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ABSTRACT: Structural and fluorescence properties of Ho3+/Yb3+ co-doped germanosilicate glasses
have been modified by tailoring the composition using lanthanide additive Lu2O3. Raman spectra and
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X-ray Photoelectron spectra reveal that the addition of Lu2O3 can change the structure by increasing
non-bridging oxygens (NBO) in this glasses. Meanwhile, an improved thermal stability (∆T: from 110
to 187 ˚C) has also been obtained via Lu3+ ‘lanthanide contraction’. Futhermore, the positive effect of

EP

changed glass structure gives excellent fluorescence properties by the decreasing cross relaxation
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process which are proved by the experimental upconversion, near-infrared and mid-infrared
fluorescence spectra. Additionally, a double enhancement of a 2.0 µm emission has been achieved
successfully in this silica-germanate glass with 7 mol% Lu3+ addition, which possesses a larger
emission cross section (4.41 × 10−21 cm2) at 2022 nm. These results indicate that the optimized
emission of Ho3+ for optical fiber laser can be achieved by tuning the glass structure using lanthanide
additive Lu2O3.
Keywords: Germanosilicate glasses; Lanthanide additive Lu2O3; NBO and BO; Energy transfer.
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1. Introduction
Rare earth ions doped glass fibers that exhibit laser emission around ~2.0 µm have been paid
considerable attention due to their potential applications in eye safe laser radar, atmosphere pollution
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monitoring, measurement of water vapor and biomedicine, etc[1-5]. A number of experiments have
proved that Tm3+ and Ho3+ perform well in achieving 2.0 µm laser. Compared with Tm3+, the emission
band of Ho3+ is broader and the stimulated emission cross section of Ho3+ is practically five times larger
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than that of Tm3+, which suggests that more efficient laser output can be achieved by Ho3+. Meanwhile,
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the longer fluorescence lifetime of Ho3+ is conducive to Q-switched lasers[6, 7]. However, Ho3+ cannot
directly be pumped by 808 nm or 980 nm commercial laser diode (LD) source for lacking of a suitable
ground absorption band. Traditionally, in order to solve this problem, other rare earth ions such as Er3+,
Yb3+, Tm3+ and Nd3+ with obvious ground absorption under commercial LD excitations are usually
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introduced to sensitize the Ho3+[8-10]. Among all the sensitizers, Yb3+ ion with the simple energy level
structure (ground state 2F7/2 and excited state 2F5/2) and a broad absorption band in the wavelength
region of 860-1060 nm can be a useful sensitizer[11, 12].
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In order to develop more efficient fiber lasers for 2.0 µm emission, besides the rare earth ions, the
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host material must be considered as well. Thus, searching for suitable host materials for mid-infrared
lasers operating in this wavelength is quite necessary. Recent years have witnessed the great
development of various glasses, such as silicate, heavy-metal oxide and fluoride glasses. Although the
phonon energy of fluoride-based glass is low, its low mechanical strength limits its applications[13]. In
parallel, the low loss and high physical strength of silicate glasses have made them remarkably useful
hosts for rare-earth cations emitting in the 2.0 µm region. However, compared with other glasses, the
larger multiphonon relaxation rate induced by higher phonon energy in silicate glass (~1000 cm-1)
2
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lowers the quantum efficiency and causes thermal damage of the fiber laser[14]. Thus, the heavy-metal
oxide glasses have become a new investigative hotspot of mid-infrared laser to achieve lower phonon
energy. Germanate glass as the typical example of heavy-metal oxide glasses, is one of the most
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promising materials benefited from its high rare-earth solubility, superior infrared transparency,
comparative low phonon energy (~900 cm-1), strong mechanical and high damage threshold.
Unfortunately, the high cost of GeO2 causes its slow development in optical amplifiers[15-17]. So we
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try to research mixed germanosilicate (SG) glasses, which can compensate for the deficiencies of
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silicate and germanate glasses. The phonon energy has been decreased by introducing appropriate
amount of GeO2 into silicate glass, which can reduce the multiphonon relaxation rate and enhance the
quantum efficiency of 2.0 µm. Moreover, the addition of GeO2 in silicate host can enhance the
refractive index of the glass host and which is beneficial for improving the 2.0 µm emission cross
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section[18, 19]. Therefore, germanosilicate glass which combines the merits of germanate and silicate
glasses can be a suitable optical material for mid-infrared fiber lasers[20].
Additionally, the structure properties of host glasses usually can be modified by tailoring the
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composition using lanthanide additives. Cations with higher coordination numbers and the higher field
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strength can enhance the structure of glass and increase glass transition temperature. Lanthanide
cations with the high field strength are often used as network modifiers in the glass, which are
incorporated in the space between Si-(O, N)x tetrahedral and strengthen the structure of glass[21].
Therefore, in 1994, Jewell J. et al. reported that the addition of La2O3 is able to improve glass forming
ability and enhance thermal stability due to the larger molecular ratio and coordination number of La3+
ion, while Y2O3 component is able to improve thermal stability[22]. Since then, many authors have
been using lanthanide as the modifier to tailor the optical properties of glasses. For example, in 2017,
3
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Hao Y. et al. demonstrated the proper introduction of Y2O3 can enhance the luminescence properties of
borosilicate glasses by decreasing the bridge oxygens of glass host[23]. At the same time, Wang X. et
al also reported the influence of La2O3 on the structure and spectroscopy of Tm3+-doped Lanthanum
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aluminosilicate glasses[24]. Especially, the glass network with Lu3+ would have tighter structure and
better properties than the glasses containing other lanthanides owing to its network with smaller
atoms.[21]. Additionally, Lu3+ has a stronger ability for bonding with O2- than Si4+ due to the oxyphilic
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character of Lu3+[25]. However, there is no detailed report on mid-infrared fluorescence of Lu2O3
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modified germanosilicate glasses from the aspect of regulating its structure.

