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Abstract
Transparent NaLuF4 glass-ceramics (GCs) doped with Tm3+ and Tm3+/Yb3+ have 
been prepared by melting-quenching followed by thermal treatment at tempera-
tures near the glass transition temperature. The crystallization process has been 
studied using X-ray diffraction (XRD) and high-resolution transmission electron 
microscopy (HRTEM). NaLuF4 nanocrystals (NCs) ranging 9–30 nm in size are 
the only crystalline phase, the crystal size increasing with the dopant concentra-
tion. Energy dispersive X-ray (EDX) measurements confirm the Tm3+ and Yb3+ 
incorporation in the NCs. Optical characterization included the analysis of up-
conversion (UC) as well as the Near-infrared (NIR) luminescence. NIR emission 
spectra of Tm3+ and Yb3+ in co-doped samples confirmed an efficient energy 
transfer between both ions. No UC emissions are observed in Tm3+ single-doped 
glass and GCs. Yb3+ incorporation favors the Tm3+-Tm3+ UC processes resulting 
in Tm3+ blue, yellowish-red and NIR UC emissions after excitation at 975 nm. 
Blue UC emission is also observed in the codoped samples after Tm3+ excitation 
at 791 nm. These effects were more evident for the GCs compared to the base 
glasses, confirming the RE ions incorporation in the NCs. As a result, these GCs 
can be used to tune the UC emission from NIR to blue by selective excitation.
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1   |   INTRODUCTION

The search for new and more developed luminescent 
systems is still a challenge due to the wide range of 
optical applications that requires higher efficiencies, 
such as plasma display panels; white light-emitting di-
odes; fluorescent lamps, optical biosensors or biological 
markers, and laser cooling of solids.1–6 Between these 
systems, rare-earth (RE)-doped nanostructured oxy-
fluoride glass-ceramics (OxGCs) are very interesting 
materials due to the combination of the low phonon-
energy (300-400cm−1) fluoride nanocrystals (NCs), with 
the mechanical, thermal, and chemical properties of 
oxide glasses.7,8 Moreover, the controlled crystallization 
mechanism allows obtaining NCs with sizes up to 50 nm 
in which the RE ions are incorporated, dismissing the 
Rayleigh scattering and maintaining the transparency.9

Glass-ceramics based on LaF3, YF3, and RLnF4 
(R = K, Na)10–13 phases have been described as efficient 
luminescent materials. In particular, sodium lanthanide 
tetrafluorides, with the general formula NaLnF4, (with 
Ln  =  Gd, Y, La, or Lu) have been reported to be ideal 
hosts for RE3+ ions that can act as emitting centers and 
have been widely studied.14–17

NaLuF4 exhibits two possible crystalline phases, 
cubic (α) and hexagonal (β), and it is an exceptional 
converter host for RE3+ ions.18,19 Nevertheless, the num-
ber of publications regarding NaLuF4 GCs obtained by 
melting-quenching is relatively scarce mainly due to the 
difficulty to obtain the desired crystalline phase with the 
proper degree of crystallization.20,21 GCs from the base 
composition 70SiO2–8.5B2O3–9.5Na2CO3–6NaF-6LuF3 
(mol%) were developed by Chen et al.22 In this work, 
visible UC luminescence was obtained after excitation 
at 980 nm of Yb3+ ions and subsequent energy transfer 
to Er3+ or Tm3+. The UC luminescence intensity of the 
GCs increase around 10000 and 2000 times, respectively, 
compared to the corresponding glass. Kück et al.23 de-
scribed the optical properties of the Pr3+-doped pure 
Na7Lu13F46 crystalline phase and concluded that that 
system is suitable for use in cascade-emitting phosphors 
for Xe discharge lamps.

