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Abstract 

Eu3+-doped KY3F10 materials with a dopant content between 0 and 5 mol% were 

prepared based on the nominal composition K(Y3-xEux)F10 using different synthetic 

routes. The reaction conditions have been proven to be critical factors for the 

characteristics of the final products: morphology, size and crystallinity. As a result, 

noticeable changes in their photoluminescence spectra and lifetimes were observed. 

Quantum cutting processes or similar energy transfers between Eu3+ ions allowed 

obtaining high quantum efficiencies, while the analysis of the 𝛺2 Judd-Ofelt parameter 

suggested that the crystal field of Eu3+ was very similar in all the compositions. A well-

designed synthesis of Ln3+-doped fluorides can provide a full range of opportunities to 

explore new phenomena. Thus, this study highlights the complexity of the fluoride-

based systems, which are exceptional candidates for doping with luminescent 

lanthanide ions and have very important characteristics for their future application in 

bioanalytics, biomedics or photonics. Indeed, the color-tunable emissions of the 

phosphors, which vary from orangish to yellow, could be interesting for their 

application in white light-emitting diodes through their combination with blue chips. 
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1. Introduction 

Over the last few decades, materials doped with luminescent lanthanide ions (Ln3+) 

have been widely studied because of their application in emitting diodes, solar cells, 

lasers, and catalysts, among others [1–3]. Fluorides are better host candidates than their 

respective oxides for optical applications due to the high ionicity of the metal–fluorine 

bonds, which provides low phonon energy of the crystal lattice (associated with atomic 

vibrations) [4]. As a result, the quantum efficiencies of the photoluminescent processes 

are higher and the lifetimes of Ln3+ are longer, varying from a few microseconds to 

several milliseconds [5].  

In addition, fluorides have also been used as upconversion (UC) phosphors [6–8]. 

Indeed, lanthanide-doped phosphors are of great interest for UC because their 

electronic configuration makes them more suitable for the absorption of a second 

photon [9]. For instance, upconverting fluorides have been reported to be promising 
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materials for bioanalytical and biomedical applications, such as bio-imaging [10,11]. 

Novel multifunctional materials have also been designed combining the luminescence 

properties of Ln3+-doped fluorides with the plasmonic activity of metallic nanoparticles 

(NPs) [12–14]. Therefore, spectroscopic techniques based on plasmonic interactions, 

such as the well-known Surface Enhanced Raman Spectroscopy (SERS), allow us to 

detect and quantify different analytes with great sensitivity [15].  

On the other hand, white light-emitting diodes (w-LEDs) have lately received 

attention because of their good stability in their physical and chemical properties. One 

of the most common strategies to generate these devices is the combination of 

orange-yellow-emitting phosphors (such as the well-known yellow-emitting 

Y3Al5O12:Ce3+) with blue InGaN chips [16]. Nevertheless, the main drawback of this 

combination is the modest color-rendering index. Additionally, it is also possible to 

combine near-ultraviolet LED chips with tricolor (red, green, blue) phosphors [17]. Thus, 

it is still important to develop and optimize the luminescence properties of new 

orangish-yellow-emitting phosphors. For this reason, many studies have used 

phosphors based on oxides, phosphates or nitrides matrices [18–21], although fluorides 

have also been proved recently to be good candidates for w-LEDs [22]. Indeed, the high 

quantum efficiencies and long lifetimes of fluoride-based structures (due to the low 

phonon interaction of the host lattice) open up new strategies to the design of 

materials with interesting properties for their applications in such devices.  

Fluoride crystals supporting trivalent lattice cations (such as Y3+) are especially 

attractive for luminescence because they allow their isovalent substitution for a 

lanthanide ion [23]. The potassium-yttrium-fluorine system has been studied and has 
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yielded many phases: KYF4, KY2F7, KY3F10, KY7F22, K2YF5 and K3YF6 [24–29]. Of these, 

KY3F10 has attracted a lot of attention because of its spectroscopic properties over a 

wide range of temperatures [4,30]. Moreover, KY3F10 crystal melts congruently  and is a 

suitable host for Ln3+ ions, which can easily substitute Y3+ ions in a non-center-

symmetrical site (C4v symmetry) [31,32].  

Under ambient conditions, KY3F10 crystallizes in a face-centered cubic structure 

(fluorite-type structure) belonging to the 𝐹𝑚3̅𝑚 (𝑂ℎ
5)  space group, with lattice 

parameter a = 11.536 Å, cell volume V = 1535.20 Å3, and 8 formula units per unit cell 

(Z = 8) [33]. The crystallographic parameters are detailed in Table 1. 

Table 1. Distribution of KY3F10 atoms in space group 𝐹𝑚3̅𝑚 (no. 225) [33].  

Name Species 

Wyckoff 

Position 

Local 

Symmetry 

Atomic Coordinates 

x y z 

K K+ 8c Td 1/4 1/4 1/4 

Y Y3+ 24e C4v 0.2401 0 0 

F1 F- 32f C2v 0.1081 0.1081 0.1081 

F2 F- 48i C3v 1/2 0.1647 0.1647 

 

The structure can be described as square antiprisms composed of YF8 units. A central 

cation of yttrium is linked to two squares of non-equivalent fluorine anions. One square 

contains four anions in 32f sites (F1), while the other is composed of four anions in 48i 

sites (F2) [34], Figure 1(a). The union of six antiprisms generates a cluster-type 

assemblage, whose edges are shared, leaving an empty cuboctahedron in the center 

formed by ions in position 48i, Figure 1(b). The empty cuboctahedra are situated at the 

center of the unit cell and in the middle of its edges, Figure 1(c). The potassium cations 
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are distributed along channels running parallel to the a, b and c crystallographic axes 

[35]. Structures were drawn with VESTA software [36]. 

 

Figure 1. Structure of cubic KY3F10: (a) basic unit composed of YF8 square antiprisms, (b) cluster assemblage 

of six antiprisms, and (c) unit cell.  

