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Decrease in particle size and enhancement of
upconversion emission through Y>* ions doping in
hexagonal NaLuF,;:Yb>*/Er** nanocrystalst

Guotao Xiang,®® Jiahua Zhang,*® Zhendong Hao,? Xia Zhang,® Guo-Hui Pan,?
Yongshi Luo® and Haifeng Zhao?®

The upconversion (UC) enhancement with size decrease has been realized through Y** ions doping in
B-NaLuF,:Yb**/Er*" nanocrystals (NCs) by a solvothermal process. X-Ray diffraction (XRD), scanning
electron microscopy (SEM) and UC luminescence spectra were used to characterize the resulting samples.
With an increase of the Y** doping concentration, the NCs size is continuously decreased with no phase
transition. Meanwhile, the UC intensity is firstly increased and then it decreases when the Y3* ions concen-
tration is over 30 mol%. The NCs (B-NaLug 4gY0.3Ybo 2Erg02F4) with the optimum Y3* ions doping concen-
tration (30 mol%) for UC emission have a diameter of about 80 nm. Compared with
B-NaLug 78Ybo 2Erp.02F4 and B-NaYo78Ybo2Ergo2F4 prepared under the same conditions, the green UC
emission is enhanced by a factor of 1.8 and 16, respectively, for B-NaLug 48Y0.3Ybo 2Erg 02F4. The variation
of the UC intensity with the increasing Y** ions concentration is attributed to the changing of the symme-
try of the local crystal field induced by Y** ions doping, which has been proved by the structural probe
Eu®* ions. For B-NaLug 78Ybg 2Erp.02F4 and B-NalLug4gYo.3Ybo 2Erg.02F4, @ three-photon green UC process
and a three-photon red UC process occur simultaneously at high pump power density, which can be
described as *Gyys (ErY) + s (EFPT) = 2Hi0/%S30 (EFPT) + Ylisn (ErY) and Gy (EFY) + 2F5) (YB3) —
“Fosa (EF™) + 2Fs)5 (YD), respectively.

Introduction

Lanthanide (Ln) ions co-doped UC NCs, which can be excited
in the near-infrared (NIR) region to give emission in the visi-
ble region, have attracted much attention in recent years.'®
Such a unique luminescence mechanism has made the UC
materials promising fluorophores in biological
applications.”** Under the excitation of low-energy NIR pho-
tons, the autofluorescence of biological samples and scattered
excitation light could be eliminated; meanwhile, the NIR light
has deeper imaging depth in tissues and causes much less
photo-damage to living organisms."*™#

Considerable studies have shown that rare earth doped
B-NaYF, is acknowledged as the most efficient UC host mate-
rial because of its low photon energy (360 cm*)."*>' As an
important fluoride, p-NaLuF,, with a similar structure to
B-NaYF,, may be a more promising host for UC behavior than
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B-NaYF, due to its unique electronic state at the top of the
valence. Recently, Qin et al. have reported the intense ultravi-
olet and blue UC luminescence in B-NaLuF,:Yb*'/Tm*" NCs
with a diameter of about 180 nm.**> However, such a large
nanocrystal size restricts its biological applications. Up to
now, there are only few papers in the literature concerning
the size reduction of B-NaLuF,.>*** Meanwhile, the UC lumi-
nescence intensity usually decreases with the reduced size
because of the increased surface-to-volume ratio. It is a great
challenge to combine small size and bright UC luminescence
into one NC.

It is well established that the UC luminescence of rare
earth doped materials is dependent on their intra 4f transi-
tion probabilities, which are significantly affected by the local
crystal field symmetry.>* Moreover, the worse the local crystal
field symmetry is, the more intense the UC emission is.
Impurity doping is an excellent method to break the symme-
try of the local crystal field.”® In addition, the substitution of
ions with larger ionic radius favors the small size NCs, as pre-
dicted earlier.>*?® Therefore, larger radius ions doping may
be a promising way to enhance the UC intensity while reduc-
ing the size.