From the different RE ions, Tm3+ ions exhibit interest-
ing characteristics that in conjunction with the Yb3+ ions 
make them suitable candidates for laser operation at 0.8 
and 1.5 μm.24–26 The Tm3+ ions have three metastable ex-
cited levels, 1D2, 1G4, and 3H4 that allows the emission in 
the blue, red, and infrared regions after pumping. Another 
characteristic is that the emission from the 3H4 level to the 
ground state coincides with the window of the silica fibers 
near 0.8  μm. Moreover, many different energy transfer 
channels are possible between Yb3+ – Tm3+ due to the ex-
istence of significant resonance energy levels.27

In our previous works,28–30 sodium lutetium fluo-
ride glass-ceramics doped with ErF3 and codoped with 
ErF3-YbF3 were studied in detail from a structural and 
optical perspective and for their suitable use in optical 
fibers. Transparent GCs based on a cubic solid solu-
tion NaxLu2x−1F7x−3 were successfully synthesized and 
the incorporation of RE3+ ions was confirmed by XRD 
and energy dispersive X-ray spectroscopy (EDX).28 In 
the present work, the crystallization mechanism, and 
structural and optical properties of Tm3+-doped and 
Tm3+–Yb3+ co-doped GCs are reported from the same 
base glass composition, 70SiO2–5Al2O3–2AlF3–2Na2O–
18NaF–3Lu2O3 (mol%). Particular attention is paid to 
the effect of co-doping and RE3+-ion concentration on 
the crystallization kinetics and UC and NIR emissions.

2   |   EXPERIMENTAL PROCEDURE

Glasses with the composition 70SiO2–5Al2O3–2AlF3–
2Na2O–18NaF–3Lu2O3 (mol%) doped with xTmF3, 
x = 0.1, 0.5 and codoped with yYbF3, y = 0, 1, and 2 
(mol%) have been prepared by the melting-quenching 
method. This composition was based on a previous 
study of the research group.30 The raw materials on 
reagent grade were SiO2 sand (Saint-Gobain, 99.6%), 
Al2O3 (Panreac), Na2CO3 (Panreac, 99.5%), NaF 
(Panreac, 99.95%), Lu2O3 (Alfa Aesar, 99.9%), AlF3 
(Alfa Aesar, 99.9%), TmF3 (Aldrich, 99.99%), and YbF3 
(Alfa Aesar, 99.999%). The raw materials were mixed 
in a Turbula mixer for 3 h. The batches of 100 g. were 
calcined at 1250°C for 0.5 h and melted at 1650°C for 
1 h in a Pt crucible with 125 cm3 in volume covered 
with a Pt cap and then quenched on a brass mold. 
The melting process was repeated twice to improve 
the glass homogeneity. The glasses were annealed at 
580°C for 30  min to remove residual stresses. From 
now on, the obtained glass samples will be labelled 
as G0.1Tm, G0.5Tm, G0.5Tm-1Yb, and G0.5Tm-2Yb, 
for 0.1, 0.5  Tm3+ and 1, and 2 Yb3+ concentrations 
(in mol%), respectively; corresponding glass-ceramics 
will be denoted as GC. Glass specimens were heat-
treated at 600°C for 20 h, using a heating rate of 10°C/
min to get the corresponding GCs. To perform the 
optical characterization, polished glass sheets (1cm 
x 1cm and thickness of 2 mm) heat-treated at 600°C 
during 20 h were selected. One polished sheet of base 
glass of each composition and with the same shape 
was also used for comparison with the corresponding 
glass-ceramics.

The thermal properties of the obtained glasses (glass 
transition temperature (Tg), softening point (Td), and 
thermal expansion coefficient (α)) were determined by 
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dilatometry. The dilatometric analysis was carried out 
using a Netzsch Gerätebau dilatometer, model 402 PC/1 
with a heating rate of 5°C /min in the air; the estimated 
error of Tg is ±2°C. The thermal expansion coefficient was 
determined in the range 100°C–450°C.

The chemical composition of the glass samples, fo-
cussing on the Fluorine content, was analyzed by X-ray 
fluorescence spectroscopy (XRF) using a PANalytical 
spectrometer. All oxides were determined employing the 
melting method with Li2B4O7, whereas elemental fluorine 
analysis was performed on pressed pellets of powdered 
glass (63 μm, 0.3 g) in order to avoid fluorine volatilization.

