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Abstract 

Here we report on the effect of potassium or yttrium on the luminescence spectroscopic properties of 

Yb3+-doped germano-gallate glasses as well as the ability to shape them into optical fibers with the 

objective of using such glasses to produce near-infrared optical gain medium. Two ytterbium-doped 

germano-gallate glass systems, (100-x) (28Ga2O3 – 37GeO2 – 23BaO – 12K2O) – xYb2O3 (x = 0, 0.5 and 

3 mol.%) and 29.6Ga2O3 – 39.1GeO2 – 24.3BaO – 7 (yY2O3 – zYb2O3) (y = 6.5, 4, 0 and z = 0.5, 3, 7 

mol% respectively) have been prepared and the systematic investigation of their thermal, structural, 

optical and spectroscopic properties have been carried out. The increase in ytterbium oxide content leads 

to an increase of the glass transition temperature, crystallization temperature and the density of the 

glasses, as well as induces a red-shift of the cut-off wavelength. Raman spectroscopy analysis shows 

that both ytterbium oxide addition and potassium substitution by yttrium modify the 3D interconnected 

germano-gallate glass network. Lifetime diminishes with the increase of Yb3+ concentration but remains 

higher in the yttrium-containing glasses. We demonstrate that the production of crystal-free light guiding 

fibers via the preform-to-fiber approach becomes possible only in the yttrium-containing glass system. 

Cut-back optical attenuation measurements of the produced fibers show minimum losses of 3.3 dB/m at 

1310 nm.  
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1. Introduction 

Ytterbium-doped glasses form a strategic class of active mediums for the development of numerous 

laser emitting devices in the near-infrared (NIR) range [1], [2]. Trivalent ytterbium ions own a simple 

energy level scheme, with the 2F7/2 being the ground state and the 2F5/2 being the excited state. It has a 

high cross-section absorption band located at about 975 nm, allowing efficient pumping by 

commercially available semi-conductor diodes. Yb3+ ions offer a broad emission band centered at 1030 

nm with a longer fluorescence lifetime and are in addition excellent energy transfer sensitizers for other 

lanthanide elements for up conversion lasers [3]. Due to its technological interest for all-solid-state 

lasers, the NIR emission of the ytterbium ion doping has been explored in numerous crystals [4]–[6], 

but also in glasses and glass-ceramics systems such as in silicates [1], [2], [7], phosphates [8], [9], 

tellurites [10], oxyborates [11] or heavy metal oxides [12]–[15]. Among glasses, Yb3+-doped phosphate-

based materials led to the most advanced developments as high-power fiber lasers [16]–[18]. 

Germano-gallate glasses are optical materials transparent up to ~5.5 µm in the mid-IR, yet with higher 

glass transition temperature and superior mechanical properties as compared to other mid-IR glasses 

(e.g. fluoride, tellurite, chalcogenides) [19]. Due to the much better glass-forming ability of GeO2 

compared to the Ga2O3 (known as glass network intermediate), most studies performed to date on these 

materials have relied on vitreous compositions made of GeO2 as main constituent, usually well above 

50 mol.%. However, gallate glasses have attracted recent attention. We have reported on the structure-

properties relationship in gallium-rich glass systems GaO3/2 – GeO2 – NaO1/2 [20], GaO3/2 – LaO3/2 –

KO1/2 [21], GaO3/2 – GeO2 – BaO – KO1/2 [22], [23], GaO3/2 – GeO2 – BaO – LaO3/2 – YO3/2 [23] and 

GaO3/2 – GeO2 – BaO – LaO3/2 [24].  

Following a similar approach, here we report on the physicochemical, structural and spectroscopic 

properties of GaO3/2-rich germano-gallate glasses doped with ytterbium oxide in the system (100-x) 

(28Ga2O3 – 37GeO2 – 23BaO – 12K2O) – xYb2O3 (x = 0 to 7 mol.%). The host glass matrix was selected 

due to its wide optical transparency, extending from ~280 nm in the UV up to ~5.5 µm in the mid-IR, 

high refractive index (up to 1.7), high glass transition temperature (Tg ~700 °C) and high damage 

threshold [22], [23]. However, because of surface crystallization, the fiber drawing ability of these 

materials could be accessed only from an open-crucible route [22], [23]. Recently, one demonstrated 

that the introduction of rare earth ions in germano-gallate glasses can circumvent this detrimental glass 

crystallization and enables the preform-to-fiber drawing [23]. Therefore, we report also on the synthesis 

and characterization of 29.6Ga2O3 – 39.1GeO2 – 24.3BaO – 7 (yY2O3 – zYb2O3) (y = 6.5, 4, 0 and z = 

