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Abstract

Tm?** doped KF-YDbF; nanocrystals were synthesized by a hydrothermal method using oleic acid as a stabilizing agent at 190 °C.
The influence of Gd>*+ and Sm>* content on the phase structure and upconversion (UC) emission of the final products was investigated
by X-ray diffraction (XRD), transmission electron microscopy (TEM) and UC spectra. XRD analyses and TEM observations evidence
that the phase and size of the as prepared Tm>* doped KF—YbF; nanocrystals are closely related to the Gd*>* doping content. Without
Gd** impurity, the undoped nanocrystals crystallize in orthorhombic KYb,F; with an average diameter of 42 nm. When the Gd>*
doping is below 10 mol%, the orthorhombic KYb,F; nanocrystals grow up. However, with Gd>* addition beyond about 30 mol%, the
complete phase transformation from orthorhombic KYb,F; to cubic KGdF, occurs in the final products. Under the excitation of a
980 nm laser diode, the as prepared Tm>* doped nanocrystals exhibit strong near-infrared UC emission at 800 nm. Particularly, the
intensity of high energy UV and blue UC emissions of Tm®™ ions in Tm>* doped KYb,F; nanocrystals are selectively reduced
compared to the NIR emission at 800 nm by co-doping a small amount of Sm** ions into the host matrix. Possible dynamic processes
for UC emissions in Tm>* doped nanocrystals are discussed in detail.
© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

Keywords: Hydrothermal method; Upconversion; Phase transformation; Lanthanide doping

1. Introduction

Lanthanide (Ln**) ions doped up-conversion (UC)
nanocrystals attract more and more attention because of
their potential applications in multi-color displays [1,2],
optical processing sensors [3], solar cells [4,5], and especially,
luminescencent labels for bioimaging and biomedicine [6-8].
At present, many host materials, such as oxides, phos-
phates, vanadates, fluorides, and chlorides, have an ability
to demonstrate highly efficient multicolor UC emissions
under the excitation of a near-infrared (NIR) laser diode
(LD) with wavelength of 980 nm [9,10]. Among them,
fluorides have been extensively investigated due to strong
UC emissions. By precisely controlling the doping type and
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concentration of Ln** ions, multicolor UC emissions
spanning infrared to deep ultraviolet including white light
have been observed from fluoride nanocrystals [8,9,11-19].
Very interestingly, in these systems, Ln>* doping also has
great effect on the crystal phase and size along with the UC
emission [2,20-22]. For instance, Wang et al. [2] demon-
strated that the size reduction down to ten nanometers,
phase transformation from cubic to hexagonal of NaYF,
nanocrystals could be rationally tuned by introducing
trivalent Gd*" ions at precisely defined concentrations.
However, studies on the influence of Ln’" doping in
fluoride nanocrystals have mostly been restricted to
NaLnF, system and there have been few investigations on
other important fluorides such as LnF3;, MF-LnF3; (M=Li,
K, and Cs), and AF>,—LnF; (A being a group-II element).

Ln?®*-doped UC nanocrystals have demonstrated a great
potential as optical contrast agents for bio-imaging due to the
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fact that the excitation light (~980 nm) falls well within the
biological transmission window leading to increased penetra-
tion depths and reduced autofluorescence. In addition, Ln®*-
doped UC nanocrystals have superior photo and chemical
stability and ability to display multicolored, spectrally dis-
tinguished UC emission under excitation with low-cost NIR
LD. Up to now, several groups have reported the applica-
tions to biology including both in vitro and in vivo imaging
[8]. Unfortunately, the output emissions in the range of the
visible region increase the background scattering leading to
reduced resolution in the imaging process. Very recently,
Yb?T-Tm** co-doped fluoride nanocrystals with strong
NIR-to-NIR UC emission are of great interest because in
these UC nanocrystals the UC emission peaked at 800 nm
and the excitation at 980 nm are both within the spectral
range of 750-1000 nm, which is considered the “window of
optical transparency” for biological tissues [23-26]. Hence,
these Yb* "-Tm** co-doped nanocrystals with strong NIR-
to-NIR UC emission allows us to perform high-contrast
in vitro and in vivo optical bioimaging with a relatively high
tissue penetration depth [26]. Nevertheless, in addition to the
strong NIR emission, the Tm®" ions in the fluoride
nanocrystals emit relatively strong emissions in the blue
region (~475 and 450 nm) and weak emissions in the red
region (~650 nm) and ultraviolet region (360 nm), which
inevitably affect the resolution of the imaging process. Hence
it is highly desirable to develop an approach to improve NIR
(~800 nm) to visible/UV emission ratios so as to further
enhance the resolution of the bio-imaging process [24].

