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ABSTRACT: Structural and fluorescence properties of ih** co-doped germanosilicate glasses
have been modified by tailoring the compositiomgsianthanide additive L@;. Raman spectra and
X-ray Photoelectron spectra reveal that the aduitibLu,O; can change the structure by increasing
non-bridging oxygens (NBO) in this glasses. Meameytan improved thermal stabilitAT: from 110

to 187 °C) has also been obtained vid L'lanthanide contraction’. Futhermore, the positéféect of
changed glass structure gives excellent fluorescgnmoperties by the decreasing cross relaxation
process which are proved by the experimental upmmion, near-infrared and mid-infrared
fluorescence spectra. Additionally, a double enbarent of a 2.Qum emission has been achieved
successfully in this silica-germanate glass wittmd|% Lu** addition, which possesses a larger
emission cross section (4.41 x ¥0cnf) at 2022 nm. These results indicate that the aptich
emission of H3' for optical fiber laser can be achieved by turting glass structure using lanthanide
additive LyOs.

Keywords: Germanosilicate glasses; Lanthanide additivédsuNBO and BO; Energy transfer.



1. Introduction

Rare earth ions doped glass fibers that exhib#rlasnission around ~20m have been paid
considerable attention due to their potential aapidons in eye safe laser radar, atmosphere pailuti
monitoring, measurement of water vapor and bioniedjcetc[1-5].A number of experiments have
proved that Trii and H3* perform well in achieving 2.0m laser. Compared with T the emission
band of HG"is broader and the stimulated emission cross seofibio’ is practically five times larger
than that of Tri¥, which suggests that more efficient laser outjaut lse achieved by Hbo Meanwhile,
the longer fluorescence lifetime of Hds conducive to Q-switched lasers[6, 7]. Howew®* cannot
directly be pumped by 808 nm or 980 nm commereaisét diode (LD) source for lacking of a suitable
ground absorption band. Traditionally, in ordestdve this problem, other rare earth ions suchrds E
Yb**, Tm?* and Nd* with obvious ground absorption under commercial éitations are usually
introduced to sensitize the Eff8-10]. Among all the sensitizers, Yhion with the simple energy level
structure (ground stat#, and excited statéFs,) and a broad absorption band in the wavelength
region of 860-1060 nm can be a useful sensitized2].

In order to develop more efficient fiber lasers 200 um emission, besides the rare earth ions, the
host material must be considered as well. Thusckew for suitable host materials for mid-infrared
lasers operating in this wavelength is quite neamyssRecent years have witnessed the great
development of various glasses, such as silica@yyimetal oxide and fluoride glasses. Although the
phonon energy of fluoride-based glass is low,atg mechanical strength limits its applications[18].
parallel, the low loss and high physical strendtlsilicate glasses have made them remarkably useful
hosts for rare-earth cations emitting in the 2 region. However, compared with other glasses, the

larger multiphonon relaxation rate induced by highbonon energy in silicate glass (~1000%m



lowers the quantum efficiency and causes thermalag@ of the fiber laser[14]. Thus, the heavy-metal
oxide glasses have become a new investigative totspmid-infrared laser to achieve lower phonon
energy. Germanate glass as the typical exampleeafyhmetal oxide glasses, is one of the most
promising materials benefited from its high raretteasolubility, superior infrared transparency,
comparative low phonon energy (~900 m strong mechanical and high damage threshold.
Unfortunately, the high cost of Ge@auses its slow development in optical amplifiess]7]. So we

try to research mixed germanosilicate (SG) glasedsch can compensate for the deficiencies of
silicate and germanate glasses. The phonon energybben decreased by introducing appropriate
amount of Ge®into silicate glass, which can reduce the multiphorelaxation rate and enhance the
quantum efficiency of 2.Qum. Moreover, the addition of GeQOn silicate host can enhance the
refractive index of the glass host and which isdfieral for improving the 2.Qum emission cross
section[18, 19]. Therefore, germanosilicate glabgkvcombines the merits of germanate and silicate
glasses can be a suitable optical material forinfidiwed fiber lasers[20].