Sieved glass-ceramic powders with the particle size 
<63 μm were used for both XRD and TEM analysis. XRD 
measurements have been performed with an X-ray dif-
fractometer D8 ADVANCE (Bruker) equipped with a Lynx 
Eye detector. The patterns were collected with monochro-
matic CuKα1  radiation (λ  =  1.54056  Å). Diffractograms 
were collected in the range in the 10 ≤ 2θ ≤ 70° using a 
step size of 0.02 ° and 1 s. the acquisition time for each 
step. This technique was used to achieve two objectives; 
determination of the crystalline phase and estimation of 
the crystal size. For crystalline phases determination, the 
EVADiffractPLUS software was used meanwhile mean 
crystal sizes were resolved from the Scherrer equation 
with the corresponding errors.31

where θ is the angle of the diffraction maximum, β its 
full width at half maximum (FWHM), βi the instrumen-
tal broadening and λ is the wavelength. The θ and β pa-
rameters were obtained by fitting the most intense peaks 
to pseudo-Voigt functions.

High-resolution transmission electron microscopy 
(HR-TEM), including scanning transmission microscopy-
high angle annular dark field (STEM-HAADF) and X-ray 
energy dispersive spectroscopy (EDXS), were recorded 
on a JEOL 2100 field emission gun transmission electron 

microscope operating at 200  kV and providing a point 
resolution of 0.19  nm. The TEM was equipped with an 
EDXS energy dispersive X-ray spectrometer (INCA x-sight, 
Oxford Instruments). EDX analysis was performed in 
STEM mode, with a probe size of ca. 1 nm. Samples were 
prepared by dispersing the fine powder in ethanol with ul-
trasonic agitation; a droplet of the suspension was put on a 
copper holey carbon grid.

Conventional transmission spectra were performed 
with a Cary 5 spectrophotometer. The steady-state emis-
sion measurements were made with a Ti-sapphire ring 
laser (0.4 cm−1 linewidth) as exciting light. The fluores-
cence was analyzed with a 0.25  monochromator, and 
the signal was detected by an extended IR Hamamatsu 
H10330A-75 photomultiplier and finally amplified by 
a standard lock-in technique. Visible emission was 
detected by a Hamamatsu R636 photomultiplier. All 
measurements were performed at room temperature. 
Accuracy of emission measurements is between 3% and 
5% depending on the experimental conditions.

3   |   RESULTS AND DISCUSSION

3.1  |  Thermal, XRD, and HRTEM 
analysis

Transparent glasses were obtained after melting for the 
different dopant concentrations. As expected, the corre-
sponding XRD patterns (not shown) did not reveal the 
presence of any crystalline phase. Thermal properties 
were characterized by dilatometric analysis and results 
are shown in Table 1. Tg does not show any constant in-
creasing tendency with the dopant content, but the doped 
and codoped samples present Tg values ranging from 
566°C to 589°C.

At the same time, the thermal expansion coefficient 
(α) has the same value as in the undoped glass, 7.9°C−1, 
decreasing for the codoped glasses down to 7.3°C−1 with 
the increasing amount of Yb3+ ions. Similar behaviour 
was found by the authors for the same composition but 

(1)∅ =
0.94 ⋅ �

cos�
√

�2 − �2
i

,

T A B L E  1   Fluorine loss (%), Glass transition temperature (Tg), softening point temperature (Td) and thermal expansion coefficient (α) of 
undoped and doped glasses. Mean NCs size and thermal expansion coefficient (α) of corresponding GCs

Glass
F loss 
(%)

