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White Light and Multicolor Emission Tuning in 

Triply Doped Yb
3+
/Tm

3+
/Er

3+
 Novel Fluoro-phosphate 

Transparent Glass-ceramics 

Yannick Ledemi*a, Andrée-Anne Trudela, Victor A.G. Riverab, Sébastien Chenuc, 
Emmanuel Véronc, Luiz Antonio Nunesb, Mathieu Allixc and Younès Messaddeqa  

New Yb3+, Er3+ and Tm3+ doped fluoro-phosphate glasses belonging to the system NaPO3-YF3-
BaF2-CaF2 and containing up to 10 wt.% of rare-earth ion fluorides were prepared and 
characterized by differential scanning calorimetry, absorption spectroscopy and up-conversion 
emission spectroscopy under excitation by a 975 nm laser diode. Transparent and 
homogeneous glass-ceramics have been reproducibly obtained in view to manage the red, 
green and blue emission bands and generate white light. X-ray diffraction as well as electron 
microscopy techniques have confirmed the formation of fluorite-type cubic nanocrystals at the 
beginning of crystallization process while complex nanocrystalline phases are formed after 
longer heat-treatment. The prepared glass-ceramics exhibit high optical transparency even after 
170h of thermal treatment. An improvement of up-conversion emissions intensity – from 10 to 
160 times larger – was measured in the glass-ceramics if compared to the parent glass, 
suggesting an important incorporation of the rare-earth ions into the crystalline phase(s). The 
involved mechanisms and lifetime were described in details as a function of heat-treatment 
time. Finally, a large range of designable color rendering (from orange to turquoise through 
white) can be observed in these materials by controlling the laser excitation power and the 
crystallization rate. 

 

1. Introduction  

Tailoring the emission of light in the ultraviolet, visible and/or 
the infrared ranges has always been a challenge of material 
research due to their numerous applications in optics and 
photonics for solid-state lighting and lasers, multicolor displays 
technology, and more recently to improve the solar cells 
efficiency.1-3 Among the different routes explored for such 
purpose, including the inorganic and organic semi-conductor 
technologies, transition metal or lanthanide ions doped single 
crystals or ceramics, the use of glass as active material offers 
many advantages. We can cite the optical transparency in the 
range of interest, ease of preparation associated to a relative 
low-cost production as well as ease of shaping in the desired 
form (e.g. thin-films, optical fiber) depending on the targeted 
application. Besides, a growing interest over the past decade is 
observed in the field of transparent glass-ceramic materials for 
optic and photonic applications. For a long time, the interest in 
these composite materials has originated from their excellent 
thermo-mechanical properties.4 Nevertheless, constant efforts 
have been devoted to improve their optical transparency leading 
progressively to new applications for glass-ceramics as 
photonic materials.5-7 The recent advances in controlled 
crystallization process of glasses are permitting to manage the 

size and nature of crystals within the vitreous matrix, and thus 
to master the light scattering. Nowadays, considerable research 
is dedicated to the preparation of new optical glass-ceramics 
from photonic glasses (e.g. oxyfluorides,5, 6 chalco-halides,7 
fluorosilicates,8, 9 etc) in view to combine the specific glass 
features to the unique properties of single crystals.  
 Among the numerous photonic applications (e.g. laser 
amplification, saturable absorbers, frequency doubling, lens, 
etc), transparent luminescent glass-ceramics may exhibit 
enhanced optical properties (e.g. absorption/emission cross 
section, energy transfer rates) compared to their glassy 
counterpart when a crystalline phase of the desired nature and 
structure is generated around the active species, usually rare 
earth ions (REI) or transition metals ions.6, 10 In some cases, the 
own crystals themselves are the emitting species, like in 
quantum dots doped glasses.11 One of the most explored 
avenues is the incorporation of efficient up-converter 
nanocrystals within the glassy network. Nano-crystalline 
materials such as NaYF4, YF3 or CaF2 doped with lanthanide 
ions are known to be highly efficient up-converters and have 
already found applications in biology and medical imaging.9, 12-

15 By tailoring their crystalline structure, relatively low-
symmetry sites can be formed, originating in a distortion of the 
electron cloud around the REI and favoring thus their emission 
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features.16 When the concentrations of REI such as Yb3+ as the 
sensitizer ion and Er3+, Tm3+, Ho3+ and/or Pr3+ as activator ions 

are appropriately adjusted in these nanocrystals, efficient 
multicolor and white light emissions through red-green-blue 
(RGB) combination can be achieved usually by a simple 
excitation with a commercial 980 nm laser diode.15, 17-19 Owing 
to their high potential as alternative source for lighting, laser or 
sensing, a great interest has thus emerged in investigating 
beyond the extensively studied REI doped glassy materials 20-23 
by embedding their REI into up-converter nanocrystals and 
forming more efficient active glass-ceramics.24-26 The main part 
of the vitreous materials explored in view to prepare these 
luminescent glass-ceramics is based on oxyfluoride mixed glass 
systems such as fluoro-germanate27-29 or fluoro-alumino-
silicate.30-35 In a previous work, we have reported an enhanced 
up-conversion emission in Yb3+ and Er3+ co-doped NaPO3-YF3-
BaF2-CaF2 fluoro-phosphate glass-ceramics.36 Basically, the 
incorporation of both REI into fluorite type nanocrystals 
increases their proximity, favoring the energy transfers from the 
Yb3+ acceptor ions to the Er3+ activator ones, thus improving 
their visible luminescence.  
 In this work, we study the infrared to visible up-conversion 
emission in Yb3+, Tm3+ and Er3+ triply doped NaPO3-YF3-
BaF2-CaF2 fluoro-phosphate glasses and transparent glass-
ceramics. Through a well-controlled and highly reproducible 
crystallization process, glass-ceramics containing fluorite-type 
nanocrystals homogeneously dispersed within the volume have 
been fabricated. From these REI doped transparent glass-
ceramics, significant changes in the relative intensities of the 
violet, blue, green and red emissions upon 975 nm laser diode 
excitation have been observed as a function of the applied heat-
treatment duration and laser excitation power. Such features are 
attributed to the incorporation of REI into the nanocrystals and 
give rise to a large range of color tunability passing over the 
white light from a single bulk material, according to the CIE-
1931 standards.37 Moreover, a large enhancement of the up-
conversion emissions intensity as well as their corresponding 
lifetimes has been observed and correlated to the structural 
changes occurring along the controlled crystallization process.  
 