0.5, 3, 7 respectively) glasses, in order to elucidate the relation between the structure and properties. To 

this end, luminescent and spectroscopic properties (absorption and emission cross-section, lifetime 

decay) of the glasses have been explored in order to evaluate the difference of performance of Yb3+ in 

potassium- and yttrium-containing glasses.  

 



2. Experimental details  

2.1. Glass preparation 

Glasses were prepared by conventional melt-quenching technique from gallium oxide Ga2O3 (99.9% 

from Strem Chemical), germanium oxide GeO2 (99.999% from Strem Chemical), barium carbonate 

BaCO3 (99% from ACS Merck), potassium carbonate K2CO3 (99% from Sigma Aldrich), yttrium oxide 

Y2O3 (99.999% from Strem Chemical) and ytterbium oxide Yb2O3 (99.99% from Alfa Aesar). The 

powder precursors were mixed and placed in a platinum crucible for a pre-sintering treatment at 1200 

°C for 2 hours and then melted under ambient atmosphere at 1400-1600 °C for 4 hours. The melted glass 

was then quenched in the ambient air, grounded and melted a second time in order to increase its 

homogeneity. The resulting glass was annealed at Tg-40 °C for 4 hours and slowly cooled down to room 

temperature. Transparent, bubbles-free glass chunks were obtained. Then the samples were cut and 

polished with parallel faces for further characterizations. 

 

2.2. Thermal, physical and structural characterization 

The vitreous state of the samples and the absence of crystallites related to the high content of Yb2O3 

were confirmed by powder X-Ray Diffraction (XRD) patterns which were collected on a PANalitycal 

X'pert PRO MPD diffractometer in Bragg-Brentano θ-θ geometry equipped with a secondary 

monochromator and X'Celerator multi-strip detector. Thermal properties which include the transition 

temperature (Tg) and the onset of crystallization (Tx) were measured on a Netzsch DSC Pegasus 404 PC 

apparatus with glass chunks in a Pt pan at a heating rate of 10 °C/min up to 1000 °C with a precision of 

±3 °C. The density ρ was measured by Archimede’s method by immerging a glass chunk in diethyl 

phthalate at room temperature on a Precisa XT 220A weighing scale with an estimated error of ±0.01 

g/cm3.  

The transmission spectra in the UV-Visible-NIR and the IR range were respectively obtained from 

Agilent Cary 5000 (UV-Visible) and Bruker Equinox 55 (FTIR). The multiphonon cut-off (λIR) and the 

short wavelength cut-off (λUV). The linear refractive index for the potassium-containing glasses was 

measured by prism coupling technique with a Metricon M2010 apparatus at 972 nm. The refractive 

index for the yttrium-containing glasses was determined by measuring the Brewster angle at 935 nm 

with an estimated error of ±0.005. The Raman spectra were obtained using a Horiba Jobin-Yvon 

XploRA Raman spectrometer with a spectral resolution of 2 cm-1, equipped with a 532 nm laser and a 

confocal microscope (50). The obtained spectra were normalized to area. 

The photoluminescence emission spectra have been recorded on powdered samples with a Horiba Jobin 

Yvon Nanolog spectrofluorimeter by using a Xenon lamp, a double excitation monochromator, an 

iHR320 emission monochromator and an Hamamatsu PMT detector operating from 850 to 1700 nm. 

Infrared lifetime measurements were performed with a digital oscilloscope (LeCroy Waverunner LT 



342) equipped with a germanium AD403HS detector coupled to a HR640 monochormator (Horiba 

Jobin-Yvon). Self-made Labview program was used for piloting the experiments. 