α 10−6 (°C−1) 
±0.5 Tg (°C) ±2 Td (°C) ±5 GCs

NCs size 
(nm) ±1

α 10−6 (°C−1) 
±0.5

Undoped 48 7.9 579 663 Undoped 9 8.6

G0.1Tm 42 7.9 583 664 GC0.1Tm 12 8.2

G0.5Tm 45 7.9 566 648 GC0.5Tm 15 8.6

G0.5Tm−1Yb 42 7.6 589 685 GC0.5Tm−1Yb 27 7.9

G0.5Tm−2Yb 52 7.3 572 673 GC0.5Tm−2Yb 30 9.0
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doped and codoped with Er3+ and Yb3+ ions.28 Moreover, 
Sroda, Gorni and de Pablos-Martin et al. also observed a 
similar effect in different oxyfluoride glasses.16,32,33 The 
thermal expansion coefficient of GCs samples was also 
measured and the values are shown in Table 1. In general, 
all GCs show higher values than the glass samples but in 
the range of error. This behavior is opposite to that ob-
served by Reben and Środa in PbF2 NCs glass, where the 
addition of fluorine decreased the thermal expansion co-
efficient and weakened the structure of the glass.34 In our 
case, it seems that the amount of fluorine incorporation 
in the structure due to the addition of dopant is not suffi-
cient to affect the structure of the glassy phase in the GCs.

Table 1 also presents the estimated F loss of each glass 
obtained from the chemical analysis of the corresponding 
glasses. From these results, the fluorine loss varies be-
tween 42 and 52 wt%. The chemical analysis of the other 
components (not shown) displays values roughly in agree-
ment with the nominal ones. These values indicate that 
a high fluorine loss occurs during the melting process 
due to the high melting temperatures involved, at around 
1650°C, as is expected in these compositions.

Taking into account the effect of the dopant addition 
on the glass Tg and our previous results,28–30,35 the heat 
treatment temperature and time were selected as 600°C 
during 20 h. Figure 1A shows the XRD patterns of the cor-
responding GCs samples. The results for the different dop-
ant concentrations are almost identical with the diffraction 
maxima that are assigned to sodium lutetium fluoride 
cubic solid solution with a general formula NaxLu2x-1F7x-3 
as previously reported in.28,30 The peaks become narrower 
and more intense when increasing dopant content indi-
cating that the NCs growth is favoured. Moreover, the 

magnified region correspondings to the (111) crystallo-
graphic plane, Figure 1B, shows a constant shift towards 
lower angles with the increasing content of RE3+ dopant 
ions, mainly due to incorporation of the larger Tm3+ (ionic 
radius, rion = 0.88 Å) and Yb3+ ions (rion = 0.87 Å) that 
substitute the Lu3+ (rion = 0.85 Å) increasing the unit cell 
volume associated to the cubic phase.

Table 1 also shows the mean size of NCs calculated by 
using the Scherrer equation. The increasing dopant con-
tent results in increasing size, varying from 9 to 30 nm. In 
this case, the dopant content plays a notable role in crys-
tal growth as observed for other GCs.36,37 The increasing 
NCs size is also related to the close relationship between 
the crystallization activation energy and doping level. 
Crystallization activation energy decreases with the in-
creasing doping level.38 Thus, samples with higher dopant 
concentration are more susceptible to crystallize.

HRTEM together with EDX techniques were used to 
look deeply into the nanostructure and dopants distri-
bution, see Figures 2 and 3. HRTEM micrographs of the 
glasses, Figure 2A,B, show the typical well-dispersed 
phase-separated amorphous droplets. These phase-
separated droplets are the precursors of the NaLuF4 NCs 
that will form after adequate heat treatment28 observed 
in Figure 2C,D. Moreover, HRTEM micrographs of 
GC0.5Tm–2Yb show a broad crystal distribution that fits 
well with a pseudo-Voight function centered at 13 nm (inset 
Figure 2C), confirming the results obtained by XRD dif-
fraction. It should be noted that unlike the hexagonal LaF3 
oxyfluoride NCs,33,39 cubic NaLuF4 NCs form from each 
phase-separated droplet, this is typical behavior of alkali 
lanthanide tetrafluoride NCs.13,40,41 The size of the NCs is 
thus similar to the size of the precursor phase-separated 

F I G U R E  1   (A) XRD patterns for undoped, xTm3+-doped (x = 0.1, 0.5 mol%) and 0.5Tm3+–yYb3+-codoped (y = 1, 2 mol%) GCs. 
(B) Magnified regions of (111) peak of the corresponding GCs
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regions, and then they grow more with the adequate heat 
treatment in temperature and time.28 Moreover, the Fast 
Fourier Transformation (FFT) from HRTEM micrographs 
revealed crystalline structures with interplanar distances 
of 0.31 nm, attributed to (111) planes of the sodium lute-
tium fluoride cubic phase.

