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Upconversion (UC) photoluminescence nanocrystals of Ln
3+

 doped KLu3F10 have been synthesized via a facile 

and environment-friendly hydrothermal route. X-ray diffraction (XRD), X-ray photoelectron spectroscopy 

(XPS), transmission electron microscopy (TEM), high-resolution transmission electron microscopy (HRTEM) 

and photoluminescence (PL) spectra were employed to character the samples. The visible and near-infrared 

(NIR) UC photoluminescence emissions were achieved with Yb
3+

/Er
3+

, Yb
3+

/Ho
3+

 and Yb
3+

/Tm
3+

 co-doped in 

KLu3F10 samples. More importantly, the emission intensity could be greatly enhanced by introducing CTAB as 

a surfactant, while it was drastically decreased with the addition of OA. Meanwhile, it was found that the 

tunable color of the UC photoluminescence could be realized with the introducing of CTAB and OA. The 

achievement of red and NIR UC photoluminescence indicates that Ln
3+

 doped KLu3F10 nanocrystals could 

provide potential applications in vivo and in vitro optical bioimaging. 

 

Introduction 

Lanthanide ions doped upconversion (UC) nanoparticles are 

receiving a great deal of attention due to their unique applications 

in wide fields of flat panel display, solar cell, sensitive bio-probe, 

drug deliver and fluorescence imaging.
1-5

 Compared to other 

fluorescent materials such as organic dyes and quantum dots, UC 

nanoparticles display anti-Stokes emission for the generation of one 

high-energy photon from two or more incident low-energy photons. 

As ideal UC fluorescent candidates, fluoride-based hosts have been 

extensively investigated owing to their low phonon energy and high 

refractive indexes. Up to now, a series of fluoride-based UC 

photoluminescence matrices, such as the ternary compounds of 

NaYF4, NaLnF4 (Ln=Gd, Yb, Lu), Na5Ln9F32 (Ln=Er, Yb, Lu), KYb2F7, 

Sr2YF7, KGdF4, LiGdF4
6-14

 and binary compounds as YF3, ScF3, LnF3 

(Ln=La, Tb, Gd, Yb, Lu)
15-21

 have been reported. Nowadays, as the 

increasing demand of cancer diagnosis and therapy, a wider range 

of explorations for the fluoride-based UC nanomaterials with red 

(600-700 nm) and near-infrared (NIR 700-1100 nm) emissions are 

desired. Red and NIR emissions make deeper tissue labeling and 

biology imaging due to the slighter tissue absorption of longer 

wavelength. In bio-image, the electromagnetic spectrum of NIR 

range has few interferences with biomaterials so that photons can 

penetrate deeply into biological tissues, allowing less scattered and 

lower autofluorescence than visible or ultraviolet (UV) light. It leads 

to the improving of image contrast. Thus, the conclusion of 

emission peaks in red and NIR regions, which are coincident with 

the “optical windows”, is of significant importance for both in vivo 

and in vitro optical bioimaging.
22,23

  

The methods of the tailoring photoluminescence properties 

are various and particularly interesting. Recently, the UC color 

adjustment has been achieved through (1) plasmonic effects; (2) 

adding different doping levels of sensitive ions; (3) changing the 

concentration of Ln-doping ions or (4) controlling the reaction 

conditions. With utilizing several surfactants in a wet-chemical 

method, a series of productions with various morphologies of 

fluorides have been obtained.
24,25

 In NaYF4:Yb
3+

/Er
3+

 system, the 

enhancement of red up-conversion photoluminescence could be 

realized through adjusting the ratio of the red to green emission 

with different concentrations of Mn
2+

-doping.
26

 The relative 

intensity of red and green emission of Yb
3+

/Er
3+

 could be tunable via 

altering the annealing temperatures in NaGdF4.
27

 Moreover, 

Pichaandi et al. described that changing the experimental 

conditions, such as the aging, drying and baking time, is conducive 

to controlling the ratio of red to green efficiently in LaF3 silica 

matrix doped with Yb
3+

/Ho
3+

.
28

 Since controlling the size and 

morphology of the samples probably has great influence on the 

photoluminescence properties, the growth of the inorganic 

nanostructured materials has drawn more and more attention with 

the usage of capping agents, such as ligands, polymers, especially 

surfactants.
29

 Although numerous approaches to enhance the 

intensity or adjust the ratio of red to green emission have been 

reported, the complexity of the operation, the uncontrollability of 

the factors, as well as the irrational use of the resource still perplex 

people.  