 

2. Experimental Section 

Glasses with nominal composition (NaPO3)40 – (YF3)30 – 
(BaF2)20 – (CaF2)10 (mol.%) of 10g weight and triply doped 
with 4 wt.% of ytterbium fluoride (YbF3), 2 wt.% of erbium 
fluoride (ErF3) and different amounts of thulium fluoride 
(TmF3) (x = 1, 2, 3 and 4 wt.%) were prepared by the 
traditional melt-casting technique and annealed below their 
glass transition temperature (Tg) to remove any residual 
internal stress induced by the rapid cooling of the glass melt. 
More details about the preparation route are given in our 
previous work 36 and the studied glass samples are labeled in 
the text NYBC-x with x the weight concentration of TmF3. 
 Glass-ceramics have been prepared by thermal treatment at 
380˚C (20˚C above glass transition temperature) for different 
durations of the selected parent glass composition, according to 
the same procedure detailed in.36 One can note that an excellent 
repeatability of glass-ceramics preparation was observed from 
different parent glasses of same composition according to the 
used process. For clarity, the studied glass-ceramics are labeled 
in the text GC-yh with y the heat-treatment duration (in hours) 
at 380˚C.  

 The crystallization of the glass (NaPO3)40-(YF3)30-(BaF2)20-
(CaF2)10 triply doped Yb3+, Er3+ and Tm3+ was studied by in 
situ high-temperature X-ray diffraction (HT-XRD), using an 
Anton Paar oven Chamber (model HTK1200N, Graz, Austria) 
based on a Kanthal® resistive heating attachment. Diffraction 
data were collected over the 15-70° 2θ range with a 0.0245° 
step (4 s/step counting time) on a X-ray Bruker D8 Advance 
(CuKα12 radiation) equipped with a Vantec-1 linear detector. 
The powder or bulk sample was placed on a corundum crucible 
covered by a platinum pellet to minimize interaction. The 
sample temperature was previously calibrated using the thermal 
expansion of Al2O3.

38 The sample was heated from room 
temperature to 380°C at a rate of 10K/min and each 
diffractogram was collected at this temperature during one hour 
from t=0 to t=85h.The differential scanning calorimetric (DSC) 
measurements were performed using a Netzsch DSC Pegasus 
404F3 apparatus on glass pieces into sealed Al pans at a heating 
rate of 10˚C/min.  
 The scanning electron microscope (SEM) images were 
obtained by using a FEI Quanta 3D microscope equipped with a 
Field Emission Gun (FEG). The bulk samples were fractured 
purposely prior to SEM imaging to allow both surface and 
volume observations. The low vacuum observation mode for 
this dielectric material was preferred to dispense with sample 
metallization which usually shows specific texture at high rates 
of magnification. In return the image contrast obtained under 
this mode is not as high as that of metallized (dielectric) 
samples observed under high vacuum. Transmission Electron 
Microscopy (TEM) data were collected on a Philips CM20 
microscope fitted with an Oxford Energy Dispersive 
Spectrometry (EDS) analyzer. The sample was first crushed in 
ethanol, and a drop of the solution with the small crystallites in 
suspension was deposited onto a carbon coated copper grid.  
The digital photographs of the samples were taken with a Sony 
Cybershot digital camera DSC- W85 by holding them about 5 
cm above a text instead of lying on it to better show their 
optical transparency. 
 The UV-visible transmission spectra were recorded on a 
Cary 500 (Varian) double beam spectrophotometer on the 
polished samples of 1.5 mm thickness. Linear refractive index 
has been measured by employing the M-lines prism coupling 
technique (Metricon 2010) at 633 nm. The steady state 
fluorescence emission spectra have been recorded by using a 
Nanolog Horiba Jobin Yvon fluorimeter equipped with a 
double monochromator and a photomultiplier tube (PMT) 
sensitive from 250 to 850 nm. A laser diode operating at 975 
nm coupled with a standard monomode pigtailed fiber (SMF28) 
and the collimated laser excitation beam was focused on the 
sample surface through an 18.4 mm lens. All measurements 
have been performed at room temperature. Further details about 
the conditions and precautions used for the luminescence 
measurements can be found in.36 In addition to the steady state 
measurements, time resolved experiments have also been 
performed to find out the excited states lifetime under 
excitation at 980 nm by using an OPO laser pumped by the 3rd 
harmonic of a Nd:YAG laser, with a peak power of 50 kW, a 
pulse width of 5 ns and a time between 2 pulses of 5 ms. The 
emission signal was recorded on an 400 MHz oscilloscope 
(Tektronix TDS 380) and the lifetime data were fitted using the 
expression: ���� � �� exp
��/�, where τ is the relaxation time 
and I0 is the intensity at time zero. 
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3. Results 

