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Abstract This paper reports on the spectroscopic proper-
ties and energy transfer analysis of Tm>"-doped BaF,-
Ga,03-GeO,-La,03 glasses with different Tm,O3 doping
concentrations (0.2, 0.5, 2.0, 2.5, 3.0, 3.5, 3.5, 4.0 wt%).
Mid-IR fluorescence intensities in the range of 1,300 nm
—2,200 nm have been measured when excited under an
808 nm LD for all the samples with the same pump power.
Energy level structure and Judd-Ofelt parameters have been
calculated based on the absorption spectra of Tm>", cross-
relaxation rates and multi-phonon relaxation rates have been
estimated with different Tm,O3 doping concentrations. The
maximum fluorescence intensity at around 1.8 wm has been
obtained in Tm,03-3 wt% sample and the maximum value of
calculated stimulated emission cross-section of Tm®" in this
sample is about 0.48x1072° cm? at 1,793 nm, and there is
not any crystallization peak in the DSC curve of this sample,
which indicate the potential utility of Tm®*-doped BaF,-
Ga,03-GeO,- La,O5 glass for 2.0-um optical fiber laser.

Keywords Tm3+-doped BaF,-Ga,03-Ge0,-La,05 glass -
Spectroscopic properties - Energy transfer process -
Judd-Ofelt theory - Stimulated emission cross-section

Introduction

2.0-um laser has many potential applications in remote
sensing, laser radar, surgery in medicine, material process-
ing, ultra-low-loss-long-span communication [1-6]. As the
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transition of *F, — *Hjg of trivalent thulium can generate
radiations near 2.0-um, in recent few years, Tm>"-doped
laser materials have been widely studied. At least three
reasons can be accounted for it [7]: (1) the strong absorp-
tion band of Tm>" around 800 nm overlaps with the
fluorescence band of high power commercially available
AlGaAs laser diodes; (2) with high doping concentration,
the theoretical quantum efficiency of Tm>"-doped optical
fiber laser is nearly 200% due to the strong cross- relaxation
(*He, *Hy — °F4, °F4); (3) the lasing range of Tm>"-doped
fiber lasers can be tuned over a wide range.

To get efficient Tm**-doped 2.0-pum optical fiber laser,
some factors should be considered for the glass host, such
as the highest phonon energy, environmental durability,
fiber drawing ability, rare-earth ion solubility and the purity
of the starting materials [8, 9]. Many glass hosts have been
successfully used for Tm>"-doped 2-pm optical fiber laser,
such as silica glasses [2, 3, 8, 10], fluoride glasses [11-14].
Though silica glasses have excellent mechanical strength
and environmental durability, the low rare-earth durability
(less than 1,000 ppm), especially the large highest phonon
energy (~1,100 cm ') [15] limit the laser efficiency. The
small phonon energy (~500 cm') [15] make fluoride
glasses attractive as the glass hosts for Tm*"-doped 2.0-pum
optical fiber laser, but its poor mechanical strength, bad
environmental durability and low laser damage threshold
limit its application.

Heavy metal oxide glasses have good mechanical
strengths, high rare-earth ions solubility and moderate
highest phonon energy. Of these, Barium Gallo-Germanate
(BGQG) glass is one type of glasses with good glass forming
ability and thus BGG glass would be a good host material for
Tm*"-doped 2.0-um optical fiber laser. But until now few
reports have focused on Barium Gallo-Germanate (BGG) to
seek for the possibility of its potential application in 2.0-pum
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optical fiber laser. In the present paper, we have focused on
the spectroscopic properties and energy transfer analysis of
Tm’*"-doped BGG glasses due to its good mechanical
strength and environmental durability, moderate highest
phone energy (~900 cm ™).

Experimental

The glass composition is 15Ba0-11Ga,03-70Ge0,-4La,04
(mol %) (BGGL), Tm,0O3 was added externally with dif-
ferent concentrations (0.2, 0.5, 2.0, 2.5, 3.0, 3.5, 4.0 wt%).
In Tm®"- doped laser materials, a low OH  content is
important to reduce the non-radiative energy transfer from
the excited state of Tm®" ion to OH ™ radicals [16] and thus
BaF, was used to totally replace BaO in the raw materials
to reduce the OH  content. The raw materials include reagent
grade BaF; (>99%), high purity Ga,O3 (>99.99%), GeO,
(>99.999%), LayO3 (>99.99%) and Tm,03; (>99.99%).
Batches of 15 g mixture powders have been melted in
quartz crucibles with covers at 1,450 °C for 40 min in a SiC-
heater furnace within ambient atmosphere. All the melted
glass samples were kept heating at 600 °C for at least 2 h,
and then annealed to room temperature gradually; finally
they were cut and polished into the size of 20 mmx= 10 mm x
1.5 mm for optical measurements and 20 mmx10 mmX
0.7 mm for the lifetime measurements of the 3H4 state.
Absorption spectra of the Tm>"-doped BGGL glasses
were measured by Perkin-Elmer Lambda 900 UV-Vis-NIR
spectral photometer in the range of 300-3,300 nm. Infrared
fluorescence spectra of the bulk glass samples were
measured by a Triax 320 spectro- fluorimeter (Jobin-Yvon
Corp.) under the excitation of an 808 nm LD (Coherent
Corp.) with the output power of 1 W, the signals were
collected by a PbSe detector at room temperature, using a
standard SR510 lock-in amplifier. Lifetimes of the *H, state
were obtained from the decay curves of the *Hy — °Fg4
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Fig. 1 Absorption spectra of Tm**-doped BGGL glasses
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Fig. 2 Normalized fluorescence spectra of Tm®>-doped BGGL glasses