In this paper, we report the synthesis of B-NaLu(.7sx)
Y, Ybg ,Er 02F,4 (x = 0, 0.2, 0.3, 0.4, 0.5) NCs. The UC intensity
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is firstly increased and then it decreases when the Y*" ions
concentration is over 30 mol%; but the NCs size continuous
decreases with no phase transition with the increasing Y**
doping concentration. Compared with B-NaLuy ;5Yb 2Erg 02F4
and B-NaY, ,5YDb,Erg0,Fs prepared under the same condi-
tions, the green UC emission is enhanced by a factor of 1.8
and 16, respectively, for B-NaLug 45Y03Ybg 2Erg 02F4. By using
Eu®" ions as the structural probe, the reason for the UC
intensity changing with the increasing Y** ions concentration
is presented. We also explored the UC properties of the pre-
pared NCs.

Experimental

Chemicals

NaOH, NH,F, HCI, methanol and ethanol were obtained from
Beijing Chemical Reagent Company. Hexanes were obtained
from Tianjin Guangfu Chemical Reagent Company. Lantha-
nide (Ln) oxides of SpecPure grade (Lu,Os, Y,Os3, Yb,Os,
Er,03, Eu,03, H0,03, Tm,03, 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 at an
elevated temperature followed by evaporating the water under
vacuum conditions.

Synthesis of B-NaLugg ;5 x)YxYbg 2Erg o2F4 (x = 0, 0.2, 0.3, 0.4,
0.5, 0.78) NCs

In a typical procedure, 1 mmol of RECIl; (RE = (0.78 - x) Lu,
0.2 Yb, 0.02 Er, x Y, where x = 0, 0.2, 0.3, 0.4, 0.5, 0.78) was
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 lantha-
nide oleate complexes 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 solu-
tion of NH,F (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
300 °C in an argon atmosphere for 90 min and then naturally
cooled to room temperature. The resultant solid state prod-
ucts were precipitated by the addition of ethanol, collected by
centrifugation, washed with ethanol three times, and finally
redispersed in cyclohexane.

Synthesis of f-NaLu(g og x)Y+EUg.02F4 (x = 0, 0.2, 0.3, 0.4, 0.5)
NCs

In a typical procedure, 1 mmol of RECl; (RE = (0.98 - x) Lu,
0.02 Eu, x Y, where x = 0, 0.2, 0.3, 0.4, 0.5) was 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
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oleate complexes 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 NH,F (4 mmol) and NaOH (2.5 mmol) dissolved in metha-
nol (10 mL) was added to the flask and the resulting mixture
was stirred for 30 min to evaporate methanol from the reac-
tion mixture; the temperature was then increased to 300 °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 centrifu-
gation, washed with ethanol three times, and finally
redispersed in cyclohexane.

Characterization

Powder X-ray diffraction (XRD) data were collected using Cu
Ko radiation (1 = 1.54056 A) on a Bruker D8 advance diffrac-
tometer 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 10-70°. The morphology
was investigated by using field emission scanning electron
microscopy (SEM) (Hitachi S-4800). The UC spectra were mea-
sured using a FLS920 spectrometer (Edinburgh Instruments,
UK) pumped with a power-controllable 980 nm diode laser.
The emission spectrum under direct excitation was measured
using a FLS920 spectrometer (Edinburgh Instruments, UK).

Results and discussion
Structure and morphology

The crystal structures and the phase purity of the as-prepared
products were examined by XRD, as shown in Fig. 1(a). The
positions and relative intensity of the diffraction peaks for
B-NaLu(g 75 x)YxYbo.2Erg 02F4 (x = 0, 0.2, 0.3, 0.4, 0.5) NCs can
be indexed well to the standard cards of the 3-NaLuF, (JCPDS
27-0726). No second phase is detected in all XRD patterns
except the diffraction peaks of NaCl, which are represented
by the asterisk, demonstrating all the Y*" ions are incorpo-
rated into the host matrix and formed a solid solution struc-
ture. Moreover, the diffraction peaks gradually broaden with
increasing Y*" ions, indicating a reduction of particle size,
which is further verified by SEM observation. In addition,
owing to the substitution of Lu** ions (radius = 0.85 A) by the
larger Y** ions (radius = 0.9 A), the lattice constant and unit-
cell volume increase with the increase in Y*" ions concentra-
tion, resulting in the diffraction peaks shifting to low angles,
which can be seen clearly by the red line in Fig. 1(a). The
values of the lattice constant and unit-cell volumes were cal-
culated according to XRD results and are shown in Table 1.
Fig. 1(b)-(f) shows the SEM images of B-NaLu.,s )
Y, Yby,Erg0,Fs (x = 0, 0.2, 0.3, 0.4, 0.5) NCs. The samples
doped with different Y** ions concentration own the same
morphology, displaying uniform hexagonal nanoplates. But
the size of the NCs (listed in Table 1) decreases obviously
with increasing Y** ions concentration. The changing of size
can be attributed to the effect of the Y*" ions dopant on crys-
tal growth rate through surface charge modification, which

