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A B S T R A C T   

New Yb3+-doped phosphate glasses with a composition of (98.75-x) (90 NaPO3 – 10 Na2O) – x (Al2O3, TiO2, or ZnO) – 1.25 Yb2O3 (in mol-%), with x from 0 to 3, 
were prepared via conventional melting and quenching process. The thermal and physical properties were studied by differential thermal analysis (DTA) and density 
measurement, respectively. The glass structure was investigated using visible/infrared spectroscopy and the crystallization properties of the glasses using XRD. 
Changes in the glass composition were found to have an impact on the glass structure and more importantly on the crystallization process; the addition of Al2O3, TiO2 
and ZnO promotes the precipitation of the Na5P3O10 crystalline phase at the expense of NaYb(P2O7) and NaPO3 phases and more importantly, promotes surface 
crystallization at the expense of bulk crystallization.   

1. Introduction 

Yb3+ ion is a rare-earth (RE) ion of interest since it has a favorable 
energy level structure for high power laser amplifiers [1–3]. Indeed, it 
possesses a very low quantum defect in comparison with Nd3+ ions and a 
direct excitation of the 2F5/2 level can be efficiently achieved with high 
power and efficiency InGaAs commercial laser diodes. In addition, its 
simple energy diagram results in a lack of cross-relaxation mechanisms 
in Yb3+ doped materials, allowing a higher doping concentration than 
other RE-doped glasses and thus larger potential effective emission 
cross-section before RE concentration quenching begins to affect the 
emission lifetime and intensities [4, 5]. Thus, the lack of excited 
levels at higher energy limits the up-conversion process or absorption 
into the excited state (ESA phenomenon). However, for high Yb3+

content, it is possible, under IR irradiation, to detect a blue luminescence 
which can be attributed to cooperative luminescence. This process re-
sults from simultaneous de-excitation of two neighboring Yb3+ ions and 
a visible emission from a virtual level located at about 20 000 cm− 1 [6, 
7]. When incorporated into glass, the discrimination between the 
different 2F5/2–2F7/2 lines is generally not possible because of a global 
broadening of the emission spectral distribution [2,8]. 

Majority of the commercial Yb3+ doped fiber lasers are made from 
silica glass which is constructed around a 3D-silicon dioxide network. 
While this 3D network provides good mechanical and chemical prop-
erties, the solubility of Yb3+ ions in this glass network is rather low, 
leading to the formation of Yb-Yb clusters at high Yb2O3 doping levels 

[9]. In comparison, phosphate glasses enable high RE-ion solubility, 
luminescence quenching phenomenon in phosphate glasses occurring at 
high concentrations of RE [10]. Thus, Yb3+-doped phosphate glasses 
have become significant alternatives to silica glass in efficient, 
high-power lasers [11]. 

It is commonly known that the spectroscopic properties of RE 
strongly depend on their local crystal field and thus can be enhanced by 
locating the RE-ions into a nano/microcrystal of specific composition 
embedded in a glass matrix [12]. Heat-treatment is commonly used to 
prepare glass-ceramic from glass. The RE containing nano/microcrystals 
should be distributed homogeneously in the glass volume to insure 
isotropic and good optical properties, so that the glass-ceramic is 
considered as a promising material for photonic applications. 