KY3F10 compounds have been synthesized via different methods, including the 

hydrothermal method, coprecipitation or sonochemical processes, giving rise to 

nano/micron-sized materials with different morphologies (spherical, semi-spherical, 

rodlike, etc.) [12,13,32,37–40]. However, these preparation methods are frequently 

problematic to use because of the complexity and difficulties involved in the 

reproducibility of the product [38].  

The structural and optical properties of KY3F10 have also been reported in the 

literature. Nevertheless, to the best of our knowledge, no accurate attempts have been 

made to provide a full analysis of different synthetic procedures that studies their 

influence on the luminescence features of these materials. Among all the lanthanides, 

we have chosen Eu3+ as a dopant ion in view of its adequacy as a site-sensitive 

structural probe [41–43], which can be useful to discuss the optical response of the 

materials. In addition, the ionic radius for Y3+ (coordination number, CN = 8) is 1.019 Å 

(b) (c)

Y

F1

F2

K
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and for Eu3+ (CN = 8), it is 1.066 Å [44]. Therefore, these similar values ensure a good 

incorporation of the Eu3+ ions in KY3F10.  

The luminescence properties of the materials are highly dependent on their size, 

shape, and structure. A well-designed and controlled synthesis of Ln3+-doped fluorides 

can provide a full range of opportunities to explore new phenomena [45,46]. In view of 

this, the present paper is focused on the study of the structural, morphological, and 

luminescence properties of Eu3+-doped KY3F10 materials. This study enriches the 

literature and also reveals the effects of post-hydrothermal treatments on the as-

synthesized materials. In addition, we show that quantum cutting processes or similar 

energy transfers between Eu3+ ions allow yielding quantum efficiencies higher than 

100%. For all of this, the materials investigated (with highly tunable properties) offer 

different possibilities depending on the synthesis process used, which can be a 

keystone for future optical, bioanalytical or biomedical applications. Indeed, the color-

tunable emissions of the phosphors could be very interesting for their applications in 

w-LEDs through their combination with blue chips.  

 

2. Experimental section 

2.1. Materials 

Reagents used were yttrium(III) nitrate hexahydrate [Y(NO3)3·6H2O 99.9%, Alfa Aesar], 

europium(III) nitrate hexahydrate [Eu(NO3)3·6H2O 99.9%, Strem Chemicals], potassium 

hydroxide [KOH 85%, Labkerm], and potassium tetrafluoroborate [KBF4 96%, Sigma-

Aldrich]. 
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2.2. Synthesis of Eu3+-doped KY3F10 compounds 

Different synthetic routes were addressed to prepare KY3F10. On the one hand, the 

synthesis of KY3F10 was studied by means of the following methods: sonochemical, 

coprecipitation, and a continuous stirring process. On the other hand, these methods 

were also combined with a successive hydrothermal treatment in both acidic and basic 

medium conditions. Calculations were performed to obtain 0.25 g of the final product, 

giving yields higher than 90%. In all cases, the final volume of the aqueous solution was 

adjusted to 50 mL. For the sonochemical processes, a Bandelin Sonorex ultrasonic bath 

with a frequency of 35 kHz was used. For the hydrothermal treatments, the temperature 

was set to 180 ºC for 24 h, and the Teflon-lined vessel used had a total volume of 

125 mL. 

Samples of KY3F10 with a content of 0, 1, 3 and 5 mol% Eu3+ were synthesized 

according to the nominal formula K(Y3-xEux)F10, where x = 0, 0.01, 0.03 and 0.05, 

respectively. The molar ratio of reagents was 1Ln(NO3)3 : 2KBF4 (Ln = Eu, Y); this ratio 

has been previously reported to be efficient for the synthesis of KY3F10 compounds with 

good homogeneity [39].  

The undoped KY3F10 sample (x = 0) was first prepared following the experimental 

procedures detailed below. In view of the structural and morphological characterization 

(see the following section) some synthetic routes were repeated incorporating Eu3+ into 

the crystal structure, which allowed us to study the optical properties of the materials. 

Table 2 summarizes the different synthetic routes evaluated and the abbreviation used 

for the samples.  
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Table 2. Nomenclature of the different routes and the compounds synthesized in each one, where n 

indicates the molar percentage of Eu3+ in the sample. 

Synthetic route Reference 

1) Ultrasonication n%-R1 

2) Ultrasonication + Basic Hydrothermal n%-R2 

3) Ultrasonication + Acidic Hydrothermal n%-R3 

4) Stirring n%-R4 

5) Stirring + Basic Hydrothermal n%-R5 

6) Stirring + Acidic Hydrothermal n%-R6 

7) Coprecipitation n%-R7 

8) Coprecipitation + Basic Hydrothermal n%-R8 

 

2.2.1. Synthetic Routes with an Ultrasonication Common Step (Routes 1–3) 

The general scheme of the experimental procedure is depicted in Figure 2. In Route 1 

(Ultrasonication), Ln(NO3)3·6H2O (Ln = Eu, Y) was dissolved in water with the 

appropriate amount of KBF4, with a resulting pH of 4. Next, this solution was introduced 

into an ultrasonic bath at room temperature for 24 h, which led to the formation of a 

white precipitate and a decrease in the pH to 1. The precipitate was then centrifuged, 

rinsed several times with water, and dried under an infrared lamp.  

With the aim of studying the effect of a hydrothermal treatment over the as-

obtained precipitate, two more routes were addressed. In Route 2 (Ultrasonication + 

Basic Hydrothermal), the pH of the dispersion obtained after the ultrasonication process 

was readjusted to 12 by adding KOH 2M. The whole system was transferred into a 

Teflon-lined vessel and treated hydrothermally for 24 h in a thermally heated autoclave 
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at 180 ºC. After that, the precipitate was centrifuged, rinsed, and dried. Alternatively, in 

Route 3 (Ultrasonication + Acidic Hydrothermal), the pH of the dispersion obtained after 

the ultrasonication process was increased to 4 with KOH 2M. The as-formed precipitate 

was then treated hydrothermally, centrifuged, rinsed, and dried. 