 3.1 The glasses  

In a first step, the concentration of doping rare earth ions Yb3+, 
Er3+ and Tm3+ was explored in order to achieve white light 
emission thanks to a combination of the green and red 
emissions of Er3+ ions and the blue and red emissions of Tm3+ 
ions after excitation at 975 nm with a laser diode.15, 17-19 The 
involved mechanisms will be described later in the text. The 
concentration of TmF3 in the glass of nominal composition 
(NaPO3)40 – (YF3)30 – (BaF2)20 – (CaF2)10 (mol.%) was varied 
from 1 to 4 wt.% while the concentrations of YbF3 and ErF3 
were maintained constant at 4 wt.% and 2 wt.%, respectively. 
The glasses prepared with different amounts of TmF3 are 
optically homogeneous, without evidence of crystallization or 
striae. Their emission spectra recorded from 370 to 850 nm 
upon excitation at 975 nm (diode power of 25 mW) are 
presented in Figure 1. The recorded emission spectra were 
normalized at 549 nm, which is the main radiative transition of 
Er3+ ion whose concentration was kept constant in the four 
samples, helping thus to better account for the Tm3+ ions 
contribution through its blue emission at 478 nm. The 
coordinates for each sample in the chromaticity diagram (CIE-
1931)37 are shown in the inset of Figure 1, after calculation 
from their emission spectra in the visible region, i.e. from 380 
to 720 nm, by using the Spectra Lux software.39 The six 
emission bands observed in the spectra in Figure 1 can be 
assigned as following: (i) the 520, 540, 667 and 810 nm bands 
originate from the Er3+ radiative transitions from the excited 
state 2H11/2, 

4S3/2, 
4F9/2 and 4I9/2 to the ground state 4I15/2, 

respectively, and, (ii) the 478 and 795 nm bands are due to 
Tm3+ direct radiative transitions from the excited state 1G4 and 
3H4 to the ground state 3H6, respectively, while the 450 and 651 
nm bands correspond to indirect transitions from the excited 
state 1D2 and 1G4 to the excited state 3F4, respectively. One can 
observe in Figure 1 that increasing the Tm3+ concentration 
results in: (i) a monotonous decrease of the relative intensity of 
the blue emission at 478 nm, attributed to a Tm3+ ions transition 
which will be described later and, (ii) a slight increase of the 
red emission intensity at 651 nm. This leads to a different color 
rendering of the emission from bluish to white of the glass 
samples according to their Tm3+ content, as depicted in the inset 
of Figure 1 and shown on the photographs of the glass samples 
under excitation at 975 nm (diode power of 30 mW, focal lens: 
50 mm) presented in Figure 1. 
 
3.1 The glass-ceramics 

The rare earth ions concentrations 4 wt.% of YbF3, 2 wt.% of 
ErF3 and 4 wt.% of TmF3 appear thus as the best REI 
combination for the emission of white light under 975 nm laser 
excitation in the (NaPO3)40 – (YF3)30 – (BaF2)20 – (CaF2)10 

glass. The NYBC-4 glass was therefore selected as parent glass 
composition for the preparation of glass-ceramics by thermal 
treatment. The NYBC-4 glass-ceramics were obtained by heat-
treatment at 380˚C, which is a temperature above its glass 
transition temperature (Tg = 361˚C), and below its onset 
crystallization temperature (Tx = 408˚C), for various duration 
ranging from 1 to 170h. The transmission spectra in the 
ultraviolet to near-infrared range of the prepared glass-ceramics 
are presented in Figure 2 as a function of heat-treatment 
duration. As observed in these spectra, the transparency of the 
glass-ceramics is altered with increasing heat-treatment time in 

two ways due to scattering losses induced by the formation and 
growth of crystals within the glass network, as illustrated by the 
inset photograph in Figure 2.  
 

Figure 1. Normalized up-conversion emission spectra of the NYBC-
x (with x = 1, 2, 3 and 4) glasses as a function of Tm3+ 
concentration, under excitation at 975 nm (diode power of 25 mW). 
Inset: chromaticity diagram with the calculated corresponding 
coordinates. Photographs of the NYBC-x glass samples under 
excitation at 975 nm (diode power of 30 mW, focal lens: 50 mm). 

 
Firstly, the ultraviolet cut-off wavelength is red-shifted, e.g. 
from 308 to 576 nm for 50% of transmission for the glass and 
GC-170h samples, respectively, and also accompanied by a 
curvature of the top of transmission edge. Secondly, the 
maximum transmission in near-infrared range slightly decreases 
with increasing heat-treatment time, e.g. from 90% to 83% 
between the Tm3+: 3H5 and Er3+: 4I13/2 absorption bands for the 
glass and the glass-ceramic treated 170h, respectively. Both 
effects can be explained by the presence in the transparent 
glassy matrix of scattering centers whose concentration, 
dimensions and/or shape evolve with increasing heat-treatment 
time. It is worth noting that in one hand, almost no change 
occurs in the sample transmission spectrum after 1h of heat-
treatment and in the other hand, little change occurs between 
16h and 170h of heat-treatment. 
 The in-situ X-Ray Diffraction patterns recorded on the glass 
and glass-ceramics every hour (from 0 to 85h) under heat-
treatment at 380˚C are presented in Figure 3. Despite the fact 
that the same temperature as that of GC-yh preparation was 
used to record the in-situ XRD patterns, one might expect some 
little variation in the crystallization behavior caused by the 
furnaces temperature difference and used sample form (in-situ 
XRD were recorded on powder). 
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Figure 2. UV-visible and near infrared transmission spectra of 
the NYBC-4 glass and glass-ceramics as a function of heat-
treatment time at 380˚C. Sample thickness is 1.5 mm. Inset: 
photograph of NYBC-4 glass and GC-170h glass-ceramic 
samples. Note that both samples are held about 5 cm above a 
text instead of lying on it to better show their optical 
transparency 
  