Although many studies have been published on Er3+ doped trans-
parent glass-ceramics [13–17], fewer studies have been reported on 
transparent Yb3+ doped glass-ceramics, especially on phosphate 
glass-ceramics [12,17-21]. For example, transparent glass-ceramic was 
successful prepared from a YbF3 -doped 50 SiO2 – 10 Al2O3 – 20 ZnF2 – 
20 SrF2 (mol-%) fluorosilicate glass. After a 2-hour thermal treatment at 
the first peak crystallization temperature, an increase in the effective 
Yb3+ emission bandwidth and in the upper state Yb3+ lifetime was re-
ported due to the glass-to-crystal phase transformation process in due to 
changes in the crystal-field surrounding Yb3+ ions as the Yb3+ ions 
entered in the SrF2 nanocrystals formed during the thermal treatment 
[17]. Yb3+ doped aluminosilicate oxyfluoride glass-ceramics have been 
investigated for laser cooling applications, for example [19, 20]. Soares 
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de Lima Filho et.al. in [19] investigated the precipitation of Yb3+ doped 
PbF2 nanocrystals in the glass with the composition 30 SiO2 – 15 Al2O3 – 
25 CdF2 – 22 PbF2 – 4 YF3 – 2 YbF3 (mol-%) glass after heat treatment for 
30 h at ~10 ◦C above the peak crystallization temperature. It was found 
that the quantum efficiency of the Yb3+ emission increased up to 10% in 
the glass-ceramic compared to untreated glass. Similar increase in 
quantum efficiency was also reported by Meyneng et.al. in the 37.6 SiO2 
- 22.4 Al2O3 - 19YF3 - 20 LiF - 1 YbF3 (mol-%) glass after heat treatment 
at 60 ◦C above the glass transition temperature for 7 h. The increased 
Yb3+ emission quantum efficiency was attributed to precipitation of 
Yb3+ -doped YF3 and/or YLiF4 nanocrystals [20]. Luo et.al. successfully 
prepared Yb3+ doped ZnO -containing aluminosilicate glass-ceramic 
with Yb3+ doped ZnO nanocrystals that enabled conversion of UV–Vis 
to NIR photons [21]. Recently, we reported a study on the crystallization 
of glasses in the Yb3+-doped NaPO3–Na2O–NaF glass system [18]. It 
was found that the replacement of Na2O by NaF leads to significant 
changes in the crystallization process, especially inhibiting the bulk 
crystallization of NaPO3, Na5P3O10 and NaYb(P2O7) crystals occurring 
during the thermal treatment. A transparent glass-ceramic was suc-
cessfully prepared from the NaF glass. However, this glass and corre-
sponding glass-ceramic have poor chemical durability and are 
hygroscopic, drastically limiting their potential use for future 
applications. 

Therefore, the goal of the current study is to tailor the previously 
researched composition to improve its resistance to water absorption 
over time and to characterize the effects of composition adjustment on 
the structural, thermal, and spectroscopic properties together with the 
glass crystallization behavior. Metal oxides such as Al2O3, TiO2, and ZnO 
were selected as they are known to increase the durability against water 
absorption as reported in [22–27]. The impact of adding Al2O3, TiO2, 
and ZnO in the Yb3+-doped NaPO3–Na2O system is discussed below. It 
was found that all additives affect the crystallization and nucle-
ation process with Al2O3 and TiO2 having a noticeable impact on 
the physical and thermal properties. 

2. Methods 

The composition of the investigated glasses is (98.75-x) (90 NaPO3 – 
10 Na2O) – x (Al2O3, TiO2, or ZnO) – 1.25 Yb2O3 (in mol-%), with x from 
0 to 3. The preparation of the glasses was done using the conventional 
melting and quenching method. Melting of 6 g batches was performed in 
platinum crucible between 900 ◦C and 1100 ◦C, depending on x. 
Quenching was performed on a brass plate followed by annealing for 6 h 
at 40 ◦C below the respective glass transition temperature of the glasses. 
Thermal treatment was done after annealing by placing the glass on a Pt 
plate in a calibrated preheated furnace for a set period of time and 
temperature. 

The raw materials were NaPO3 (Sigma, tech.), Na2CO3 (Sigma, 
≥99.5%), Al2O3 (Sigma, ≥99%), TiO2 (Sigma, ≥99.8%), ZnO (Sigma, 
≥99.99%) and Yb2O3 (Sigma, ≥99.9%). 

The glasses’ density was assessed by Archimedes’ method. Anhy-
drous ethanol was used for the liquid. Accuracy of measurement is 
±0.02 g/cm3. 