Additionally, the structure properties of host gles usually can be modified by tailoring the
composition using lanthanide additives. Cation$wigher coordination numbers and the higher field
strength can enhance the structure of glass amgase glass transition temperature. Lanthanide
cations with the high field strength are often used network modifiers in the glass, which are
incorporated in the space between Si-(O, N)x tedledd and strengthen the structure of glass[21].
Therefore, in 1994, Jewell J. et al. reported thataddition of LgO; is able to improve glass forming
ability and enhance thermal stability due to thgéa molecular ratio and coordination number ot'La
ion, while Y,O; component is able to improve thermal stability[28ijnce then, many authors have

been using lanthanide as the modifier to tailordpgcal properties of glasses. For example, in7201



Hao Y. et al. demonstrated the proper introductib,O; can enhance the luminescence properties of
borosilicate glasses by decreasing the bridge as/o¢ glass host[23]. At the same time, Wang X. et
al also reported the influence of A& on the structure and spectroscopy of*Fdoped Lanthanum
aluminosilicate glasses[24]. Especially, the glassvork with L&* would have tighter structure and
better properties than the glasses containing ddmhanides owing to its network with smaller
atoms.[21]. Additionally, L& has a stronger ability for bonding wittf @Ghan St* due to the oxyphilic
character of Lt[25]. However, there is no detailed report on nmiftared fluorescence of LO;
modified germanosilicate glasses from the aspeailating its structure.

Thus, in this paper we investigated primarily difet concentration of L@; in the HG*/Yb**
co-doped SiGe0-Ga0s-BaO-Li,O (SG) glasses to analysis its structure and nfidsied
spectroscopic properties. The structure of glassas been studied by X-ray Photoelectron
Spectroscopy (XPS) and Raman spectra. The intrimatuof Lu,O3 improved the thermal stability and
mid-infrared fluorescence in present system. Addilly, we researched the absorption spectra, and
then calculated the J-O intensity parameferé = 2, 4, 6), radiative parameters (such as speotas
radiation transition probability 4, radiation lifetimet,, of Ho®" in present glass. Meanwhile, the
absorption ¢.,9 and emission cross sections.) of Ho®* at 2.0 um have been calculated and
discussed.

2. Experimental

Germanosilicate glasses with molar compositions  @¢99-x)(Si0-Ge0,-20G30s-
BaO-Li,0)-xYb,05-1H0,0; (x=0, 1, namely SG-HbS, and SG-H37Yb*, respectively) and
98(Si0-Ge-(20-y)Ga0s-yLu,05-BaO-Li,0)-1Yb,05-1H0,053 (y=0, 5, 7 and 9, named SG, SGLu5,

SGLu7 and SGLu9, respectively) were fabricated biyng reagent-grade Si0GeQ, Ga0,;, BaO,



Li,CO;, Lay0Os, Y505, Lu,O3 Yh,0s, and HeOs as the starting materials. Batches of raw matefidg)
were well-mixed and melted in a corundum crucibl@iSi-Mo resistance electric furnace at 1520 °C
for 40 min. Then, they were quenched on preheataibhlasss steel plate and annealed near the
temperature of glass transition for 2 h before theye cooled to room temperature. The annealed
samples were finally cut and optically polishedhe size of 10 mm x 10 mm x 1 mm for the optical
property measurements.

The characteristic temperatures (temperature ofsgteansition J and temperature of onset
crystallization peak J) of samples were determined using a NetzschSTAA4##ferential scanning
calorimetry at a heating rate of 10 K/min with erfimit of +0.2%. The densities of samples were
tested via the Archimedes principle using distileater as the immersion medium with error of +0.001
g/cnt. Refractive indexes were measured by the prisninmim deviation method at the wavelength
of 1053 nm with error limit of +0.05%. The visibldC (500~800 nm) fluorescence spectra were
obtained with a TRIAX550 spectrofluorimeter upoe #xcitation of 980 nm LD. Absorption spectra
were obtained using a PerkinElmer Lambda 900UV-MI&- spectrophotometer in the range of
300~2200 nm a resolution of 1 nm. The emission tspg600~700 nm, 1100~1300 nm, 1800~2300
nm and 2700~300 nm) were measured via a Triax $2€ $pectrometer upon excitation of 980 nm.
The Raman spectra of the glasses were measuredawRenishaw invia Raman microscope in
200-1200 cnt spectrum range using the 532 nm excitation linee TXPS measurements were
conducted using a high-performance K-Alpha X-rayotpklectron spectrometer (Thermo Fisher
Scientific, United States) in ultra high vacuum. méchromatic Al K radiation (n=1846.6 eV) was
used with 15 kV accelerating voltage. The C-1s péding from pump oil impurities was used as an

internal reference, with binding energy of 284.6 &¥e same experimental conditions for different



samples were maintained so as to get comparallétsiesll the measurements were carried out at

room temperature. Additionally, the maximal meadwgor in binding energy is + 0.5%.