fluorescence at 1.46 pwm by using a computer controlled
digitizing oscilloscope and an InGaAs detector. Refractive
index of the samples was recorded on a prism coupling
apparatus (Metricon 2010). Thermal property of the glass
were determined by using a Netzsch STA 449C Jupiter
differential scanning calorimeter (DSC) at a heating rate of
10 K/min from temperature to 900 °C.

Results and discussions
Spectroscopic properties of Tm>"-doped BGGL glasses

Figure 1 shows the absorption spectra of Tm>*-doped
BGGL glass samples with different Tm,0O5; doping concen-
trations (0.2, 0.5, 2.0, 2.5, 3.0, 3.5, 4.0wt%). Six well-
resolved peaks at around 1,670 nm, 1,210 nm, 790 nm,
660 nm and 682 nm, 468 nm, 356 nm can be observed,
corresponding to the ground state absorption of the state *F,,
*Hs, *Hy, °F, and °F;, 'Gy, 'D, respectively. Additionally,
there is a wide OH" absorption peak at around 2.9 pm.

Figure 2 shows the fluorescence spectra of Tm>*-doped
BGGL glass samples. Obviously, the fluorescence intensi-
ties at around 1.46 um due to the 3H4 — 3F4 transitions are
very weak, and the maximum intensity at around 1.8 pum
due to the *F, — *Hy transition has been obtained in the
Tm,05-3 wt% sample.

Judd-Ofelt analysis of Tm®"-doped BGGL glasses
Three Judd-Ofelt intensity parameters €2, (A=2,4,6) have

been obtained from the line strengths of electronic dipole
(Seq) transition using a least-squares fitting [17]:

Sald ) = 3 < st |UP s S (1)
A=2,4,6
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Where J and J' are the total angular momentum of the
initial and terminal states, «SL define all other quantum
numbers needed to specify the states. U™ are the reduced
matrix elements. The fitting quality can be estimated by the
root-mean-square deviation d,,,, [18]:

2 1/2
> (4) ]

6rms -
Niransitons — Mparameters

(2)

The line strength for a magnetic dipole (MD) transition
can be calculated as [17]:

2
) |< f"[aSLIJ||L + 28||f"[/'S'L')J" >

(3)

Where 4 is the Planck constant, m, is the mass of the
electron, c is the velocity of the light. The matrix elements
for MD transition are impossible, if and only if AS = AL,
AJ =0 or £1.

Using the calculated S,; and S,,;, spontaneous transition
probabilities 4 (aJ: bJ"), fluorescence branching ratio g (aJ:
bJ") and radiative lifetime T, from the initial to the terminal
state can be calculated as [17]:

Spa(J, ) = (

2xmec

S 3h(2T + 1A
5 2
WSM((JJ : le) + n3Smd(aJ : bJ/)
(4)
A(aJ : bJ')
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Fig. 3 Judd-Ofelt intensity parameters of Tm®*-doped BGGL glasses

Table 1 Comparison of Judd-Ofelt parameters of Tm>"-doped glass

hosts
Glass host €2, Q4 Qs References
(x10%m?)  (x10%m*)  (x10*%m’)
Fluoride 2.02 1.56 1.10 [19]
Phosphate 5.88 2.88 1.14 [19]
Borate 5.42 2.78 1.66 [19]
Tellurite 4.69 1.83 1.14 [20]
GBPG 2.84 0.50 0.75 [20]
BGGL 4.11 1.21 0.80 This work
(Tm,03-
3 wt%)

Where e is the charge of the electron, n is the refractive
index, 4 is the mean wavelength of the absorption band. As
the small absorption bands would lead to large deviations to
Judd-Ofelt parameters, Judd-Ofelt analysis were only used
for samples with Tm,0; doping concentration higher than
0.5 wt%, the reduced matrix elements derived in Ref. [18].
As can be seen from Fig. 1, 3F, and °F; states are difficult to
be resolved individually; they have been treated as a single
state, the sum value of their matrix elements have been used
for calculation. Judd-Ofelt parameters have been obtained
from five absorption bands ('D,, 'Gy, °F, and °F5, *Ha, °F,).
Figure 3 shows the calculated Judd-Ofelt parameters of Tm**
-doped BGGL glasses with different Tm,O5; doping concen-
trations (2.0, 2.5, 3.0, 3.5, 4.0 wt%). The values of €2, are in
the range of 3.54-4.26x102° cm?, values of Q4 and €
varied slightly with the increase of Tm,0O; doping concen-
tration. The mean squared deviations are 0.04x107°, 0.03
107°,0.28x107°, 0.35x10°°, and 0.18x107° respectively.