Temperatures corresponding to the glass transition temperature (Tg), 
onset of crystallization (Tx), and crystallization temperature (Tp) were 
determined with DTA (JUPITER F1, Netzch) using a heating rate of 
10 ◦C/min in N2 atmosphere. The glass transition temperature was ob-
tained as the inflection point of the first endothermic signal and the 
crystallization temperature at maximum of the exothermic peak. The 
onset of crystallization was determined as the intersection of the tangent 
of the exotherm peak with the baseline. A measurement uncertainty of ±
3 ◦C was determined. 

The absorption spectra were obtained with a spectrophotometer 
(UV-3600 Plus, Shimadzu) from 200 nm to 1100 nm. From the ab-
sorption coefficient, the absorption cross-section σabs(λ) was computed 
with Eq. (1). 

σabs(λ) =
ln10 log

(
I
I0

)

NL
(1)  

where N is the concentration of RE ions per cm3 based on the measured 
density and expected composition of the glass, L the thickness of the 

sample in cm and log
(

I
I0

)
the absorbance. Measurement accuracy was ±

10%. 
The infrared spectra were obtained with Perkin Elmer Spectrum One 

FTIR-spectrometer. The absorption spectra were acquired from 3800 
cm− 1 to 2600 cm− 1 using ~1 mm thick polished glasses. Glasses crushed 
into powder were used for the IR spectra measured in attenuated total 
reflectance (ATR) arrangement from 1400 cm− 1 to 650 cm− 1. Data were 
collected every 4 cm− 1 and results were accumulated over 8 scans. 

The emission spectra were measured with a spectrometer (iHR320, 
Jobin Yvon), detector (P4631–02, Hamamatsu). A single-mode pigtail 
diode laser (CM962UF76P-10R, Oclaro) emitting at 965 nm was used for 
excitation. The samples were crushed into powder for the measurement. 
The emission cross-section (σemi) was calculated using equations 2 - 4, 
adapted from [28,29]: 

σemi =
λ4AR

8πcn2Δλeff
(2)  

AR =
8πcn2(2J′ + 1)

λ4
p(2J + 1)

∫

α dλ (3)  

Δλeff =

∫
I(λ)dλ

Imax
(4)  

where λ is the wavelength, AR the probability of spontaneous emission, c 
the speed of light, n the refractive index, here 1.54 [18], Δλeff the 
fluorescence effective linewidth, J’ and J correspond to upper and lower 
level momentums equal to 5/2 and 7/2, respectively, 

∫
α dλ the inte-

grated absorption cross section, λp the wavelength of peak absorption 
and I(λ) the emission intensity as a function of wavelength. The intensity 
at the peak wavelength λ is denoted as Imax. 

An X-Ray Diffractometer (EMPYREAN, Panalytical) with cobalt Kα 
tube (iron filtered, 1.78897 Å) was used to identify the glass-ceramic 
crystalline phases. Measurements were taken from 15◦ to 55◦ at 
0.026◦ intervals. 

A scanning electron microscope (SEM) (Leo 1530 Gemini, Zeiss) was 
used to image the glasses and crystals in the thermally treated glasses. 

3. Results and discussion 

Glasses with the composition of (98.75-x) (90 NaPO3 – 10 Na2O) – x 
(Al2O3, TiO2, or ZnO) – 1.25 Yb2O3 (in mol-%), with x from 0 to 3, were 
prepared in order to investigate the compositional effect on the struc-
tural, thermal, and spectroscopic properties of the glass and more 
importantly of its crystallization process. 

The composition and code of the investigated glasses are listed in 
Table 1, along with their physical and thermal properties. 