However, one can observe a very good agreement of the in-situ 
and ex-situ (recorded on crushed glass-ceramics) XRD patterns, 
as shown in Figure 3 (a) and (b). Besides this confirms that the 
nucleation process of the NYBC glass is highly homogeneous 
(volume crystallization). It also supports that possible variation 
such as treatment duration offsets (related to crystallization 
kinetics) can be neglected here to simplify the correlation 
between the structural and optical properties of the GCs.  
 One can observe in Figure 3 (a) that the XRD pattern of the 
glass powder is characteristic of its amorphous state (t=0h). 
Then, the crystallization process can be divided into four 
regimes, successively identified by labels (i) to (iv) in both 
Figure 3 (a) and (b).  
 

Figure 3(a). In-situ powder X-ray diffraction patterns of the 
NYBC-4 glass and glass-ceramics every hour from t = 0 to t =  
85h at 380˚C (1h scans). Labels (i) to (iv) indicate the four 
successive regimes of crystallization described in the text. 
 

First, from 1h to about 3h of thermal-treatment (labeled (i) in 
Figure 3), four intense distinct peaks are clearly observed at the 
same angles (2θ ≈ 28˚, 32˚, 46˚ and 54˚). The maximal intensity 
of these peaks is reached at the very beginning of the 
crystallization process (after 1h) and seems constant for about 
3h of treatment, indicating that the corresponding crystal phase 
is formed very early and rapidly in this regime. Quick XRD 
extra measurements (not presented here) have shown that this 
maximal intensity is actually attained after 30 min of thermal 
treatment at 380˚. Indexation of these peaks from the 
International Centre for Diffraction Data (ICDD) database 
reveals the presence of possibly three isomorphs cubic fluorite-
type phases: sodium yttrium fluoride NaYF4 (JCPDF file 77-
2042), calcium fluoride CaF2 (JCPDF file 35-0816) and 
calcium yttrium fluoride Ca1-xYxF2+x (JCPDF file 31-0293). 
Extensive structural investigations are currently in progress in 
order to identify the nature of the crystallizing phase(s). In a 
second regime ranging approximately from 3h to 18h of 
thermal-treatment at 380˚C (labeled (ii) in Figure 3), four new 
peaks are rising at 2θ ≈ 27˚, 31˚, 44.5˚ and 52.5˚ while the 
intensity of the four peaks previously observed tends to 
decrease slowly. The new peaks can be ascribed to a 
Ba0.92Tm0.04Y1Yb1.11F8.29 crystal phase (JCPDF file 49-0287) 
which is a face centered cubic structure.40 In a third regime 
ranging from 18h to 40h (labeled (iii) in Figure 3), three weak 
peaks are rising at 2θ ≈ 22.5˚, 29.5˚ and 36˚. However, these 
peaks are almost not observable in the ex-situ XRD pattern, i.e. 
from the crushed bulk glass-ceramic samples, as shown in 
Figure 3 (b). This suggests thus that some surface 
crystallization is occurring during the in-situ experiment 
performed on powders. Last, above 40h of heat-treatment 
(labeled (iv) in Figure 3), the intensity of the four peaks 
observed from the beginning is still decreasing continuously, as 
clearly observed in Figure 3 (at 2θ ≈ 28˚, 32˚, 46˚ and 54˚). 
Moreover, different growing peaks are observed in this fourth 
regime (at 2θ ≈ 26.3˚, 30.5˚ and 43˚). Their complete 
indexation is rather complex, but could be attributed to the 
formation of the rhombohedral Ba4Yb3F17 and/or the 
orthorhombic CaY2O4 phases. 
 

Figure 3(b). X-ray powder diffraction patterns of the NYBC-4 
glass and glass-ceramics obtained after thermal treatment at 
380°C during 1h, 2h, 3h, 6h, 16h and 170h. Labels (i) to (iv) 
indicate the four successive regimes of crystallization described 
in the text. 
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Figure 4 shows transmission and scanning electron micrographs 
of the NYBC-4 glass and glass-ceramics GC-1h, GC-2h, GC-6h 
and GC-170h. The TEM image in Figure 4 (a) clearly illustrates 
the homogenous amorphous character of the NYBC-4 glass 
sample. In Figures 4 (b) to (f), one can observe crystals of about 
100 nm size randomly dispersed in the glassy matrix. No 
significant difference in terms of crystal size and concentration 
is observed between the micrographs. 
 

Figure 4. Transmission Electron Microscope (TEM) images of 
NYBC-4 glass (a), glass-ceramics GC-1h (b) and GC-2h (c); 
and Scanning Electron Microscope (SEM) images of glass-
ceramics GC-2h (d), GC-6h (e) and GC-170h (f). 
 
The up-conversion emission spectra from 380 to 850 nm of the 
NYBC-4 parent glass are presented in Figure 5 as a function of 
laser diode power at 975 nm. One has to remind that the laser 
diode power reported is much lower than the effective power 
arriving on the sample surface after collimation and tight 
focusing, as discussed in our previous work.36 One can observe 
the same six emission bands at 478, 520, 540, 651 and 795 nm, 
previously ascribed to the Er3+ and Tm3+ radiative transitions. 
Their dependence on maximum intensity as a function of 
excitation power is also depicted through a double log-log plot 
in the inset of Figure 5.  
 