 

2.3. Glass preform preparation, fiber drawing and optical loss measurements 

Initially, around 35 grams mono-index glass rod was prepared by the melt-quenching method. The 

preform with dimensions of 1 cm in diameter and 7 cm in length was then annealed at Tg-40 °C for 2 

hours. Afterwards, the preform was drawn using a dedicated optical fiber drawing towers equipped with 

an annular resistive furnace having a sharp temperature profile. The heating chamber was kept under 

continuous oxygen gas flow (3 L.min-1). The preform was fed into the furnace and the temperature was 

gradually raised up to ~750 °C using a heating rate of 20 °C/min, then to ~950 °C with a heating rate of 

10°C/min to soften the bottom-section of the preform. 

Optical fiber attenuation was recorded using the cut-back method. The measurements were performed 

using the 1310 nm laser diode module (from Power Technology) and thermopile detector (XLP12-3S-

H2-D0 from Gentec). The quality of cleaving was systematically inspected with a microscope objective 

and special attention was paid to limit the fiber curvature during the measurement. 

 

3. Results and discussion 

3.1. Glass compositions and physicochemical properties 

Glass compositions were prepared following the composition law (100-x) (28Ga2O3 – 37GeO2 – 23BaO 

– 12K2O) – xYb2O3 with x = 0, 0.5 and 3 mol.% (samples labelled as GGBK-Ybx). Because of surface 

crystallization and the formation of zeolite-type crystalline structures, access to fibers in this system can 

only be approached from the melt by the open-crucible route [22], [23]. As supported by earlier 

observations [23], substitution of the potassium with yttrium was investigated in order to mitigate 

surface crystallization. Following, the glasses in the system 29.6Ga2O3 – 39.1GeO2 – 24.3BaO – 7 

(yY2O3 – zYb2O3) (y = 6.5, 4, 0 and z = 0.5, 3, 7 mol.% respectively) were synthesized while keeping 

the same ratio of GaO3/2/GeO2 which is equal to 1.5. The Table 1 summarizes the investigated nominal 

glass compositions in mole percent and cationic percent of oxide precursors and the corresponding Yb3+ 

ion concentration. The cationic percent highlights the high content of gallium cations in the selected 

matrix.  Bubble-free homogeneous glass samples were obtained as can be seen in Figure 1. 

 

Table 1. Nominal GGBK-Yb and GGBY-Yb glass compositions (in mol.% and cationic mol.%) studied 

in this work and Yb3+ ions concentration. 

 Nominal compositions (mol.%) Nominal compositions (cat.%) Yb3+ 
ions/cm3 Sample Ga2O3 GeO2 BaO K2O Y2O3 Yb2O3 GaO3/2 GeO2 BaO KO1/2 YO3/2 YbO3/2 

GGBK-Yb0 28.0 37.0 23.0 12.0 - 0.0 40.0 26.4 16.4 17.1 - 0.0 0 

GGBK-Yb0.5 27.9 36.8 22.9 11.9 - 0.5 39.8 26.2 16.3 17.0 - 0.7 1.89 1020 

GGBK-Yb3 27.2 35.9 22.3 11.6 - 3.0 38.4 25.3 15.7 16.4 - 4.2 1.13 1021 



 
 

 

Figure 1. Photographs of GGBK-Yb0, GGBK-Yb3, GGBY-Yb3 and GGB-Yb7 glass samples after 

cutting and polishing. 

 

The main physicochemical properties of the GGBK-Yb and GGBY-Yb glasses are reported in Table 2 

(Tg: glass transition temperature, Tx: onset of crystallization temperature, ΔT = Tx-Tg, thermal stability 

against crystallization criterion, ρ: density, λUV: short wavelength cut-off and n: refractive index at 972 

nm or 935 nm.  

 

Table 2. Physicochemical properties of the GGBK-Yb and GGBY-Yb glasses: glass transition (Tg) and 

onset of crystallization (Tx) temperatures, thermal stability against crystallization (ΔT), glass density (ρ), 

short wavelength cut-off (λUV) and refractive index at 972 nm or 935 nm (n). 