The KF-LnF; system is interesting due to both its
structural and optical properties. Despite recent research
on the KF-LnF; nanocrystals [12], the effect of Ln**
doping on crystal phase and NIR to NIR UC emission in
these nanocrystals has been rarely reported. In this work,
Tm?® " doped KF-YDbF5 nanocrystals are synthesized by a
hydrothermal method using oleic acid as a stabilizing agent
at 190 °C. The influence of Gd** and Sm>* content on the
phase structure and NIR UC emission of Tm>* doped
KF-YDbF; nanocrystals is investigated in detail.

2. Experimental

The synthesis was carried out using commercially avail-
able reagents. The Ln(NOs);.6H,O with the grade of
99.99% were supplied by Sinopharm Chemical Reagent
Company. All other chemicals were analytical grade and
were used as received without further purification. In a
typical synthesis, 2 ml of an aqueous solution containing
17.5 mmol KOH, 12 ml alcohol and 15 ml oleic acid were
added to a beaker sequentially under vigorous stirring to
form a transparent homogeneous solution at room tem-
perature. Then, 2.24 ml of 0.5M Ln(NO3); (1.12 mmol)
with pre-designed Yb*>* and Gd** or Sm®* content were
poured into the translucent solution under vigorous stirring
and the obtained mixture was aged for 10 min at room
temperature. At last, Sml of 1.2M KF (6 mmol) were
added under vigorous stirring until a translucent solution

was obtained. After agitating for another 30 min, the
colloidal solution was transferred to a 50 ml stainless
Teflon-lined autoclave. The reactions were conducted in
an oven at 210 °C for 20 h. After the reaction, the products
deposited on the bottom of the Teflon vessel were collected
and washed with ethanol and deionized water several times
to remove other remnants, and then dried at 70 °C for 24 h.

The crystal structures of the synthesized samples were
determined by X-ray diffraction (XRD, D/Max 8550)
using a copper K, radiation source (4=0.154 nm) at
40 kV and 40 mA. The morphologies and microstructures
were characterized by transmission electron microscopy
(TEM, JEOL 2100) equipped with selected area electron
diffraction (SAED) and an Oxford energy dispersive X-ray
spectroscopy (EDS) system at an acceleration voltage of
200 KV. The TEM specimens were prepared by directly
drying a drop of a dilute cyclohexane dispersion solution
of the as-prepared products on the surface of a carbon-
coated copper grid. The UC spectra were recorded on a
spectrophotometer (R-500) under excitation by a 980 nm
laser diode (LD) after the powder samples were com-
pressed into smooth slices. The fluorescence spot of the
parallel laser beam on the sample had a diameter of about
0.4cm and the measurements were performed at room
temperature. The UC photographic images of the samples
were taken by a digital camera (Canon PowerShot A720,
Japan) without adding any filter.