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 (a) The standard XRD data of B-NaLuF, (JCPDS 27-0726) and
the XRD patterns of B-NalLug7s—xYxYbo2Eroo2F4 (x = 0, 0.2, 0.3, 0.4,
0.5) NCs. The SEM images of B-Nalu( 7s-xYxYbo 2Ero.02F4 NCs: (b) x =
0, () x =02 (d) x = 0.3, (e) x = 0.4 and (f) x = 0.5. The diffraction
peaks labelled by the asterisk are from NaCl.

Table 1 The lattice constants, unit-cell volumes and the NCs diameters
of the B-NaLuF,:Yb**/Er** NCs doped with different concentrations of
Y** ions

Samples  a (A) c (A) Cell volume (A*)  NCs diameter (nm)

Y-0 5.9183  3.4597 104.94 200
Y-2 5.9288 3.4717  105.69 120
Y-3 5.9298 3.4787 105.93 80
Y-4 5.9316  3.4842 106.16 60
Y-5 5.9536  3.4857 107.0 40

has been proposed earlier.”® More specifically, the electron
charge density of the crystal surface increases after the Lu®*
ions are substituted by the larger radius ions Y** in the crys-
tal lattice; then the change of electron charge density on the
surface of the small sized NCs can sharply slow down the dif-
fusion of negatively charged F~ ions to the surface, owing to
the increase in charge repulsion, resulting in a tunable reduc-
tion of the NCs size.

Luminescence properties

Fig. 2 shows the normalized UC spectra of the as-prepared
products pumped by a 980 nm diode laser. For the range
from 500 nm to 600 nm, the spectra exhibit two emissions
peaked around 520 nm and 540 nm, which are assigned to
the *Hyy, — *Lis2 and *S;, — *I;5), transitions of Er*" ions,
respectively. For the range from 600 nm to 700 nm, a red
emission band around 650 nm is observed, which is assigned

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 The UC spectra of the resulting NCs under 980 nm excitation.
Spectra are normalized to the maximum intensity of *Ss, — “lis/»
transition. The inset is the intensity ratio of red to green obtained from
the UC spectra.

to the *Fy, — *I;5/, transition of Er’** ions. It is noticed that
the intensity of the UC emission is firstly increased and then
decreases when the Y** ions concentration goes over 30
mol%. The green UC intensity of Y-3, with a diameter of
about 80 nm, is 1.8 times stronger than that of Y-0, with a
diameter of about 200 nm. That is to say, through Y** ions
doping, the expected goal is realized for combining small size
and bright UC luminescence into one NC. Moreover, 30
mol% is the optimum Y** ions doping concentration for UC
emission. The inset of Fig. 2 is the intensity ratio of red UC
emission to green UC emission obtained from the UC spec-
tra. It displays an increasing red-to-green intensity ratio with
the decreasing size. The enhancement of the nonradiative
decays across the relevant energy gaps (4111/2 — ™3, and
S5, — *Fop) in smaller particles having a high surface-to-
volume ratio is considered as the main factor for explaining
this phenomenon.>”>°

In order to further compare the UC properties, the
B-NaYy ;5Ybg »Erg 02F, NCs (named Y-all) were also synthe-
sized under the same preparation conditions with a diameter
of about 30 nm. The XRD, SEM and UC spectra of Y-all are
shown in Fig. S1, S21 and 2, respectively. Investigated by UC
spectra, the green UC intensity is 16 times stronger for Y-3
relative to Y-all. Meanwhile, despite the decrease of the UC
intensity when the Y** concentration over 30 mol%, the green
UC intensity of Y-5, which has a similar size to Y-all, is 4.6
times stronger than that of Y-all. These phenomena prove the
excellent UC properties of B-NaLu(g ;5-x)Y<Ybo,Erg.02Fs (x = 0,
0.2, 0.3, 0.4, 0.5) NCs.