Thus, in this paper we investigated primarily different concentration of Lu2O3 in the Ho3+/Yb3+
co-doped SiO2-GeO2-Ga2O3-BaO-Li2O (SG) glasses to analysis its structure and mid-infrared
spectroscopic properties. The structure of glasses has been studied by X-ray Photoelectron
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Spectroscopy (XPS) and Raman spectra. The introduction of Lu2O3 improved the thermal stability and
mid-infrared fluorescence in present system. Additionally, we researched the absorption spectra, and
then calculated the J-O intensity parameters Ωλ (t = 2, 4, 6), radiative parameters (such as spontaneous
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radiation transition probability Arad, radiation lifetime τrad) of Ho3+ in present glass. Meanwhile, the
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absorption (σabs) and emission cross sections (σem) of Ho3+ at 2.0 µm have been calculated and
discussed.

2. Experimental

Germanosilicate

glasses

with

molar

compositions

of

(99-x)(SiO2-GeO2-20Ga2O3-

BaO-Li2O)-xYb2O3-1Ho2O3 (x=0, 1, namely SG-Ho3+, and SG-Ho3+/Yb3+, respectively) and
98(SiO2-GeO2-(20-y)Ga2O3-yLu2O3-BaO-Li2O)-1Yb2O3-1Ho2O3 (y=0, 5, 7 and 9, named SG, SGLu5,
SGLu7 and SGLu9, respectively) were fabricated by using reagent-grade SiO2, GeO2, Ga2O3, BaO,
4
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Li2CO3, La2O3, Y2O3, Lu2O3 Yb2O3, and Ho2O3 as the starting materials. Batches of raw materials (15 g)
were well-mixed and melted in a corundum crucible in a Si-Mo resistance electric furnace at 1520 °C
for 40 min. Then, they were quenched on preheated stainless steel plate and annealed near the
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temperature of glass transition for 2 h before they were cooled to room temperature. The annealed
samples were finally cut and optically polished to the size of 10 mm × 10 mm × 1 mm for the optical
property measurements.
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The characteristic temperatures (temperature of glass transition Tg and temperature of onset
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crystallization peak Tx) of samples were determined using a NetzschSTA449/C differential scanning
calorimetry at a heating rate of 10 K/min with error limit of ±0.2%. The densities of samples were
tested via the Archimedes principle using distilled water as the immersion medium with error of ±0.001
g/cm3. Refractive indexes were measured by the prism minimum deviation method at the wavelength
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of 1053 nm with error limit of ±0.05%. The visible UC (500~800 nm) fluorescence spectra were
obtained with a TRIAX550 spectrofluorimeter upon the excitation of 980 nm LD. Absorption spectra
were obtained using a PerkinElmer Lambda 900UV-VIS-NIR spectrophotometer in the range of