3. Results and discussion

Usually, for K, Yb and F ternary system, the crystal phase
of the final products strongly depends on the experimental
condition. There are several reported crystal phases including
monoclinic, orthorhombic and cubic. The XRD patterns of as
prepared KF-LnF; nanocrystals with different Gd** doping
concentrations are shown in Fig. 1. Compare to the standard
PDF card data, the XRD peaks from the sample without
Gd*" doping match well up to standard orthorhombic
KYDb,F; (JCPDS 27-0459). The results indicate that under
our experimental condition, for pure K, Yb and F ternary
system, the thermodynamically stable phase is orthorhombic
KYb,F;. From the XRD results, one can find that when the
concentration of Gd*>* doping is less than 10 mol%, Gd*"
doping has no obvious influence on the orthorhombic phase
of the final products. However, the diffraction peaks ascribed
to the orthorhombic KYb,F; become sharper with the
addition of Gd*" impurity, manifesting the increase of the
average crystallite size. Especially, one weak and broad
diffraction peak at 28° appears, implying the existence of
nanocrystals with smaller size in the products. With increasing
Gd** doping concentration up to 30 mol%, one can see that
the XRD peaks ascribed to the orthorhombic KYDb,F;
disappear notably. When the concentration of Gd** doping
is more than 30 mol%, the XRD peaks from the sample
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match well up to cubic KGdF,; and no obvious XRD peaks
from the orthorhombic KYb,F; can be observed. With
further increasing Gd>* doping concentration, all samples
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Fig. 1. Typical XRD patterns of Tm*>* doped KF-YbF; nanocrystals
with different Gd>* concentrations. The data of cubic KGdF,; and
orthorhombic KYb,F; are resourced from Ref. [12] and standard XRD
card (JCPDS no. 27-0459), respectively.
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crystallize in the cubic phase and no other impurity phase
occurs. The results reveal that the complete phase transforma-
tion from orthorhombic KYb,F; to cubic KGdF, occurs in
the final products due to the Gd** doping.

The morphologies and microstructures of the samples
with different Gd>* doping concentrations are further
examined by TEM observations. Fig. 2(a) depicts typical
TEM image of the synthesized orthorhombic KYb,F;
sample without Gd** doing, displaying non-uniform
rod-shape morphology with small aspect ratio. The aver-
age size of the nanocrystals is determined to be 42 nm from
the statistical histogram as shown in Fig. 2(c). Fig. 2(b)
displays typical high resolution TEM image of the nano-
crystals. The lattice arrangement in the nanocrystals
is clearly visible suggesting a highly crystalline nature.
The distance between the fringes (d-spacing) is 3.39 A,
which corresponds to the distance of the (320) plane of the
standard orthorhombic KYb,F;. Fig. 2(d) is the corre-
sponding EDS results of the synthesized orthorhombic
KYb,F; sample. One can find that the major constituents
are K, Yb, and F (see Fig. 2d), which are consistent with
their real elemental components. Fig. 3(a) depicts typical
TEM image of the synthesized cubic Gd** (80%mol)
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Fig. 2. (a) Typical TEM image and (b) high resolution TEM image acquired from the orthorhombic KYb,F; nanocrystals. Inset shows the enlarged
image of the marked regions. (c) Statistical histogram of the nanocrystal size distribution. (d) EDS spectrum of the orthorhombic KYb,F; nanocrystals.

Note that the signals for Cu come from the copper TEM grid.
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Fig. 3. (a) TEM image and (b) SEAD pattern acquired from as-synthesized cubic Gd*>* (80%mol) doped KYbF,4 nanocrystals. (c) Statistical histogram
of the nanocrystal size distribution. (d) EDS spectrum of the Gd** doped K'YbF, nanocrystals. Note that the signals for Cu come from the copper

TEM grid.

doped KYbF,4 nanocrystals, revealing that the nanocrys-
tals are nearly spherical in shape. The average size of the
nanocrystals is determined to be 17 nm from the statistical
histogram (see the Fig. 3c), which also shows the narrow
size distribution and that the size of the majority of the
nanocrystals is 12-22 nm. Fig. 3(b) is typical SEAD
patterns of the cubic Gd** (80%mol) doped KYDbF,
nanocrystals. The observed distinct SEAD rings can be
well indexed according to the standard cubic KGdF,,
which imply that the as-prepared nanocrystals crystallize
in cubic phase with high-quality. Fig. 3(d) shows the EDS
spectra, which confirms that the major constituents of the
cubic Gd*> T (80%mol) doped KYbF, nanocrystals are K,
Gd, F, and Yb. Fig. 4(a) and (c) show typical low-
magnified TEM images of the synthesized sample doped
with 10 mol% Gd**. Rod-shaped nanocrystals with large
size beyond 100 nm and small particles can be observed,
implying the existence of two phases, which is consistent
with the XRD results. The SEAD patterns shown in
Fig. 4(b) reveals that the rod-shapes nanocrystals with
large size crystallize in orthorhombic phase KYb,F;
with high-quality. However, interestingly, the SEAD
rings obtained from the small particles (see the Fig. 4d)
are similar with that from cubic Gd** (80%mol) doped