3. Results and discussion

The Raman spectra of prepared glasses are meaguieaim temperature as shown in Fig.1. The
spectrum of SG glass is deconvoluted into six pemksg Gaussian distribution. These six bands are
denoted as 260, 465, 480, 670, 840 and 1026 lmamds. The obvious band C in Raman spectra is
related to bending and stretching vibrations of THe-T (Ge or Ga) bond. The partial vibrations of
Ge-O and Ga-O tetrahedron units the peak E is mdxdf26]. Hence, in the Raman spectra the
contribution of germanate bands is dominate, thiparhaps because of the higher polarizability of
Gé" than St and therefore only the primary bands of germastiactures were observed[27, 28].
Especially, from the inset of Fig.1, two weak bagBsak D and F in the SG glass) at 670 and 1020
cm' may be assigned to the Si-O-Ge and Si-O-Si mo@gsghd then, the two weak bands exhibit a
sharp reduction in the relative intensity with theroduction of the LyOs. A possible mechanism for
this reduction is related to the oxyphilic charaateLu®", and the L&' is preference for bonding with
O exceeds Si, which means that thé*Lwill compete with Si for &[25]. Hence, in this paper, the
introduction of LYO; instead of GgD; might break the primary structure of [Q]QGeO,] and lead a
change between the relative amount of NBO and BQwill be detailedly researched to further

understand the change of glass structure in the nex
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Fig. 1 Deconvoluted Raman spectra of SG glass. The iss&man spectra of SG, SGLu5, SGLu7 and SGLu9

glasses.

A detailed analysis of the XPS binding energies waormed in order to get insight into the
bonding in these glasses as a function of thegarth. Fig.2 shows the O1S spectra of presentagass
with a Shirley background subtraction. Each specttan be deconvoluted into two peaks according to
the asymmetry of the shoulders and peaks. The favhiégh binding energy peaks of O1S spectra of
prepared glasses are attributed to non-bridginggNa&nd bridging oxygens (BO), respectively[30, 31].
From Table 1, the area fraction F of NBO and BO@83, 0.54, 0.70 and 0.71 in SG, SGLu3, SGLu7
and SGLu9 glasses, which suggests that the nunfbeorsbridging oxygens increases in the glass
network structures with the introduction of X34. A larger non-bridging oxygens number means the
structure of primary glass changed and exhibitsget extent of local HB clustering in the SGLU-X
glasses[32]. Therefore, we can know that the amditif modifier LyOs in this germanosilicate glass
can change the structure of glasses to decreagerabability of rare-earth clustering, conducing to

better fluorescence characteristic of germanosdigéass.



—— Experiment

—— Experimen b —— Simulate
@ —_— iimul:\te ‘ ® o
S() —BO
—2B ——NBO

Intensity(eps)

Intensity(cps)

I 1 1 1 1 1 1 1 1 1
538 536 534 532 530 528 s S8 S s s s s 86
Binding Energy(eV) Binding Energy(eV)

0)} —_— E.xpcnmcm
—— Simulate
—BO

(c) ——Experiment
—— Simulate

—NBO

Intensity(cps)
Intensity(cps)

" " " ) 2 . L ) ) .
538 536 534 532 530 528 526 538 536 534 532 530 528 526
Binding Energy(eV) Binding Energy(eV)

Fig. 2 O1S spectrum of prepared glasses (a) SG; (b) SGEpSGLuU7; (d) SGLu9.

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

Glass samples Binding energy(eV) FWHM(eV) F
532.40 2.34
SG 0.33
531.00 2.17
532.21 1.98
SGLu5 0.54
531.42 2.11
531.73 2.13
SGLu7 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 pedpglasses. Table 2 lists the characteristic
temperatures such as temperature of glass trams{flg), onset crystallization () and peak

crystallization (T) as well as the calculated thermal stability parsAT in prepared glassesy



an important factor for laser glass, which givessglgood thermal stability to resist thermal dansge
high pumping intensities[33]. Meanwhil&T has been frequently used for evaluating the thérm
stability and forming ability of glass, a largam parameter means the better thermal stabilityresgai

crystallization and nucleation process. Usuallyy,should be more than 120 °C to minimize probapbilit

of crystallization during the fiber drawing prockxy.
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Fig. 3DSC curves of prepared glasses.
Table 2 The glass transition temperaturg)(Tonset crystallization temperaturg);Ttop crystallization peak {J,

thermal stability parametensT in prepared glasses.