 
Figure 5. Up-conversion emission spectra of the NYBC-4 glass 
as a function of laser diode pump power at 975 nm. Inset: log-
log plot of the emission intensity as a function of excitation 
power. 

In the same way, the up-conversion emission spectra from 380 
to 850 nm of the NYBC-4 glass-ceramic GC-170h are 
presented in Figure 6 as well as the dependence on pump power 
of the maximum intensity of the bands centered at 406, 478, 
520, 540, 651 and 795 nm. Besides an increase of about one 
order of magnitude of the overall emission intensity of the GC-
170h sample if compared to the glass one (see Figure 5), it is 
interesting to note the rising of the violet radiative transition of 
Er3+:[2H9/2→ 4I15/2] ions at 406 nm in the glass-ceramic 
emission spectra, while its intensity is negligible on the glass 
emission spectra.  
 Furthermore, significant changes in the relative intensities 
of the different emission bands can be observed in the emission 
spectra of the glass and GC-170h glass-ceramic presented in 
Figure 5 and Figure 6, respectively. These variations have been 
summarized in Figure 7 by plotting the ratio of the intensities 
measured on the glass-ceramic over that of glass as a function 
of heat-treatment time and for each emission band. Note that a 
log-log scale has been preferred in the Figure 7 to better 
represent the evolution of the intensities ratio as a function of 
heat-treatment duration. 
 

 
Figure 6. Up-conversion emission spectra of the NYBC-4 
glass-ceramic GC-170h as a function of laser diode pump 
power at 975 nm. Inset: log-log plot of the emission intensity as 
a function of excitation power. 
 
First, one can observe in Figure 7 a monotonous and 
tremendous increase – up to 170 times – of the intensity for the 
406 nm emission of Er3+ ions with increasing heat-treatment 
time. Then, a moderate increase of intensity ranging from 10 to 
35 times is observed for the 520, 540 and 651 nm Er3+ emission 
bands for the glass-ceramic GC-16h while no further increase 
was measured for longer heat-treatment. Last, no significant 
change in intensity was measured for the 478 and 795 nm 
emission bands relative to the Tm3+ ions transitions. 
 The decay lifetimes measured at three emission 
wavelengths, 478, 540 and 651 nm by exciting at 980 nm (pulse 
length: 5 ns and 5 ms between two pulses) are plotted in Figure 
8 as a function of heat-treatment time (log scale). The observed 
decay-time behavior (not presented here) follows a single-
exponential decay for all of the samples.  
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Figure 7. Ratios (log scale) of the measured emission intensity 
of the NYBC-4 glass-ceramics over the glass one for each 
emission band, under excitation at 975 nm (diode power of 30 
mW) as a function of heat-treatment time (log scale). Lines are 
guides to the eye. 
 
 

 
Figure 8. Decay lifetime (normal scale) of the 478, 540 and 
651 nm emission bands under excitation at 980 nm as a 
function of heat-treatment time (log scale). Lines are guides to 
the eye. 
 
The lifetimes measured for the blue transition at 478 nm and 
attributed to the Tm3+:[1G4 → 3H6] and Er3+:[4F7/2 → 4I15/2] 
radiative transitions are ranging from 60 to 70µs and do not 
exhibit significant change with thermal treatment duration. In 
contrast, a sharp increase of the lifetime from 22 to 60 µs for 
the 540 emission (ascribed to the Er3+:[4S3/2 → 4I15/2] transition) 
and from 66 to 184 µs for the 651 nm emission (attributed to 
both Er3+:[4F9/2 → 4I15/2] and  Tm3+:[1G4 → 3F4] transitions) can 
be observed in Figure 8 from 2 to 6h of heat-treatment. For 
longer heat-treatment durations, i.e. from 10h to 170h, the 
lifetime for both green and red transitions slightly increases, as 
shown in Figure 8.   
 
 

4. Discussion 

 4.1 Structural investigation   

In our previous work on Er3+ and Yb3+ codoped  NYBC glasses 
and glass-ceramics,36 we have shown the repeatability as well 
as the stoichiometry conservation of the synthesis procedure 
utilized here. Moreover, the structural investigation of the 
crystallization process performed in that previous work through 
X-ray diffraction and scanning electron microscopy has 
revealed the formation of fluorite-type cubic crystals without 
clear identification of its composition among the three 
isomorphs CaF2, Ca1-xYxF2+x and α-NaYF4. CaF2 is a well-
known model describing the cubic fluorite crystalline structure, 
where fluoride anions F- occupy the tetrahedral sites in the fcc 
lattice of calcium Ca2+ cations. Then, the Ca1-xYxF2+x belongs to 
the (CaF2)1-x – (YF3)x solid solution where fluorite-type crystals 
exist when x is comprised between 0 to 0.35.41 Last, the NaYF4 
crystal consists in two polymorphs: the cubic fluorite phase, 
labeled α-NaYF4 and the hexagonal one, labeled β-NaYF4.