KYDbF,; nanocrystals. Further EDS spectra (see Fig. 4e)
confirm that the major constituents of the small particles
include K, Yb, Gd and F. Therefore, the small particles are
Gd>* doped cubic KYbF,. The results imply that under
the same experimental condition, cubic KGdF, is more
thermodynamically stable than orthorhombic KYDb,F.
As a result, the phase transformation from orthorhombic
phase to cubic one in the final products occurs readily for
K, Yb and F ternary system via Gd** doping.

Fig. 5 shows UC luminescence spectra of Tm’*
(0.5mol%) doped KF-LnF; nanocrystals with different
Gd’* doping concentrations under excitation by a 980 nm
LD. Four emission bands in the range from 350 nm to
850 nm can be observed. The blue emissions centered at
451 and 475 nm correspond to 'D,—3F, and 'G,—*Hj
transitions of Tm>™ ions, respectively. The weak red
emissions centered at 650 nm and 695 nm are assigned to
*F, - Hg and *F;— *Hj transitions of Tm> ™ ions, respec-
tively. The weak ultraviolet emission at 362 nm originates
from the 'D,— *Hg transition of Tm>* ions. Besides these
weak ultraviolet, blue and red emissions, a strong NIR UC
emission at 800 nm corresponding to *Hy— *Hg transition
of Tm>" jons are also observed in all samples. These
transitions occur via energy transfer (ET) from Yb>* ions,
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Fig. 4. (a) and (c) Typical TEM images acquired from the as-synthesized Tm>* doped KF-YbF; nanocrystals doping with 10 mol% Gd>*. (b) and

(d) The corresponding SEAD patterns of the marked area in (a) and (c), respectively. (e) EDS spectrum of the marked area in (b).
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Fig. 5. UC emission spectra of Tm>" (0.5mol%) doped KF-YbF;
nanocrystals with different Gd>* concentrations under the excitation of
a 980 nm LD. The inset shows the dependence of NIR UC emission at
800 nm of Tm>* (0.5 mol %) doped KF-YbF; nanocrystals on the Gd>*
doping concentration.

which are used as sensitizers for Tm>* ions as the Yb> ™

ions possess higher absorption coefficient at 980 nm. In
addition, from the spectra and the dependence of NIR UC
emission at 800 nm on the Gd* " doping concentrations in
Tm’* (0.5 mol%) doped KF-LnF; nanocrystals (see the
inset of Fig. 5), one can find that the luminescence
intensities of the samples firstly increase with increasing
Gd** doping concentration to 10 mol%, then decrease
notably with increasing Gd*>* doping concentration to
15 mol%, finally exhibits a mild decrease with further
increasing Gd>* doping content. Usually, the UC lumi-
nescence intensities in Yb**—Tm®* doped nanocrystals
depend strongly on crystal structure and size of host
materials besides Yb®>" ions concentration. Herein the
influence of Yb*' ions concentration should be minor
since all samples have high Yb’' ions concentration
beyond 20%mol, which makes the ET from Yb*" ions
to Tm> " efficient. Therefore, the initial increase in emis-
sion intensity can be associated with the increase of size in
the obtained orthorhombic KYb,F; nanocrystals accord-
ing to the aforementioned XRD and TEM results. For the
subsequent notable decrease in emission intensity, both the
reduction in crystal size and the transition of crystal
structure in the final products play important role since
its primary component for the sample with Gd** doping
concentration of 15mol% is cubic Gd** doped KYbF,
nanocrystals with smaller crystal size from the XRD
results. The final mild decrease in emission intensity is
primarily attributed to the reduction of crystal size in the
obtained cubic nanocrystal. Smaller nanocrystals tend to
have increased surface quenching sites and thus suppress
UC luminescence by enhanced nonradiative ET processes
of the luminescent Ln** ions [14,27-30].
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Fig. 6. (a) UC emission spectra of Tm>* doped KYb,F, nanocrystals
with different Sm>* doping concentrations. Inset shows the enlarged UV
and blue regions of the emission spectra. (b) Plot of relative UC emission
intensity versus the Sm>* jon concentrations. Inset shows the relative
intensity ratio between NIR emission at 800 nm and blue UC emission at
475 nm.