Recently, KLn3F10, as an interesting host matrix for its structure 
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and optical properties, which could be applied as laser materials 

and long persistent phosphorescence phosphor, has been attracted 

increasing attention.
30-32

 Nevertheless, there are only limited 

studies on the synthesis of KLu3F10 and no attempts have been 

made for the optical investigation including color adjustment in 

visible and NIR regions. Herein, a facile and environment-friendly 

strategy for the synthesis of Ln
3+

-doped cubic KLu3F10 nanoparticles 

via a hydrothermal route was provided in this work. By co-doping 

with Yb
3+

/Er
3+

, Yb
3+

/Ho
3+ 

and Yb
3+

/Tm
3+

, red, green and blue UC 

luminescence and the NIR emission have been achieved, 

respectively. Moreover, the ratio of relative emission intensities 

could be controlled effectively by using oleic acid (OA) or hexadecyl 

trimethyl ammonium bromide (CTAB) as a surfactant. The local 

structure and UC photoluminescence properties of Ln
3+

 in KLu3F10 

was investigated in detail. 

Experimental 

Synthesis of nanoparticles 

KLu3F10 nanocrystals doped with Yb
3+

/Er
3+

, Yb
3+

/Ho
3+

, or Yb
3+

/Tm
3+

 

were synthesized via a hydrothermal method using deionized water 

as the solvent. Set the preparation of KLu3F10:16%Yb
3+

/2%Er
3+

 as an 

example. At first, the mixed powder of Lu2O3 (Aldrich, 99.99%), 

Yb2O3 (Aldrich, 99.99%), and Er2O3 (Aldrich, 99.99%) were added to 

a 150 mL beaker containing moderate concentrated nitric acid 

(HNO3) and then heated at 200℃ and stirred with glass rod until 

formed corresponding nitrate solution and evaporated extra 

concentrated nitric acid. Then the solution of KF was added into the 

above beaker. With the addition of the moderate deionized water 

(or CTAB solution, or OA ), the total resolution volume is adjusted to 

80mL and the pH value was kept to be 6.5. Afterwards, the above 

mixed solution was stirred for 2h at room temperature and then 

transferred into a 100 mL Teflon-lined autoclave and kept at 180℃ 

for 4 h. The system was then allowed to cool down to room 

temperature and the final products deposited at the bottom of the 

vessel. The nanocrystals were separated via centrifugation and 

washed three times with water. The products were obtained as a 

kind of white powder after drying at 80℃ in a baking oven. Other 

Ln
3+

 doped KLu3F10 samples were synthesized by a similar procedure 

except the different doped rare earth Ho2O3 (Aldrich, 99.99%), or 

Tm2O3 (Aldrich, 99.99%). 

Characterization 

X-Ray powder diffraction (XRD) was performed using a D8 Focus 

diffractometer (Bruker) with Cu-Kα radiation (λ=0.15405 nm) in the 

2θ range from 10° to 80°. X-ray photoelectron spectroscopy (XPS) 

analyzes were measured on an ESCALAB MK II X-ray photoelectron 

spectrometer using Mg as the exciting source. The particle 

morphology and size were studied with field transmission electron 

microscopy (TEM) and high-resolution field transmission electron 

microscope (HRTEM), carried out using U.S. FEI Tecnai G2 F20 

operating at 200kV. The TEM and selected area electron diffraction 

(SAED) images were recorded to provide more information about 

the structure of KLu3F10. The UC photoluminescence spectra of the 

samples under a 980nm infrared laser excitation were recorded by 

HITACHIU-F-7000 spectrophotometer at room temperature. We 

take advantage of density functional theory (DFT) calculations that 

provide a detailed picture of the local atomistic structure and the 

electronic structure. The local-density approximations based on 

density functional theory were chosen for the theoretical basis of 

the density function. First, the crystallographic data from the 

Inorganic Crystal Structure Database no. 28258 were used to 

optimize the crystal structure. The second step was to calculate the 

density of states for the optimized structure. The convergences 

were set as 5×10
-4

 for maximum displacement tolerances, 0.1 eV 

nm
-1

 for maximum force, 0.02 GPa for maximum stress and 5×10
-6

 

eV per atom for total energy change in the geometry optimization. 