Within the accuracy of measurement, the compositional changes 
have no noticeable effect on the density of the glass. While the pro-
gressive addition of ZnO does not alter the thermal properties of the 
glass significantly, the addition of Al2O3 and TiO2 results in an increase 
in glass transition temperature (Tg), crystallization onset temperature 
(Tx), first crystallization peak temperature (Tp). The Tg was determined 
as the inflection point of the endotherm obtained by taking the first 
derivative of the DTA curve with an accuracy of ± 3 ◦C. Additionally ΔT 
(Tx-Tg) was calculated, indicating an increased resistance of the glass 
against crystallization when adding Al2O3 or TiO2. From the thermal 
properties of the glasses, the addition of Al2O3 and TiO2 is expected to 
strengthen the phosphate network [30,31]. It should be noted that the 
Zn glasses have ΔT values below 90 ◦C, suggesting the poor resistance of 
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the Zn glasses to crystallization. DTA curves are shown in Supplemen-
tary Fig. 1. 

The IR spectra of the glasses are depicted in Fig. 1. The spectra are 
normalized to the band at 880 cm− 1.The spectra are similar to those 
reported in [18,32]. 

The structure of glasses can be described using Qn -units, where n 
describes the number of bridging oxygens per glass former, e.g. a Q2 unit 
would be a phosphorus atom linked to two other phosphorus atoms via 
connecting oxygen atoms. These glasses are expected to be meta-
phosphate glasses, as no band is visible at or above 1300 cm− 1 which 

would correspond to a (P = O)-bond vibration in a Q3 unit [33]. A full 
assignment of the IR bands is presented in [32]. The 600–700 cm− 1 

bands are due to various stretching P-O-(Al/Ti) bands [34, 35] when the 
Al or Ti ions have placed themselves in the network. The band located at 
700–770 cm− 1 corresponds to the symmetric stretch of P-O-P bridges. 
The IR bands seen at 1240, ~1090, 880 and 700 cm− 1 are associated to 
the νas(OPO), νss(POP), νas(POP) and νss(POP) fundamental vibrations of 
Q2 units, respectively [25,36]. The shoulders at 950 cm− 1 and at 1030 
cm− 1 have been credited to symmetric and antisymmetric (P-O-P) 
fundamental vibration of Q2 units in small and large rings [37], and the 
shoulder at ~1010 cm− 1 and the band at 1140 cm− 1 to symmetric and 
asymmetric stretching vibrations of the PO3

2− in Q1 units [26]. 
Compared to the main band, the intensity of the bands at 700–770 

cm− 1 and 1240 cm− 1 decreases while the bands located at 1010 cm− 1 

and 1140 cm− 1 increase in intensity with increasing x in the Al and Zn 
glasses suggesting a progressive increase in the number of Q1 units at the 
cost of Q2 units with the progressive introduction of Al2O3 and ZnO. 
Similar changes in the phosphate network were reported with the 
introduction of Al2O3 and ZnO in [16]. 

In the IR spectra of the Al glasses, the band at 1140 cm− 1 becomes 
larger with increasing x. This band may also be related to the creation of 
P-O-Al bonds at the expense of P-O-P bonds according to [38]. The 
P-O-Al bonds themselves are seen around 650 cm− 1 and show the pro-
gressive inclusion of Al2O3 to the phosphate network, which contributes 
to the modification of P = O bond non-bridging oxygens into bridging 
oxygens. The network connectivity is thus expected to be increased, in 
agreement with the increase in Tg discussed in the previous section [39]. 
A shift of the main band at 880 cm− 1 to longer wavenumbers with 
increasing Al2O3 is a result of the strengthening of the network by Al 
ions acting as a network intermediate [39]. Compared to Al, Zn is likely 
acting as a modifier in our glasses, causing the depolymerization of the 

Table 1 
Composition and code of the investigated glasses as well as their density and, 
thermal properties.  

x (mol-%) [Code] ρ (g/ 
cm3)± 
0.02 g/ 
cm3 

Tg ( ◦C) 
±3 ◦C 

Tx ( ◦C) 
±3 ◦C 

Tp ( ◦C) 
±3 ◦C 

ΔT¼Tx-Tg 

( ◦C)±6 ◦C 

0.0 [x = 0] 2.63 299 389 417 90 
Al2O3 0.75 

[0.75Al] 
2.63 313 407 446 94 

1.5 
[1.5Al] 