 

Figure 2. General scheme for the synthetic routes with an ultrasonication common step (Routes 1–3) and 

with a continuous stirring common step (Routes 4–6). 

 

2.2.2. Synthetic Routes with a Continuous Stirring Common Step (Routes 4–6) 

The experimental procedure is the same as for Routes 1–3 (see Figure 2), but with the 

proviso that instead of ultrasonicating the solution of the reagents, continuous stirring 

is maintained for 24 h at room temperature. After this time, the presence of a white 

precipitate was also observed.  

 

Ln(NO3)3·6H2O + KBF4 + H2O pH = 4

KOH 2M

pH = 1

pH = 12

Hydrothermal 24 h

KOH 2M

pH = 4

Hydrothermal 24 h

Centrifuge, Rinse and Dry

Ultrasonication 24 h

Centrifuge, Rinse and Dry Centrifuge, Rinse and Dry

Stirring 24 h

White Precipitate
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2.2.3. Synthetic Routes with a Coprecipitation Common Step (Routes 7–8) 

Figure 3 shows the general scheme for the synthesis of the materials following Routes 

7–8, with a coprecipitation common step. In Route 7 (Coprecipitation), after dissolving 

the reagents, KOH 2M was added dropwise until a pH of 12 was reached. While doing 

this, the solution became whitish, indicating the formation of a precipitate. Moreover, in 

Route 8 (Coprecipitation + Basic Hydrothermal), the as-formed precipitate was treated 

hydrothermally for 24 h as previously described for the other routes. Finally, the 

precipitates were centrifuged, rinsed, and dried.  

 

Figure 3. General scheme for the synthetic routes with a coprecipitation common step (Routes 7–8). 

 

2.3. Characterization 

All the characterization was carried out at room temperature. Powder X-ray diffraction 

(XRD) was performed using a Bruker-AX D8-Advance X-ray diffractometer with CuKα1 

radiation at a scan speed of 0.36º/min. All data were collected between 20 ≤ º 2θ ≤ 90. 

Ln(NO3)3·6H2O + KBF4 + H2O pH = 4

KOH 2M

pH = 12

Hydrothermal 24 h

White Precipitate

Centrifuge, Rinse and Dry Centrifuge, Rinse and Dry
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Unit cell parameters were refined using WinXPOW 1.06 software version. The 

microstructure of samples was observed using a JEOL 7001F scanning electron 

microscope (SEM). The operation parameters were: acceleration voltage 15 kV, 

measuring time 20 s, and working distance 10 mm. 

Different optical properties were studied for Eu3+-doped KY3F10 samples with an 

Eclipse Fluorescence Spectrophotometer (Varian). Excitation spectra were recorded in 

the range 250–550 nm with an emission wavelength of 593 nm. Emission spectra were 

performed upon excitation at 395 nm in the range 500–750 nm and normalized to the 

magnetic dipole 5D0
7F1 transition. From the spectra, the asymmetry ratio R and the 𝛺2 

Judd-Ofelt parameter were calculated. In addition, the CIE coordinates of the 

corresponding materials doped with Eu3+ were calculated from the emission spectra 

using the GoCIE software. Time-resolved luminescence measurements were also 

performed at different emission wavelengths, with the excitation wavelength set to 

395 nm. Lifetime values were extracted from decay profiles. 

Furthermore, IR spectra were recorded using an Agilent Cary 630 FTIR spectrometer 

in transmission mode and Raman measurements were performed with a Jasco 

NRS-3100 Raman spectrometer. The excitation source for the Raman measurements 

was a 633 nm diode laser with a power of 80 mW at the sample. 

3. Results and discussion 

3.1. Structural characterization 

Figure 4 shows the XRD patterns of the undoped KY3F10 (0% Eu3+) obtained by the 

different synthetic routes. Figure 4(a) corresponds to the samples of routes with an 
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ultrasonication common step (Routes 1–3). The XRD patterns show all the peaks 

corresponding to the cubic phase of KY3F10 (JCPDS-ICDD card 409643). Samples 0%-R1 

and 0%-R2 have broad, low-intensity peaks, meaning that the materials may not be so 

much crystalline or are nano-sized. However, the peaks of sample 0%-R3 are very well 

defined and, therefore, a higher crystallinity is expected. It is therefore clearly 

demonstrated that the acidity of the medium in the hydrothermal treatment after the 

ultrasonication process plays an important role in the final properties of the material. 

The reactions that take place to form this crystalline phase considering the reagents 

used are: 

 BF4
– + 3H2O ↔ 3HF + F– + H3BO3 (1) 

 K+ + 3Y3+ + 10F– → KY3F10 (2) 

In view of that, it might be possible that some redissolution processes occurred during 

the high conditions of pressure in the hydrothermal treatment of the as-formed KY3F10. 

In the acidic treatment, the system may evolve through partial redissolution-nucleation-

growth processes to particles of larger size, which would explain the narrow peaks 

found in the XRD pattern of sample 0%-R3. However, with the basic treatment, the as-

formed KY3F10 would be stabilized and no changes are found in sample 0%-R2 with 

respect to 0%-R1. Further work to investigate these possibilities is in progress. 

Regarding the XRD results for the routes with a continuous stirring common step 

(Figure 4(b), Routes 4–6), noticeable changes seem to take place. The diffractogram of 

the sample 0%-R4 (without hydrothermal treatment) presents the main reflections of 

cubic KY3F10 together with other more intense peaks associated with a secondary phase 
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(red stars in Figure 4(b)). However, when the as-obtained precipitate is thermally heated 

in the autoclave (Routes 5 and 6), the secondary phase disappears and we achieve the 

stabilization of the crystalline KY3F10 phase. In addition, it is also worth noting that in 

these routes, the acidic or basic conditions of the medium in the hydrothermal 

treatment do not have so much influence over the crystallinity, since the diffraction 

patterns are quite similar. As per the above behavior, we consider that the secondary 

phase plays an important role when the as-formed precipitate is hydrothermally 

treated. Possibly, for the thermodynamics of the system in the presence of the 

secondary phase, the redissolution-nucleation-growth processes are not affected by 

the pH level in the hydrothermal treatment, which allows the formation of crystalline 

KY3F10 with very similar characteristics regardless of the medium acidity. 