EP

300~2200 nm a resolution of 1 nm. The emission spectra (500~700 nm, 1100~1300 nm, 1800~2300
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nm and 2700~300 nm) were measured via a Triax 320 type spectrometer upon excitation of 980 nm.
The Raman spectra of the glasses were measured with a Renishaw invia Raman microscope in
200-1200 cm-1 spectrum range using the 532 nm excitation line. The XPS measurements were
conducted using a high-performance K-Alpha X-ray photoelectron spectrometer (Thermo Fisher
Scientific, United States) in ultra high vacuum. Monochromatic Al Kα radiation (hυ=1846.6 eV) was
used with 15 kV accelerating voltage. The C-1s peak arising from pump oil impurities was used as an
internal reference, with binding energy of 284.6 eV. The same experimental conditions for different
5
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samples were maintained so as to get comparable results. All the measurements were carried out at
room temperature. Additionally, the maximal measured error in binding energy is ± 0.5%.

3. Results and discussion
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The Raman spectra of prepared glasses are measured at room temperature as shown in Fig.1. The
spectrum of SG glass is deconvoluted into six peaks using Gaussian distribution. These six bands are
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denoted as 260, 465, 480, 670, 840 and 1020 cm-1 bands. The obvious band C in Raman spectra is
related to bending and stretching vibrations of the T-O-T (Ge or Ga) bond. The partial vibrations of
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Ge-O and Ga-O tetrahedron units the peak E is obtained[26]. Hence, in the Raman spectra the
contribution of germanate bands is dominate, this is perhaps because of the higher polarizability of
Ge4+ than Si4+ and therefore only the primary bands of germanate structures were observed[27, 28].
Especially, from the inset of Fig.1, two weak bands (Peak D and F in the SG glass) at 670 and 1020
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cm-1 may be assigned to the Si-O-Ge and Si-O-Si modes[29], and then, the two weak bands exhibit a
sharp reduction in the relative intensity with the introduction of the Lu2O3. A possible mechanism for

EP

this reduction is related to the oxyphilic character of Lu3+, and the Lu3+ is preference for bonding with
O exceeds Si, which means that the Lu3+ will compete with Si for O2-[25]. Hence, in this paper, the
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introduction of Lu2O3 instead of Ga2O3 might break the primary structure of [SiO4]/[GeO4] and lead a
change between the relative amount of NBO and BO. It will be detailedly researched to further
understand the change of glass structure in the next.

6
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glasses.
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Fig. 1 Deconvoluted Raman spectra of SG glass. The inset is Raman spectra of SG, SGLu5, SGLu7 and SGLu9
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A detailed analysis of the XPS binding energies was performed in order to get insight into the
bonding in these glasses as a function of the rare earth. Fig.2 shows the O1S spectra of present glasses
with a Shirley background subtraction. Each spectrum can be deconvoluted into two peaks according to
the asymmetry of the shoulders and peaks. The low and high binding energy peaks of O1S spectra of
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prepared glasses are attributed to non-bridging (NBO) and bridging oxygens (BO), respectively[30, 31].
From Table 1, the area fraction F of NBO and BO are 0.33, 0.54, 0.70 and 0.71 in SG, SGLu3, SGLu7
and SGLu9 glasses, which suggests that the number of non-bridging oxygens increases in the glass
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network structures with the introduction of Lu2O3. A larger non-bridging oxygens number means the
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structure of primary glass changed and exhibits a lower extent of local Ho3+ clustering in the SGLU-X
glasses[32]. Therefore, we can know that the addition of modifier Lu2O3 in this germanosilicate glass
can change the structure of glasses to decrease the probability of rare-earth clustering, conducing to
better fluorescence characteristic of germanosilicate glass.
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Fig. 2 O1S spectrum of prepared glasses (a) SG; (b) SGLu5; (c) SGLu7; (d) SGLu9.

