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Abstract 

Crystal structure, morphology, and optical properties of Tm3+, Er3+, and Yb3+ ions doped four types of host materials [NaLnF4, 

Ln=Y, Lu, Gd, La] have been investigated. X-ray diffraction (XRD), scanning electron microscopy (SEM), and 

photoluminescence (PL) spectra were used to characterize the samples. For La-based fluoride, the as synthesized microcrystals 

are assigned to LaF3 crystal phase. For the other three hosts, hexagonal NaREF4 crystal phase accordingly formed. By 

changing the dopant’s species, strong multicolor upconversion (UC) emissions can be obtained under 980 nm laser diode (LD) 

excitation. It is found that the up-conversion luminescence is strongly depended on the host material, particle size, doping 

substances and concentration and internal structure. Importantly, the intensity ratio of green to red emissions and the intensity 

ratio of blue to red emissions are highly depended on the property of host materials. The UC mechanisms in the four host 

materials are also discussed. 
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1. Introduction 

With abundant f-orbital configurations, lanthanide (Ln) ions 

can exhibit sharp fluorescent emissions via intra-4f or 4f−5d 

transitions and thus are widely used as emitting species in 

many phosphors [1-2]. Compared with lanthanide chelates, 

quantum dots (QDs), and organic dye molecules, Ln3+-doped 

inorganic materials hold all the advantages of a large Stokes 

shift, a sharp emission spectrum, a long lifetime, high 

chemical/photochemical stability, low toxicity, and reduced 

photobleaching [3-6]. Ln3+-doped inorganic materials are 

widely applied in the fields of lasers, displays, sensors, solar 

cells, electroluminescent devices, and biomedical research 

[7-9]. 

Much attention has been paid to the up-conversion (UC) 

process, which is a successful method to generate visible 

light from long-wavelength excitation of near-infrared (NIR) 

light [10-12]. The use of lower energy excitation is 

associated with several significant advantages, such as 

negligible photobleaching damage to living organisms, low 

autofluorescence background, and high light excitation 

penetration depth in biological tissues [13]. 

In order to obtain efficient UCL, selection of host matrixis is 

very important for achieving efficient UC luminescence. 

Among all of the investigated UC host materials such as 

oxides, fluorides, and vanadates, Ln doped fluorides 

(NaLnF4) are considered as the most efficient one for UC 

emission due to their low phonon energy, which decreases 
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the non-radiative relaxation probability [14-15]. Er3+ and 

Tm3+ ions with ladder-like energy levels are the most 

common activators to generate UCL under 980 nm NIR 

excitation. In addition, because Yb3+ ion possesses a larger 

absorption cross section to 980 nm pump photons than that of 

other Ln3+ ions, it is usually selected as a particularly and 

efficient sensitizer for enhancing the luminescent efficiency 

of emitters Er3+ and Tm3+. Furthermore, the energy gap 

between ground state and the only excited state of Yb3+ 

matches well with the energy differences of Er3+/Tm3+ which 

allows for efficient (quasi) resonant energy transfer from 

Yb3+ to Er3+/Tm3+ ions and further enhances the UCL. 

In the present work, crystal structure, morphology and optical 

properties of various host crystals doped with optically active 

ions Er3+/Tm3+ have been investigated. 

2. Experimental 

All rare earth oxides used were of 99.99% purity. Rare earth 

nitrate RE(cl)3 (RE Lu, La, Gd,Y, Yb, Er and Tm) solutions 

were prepared by dissolving the corresponding rare earth 

oxides in hydrochloric acid at a high temperature. All other 

chemicals were analytical grade and used without further 

purification. 