To further study, the elemental composition and the 
incorporation of the RE3+ ions in the NCs, EDX analy-
sis in STEM mode was performed for the Tm3+-doped 
and Tm3+-Yb3+ codoped GCs (Figure 3). This indicates 
the nanocrystals are Na- and Lu-rich, with the Tm3+ and 
Yb3+ ions concentrated in the nanocrystals, similarly to 
previously observed for different fluoride NCs and RE3+ 
dopants.14,16,42 The presence of the Tm3+ and Yb3+ ions in 
the NCs supports the results obtained by XRD patterns in 
which the diffraction maxima are shifted to lower angles, 
suggesting the incorporation of the RE3+ ions in the crys-
tal structure of the NCs.

3.2  |  Optical properties

3.2.1  |  Transmission spectra

The transmission spectra were obtained for all samples in 
the 300–2000 nm range. As an example, Figure 4 shows 

the spectra as a function of wavelength for the glass and 
GC samples codoped with 0.5TmF3-1YbF3 (in mol%). 
The spectra show the bands corresponding to the transi-
tions starting from the 3H6  ground state to the different 
higher levels 1D2, 1G4, 3F2, 3F3, 3H4, 3H5, and 3F4 of Tm3+ 
together with the 2F7/2 → 2F5/2 absorption of Yb3+. As can 
be seen, the samples are transparent with a transmittance 
as high as 91% and 89% for the glass and glass-ceramic, 
respectively. After the heat treatment, the absorption edge 
is shifted to longer wavelengths in the GC sample. This 
red-shift has been attributed to the scattering of short-
wavelength light by the NCs present in the GC sample.43,44 
The spectra obtained for the glass and glass-ceramic sam-
ples doped with 2 mol% YbF3 are similar, except for the 
double Yb3+ band intensity.

3.2.2  |  NIR luminescence

The near-infrared emission in the 900–2200 nm spectral 
range was obtained for the single doped samples at room 
temperature by exciting at 791 nm in resonance with the 
3H4 (Tm3+) level. The codoped samples were also excited 
at 975 nm in resonance with the 2F7/2 → 2F5/2 absorption 
of Yb3+. This wavelength corresponds to the maximum ab-
sorption of Yb3+ ions in these matrices. The fluorescence 

F I G U R E  2   (A) and (C) HRTEM 
micrograph of 0.5Tm3+ doped glass and 
GC treated at 600°C-20 h; size distribution 
of the NCs is shown as insets in (C). (B) 
Magnified image of phase separation 
droplets. (D) HRTEM micrograph of 
0.5Tm3+-doped GCs with corresponding 
SAED image shown as an inset

(A) (B)

(C) (D)
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spectra corresponding to the single doped samples doped 
with 0.1 and 0.5Tm3+ (in mol%) are shown in Figure 5. 
The spectra show a strong emission band centered around 
1650 nm which corresponds to the 3F4 → 3H6 transition to-
gether with a less intense emission band centered around 
1450 nm and corresponding to the 3H4 → 3F4 transition. 
The long-wavelength tail of the 3F4 → 3H6 emission is not 
completely observed due to the upper limit of the detec-
tor. Similar spectra are obtained for the glass and glass-
ceramic samples, but the ratio of the emission intensity of 
the transition 3H4 → 3F4 to that of the 3F4 → 3H6 decreases 

with increasing Tm3+ concentration as is shown in Figure 
5. This reduction in the intensity of the 1450 nm emission 
with concentration has been attributed to cross-relaxation 
between 3H4 → 3F4 and 3F4 → 3H6 transitions that enhance 
the latter.45,46