Table 1 Binding energy (eV), FWHM (eV) and the area ratios F of NBO and BO in XPS spectra.

SG

FWHM(eV)

532.40

2.34
2.17

532.21

1.98
0.54

531.42

2.11

531.73

2.13

SGLu7
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F

0.33

531.00

EP

SGLu5

Binding energy(eV)
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Glass samples

0.70

531.05

2.21

531.71

2.07

SGLu9

0.71

530.79

2.73

Fig. 3 shows the measured DSC curves for the prepared glasses. Table 2 lists the characteristic
temperatures such as temperature of glass transition (Tg), onset crystallization (Tx) and peak
crystallization (Tp) as well as the calculated thermal stability parameters ∆T in prepared glasses. Tg is
8
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an important factor for laser glass, which gives glass good thermal stability to resist thermal damage at
high pumping intensities[33]. Meanwhile, ∆T has been frequently used for evaluating the thermal
stability and forming ability of glass, a larger ∆T parameter means the better thermal stability against
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crystallization and nucleation process. Usually, ∆T should be more than 120 °C to minimize probability
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of crystallization during the fiber drawing process[34].

Fig. 3 DSC curves of prepared glasses.

EP

Table 2 The glass transition temperature (Tg), onset crystallization temperature (Tx), top crystallization peak (Tp),
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thermal stability parameters ∆T in prepared glasses.

Sample

Tg(°C)

Tx(°C)

Tp(°C)

∆T(°C)

SG

645

755

795

110

SGLu5

682

854

911

172

SGLu7

716

896

943

180

SGLu9

730

917

950

187

As shown in Table 2, it can be found the glass transition temperature (Tg) increases from 645°C to
9
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730°C which indicates that the introduction of lanthanide cations Lu3+ can improve the thermal stability
of this germanosilicate glass system because of so called ‘lanthanide contraction’ [21]. In addition, the
∆T of SGLu5, SGLu7 and SGLu9 are 172, 180 and 187°C, respectively, which are much larger than

RI
PT

that of SG glass. These results suggest that the introduction of Lanthanide cations Lu3+ with the high
field strength in this germanosilicate glass can be a good way to improve the thermal stability, defined
as the resistance to the permanent change of properties, particularly, the resistance against
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crystallization during heating[35]. Compared with the characteristic temperatures in Table 2 and Fig. 3,
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a conclusion can be drawn that the prepared germanosilicate glasses with the addition of Lu2O3 in this
study possess a better thermal stability, which is good for crystal-free fiber drawing and fabrication.
Fig. 4 indicates the room temperature absorption spectra of Ho3+ singly and Yb3+/Ho3+ co-doped
samples in the wavelength region of 300-2200 nm. The inset is the photo of prepared glasses. Referring
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to Ho3+ singly doped SG glass, the absorption spectrum consists of seven absorption bands centered at
1949, 1151, 644, 540, 487, 474 and 450 nm, corresponding to the transitions starting from the 5I8
ground state to excited states 5I7, 5I6, 5F5, (5F4, 5S2), (5G6, 5F1) and 5G5, respectively. In addition, the

EP

broadband absorption with a strong peak at 980 nm can be observed in Ho3+/Yb3+ co-doped SG and
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SGLUX glasses due to the Yb3+: 2F5/2 transition, otherwise absorption spectra are similar. This suggests
that there is no obvious change in the absorb sites of Ho3+ after the introduction of sensitizer Yb3+. It is
implied that Yb3+/Ho3+ co-doped germanosilicate glass can be excited quite efficiently by a
conventional 980 nm LD.

10
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Fig. 4 Absorption spectra of the prepared glasses. The inset is the photo of prepared glasses.

