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GRAPHICAL ABSTRACT

Compared with YF; and o-NaYF, NCs, owning the similar size and the same doping levels of Yb3* ions and Er>* ions as LuF; NCs, the green UC emission of
LuF3 NCs is 18.7 times and 5.1 times stronger than that of YF; and a-NaYF, NCs respectively; the red UC emission of LuF3 NCs is 13.2 times and 0.6 times
stronger than that of YF; and o-NaYF4 NCs respectively.
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ABSTRACT

The Yb** and Er** codoped orthorhombic LuF; rectangular nanocrystals (NCs) with the size of about
10 nm were synthesized by a facile and effective solvothermal process. X-ray diffraction (XRD), transmis-
sion electron microscopy (TEM), high-resolution transmission electron microscopy (HRTEM), upconver-
sion (UC) luminescence spectra and decay curves were used to characterize the resulting samples.
Compared with YF; and o-NaYF, NCs, owning the similar size and the same doping levels of Yb>* ions
and Er3* ions as LuF; NCs, the green UC emission of LuF; NCs is 18.7 times and 5.1 times stronger than
that of YF; and a-NaYF, NCs respectively; the red UC emission of LuF3 NCs is 13.2 times and 0.6 times
stronger than that of YF; and a-NaYF4 NCs respectively. Under 980 nm wavelength excitation, the decay
curves of both *S3, — *I;5, transition and “Fo; — *I;5)2 transition exhibit a single exponential function,
resulting from the fast energy migrations among Yb>* ions caused by the high concentration of Yb** ions
(20 mol%). Meanwhile, at relatively low power density, the slopes of the linear plots between log(I) and
log(P) for green UC and red UC are 1.7 and 1.9 respectively, which are less than 2 due to the quenching of
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the thermal effect, indicating a two-photon process for them. At high power density, the slopes are
decreased caused by the saturation effect. In addition, we proved the existence of the thermal effect
by the pump power dependence of the intensity ratio of 2Hji — “lisz transition to 4Ss;; — “lys)

transition.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

In the last decades, rare earth fluoride UC NCs have been
studied for applications in many fields, such as displays, solar cells,
lasers, biolabels and medical diagnosis [1-8]. Especially in
biological fields, rare earth fluoride UC NCs have attracted more
and more attention. Compared with conventional downconversion
fluorescent materials like quantum dots and organic fluorescent
dyes, UC NCs have the following advantages: great tissue penetra-
tion, low background fluorescence and high signal-to-noise ratio
[9-14]. Among the various rare earth fluoride UC nanocrystal
hosts, NaLnF; and LnF; are considered to be excellent hosts for
activators due to their low phonon energy, which can provide
low nonradiative relaxation and high luminescence efficiency
[15-28]. Moreover, for application in vivo imaging, there are some
rigorous requirements, such as small diameter and bright lumines-
cence [29-31]. Binary fluoride LnF3; nanostructure, a category of
important rare earth fluoride compounds have attracted increasing
attention because of their small diameter and bright luminescence.

To the best of our knowledge, YFs; is the best host for UC
emission among all of the binary fluoride NCs [32]. So far, however,
many investigations have demonstrated that trivalent rare earth
ions doped Lu-based compounds, such as Yb*" and Ln>* (Ln = Er**,
Ho*", Tm3*) codoped B-NaLuF,, Yb** and Er** codoped Lu,03 show
stronger UC luminescence than that found for the correspond-ing
Y-based compounds [33,34]. This may be due to Lu unique
electronic state at the top of the valence, which results to the
increase of the oscillator strength of the doped rare earth ions in
the crystals, according to the intensity-borrowing mechanism
proposed by Guillot-Noel et al. [35]. Therefore, LuF;, owning the
similar structure to YF3, may be a more promising host for UC
behavior than YFs.