The emission spectra of the codoped samples obtained 
under the same experimental conditions by exciting at 
791 nm show, in addition to the Tm3+ emissions around 
1450 and 1650  nm, the Yb3+ (2F5/2 → 2F7/2) emission 
around 1000 nm. The presence of the Yb3+ emission after 
excitation of Tm3+ ions confirms the energy transfer from 

F I G U R E  3   (A) and (C) STEM image of NaLuF4 NCs in GC0.5Tm3+ and GC0.5Tm3+–2Yb3+. (B) and (D) EDX of a line scan crossing 
same aLuF4 NCs in GC0.5Tm3+ and GC0.5Tm3+–2Yb3+

(A) (B)

(C) (D)
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Tm3+ to Yb3+ ions. As an example, Figure 6 displays the 
emission spectra for the codoped samples with 0.5Tm-
1Yb. After excitation of level 3H4, the energy transfer to 
the 2F5/2 state of Yb3+ ions occurs. Although the 3H4 and 
3H5 levels of Tm3+ are located at higher and lower ener-
gies respectively, a non-resonant phonon-assisted energy 
transfer (PAET) between both ions takes place.47,48

The NIR luminescence intensities of the Tm3+ emis-
sions measured under 791  nm (Tm3+) excitation, in the 
single and codoped samples with 1 mol% of Yb3+ (Figures 
5B and 6) are quite similar for the 3F4→

3H6 transition and 
nearly independent of the presence of Yb3+. However, the 
intensity of the 3H4→

3F4 transition slightly decreases with 
the addition of Yb3+ ions probably due to the Tm3+→Yb3+ 
energy transfer. Once the 3H4 level is populated by the ab-
sorption of 791 nm photons, energy is transferred to the 
2F5 state of Yb3+.

Moreover, the presence of energy transfer from Yb3+ 
to Tm3+ is demonstrated by the observation of the 3F4 
→ 3H6 Tm3+ emission after excitation at 975 nm in res-
onance with the Yb3+ absorption at 975 nm, as shown 
in Figure 7. This figure shows the spectra of the glass 
and glass-ceramic samples codoped with 1 and 2 mol% 
of Yb3+. As can be seen, the emission intensity for the 
co-doped samples with 2 mol% of Yb3+ is around twice 
those of the samples with 1 mol%. Moreover, compared 
to the emission obtained under Tm3+ excitation at 
791 nm, the intensity of the 3F4 → 3H6 increases around 
four times when exciting Yb3+ ions. This is in agreement 
with the high absorption cross-section of Yb3+ at 975 nm 
if compared with the one of Tm3+ at 791 nm. The 2F5/2 
(Yb3+)→3H5(Tm3+) energy transfer followed by nonradi-
ative processes populate the 3F4 emitting level.

3.2.3  |  NIR to visible up-conversion (UC)

Up-conversion (UC) emission from Tm3+ ions in the co-
doped samples has been observed at room temperature 
after 975  nm excitation. The UC emission spectra show 
bands at 478, 651, 700, and 800 nm corresponding to the 
1G4 → 3H6, 1G4 → 3F4, 3F2,3 → 3H6, and 3H4 → 3H6 transi-
tions of Tm3+ ions respectively.

Figure 8  shows that the increase in the UC intensity 
in the GCs with respect to those obtained in the glass. 
However, this increment is not as big as expected. Thus, 
the small increase in the UC emission intensity in the 
GCs, if compared with the untreated glass deserves a par-
ticular comment. It looks like that after the heat treatment 
the fraction of RE3+ ions in the amorphous and crystal-
line phases could change if compare with those of the 
precursor glass. In particular, the presence of Yb3+ ions 

F I G U R E  4   Transmission spectra for glass and glass-ceramic 
(GC) samples codoped with 0.5 mol% Tm3+and 1 mol% Yb3+

F I G U R E  5   Room temperature emission spectra of Tm3+ ions in the single doped glass and GC samples doped with (A) 0.1 and (B) 
0.5 mol% Tm3+
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competing with Tm3+ ions in a finite crystalline volume 
would reduce the density of the UC centers and, therefore, 
the UC efficiency.