Sample T(°C) T«(°C) Ty(°C) AT(°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 glasssitam temperature @ increases from 645°C to



730°C which indicates that the introduction of kentide cations L1i can improve the thermal stability
of this germanosilicate glass system because oabed ‘lanthanide contraction’ [21]. In additictne
AT of SGLu5, SGLu7 and SGLu9 are 172, 180 and 187éghectively, which are much larger than
that of SG glass. These results suggest that thadirction of Lanthanide cations Yuwith the high
field strength in this germanosilicate glass carmalgmod way to improve the thermal stability, de€in
as the resistance to the permanent change of piexgemparticularly, the resistance against
crystallization during heating[35]. Compared wikie tcharacteristic temperatures in Table 2 andJig.
a conclusion can be drawn that the prepared gersiiemade glasses with the addition of 4 in this
study possess a better thermal stability, whidoizd for crystal-free fiber drawing and fabrication

Fig. 4 indicates the room temperature absorptiactsa of H3" singly and YB"/Ho** co-doped
samples in the wavelength region of 300-2200 nne. ifiket is the photo of prepared glasses. Referring
to Ho®* singly doped SG glass, the absorption spectrursistsnof seven absorption bands centered at
1949, 1151, 644, 540, 487, 474 and 450 nm, correlipg to the transitions starting from thig
ground state to excited statds, °lg, °Fs, CFs °S,), (Ge, °F1) and°Gs, respectively. In addition, the
broadband absorption with a strong peak at 980 ambe observed in H#Yb** co-doped SG and
SGLUX glasses due to the ¥b?Fs, transition, otherwise absorption spectra are aimiilhis suggests
that there is no obvious change in the absorb eftéf® after the introduction of sensitizer ¥blt is
implied that YB/Ho*" co-doped germanosilicate glass can be excited ceffieiently by a

conventional 980 nm LD.
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Fig. 4 Absorption spectra of the prepared glasses. The inshe photo of prepared glasses.

The Judd-Ofelt theory is commonly applied to eveduthe important spectroscopic and laser
properties of rare-earth ions doped glasses[36¢okting to the J-O theory, absorption spectrum and
other parameters, some spectroscopic parameteeseokarths in solids, such as intensity parameters
Q, radiative transition probability A, and radiative lifetime,,q can be calculated. Table 3 shows the
J-O intensity parameter€4, Q., andQg) of Ho®" ions in various glass hosts. Previous studiesqatov
that the parametd®,closely depends on the ligand symmetry of localiremments of H3" ion sites,
and is strongly related to the amount of covalemds[37]. As is showed in Table 3, it can be oladin
thatQ,in SGLuX is lower than that of SG glass, the resillustrated that the presence ofLin the
glass structure reduces the covalent of rare @mth So, the germanosilicate glass with the amtulibif
Lu,O; has lower asymmetry and covalent environment atdda™ ions. On the other hand, ti6&;
parameter is a vibronic dependent parameter andati® of Q,/Qs determines the spectroscopy
quality of the materials[38]. Th@4Qgvalues of prepared glasses are showed in Tabld&.ldarger

Q./Q value means the higher lasing efficiency for theel transition of HB ions in a given matrix.
11



From results as shown in Table 3, it can be fourad theQ,/Qg value increases when the 4 is
introduced in primal germanosilicate glass hostuiihs out that the L{D; contents in germanosilicate
glass can improve the efficiency of laser and heseful modifier for mid-infrared emission. Besides,
the radiative transition probabilities for H0°l,—°llevel can be evaluated via J-O parameters. The
radiative transition probability 4A,of prepared sample which possesses highg§ls value (SGLuU7) is
calculated (103.42%, which is larger than those of silicate glass.728%)[39] and germanate glass
(70.15 §% [40]. High spontaneous transition probability ligneficial for high gain and more
opportunity to achieve laser action.

Table 3 The J-O intensity paramete®s (A=2, 4, 6) (x1F°cn?) of Ho™ in prepared glasses.