 

Sample 
Tg 

(±3°C) 

Tx 
(±3°C) 

ΔT 
(±3°C) 

ρ 
(±0.01 g.cm-3) 

λUV 
(± 1nm) 

n 

(±0.005) 

GGBK-Yb0 675 840 165 4.30 281 1.675* 

GGBK-Yb0.5 688 839 151 4.36 286 1.678* 

GGBK-Yb3 708 876 168 4.54 288 1.694* 

GGBY-Yb0.5 728 897 169 4.95 - - 

GGBY-Yb3 730 902 172 5.10 294 1.778** 

GGB-Yb7 730 886 156 5.35 293 1.778** 
*972 nm   **935 nm 
 
A shift towards higher temperatures of the glass transition temperature, from 675°C to 708°C, and of 

the onset of crystallization temperature, from 840°C to 876°C, with the insertion of ytterbium oxide in 

GGBK-Yb0 matrix is noticeable. On the other hand, the substitution of potassium by yttrium in the glass 

results in further increase of Tg. The joint increase of both Tg and Tx can be directly correlated with the 

strengthening of the glass network with the insertion of Yb3+ ions. This result is unusual as it is well-

known that insertion of rare-earth (RE) ions in glassy networks, generally acting as nucleating agent 

[25], results in a decrease of their thermal stability vs temperature. Here one can assume that the Yb3+ 

ions are not only easily dissolved into the vitreous network but that they are also incorporated (at least 

partly) into the glass back-bone, contributing to its reinforcement and thus increasing its Tg and Tx.  

GGBY-Yb0.5 29.6 39.1 24.3 - 6.5 0.5 43.3 28.6 17.8 - 9.5 0.7 1.94 1020 

GGBY-Yb3 29.6 39.1 24.3 - 4.0 3.0 43.3 28.6 17.8 - 5.9 4.4 1.19 1021 

GGB-Yb7 29.6 39.1 24.3 - - 7.0 43.3 28.6 17.8 - - 10.2 2.80 1021 



The thermal stability criterion ΔT = Tx-Tg measured on the ytterbium-containing glasses is relatively 

high, where values range between 151 °C and 172 °C. This result is not expected as it is known that 

addition of RE ions like Yb3+ into a glassy material tends to decrease its stability vs crystallization [25]. 

Furthermore, although it is admitted that a large ΔT indicates a strong potential for thermal shaping and 

fiber drawing, it was only partially confirmed by the experiment on the glass 28Ga2O3 – 37GeO2 – 

23BaO – 12K2O [23]. Further investigation is required to understand the structural role played by Yb3+ 

in such glasses. 

One can notice in Table 2 that the density of the GGBK-Ybx glasses also increases with the addition of 

ytterbium oxide and is much higher in the yttrium-containing glasses (4.95 g.cm-3 to 5.10 g.cm-3) than 

the potassium-containing ones (4.30 g.cm-3 to 4.54 g.cm-3). This can be easily explained by the higher 

density of Yb2O3 and Y2O3 (ρYb2O3 = 9.17 g.cm-3 and ρY2O3 = 5.01 g.cm-3) compared to the other 

constituents of the glass. The short wavelength cut-off λUV of the GGBK-Ybx samples shows a red shift 

with the introduction of ytterbium and/or yttrium oxides (Table 2).  

The linear refractive index of the glass samples measured at 935 nm or 972 nm are shown in Table 2. A 

clear increase of the refractive index with the Yb2O3 content is observed, which is consistent with the 

observation made on the samples density reported in Table 2, and are higher in yttrium-containing 

glasses.  

 

3.2. Structural studies 

Unpolarized Raman spectra for the investigated glasses are presented in Figure 2. First, we focus on the 

vibrational spectra of the potassium germano-gallate matrix (GGBK-Yb0) which can be decomposed 

into low (200 – 400 cm-1), intermediate (400 – 640 cm-1) and high frequency regions (640 − 1000 cm−1). 

The low and intermediate frequency envelopes can be attributed mainly to highly coupled bending 

modes involving (T[4] – O – T[4]) bridges with T being either gallium or germanium; the brackets refer 

to the coordination number of the atoms [20], [22]. The high frequency region contains more localized 

stretching features of germanium and gallium sites involved respectively in (1)  Qn = 1,2,3,4 germanate 

units [20], [26]–[28] where Q represents structural units (here tetrahedral ones) and n the number of 

bridging oxygens between two glass former cations (Ge or Ga), and (2) stretching vibrations involving  

Q4 gallate units [20], [29], [30] in mixed interconnected Ga[4] – O- – Ge[4] bridges [20]. The negative 

charge on oxygen ions is balanced by the modifier cations. In our case, Q = [2BaO + 1KO1/2 + 3YbO3/2] 

/ [GaO3/2] > 1, therefore we expect to see both latter modes. 