With regard to Figure 4(c), we must emphasize the absence of any diffraction peak in 

sample 0%-R7, thereby indicating that the solid obtained following Route 7 is mainly 

amorphous. Despite this, when this solid is treated under hydrothermal conditions 

(Route 8), the crystalline phase of cubic KY3F10 is formed. It is important to note that 

coprecipitation synthesis often results in amorphous products as a first phase, generally 

composed of hydroxide-type compounds. During the hydrothermal treatment, the 

reactivity of the as-formed precipitate is highly enhanced due to the high pressure 

achieved in the system. As a result, the amorphous precipitates can undergo several 

phase transformations which lead them to a crystalline structure.  

As a conclusion, the XRD results reveal that the hydrothermal treatments and the 

acidity of the medium can have a great impact on the crystallinity of the samples 

depending on the synthetic route. Additionally, the unit cell parameters of the undoped 



14 

 

samples having single phase were refined. The results were in good agreement with the 

reported values for cubic KY3F10, although no remarkable differences can be found 

between samples of different synthetic routes (see Supporting Information, Table S1).  

 

Figure 4. XRD patterns for the different 0% Eu3+ samples of the synthetic routes with a common step of (a) 

ultrasonication, Routes 1–3; (b) continuous stirring, Routes 4–6; and (c) coprecipitation, Routes 7–8. Red 

stars in (b) highlight the presence of a secondary phase.   
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3.2. Morphological characterization  

Figure 5 shows the SEM images of the undoped KY3F10 (0% Eu3+) obtained by the 

different synthetic procedures. Figure 5(a-c) corresponds to the samples of routes with 

an ultrasonication common step (Routes 1–3). The morphologies observed are in good 

agreement with the XRD results, since the samples with the same XRD profile (0%-R1 

and 0%-R2) also have a very similar microstructure, Figure 5(a-b). These materials are 

formed by spherical particles with a diameter range from 100 to 400 nm. In addition, 

they are self-assembled from nanoparticles with a diameter of about 10 nm, which 

would explain the XRD broad peaks. These results are also in agreement with the ones 

obtained by L. Zhu et al. [39] following a similar synthesis to obtain KY3F10 compounds. 

Regarding the 0%-R3 sample, Figure 5(c), there is a clear evolution of the spherical 

morphology. There are particles of about 400 nm (whose geometry is less defined) 

around which nanoparticles of 50 nm have been distributed. This morphological 

change is attributed to the acidic hydrothermal treatment after the ultrasonication 

process, as was commented in the previous section.  

The morphologies of samples with a continuous stirring common process (Routes 4–

6) were also studied by SEM, Figure 5(d-f). Sample 0%-R4, Figure 5(d), is composed of 

particles of two completely different shapes (octahedrons and spheres). Most of the 

octahedral particles have sizes closer to 1 µm and could be associated with the highly 

crystalline secondary phase observed by XRD. In contrast, when the subsequent 

hydrothermal treatment is carried out, both Routes 5 and 6 lead to the same particle 

morphology, with no presence of octahedral shapes, Figure 5(e-f). The greater particles 

might be formed from the respective octahedrons during the hydrothermal conditions. 

Moreover, this microstructure is very similar to that of sample 0%-R3.  
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Figure 5. SEM images for the different 0% Eu3+ samples of the synthetic routes with a common step of (a-c) 

ultrasonication, Routes 1–3; (d-f) continuous stirring, Routes 4–6; and (g-h) coprecipitation, Routes 7–8.  

Finally, the amorphous character of sample 0%-R7 is also evident with its 

heterogeneous morphology, Figure 5(g). There are particle aggregates for which 

neither the geometry nor the size is defined. However, when this precipitate is 

subsequently treated hydrothermally (Route 8), the microstructure evolves toward a 
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17 

 

system composed of particles that are far more crystalline and defined, although some 

microstructural disorder still exists, Figure 5(h). 

Taking everything into consideration, SEM micrographs of the undoped KY3F10 

materials reveal that samples of Routes 1 and 2 have similar morphologies, as well as 

samples of Routes 3, 5 and 6. In contrast, Route 4 yields a solid with the presence of a 

secondary phase and, following Route 7, we obtain an amorphous material. Therefore, 

three synthetic routes were strategically chosen with the aim of studying the possible 

influence of different morphologies over the luminescent response of Eu3+. To carry out 

the study of the optical properties, samples of KY3F10 with a content of 1, 3 and 5 mol% 

Eu3+ were synthesized following the experimental procedure of Routes 1, 3 and 8. The 

other synthetic routes were disregarded for similitude in the morphology of the 

materials, the presence of secondary phases, or the absence of crystallinity. It must be 

noted that Eu3+-doped KY3F10 materials presented the same XRD patterns and 

morphologies as their respective undoped compounds. 

 

3.3. Photoluminescence studies  

3.3.1. Emission spectra 

All the excitation spectra were very similar (see Supporting Information, Figure S1). 

Neither the Eu3+ concentration nor the experimental route seemed to have much 

influence. This result implies that probably the environment around Eu3+ in the crystal 

host lattice is very similar, as will be discussed later with the Judd-Ofelt and Asymmetry 

Ratio parameters. Different bands associated with the Eu3+ transitions were observed 

from the ground level 7F0 to the different excited levels. Among all of them, the most 
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intense was the 7F0
5L6 transition, with a maximum at 395 nm. Therefore, emission 

spectra were recorded using this value as the excitation wavelength and were 

normalized to the magnetic dipole 5D0
7F1 transition. 