The Judd-Ofelt theory is commonly applied to evaluate the important spectroscopic and laser
properties of rare-earth ions doped glasses[36]. According to the J-O theory, absorption spectrum and
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other parameters, some spectroscopic parameters of rare earths in solids, such as intensity parameters
Ωλ radiative transition probability Arad, and radiative lifetime τrad can be calculated. Table 3 shows the

EP

J–O intensity parameters (Ω2, Ω4, and Ω6) of Ho3+ ions in various glass hosts. Previous studies proved
that the parameter Ω2 closely depends on the ligand symmetry of local environments of Ho3+ ion sites,
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and is strongly related to the amount of covalent bonds[37]. As is showed in Table 3, it can be obtained
that Ω2 in SGLuX is lower than that of SG glass, the results illustrated that the presence of Lu3+ in the
glass structure reduces the covalent of rare earth ions. So, the germanosilicate glass with the addition of
Lu2O3 has lower asymmetry and covalent environment around Ho3+ ions. On the other hand, the Ω6
parameter is a vibronic dependent parameter and the radio of Ω4/Ω6 determines the spectroscopy
quality of the materials[38]. The Ω4/Ω6 values of prepared glasses are showed in Table 3. The larger
Ω4/Ω6 value means the higher lasing efficiency for the laser transition of Ho3+ ions in a given matrix.
11

ACCEPTED MANUSCRIPT
From results as shown in Table 3, it can be found that the Ω4/Ω6 value increases when the Lu2O3 is
introduced in primal germanosilicate glass host. It turns out that the Lu2O3 contents in germanosilicate
glass can improve the efficiency of laser and be a useful modifier for mid-infrared emission. Besides,
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the radiative transition probabilities for Ho3+: 5I7→5I8 level can be evaluated via J–O parameters. The
radiative transition probability Arad of prepared sample which possesses highest Ω4/Ω6 value (SGLu7) is
calculated (103.42 s-1), which is larger than those of silicate glass (78.71s−1)[39] and germanate glass
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(70.15 s−1) [40]. High spontaneous transition probability is beneficial for high gain and more
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opportunity to achieve laser action.

Table 3 The J–O intensity parameters Ωλ (λ=2, 4, 6) (×10-20 cm2) of Ho3+ in prepared glasses.

Ω2

SG

5.28±0.2

SGLu5

5.08±0.2

SGLu7
SGLu9

Ω4

Ω6

Ω4/Ω6

3.93±0.1

1.25±0.05

3.14

3.84±0.1

1.19±0.05

3.23

TE
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Sample

4.76±0.2

3.62±0.1

1.08±0.05

3.35

4.52±0.2

3.44±0.1

1.03±0.05

3.33
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To research the effect of addition of Lu2O3 on the mid-infrared emission properties in Ho3+/Yb3+
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co-doped germanosilicate glass, the 2.0 µm fluorescence spectra of Ho3+/Yb3+ co-doped SG and SGLU
glasses were measured upon 980nm LD and revealed in Fig.5 (a), it can be seen that an obvious
emission peak centered near 2.0 µm in all samples, which is corresponding to the Ho3+: 5I7→5I8
transition. Meanwhile, the concentrations of Ho3+/Yb3+ remain unchanged, and it can be found that the
relative emission intensity of 2.0 µm firstly increases and then decreases with the increasing Lu2O3
concentration. Additionally, the maximum fluorescence peak intensity for prepared glasses is observed
around 7 mol % Lu2O3. Although the 2.0 µm emission intensity of SGLu9 decreases, it is still higher
12
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than original SG glass.

Fig. 5 Fluorescence spectra around (a)2.0 µm (b)2.8 µm (c)up-conversion (d) near-infrared spectra of prepared
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glasses.