 
 

Figure 2. (a) Normalized Raman spectra of the GGBK-Yb0, GGBK-Yb3 and GGBY-Yb3 glass 

samples, (b) effect of Yb2O3 addition in GGBK-Yb0: difference Raman spectra between GGBK-Yb0 

and GGBK-Yb3 and (c) effect of substitution of potassium by yttrium: difference Raman spectra 

between GGBY-Yb3 and GGBK-Yb3.  

 

Firstly, we turn our focus to the influence of the ytterbium oxide additions to the GGBK-Yb0 glass 

matrix. We normalized the Raman spectra to the area to observe both evolutions, that of the intermediate 

region centered at 512 cm-1 which is related to the 3D network of gallium and germanium [28] and the 

high frequency region one. The addition of 3 mol% of Yb2O3 to the GGBK-Yb0 glass matrix results in 

a decrease of the band centered at 512 cm-1, which is a signature of the modification of the 3D 

interconnected network. On the other hand, the broad band in the uppermost domain peaking at 817 cm-

1 increases in intensity with the increase of Yb2O3 content. Based on the literature [27], this broad band 

comprises vibrational modes assigned to Non-Bridging Oxygen (NBO)  on germanium tetrahedral 

moieties, particularly to Q2 (Ge2O2)2- and Q3 (Ge3O)- entities at ~750 cm-1 and ~850 cm-1, 

respectively. The increase of Yb2O3 induces further increase of these two latter modes and a slight shift 

of the intermediate broad frequency band. The results are provided in Figures S1 (Supporting 

Information). In order to visualize better the effect of ytterbium addition in the GGBK-Yb0 glass matrix, 

we did the Raman difference between GGBK-Yb0 and GGBK-Yb3 and the spectrum is shown in Figure 

2(b). We clearly see a broad band at ~750 cm-1 and another at ~850 cm-1 related to NBO units.  

Secondly, we want to focus on the substitution of potassium by yttrium ions. In the uppermost part, we 

observe similar spectra for both GGBK-Yb3 and GGBY-Yb3, with no change in the intensity of the 

band at ~817 cm-1 related to NBO. However, the intermediate frequency band is affected in intensity 



and shows a slight blue shift. The difference Raman spectra between GGBY-Yb3 and GGBK-Yb3 is 

shown in Figure 2c. It certainly shows that the NBOs vibrations are less influenced by this substitution. 

We definitely see a new vibrational band at ~700 cm-1. Another feature that we remark is a signal at 575 

cm-1 and a more pronounced negative shift at 500 cm-1 in the Y-containing glass compared to the K-

containing ones. All these observations together with the modifications in the low frequency domain 

indicate that the germano-gallate glass former network units are affected by the change of the nature of 

charge compensation [31]. 

  

3.3. Absorption and emission cross-sections 

The absorption cross-section of the studied Yb3+-containing samples can be obtained from the recorded 

absorption coefficient spectra and the Yb3+ ionic density (see Table 1). The absorption cross-section 

spectra in the NIR range of the doped samples are illustrated in Figure 3a. The samples present an 

absorption peak centered at the 2F7/2 → 2F5/2 transition (976 nm). The emission cross-section of the glass 

samples can be then evaluated using the Fuchbauer-Ladenburg equation [32]: 

 

𝜎ሺ𝜆ሻ ൌ  
𝜆ସ 𝐴𝑟 𝑔ሺ𝜆ሻ

8𝜋𝑛ଶ𝑐
, ሺ1ሻ 

 

𝑔ሺ𝜆ሻ ൌ  
 𝐼ሺ𝜆ሻ𝑑𝜆
𝐼௫

, ሺ2ሻ 

 

𝐴𝑟 ൌ  
8𝜋𝑐𝑛ଶ ሺ2𝐽ᇱ  1ሻ

𝜆ସሺ2𝐽  1ሻ𝜌
 න𝛼ሺ𝜆ሻ𝑑𝜆 , ሺ3ሻ 

 

Where Ar is the spontaneous emission probability, c the velocity of light, n the refractive index, λp the 

absorption peak wavelength (976 nm), ρ the Yb3+ concentration density, α(λ) the absorption coefficient, 

J and J’ the total momentum for the upper and lower levels and g(λ) the normalized line shape function 

of the NIR emission of Yb3+. The spectroscopic properties, σabs and σem, have been evaluated and are 

shown in Table 3.  