Herein, we report the synthesis of about 10 nm orthorhombic
LuF5: 20% Yb®*, 2% Er>* rectangular NCs by a solvothermal process.
The UC emission spectra, decay times and the thermal effect
caused by laser radiation have been investigated in detail. The UC
mechanisms has been discussed. YF3 and a-NaYF4 NCs synthesized
also by the solvothermal process, owning the similar size and the
same doping levels of Yb*" ions and Er** ions as LuF; NCs, were
used to compare the UC performance of LuF;3 NCs. Results show
LuF3 NCs is an excellent host for UC with small size and a promis-
ing material for the application of biological fields.

2. Experimental
2.1. Chemicals

Analytical pure NaOH, NH4F, HCl, methanol and ethanol were
obtained from Beijing Chemical Reagent Company. Cyclohexane
(analytical pure) were obtained from Tianjin Guangfu Chemical
Reagent Company. Lanthanide oxides of SpecPure grade (Er,0s,
Yb,03, Y503, Luy03, 99.99%) were purchased from Yangkou state-
run rare earth company. 1-Octadecene (ODE, 90%) and oleic acid
(OA, 90%) were supplied by Alfa Aesar. All of the chemical reagents
were used as received without further purification. LnCl; was
prepared by dissolving the corresponding lanthanide oxides in
hydrochloric acid.

2.2. Synthesis of LnCl; (Ln=Lu, Y, Yb, Er) precursors

In a typical synthesis, the corresponding lanthanide oxides of
LnCl; were dissolved into dilute hydrochloric acid, resulting in
the formation of a colorless solution of LnCls. After evaporation fol-
lowed by drying at 100 °C for 12 h in vacuum conditions, a powder
of LnCl; was obtained.

2.3. Synthesis of LuFs: 20% Yb®*, 2% Er** NCs

In a typical synthesis, 0.78 mmol LuCl3, 0.2 mmol YbCl; and
0.02 mmol ErCl;, were added to a 100 mL three-neck round-
bottom flask with 15 mL oleic acid and 15 mL 1-octadecene. The
solution was heated slowly to 140 °C under vacuum with magnetic
stirring for 30 min and to remove residual water and oxygen. The
temperature was lowered to 50 °C and the reaction flask placed
under a gentle flow of argon. During this time a solution of 3 mmol
NH4F dissolved in 10 mL of methanol was prepared. Once the
reaction reached 50 °C, the methanol solution was added and the
resulting cloudy mixture was stirred for 30 min at 50 °C to evapo-
rate methanol from the reaction mixture. Then the reaction
temperature was increased to 310 °C as quickly as possible and
maintained at this temperature for 90 min under the argon gas
flow. Subsequently, the mixture was allowed to cool to room
temperature. The NCs were precipitated by the addition of ethanol
and isolated via centrifugation at 8000 rpm for 10 min. The result-
ing product was dispersed in a minimal amount of cyclohexane
and precipitated with excess ethanol. The NCs were again isolated
via centrifugation at 8000 rpm each time. The NCs were then
dispersed in 10 mL of cyclohexane.

2.4. Synthesis of YFs: 20% Yb**, 2% Er** NCs

The synthetic procedure was the same as that used to synthe-
size LuFs: 20% Yb>', 2% Er** NCs, except 0.78 mmol LuCl; was
replaced by 0.78 mmol YCls.

2.5. Synthesis of a-NaYF4: 20% Yb**, 2% Er®* NCs

In a typical procedure for the synthesis of a-NaYF,: 20% Yb3*, 2%
Er?* NCs, 0.78 mmol YCls;, 0.2 mmol YbCl; and 0.02 mmol ErCls
were added to a 100 mL three-neck round-bottom flask containing
ODE (15 mL) and OA (6 mL). The solution was magnetically stirred
and heated to 140 °C for 30 min to form the lanthanide oleate com-
plexes and remove residual water and oxygen. The temperature
was then cooled to 50 °C with a gentle flow of argon gas through
the reaction flask. Meanwhile, a solution of NH4F (4 mmol) and
NaOH (2.5 mmol) dissolved in methanol (10 mL) was added to
the flask and the resulting mixture was stirred for 30 min to
evaporate methanol from the reaction mixture; The temperature
was then increased to 280 °C in an argon atmosphere for 90 min
and then naturally cooled to room temperature. The resultant solid
state products were precipitated by the addition of ethanol,
collected by centrifugation, washed with ethanol three times,
and finally redispersed in cyclohexane.
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2.6. Characterization