In order to clearly elucidate the 2.0 µm emission phenomenon, the 2.8 µm, near-infrared and
up-conversion fluorescence spectra were tested. As shown in Fig. 5(b), (c) and (d), we can find the
emissions at 2800, 552, 652, and 1200 nm have the uniform change with the 2000 nm emission.
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Therefore, the energy level diagram and energy transfer mechanism of Ho3+/Yb3+ are showed in Fig.6
so as to further comprehend the relation of mid-infrared (2.0 and 2.8 µm), near-infrared and
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up-conversion emissions. The electrons of Yb3+ ions at 2F7/2 are excited to Yb3+:2F5/2 by ground state
absorption (GSA) when the sample is pumped by 980 nm LD. Then the energy transfers from the ions
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on the excited Yb3+ to the 5I6 state of Ho3+ by ET: Ho3+:5I8 +Yb3+: 2F5/2→Ho3+:5I6 +Yb3+: 2F7/2. On one
hand, some of the electrons at Ho3+:5I6 level are excited to the 5F4, 5S2 levels by an energy transfer
upconversion (ETU1) and excited state absorption (ESA1: 5I6+a photon→5F4, 5S2), the decay of the
ions from these states (5F4, 5S2) to the ground state Ho3+:5I8 result in the green emission (5F4,
5

S2→5I8+662 nm). Due to the small energy gap between 5F4, 5S2 and 5F5 level, ions of 5F4, 5S2 level relax

non-radiative to the next 5F5 level, the 552 nm radiations take place according to the 5F5→5I8 transition.
On the other hand, a part of ions on the Ho3+: 5I6 level decay to the next lower Ho3+:5I7 and 5I8 states,
13

ACCEPTED MANUSCRIPT
leading to the 2.8 and 1.2 µm emissions, respectively. Finally, the ions in 5I7 level decay radiatively to
the ground state 5I8 and 2.0 µm emission occurs. According to Fig.5, it can be obtained that the
intensity of 2.8 µm, near-infrared and up-conversion emissions are in good agreement with the
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behavior of 2.0 µm fluorescence spectra. It might be attributed to the difference of local environment
around Ho3+/Yb3+ ions and, hence, leading to different fluorescence behaviors between SGLUX and
SG glasses. It means that a moderate quantity of Lu3+ can decrease clustering of rare-earth (Ho3+) ions
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in this glass, therefore decrease the cross relaxation among rare-earth (Ho3+) ions and enhance the
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emission intensity of Ho3+. Additionally, the maximum fluorescence peak intensity for all fluorescence
spectra is observed in SGLu7, which indicates that for fluorescence characteristic the optimum Lu2O3
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adding concentration is around 7% mol in this germanosilicate glass.
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Fig. 6 Energy level diagrams and energy transfer mechanism between Yb3+ and Ho3+ ions.

To research the number of photons involved in the up-conversion luminescence process of this

glass, the up-conversion of SGLu7 excited at 980 nm with different pump power has been measured
and shown in Fig.7 (a). The result clearly illustrates that the up-conversion increases with pump power
increasing. It is known that for the up-conversion process, the number of photons required to populate
the upper emitting state can be described by the following relation[41, 42]
I ∝ P

(1)
14
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where I is the up conversion luminescence intensity, P is the pump laser intensity, and n is the number
of pump photons required. Fig.7 (b) shows the logarithm-logarithm plots for the up conversion green
(552 nm) and red emission (662 nm) intensities of SGLu7 as function of excitation power. The plots are
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well fitted linearly(R2= 0.998), giving out the slope for 5F5→5I8 and 5F4→5I8 transitions are 1.41 ± 0.02
and 1.47 ± 0.02, respectively. This indicates that a two-photon absorption process is responsible for the
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up conversion emission.
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Fig. 7 (a) Up-conversion of SGLu7 excited at 980 nm with different pump power (mW) in the region of
200–700 nm, (b) Integrated up-conversion intensity at ∼552 and 662 nm of SGLu7 vs the pump power.
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Fluorescence lifetime is an important parameter to estimate the ions behavior of the excited state.
According to the measured and fitted decay curves, the fluorescence lifetime can be determined by the
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time of the intensity of 1/e. R-square of the single exponential fittings in prepared glass are all above
0.998. The coincidence between the measured and fitted decay curves suggests that energy level 5I7 in
these glasses single-exponentially. Hence, from Fig.8 and Table.4, it can be found the fluorescence
lifetime of Ho3+: 5I7 level becomes longer with increasing Lu2O3 concentrations. Higher lifetime
suggests that the upper level of 2.0 µm emission for SGLuX is more favorable for ions accumulation,
and SGLuX is more helpful for population inversion between upper level and lower level than SG glass.
The lifetime results further proved that the cross relaxation among rare-earth (Ho3+) ions has been
15
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decreased with the addition of Lu3+, and hence, fluorescence lifetime of Ho3+: 5I7 level increased owing
to the reduction of multistep energy transfer among rare-earth ions. Moreover, the longer radiation
lifetime is beneficial for reducing the laser oscillation threshold[43]. Therefore, this Ho3+/Yb3+