 



  

Figure 3. (a) Absorption cross-section spectra in the NIR region and (b) absorption coefficient spectra 

of the samples GGBK-Yb3 and GGBY-Yb3 in the mid-IR region. 

 

Figure 3b shows the absorption coefficient measurements in the mid-IR region with an optical 

transparency extending up to 5.5 µm. One can see two absorption bands at 3000 nm and 4200 nm. They 

are related to hydroxyl (OH) vibrations due to the absence of dehydration steps during the glass 

synthesis. Regarding the IR-multiphonon cut-off, it constitutes a band at ~6200 nm which could be an 

overtone related to NBO on GeO4 units located at 800 cm-1 [20], and a absorption edge at ~7000 nm.  

 

3.4. Photoluminescence 

The luminescence properties were collected for all the samples in powder. The photoluminescence 

excitation spectra are shown in Figure 4a. By monitoring the emission at 976 nm, a broad excitation 

band centered at 255 nm for GGBK-Yb3 and 266 nm for GGBY-Yb3 is observed. The 

photoluminescence emission spectra recorded under excitation at 265 nm are presented in Figure 4b. A 

broad emission from 950 nm to 1100 nm is observed, characteristic of the emission spectrum of Yb3+ 

ions in a glass. These emissions correspond to the splitting of the electronic transition 2F5/2 to 2F7/2 due 

to the breaking of 4f level degeneracy. One can see that the intensity of the 976 nm peak is higher in 

GGBY-Yb3 than GGBK-Yb3. Moreover, one can also notice that there is a difference of lineshape in 

particular above 980 nm indicating a difference of the ytterbium environment. Additionally, it is worth 

to note that a strong quenching effect for ytterbium content above 1 mol% of Yb2O3 is observed in 

GGBK-Ybx series which traduces a clustering of Yb3+ ions (see Figure S2 in supporting information). 

 



 
 

Figure 4. (a) Excitation spectra for λEm = 976 nm and (b) emission spectra for λExc = 265 nm of the 

GGBK-Yb3 and GGBY-Yb3 glasses. 

 

3.5. Laser performance parameters 

Different parameters related to the laser performance can be then calculated from the absorption and 

emission cross-sections spectra. In the case of Yb3+ doped materials a significant ground-state absorption 

at the laser wavelength may occur, even if it could be considered as quasi-four level systems. First, βmin, 

which is defined as the minimum fraction of Yb3+ ions that must be excited to balance the gain with the 

ground-state absorption at laser wavelength (extraction wavelength) λext is given by [33]: 

𝛽 ൌ  
𝜎௦ሺ𝜆௫௧ሻ

𝜎௦ሺ𝜆௫௧ሻ   𝜎ሺ𝜆௫௧ሻ
 ሺ4ሻ 

The smaller βmin is, the lower the resonant absorption losses are at the λext wavelength. The pump 

saturation intensity, Isat, is also an important laser parameter and can be obtained using [33]: 

𝐼௦௧ ൌ  
ℎ𝑐

𝜆௨ ⋅ 𝜎௦൫𝜆௨൯ ⋅ 𝜏௫
 ሺ5ሻ 

where 


ఒೠ
 is the pumping energy and τexp is the experimental emission lifetime.  

Finally, Imin is a parameter which evaluates the minimum absorbed pump intensity. This parameter 

represents the threshold to be reached for obtaining gain. Imin takes into account both the absorption and 

emission properties and is calculated by the following expression [33]: 

 

𝐼 ൌ 𝛽𝐼௦௧  ሺ6ሻ 

 
Table 3. Spectroscopic properties and laser performance parameters of Yb3+-containing glasses. 