According to first-principle calculation, Wang et al. [2]
proposed that the influence of Ln** doping on the crystal
phase and size of the final nanocrystals arose from a strong
dependence on the size and dipole polarizability of the
substitutional dopant ion. Besides Gd** ion, several other
Ln®" ions including Nd** and Sm** have similar ability
to tune crystal phase and size of the final products.
However, due to the quenching of excitation energy
through efficient ET from Yb®>T to °F; manifolds of
Sm** or *I; manifolds of Nd*>*, the intensity of UC
luminescence is completely depressed in Tm®>* doped KF—
LnF5 nanocrystals co-doping with Sm® ™ or Nd** beyond
10 mol%. Fortunately, in our experiments, by co-doping
only a small amount of Sm® T ions into the host matrix, the
UC emissions of KF-LnF; nanocrystals exhibit very
interesting features. Fig. 6(a) shows UC Iluminescence
spectra of as-prepared Tm>™ (1 mol%): KYb,F; nano-
crystals with different Sm** doping concentrations under
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excitation by a 980 nm LD. One can find that upon
additionally doping small concentrations of Sm** ions
(0.025% or 0.05%) into the Tm> " doped KYb,F; nano-
crystals, the UC emission intensities of the UV (362 nm)
and blue emissions (451 nm) are drastically reduced com-
pared to the emissions at 475 nm, 650 nm, 695 nm and
800 nm. To obtain quantitative information on the effect
of Sm® ™ ions on the UC emissions from Tm?*/Sm** co-
doped KYDb,F; nanocrystals, we have calculated the
relative decrease in the emission intensities of the peaks
with respect to the Tm®" doped KYb,F; nanocrystals
(without Sm®" ions). The graph displayed in Fig. 6(b)
clearly indicates that the doping of Sm>* ions lead to a
larger reduction of the high energy UV (362 nm) and blue
(450 nm) emissions compared with that of the NIR emis-
sion at 800 nm. The emissions centered at 650 nm, 695 and
475 nm show a moderate decrease in the intensity. Espe-
cially, NIR (~800 nm) to visible (475 nm) emission ratios
is enhanced notably compared with that of the Tm’™"
doped KYb,F; nanocrystals (without Sm** ions) when
Sm® " doping concentrations is below 0.1 mol% (see the
inset of Fig. 6b). However, with further increasing Sm>*
doping concentrations, NIR (~800 nm) to visible (475 nm)
emission ratios decrease. In addition, no characteristic
Sm* " signature is observed from the UC emission spectra.
The two abnormal features imply that there exists quench-
ing mechanisms between Sm** and Tm**.

Usually, for the UC emissions of Tm>* sensitized by
Yb*", the following multiple phonon-assisted ET pro-
cesses from Yb> " ions to Tm*" ions [see Fig. 7(a)] are
responsible for the population of upper excited *Hy,
3F,/*Fs, 'Gy4 and 'D; states of Tm** ions [13,31,32].