RI
PT

co-doped germanosilicate glass with the addition of Lu2O3 can be considered as an appropriate medium
to achieve 2.0 µm laser.
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Fig. 8 Decay curves of 2.0 µm emission in prepared glasses excited by 980 nm LD. The solid lines represent the
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singly fitted decay curves.

Table 4 Measured fluorescence lifetimes of the Ho3+: 5I7 level of prepared glasses.

SG

SGLu5

SGLu7

SGLu9

485 µs

616 µs

707 µs

691 µs
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Sample

Lifetime

The fluorescence decay curves of Yb3+ ions at the wavelength of 1064 nm in Yb3+ singly, and

Yb3+/Ho3+ co-doped glasses were measured to research the energy transfer process. From Fig.9, it can
be found the fluorescence lifetime of Yb3+ becomes longer with the Lu2O3 addition, which further
proved that the cross relaxation among rare-earth ions (Yb3+) has been decreased with the addition of
Lu3+. Additionally, the fluorescence lifetime of the SG and SGLu7 samples both show obvious
16
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decrease with the addition of Ho3+. According to the following equation,

η =1−

τ
τ0

(2)
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where τ and τ0 are the measured lifetimes of Yb3+ with and without the co-doping of Ho3+ ions,
respectively. The calculated energy transfer efficiencies of SG and SGLu7 are as high as 73.5% and
72.6 %, respectively, which indicates that the energy transfer from Yb3+ to Ho3+ is efficient. The
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decrease of energy transfer efficiency might be due to the increase of average distances for Ho3+-Yb3+.

Fig. 9 Decay curves of 1064 nm emission in prepared glasses excited by 980 nm LD (a) SG sample,
(b)SGLu7 sample.
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The average distance of rare earth ion pairs is related to the cross relaxation and energy transfer

AC
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among rare earth ions. Hence, the average distance for Ho3+–Ho3+ and Yb3+–Ho3+ are counted using the
following equation[44]
R =

ρ



⁄

(3)

where NA is the Avogadro number, ρ is the density of prepared glass, M is the mean molecular weight
of glass, and x is the total concentration of the Yb3+–Ho3+ or Ho3+–Ho3+ ions. The calculated values are
listed in Table 5. The change of average distances is in line with the above discussion. The increasing
average distance of Yb3+–Ho3+ slightly decreases the energy transfer efficiency. However, the
17
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increasing average distance of Ho3+–Ho3+ also results in the decrease of cross relaxation, which can
enhance the fluorescence emission of Ho3+ ions.
Based on the above results, the ideal net structure diagram of the prepared glasses in short range

RI
PT

has been proposed as shown in Fig.10.
Table 5 The average distances of Yb3+–Ho3+ or Ho3+–Ho3+ ion pairs

Average distance (Å)
3+

3+

SGLu5

SGLu7

SGLu9

10.48
13.20

10.60
13.35

10.69
13.47

10.77
13.57
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Yb –Ho
Ho3+–Ho3+

SG

Fig. 10 The ideal net structure diagram of the prepared glasses in short range (a) without Lu2O3 (b) with Lu2O3.
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From the discussions above, we can conclude that SGLu7 possesses optimal fluorescence
characteristic. So we calculated the absorption, emission and gain cross sections of SGLu7 sample in

EP

order to further research its possibility as mid-infrared laser material. The emission cross section (σem)
of 2.0 µm fluorescence spectra can be calculated according to Fuchtbauer–Ladenburg (FL)