Powder X-ray diffraction (XRD) data were collected using Cu Ko
radiation (4 =1.54056 A) on a Bruker D8 advance diffractometer
(Germany) equipped with a linear position-sensitive detector
(PSD-50 m, M. Braun), operating at 40 kV and 40 mA with a step
size of 0.01° (20) in the range of 20-75°. The transmission electron
microscopy (TEM) and high-resolution transmission electron
microscopy (HRTEM) images were performed using a JEOL JEM
2100 TEM (Japan) equipped with an electron diffractometer (ED),
operated at an acceleration voltage of 200 kV. The UC spectra were
measured using a FLS920 spectrometer (Edinburgh Instruments,
UK) pumped with a power-controllable 980 nm diode laser. In
lifetime measurements, an optical parametric oscillator (OPO)
was used as an excitation source and the signals were detected
by a Tektronix digital oscilloscope (TDS 3052, USA). The lifetimes
are calculated by integrating the area under the corresponding
decay curves with the normalized initial intensity.

3. Results and discussion
3.1. Structure and morphology
Fig. 1(a) shows the XRD patterns of the Yb** and Er** codoped

LuF; NCs prepared through the solvothermal method. The posi-
tions and relative intensity of the diffraction peaks for the Yb>*
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and Er** codoped LuF; NCs can be indexed well to the standard
cards of the orthorhombic LuFs (JCPDS 32-0612) with space group
Pnma (No. 62). No second phase is detected in XRD patterns,
demonstrating that Yb>* and Er>* substitutions for Lu®* sites have
no effect on the phase structure of the orthorhombic LuF; host.
Fig. 1(b) shows the TEM image of the as-prepared NCs. The dis-
persed particles present rectangular nanoplates and own good
monodispersity. The corresponding HRTEM image shows clearly
lattice fringes with interplanar spacing of 3.6 A ascribed to the
(101) plane of LuFs (see Fig. 1(c)). The histograms of lengths and
widths distribution of the samples, obtained from measuring 200
particles randomly, are shown in Fig. 1d and Fig. S1, respectively.
As depicted in the histograms, the average size of the NCs is
determined to be about 9.9 nm x 5.4 nm.

3.2. Luminescence properties

Fig. 2 shows the UC luminescence spectrum of the LuFs:
20% Yb3*, 2% Er** NCs at room temperature under 980 nm wave-
length excitation with an output power density of 6 mW mm 2,
As shown in Fig. 2, three distinct bands in the range of
500-700 nm are observed. The dominant green emissions ranging
from 510 to 535 nm and from 535 to 570 nm are assigned to the
2Hyyj2 — *hisj2 and “S3pp — “Iys)2 transitions, respectively; the red
emission from 630 to 690 nm is attributed to the *Fo;; — “I1552
transition.

LuF,: Yb , Er

Nanocrystals (arb.units)

8 9 10 11 12
Lengths (nm)

Fig. 1. (a) The XRD patterns, (b) the TEM image, (c) the HRTEM image and (d) the histogram of lengths distribution of LuFs: Yb3*, Er** NCs.
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Fig. 2. The UC spectra of LuFs: Yb**, Er>* NCs, YF5: Yb3*, Er>* NCs and o-NaYF,: Yb**,
Er** NCs under 980 nm excitation.