2.66 324 419 450 95 

3.0 [3Al] 2.66 341 449 474 108 
TiO2 0.75 

[0.75Ti] 
2.63 303 394 421 91 

1.5 
[1.5Ti] 

2.62 311 429 463 118 

3.0 [3Ti] 2.63 316 448 481 132 
ZnO 0.75 

[0.75Zn] 
2.62 301 384 422 83 

1.5 
[1.5Zn] 

2.64 300 378 410 78 

3.0 [3Zn] 2.65 303 384 412 81  

Fig. 1. Normalized IR absorption spectra of Al (a), Ti (b) and Zn(c) glasses.  
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phosphate network and the reduction in network cross-linking, i.e. less 
connections between linear phosphate chains, as x increases, which is 
consistent with the thermal properties of the Zn glasses being similar to 
those of Zn free one (x = 0). Thus, no main band shift is observed. 

A reduced IR band at 1090 cm− 1 and an increased shoulder at 1010 
cm− 1 compared to the main band can be observed with the progressive 
addition of TiO2 indicating a decrease in the P-O-P bonds because of the 
formation of P-O-Ti bonds, as explained in [40]. The P-O-Ti bond ex-
hibits a band at around 650 cm− 1 [38]. Due to its large charge and small 
ionic radius, Ti ion is expected to place itself between the phosphate 
rings and chains resulting in Ti–O–P cross-linking between the phos-
phate tetrahedra and Ti4+ ions, reducing the size of the rings as sug-
gested by Navarro et al. [40]. The slight shift observed in the main band 
position with increasing Ti concentration is likely attributable to P-O-P 
bond angle changes, as explained in [41]. The increase in Tg confirms the 
development of 3D network structures by P-O-Ti linkages, as observed in 
[42]. 

Fig. 2 presents the absorption spectra of some of the Al, Ti and Zn 
glasses. 

Whereas the Al and Zn glasses exhibit similar optical band gap than 
the glass with x = 0 (Fig. 2a), a shift of the band gap towards longer 
wavelengths is seen with the introduction of TiO2 (Fig. 2b). This shift is 
due to the presence of Ti4+ions, which absorb strongly in the UV range 
[43]. A separate absorption band is visible in the other glasses from 250 
to 300 nm when the measurements are obtained from thin samples with 
a thickness of 0.5 mm. This is caused by various levels of Pt4+

contamination from the crucible that occurs during melting [44]. The 
shape and intensity of the Yb3+ absorption band at 980 nm does not 
appear to be impacted by the addition of Al, Ti, or Zn indicating that the 
sites of the Yb3+ ions are similar in all glasses (Fig. 2c). Table 2 lists the 
absorption coefficient and cross-section of the glasses. 

The absorption spectra were used to calculate the absorption cross- 

sections at 975 nm using Eq. (1) and were found to be similar to those 
reported in [18] (Table 2). One should mention that the investigated 
glasses, independently of their glass composition and doping concen-
tration, exhibit similar absorption and emission cross-sections at 975 
nm, within the measurement accuracy confirming that the local Yb3+

ions environment in the Al/Ti/Zn glasses are close to that of the parent 
glass (x = 0) and only weak changes in the Yb3+ coordination sites are 
expected when changing the glass composition. 

As in [18], the glasses were thermally treated individually for 17 h at 
(Tg+20 ◦C), followed by 2 h at Tp. After the thermal treatment, all the 
glasses were opaque due to surface crystallization that occurred during 

Fig. 2. Absorption spectrum of the glasses prepared with 3-mol% of Al2O3, TiO2 and ZnO (thickness: 0.5 mm) (a), absorption spectrum of the Ti glasses (b) and 
absorption band centered at 980 nm of the glasses prepared with 3-mol% of Al2O3, TiO2 and ZnO (thickness: 1.7 mm) (c). 