2.1. Synthesis of Ln3+-doped Fluorides 

Microcrystals 

Ln3+-doped fluorides microcrystals were synthesized by a 

hydrothermal method using trisodium citrate as a stabilizing 

surfactant. 0.294g of trisodium citrate and 10 mL of de-

ionized water were mixed together under agitation to form a 

homogeneous solution. Subsequently, 1 mmol RECl3 (RE Lu, 

Y, Gd, La, Yb, Er or Tm with designed molar ratios) and 16 

mL of 8 mmol NaF solutions were added under constant 

vigorous stirring for 10–20 min. The resulting solution was 

transferred to a 50 mL autoclave, sealed, and hydrothermally 

treated at a designed temperature of 180°C for 10h. After 

reaction completion, the system was naturally cooled to room 

temperature. The resulting samples were washed several 

times with ethanol and de-ionized water to remove residual 

solvents, and then dried at 60℃ for 24h. The rare earth 

element of host material can be one of the four elements Y, 

Lu, Gd and La. The doped styles of rare earth elements in 

fluoride were Yb3+(18%)/Er3+(2%) co-doped, 

Yb3+(20%)/Tm3+(0.5%) co-doped and 

Yb3+(5%)/Er3+(0.5%)/Tm3+(0.5%) tri-doped respectively. 

2.2. Characterization 

The phase identification was performed by X-ray diffraction 

(XRD) (D8 Advance), using nickel-filtered Cu-Ka radiation 

(λ=1.5406 Å). The step scan covered the angular range from 

10° to 70°. The morphologies of products were observed 

using a scanning electron microscope(SEM) (JSM-6380LV). 

Upconversion emission spectra of the samples were recorded 

with a fluorescence spectrophotometer(Hitachi F-2700). A 

980 nm laser diode with the maximum power of 0.1w was 

employed as the upconversion pump source. 

3. Results and Discussion 

3.1. Yb3+/Er3+ Co-doped NaLnF4 (Ln=Y, Lu, 
Gd, La) 

 
Figure 1. XRD patterns of four fluorides with the same Yb3+(18%)/Er3+ 

(2%) co-doping: (a) Y-based fluoride, (b) Lu-based fluoride, (c) Gd-based 
fluoride, (d) La-based fluoride. 

The crystal structures and the phase purity of the as-prepared 

products were determined by XRD spectra. Typical XRD 

patterns of four host materials are presented in Figure 1. The 

diffraction peaks in curve (a)-(c) can be indexed to the pure 

hexagonal NaYF4 (JCPDS 16-0334), NaLuF4 (JCPDS 27-

0276) and NaGdF4 (JCPDS 27-0699). No other impurity 

peaks were detected, demonstrating the successful 

incorporation of all the Yb3+ and Er3+ ions into the three host 

matrixes and formed solid solution structure. Noticeable for 

La-based host as shown in Figure 1 (d), the as synthesized 

microcrystals consist of two phases, i.e., the hexagonal LaF3 

(JCPDS 32-0483) and the hexagonal phase NaYbF4 (27-

1427). It can be seen from Figure 1 that the diffraction peaks 

of Gd-based fluoride: Yb3+/Er3+ and La-based fluoride: 

Yb3+/Er3+ are wider than the other two, indicating that they 

have smaller particle size, which is further verified by SEM 

measurement. 

To further reveal the phase and size control, the as-prepared 

microcrystals were characterized by SEM, which are 

presented in Figure 2. It can be seen that the host 

compositions have significant influence on the corresponding 

morphologies of the products. Figure 2 (a) illustrates the 
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representative SEM image of NaLuF4:Yb3+/Er3+ 

microcrystals. The morphology of NaLuF4: Yb3+/Er3+ shows 

hollow irregular hexagonal prism. It can be clearly seen that 

these microrods open at both ends. The detailed structure of 

NaLuF4: Yb3+/Er3+ microcrystals is shown in Figure 2 (b) that 

hexagonal mircoplates with both smooth side facets and top–

bottom surfaces and relatively uniform size are formed. We 

note that the hydrothermal synthesized β-NaGdF4 in these 

conditions show enhanced (110) XRD peak in comparison 

with the standard card of β-NaGdF4. This result implies the 

presence of preferred growth direction dependent on 

morphology of the product. The synthesized submicron β-

NaGdF4:Yb3+/Er3+ shows hexagonal prism. It is interesting to 

find that NaLaF4:Yb3+/Er3+exhibits irregular morphologies. 