In order to compare the UC properties, the YF; NCs (about
10 nm) and o-NaYF4; NCs (about 10 nm), which were considered
to be the two most efficient UC host lattices with small particle size
for a long time, were synthesized by solvothermal process. In addi-
tion, the doping levels of lanthanide ions of YF3; and a-NaYF4 NCs
are the same as LuF; NCs. The XRD patterns, TEM images and UC
spectra of them are shown in Fig. S2, Fig. S3, Fig. S4 and Fig. 2,
respectively. By integrating the intensities of UC spectra shown
in Fig. 2, we obtained that the green UC emission of LuF3 NCs is
18.7 times and 5.1 times stronger than that of YF; and o-NaYF,
NCs respectively; the red UC emission of LuF; NCs is 13.2 times
and 0.6 times stronger than that of YF; and a-NaYF4; NCs respec-
tively. These data prove that LuF; is an efficient UC host lattices
with small particle size.

Fig. 3 is the decay curves of LuFs: 20% Yb3*, 2% Er>* NCs under
the 980 nm excitation wavelength. Under 980 nm excitation
wavelength, the decay curves for 453/2 — 4115/2 transition and
4F9/2 - 4115/2 transition exhibit a single exponential function. The
high concentration of Yb>* ions (20 mol%) is considered as the main
factor for explaining this phenomenon. Excited by 980 nm wave-
length, Yb>* ions continuously absorb 980 nm photons and the
energy migrations among Yb3* ions are very fast due to the high
Yb3* ions concentration. Therefore, the Yb>" ions, which are closed
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Fig. 3. The decay curves for *S3); — *I;5, transition and “Foj, — *I;5)2 transition in
LuF;: Yb**, Er** NCs under 980 nm excitation wavelength.
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Fig. 4. The power dependence curves for the 2Hy12/*S3> — *I152 transition and the
“Fgj2 — *l15)2 transition in LuFs: Yb**, Er** NCs under 980 nm excitation wavelength.

to the Er’* ions, can assist the Yb>* jons far from the Er** ions to
transfer their energy to the Er** ions. So the decay curves for the
S35 — 152 transition and “*Fg; — “I;s5; transition in the NCs
excited by 980 nm wavelength exhibit a single exponential func-
tion. The lifetimes of *S3; — “I15, transition and *Fg; — “l15, tran-
sition are 103.4 pis and 238 ps respectively, obtained by integrating
the area under the corresponding decay curves with the normal-
ized initial intensity. Since the decay time of the *S3; — *I;5p
transition is approximately half of the 4F9/2 — 4115,2 transition, it
can conclude that the population of 4F9,2 level mainly originates
from “I;3; level, not from 2H;4/2/*S3, level. The explanation of this
phenomenon has been reported in our previous article [39].

To determine the number of the photons involved in populating
the ?Hy1/2/S3/2 and *Foy, states, the pump power dependence of the
UC intensity of LuFs: 20% Yb>*, 2% Er>* NCs has been investigated,
as shown in Fig. 4. The UC luminescence intensity (I) is related to
the pump intensity (P) via the formula I « P", where n is the num-
ber of the photons required to populate the emitting level and can
be determined from the slope of the linear plots between log(I) and
log(P). The slopes for the green and red emission are all close to 2 at
relatively low power density, indicating a two-photon process for
them. In theory, the slopes (n) for the green and red UC emission
should be integer 2 for a two-photon UC process. However, the
thermal effect would lead to the quenching of UC emission, result-
ing in the decrease of the slopes in general. Since the excitation
power density was high enough, the strong near infrared photons
absorption caused the temperature increase at the irradiated
region of the testing samples, inducing the thermal effect [36].
The existence of the thermal effect can be proved by the ratio of
2Hyyj2 — *Iisp2 transition to *Szj; — 452 transition, which will be
presented in the following paragraph. If the thermal effect could
be avoided, the slopes should be larger than the present experi-
mental values. At high power density, the slopes of the curves
are reduced due to the saturation effect, as predicated by Pollnau
et al. earlier [37].

