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For the first time, a facile hydrothermal approach to synthesize the highly efficient 1 mol% Er3*/2 mol%
Yb3* codoped NasScFs upconversion (UC) microcrystals is reported. The X-ray diffraction (XRD) pat-
terns indicate that the prepared powders possess monoclinic structure. Field emission scanning electron
microscopy (FESEM) shows that these samples have monocline morphology with high crystallinity. Under
980 nm diode laser excitation, NasScFs:1 mol% Er3*, 2 mol% Yb** microcrystals emit strong green and red
upconversion emissions. UC mechanisms for these emissions are proposed based on their pump power

© 2012 Published by Elsevier B.V.

1. Introduction

Rare-earth-doped upconversion (UC) materials have recently
garnered considerable attentions due to their potential applica-
tions in solid state lasers [ 1], 3D volumetric displays [2,3], biological
imaging and therapy [4-6], low-intensity near infrared (NIR) con-
version [7], photovoltaics [8,9], etc. Photon UCis a unique nonlinear
process that converts long-wavelength excitation, usually in the
NIR range into visible or ultraviolet (UV) radiations through use
of the ladder-like energy levels of rare-earth ions diluted in the
host lattice. Among these UC materials, fluoride host materials have
intriguing characteristics to distinguish them for these endeavors.
For example, fluoride host lattices have high thermal, optical, and
chemical stability, and they possess an extremely wide transpar-
ent spectroscopic range for light frequency conversion from far
infrared to vacuum UV [10,11]. Moreover, they have low phonon
cutoff energy that can efficiently decrease multiphonon-assissted
nonradiative relaxations in the intermediate states of rare earth
ions, therefore, generally leading to the high UC efficiency [12].
Fluoride host materials of MREF, (M =Li, Na, K) have been demon-
strated to possess higher UC luminescence efficiency than the other
UC fluoride materials investigated [13-15]. As such, the prepa-
ration and controlled synthesis of MREF, fluoride materials have
attracted great interests in the literature [7,15-25]. Micro- and
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nano-crystals of NaYF4 and NaGdF,4 with diverse shapes have been
successfully synthesized using various chemical techniques such
as, co-precipitation, hydrothermal, solvothermal, thermal decom-
position approaches [26-30], etc. Moreover, nano-crystals of LiYF,4
have also been synthesized by the thermal decomposition method
recently [31]. However, there were no previous reports on the syn-
thesis of Na3ScFg UC materials.

Similar to other MREF, materials (e.g., NaYF,), Na3ScFg lat-
tice possess excellent optical qualities [32], thus the NasScFg is
expected to be a promising host lattice. It is known that the UC
emission intensity is sensitive to the symmetry and the phonon
energy of host lattice, and the lower symmetry of the crystal
field and shorter distance between rare-earth ions are beneficial
to improve the UC efficiency [33,34]. Ma et al. has shown that
the introduction of Sc3* ions in NaYF4:Er3*/Yb3* nanoparticles can
remarkably enhance the blue, green, and red upconverted emis-
sions due to the lowering the symmetry of the local crystal field of
the NaYF, host lattice and the shortening of the distance between
rare-earth ions [35]. This result suggests that the NaScFy host lat-
tice might have promising UC properties; however, this conclusion
remains unclear up to now due to the lacking of the data in the
literature. Herein we report the synthesis of NasScFg:1 mol% Er3",
2mol% Yb3* microcrystals. We then compared their emission UC
intensity with NaYF4:1 mol% Er3*, 2 mol% Yb3* microcrystals of the
same size. We found that the resulting NazScFg:1 mol% Er3*, 2 mol%
Yb3* microcrystals showed similar intense UC emissions with that
of NaYF4:1 mol% Er3*, 2 mol% Yb3* microcrystals. The result here
demonstrates that the monoclinic Na3ScFg is also a promising UC
host lattice for potential applications.
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2. Experimental description
2.1. Preparation of NasScFg microcrystals

