from the particle surface, respectively. In the DTA
diagram, two endothermic peaks at about 90°C and 200°C can be observed, which
correspond to the weight losses mentioned above. In addition, broad exothermic peaks
starting at about 500°C were also observed in the DTA diagram, which can be
attributed to the crystal structure adjustments of the nanoparticles.

The upconversion spectra of the 20mol% Yb’T and 2mol% Er'" co-doped
nanoparticles synthesized at different temperatures are depicted in figure 4.
The emission spectrum exhibits typical Er’" emission peaks at the 411 nm, 525nm,
539nm, and 653nm, which can be assigned to 4H9/2—> 4115/2, 4H11/2—> 4115/2,
4S3/2 -, s/, and 4F9/2 — 4115/2 transitions, respectively. It can also be observed from
the upconversion spectra that the intensities of upconversion luminescence increase
rapidly with increase of the heat treatment temperatures. The upconversion emissions
of nanoparticles that were heat treated at above 400°C were so strong that they are
visible to naked eyes when excited with a laser diode of about 50 mW at 980 nm. When
samples were heat treated at high temperatures, the crystal structure of host materials
can be improved and thus the solubility of lanthanide ions can be raised, which resulted
in part elimination of the ion cluster [30] and thus reduced the loss of excited energy by
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Figure 2. (a) XRD patterns of the 20mol% Yb*" and 2mol% Er’* co-doped LaF; nanoparticles
synthesized at different temperatures. The line spectrum corresponds to the literature data of bulk LaF;
(ICDD PDF No. 32-0483). (b) Dependence of the nanoparticle diameters estimated from the Scherrer
equation on the temperatures.
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Figure 3. DTA (solid line) and TG (dash line) diagram of the as-prepared LaF5:Yb*" Er*" nanoparticles.
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Figure 4.  Upconversion emission spectra (excited with a 600 mW diode laser at 980 nm) of the 20 mol%
Yb*t and 2mol% Er*" co-doped LaF; nanoparticles synthesized at different temperatures. Inset:
Relationship between the experimentally determined upconversion luminescence intensity on the synthesis
temperature for the 4S3’,2~>4I] 5/» emission of Er** from the LaF;:Yb* " Er’t nanoparticles.

cross relaxation. On the other hand, the removal of OH™ groups from the particle
surface and the increase of the particle size resulting from the heat treatment also
reduced the loss of excited energy by surface defects. Therefore, the upconversion
luminescence would be significantly strengthened with elevating heat treatment
temperature. The inset of figure 4 shows the relationship between integrated green
upconversion emission (4S3/z—>4115/2) of Er*" and the heat treatment temperature.
The tendency of this curve exhibited a very good agreement with the curve shown in
figure 2(b), implying the increase of the particles sizes is the major reason for the
increase of the upconversion luminescence intensity.

Using the same method, 10mol% Yb>" ions and 2mol% Tm>" ions co-doped LaF5
nanoparticles with blue upconversion emission were synthesized (heat treated at 60°C
for 2h). The upconversion spectrum of the nanoparticles is given in figure 5.
The emission peaks at 450 nm, 476 nm, and 647 nm is ascribed to 'D> — *F,, 'G4— *Hg
and 'G, — *Hy transition of Tm®", respectively.

For the upconversion Iuminescence, the emission intensity and the power of laser
resource present an exponential relationship. The logarithm of upconversion emission
intensity depends linearly on the logarithm of excitation power and the slope of the
beeline is the number of photons the excitation process required. Figure 6 gives the
double logarithmic curves of upconversion emission intensities and excitation powers
for LaF;:Yb* " Er'" and LaFy:Yb*" , Tm?®" nanoparticles. The slopes of the curves
corresponding to the LaF;:Yb*" Er*™ upconversion emission at 411 nm and 539 nm
were 2.65 and 1.83, which indicated that the two emissions were due to triple and
double photons processes, respectively. The slope of the curve corresponding to the
LaF5:Yb*", Tm*" upconversion emission at 476nm can be found to be 2.63, so the
blue upconversion emission of Tm>* was a triple photons process. This is in accordance
with the upconversion mechanism of Er** and Tm** which was described by sequential
two-photon absorption or energy transfer upconversion mechanisms [4, 19].
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Figure 5. Upconversion emission spectrum (excited with a 600 mW diode laser at 980 nm) of the 10 mol%
Yb** and 2mol% Tm*" co-doped LaF5 nanoparticles synthesized at 600°C.
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Figure 6. (a) Relationship between the upconversion luminescence intensity and the pumping power of
diode laser for Er** 411 nm and 539 nm emissions from the 20 mol% Yb*" and 2mol% Er** co-doped LaF;
nanoparticles. (b) Relationship between the upconversion luminescence intensity and the pumping power of
diode laser for Tm®" 476nm emission from the 10mol% Yb>' and 2mol% Tm’" co-doped LaF;
nanoparticles.
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4. Conclusions

LaF;:Yb*",Ln*" (Ln=Er, Tm) nanoparticles with upconversion luminescence were
synthesized via a co-precipitation method, followed by heat treatment at 180°C, 400°C,
and 600°C, respectively. The upconversion luminescence intensity of Yb*'/Er’™
co-doped LaF; nanoparticles increased significantly, mainly due to the concurrent
increase of the particle size, with increase of heat treatment temperatures. The samples
consisted of well crystallized hexagonal phases. Their diameters remained in
the nanometer scale at the heat treatment temperatures of 180°C and 400°C.
The upconversion emissions of Er*™ at 411 nm and 539 nm were found to be triple
and double photons processes, respectively. The 476 nm upconversion emission of
Tm>" can be ascribed to a triple photons process.
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