Fig. 5 shows the dependence of the intensity ratio of
2Hn/z —>4I15/2 to 453/2 —>4[15/2 (Rus) as well as 4F<3/2 —’4115/2 to
2Hy1/2/%S3/2 = *lisj2 (Rre) upon the pump power. The total changing
trend of Rys and Rgg are both upward with the increasing pump
power. In fact, a thermal equilibrium exists between *H;1j, and
4S3;, energy levels of Er** ions, owing to the narrow energy gap
between them. According to Boltzmann’s distribution, the intensity
ratio (Rys) between 2Hiqij; — *lys; transition and “Ss; — *hisp
transition as a function of temperature can be expressed as:



228 G. Xiang et al./Journal of Colloid and Interface Science 459 (2015) 224-229

0.30

LuF,: Yb*, Er*
1R
0.28 -

RHS

RG

0.26 4

Ratio

0.24 4

0.22 4

5 10 15
Power DensitymWmm?)

Fig. 5. The intensity ratio of 2Hy1j2 — *lisj2 to “Ssjz — “lis;2 and “Fopz — “lispa to
2Hy172/*S32 — “lisp2 as a function of excitation power.

Rys = Ce /7. (1)

Here AE is the energy distance between ZHH/Q and 453/2 energy
levels, k is the Boltzmann constant, T is absolute temperature and
C is a constant. According to Eq. (1), we can derive

In(1/Rys) = CAE/KT. 2)

Considering the total changing trend of Rys is upward with the
increasing pump power, it can conclude that the changing trend of
the temperature (T) is also upward with the increasing pump
power. This provide a clear evidence for the existence of the ther-
mal effect. Meanwhile, it can also explain the changing of Rgg
dependent on the pump power. As the temperature is increased,
the nonradiative relaxation from *Hy»/*Ss, to *Fgj, become more
effective, resulting in the increase of Rgg with the increasing pump
power [38].

The energy level diagram including various mainly UC mecha-
nisms is shown in Fig. 6. Excited by 980 nm wavelength, Yb>* ions
are excited to “Fs, level by ground state absorption (GSA). Then
the Er** ions in the ground state, 4115/2 level, can be excited to
the 4111,2 level by taking the energy from the excited Yb®" ions
(ET1). Subsequently, the higher *F;, energy level of Er** can be
populated by ET2 from I3, level. The Er** ions in F;, energy
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Fig. 6. The energy level diagrams and dominant UC mechanisms in LuFs: Yb**, Er>*
NCs following 980 nm excitation.

level can then relax nonradiatively by a fast multiphoton decay
process to the 2H11/2 and 453/2 levels, and the dominant green UC
emissions occur. Alternatively, the Er** ions in ?Hyijz and “Ssp
levels can further relax and populate the 4Fg/2 level. Moreover,
the population of 4F9,2 level also can be through the nonradiative
relaxation processes from “I;; 12 level to 4113/2 level and subsequent
ET(3) processes. The populated *Fo, level of the Er** ions mainly
relaxes radiatively to the ground state 4115/2 level, which causes
the red UC emissions.

4. Conclusions

In summary, about 10 nm orthorhombic LuFs: Yb**, Er** rectan-
gular NCs were synthesized by a facile and effective solvothermal
process. Compared with YF; and o-NaYF, NCs, owning the similar
size and the same doping levels of Yb** ions and Er** ions as LuFs
NCs, the green UC emission of LuF3 NCs is 18.7 times and 5.1 times
stronger than that of YF; and o-NaYF,; NCs respectively; the red UC
emission of LuF3 NCs is 13.2 times and 0.6 times stronger than that
of YF; and a-NaYF4; NCs respectively. Excited by 980 nm wave-
length, the decay curves of both “S;; — *I;s;» transition and
4Fg/2 — 4115/2 transition exhibit a single exponential function,
caused by the high concentration of Yb>' ijons (20 mol%).
Moreover, both the green and red UC emissions are two-photon
processes. However, the slopes of the linear plots between log(I)
and log(P) for green UC and red UC are all less than 2, which is
due to the thermal effect. In addition, utilizing the pump power
dependence of the intensity ratio of *Hyyj, — *I;5)2 transition to
4S3/2 — 552 transition, we proved the existence of the thermal
effect.
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