The convergence criteria for the electronic wave function and for 

the geometry were 10
-5

 and 10
-4

 eV, respectively. The plane-wave 

energy cutoff was 380 eV. 

Results and Discussion 

Phase, structure and morphology  

Fig.1(a) shows the refinement of XRD patterns of KLu3F10:Yb
3+

/Er
3+

 

gained with surfactant-free. The black solid lines and red crosses 

show the calculated and experimental patterns, respectively. The 

positions of the Bragg reflection of the calculated pattern are 

plotted by the black short vertical lines. The differences between 

the experimental and calculated patterns are drafted by the blue 

line at the bottom. The reliability parameters of refinement are 

Rwp=12.4%, and χ
2
=1.27, which verifies the phase purity of the as-

prepared sample. Fig.1(b) shows the XRD patterns of the 

KLu3F10:Yb
3+

/Er
3+

 nanoparticles prepared with CTAB, OA and 

surfactant-free, respectively. The shape and intensities of 

diffraction peaks for KLu3F10:Yb
3+

/Er
3+

 nanoparticles are identified 

to those of KYb3F10 (JPDS: No.27-0462) except for a slight shift to 

higher angle compared with the standard card, which is contributed 

to the shrinkage of lattice constants. All of the diffraction peaks are 

well-indexed to the cubic phase (space group of Fm3m), and no 
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Fig.1  Refinement of XRD patterns of KLu3F10:Yb
3+

/Er
3+

 obtained 

with surfactant-free (a) and XRD patterns of the KLu3F10:Yb
3+

/Er
3+

 

obtained with CTAB, OA and surfactant-free (b). 

 
Fig.2  XPS pattern of KLu3F10:Yb

3+
/Er

3+
 synthesized with surfactant-

free. 

 

traces of other phases are examined, indicating all samples are 

single phase. The estimated average crystalline sizes are 17.9, 15.0 

and 19.3 nm that obtained with CTAB, OA and surfactant-free, 

respectively, which can be calculated from XRD patterns by using 

the Scherrer equation, D=0.9λ/βcosθ, where λ is the X-ray 

wavelength, β is the full-width half maximum of the dominant 

diffraction peak centered at 2θ. 

To prove the composition of KLu3F10:Yb
3+

/Er
3+

 more accurately, the 

samples has been examined by X-ray photoelectron spectroscopy 

(XPS),as shown in Fig.2. The XPS spectrum shows the presence of 

relative larger amount of K, Lu and F and the doped Yb and Er 

elements, verifying the allelic substitution of Yb
3+

 by Lu
3+

. It is 

clearly to be seen that the binding energy (BE) of O1s is 531 eV, 

which is corresponding to the adsorbed oxygen or -OH on the 

surface. Meanwhile, the absence of the BE band in 529.9eV further 

confirms the oxygen-free KLu3F10 host is successfully synthesized, 

which matches well with the XRD results. 

To investigate the structure of the electronic energy state of KLu3F10, 

the density functional theory calculations based on crystal structure 

refinement are shown in Fig.3. The local-density approximation 

(LDA) was chosen for the theoretical basis of the density function. 

From sampling the number of electronic states in k space at each 

energy, one can determine the atomic position of KLu3F10, and then 

calculated its band structure, as displayed in Fig.3(a). It could be 

determined that cubic KLu3F10 possessed a direct band gap with the 

valence band (VB) maximum at the G point of the Brillouin zone 

(Fig.3(c)). It is expected that the value of the calculated band-gap of 

KLu3F10 is about 5.49eV, which will be smaller than the 

experimental one as the LDA underestimates the size of the band-

gap. Fig.3(d), (e) and (f) show the total density of states (TDOS) and 

atomic partial DOS (F, Lu, K) of the sample. It could be concluded 

that the conduction band (CB) of KLu3F10 consists of 3p orbital of K 

and 4d orbital of Lu, whereas the VB is dominated by 4s and 3p 

orbitals of K, 4p and 4f orbitals of Lu, and 2p orbital of F. 