 

Figure 6. Room temperature emission spectra obtained with a delay time of 0.2 ms upon excitation at 

395 nm for samples of Routes 1, 3 and 8 with different molar percentage of Eu3+ (1, 3 and 5%). The 

numbers down the rows indicate the value of J associated with the respective transition 5Di7FJ. 

Figure 6 shows the emission spectra corresponding to the samples of Routes 1, 3 

and 8 with different Eu3+ concentrations (1, 3 and 5%) obtained with a delay time (DT) 
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of 0.2 ms. The spectra show a complex behavior due the mixing of some 5D1-3
7FJ 

transitions. The emission bands are assigned to the following transitions [47]: 5D3
7F1 

(417 nm), 5D3
7F2 (429 nm), 5D3

7F3 (445 nm), 5D2
7F3 (511 nm), 5D1

7F0 (526 nm), 

5D1
7F2 (554 nm), 5D1

7F3 (586 nm), 5D0
7F1 (593 nm), 5D0

7F2 (600–635 nm, with the 

most intense peak at 621 nm), 5D0
7F3 (650–670 nm) and 5D0

7F4 (690–710 nm). Those 

emission bands arising from possible mixing of different transitions (see Figure 6) have 

not been considered to avoid misleading interpretations. Luminescence measurements 

of samples 0%-R1, 0%-R3 and 0%-R8 were also performed in order to check if there 

were any optical response to consider apart from the 4f-4f transitions of Eu3+ that 

appear in the doped samples. However, the undoped samples showed a total absence 

of optical response. 

From the emission spectra in Figure 6 (DT = 0.2 ms), attention must be drawn to the 

presence of bands associated with transitions occurring from the higher excited levels 

5D1-3. For the Eu3+ ion, whether the emission can occur from higher excited levels or not 

depends critically upon the doping concentration of Eu3+ and the dominant vibration 

frequencies available in the host lattice [48]. As it has been commented previously in 

the introductory section, the phonon energy of fluorides is low, allowing these 

transitions to occur.  

Samples of Routes 3 and 8 present similar spectral profiles. Nevertheless, the 

samples of Route 1 deserve some specific comments. The most interesting fact is the 

absence of the 5D2,3
7FJ transitions. As a result, it can be expected that the phonon 

energy associated with the lattice is higher in these samples in comparison to those of 

Routes 3 and 8, where these transitions exist. This is also consistent with a lower 
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intensity of the 5D1
7FJ transitions. In fact, the 5D1

7F3 transition appears almost totally 

convoluted with the 5D0
7F1 transition. There is not a splitting of the most intense peak 

(593 nm) as in the samples prepared by other routes, although the presence of the 

5D1
7F3 transition can be inferred in the band from the shoulder at its high-energy side 

(compare sample 1%-R1 with 5%-R3 and 5%-R8). As the dopant concentration 

increases, the shoulder tends to disappear as well. A reasonable explanation may be 

found if we consider the particle size of the samples. The spherical particles, Figure 

5(a,b), are self-assembled from nanoparticles with a diameter of about 10 nm. 

Therefore, due to possible quantum confinement effects, the Ln3+ ions may be closer in 

the host lattice, resulting in higher phonon energy and making the system relaxation 

from 5D3, 
5D2 and 5D1 levels to the 5D0 more likely, quenching the 5D2,3

7FJ transitions.  

Another aspect to highlight is that the intensity of 5D1-3
7FJ transitions decreases as 

the Eu3+ concentration becomes higher. Therefore, the emission from higher excited 

levels is partially quenched by cross-relaxation occurring between two neighboring Eu3+ 

ions in the lattice. In this non-radiative process, the higher energy emission is quenched 

in favor of the lower energy level emission according to [49].  

Special attention might be paid to the relative intensity of the 5D0
7F1 transition (the 

magnetic dipole one) and 5D1
7F3. Apart from the absence of the splitting for samples 

of Route 1 (explained above), with the increase in the dopant concentration, the peak 

corresponding to the 5D0
7F1 transition becomes more intense at the expense of the 

5D1
7F3, thus implying that the cross-relaxation process is taking place. This behavior 

agrees well with the established assignation for the two-component band. If the peak 

at 586 nm had not corresponded to the 5D1
7F3 transition, no noticeable decrease in 



21 

 

its intensity would probably have been observed when increasing the cross-relaxation 

process.  

Referring to the previous emission bands assignation, at first glance some 

misunderstanding may occur regarding the two-component bands that appear 

between 575–600 and 600–635 nm. Indeed, the peak at 586 nm could either fit the 

5D1
7F3 transition or be part of the 5D0

7F1. A similar question may also arise for the 

peak at 621 nm, which could either fit the 5D1
7F4 transition or be part of the 5D0

7F2. 

Further experiments were carried out in order to confirm the previous assignations, as 

outlined in the following.  

The Eu3+ lifetimes associated with the transitions occurring from the 5D1,2,3 higher 

energy levels are expected to be lower than the lifetimes associated with transitions 

from the 5D0 ground level. If the detector delay time (DT) is changed, we can observe 

the evolution of these transitions and ensure that the assignation of some of the 

previous two-component bands is accurate. Figure 7 displays the emission spectra of 

sample 1%-R8 recorded at different delay times. As the DT increases, the intensity of 

5D1-3
7FJ transitions diminishes gradually, and only the transitions from the 5D0 ground 

level at a DT of 10 ms are observable. The peak at 586 nm disappears at 10 ms, 

indicating that it corresponds to the 5D1
7F3 transition rather than being a component 

of the 5D0
7F1. However, the two peaks at 616 and 621 nm remain at 10 ms, proving 

that both of them are associated with the 5D0
7F2 transition. In addition, at this DT the 

long tail of the 5D0
7F2 transition becomes narrower and the splitting of the band is 

also more prominent. This result could be associated with the presence of an additional 

component as a result of a small contribution from the 5D1
7F4 transition at a DT of 
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0.2 ms. The 5D0
7F0 transition was not observed, although it could have been 

overlapped with the 5D0
7F1 band due to its typical low intensity. Similar behavior was 

observed for samples 1%-R1 and 1%-R3 (see Supporting Information, Figure S2).  