 
 

In order to evaluate the potential lasing performance of the samples in diode-laser pump systems, we 

determined the values of βmin, Isat as well as Imin for two wavelengths of emission at 1010 nm and 1060 

nm and the results are shown in Table 3. The Imin values obtained  are comparable to values reported for 

lead germanate glass with Imin equals to 2.8 kW/cm2 for λext = 1009 nm [34]. We have found lower values 

of βmin, Isat and Imin in GGBY-Yb3 compared to GGBK-Yb3 glass at both wavelengths 1010 nm and 1060 

nm, making the GGBY-Yb3 glass most promising since for laser materials, the pump saturation intensity 

should be low in order to minimize the pumping intensity.  

 

3.6. Lifetime studies 

 
 

Figure 5. Normalized decay curves for the Yb3+: 2F5/2 → 2F7/2 transition of the germano-gallate glasses 

as a function of Yb3+ concentration, under laser excitation at 940 nm. 

 

The luminescence decay curves of the Yb3+: 2F5/2 → 2F7/2 transition were measured for an excitation at 

940 nm and for emission at 1040 nm. Figure 5 shows the normalized decay curves for different Yb3+ 

concentrations in GGBK-Yb and GGBY-Yb glass samples. If one considers a single Yb3+environment 

and isolated sites in the 2F5/2 metastable state, the luminescence decay is expected monoexponential with 

a single time constant τ. Indeed, all the decay curves could be fitted with a single exponent except the 

Sample 
σabs  

(976nm) 
(10-21 cm2) 

σem 
(1010 nm) 
(10-21 cm2) 

σem 
(1060 nm) 
(10-21 cm2) 

βmin 

(1010 

nm) 

βmin 

(1060 

nm) 

Isat 

(kW/cm2) 

Imin 

(1010 nm) 
(kW/cm2) 

Imin 

(1060 nm) 
(kW/cm2) 

GGBK-Yb3 15.10 3.20 1.45 0.207 0.042 37.466 7.78 1.60 

GGBY-Yb3 20.84 4.89 2.33 0.190 0.025 18.054 3.43 0.45 



GGBK-Yb7 where a second short decay could be noticed (for GGBK-Yb7, we chose the average 

lifetime). As the ytterbium oxide content increases from 0.5% to 7%, the lifetime τ of the Yb3+:2F5/2 

excited state shortens from 0.975 ms (GGBK-Yb0.5) to 0.025 ms (GGBK-Yb7) in GGBK-Yb, and from 

0.928 ms (GGBY-Yb0.5) to 0.292 ms (GGB-Yb7) in GGBY-Yb. This decrease is related to 

concentration quenching effect. The shortening of lifetime due to the quenching effect could be either 

due to multiphonon relaxation, energy transfer among Yb3+ ions or direct coupling with OH- groups. 

The OH- groups lead to a broad absorption band around 3000 nm in germano-gallate glasses as is shown 

in Figure 3b. In these glasses, the amount of OH- groups is expected to be low (around 90-230 ppm 

quantified from the absorption coefficient spectra), thus it can be assumed that the most dominant 

mechanism for lifetime quenching is the energy transfer among Yb3+ ions leading to energy migration 

followed by non-radiative transfer. The longest lifetime measured is 0.975 ms  for GGBK-Yb0.5 and 

0.928 ms for GGBY-Yb0.5, which are comparable to that reported for the Yb3+:YAG crystal (1.1 ms for 

a concentration of 2.5 at.% Yb3+) [16] and lead germanates [34], gallo-germanates (0.94 ms for 1 mol% 

Yb3+) [15] and other kinds of oxide glasses [35], but shorter than that measured for an oxyfluoride glass 

based on heavy metals and silicates (1.52 ms for a concentration of 2 mol% Yb3+) [25]. Our value is in 

accordance with the high refractive index of germano-gallates which contributes to rise the radiative 

cross section and indeed lower the emission lifetime.  

 

 
 

Figure 6. NIR lifetime of Yb3+ vs number of Yb3+ ions in GGBK-Yb, GGBY-Yb and GGB-Yb. 