As shown in Figure 2 (d), nanoparticles and microtubes are 

observed clearly. From SEM images in Figure 2, it is clear 

that the morphology of NaLnF4 is highly depended on the 

host Ln3+ ion if the reaction time and temperature and the 

doping are fixed as the same ones. 

 
Figure 2. SEM images of four fluorides with the same Yb3+(18%)/Er3+(2%) 

co-doping: (a) Y-based fluoride, (b) Lu-based fluoride, (c) Gd-based 
fluoride, (d) La-based fluoride. 

Subsequently, the upconversion fluorescence spectra of the 

sample with various compositions were recorded under 

excitation of a 980 nm LD of as low as 20mW with a 

spectrophotometer (F2700). All the samples can emit 

dazzlingly bright light. As shown in Figure 3, the 18% Yb3+, 

2% Er3+ co-doped four fluorides show three dominant 

emission peaks centered at 528, 543, and 660nm, which are 

assigned to the 2H11/2→
4I15/2, 

4S3/2→
4I15/2 and 4F9/2→

4I15/2 

transitions of Er3+ ion, respectively. The luminous intensities 

of Gd-based fluoride: Yb3+/Er3+ and La-based 

fluoride:Yb3+/Er3+ are weaker than the other two, because 

they have smaller particle size. In addition, the weak blue 

(2H9/2→
4I15/2:408 nm) emission band has also been observed 

in Yb3+/Er3+ co-doped fluorides microcrystals. The 

observation of 408 nm emission provides a direct evidence 

for the high UC efficiency of the Yb3+/Er3+ co-doped 

fluorides microcrystals. It should be noted the intensity of 

green emission peak is weaker than that of red emission peak 

in La-based fluoride:Yb3+/Er3+ as shown in Figure 3 (d). It is 

quite clear from Figure 4 that the Intensity Ratio of the Green 

to Red (IRGR) emission varies with the change of host 

matrix. The IRGR of La-based fluoride:Yb3+/Er3+ is lower 

than 1, while those of the others are larger than 1. The Gd-

based fluoride: Yb3+/Er3+ has the IRGR value. 

 

Figure 3. Upconversion luminescence spectra of four fluorides with the 
same Yb3+(18%)/Er3+ (2%) co-doping: (a) Y-based fluoride, (b) Lu-based 

fluoride, (c) Gd-based fluoride, (d) La-based fluoride. 

 
Figure 4. Green-to-red intensity ratios of Yb3+/Er3+ co-doped fluorides 

microcrystals. 

In Yb3+ and Er3+ co-doped NaLnF4 microcrystals, the 

proposed UC mechanisms can be described as follows 

(Figure 5): First, an excited Yb3+ ion in the 2F5/2 state 

transfers its energy to an Er3+ ion to populate the 4I11/2 level. 

Second, The Er3+ ion can decay nonradiatively to 4I13/2 and 

then absorbs a second pump photon to an upper level 4F9/2 

level, which can also lead to the dominant red emission 4F9/2

→4I15/2. Alternatively, after populating the 4I11/2 level, energy 

transfer from an Yb3+ ion can then populate the 4F7/2 level of 

the Er3+ ion. The Er3+ ion can then decay nonradiatively to 

the 2H11/2 and 4S3/2 levels lead to the dominant 2H11/2/
4I15/2 and 

4S3/2/
4I15/2 transitions, and nonradiative decay from 2H11/2/

4S3/2 

may directly populate 4F9/2 state and result in another 

dominant red 4F9/2→
4I15/2 emission. In addition, the Er3+ ion 
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in the 4F9/2 level can be promoted to the level 2H9/2 and 

resulting in weak violet emission. 