 

Figure 7. Room temperature emission spectra obtained at different delay times for sample 1%-R8 upon 

excitation at 395 nm. 

The evaluation of the cut-off phonon energy (the highest-energy vibrational mode) 

for KY3F10 has been ambiguous in the literature, with values obtained in the range 400–

600 cm-1 [23,50,51]. In order to have a deeper knowledge of the phonon energy and 

get a general idea on how the lattice vibrations may vary depending on the 

morphology of samples, IR and Raman spectroscopy was performed for the undoped 

KY3F10 samples of Routes 1, 3 and 8, as presented in Figure 8. 
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Figure 8. Room temperature (a) IR, and (b) Raman spectra for the undoped KY3F10 samples of Routes 1, 3 

and 8. 

Regarding the IR spectra, there are no differences among all the samples, which 

present a unique band centered at 492 cm-1. In the low-frequency region of the Raman 

spectra (below 700 cm-1), all samples display the same bands with very similar positions 

and relative intensities, the main dominant peak occurring at 592 cm-1. However, 

substantial changes appear at higher frequencies depending on the sample. Therefore, 

the compounds exhibit different cut-off phonon energies, which can be directly related 

to the photoluminescence behavior of the materials. The sample of Route 8 presents 

two additional peaks at 731 and 810 cm-1, but the higher cut-off energy is observed for 

the sample of Route 1, whose Raman spectrum displays two peaks at 1361 and 

1391 cm-1. These results are in total agreement with the previous discussion of the 

changes observed in the transitions occurring from higher excited levels. The 

differences between samples may arise from the particle size and morphology. 

Particularly, from the analysis of the Raman spectra it is clear that the sample 

synthesized following Route 1 has the highest phonon energy. Probably, the small size 

of the particles (self-assembled nanoparticles with a diameter of about 10 nm) 
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enhances the presence of quantum confinement effects making that the Ln3+ ions are 

closer in the host lattice and, thus, increasing the cut-off energy of it. A thorough 

description of the assignation of Raman bands can be found in Section S4 of 

Supporting Information. 

Furthermore, the bar chart in Figure 9(a) presents the values of the total integrated 

luminescence intensity for the different Eu3+-doped phosphors. It can be seen that the 

emission intensity depends strongly on both the synthetic route and the dopant 

concentration. The lowest values correspond to samples of Route 1. Following with the 

previous line of reasoning, a higher phonon interaction with the luminescent ions could 

be the critical factor responsible for the intensity quenching. On the other hand, when 

increasing the dopant content from 3 to 5 mol%, minor changes are appreciated in the 

emission intensity of samples from Routes 3 and 8. 

In addition, the CIE coordinates of the corresponding materials doped with Eu3+ 

were calculated from the emission spectra using the GoCIE software [52] and are shown 

in Figure 9(b). It is worthy of praise emphasizing that the choice of the synthetic route 

and dopant content allowed strategically to obtain color-tunable emissions of the 

phosphors, which vary from orangish to yellow colors and are, therefore, potential 

candidates for their application in solid state lighting devices, such as blue-InGaN chips 

based w-LEDs. 
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Figure 9. (a) Integrated luminescence intensity and (b) CIE chromaticity diagram for Eu3+-doped samples of 

Routes 1, 3 and 8 excited by 395 nm. The numbers in the inset indicate the molar percentage of Eu3+ (1, 3 

and 5%). 

 

3.3.2. Judd-Ofelt and Asymmetry Ratio Calculations 

The Judd-Ofelt theory describes the transition intensities for lanthanides and actinides 

in solids and solutions. According to this theory, the central ion is affected by the 

surrounding host ions, which produce a static electric field (the crystal field) [53]. The 𝛺2 

Judd-Ofelt parameter correlates with the polarizable and covalent character of the 

lanthanide ion in the lattice [54,55]. Thus, the analysis of this parameter can be useful to 

describe the Eu3+ surroundings in the host lattice. Moreover, the intensity of the 

magnetic dipole 5D0
7F1 transition is considered to be independent of the host matrix, 

while the electric dipole 5D0
7F2 is known as a hypersensitive transition because it is 

highly influenced by the local symmetry of the Eu3+ ion [56]. Therefore, the asymmetry 

ratio R provides information about the local symmetry of the dopant and is defined as 

the ratio between the intensities of the 5D0
7F2 and 5D0

7F1 transitions: 
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𝑅 =

𝐼02

𝐼01
 (3) 

where 𝐼0𝐽 is the intensity associated with the transition 5D0
7FJ that takes place at a 𝜆0𝐽 

wavelength. For Eu3+, the asymmetry ratio is proportional to the Judd-Ofelt parameter 

𝛺2, which can be calculated from the experimental emission spectra according to the 

following expression [57]: 

 
𝛺2 = 𝐴01 · 𝑅 ·

𝜆02
4

𝜆01
·

3ℎ

64𝑒2π4 𝜒 ‖𝑈2‖
 (4) 

where 𝐴01 is the magnetic dipole transition rate, which is assumed to be constant and 

equal to 50 s-1; ℎ is the Planck constant; 𝑒 denotes the elementary charge; 𝜒 is the 

Lorentz local field correction term (which is equal to 
𝑛(𝑛2+2)2

9
, 𝑛 is the refractive index at 

𝜆02); and ‖𝑈2‖ corresponds to the reduced matrix element of the unit tensor operator 

connecting levels 0–2 [58].  

The value reported in the literature for ‖𝑈2‖  is 0.0032 [59]. The maximum 

wavelength value obtained for samples is 593 nm for 𝜆01 (5D0
7F1 transition) and 

621 nm for 𝜆02 (5D0
7F2 transition). The refractive index of KY3F10 at 621 nm is 1.490 

and can be considered as a constant in the spectrum range 470–700 nm [60,61]. 