It is known that the D, — ’F, transition of Eu®" ions is of
magnetic dipole nature, which is insensitive to the site sym-
metry; whereas the °D, — ’F, transition is of electric dipole
nature and is very sensitive to the site symmetry. Therefore,
the intensity ratio of the °D, — ’F, transition to the D, —
’F, transition can act as an efficient fingerprint of local

CrystEngComm, 2015, 17, 3103-3109 | 3105
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symmetry for a luminescent center. In general, a higher ratio
means a lower symmetry.>>*® To explore the local symmetry
of as-prepared samples, Eu** ions were taken as the struc-
tural probe to investigate the modification of the symmetry
of the local crystal field induced by Y*' ions doping. Fig. 3
shows the dependence of the intensity ratio (denoted as R) of
the °D, — ’F, transition to the D, — ’F, transition on Y**
ions doping content in B-NaLuF,: 0.02 Eu®* NCs doped with
different concentrations of Y** ions. The values of R show an
initial increase followed by a decrease and reach a maximum
at a 30 mol% concentration of Y*" ions. The changing trend
of R is the same as that of UC intensity in the corresponding
samples. Therefore, it can be concluded that the variation of
the UC intensity for Y*>" ions doped samples originates from
the changing of symmetry around the rare earth ions.

The emission intensity of the photons depends upon laser
pumping power as: I «« P", where I is the visible output inten-
sity, P is the infrared excitation power and n is the number of
NIR photons absorbed per visible photon emitted, which can
be determined from the slope of the linear plots between
log(I) and log(P).>” For any UC mechanism, although a two-
photon process theoretically corresponds to a slope equal to
approximately 2, the dependence of UC intensity on pump
power is also expected to decrease the slope. Pollnau et al
attributed this phenomenon to the competition between lin-
ear decay and UC processes for the depletion of the interme-
diate exited states.*” Lei et al. set up the steady-state lumines-
cence dynamic equations considering a two-step energy
transfer (ET) process and deduced that the UC intensity for a
two-phonon ET process is proportional to the square of the
excitation power density (P?) when the linear decay of the
intermediate state is dominant, while the intensity is propor-
tional to the excitation power density (P') when the UC is the
dominant mechanism in the Yb*" and Er** codoped system.**
In short, for any two-photon process, the intensity of an UC
process that is excited by the sequential absorption of two

5 7 5 7
D0—> F2/ D0—> F1 .

1.54 ./

152 e—m

T T T T T T T T T T T

0 10 20 30 40 50
3+ .
Y™ doping content (mol%)
Fig. 3 The dependence of the intensity ratio of the °D, — ’F,
transition to the °Dy — ’F; transition on Y*' doping content in