*Fsn(YD )+ He(Tm’ *) » *Hs(Tm**) 4 °F75(Yb ) +-
phonon energy (3100 cm™")~*F4(Tm**)+multiphonon
relaxation (about 2 phonons) (1

*Fsp(YH 1)+ Fy(Tm* ) > F, Fy (Tm* ") +2F70(Yb*)
+phonon energy (0 cm~')~*Hy(Tm**)+multiphonon
relaxation (about 6 phonons) 2)

*Fsp(YD' )+ Hy(Tm’ ) = 'Gy(Tm’ ) +F75(YD )+
phonon energy (1300 cm ") 3)

Fsip(YD* )+ 'Gy(Tm’ 7)) - 'Doy(Tm’ 7)) +*F7 (YD ) +-
phonon energy(3000~") (&)

Subsequently, when the *H,, 31:2/3F3, 'G, and 'D, excited
states are radiatively decayed to the ground state or the lowest
excited state of °F,, NIR, red, blue and ultraviolet UC
emissions are generated. According to the aforementioned
spectral results, it is clear that selective suppression of the
intensity of the higher energy emissions over the NIR emission
is realized via doping small concentrations of Sm®* ions.
These observations suggest a faster depopulation of the 'D,
and 'G, states via some additional nonradiative channels due
to the addition of Sm>*. For example, it is likely that the 'Gy,
state, which is feeding the 'D, state, depopulates faster due to
ET between Sm®>™ and Tm?>", thereby decreasing the UC

efficiency, since the energy of the *I;, 12 level of Sm** matches
quite well with the 'Gy level of Tm®*. However, the absence
of any characteristic Sm>* emissions implies that the possibi-
lity of the ET is minute. From the energy diagram of the
Sm*" and Tm’", the cross-relaxation between the higher
energy Tm>* levels and lower energy Sm>* levels likely play
role in the greater reduction in the intensity of the 451 nm
emission. One possibility might be the cross relaxation
between 'Dy (Tm? ")+ °Hsn(Sm**) and 'Gy (Tm*+)+°F;,
(Sm**) that is schematically shown in Fig. 7(a). Unfortu-
nately, the proposed cross relaxation process would lead to an
increase in the population of the 'Gy state of the Tm’™,
leading to the increase of the UC emission at 475 nm, which is
inconsistent with our experiments. Hence, the decrease of the
UC emission at 475 nm implies the possibility of additional
non-radiative relaxation channels involving the low-lying
energy levels of Tm®>* and Sm>* ions, which reduces the
UC efficiency. It is reasonable to consider the presence of an
ET from *Hy (Tm**) to °Fjy, (Sm’™) as these levels are
closely matched in energy. Obviously, the ET from *H, of
Tm** to °Fjj;» of Sm** also leads to a decrease in the
intensity of the 800 nm emission. According to our experi-
mental results, we consider that the influence of the ET from
*Hy (Tm*™) to °Fy, ) (Sm>*) on the UC process to populate
G, state of the Tm>" is more notable than that on the
radiative transition to emit NIR emission of 800 nm at low
Sm** doping concentration.

To further clarify the UC mechanisms, the power-
dependent UC behaviors of the observed emissions are
systematically investigated. Generally, the UC lumines-
cence intensity (/yc) is related to the pump infrared one
(Lir) via the formula, Iypocljy, where n is the pump
photon number required to populate the upper emitting
level and its value can be obtained from the slope of the
line in the plot of log(fyp) versus log(fir) [13]. Fig. 7(b)
shows the double-logarithmic plot of the UC emission
intensity versus the pump power density of cubic Tm>*
(0.5 mol%) doped KYby-,Gdg sF4 nanocrystals. The slope
values of the linear fits with the experimental data are 2.64
and 1.74 for the observed blue emission at 475 nm and
NIR emission at 800 nm, respectively. The results indicate
that two and three pump photons are necessary to produce
NIR emission at 800 nm and blue emission at 475 nm in
cubic KYb, ,Gdg 3F4 nanocrystals, which is consistent with
our previous results [12]. Fig. 7(c) shows the double-
logarithmic plot of the UC emission intensity versus the
pump power density of Tm** (0.5 mol%) doped KYb,F;
nanocrystals. The slope values of the linear fits with the
experimental data are 0.74 and 0.64 for the observed blue
emission at 475 nm and NIR emission at 800 nm, respec-
tively, under low pump power densities, implying the
existence of strong saturation effect in Tm>* (0.5 mol%)
doped KYDb,F; nanocrystals. In KYb,F; nanocrystals, the
3H, excited state of Tm® ™ becomes saturated easily owing
to the efficient ET processes from Yb>* to Tm** due to
the highest Yb®>™ concentration in host, resulting in the
following ET processes populating the upper 'G, excited
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Fig. 7. (a) The energy diagram of the Yb*>*, Sm** and Tm>* dopant ions and the possible UC mechanisms under the excitation of a 980 nm LD. (b)—(d)
The double-logarithmic plots of the UC emission intensity versus the pump power density of cubic Tm*™ (0.5 mol%) doped K'Yb, ,Gd, sF4 nanocrystals,
Tm>* (0.5 mol%) doped KYb,F; nanocrystals, and Tm** (0.5 mol%) doped KYb,F; nanocrystals codoping with 0.05 mol% Sm>*, respectively.