Transmission electron microscopy (TEM), high-resolution TEM 

(HRTEM) and selected-area electron diffraction (SAED) provide 

more information about the morphology and nanostructure details 

of the as-synthesized KLu3F10:Yb
3+

/Er
3+

, as shown in Fig.4. It is found 

that samples prepared with the addition of CTAB and OA are not 

 

 
Fig.3  Band structure (a); density of state (b); Brillouin zone (c); total and partial density of K

+
 (d); Lu

3+
 (e); F

-
 (f) of KLu3F10.
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Fig.4  TEM images of KLu3F10:Yb
3+

/Er
3+

 synthesized with CTAB (a); surfactant-free (b); OA (c) and 350000× magnification (d); HRTEM (e); 

SAED (f) images of samples prepared with surfactant-free. 

 

only dispersed more uniformly but decreased in size in 

comparison with the surfactant-free samples. It indicates that the 

morphology and the particle size could be controlled with the 

presence and absence of surfactants. CTAB and OA, as surfactants, 

are probably beneficial for the formation of the good mono-

dispersity as well as narrower-size nanoparticles. All of the as-

synthesized products consist of cubic-shaped particles with the 

average sizes about 18, 20 and 15 nm, which is consistent with the 

XRD results. Under 350000× magnification, Fig.4(d) clearly 

presents the mono-dispersity and dimensional-homogeneity of 

the samples prepared with surfactant-free. The HRTEM image 

(Fig.4(e)) shows the presence of clear and resolved lattice fringes, 

which proves the highly crystalline nature of the samples. The 

interplanar distance between the adjacent fringes are determined 

to be 0.569 and 0.328 nm indexed as the d-spacing value of (200) 

and (220) crystal planes of cubic KLu3F10, respectively. SEAD 

pattern is illustrated in Fig.4(f), the concentric spotty diffraction 

rings correspond to the specific (200), (220), (222), (400), (440) 

and (622) planes of the KLu3F10 lattice, which demonstrates the 

polycrystalline nature of the particles. The structure of the 

individual nanoparticle exhibits well-defined lattice fringes, which 

suggests good crystallinity of the as-prepared samples. 

Photoluminscence properties 

Visible and NIR UC photoluminescence spectra of KLu3F10 co-

doping with Yb
3+

/Er
3+

, Yb
3+

/Ho
3+

 and Yb
3+

/Tm
3+

 are shown in Fig.5. 

Under 980 nm LD excitation, KLu3F10:Yb
3+

/Er
3+

 nanoparticles 

exhibit three sharp emission peaks at 523 nm, 544 nm and 668 nm, 

assigned to the transition of (
2
H11/2→

4
I15/2), (

4
S3/2→

4
I15/2) and 

(
4
F9/2→

4
I15/2) of Er

3+
, respectively, as shown in Fig.5(a). For the 

Yb
3+

/Ho
3+

 co-doped samples, the obvious emission peaks located 

at 486 nm (
5
F5→

5
I8), 539 nm (

5
F4, 

5
S2→

5
I8) and 660 nm (

5
F5→

5
I8) 

are attributed to the 4f
n
 configuration transitions of Ho

3+
, 

respectively (Fig.5(b)), excited by 980 nm LD excitation. In Fig.5(c), 

under 980 nm LD excitation, the emission peaks at 480 nm 

(
1
G4→

3
H6), 649 nm (

1
G4→

3
F4), 684 nm (

3
F2→

3
H6), 704 nm (

3
F3→

3
H6) 

and 809 nm (
3
H4→

3
H6) of Tm

3+
 are detected in Yb

3+
/Tm

3+
 samples, 

respectively. It is interesting to note that the NIR emission at 809 

nm is observed clearly and the intensity is about 20 times than 

that of the blue band peak in KLu3F10:Yb
3+

/Tm
3+

. Furthermore, it is 

worth to notice that the emission intensities of the samples are 

changed with different surfactants, as shown in Fig.5(a), (b) and (c). 

The significant enhancements of the emission intensity of Er
3+

, 

Ho
3+

 and Tm
3+

 are observed with the addition of CTAB, while the 

intensity of which decreases drastically with the introducing of OA. 