42, 43 
The former is generally known to be formed only at high 
temperature while the latter is the stable phase at low 
temperature.43 However, no evidence of presence of the 
hexagonal β-NaYF4 phase was observed here from the X-ray 
diffraction analyses. Besides, the formation of the cubic α-
NaYF4 at low temperature was previously observed in a fluoro-
silicate glass-ceramic and attributed to the metastable character 
of the glassy state.35 The X-ray diffraction patterns recorded on 
the triply doped NYBC-4 glass-ceramics up to 3h of heat-
treatment (Figure 3 (a)) are identical to those reported in our 
previous work, suggesting the same crystallization of cubic 
fluorite-type phase, as further illustrated by the electron 
microscopy images presented in Figure 4.  
 In contrast with our results presented in 36 where long heat-
treatments have resulted in a complex uncontrolled 
crystallization leading to opaque glass-ceramics, a high visible 
transparency of the NYBC-4 glass-ceramics was maintained in 
the present work, even after 170h of thermal treatment (see 
Figure 2). This is readily explainable by the lower temperature 
used here for the ceramization process (380˚C vs 400˚C in 36), 
which has permitted to retain the crystals size around 100 nm 
and to avoid any uncontrolled growth, as shown by both SEM 
and TEM images in Figure 4. Besides the major role played by 
crystalline particles size toward the transparency of glass-
ceramics, the difference of refractive index between crystals 
and glass is also an important factor to consider, according to 
the Rayleigh’s theory. The reported linear refractive index of 
fluoride crystalline phases (nD, at 589 nm) is 1.434 for CaF2,

44 
1.430 for NaYF4,

43 and 1.48 for Ca1-xYxF2+x (x=0.25)45 while 
the refractive index measured here on the NYBC-4 glass at 633 
nm is 1.538. The relatively weak difference of refractive index 
between both media is thus determinant here with regard to the 
GC-170h transparency if we consider that its crystals size (~100 
nm) is slightly larger than that usually reported in transparent 
oxyfluoride glass-ceramics (< 40 nm).46 
 
 4.2 Optical properties   

In order to determine the optical band gap of the prepared 
samples, their linear absorption coefficient was, in a first time, 
determined from their transmission spectrum according to: 
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where T is the optical transmission as a function of frequency � 
and d is the glass thickness (here, d=1.5 mm). Then, direct and 
indirect optical bandgap and Urbach energy were calculated 
via:   

����� � � ���������
�

��                                          (2) 

 
where A is a constant called band tailing parameter, Eopt is the 
optical band gap, h is the Planck constant and p is an index 
depending on the nature of the electronic transitions responsible 
for the absorption (p = 0.5 for Edir and p = 2.0 for Eindir).

47 Last, 
the absorption coefficient near the band edge shows an 
exponential dependence on photon energy and this dependence 
is given as follows 48: 
 

 ����� � �� exp  ���!"                                          (3) 

 
where  �� is a constant and Eu is the Urbach energy that can be 
interpreted as the width of the valence band tails of localized 
states, associated with the structural disorder of amorphous 
state. The calculated optical band gaps (Edir and Eindir) and 
Urbach energy EU are plotted in Figure 9 as a function of heat-
treatment time. It clearly appears that thermal-treatment of the 
samples results in a nonlinear decrease and increase of their 
optical band gap and Urbach energy EU, respectively. No 
further significant change of those energies is observed after 16 
hours of heat-treatment, as shown by the almost identical 
transmission spectra of GC-16h and GC-170h in Figure 2. Note 
that the calculated energies for the GC-170h sample were not 
plotted in Figure 9 for better clarity. We can thus assume that 
the crystallization in this material is reaching a limit after 16 
hours of treatment after which no significant increase of 
crystallization volume occurs, as shown by both the GC-170h 
transmission spectrum (Figure 2) and up conversion emissions 
intensity (Figure 7) which are close to that of the GC-16h 
sample.  
 

 
Figure 9. Optical band gap (Edir and Eindir) and the EU as 
function of the heat-thermal time. Lines are guides to the eye. 
 
Significant change of the relative intensities of the emission 
bands in the NYBC-4 glass and GC-170h glass-ceramic can be 
observed in Figure 5 and 6, respectively. In frequency up-
conversion processes, it is well established that the up-
conversion emission intensity IUC is proportional to the 
excitation intensity Iexct according to IUC α (Pexct)

n, where n 
accounts for the number of excitation infrared photons involved 
in the excitation mechanism. The number n is necessarily an 