Expressing 𝜆0𝐽 in cm, taking ℎ = 6.6261·10-27 erg·s, 𝑒 = 4.803·10-10 esu, and substituting 

the rest of the values [62], 𝛺2 can be expressed as: 

 𝛺2 = (1.837 𝑅) · 10−20 cm2 (5) 

The calculation of the asymmetry ratio R was performed using the integrated 

intensities corresponding to the respective emission bands. To avoid the contributions 

from higher excited levels (5D1-3), which could lead to non-accurate results, the intensity 



27 

 

values were extracted from the emission spectra recorded with a DT of 10 ms, Figure 7. 

All the R and 𝛺2 values, summarized in Table 3, are very similar regardless of the 

synthetic route or the europium concentration. In short, there are no noticeable 

changes in the polarizability environment of the ion, suggesting that the crystal field of 

Eu3+ must be quite similar in all the samples. 

Table 3. R and 𝛺2 values obtained from the emission spectra with a DT of 10 ms (𝜆exc= 395 nm).    

Eu3+ 

mol % 

 R  𝛺2 (10-20 cm2) 

Route 1 Route 3 Route 8 Route 1 Route 3 Route 8 

1 1.03 1.05 0.95 1.89(2) 1.93(2) 1.75(1) 

3 1.01 1.04 0.96 1.86(2) 1.91(3) 1.76(1) 

5 1.06 1.09 1.00 1.95(3) 2.00(3) 1.84(2) 

 

3.3.3. Lifetimes and Quantum Efficiencies Analysis 

In addition to the previous experiments, useful information about the 

photoluminescence properties can also be obtained from the fluorescence kinetics. In 

order to study the decay curves for the different 5D0-3
7FJ emissions and evaluate the 

observed lifetime (𝜏obs) of the different excited levels, time-resolved luminescence 

measurements were performed with an excitation wavelength of 395 nm. The 

experiments were carried out setting a DT of 0.2 ms to collect 5D1,2,3
7FJ emissions and 

a DT of 10 ms to collect 5D0
7FJ transitions and avoid the contribution from higher 

excited levels that could lead to misleading results. Different emission wavelengths 

were used according to the respective 5D0-3
7FJ transitions. The decay profiles of the 

5D0,1 
7FJ transitions were fitted by the following single exponential function: 
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 𝐼(𝑡) = 𝐼0 exp (
−𝑡

𝜏obs
) (6) 

where 𝐼 refers to the intensity as a function of time (𝑡). On the other hand, the decay 

curves of the 5D2,3 
7FJ transitions were best fitted to a double exponential model: 

 𝐼(𝑡) = 𝐼1 exp (
−𝑡

𝜏obs 1
) + 𝐼2 exp (

−𝑡

𝜏obs 2
) (7) 

This fact could be related to some energy transfer or cross-relaxation processes that 

quench the luminescence from the higher excited states. When the double exponential 

model was used, an effective lifetime (𝜏𝑒𝑓𝑓) was calculated according to: 

 
𝜏𝑒𝑓𝑓 =

𝐼1(𝜏obs 1)2 + 𝐼2(𝜏obs 2)2

𝐼1(𝜏obs 1) + 𝐼2(𝜏obs 2)
 (8) 

Some examples of the decay profiles can be found in the Supporting Information, 

Figure S4. In order to evaluate the quantum efficiencies (the intrinsic quantum yields, 

 𝜂) of the phosphors, the radiative lifetimes (𝜏rad) of Eu3+ can be calculated from the 

emission spectra directly using the following expression [63–65]: 

 
𝜏rad =

𝐼01

𝑛3 · 𝐼total · (𝐴01)vac
 (9) 

where 𝐼01 is the integrated intensity associated with the transition 5D0
7F1; 𝐼total is the 

integrated intensity of all the spectra corresponding to 5D0
7FJ transitions; 𝑛 denotes 

the refractive of the material (which can be considered equal to 1.490); and (𝐴01)vac is 

the magnetic dipole transition rate in the vacuum (14.65 s-1). The quantum efficiency of 

the luminescence material can be evaluated considering the calculated radiative 

lifetimes and the observed lifetimes for the 5D0 level as follows: 
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 𝜂 =
𝜏obs

𝜏rad
 (10) 

Table 4. Average observed lifetimes for the different excited levels (5D0-3) of the Eu3+-KY3F10 phosphors, 

calculated radiative lifetimes and quantum efficiencies for the 5D0 level.     

Sample 〈𝜏obs〉 (ms) 𝜏rad (ms)  𝜂 (%) 

 5D3  5D2 5D1 5D0   

1%-R1 - - 1.68(6) 8.02(6) 8.32(4) 96 

3%-R1 - - 1.53(6) 8.09(7) 8.27(4) 98 

5%-R1 - - 1.50(8) 8.15(6) 8.07(3) 101 

1%-R3 0.45(2) 0.71(1) 2.06(3) 8.98(2) 8.14(4) 110 

3%-R3 0.38(1) 0.66(1) 1.94(1) 8.99(7) 8.00(3) 112 

5%-R3 0.29(1) 0.56(1) 1.79(1) 9.16(3) 7.84(3) 117 

1%-R8 0.61(2) 0.92(4) 2.05(1) 7.93(7) 8.56(4) 93 

3%-R8 0.50(2) 0.85(5) 1.97(5) 8.17(7) 8.55(4) 96 

5%-R8 0.43(2) 0.73(4) 1.78(1) 8.78(4) 8.35(4) 105 

 

Table 4 summarizes the average observed lifetimes, 〈𝜏obs〉, for the different excited 

levels (5D0-3) of the Eu3+-KY3F10 phosphors. Different transitions of each level were used 

for the calculation of the average value (a detailed description can be found in Table S3 

of the Supporting Information). All the correlation coefficients of the fits (R2) were ≥ 

0.999 and when the decay profiles were fitted to a double exponential model, the 

lifetime shown refers to 𝜏𝑒𝑓𝑓. The calculated radiative lifetimes and quantum efficiencies 

for the 5D0 level are also listed in Table 4. 