Analytical grade chemicals of Sc;03, Yb,03, Er,03, were supplied by (Guang-
dong Province) CongHua City JianFeng Rare Earth Company. HF, NaOH, HNO3, EDTA
and salicylic acid were purchased from Tianjin Chemical Reagent Company and used
as the starting materials without further purification. 0.1381 g of Sc;03 (99.999%),
0.0197 g of Yb,03 (99.999%) and 0.0038 of Er,03 (99.999%) were mixed sufficiently
and dissolved in dilute HNO3 by heating and stirring to prepare the stock solution.
The mixed nitrate solution thus was allowed to cool down to room temperature and
then 0.584 g of ethylenediaminetetraacetic acid (EDTA) was added into the mixed
nitrate solution. After mixing with 2 mL HF (99.9%) until a white homogeneous solu-
tion appeared, a well-controlled amount of NaOH (99.9%) solution was added while
magnetically stirring until a pH =4 was reached. The mother solution containing the
white suspension was sealed in 50 mL Teflon-lined stainless steel autoclaves which
were allowed to react at 180°C for 12 h. The as-prepared white suspensions were
washed with ethanol and deionized water several times and then dried at 80 °C for
2h.

2.2. Characterization

X-Ray powder diffraction (XRD) pattern was carried out by a Rigaku D/max-yB
diffractometer equipped with a rotating anode and a Cu Ko source (A =0.15418 nm).
FESEM micrographs were obtained using a field emission scanning electron micro-
scope (FESEM, MX2600FE). Upconversion luminescence properties were measured
by a regeneratively amplified 980 nm diode laser (Hi-Tech Optoelectronics Co. Ltd.,
Beijing). The emitted UC fluorescence was collected by a lens-coupled monochroma-
tor (Zolix Instruments Co. Ltd., Beijing) of 3 nm spectral resolution with an attached
photomultiplier tube (Hamamatsu CR131). All measurements were performed at
room temperature, preserving the same geometry for the UC luminescence record-
ing.

3. Results and discussion

Fig. 1 shows the XRD pattern of the as-prepared Na3ScFg:1 mol%
Er3*, 2mol% Yb3* powders. It can be seen that the peak positions
and intensities of the microcrystals are in good agreement with
that in the contrasted standard monoclinic Na3ScFg (space group:
P21/n, JCPDS no. 20-1153). The lattice parameters are calculated to
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Fig. 1. XRD patterns for the as-prepared: (a) Na3ScFs:1 mol% Er3*, 2 mol% Yb3*, and
(b) the standard data of monocline Na3ScFs (JCPDS no. 20-1153) as a reference.

be: (a) 5.602 A, (b) 5.803 A, and (c) 8.121 A. Since there is no other
phases displayed in Fig. 1, this demonstrates that Yb3*/Er3* were
doped into the NasScFg host lattices.

A low-magnification FESEM image (Fig. 2a) shows that the
as-prepared Na;ScFg:1 mol% Er3*, 2 mol% Yb3* exhibits monoclinic
phase morphology with good uniformity and dispersity, which
agrees well with the XRD result in Fig. 1. According to Fig. 2a, the
average size of Na3ScFg:Er3*/Yb3* powders is calculated to be about
1 pm in length. Fig. 2b-d presents a higher magnification FESEM
image of the prepared powders. As can be seen in these images,
the Na3ScFg:1mol% Er3*, 2mol% Yb3* powders show smooth
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Fig. 2. Typical FESEM images of the Na3ScFs:1 mol% Er3*, 2 mol% Yb3*.
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Fig. 3. The UC emission spectra of Na3ScFs:1 mol% Er3*, 2 mol% Yb3* microcrystals
under 980 nm excitation.

morphology with perfect crystallization, and their microcrystals
possess clear monoclinic morphology.

Fig. 3 shows the UC fluorescence of Na3ScFg:1 mol% Er3*, 2 mol%
Yb3* microcrystals in the spectroscopic range of 500-700 nm under
diode laser excitation of 980nm. Two UC bands of green and
red centered at 525/540 and 660 nm are observed, which can be
assigned to the 2Hy12/4S32 — 41152 and 4Fgp — 41y transitions
of Er3* ions, respectively. It is worthwhile to mention that a strong
green emission was observed in Na3ScFg:1 mol% Er3*, 2 mol% Yb3*
microcrystals even by the naked eyes.