integer and is deduced from the slope of the straight line 
obtained by plotting log(IUC) vs log(Pexct), as presented in the 
inset of Figure 5 and 6, for the NYBC-4 glass and GC-170h 
glass-ceramic, respectively. All the regression curves were 
obtained with an R-square value higher than 0.99, indicating an 
excellent accuracy of the fits, as shown as well by the standard 
error values calculated for each slope and reported in the 
respective legends. First, if we consider the violet and green 
well-known emissions of Er3+ ions, the slopes obtained from 
the log(IUC) vs log(Pexct) plot for the transitions 2H9/2 → 4I15/2 
(406 nm), 2H11/2 → 4I15/2 (520 nm) and 4S3/2 → 4I15/2 (540 nm) 
are respectively 2.88, 2.37 and 2.06 for the 170h-glass-ceramic. 
For the glass, the violet emission at 406 nm was too weak to 
measure accurately its intensity while slopes of 2.49 and 2.45 
were obtained for the 520 and 540 nm emission bands, 
respectively. Therefore, these results indicate that the green 
(520 and 542 nm) emissions are related to a two-photon process 
while the violet emission (406 nm) can be ascribed to a three-
photon process, which is coherent with similar works reported 
in the literature.49-51  
 Then, the attribution of the red emission observed at 651 – 
667 nm is ambiguous because both Er3+ and Tm3+ ions may 
emit in this region. First, for the Er3+ ion, the involved 
transition may be 4F9/2 → 4I15/2. This emission was observed 
with a peak centered at 667 nm in the Tm3+-free glass and 
glass-ceramics of same composition.36 Second, the transition 
1G4 → 3F4 of Tm3+ ion may also contribute to the red emission, 
as already reported in literature.25 From the normalized 
emission spectra presented in Figure 1, we observe a slight 
increase of the intensity of the red emission with increasing the 
content of Tm3+ from 2 to 4 wt.%. Nevertheless, almost no 
change is observed between the glasses containing 1 and 2 
wt.%. At this point, we can thus only assume that both Er3+ and 
Tm3+ ions are involved in the red emission, with a probable 
greater contribution of the latter ions. From the double log plot 
of the emission intensity vs. excitation power at 651 nm in glass 
and glass-ceramic (inset of Figure 5 and 6), a two-photon 
excitation process may be assumed. On the other hand, the blue 
emissions at 450 and 478 nm and the near infrared emission at 
795 nm observed in Figure 5 and 6 can be unambiguously 
ascribed to the following transitions of Tm3+ ions: 1D2 → 3F4 
(450 nm), 1G4 → 3H6 (478 nm), and 3H4→ 3H6 (795 nm), with 
respective obtained slopes close to 3 and 2 in both the glass and 
the glass-ceramic treated for 170h. The blue emissions can be 
thus ascribed to a three-photon excitation process and the near 
infrared one (781 nm) to a two-photon mechanism. 
 In Figure 7, the plot of intensity ratios Iglass-ceramic/Iglass for 
each emission band under excitation at 975 nm (laser diode 
power of 30 mW) as a function of heat-treatment duration 
shows the influence of crystallization rate on the REI emission. 
One can clearly observe from Figure 7 that the intensity of the 
Er3+ emission bands strongly increases – of about 170 times for 
the 406 nm violet transition and 10 to 20 times for the green 
transitions - whereas the Tm3+ main emission band at 478 nm 
remains unchanged. 
 Different mechanisms are involved in the up-conversion 
emission processes to excite the Er3+ levels 2H9/2, 

4F{3/2-9/2}, 
2H11/2, 

4S3/2 and 4I9/2 as well as the Tm3+ levels 1D2, 
1G4, 

3F{2-3} 

and 3H4 in presence of Yb3+ sensitizers ions upon laser 
excitation at 975 nm. Here, four excitation mechanisms can be 
distinguished: energy transfer up-conversion (ET), ground state 
absorption (GSA), excited state absorption (ESA) and cross-
relaxation (CR). Due to the large absorption cross-section of 
Yb3+ ions around 975 nm, the expected dominant process is the 
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energy transfer (ET) from the excited level 2F5/2 of Yb3+ to the 
Er3+ levels: 4I11/2, 

4F7/2, 
4I13/2 and 4F9/2 (respectively labeled 

ET{1-4}E in  Figure 10) in one hand, and to the Tm3+ levels: 
3H5, 

3F4, 
3H4 and1G4 (respectively labeled ET{1-4}T in Figure 

10) in the other hand. Besides, the excitation of 1D2 state is also 
possible from 3H4 state through a CR process. The different 
possible excitation-emission mechanisms are resumed in the 
simplified energy diagram presented in Figure 10 where the 
optical band gap of the GC-2h and GC-170h samples is also 
depicted.  
 We can assume that the separation distance between Yb3+ 
and Tm3+ ions is less than that between Yb3+ with Er3+ ions 
due to the initial REI concentrations. Thus, the ET probability 
between the REI in the glass and GC samples is firstly 
governed by Yb3+→Tm3+ and then following by Yb3+→Er3+.  
 According to this criterion, the excitation-emission 
pathways of the Tm3+ ions are: (i) population of 3H5 level via 
the energy transfer ET1T followed by a non-radiative (NR) 
relaxation to 3F4 level and the excited state absorption from 
this level ESA1 (resulting from ET2T) to populate the 3F2-3 
levels, the radiative relaxation from the 3F2 level leads to red 
emission (651 nm), (ii) the 3H4 level can be populated by NR 
relaxation from the 3F2-3 levels and then radiatively decays by 
emitting at approximately 800 nm; (iii) the 1G4 level can be 
excited by two ways, by the ESA2  from the 3H4 level 
(resulting from ET3T) or via the two-photon absorption (TPA) 
at 975 nm from two Yb3+ ions, two main radiative decays can 
then occur from the excited 1G4 state: the first one to the excited 
level 3F4, with a red emission at 651 nm, and the second one to 
the ground state 3H6, giving rise to the blue emission at 478 nm; 
(iv) at last, we can observe the ESA3 from the 1G4 level 
(resulting from ET4T) which will populate the 1D2 level and 
then be followed by a radiative transition to the excited level 
3F4 centered at 450 nm. The latter transition will depend on the 
optical band gap of the sample, as the Tm3+:[1D2] energy level 
is located within the conduction band (Figure 10). 
 Regarding the Er3+ ions transitions, the excitation pathways 
are: (i) the population of the 4I11/2 level by both GSA and ET1E, 
explaining its usually observed prolonged lifetime,52 which can 
be followed by both a NR relaxation to the 4I13/2 level or the 
ESA1 which will populate the 4F7/2 level; (ii) from the excited 
4F7/2 level can occur the population of the 4G7/2-11/2 level 
through the ESA2 (resulting from ET2E), depending on the 
optical band gap (see Figure 10); (iii) besides, the 4F7/2 level can 
be populated via the TPA from two Yb3+ ions; (iv) the 4F9/2 and 
2H9/2 levels can be excited consecutively from the 4I13/2 and 4F9/2 
excited states by the ESA3 and ESA4, respectively (both due to 
ET3E and ET4E, respectively). All these excitations may then 
result in the following radiative transition from the excited 
levels 2H9/2,

4F3/2-7/2, 
2H11/2-

4S3/2, 
4F9/2 and 4I9/2 to the ground state 

4I15/2, leading to the violet (406 nm) emission, blue (~450 to 
478 nm) emissions, green (~ 520 to 540 nm) emissions, red 
(665 nm) and near-infrared (805 nm) emissions, respectively.  