Sample Q, Q, Qs Q4Q
SG 5.2840.2 3.93#0.1 1.25+0.05 3.14
SGLu5 5.0840.2 3.8410.1 1.19+0.05 3.23
SGLu7 4.7610.2 3.62+0.1 1.08+0.05 3.35
SGLu9 4.52+0.2 3.4410.1 1.03+0.05 3.33

To research the effect of addition of A4 on the mid-infrared emission properties in*Hgb**
co-doped germanosilicate glass, the ghdfluorescence spectra of Ht¢b* co-doped SG and SGLU
glasses were measured upon 980nm LD and reveal&igif (a), it can be seen that an obvious
emission peak centered near 2u8 in all samples, which is corresponding to the*Hdl;—°lg
transition. Meanwhile, the concentrations offHéb** remain unchanged, and it can be found that the
relative emission intensity of 2m firstly increases and then decreases with thee@sing LyO;
concentration. Additionally, the maximum fluorescerpeak intensity for prepared glasses is observed

around 7 mol % LyO;. Although the 2.Qum emission intensity of SGLU9 decreases, it i$ sigher
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than original SG glass.
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In order to clearly elucidate the 2,n emission phenomenon, the i, near-infrared and
up-conversion fluorescence spectra were testedshasgvn in Fig. 5(b), (¢) and (d), we can find the
emissions at 2800, 552, 652, and 1200 nm have niferon change with the 2000 nm emission.
Therefore, the energy level diagram and energystearmechanism of H&Yb®" are showed in Fig.6
so as to further comprehend the relation of midairdd (2.0 and 2.8im), near-infrared and
up-conversion emissions. The electrons ofYibns at’F, are excited to Y8:%Fs, by ground state
absorption (GSA) when the sample is pumped by 980.B. Then the energy transfers from the ions
on the excited Y8 to the®ls state of H8" by ET: HO":°lg +Yb*": ?F5,—H0*"%ls +Yb**: %F7,. On one
hand, some of the electrons at*Hds level are excited to th&,, °S, levels by an energy transfer
upconversion (ETU1) and excited state absorptid®AE *ls+a photor->°F,, °S,), the decay of the
ions from these statesSF;, °S,) to the ground state Hb’l; result in the green emissiofiF{,
°S,—°1g+662 nm). Due to the small energy gap betw#gn’S, and’Fslevel, ions ofF,, °S;level relax
non-radiative to the nexEslevel, the 552 nm radiations take place accordint\meSFsaslgtransition.

On the other hand, a part of ions on the"Htg level decay to the next lower Bigl; and’lg states,

13



leading to the 2.8 and 1;@n emissions, respectively. Finally, the ionslinlevel decay radiatively to
the ground statéls and 2.0um emission occurs. According to Fig.5, it can beéanted that the
intensity of 2.8um, near-infrared and up-conversion emissions arggaad agreement with the
behavior of 2.Qum fluorescence spectra. It might be attributecht difference of local environment
around H3'/Yb*" ions and, hence, leading to different fluoresceimelaviors between SGLUX and
SG glasses. It means that a moderate quantity fdan decrease clustering of rare-earth*{Himns
in this glass, therefore decrease the cross rétexamong rare-earth (H9 ions and enhance the
emission intensity of H3. Additionally, the maximum fluorescence peak isignfor all fluorescence
spectra is observed in SGLu7, which indicates filafluorescence characteristic the optimumO;

addingconcentration is around 7% mol in this germanceiéqylass.
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Fig. 6 Energy level diagrams and energy transfer mechmbitween Y& and HS* ions.

To research the number of photons involved in theanversion luminescence process of this
glass, the up-conversion of SGLu7 excited at 980with different pump power has been measured
and shown in Fig.7 (a). The result clearly illusggathat the up-conversion increases with pump powe
increasing. It is known that for the up-conversmncess, the number of photons required to populate
the upper emitting state can be described by th@ifimg relation[41, 42]

[ < P10 1)
14



where | is the up conversion luminescence intenBitig the pump laser intensity, and n is the numbe
of pump photons required. Fig.7 (b) shows the litigar-logarithm plots for the up conversion green
(552 nm) and red emission (662 nm) intensities@EL&/ as function of excitation power. The plots are
well fitted linearly(R= 0.998), giving out the slope fofs—"°lg and°F,—°lg transitions are 1.41 + 0.02
and 1.47 £ 0.02, respectively. This indicates thawo-photon absorption process is responsibléher

up conversion emission.
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Fig. 7 (a) Up-conversion of SGLu7 excited at 980 nm wdtfierent pump power (mW) in the region of
200-700 nm, (b) Integrated up-conversion interetity552 and 662 nm of SGLu7 vs the pump power.