From Fig. 4, NaYF4:1 mol% Er3*, 2mol% Yb3* microrods with
uniform morphology and high quality were successfully syn-
thesized via the same hydrothermal route. And the size of the
as-prepared microrods is close to the Na3ScFg:1 mol% Er3*, 2 mol%
Yb3* microcrystals. Furthermore, the UC emission intensity of
Na3ScFg:1mol% Er3*, 2mol% Yb3* is compared with that of
NaYF4:1mol% Er3*, 2mol% Yb3* microrods. As shown in Fig. 4,
the strongest peak of NaYF4:1 mol% Er3*, 2 mol% Yb3* microrods,

centered at 540 nm, is slightly better than the Na3ScFg:1 mol% Er3*,
2 mol% Yb3* microcrystals. However, it should be pointed out that
the stronger green emission, comparing with the red emission, was
observed in Na3ScFg:1 mol% Er3*, 2 mol% Yb3* microcrystals, which
could be in favor of obtaining high purity of single-band UC green
emission attractive for color display applications [36]. Moreover,
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Fig. 4. UC photoluminescence (PL) spectra of Na3ScFs:1 mol% Er3*, 2 mol% Yb3* and
NaYF4:1 mol% Er3*, 2 mol% Yb3* microcrystals, respectively.
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Fig. 5. Dependence of green and red emission from Na3ScFs:1 mol% Er3*, 2 mol%
Yb3* microcrystals on pumping power.

the synthesis of Na3zScFg microcrystals has not been reported so
far, which indicates the Na3ScFg host matrix can be developed to
enhance the emission intensities. Thus it demonstrates that the
Na3ScFg:1 mol% Er3*, 2 mol% Yb3* microcrystals is also an excellent
host lattice for upconversion luminescence materials and should be
particularly useful for further development of novel upconversion
microcrystals with potentially high emission intensities.

In order to investigate the upconversion mechanism, pump
power-dependence of green and red UC emissions was measured
and displayed in a logarithmic scale (Fig. 5). For the unsaturated
status, the number of photons that are required to populate the
upper emitting state can be obtained by the relation If o« P", where
It is the fluorescent intensity, P is the pump laser power and n is the
number of the laser photons required. From Fig.4,n=2.11,1.96, and
2.13 are obtained for Hyq 2 — #I35/2,4S3/2 — 41152, and 4Fg 5 — 41152
transitions, respectively. These values suggest two-photon process
is involved to populate the Hy3, S35, and #Fqy, state, respectively.

Fig. 6 displays the energy levels of Yb3* and Er3* ions as well
as the proposed UC mechanisms. Yb3* ion absorbs one laser pho-
ton and is excited from the ground 2Fy, state to the 2Fs, state.
The excited Yb3* ions transfer its absorbed energy to the neigh-
boring Er3* ion and excite it from the 4I;s5/; to the 4I;;p, and
then to the 4F7/2 state. Alternatively, the energy transfer process
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Fig. 6. The energy level diagrams of Yb3* and Er3* ions as well as the proposed UC

mechanisms.
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4N1j2 + 4112 = lys2 + 4F7p or the excited state absorption process
41112 +hv — 4F7); can also populate the 4F;, levels. Multiphonon
assisted relaxations from the 4F7/2 state can then populate the
2Hyqj2 and 4S3); levels and generate the 525 and 540 nm emis-
sions, respectively. The red emission at 660 nm originates from the
4Fgj, — 4115/ transition and the 4Fg), state can be populated based
on nonradiative relaxations from the 453/2 level and energy transfer
from Yb3*ions. The energy gap between the 4S5, and 4Fg), level is
about 2500 cm~!, which requires at least 7 lattice phonons (phonon
cut off energy of NazScFg:Er3*/Yb3* <400cm~1). Therefore, the
nonradiative relaxation rate is quite low. The energy transfer from
Yb3*ions can resonantly promote the Er3* ion at the 41,3, state to
the 4F9/2 state, i.e., 4113/2(Er) +4F5/2(Yb) — 4F9/2(Er) +4F7/2(Yb). The
4[13/2 state is populated by nonradiative relxations from the 4I;; 2
sate, which involves about also 9 lattice phonons to bridge the large
energy gap of about ~3600 cm~1[37]. Since both the two pathways
are hard to occur, this therefore leads to a low red UC emis-
sion and in good agreement with the experimental observations
in Fig. 3.

4. Conclusions

In summary, monoclinic Na3ScFg:1mol% Er3*, 2mol% Yb3*
microcrystals have been successfully synthesized by a facile
hydrothermal approach. The samples display high uniformity and
crystallization with an average size of 1 wm in length. In addi-
tion, intense green UC emissions were observed in Na3ScFg:1 mol%
Er3*, 2 mol% Yb3* powders under the excitation of 980 nm, and the
mechanism of the observed UC emissions are proposed. This work
provides a simple and facile approach to synthesize the monoclinic
Na3ScFg:1 mol% Er3*, 2 mol% Yb3*, which might have great impact
in practical applications.
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