From the Figure 7 as well as the emission spectra presented 
in Figure 5 and 6 for the NYBC-4 glass and GC-170h, 
respectively, we can note that: (i) the intensity of the violet 
emission (Er3+:[2H9/2→

4I15/2]) has a much higher (up to 160 
times) increment upon thermal treatment which can be related 
with the optical band gap (Figure 9) favoring both ESA3 
processes; (ii) the intensities of the blue emission (Er3+:[4F3/2-

7/2→
4I15/2] + Tm3+:[1D2→

3F4 + 1G4→
3H6]) and the green 

emission (Er3+:[2H11/2,
 4S3/2→

4I15/2]) are increased respectively 
about 5 and 10 times in the glass-ceramics if compared to the 
glass; (iii) the intensity of the red emission (Er3+:[4F9/2→

4I15/2] + 

Tm3+:[3F2-3→
3H6 + 1G4→

3F4], due to ESA3 and, ESA1+ESA2, 
respectively) is improved about 12 times and; (iv) the intensity 
of the near-infrared band at 795 nm (Er3+:[4I9/2→

4I15/2] + 
Tm3+:[1G4→

3H5 + 3H4→
3H6]) almost does not evolve as a 

function of  heat-treatment time.  
 

Figure 10. Simplified energy level diagram of Yb3+, Er3+ and 
Tm3+ ions with the main transitions describing the up-
conversion luminescence, and the optical band gap for the GC-
2h and GC-170h samples, respectively. (Yb3+-1 represents a 
second Yb3+ ion). 
 
Therefore, if one neglects the ET processes between energy 
levels of similar energy and consider that all the ET processes 
occur from the excited Yb3+ ions to the Er3+ and Tm3+ acceptors 
ions, in addition with the ESA processes, then a multicolor up-
conversion emission can be achieved from the NYBC-4 glass 
and glass and glass-ceramics, as illustrated in Figures 11 and 
12. Besides, control of the ceramization process and pumping 
power at 975 nm allows the intensity of the three RGB 
emission bands to be modulated. 
 

 
Figure 11. Photographs of the NYBC-4 glass and the GC-2h 
and GC-170h glass-ceramics excited at 975 nm with a diode 
power of 15 and 40 mW. 
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The chromaticity diagram presented in Figure 12 resumes the 
color rendering tuning obtained from the glass and glass-
ceramics for different heat-treatment durations by increasing 
the 975 nm laser diode excitation power from 15 to 40 mW, as 
indicated by the arrow for each sample. The images presented 
in Figure 11 are photographs displaying the different colors 
emitted by the glass and GC-2h and GC-170h glass-ceramics 
when excited at 15 and 40 mW at 975 nm. 

Figure 12. Chromaticity diagram showing the calculated 
coordinates of NYBC-4 glass and glass-ceramics as a function 
of heat-treatment time and laser diode power at 975 nm ranging 
from 15 to 40 mW.  
 

5. Conclusions 

In summary, Yb3+, Er3+ and Tm3+ triply doped (NaPO3)40 – 
(YF3)30 – (BaF2)20 – (CaF2)10 fluoro-phosphate glasses have 
been prepared in view to generate white light through the 
addition of red, green and blue (RGB) emission bands of the 
rare earth ions (REI) via an excitation in the near infrared range 
at 975 nm. The optimal REI concentrations for this purpose 
were determined to be 4 wt.% of YbF3, 2 wt.% of ErF3 and 4 
wt.% of TmF3. Then, highly transparent and optically 
homogeneous glass-ceramics have been reproducibly fabricated 
by heat-treatment of the selected glass composition above its 
glass transition temperature, resulting in optical direct and 
indirect band gap changes and modification of their 
luminescence properties. The formation of cubic fluorite-type 
nanocrystals homogeneously dispersed within the volume has 
been evidenced and characterized at the early stage of 
crystallization process through X-ray diffraction (in-situ and ex-
situ powder techniques) and electron microscopies as well. A 
large improvement of the up-conversion emission intensity – 
from 10 to 160 times larger – has been measured in the glass-
ceramics if compared to the parent glass, confirming the role 
played by the ceramization process in incorporating the REI 
into a more structured (crystalline) environment. Moreover, 

significant changes in the relative intensities of the violet, blue, 
green and red emissions upon 975 nm laser diode excitation 
have been observed as a function of the applied heat-treatment 
duration and laser excitation power. Such features are also 
attributed to the incorporation of REI into the nanocrystals and 
give rise to a wide range of designable color rendering (from 
orange to turquoise through white, according to the CIE-1931 
standards) by only controlling the laser excitation power and 
the crystallization rate of a single bulk material. Such wide 
emission tunability obtained thanks to the excellent ability of 
these fluoro-phosphate glasses to form homogeneous 
transparent glass-ceramics makes these materials promising 
candidates for application in solid-state lighting, solar cells 
technology and other active photonic devices.  
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