Fluorescence lifetime is an important parametegstimate the ions behavior of the excited state.
According to the measured and fitted decay curfesfluorescence lifetime can be determined by the
time of the intensity of 1/e. R-square of the singkponential fittings in prepared glass are ativab
0.998. The coincidence between the measured dgad fiecay curves suggests that energy Ryén
these glasses single-exponentially. Hence, from8Famd Table.4, it can be found the fluorescence
lifetime of HO™: °I; level becomes longer with increasing,04 concentrations. Higher lifetime
suggests that the upper level of 2l emission for SGLuX is more favorable for ionswaoalation,
and SGLuX is more helpful for population inverstogtween upper level and lower level than SG glass.

The lifetime results further proved that the croskxation among rare-earth (Hpions has been
15



decreased with the addition of {‘uand hence, fluorescence lifetime of’Hdl- level increased owing

to the reduction of multistep energy transfer amoag-earth ions. Moreover, the longer radiation
lifetime is beneficial for reducing the laser oktibn threshold[43]. Therefore, this EitYb®*
co-doped germanosilicate glass with the additiohuO; can be considered as an appropriate medium

to achieve 2.qum laser.
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Fig. 8 Decay curves of 2.0m emission in prepared glasses excited by 980 nnThB solid lines represent the

singly fitted decay curves.

Table 4 Measured fluorescence lifetimes of the*Hdl, level of prepared glasses.

Sample SG SGLu5 SGLu7 SGLu9

Lifetime 485ps 616us 707us 691us

The fluorescence decay curves of*Yibns at the wavelength of 1064 nm in*Isingly, and
Yb*/Ho* co-doped glasses were measured to research trgy ¢rensfer process From Fig.9, it can
be found the fluorescence lifetime of ¥thecomes longer with the k@3 addition, which further
proved that the cross relaxation among rare-earth (YB*) has been decreased with the addition of

Lu**. Additionally, the fluorescence lifetime of the S&hd SGLu7 samples both show obvious
16



decrease with the addition of loAccording to the following equation,

)

wheret and 1, are the measured lifetimes of ¥bwith and without the co-doping of Floions,
respectively. The calculated energy transfer efficies of SG and SGLu7 are as high as 73.5% and
72.6 %, respectively, which indicates that the gperansfer from YB to HJ™ is efficient. The

decrease of energy transfer efficiency might betdube increase of average distances fot M>".

Sl @ Yb*':1064 nm o b () Yb'':1064 nm
Samples Lifetime Samples Lifetime
SG-Yb™* 850 us ——SGLu7-Yb" 1130 us

——SG-Yb"/Ho" 225us ——SGLu7-Yb"'/Ho"" 310 us

Ln(intensity(a.u))
Ln(intensity(a.u))

1000 1500 0 500 1000 1500 2000

0 500

Decay Time(us) Decay Time(us)
Fig. 9 Decay curves of 1064 nm emission in prepared géasscited by 980 nm LD (a) SG sample,
(b)SGLu7 sample.
The average distance of rare earth ion pairs &aelto the cross relaxation and energy transfer
among rare earth ions. Hence, the average disfanét®—Ho>* and YB*~Ho®* are counted using the
following equation[44]

R; = (Ni:/;x)l/3 3)

where N, is the Avogadro numbep, is the density of prepared glass, M is the mealecatar weight

of glass, and x is the total concentration of thd"YHo>* or Ho**~Ho* ions. The calculated values are
listed in Table 5. The change of average distarscesline with the above discussion. The incregsin
average distance of Yb-Ho®* slightly decreases the energy transfer efficienidpwever, the
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increasing average distance of*HdH0*" also results in the decrease of cross relaxatidich can
enhance the fluorescence emission of'Hons.

Based on the above results, the ideal net struciiagram of the prepared glasses in short range
has been proposed as shown in Fig.10.

Table 5 The average distances of ¥bHo*" or Ho**~Ho®* ion pairs

Average distance (A) SG SGLu5 SGLu7 SGLu9
Yb**—Ho* 10.48 10.60 10.69 10.77
Ho*—Ho*" 13.20 13.35 13.47 13.57

Ho/Yb

Fig. 10 The ideal net structure diagram of the preparadsgls in short range (a) without,Oyg (b) with Lu,Os.