The possible reasons could be explained as follows: Once ionized 

in water, the hydrophilic groups attached with lipophilic groups 

are positively charged, which indicates that CTAB is introduced as 

a cationic surfactant, while OA is an anionic surfactant. Thereafter, 

the cationic and anionic surfactants affect the UC 

photoluminescence properties in a perverse way, when the 

surfactants are absorbed in the surface of samples. CTAB, as a 

quaternary ammonium salt, provides functions as the surface 

modification either in acidic or alkaline environment. With the 
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Fig.5 NIR and visible UC photoluminescence spectra of KLu3F10 co-doped with Yb

3+
/Er

3+
 (a); Yb

3+
/Ho

3+
 (b); Yb

3+
/Tm

3+
 (c) with different 

surfactants: CTAB (lines), OA (dots) and surfactant-free (dashes) (inset: the relative emission intensities of the corresponding materials) and 

photographs of the UC photoluminescence (d) under 980 nm LD excitation. 

 

addition of CTAB, the concentration of C16H33(CH3)3N
+
 increased 

until reached the critical micelle concentration. The formation of 

micelles has tremendous effect on the mono-dispersity and 

narrower-size of the nanoparticles in the hydrothermal 

synthesized process. Besides, the micelles, playing a surface active 

role, could decrease the surface defects by reducing surface 

tension. Therefore, the enhancement of the emission intensities 

with CTAB owes to the enlargement of the specific surface area 

and the decreased  surface defects at the same time. With the 

addition of OA, the double-bonds in OA cause space structure 

bend leading to the space barrier hindering the joint of the 

adjoining chains, which narrows the size of samples efficiently. In 

the weak acidic environment (pH=6.5), there is probably no 

micelles formed of OA. Although OA was beneficial to the 

narrower-size controlled, it provides unobvious effects on 

improving the surface defects, the specific surface area is larger 

due to the smaller of the size, which leads to the increasing 

density of surface defects. Therefore, the UC photoluminescence 

intensities of these samples decrease. Besides, a great tune of the 

ratio between the intensities of green (
4
S3/2→

4
I15/2) and red 

(
4
F9/2→

4
I15/2) emission bands in KLu3F10:Yb

3+
/Er

3+
 is observed by 

introducing different surfactants, as shown in the inset of Fig.5(a). 

Meanwhile, it is clear that the ratio of green (
5
F4, 

5
S2→

5
I8) and red 

(
5
F5→

5
I8) emission intensities of KLu3F10:Yb

3+
/Ho

3+
 as well as the 

blue (
1
G4→

3
H6) and the NIR (

3
H4→

3
H6) emission intensities co-

doped with Yb
3+

/Tm
3+

 change with the addition of the different 

surfactants. It indicates that the adjustment of the color could be 

realized with the presence and absence of the surfactants. The 

photograph of Fig.5(d) exhibits the UC photoluminescence of the 

surfactant-free products, which indicates the green, red and blue 

light could be obtained in the KLu3F10 with Ln-doped. Obviously, 

KLu3F10 is an attractive host, for both the visible and NIR 

upconversion could be achieved with Yb
3+

/Er
3+

, Yb
3+

/Ho
3+

 and 

Yb
3+

/Tm
3+

 co-doped. 

To further study the photon excitation mechanisms, the  

excitation power-dependent UC emissions on the pumper power 

in the CTAB-presence Ln-doped KLu3F10, as representative samples, 

are carried out. As shown in Fig.6, the UC emission intensity (I) of 

these samples increases with increasing excitation power (P), with 

a power law of I∝Pn
, where n represents the number of pumping  
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Fig.6 NIR and visible excitation power dependence of UC 

photoluminescence of KLu3F10:Yb
3+

/Er
3+

 (a); Yb
3+

/Ho
3+

 (b) and 

Yb
3+

/Tm
3+

 (c) nanoparticles under 980 nm LD excitation. 

 

photons absorbed per upconverted photon emitted. From Fig.6(a), 

it can be seen that the slops of Log(I) and Log(P) for the red and 

green emissions in KLu3F10:Yb
3+

/Er
3+

 sample are 2.19 and 2.23, 

respectively, indicating that a two-photon mechanism is operative. 