AC
C

equation[45]

σ em (λ ) =

λ4 Arad
λI (λ )
×
8πcn2 ∫ λI (λ )dλ

(4)

where Arad is the spontaneous radiative transition probability of Ho3+:5I7→5I8 transition, λ is the
emission wavelength, n is the refractive index of glass host, c is the velocity of light in vacuum, ∫I(λ)dλ
is the integrated fluorescence intensity, and I(λ) is the 2.0 µm fluorescence spectra intensity.
Based on emission cross section, absorption cross section can be obtained by using the
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McCumber (MC) formula[46]

σ em (λ ) = σ abs (λ )×

 hc  1 1 
Zl
× exp × 
− 
Zu
 kt  λZL λ 

(5)
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where Zl and Zu are the respective partition functions of the lower and the upper levels involved in the
considered optical transition is equal to 17/15. Parameter K and T are the Boltzmann constant (1.38
×10-23 J/K) and the temperature (here it is the room temperature), respectively. λZL=2014 nm is the

SC

zero-phonon line which means the wavelength for the transition between the lower Stark sublevels of
the emitting multiplets and the lower Stark sublevels of the receiving multiplets.
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The absorption and emission cross sections of Ho3+ in SGLu7 sample are shown in Fig.11 (a). It
can be seen that the maximum emission cross section σem for Ho3+:5I7→5I8 is 4.41×10-21cm2 at 2022 nm,
which is higher than those of germanate-tellurite (4.36 ×10-21 cm2)[47] and silicate (3.07 ×10-21 cm2)[48]
glasses. Thereby, the prepared SGLu7 glass possessing higher emission cross section might be a
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superior laser material for achieving intense 2.0 µm laser.
In addition, gain coefficient is another characteristic parameter to evaluate 2.0 µm emission

EP

properties quantitatively. Therefore, the gain spectra G (λ) can be calculated by

G(λ) = N[Pσem(λ) − (1 − P)σ abs(λ)]

(6)

AC
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where P is the population inversion given by the ratio between the population of Ho3+:5I7 level and the
total Ho3+ concentration and N is the total concentration of Ho3+ Fig.11 (b) indicates the gain spectra of
2.0 µm of SGLu7 glasses. Obviously, when the population inversion P>0.4, the gain cross sections in
the range of 1700-2300 nm become positive. It is suggested that the prepared Ho3+/Yb3+ co-doped
SGLu7 glass would be a suitable optical material to obtain 2.0 µm infrared emission thanks to the
excellent gain properties.

19
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Fig. 11 (a) The calculated absorption and emission cross sections (b) gain coefficient for prepared glass (SGLu7).

4. Conclusions

SC

This study investigated the structure and fluorescence characteristic in the Ho3+/Yb3+ co-doped
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germanosilicate glasses by using lanthanide additives Lu2O3. The introduction of Lu2O3 improves the
thermal stability of glass system owing to the oxyphilic character of Lanthanide cations Lu3+. And
Lu2O3 changes the structure of glass to decrease the probability of rare-earth clustering (Ho3+),
conducing to the fluorescence characteristic of germanosilicate glass. Meanwhile, the J-O intense
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parameters and radiative lifetimes of Ho3+/Yb3+ co-doped germanosilicate glass with different
concentration Lu2O3 are calculated and discussed. The results of test and discussion indicate that

EP

SGLu7 possesses optimal fluorescence characteristic. The emission cross section at 2.0 µm reaches as
high as 4.41 ×10-21 cm2 in SGLu7 glass. According to the experimental results, the germanosilicate

AC
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glass with the modification of Lu2O3 might be a promising candidate for 2.0 µm laser.
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Highlights:
1.

Structural and fluorescence properties of germanosilicate glasses were researched.

2.

The addition of Lu2O3 increases ∆T to improve the thermal stability of glass host.

The increase of NBO can decrease the cross relaxation effect among RE-RE ions.
4. Fluorescence properties of Ho3+ have been improved due to the increase of NBO.
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