 
Figure 6 presents the lifetime values for NIR signals as a function of the number of the volumic amount 

of Yb3+ ions. The lifetime decreases with increasing the number of Yb3+ ions in the glass. The lifetime 

shortening is attributed to the ytterbium clustering effect which tends to promote energy migration and 

non-radiative transfer [8]. This plot allows to view better the slope of the decreasing trend of the lifetime 

between GGBK-Yb and GGBY-Yb, which seems to be faster in the former. Moreover, glasses 

containing Y3+ possess higher lifetime than K+-containing glasses. This should be related to a rare earth 



clustering effect in GGBK-Yb3 glass. According to time-resolved spectroscopy, the incorporation of 

Y3+ in the glass matrix present advantages over the K+ counterpart for homogeneous distribution of Yb3+ 

ions in the glass matrix.  

 

3.7. Fiber drawing and optical losses 

 

 
Figure 7. Preform-based optical fiber manufacturing for GGBY-Yb3 glass (a) Photograph of 

macroscopic GGBY-Yb3 glass preform prior to drawing (b) glass drop (c) microscope image of the 

fiber and (d) loss measurements (inset: fiber cross-sectional view).  

 

We now demonstrate the suitability for drawing of yttrium-containing active rare-earth doped glass 

medium. The results provide insights and practical steps in the shaping ability of these glasses of 

technological interest into optical fibers. It was reported that the introduction of yttrium oxide in 

germano-gallate glasses enables to implement the preform drawing technology [23].  

In this work, the 29.6Ga2O3 – 39.1GeO2 – 24.3BaO – 4Y2O3 – 3Yb2O3 (GGBY-Yb3) glass composition 

was chosen for the fiber drawing process. This glass presents a high thermal stability parameter (ΔT = 

172 °C) against devitrification, which can ensure the obtainment of transparent fibers free from 

crystalline inclusions. Mono-index preforms of GGBY-Yb3 glass composition were successfully drawn 

into tens of meters long fibers with diameters ranging between 200-250 µm. Figure 7 shows a 

photograph of the GGBY-Yb3 glass preform prior to drawing, a glass drop and a longitudinal 

microscopic image of the fiber (panels (a), (b) and (c) respectively). In order to confirm the optical 

transparency of the fibers, attenuation measurements were performed by the cut-back method at the 

wavelengths of 1310 nm on initial sections of 2 meters (Fig. 7d). We measured optical attenuations of 

3.3 dB/m for the GGBY-Yb3 glass. This value is well expected due to the fact that mono-index preforms 

were elaborated where the surrounding conditions could greatly affect such measurement.  

 



4. Conclusion 

The physicochemical, optical, structural and photoluminescent properties of the germano-gallate glasses 

following the composition laws: (100-x) (28Ga2O3 – 37GeO2 – 23BaO – 12K2O) – xYb2O3 (x = 0, 0.5 

and 3 mol.%) as well as 29.6Ga2O3 – 39.1GeO2 – 24.3BaO – 7 (yY2O3 – zYb2O3) (y = 6.5, 4, 0 and z = 

0.5, 3, 7 mol% respectively) have been investigated. The obtained glasses present a wide transparency 

window from approximately 280 nm up to 5.5 μm. When the ytterbium oxide content is increased, the 

glass transition temperature and density increase, as well as the linear refractive index. Raman 

spectroscopy demonstrates on one hand that ytterbium additions depolymerize the 3D germano-gallate 

network. On the other hand, potassium substitutions by yttrium result in modifications in the 3D glass 

network by affecting the gallate units via the change in the charge compensation nature. The lifetime of 
2F5/2 level shortens from 0.975 ms to 0.025 ms in GGBK-Yb glasses and from 0.928 ms to 0.292 ms in 

GGBY-Yb glasses with increasing Yb3+ concentration but remains higher in the latter system at higher 

concentrations due to probably better homogenization of Yb3+ ions in the glass matrix. Laser 

performance parameters were compared, and that GGBY-Yb3 glass possesses higher figure of merit. 

GGBY-Yb3 glass preform was shaped into crystal-free, lighting guide fibers by conventional preform 

pulling with optical losses of about 3.3 dB/m at 1310 nm on unpurified, mono-index fibers. The results 

of Yb3+-doped yttrium-containing glasses indicate their high potential to be used as NIR optical gain 

medium. 
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