 
Figure 5. Schematic energy-level diagram of Yb3+ and Er3+, and the 

proposed mechanism of upconversion emissions. 

3.2. Yb3+/Tm3+ Co-doped NaLnF4 (Ln=Y, Lu, 
Gd, La) 

The phase compositions of the as-prepared Yb3+ and Tm3+ 

co-doped rare earth fluorides were detected by the powder 

XRD pattern as shown in Figure 6. The XRD pattern curves 

in Figure 6 (a)-(c) are characteristic of hexagonal phase 

NaReF4. The observed results are similar to that of Figure 1. 

However, some of the relative intensities of the diffraction 

peaks are different. There are also two phases in Yb3+ and 

Tm3+ co-doped La-based fluoride. Despite the doping 

component varies from Yb3+/Er3+ to Yb3+/Tm3+, the 

morphologies of the four fluorides microcrystals remain 

substantially unchanged as shown in Figure 7. These results 

indicate that the substitution of small amount of Er3+ ion by 

Tm3+ ion has no obvious influence on the crystal structure 

and morphology. 

 
Figure 6. XRD patterns of four fluorides with the same Yb3+(20%)/Tm3+ 

(0.5%) co-doping: (a) Y-based fluoride, (b) Lu-based fluoride, (c) Gd-based 
fluoride, (d) La-based fluoride. 

 
Figure 7. SEM images of four fluorides with the same Yb3+(20%)/Tm3+ 

(0.5%) co-doping: (a) Y-based fluoride, (b) Lu-based fluoride, (c) Gd-based 
fluoride, (d) La-based fluoride. 

Figure 8 presents the UC emission spectrum of Yb3+ and 

Tm3+ co-doped rare earth fluorides under 980 nm excitation. 

The blue and red emissions centered at 450, 474, 646 and 

697 nm are observed, which are attributed to the 1D2→
3F4, 

1G4→
3H6, 

1G4→
3F4 and 3F3→

3H6 transitions of Tm3+, 

respectively. The blue-to-red intensity ratios (BRR) of 

Yb3+/Tm3+ co-doped fluorides microcrystals are shown in 

Figure 9. The IRGR of La-based fluoride: Yb3+/Tm3+ is equal 

to 2, while those of the others is greater than 10. The IRGR 

of Gd-based fluoride: Yb3+/Tm3+ is the largest one. 

 
Figure 8. Upconversion luminescence spectra of four fluorides with the 

same Yb3+(20%)/Tm3+ (0.5%) co-doping: (a) Y-based fluoride, (b) Lu-based 
fluoride, (c) Gd-based fluoride, (d) La-based fluoride. 

According to the simplified energy level diagram shown in 

Figure 10, the possible upconversion mechanisms have been 

discussed in detail. In the first step of excitation, a pump 

photon at 980 nm provokes the excitation of the Yb3+ 

sensitizer from the 2F7/2 ground state to the 2F5/2 excited state. 

The excited Yb3+ ion transfers its energy to a neighbor Tm3+ 
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ion for the 3H6→
3H5 transition of Tm3+ ion. The Tm3+ ion 

populated in the 3H5 level will decay nonradiatively to 3F4 

level by the multiphonon relaxation, and then absorbs a 

second pump photon to an upper level 3F2 level. The Tm3+ 

ion populated in the 3F2 level will decay nonradiatively to3F3, 
3H4, and 3F4. The transitions of 3F3 to 3H6 level emit the red 

emissions at 697nm. The Tm3+ then absorbs a third pump 

photon to an upper level 1G4 level, which can yield red and 

blue emissions upon radiative relaxation back to 3F4 and 3H6 

levels, respectively. There is another energy transfer process 

from Yb3+ to Tm3+ ions which may take place to populate the 

Tm3+ from 1G4 to 1D2. However, this energy transfer way is 

usually less efficient due to the relative large energy 

mismatch. Therefore, the cross relaxation (CR) process of 
3F2+

3H4→
3H6+

1D2 between Tm3+ ions may alternatively play 

an important role in populating 1D2 level, which subsequently 

resulting in the blue emission band centered at 450 nm. 