states being so efficient that it exceeds the spontancous
decay rate to the ground states. Furthermore, one can see
that the slope values tend to decrease for the two observed
UC emissions with increasing pump power densities. This
saturation effect could be attributed to two factors
[3,33,34]. One is the saturation of the Yb*" absorption
at high pump power densities. The other may be related to
the further saturation of the *Hy excited states of Tm>* at
high pump power densities owing to the enhanced ET

efficiency from Yb®>T to Tm®". Fig. 7(d) shows the
double-logarithmic plot of the UC emission intensity
versus the pump power density of Tm** (0.5 mol%) doped
KYb,F, nanocrystals co-doping with 0.05 mol% Sm?>".
Saturation-effect-induced decrease of slope values for blue
and NIR emissions can be also observed at both low and
high pump power densities. However, one can find that the
slope values are rather high compared with those in
Tm>" (0.5 mol%) doped KYb,F; nanocrystals. Usually,
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the anomalous power dependence in UC materials has
been fundamentally attributed to the competition between
the UC rate and the linear decay due to the saturation
effects of the low excited states [33]. Hence the results
indicate that the saturation effects of the low excited states
become depressed and the UC rate decrease due to the ET
from *Hy (Tm’*) to °F};,, (Sm’ ™) after the introduction
of Sm*™ jons. Since the influence of Sm** doping on the
UC process to populate higher 'G, and 'D, excited states
of Tm*" is more notable than that on the radiative
transition to emit NIR emission, selective suppression of
the intensity of the higher energy emissions over the NIR
emission is realized and NIR to visible emission ratios is
enhanced via doping small concentrations of Sm®>* ions.

4. Conclusions

Tm*" doped KF-YDbF; nanocrystals with different
Gd>* concentrations are synthesized by a hydrothermal
method using oleic acid as a stabilizing agent at 190 °C.
The results of XRD and TEM indicate the phase and size
of the as prepared Tm>" doped KF-YbF; nanocrystals
are closely related to the Gd** doping content. Without
Gd** impurity, the undoped nanocrystals crystallize in
orthorhombic KYb,F; with an average diameter of 42 nm.
The complete phase transformation from orthorhombic
KYb,F; to cubic KGdF, is observed in the final products
after the Gd*™ doping concentration is beyond about
30 mol%. Under the excitation of a 980 nm LD, strong
NIR UC emission at 800 nm can be observed from the
obtained Tm’* doped nanocrystals. Particularly, the
intensities of high energy UV and blue UC emissions in
Tm? " doped KYb,F; nanocrystals are selectively reduced
compared to the NIR emission at 800 nm by co-doping a
small amount of Sm** ions into the host matrix. The
selective suppression of the intensity of the higher energy
emissions over the NIR emission is attributed to the
depression of saturation effect in Tm** doped KYb,F;
nanocrystals due to the ET from *H, (Tm“) to 6F11/2
(Sm*™). Our results indicate that Tm>*/Sm** co-doped
KF-YbF; nanocrystals with a selective suppression of
higher energy UC emissions over the NIR UC emission
have potential applications in fluorescent bio-labels since
they can enhance the contrast of the imaging process [24].
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