Moreover, increasing the Yb3+ content up to 2 mol% 
does not lead to an increase in the total Tm3+ UC lumi-
nescence. Moreover, the overall intensity is lower. This 
effect could be attributed to energy migration among 
Yb3+ ions due to the higher concentration, to energy 
back transfer from Tm3+ to Yb3+ and/or to energy trans-
fer to quencher centers.49

The UC processes involved in the population of the rel-
evant emitting states of Tm3+ ion are depicted in Figure 
9. Firstly, the Yb3+ ion at the ground state was excited to 
the 2F5/2 state by absorbing one 975 nm photon and then 
transferred the energy to Tm3+ ions in the ground state 
following the mechanism 2F5/2 → 2F7/2 (Yb3+):3H6 → 3H5 
(Tm3+) (ET1). The 3H5 level decays mainly non-radiatively 
populating the 3F4 (Tm3+) state. Then, a second energy 

F I G U R E  6   Room temperature emission spectra of Tm3+ and 
Yb3+ ions in the codoped glass and GC samples codoped with 
0.5Tm3+-1Yb3+ obtained under excitation at 791 nm

F I G U R E  7   Room temperature emission spectra of Tm3+ ions in the glass and GC samples codoped with (A) 0.5Tm3+-1Yb3+ and (B) 
0.5Tm3+-2Yb3+ obtained under excitation at 975 nm

F I G U R E  8   Room temperature UC emission spectra obtained under 975 nm excitation for glass (blue line) and GC (red line) samples 
codoped with 1 (A) and 2 (B) Yb3+
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transfer process involving Yb3+ and Tm3+ ions can occur 
through the mechanism 2F5/2 → 2F7/2 (Yb3+):3F4 → 3F2,3 
(Tm3+) (ET2). Subsequent multiphonon relaxation from 
level 3F2,3 populates the 3H4 state and a third energy trans-
fer upconversion process, 2F5/2 → 2F7/2 (Yb3+):3H4 → 1G4 
(Tm3+) (ET3) populates the 1G4 state.46

To obtain information about the processes involved in 
the UC emission after 975 nm excitation, the UC emission 
spectra have been obtained at different pump power den-
sities. The dependence of the UC emission on the pump 
power density is related to the number of photons (n) in-
volved in the process and gives information about the UC 
mechanisms according to the relation

Figure 10 shows the logarithmic plot of the UC blue 
and NIR (3H4→3H6) emission intensities of the co-doped 
GC sample with 0.5TmF3−1YbF3 (in mol%) as a func-
tion of the pump power laser density. As can be seen 
for the blue emission, the slope is 2.08 which indicates 
that two photons are required to excite the electrons 
to the 1G4 state. The slope in the case of the 3H4 → 3H6 
transition is 1.58. However, it is clear from the energy 
level diagram of Tm3+ ions (Figure 9) that two photons 
are needed to populate this level and three photons are 
needed to populate the 1G4  level. UC to the 3H4  level 
occurs via two successive energy transfers from Yb3+ 
ions in the 2F5/2 excited state. An excited Yb3+ ion in the 
2F5/2 state transfers its energy nonresonantly to a Tm3+ 
ion in the ground state 3H6, exciting it to the 3H5 state 
from where the 3F4  level is populated (ET1 in Figure 
9). A second Yb3+ ion transfers its energy to the Tm3+ 
ion promoting it from the 3F4 to the 3F2,3 excited state 
(ET2 in Figure 9) and then decays nonradiatively to 
the3H4 level. A third energy transfer step from an excited 
Yb3+ ion can excite the Tm3+ ions to the 1G4 level (ET3 
in Figure 9). The observed slopes in Figure 10 indicate 
the presence of a saturation effect which reduces the 
experimental power dependence. The obtained power 
dependences represent the lower limit of the number of 
photons involved in the UC mechanisms.50,51

This behavior, previously observed in other systems, 
has been attributed to the competition between the decay 
rate of the intermediate states and the UC rates. When UC 
dominates over linear decay for the depletion of the inter-
mediate excited states, the slope of the luminescence from 
the upper state n is almost linear.52