Judd-Ofelt parameters of Tm’'-doped different glass
hosts have been summarized in Table 1. Obviously, the €2,
values of Tm>"-doped BGGL glass are larger than values of
Ga,03- Bj,03-PbO-GeO, and fluoride glass, but smaller
than values of other oxide (phosphate, borate and tellurite)
glasses. As (), value is an indicative of the amount of
covalent bonding, and $2¢ value is related to the rigidity of
the host [19], the value of 2 in this work indicate that the
rigidity of the glass host don’t changes much after the
introduction of Tm,05. Table 2 shows the Energy gap (AE),
line strength of electronic dipole (S.,), transition probability
(Ay), branching ratio (3;) and radiative lifetimes (7;) of
Tm®" in the Tm,05-3 wt% sample.

Energy transfer among Tm®" in BGGL glasses

For the weak fluorescence intensities at around 1.46 pum,
three possible non- radiative decay processes can be
contributed for it: cross-relaxation (*Hs, *Hg — °Fa4, *F4)
and multi-phonon relaxation [9, 21], as well as resonant
energy transfer [22].
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Table 2 Calculated energy gap (AE), line strength (S,,), transition probability (4 ), branching ratio (3, and radiative lifetimes (7,) of BGGL

glass with 3 wt% Tm,0;

Transitions Energy gap Line strength Transition Branching Radiative
AE (cm ") Sea(x107*%cm?) probability A(s ") ratio (3, lifetimes 7,. (ps)

3F, — *Hg 5952.4 3.9034 303.5066 1 4,104

*Hs — 3Hg 8264.5 1.3242 329.912 0.978

*Hs — 3F, 2312.1 1.3254 7.2656 0.022 4,044

*H, — *Hg 12658.2 1.8229 1744.8451 0.921

*H, — °F, 6705.8 0.993 125.8863 0.066 818

*H, — *H; 4393.7 0.6693 23.4589 0.012

3F; — 3Hg 14639.1 1.0211 2045.4774 0.752

’Fy — °F, 8686.7 0.1374 189.8005 0.07

’Fy; — *Hs 6374.6 3.7352 482.5576 0.19

3F, - 3H, 1980.9 1.0897 3.9993 0.001 496

3F, — Hy 15174.5 0.1909 865.4978 0.415

3F, - 3F, 9222.1 1.6791 981.3078 0.471

3F, — 3Hs 6,910 0.7963 215.6277 0.103

3F, — Hy 2516.3 1.942 23.1333 0.011

3F, — 3F, 535.4 0.2969 0.0273 0 762

G, — Hg 21390.4 0.3561 1235.2992 0.396

'Gy — 3F,4 15,438 0.2618 438.7408 0.141

1G4 — *Hs 13125.9 0.7854 1011.6692 0.324

G, — *Hy 8732.2 1.1004 361.7969 0.116

1G4 — °F; 6751.3 0.3633 59.8289 0.019

'Gy — °F, 6215.9 0.153 11.5674 0.004 458

'D, — Hg 28248.6 0.46 4190.218 0.69

'D, - 3F, 22296.2 3.3109 28098.977 0.833

'D, — 3H; 19984.1 0.0142 129.0559 0.004

'D, — 3H, 15590.4 0.8532 2763.9267 0.078

D, - 3F, 13609.5 0.955 1707.0568 0.046

D, - 3F, 13074.1 0.7209 782.3016 0.021

D, - 1Gy 6858.2 1.182 253.9052 0.008 34

Figure 4 shows the energy level structure and cross-
relaxation process of Tm>" in BGGL glasses. Figure 5
shows the normalized fluorescence (*H, — °F4) and
absorption (*Hg — °F4) spectra of the Tm,05-0.5 wt%
sample. As can be seen from Fig. 5, there is a small spectral
overlap between the fluorescence and absorption spectra,
which indicates resonant energy transfer would occur
among Tm>". Han and co-workers [22] studied the energy
transfer process due to the small spectra overlap in Tm®*-
doped germanate glasses under different temperature, they
concluded that the contribution of energy transfer due to the
small spectral overlap is minimal.