Table 2 
Optical properties of the investigated glasses.  

x (mol-%)[Code] Yb3+(ions/ 
cm3)(1020) ±
5% 

αabs at 
975 nm 
(cm− 1) 

σabs at 975 
nm(10− 21 

cm2)± 10% 

σemi at 975 
nm(10− 21 

cm2)± 20% 

0.0 [x = 0] 3.89 3.91 9.87 3.72 
Al2O3 0.75 

[0.75Al] 
3.92 3.91 9.97 4.88 

1.5 
[1.5Al] 

3.98 4.11 10.33 5.28 

3.0 [3Al] 3.97 4.17 10.51 5.33 
TiO2 0.75 

[0.75Ti] 
3.94 3.95 10.02 4.92 

1.5 
[1.5Ti] 

3.92 3.93 10.03 5.05 

3.0 [3Ti] 3.94 4.22 10.70 4.98 
ZnO 0.75 

[0.75 Zn] 
3.93 3.86 9.83 4.28 

1.5 [1.5 
Zn] 

3.94 3.66 9.29 4.13 

3.0 [3 
Zn] 

3.96 3.98 10.04 4.56  
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the thermal treatment as confirmed using XRD (Fig. 3). 
The XRD patterns show peaks which can be assigned to NaPO3 [ICDD 

00–011–0648], NaYb(P2O7) [ICDD 04–014–6349], Na5P3O10 [ICDD 
00–010–0179] and Na2H2(PO3)4 [ICDD 00–009–0100] as reported in 
[18]. No noticeable changes in the XRD pattern occur when adding Zn in 
the glass. However, a reduction in intensity of the peaks associated to 
NaYb(P2O7) phase (especially peaks at 16.5◦ and 24.9◦, □) and to 
NaPO3 phase (especially peaks at 20◦, 26.8◦ and 30.5◦, ■) relative to the 
peaks associated with Na5P3O10 is visible with increasing in x in the Al 
and Ti glasses, with the change being smaller in the XRD pattern of the Ti 
glasses. The delay in the precipitation and growth of NaYb(P2O7) and 
NaPO3 nuclei due to the introduction of Al2O3, and to a much lesser 
degree TiO2, is coherent with a higher mobility of the cationic species 
due to a lower reticulation of the phosphate network in agreement with 
shortened P-O-P chains. It is the P-O-Al/Ti bond formation which is 
thought to promote the precipitation of the Na5P3O10 crystals while 
inhibiting the migration of Yb3+ ions and thus the precipitation of NaYb 
(P2O7) and NaPO3 phases. As explained in the previous section, Zn is 
suspected to act as a modifier in the glass network and so has no impact 
on the nucleation and growth mechanism. 

The presence of Na2H2(PO3)4 phase might be correlated with the 
glasses’ resistance to water absorption as this (hydrated) crystal phase is 
the most visible in the XRD pattern of the x = 0 glass (peak at around 
18◦, +) and much less in the XRD pattern of the other glasses. XRD 
patterns of the as-prepared glasses (Supplementary Fig. 2) were found to 
show completely amorphous glasses with no traces of unmelted 
precursors. 

Figs. 4a, c and e show the Yb3+ emission spectra of the as-prepared 

Al, Ti and Zn glasses, respectively. They are normalized at the 
maximum of the zero-line transition at around 975 nm. The as-prepared 
glasses exhibit similar emission band which exhibits a prominent main 
band at 975 nm with a broad shoulder around 1 µm resulting from the 
radiative de-excitation down to the different Stark component of the 
ground state manifold. The emission band has a shape which is typical of 
Yb3+ ions located in a glassy, amorphous matrix meaning that the 
contribution of the different radiative contribution is smoothed into a 
wide envelop ranging from 980 nm to 1075 nm [45]. The glasses exhibit 
similar emission band and similar integrated emission area of the Yb3+

emission band. The global emission as well as the Yb3+ environment 
seems not be affected by the addition of Al, Ti or Zn in a good agreement 
with the calculated absorption and emission cross-sections listed in 
Table 2. 