It is consistent with the previous reports of the Yb
3+

/Er
3+

 co-doped 

crystals SrY2O4 and NaYF4.
33,34

 In KLu3F10:Yb
3+

/Er
3+

, the proposed 

UC energy transfer processes under 980 nm LD excitation are 

presented in the right side of Fig.6(a). Excited by 980 nm laser, as 

sensetizer, Yb
3+

 ions at 
2
F7/2 ground state are pumped to 

2
F5/2 

excited-state at first. Subsequently, energy transfer (ET) process 

occurs from the 
2
F5/2 excited-state of Yb

3+
 ions to the 

4
I11/2 energy 

level of Er
3+

. The exited 
2
I11/2 excited ions relax to the low-lying 

4
I13/2 level then. Meanwhile, following the energy absorbing from 

an incident photon and a second ET process in neighboring Yb
3+

 

ions, a population of ions from 
4
I11/2 state to 

4
F7/2 energetic state 

occurs and the 
4
F9/2 from 

4
I13/2 is achieved owing to ET process as 

well. Non-radiative decay occurs from 
4
F7/2 to the 

2
H11/2 and 

4
S3/2 

levels of Er
3+

. The 522 and 543 nm emissions, introducing weak 

green emissions, correspond to the energy transition from 
2
H11/2 

and 
4
S3/2 populated states to the ground-state, respectively. 

Alternatively, red emissions are observed by a further relaxation 

of the populated 
4
F9/2 level to the ground-state 

4
I15/2 level. In the 

case of Yb
3+

/Ho
3+

 co-doped with KLu3F10, involved to produce the 

blue, green and red UC emissions, at 486, 540 and 660 nm 

corresponding to the 
5
F3→

5
I8, 

5
F4,

5
S2→

5
I8 and 

5
F5→

5
I8 transitions, 

are based on a two-photon process (Fig.6(b)). An energy transfer 

process occurs from the 
2
F5/2 excited state to the population of 

5
I6. 

The subsequent step involves in the relaxations from some of 

excited ions to the low-lying 
5
I7 state. Once incoming pump 

photon or a second ET from a neighboring Yb
3+

 ions, 
5
I6 level is 

populated by 
5
F5 states. Meanwhile, the ET processes from 

5
I6 and 

5
I7 levels to 

5
F4 and 

5
F3 states occur. Finally, along with the 

emissions from these populated states to the ground states, 

different UC photoluminescence emissions are produced. For 

KLu3F10:Yb
3+

/Tm
3+

, non-resonant energy transfer from population 

of the 
2
F5/2 level in Yb

3+
 to the 

3
H5 level of Tm

3+
 ions occurs. 

Subsequently, the 
3
F4 level is populated by the non-radiative decay 

of 
3
H5→

3
F4. A second energy transfer is responsible for the 

population of 
3
F2,3. Non-radiative relaxation induces population of 

the 
3
H4 level. 

1
G4 level is populated through the third energy 

transfer. The emissions from these populated states (
1
G4, 

3
F2,3 and 

1
D2) to the 

3
F4 level or the ground state (

3
H6) result in the 

characteristic emissions of Tm
3+

. Thus, KLu3F10:Yb
3+

/Tm
3+

 phosphor 

exhibits a strong NIR UC photoluminescence.
 

Conclusions 

In conclusion, cubic KLu3F10, as a promising host material for 

efficient UC photoluminesence, has been successfully synthesized 

via a facial hydrothermal method. By co-doping with Yb
3+

/Er
3+

, 

Yb
3+

/Ho
3+

 and Yb
3+

/Tm
3+

, the tricolor in visible region and the NIR 

emission have been achieved. Moreover, the employment of CTAB 

and OA as surfactants results in more uniform the morphology and 

the drastically decrease crystal size of the samples. Due to the 

more uniform morphology and decreased defects, the intensity of 

the UC photoluminescence could be enhanced by introducing 

CTAB, however, an opposite effect on UC intensity with the 

addition of OA is found. Furthermore, the ratio of red, green, blue 

and NIR emissions could be adjusted effectively, which indicates 

that the further investigation will be more valuable. 
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