However, because of the poor CR process of Tm3+ ions, the 

intense of the blue emission centered at 450nm is much 

weaker compared with the blue emission band centered at 

474 nm. 

 
Figure 9. Blue-to-red intensity ratios of Yb3+/Tm3+co-doped fluorides 

microcrystals. 

 
Figure 10. Schematic energy-level diagram of Yb3+ and Tm3+, and the 

proposed mechanism of upconversion emissions. 

3.3. Yb3+/Er3+/Tm3+ Tri-doped NaLnF4 
(Ln=Y, Lu, Gd, La) 

 
Figure 11. XRD patterns of four fluorides with the same Yb3+(5%)/Er3+ 

(0.5%) /Tm3+ (0.5%) tri-doping: (a) Y-based fluoride, (b) Lu-based fluoride, 
(c) Gd-based fluoride, (d) La-based fluoride. 

 
Figure 12. SEM images of four fluorides with the same Yb3+(5%)/Er3+ 

(0.5%) /Tm3+ (0.5%) tri-doping: (a) Y-based fluoride, (b) Lu-based fluoride, 
(c) Gd-based fluoride, (d) La-based fluoride. 

The XRD patterns of the Yb3+/Er3+/Tm3+ tri-doped materials 

are shown in Figure 11. The positions and relative intensity 

of diffraction peaks in Figure 11 (a)-(c) can be indexed well 

to those standard cards of the hexagonal NaReF4 (RE= Y, Lu, 

Gd) accordingly. No second phase is detected in all XRD 

patterns, which indicates that the Ln3+ ions have been 

effectively doped into the host lattices. But for the XRD 

pattern of La-based fluoride as shown in Figure 11 (d), it is 

basically consistent with the XRD standard card No. 32-0483 

of hexagonal LaF3. Figure 12 shows the SEM images of the 

tri-doped materials. It should be noted that only nanoparticles 

can be observed in the tri-doped La-based fluoride as shown 
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in Figure 12 (d), which is different from that in the co-doped 

La-based fluoride. It may be due to the effect of Yb3+ ion 

concentration on the morphology of La-based fluoride, when 

the concentration is low, the single phase fluoride crystal can 

be formed. The morphologies of the other three fluorides 

microcrystals remain substantially unchanged. 

Figure 13 shows the upconversion luminescence spectra of 

the tri-doped materials, two distinctive emission bands come 

from the green emissions (507–572 nm, centered at 524 and 

543) and the red emission (630–696 nm, centered at 659 nm). 

In addition, weak violet emission centered at 407nm and 

intense blue emission centered at 474 nm have also been 

observed in Yb3+/Er3+ /Tm3+ tri-doped fluorides 

microcrystals. The relative intensity of red emission is 

increased significantly, which is due to a fact that both Er3+ 

and Tm3+ can emit red emission. However, the blue emission 

intensity is weakened, which indicated that the ET from Er3+ 

to Tm3+ was efficient and much of the mission intensities of 

Tm3+ ions transferred to Er3+ ions. In the tri-doped system, on 

the one hand, there exists the upconversion luminescence of 

Er3+ and Tm3+; on the other hand, the energy transfer between 

Er3+ and Tm3+ make some part of conversion emissions can 

be weakened. The IRGR of tri-doped fluorides microcrystals 

are shown in Figure 14. The IRGR of Lu-based and La-based 

fluorides are larger than 1, while those of the other two are 

smaller than 1. The La-based fluoride: Yb3+/Tm3+/Er3+ have 

the largest IRGR value. 

 
Figure 13. Upconversion luminescence spectra of four fluorides with the same Yb3+(5%)/Er3+ (0.5%) /Tm3+ (0.5%) tri-doping: (a) Y-based fluoride, (b) Lu-

based fluoride, (c) Gd-based fluoride, (d) La-based fluoride. 