The emission spectra of the thermally treated glasses are shown in 
Fig. 4b, d, f for Al, Ti and Zn glasses, respectively. The shape of the 
emission changes after thermal treatment as the shoulder at ~1 µm is 
more pronounced relative to the band located at 975 nm. This experi-
mental distortion of the spectral distribution is the consequence of the 
zero-line reabsorption by the lower energy components. A relative 
decrease in intensity of the ~1 µm line reflects a lower interaction be-
tween Yb3+ ions in agreement with a lower concentration of NaYb(P2O7) 
or smaller NaYb(P2O7) grains into the Al doped glasses in agreement 
with the XRD patterns. This is also associated to an increase of the Yb3+

intensity within the heat-treated glasses with increasing Al2O3 content. 
The thermal treatment results in reduced total Yb3+ emission intensity 
area, as seen in Fig. 4g where the values for heat treated samples (points) 
are significantly lower than those of the as-prepared, untreated glass 

Fig. 3. XRD patterns of Al2O3 (a), TiO2 (b), and ZnO (c) glasses after 17 h at Tg+20 ◦C and 2 h at Tp and reference patterns for Na5P3O10, NaPO3, NaYb(P2O7).  
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(dashed line). Comparable changes in the Yb3+ spectroscopic properties 
due to similar thermal treatment were reported in [18] and were asso-
ciated to the crystallization of the NaYb(P2O7) crystals. The relative 
increase in the intensity of the shoulder and the simultaneous the 
reduction in the Yb3+ emission area is associated with the higher NaYb 
(P2O7) content. The Ti glasses show the same spectral evolution as the Al 
glasses, as opposed to the Zn glasses, for which the shape of the emission 
remains constant. This confirms the different role of Al/Ti and Zn onto 

the structure of the glass matrix and on the change in the NaYb(P2O7) 
concentration and/or grain size. 

Considering the whole series of glasses, these changes in the Yb3+

spectroscopic properties are related to the Na5P3O10 phase precipitating 
at the expense of NaYb(P2O7) when changing the glass composition. The 
addition of Zn results in a higher cation migration that allows the pre-
cipitation of fewer NaYb(P2O7) crystalline grains and thus the shape of 
the emission is similar to that of thermally treated x = 0 glass. On the 

Fig. 4. Normalized emission band of the Al (a, b), Ti (c, d), and Zn (e, f) glasses before and after thermal treatment at (Tg+20 ◦C) for 17 h and at Tp for 2 h, 
respectively. Subplot 4 g shows integrated emission area of the glasses’ Yb3+ emission band after a thermal treatment at (Tg+20 ◦C) for 17 h and at Tp for 2 h. The 
dashed horizontal line shows the integrated emission area of the as-prepared, untreated glass. (λexc= 965 nm). 
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contrary, when adding Al and Ti, the glass network remains quite rigid 
limiting the migration of Yb and thus favors the growth of bigger par-
ticles of NaYb(P2O7) for the lowest x. However, the evolution in the 
emission intensity after heat treatment seems to indicate that the con-
centration the NaYb(P2O7) grains must be different within these glasses. 