From the discussions above, we can conclude thdtuBGossesses optimal fluorescence

characteristic. So we calculated the absorptionisgon and gain cross sections of SGLU7 sample in

order to further research its possibility as miffared laser material. The emission cross sectigy (

of 2.0 um fluorescence spectra can be calculated accortiing-uchtbauer—Ladenburg (FL)

equation[45]

Uem(/]): /]4Aag y Al (1) )
87Tn j)u (A)dA

where A.qis the spontaneous radiative transition probabitifyHo®":’l,—lg transition, A is the
emission wavelength, n is the refractive indexlakg host, ¢ is the velocity of light in vacuuiti))di
is the integrated fluorescence intensity, aigl i the 2.0um fluorescence spectra intensity.

Based on emission cross section, absorption csestion can be obtained by using the

18



McCumber (MC) formula[46]

am(A)=aabs(A)x§xex;{zfo_jﬂ ©)

u

where Z and Z, are the respective partition functions of the loamrd the upper levels involved in the
considered optical transition is equal to 17/15aReter K and T are the Boltzmann constant (1.38
x10% J/K) and the temperature (here it is the room &nampre), respectively., =2014 nm is the
zero-phonon line which means the wavelength fortthesition between the lower Stark sublevels of
the emitting multiplets and the lower Stark sublswd the receiving multiplets.

The absorption and emission cross sections 6f MoSGLu7 sample are shown in Fig.11 (a). It
can be seen that the maximum emission cross segtidor Ho>*:°l,—°lg is 4.41x1CGcn? at 2022 nm,
which is higher than those of germanate-telludt@ x10°* cnf)[47] and silicate (3.07 x18 cnf)[48]
glasses. Thereby, the prepared SGLu7 glass pasgelgiher emission cross section might be a
superior laser material for achieving intenseilaser.

In addition, gain coefficient is another charactéci parameter to evaluate 2®n emission
properties quantitatively. Therefore, the gain §@e6 () can be calculated by
GA) = N[Pa,, () = (L~ P)Tud )] ©)
where P is the population inversion given by theraetween the population of Bfc’l; level and the
total HO™* concentration and N is the total concentratioflof’ Fig.11 (b) indicates the gain spectra of
2.0 um of SGLu7 glasses. Obviously, when the populaitimersion P>0.4, the gain cross sections in
the range of 1700-2300 nm become positive. It iggsested that the prepared H¥b*" co-doped
SGLu7 glass would be a suitable optical materiabldtain 2.0um infrared emission thanks to the

excellent gain properties.
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7 |—— Absorption cross section (1)

—— Emission cross scction

Cross section(10™'cm?)
Gain coefficient(cm™)

f . . L 3 " L . L L
1700 1800 1900 2000 2100 2200 1700 1800 1900 2000 2100 2200
Wavelength(nm) ‘Wavelength(nm)

Fig. 11 (a) The calculated absorption and emission cresons (b) gain coefficient for prepared glassl(80.

4, Conclusions

This study investigated the structure and fluoreseecharacteristic in the EéYb** co-doped
germanosilicate glasséy using lanthanide additives }@s. The introduction of LyOs; improves the
thermal stability of glass system owing to the dxilip character of Lanthanide cations*fuAnd
Lu,0O; changes the structure of glass to decrease thiealpitiy of rare-earth clustering (F0,
conducing to the fluorescence characteristic oingerosilicate glass. Meanwhile, the J-O intense
parameters and radiative lifetimes of ¥¥b>* co-doped germanosilicate glass with different
concentration LpO; are calculated and discussed. The results ofamdt discussion indicate that
SGLu7 possesses optimal fluorescence charactefi$tee emission cross section at 2r@ reaches as
high as 4.41 x18 cn? in SGLu7 glass. According to the experimental lissihe germanosilicate
glass with the modification of LL®; might be a promising candidate for 2u@ laser.
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Highlights:

1.

2
3.
4

Structural and fluorescence properties of germanosilicate glasses were researched.
The addition of Lu,Os increases AT to improve the thermal stability of glass host.
The increase of NBO can decrease the cross relaxation effect among RE-RE ions.
Fluorescence properties of Ho>* have been improved due to the increase of NBO.