From the analysis of the lifetimes, interesting conclusions can be drawn. Firstly, the 

discussion of the lifetimes associated with the 5D3, 
5D2 and 5D1 emissions will be 
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addressed. From the experimental data, it is clearly shown that they are shorter than 

those of the low-energy 5D0 emission, as previously suggested. This is because the Eu3+ 

population in higher excited levels relaxes non-radiatively to the metastable 5D0 level by 

cross-relaxation processes [48]. In addition, when the Eu3+ content is increased, the 

lifetime value for 5D1-3 levels becomes shorter. This fact can be well explained 

considering the cross-relaxation processes too. Furthermore, there are also differences 

when comparing samples of different routes. Among all the samples with the same 

mol% Eu3+, samples of Route 1 present the lowest lifetimes for the 5D1 level. This result 

is consistent with the previous phonon energy comments (indeed, the emission from 

5D2,3 levels is totally suppressed). However, while for the 5D1 level there are no 

differences between samples of Routes 3 and 8, different values are obtained for higher 

excited levels (5D2 and 5D3), showing the longer lifetimes samples of Route 8. 

Considering the cut-off phonon energy results, it was expected the inverse situation. 

Nonetheless, as described below, the phonon energy mainly affects the 5D0 lifetimes for 

these samples.  

Regarding the 5D0 level, all the lifetimes were determined to be about 8–9 ms, 

collecting the longest lifetime for the sample 5%-R3. When increasing the dopant 

content in samples of the same route, the lifetime becomes longer as a general 

tendency. This is due to the more probable relaxation occurring from the higher excited 

levels that allow increasing the population of the 5D0 level. As it has been shown before, 

the Raman spectrum of the sample of Route 8 presented two additional peaks at 731 

and 810 cm-1, thus increasing the cut-off phonon energy (in comparison with the 

sample of Route 3). As a result, it was expected that slightly higher lifetimes would be 

obtained for samples of Route 3, which is now confirmed. Then, it is easy to notice that 
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the phonon energy differences in these samples mainly affects the 5D0 lifetimes while 

those of higher excited levels are very similar.  

Finally, the quantum efficiencies calculations deserve some particular comments. The 

values obtained were in the range of 93–117%. Though high quantum efficiencies were 

expected due to the low phonon energy of the crystal lattice, the obtained values 

higher than 100% suggest that other processes may take place. The quantum cutting 

(QC) process allows obtaining luminescent materials with more than 100% efficiency, 

which can be very interesting for their application in light-emitting diodes. 

Theoretically, the QC for a single Ln3+ is possible. However, competing emissions in the 

infrared and ultraviolet could prevent efficient visible QC on a single ion [66]. As an 

alternative, many studies have reported the use of Ln3+ ions pairs (Gd3+-Eu3+, Yb3+-Tb3+, 

Yb3+-Pr3+…) which lead to quantum efficiencies up to 200%. Nevertheless, a few studies 

have focused on the possibility of obtaining materials with efficient QC processes using 

only a single luminescent ion. The studies developed by X. Chen et al. showed that QC 

was observable using only Er3+ ions, or in the host matrix YNbO4 using Tm3+ as activator 

ions [67,68].  

To the best of our knowledge, no efficient QC processes have been addressed for 

the Eu3+ ion as a single luminescent center. However, the study developed by Y. Liu et 

al. [69] demonstrated that QC processes can efficiently occur in Ba9Lu2Si6O24:Tb3+ via 

cross-relaxation energy transfers between Tb3+ ions. They also observed that the 

lifetimes speeded up by increasing the Tb3+ concentration because the cross-relaxation 

effects were strengthened. Relating these findings with our results, a plausible 

explanation for the high quantum efficiencies yielded is that QC or similar energy 
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transfers may also occur via cross-relaxation energy processes in our materials. Further 

work to investigate this possibility is in progress.  

 

4. Conclusions 

The structure, morphologies and luminescence properties of Eu3+-doped KY3F10 

materials have been investigated in detail. The compounds with the nominal formula 

K(Y3-xEux)F10 were prepared according to different synthetic routes. The synthesis was 

performed via the sonochemical, coprecipitation and continuous stirring methods. 

Moreover, a combination of these methods with a successive hydrothermal treatment 

was also addressed. The results obtained allow us to draw the following conclusions: 

 The synthetic methodology and the reaction conditions are critical factors for the 

characteristics of the final products. The synthetic routes provide solids with very 

different types of morphology, size, and crystallinity.   

 

 The Eu3+-doped KY3F10 samples show the characteristic emission lines 

corresponding to the 5D0-3
7FJ transitions. The various morphologies and sizes 

lead to differences in the phonon energy associated with the lattice vibrations, 

implying noticeable changes in the luminescence spectra. In particular, a total 

quenching of the 5D2,3
7FJ transitions was observed for the samples obtained by 

an ultrasonication process (with a higher cut-off energy than the others). As a 

result, color-tunable emissions were obtained, which varied from orangish to 

yellow colors. 
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 The calculations of the asymmetry ratio R and the 𝛺2 Judd-Ofelt parameter report 

very similar values regardless of the synthetic route or the europium concentration. 

Bearing in mind the adequacy of the dopant ion as a structural probe, these results 

suggest that the crystal field of Eu3+ must be quite similar. 

 

 Different lifetime values are obtained for the samples depending on the synthetic 

route and a plausible relation with the cut-off phonon energy of the compounds 

can be established. Moreover, quantum cutting processes or similar energy 

transfers between Eu3+ ions allow yielding quantum efficiencies higher than 100%. 

For the reasons commented above, this study enriches the literature and shows that 

the investigated Eu3+-doped KY3F10 phosphors offer different possibilities depending on 

the synthetic strategy used, which can be a keystone for future optical, bioanalytical or 

biomedical applications. In fact, the orange-yellow emissions of the phosphors could be 

interesting for their application in w-LEDs through their combination with blue chips. 
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