B-NaLuF4: 0.02 Eu®* NCs doped with different concentrations of Y**
ions.
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photons has a dependence of P" on absorbed pump power
density P, with 1 < n < 2. Fig. 4 shows the power dependence
curves for the *Hyy/,/*S;/, — “I;5,» transition and the *F,), —
1,5, transition in Y-0 and Y-3 under 980 excitation wave-
length, respectively. In the low pump power density (say < 2
mW mm? in this case), the slope n values for green and red
emission are 1.75 and 1.64, respectively, in Y-0 and 1.6 and
1.59, respectively, in Y-3, indicating a two-photon process in
each case, despite the n values deviating far from 2. In the
high pump power density, however, the slope n values for
green and red emission in both Y-0 and Y-3 are obviously
increased. So we propose that a three-photon green UC pro-
cess and a three-photon red UC process occur simultaneously
at high pump power density, resulting in the increase of the
corresponding n values, which can be described as ‘G2
(Er*") + s, (Br*) — 2Hyypn/*Ssn (Br*) + Lz, (Er*Y) and
Gy (Er*Y) + °Fyp (YD) — *Fyp (Er*") + °F5), (YD), respec-
tively.">*> Obviously, in both Y-0 and Y-3, the n value of the
red UC process increases more effectively than that of the
green UC process in the corresponding samples at high
pump power density. This can be attributed to the high Yb**
ions concentration and the low Er’" ions concentration. As
mentioned above, the three-photon green UC process is a
cross-relaxation process between two Er** ions; however, the
cross-relaxation in the three-photon red UC process is
between Yb*" ions and Er’* ions. Since the Yb*" ions concen-
tration is much higher than the Er’*" ions concentration, the
three-photon red UC process is more effective than the three-
photon green UC process, resulting in a rapid increase of the
n values of the red UC process. In addition, it should be
noted that the amount of both the three-photon green UC
process and the three-photon red UC process are very few,
because of the enormous deviation of the n values from 3.%
Fig. 5 is the energy level diagram including various,
mainly UC, mechanisms. Excited by 980 nm wavelength, Yb**
was excited to the >Fs;, level by ground state absorption
(GSA). For the two-photon green UC process, the two green
emitting levels of ?H;q;, and S;;, were populated by the
sequential energy transfers ET(1) and ET(2), and the
nonradiative relaxations *F-;, — *H,y/,/*Ss/,. The two-photon
population of the red emitting “Fo, level was ascribed to the
nonradiative relaxation process *Ij;;, — 1,5 and a subse-
quent ET(3) process; the nonradiative relaxation process
*Hy1/5/"S32 — “Foj, can also populate the “Fy), level. For the
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Fig. 4 The power dependence curves for the 2Hyi»/*Ss, — *lisje
transition and the *Fg/» — “l15/» transition in (a) Y-0 and (b) Y-3 under
980 excitation wavelength.
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Fig. 5 The energy level diagrams and various, mainly UC, mechanisms
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three-photon green and red UC processes, we suggest that
the Er** ions in the S;), level can be brought into the >G,
level by an ET(4) process followed by a nonradiative relaxa-
tion process to populate the *Gyy,, level; then the Er*" ions in
the Gy, level can be de-excited to the *Hy,,,/*S;,, levels or
the “Fo, level by the cross-relaxation processes mentioned
above.

To further explore the properties of f-NaLuF, NCs by dop-
ing with Y** ions, we prepared B-NaLug 49Y¢.3Ybo2HO 01F4
and B-NaLuyg 49Y.3Ybo>Tmg 01F4 NCs. The XRD patterns and
SEM images are shown in Fig. 6 and 7, respectively. The dif-
ferences of the XRD patterns and SEM images for

pNalu Y Yb Ho F
049 0.3 0.2 0.01 4
&
-~ JL Mo A L
= B-NaLu Y Yb Tm F
“ 049 0.3 0.2 0.01 4
-
>
-
Z
3 J J L JL 1 A Mo
= JPCDS 27-0726
S
I T Y
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Fig. 6 The standard XRD data of B-NaLuF, (JCPDS 27-0726) and the
XRD patterns of the B-NaLug.49Y0.3Ybo 2HOg 01F4 and
B-NaLug 49Y0.3Ybo2Tme.01F4 NCs. The diffraction peaks labelled by the
asterisks are from NaCl.
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(a) ¢ 5 200nm ® “’ X r‘l‘

Fig. 7 The SEM images of (a) B-NalLug.49Y03Ybo2H0001F4 and (b)
B-NaLuo.49Y0.3Ybo 2TMo 01F 4.

B-NaLug 4Y0.3Ybo 2ETo.02Fs, B-NaLug 49Yo3Ybo,HOg01Fa and
B-NaLug 40Y 3Ybo ,Tmg o1F, are very few, which proves that
the experimental results including phase, size and morphol-
ogy have good reproducibility.