It is commonly known that the hydroxyl groups can act as a lumi-
nescent quencher of Yb3+ ions [46], the IR spectra of the glasses were 
measured after the quenching and after 5 months. Fig. 5 exhibits similar 
broad band than the one reported in [18]. This band is associated to free, 
weakly associated hydroxyl groups at around 3500 cm− 1 and to strongly 
associated hydroxyl groups at 2800 cm− 1 [18]. One should point out 
that the absorption coefficient at 2790 cm− 1 of the x = 0 glass was found 
to be within 10% of the one reported in [18], confirming that this glass 
can be prepared repeatedly with the same amount of OH. The addition of 
Al2O3, TiO2 or ZnO decreases the intensity of the OH band indicating a 
reduction in the OH content independent of the doping rate. This effect 
might be more pronounced for the Zn glasses as Zn acts as a modifier, the 
linear phosphate chain length in the Zn glasses is expected to be longer 
than in the x = 0 glass which reduces the OH content as suggested in 
[47]. The Fig. 5 also depicts the IR spectra of the glasses measured 5 
months after synthesis (dashed thick line). One should mention that the 
glasses were kept in dried atmosphere during this time. Whereas no 
noticeable changes in the intensity of the OH band was observed in the 
Al, Ti and Zn glasses, the intensity of the OH band in the spectrum of the 
x = 0 glass increases slightly, indicative of an absorption of water over 
time. Thus, these newly developed glasses appear to be also more stable 
against water absorption over time than the x = 0 glass probably due to 
their strengthened network (Al and Ti glasses) or to their long phosphate 
chains (Zn glass) as discussed previously. 

The investigated glasses were thermally treated at (Tg+20 ◦C) for 17 
h, followed by a treatment at (Tp - 40 ◦C) for 30 min in order to verify if 
their crystallization also occurs in bulk and from surface. After the 
thermal treatment, all glasses showed surface crystallization as depicted 
in Fig. 6a, the thickness of which was composition dependent (Fig. 6b). 

The crystals have the similar needle-like shape than the crystals 
precipitating in the x = 0 glass and consist mainly of Na5P3O10 [18], 
shown in Fig. 6. Additionally, the addition of Al2O3, TiO2 and ZnO in the 
phosphate network changed the crystallization process as no bulk 
crystallization was found in the newly developed glasses except for the 
0.75Al glass, in which few crystals could been seen in the volume of the 
glass with an optical microscope. 

The addition of Al2O3, TiO2 and ZnO in the phosphate network in-
creases the thickness of the crystallized surface layer, clearly showing 
that the newly developed glasses are more prone to crystallization than 
the glass with x = 0. One should point out that the thickness of the 
crystallized layer is thinner in the Zn glasses than in the other glasses 
indicating a difference in the growth of the crystalline particles; 
increased number of crystalline nuclei and/or their higher distribution 
in the crystallized layer, favored by a lower P-O-P connectivity. It is the 
increased connectivity by the P-O-Al/Ti bond formation at the cost of 
the P-O-P bonds which is thought to promote the surface crystallization. 

4. Conclusions 

New Yb3+ doped phosphate glasses were developed to understand 
the impact of Al2O3, TiO2 and ZnO addition on the formation of trans-
parent Yb3+ doped phosphate glass-ceramic. While Al2O3, TiO2 and ZnO 
do not directly impact the Yb3+ site significantly, their addition in the 
phosphate network results in the breakage of P-O-P bonds, with the 
replacement of P-O-P bonds by P-O-Al/Ti bonds when adding Al2O3 or 
TiO2 or in the formation of longer, more linear phosphate chains when 
adding ZnO. Al, Ti and Zn contribute to the reduction in the number of 
hydroxyl groups present in the glass but also improve the glasses’ 
resistance against water absorption over time. While the addition of Al 
and Ti increases the hot working range of the glass as demonstrated by 
the increased ΔT, they also increase the crystallization kinetics as seen 
by the increased surface layer thickness in Al2O3 and TiO2 glasses after 
the thermal treatment. The addition of Al2O3, TiO2 and ZnO was found 

Fig. 5. IR absorption spectra of the Al (a), Ti(b), and Zn(c) glasses measured after melting (solid line) and after 5 months (dashed thick line).  
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to have an impact on the nucleation and growth process as it promotes 
not only the precipitation of Na5P3O10 phase at the expense of the NaYb 
(P2O7) and NaPO3 phases but also the surface crystallization at the 
expense of the bulk crystallization. 
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