 
Figure 14. Green-to-red intensity ratios of Yb3+/Er3+/Tm3+ co-doped 

fluorides microcrystals. 

The schematic energy levels diagram of Er3+, Tm3+, Yb3+ ions 

in the fluorides microcrystals and upconversion processes 

under 980 nm excitation is shown in Figure 15. After 

absorption of photons by Yb3+, energy transfer (ET) takes 

place between Yb3+, Er3+and Tm3+. Under 980nm excitation, 

the Yb3+ ions are excited from the 2F7/2 level to the 2F5/2 level, 

then transfer their energies to the nearby Er3+and Tm3+ions, 

then three successive ET fromYb3+ toTm3+ populate the 3H5, 
3F2, and 1G4 levels of Tm3+. The Tm3+ ions on 3H5 and 3F2 

states will nonradiative transmit to 3F4 and 3H4 states 

respectively. Similarly, three successive ET processes make 

Er3+ populate the 4I11/2, 
4F9/2, and 2H9/2 levels. The Er3+ ions 

on 4F11/2 and 4F7/2 states will nonradiative transmit to 4F13/2,
 

and 2H11/2/
4S3/2 states, Finally, the blue emission centered at 

474nm is generated by transition of Tm3+ ions 1G4→
3H6; The 
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green emission between 507 and 572 nm is due to transitions 

from Er3+ ions on 2H11/2 and 4S3/2 excited states to the 4I15/2 

ground state; the red emission between 630 and 696 nm 

arises from the 4F9/2→
4I15/2 transition of Er3+ and 3F2,3→

3H6 

of Tm3+, the blue emission centered at 407 nm is generated 

by transition of Er3+ ions 2G9/2→
4I15/2 transition. 

 
Figure 15. Schematic energy levels diagram of Er3+, Tm3+, Yb3+ ions in the fluorides microcrystals and upconversion processes under 980 nm excitation. 

4. Conclusions 

In summary, we have demonstrated a facile hydrothermal 

method for the synthesis of Ln3+-doped fluorides with 

different phases and morphologies by fixing the reaction 

temperature and time and the doping. The multiform 

microstructures can be achieved by conveniently adjusting 

two kinds of experimental parameters such as host 

material(Y, Lu, Gd and La) and dopant’s species(Yb3+/Er3+ 

co-doped, Yb3+/Tm3+ co-doped, Yb3+/Er3+/Tm3+ tri-doped). 

The XRD and SEM analysis reveal that Gd-based and La-

based host can easily generate small particle, while the other 

two hosts prefer to form crystals with larger particle size; for 

La-based fluoride, the as synthesized microcrystals are 

assigned to LaF3 crystal phase; for other rare earth ions 

doped fluoride, stable hexagonal-phased β-NaREF4 can be 

formed. There are two phases existing in Yb3+ /Tm3+ and 

Yb3+/Er3+ co-doped La-based fluoride, it is attributed to the 

large concentration of Yb3+ ions. Intensive multicolor up-

conversion luminescence under the excitation of 980 nm has 

been successfully realized by doping different lanthanide ions 

into the host lattices. In Yb3+/Er3+ co-doped rare earth 

fluorides, the upconverting green band centered at 543/528 

nm and red band centered at 660 nm were simultaneously 

observed under the excitation of a 980 infrared diode laser. 

Especially, IRGR of the upconversion emission of the 

Yb3+/Er3+ co-doped NaREF4 can be tuned by changing the 

host composition. In Yb3+/Tm3+ co-doped NaREF4, the 

upconverting blue band centered at 450/474 nm and red band 

centered at 647/690 nm were simultaneously observed. IRGR 

of the upconversion emission of the Yb3+/Tm3+ co-doped can 

be tuned with the change of host material. Similarly, IRGR 

changed with the host composition in the Yb3+/Er3+/Tm3+ tri-

doped rare earth fluorides. 
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