The UC emission spectra of [B-NaLug40Yo.3YbgHOg 01F4
and B-NaLug 49Y0 3Ybo 2Tmg 0:F, NCs excited by 980 nm wave-
length with low output power density are shown in Fig. 8. For
B-NaLug_4Yo 3Ybo ,HOg o1 Fs, after an Yb*" ion was excited to
the *Fs,, state by 980 nm photons, its energy can be trans-
ferred to a nearby Ho®" ion by the route of °Iy (Ho®>") + *F5,
(Yb*) — °I4 (Ho™) + F;,, (Yb*). A second Yb®" ion in the
%Fs,, state can also transfer its energy to the same Ho*' ion
that has been excited to the I state, which can be raised to
a higher-lying (°F4/°S,) state by the route of °I (Ho**) + *F5,
(Yb*) = °F,/°S, (Ho™") + °F,, (Yb®"). The radiative transitions
from °F,/°S, to °I and °I, levels result in the green emission
centered at 540 nm and the emission centered at 749 nm,
respectively. Nonradiative relaxation from the °F,/°S, state of
the Ho** ions may occur and populate the °F; state, produc-
ing  the red emission  at 655 nm. For
B-NaLug 4Yo3Ybo,Tmg o Fy, first, the Tm>*" ions in the
ground state 3H, were excited to the excited state *Hs via an
ET from neighboring Yb®* ions. Subsequent non-radiative
relaxation of *H; — °F, populated the °F, level. Then the
Tm>" ions in °F, state were excited to the 3F2,3 states via
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x 7 w =
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Flg. 8 The uc spectra of ]3'NaLUO_48Y0_3Yb0'2E|’0_02F4,
[5-NaLu0_49Y0_3Yb0_2H00_01F4 and B-NaLu0_49Y0_3Yb0_2Tm0_01F4 under 980
nm excitation. The emission band near 540 nm (labelled by the
asterisk) is from a trace impurity of Ho®".
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Fig. 9 The decay curves for Er**, Ho** and Tm*' in
f3-NaLuo 48Y0.3Ybo 2Er0.02F 4. B-NaLuo 49Y0.3Ybo 2HO0 01F4 and

B-NaLug49Y03Ybo2Tmgo1F4.  respectively, under 980 excitation
wavelength.

another ET from excited Yb*" ions. The populated °F, ; states
may non-radiatively relax to the *H, level and then produced
800 nm emission by the radiative transitions to the ground
state *Hg. Some of the Tm*" ions in the *H, state can be
excited to the 'G, level via another ET from excited Yb*" ions
and then produced blue 475 nm emission.

Fig. 9 shows the decay curves for Er*", Ho*" and Tm*" in
B-NaLug. 45Y0.3YDo 2ETo.02Fs, B-NaLug 49Yo3Ybo,H0o0:1F4 and
B-NaLug 49Y0.3Ybo 2Tmg 01F4, respectively, under 980 nm exci-
tation wavelength. Excited by 980 nm wavelength, the decay
times for the Er** “s;, level and “F,, level in
B-NaLug 45Y0.3Ybo 2Erg.02F4, are 318 ps and 475 ps, respec-
tively; the decay times for the Ho®" °S, level and °F; level in
B-NaLug 49Y0.3Ybo 2HOg 01F4 are 503.1 ps and 554.7 ps, respec-
tively; the decay times for the Tm*" G, level and *H, level in
B-NaLug 40Y0.3Ybo,Tmg o1 F4 are 523.2 pus and 1.02 ms,
respectively.

Conclusions

The UC enhancement with size decrease has been realized in
B-NaLuF,:Yb**/Er** NCs through doping with Y*" ions. There
was no phase transition during the Y*>* doping. The UC inten-
sity firstly increases and then decreases, with the NCs size
continuously decreasing, by increasing Y** doping concentra-
tion. 30 mol% doping concentration of Y*" ions is found to
be the optimum concentration for UC enhancement. Com-
pared with Y-0 and Y-all prepared under the same conditions,
the green UC emission is enhanced by a factor of 1.8 and 16,
respectively, for Y-3. The change of the UC intensity with the
increasing Y** ions concentration is attributed to the chang-
ing of the local symmetry around the luminescent centers,
induced by Y*" ions doping, which has been proved by the
structural probe of Eu®* ions. For Y-0 and Y-3, a three-photon
green UC process and a three-photon red UC process occur
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simultaneously at high pump power density, which can be
described as *Gyy;, (Er*") + iz (Er*") — *Hyyp/*Ssp (Er¥Y) +
4113/2 (El’3+) and 4G11/2 (Er3+) + 2F7/2 (Yb3+) g 4F9/2 (Er3+) +
*F5,  (Yb®"), respectively. Finally, we synthesized
B-NaLuo 40Y0.3YDo2HOg 01F, and B-NaLug.49Y0.3YDo,Tmg o1Fy
NCs, demonstrating the good reproducibility of the experi-
ments and the fitness of f-NaLuF, NCs synthesized by doping
Y*" ions for Ho*" ions and Tm*" ions doping.
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