No UC emissions were observed in the single doped 
samples excited at 791 and 975  nm. However, UC 
emission of Tm3+ ions is also observed in the codoped 
glass and glass-ceramics samples with 1 and 2  mol% 
Yb3+ under 791 nm excitation (see Figure 11). This is 
probably due to the reduction of the interionic dis-
tances between the Tm3+ ions in the NCs favored by 
the presence of Yb3+ ions, increasing the probability 
of the Tm3+-Tm3+ energy transfer. The UC mechanism 
of Tm3+-Yb3+ codoped samples is as follows. After 

(2)Iem ∝
(

Ppump
)n
.

F I G U R E  9   Energy level diagram of Yb3+ and Tm3+ ions 
together with the different energy transfer processes (ET) 
responsible for the upconverted emissions after excitation at 
975 nm (Yb3+)

F I G U R E  1 0   Logarithmic plot of the pump power dependence 
of the blue (1G4 → 3H6) and NIR (3H4 → 3H6) integrated emission 
intensities for the GC sample codoped with 0.5Tm3+-1Yb3+
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excitation of the ground state absorption at 791  nm, 
a photon with this energy populates the 3H4 level and 
then the energy is transferred from Tm3+ to Yb3+ ions. 
This transfer is non-resonant with an energy mis-
match of about 1800 cm−1. The Yb3+ ions excited to the 
2F5/2 state transfer the energy to Tm3+ ions previously 
excited in the 3H4  level which results in blue and red 
emissions from levels 1G4 and 3F2,3.53 In order to ana-
lyze the upconversion mechanism which populates the 
1G4 level, the dependence of the blue integrated emis-
sion intensity on the pump power density has been an-
alyzed for the GC sample co-doped with 2 mol% Yb3+. 
The inset in Figure 11B shows the logarithmic plot 
of the blue (1G4 → 3H6) emission as a function of the 
pump power density for 791 nm excitation. The depen-
dence is nearly quadratic with a slope of 1.64 which 
indicates a two-photon UC process in contrast with the 
result under 975 nm excitation in which the blue emis-
sion is the result of a three photon UC process. Since 
the probability of a two-photon mechanism is higher 
than that of a three-photon mechanism, the UC blue 
emission intensity observed for the codoped samples 
under 791 nm excitation is higher than under 975 nm 
excitation.

4   |   CONCLUSIONS

Oxyfluoride GCs with a cubic solution of the type 
NaxLu2x-1F7x-3  NCs have been successfully obtained by 
the melting quenching method and subsequent crystal-
lization process using an optimized heat treatment at 
600°C during 20h. The treatment allows precipitation of 
NaLuF4 NCs with a mean size in the range of 9–30 nm, 

as confirmed by XRD and HRTEM. Shift to lower angles 
of XRD maxima with respect to the undoped-based GCs 
indicate the incorporation of the Tm3+ and Yb3+ ions in 
the NCs, also confirmed by STEM-EDX analysis. This is 
also demonstrated by the luminescence results. Energy 
transfer between Yb3+ and Tm3+ ions is confirmed by the 
NIR and UC conversion emissions after Yb3+ excitation at 
975. NIR Yb3+ (2F5/2 → 2F7/2) emission around 1000 nm 
is also observed after Tm3+ excitation at 791 nm due to a 
non-resonant phonon-assisted energy transfer (PAET) be-
tween both ions. Visible UC emissions are only observed 
in Tm3+-Yb3+ codoped samples, thus confirming the ef-
fective energy transfer between Yb3+ and Tm3+ ions. The 
addition of Yb3+ also favours the UC emission of Tm3+ 
after excitation in codoped samples compared to the sin-
gle Tm3+ doped ones, where no UC emission is observed. 
These effects are more pronounced in the GCs samples 
due to the reduction of the interionic distances after the 
incorporation of the RE ion in the NCs. Codoped samples 
can be thus used to tune the UC emission from NIR to 
blue by the selectivity of the excitation.
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