The calculated energy mismatch between the two transi-
tions (*Hy — °F, and *Hg — °E,) is about 930 cm™ ', which
indicates cross-relaxation process requires the assistance of
phonons [9]. Figure 2 also shows that the fluorescence
intensity at around 1.46 um in the Tm,05-0.2 wt% sample
is much higher than those in other samples; therefore cross-

@ Springer

relaxation in the Tm,05- 0.2 wt% sample can be neglected
compared with other samples.

Figure 6 shows the measured fluorescence lifetimes of
the *H, state of Tm®" in BGGL glasses. Obviously, with the
increase of Tm,03 doping concentration, measured fluo-
rescence lifetimes decreased. If the resonant energy transfer
process can be neglected, using the measured fluorescence
lifetimes of *Hy states and radiative lifetimes calculated by
Judd-Ofelt theory, cross-relaxation and multi-phonon relax-
ation rates can be estimated as follows [22]:

1 1
Wer = — 7
R T (xwt%)  7,(0.2w1%) (7)
1 1
Wypr = — — — — Wer (8)
Tm T
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Fig. 4 The energy level structure and cross-relaxation process of
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Where Wcg is the cross-relaxation rate, 7, is the
measured lifetime of the *H, states, x is the doping
concentration of Tm,Oz higher than 0.2, Wpp is the
multi- phonon relaxation rate, and 7, is the calculated
lifetime of *Hy states using Judd-Ofelt theory. Table 3
shows the measured and calculated results of Tm®" in
BGGL glasses.

As can be seen from Table 3, for the *H, — 3F,
transitions, with the increase of Tm,0O3 doping concentra-
tion, cross-relaxation rates increase rapidly, but multi-
phonon relaxation rates are considered to be unchanged
within the calculation error and they are much lower than
cross-relaxation rates, especially in samples with Tm,0;
doping concentrations higher than 2.5 wt%.
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Fig. 6 The measured fluorescence lifetimes of the *H, state of Tm>"
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For the *F; — >Hj transitions, results in Table 3 show
that fluorescence integration intensity value of the Tm,05-
3 wt% sample is about 7.75 times of the value obtained in
the Tm,03- 0.2 wt% sample. If multi-phonon relaxation
rates between °F, and *Hg states can be neglected compared
with cross-relaxation rates, the maximum fluorescence
intensity obtained in Tm,03-3 wt% sample indicate the
highest fluorescence quantum efficiency of this sample
among all of the Tm>"-doped BGGL glasses.

Absorption and stimulated emission cross-section
of Tm**-doped BGGL glass

Absorption cross-section (o,) was determined from the
absorption spectra using Beer-Lambert equation [23]:

ca) = Nil In (170) 9)

Where N is Tm® doping concentration, / is the thickness
of the sample, /, and [ are the intensities of the incident and
transmitted light respectively. Stimulated emission cross-
section (o,) was calculated from the fluorescence spectrum
by using the Fuchtbauer- Ladenburg (F-L) formula [23]:

FL »
= m/‘bg (4) (10)

Where 3 is the branching ratio (for the °F, level, 5=1),
A, is the radiative transition probability, and g()\) is the
normalized line-shape function obtained from the measured
fluorescence spectrum [23].

Figure 7 shows the absorption and stimulated emission
cross-section of Tm*>" for the *F4 — *Hj transition in BGGL
glasses with 3 wt% Tm,O3, the peak emission cross-section
occurs around 1,793 nm, with a value of 0.48x 10720 cm2,
larger than values in other glass systems: 0.41x107%° cm? in
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Table 3 Measured and calculated results of Tm*" in BGGL glasses

Sample x (Wt%)  Ha 7y (ps) *Hy 7 (us)  Wer (s_l) Whipr between Ry T, (pus)  Fluorescence integration
3H, and °F, states s™h intensity of 3F, — 3Hg transition
(1,530-2,200nm)
BGGLO02 0.2 239 - - - - 349.0
BGGLO05 0.5 224 - 280.2 - - 553.9
BGGL20 2.0 87 822 7310.2 2967.6 3,926 1517.7
BGGL25 2.5 56 900 13673.0 3073.0 4,439 2016.2
BGGL30 3.0 42 818 19625.4 2961.6 4,104 2703.8
BGGL35 3.5 32 777 27065.9 2897.1 3,901 2221.5
BGGL40 4.0 23 795 39294.2 2926.2 3,956 2009.6

GGBP glass [20], 0.37x107%° ¢cm? in oxyfluoride precursor
glass [23], 0.32x102° cm? in tellurite glass [24], 0.42x
10%° cm? in lead germanate glass [25].

Thermal property of Tm**-doped BGGL glass

Figure 8 shows the DSC curve of Tm**-doped BGGL glass
with Tm,O; doping concentration of 3 wt%. The glass
transition temperature (T,) is about 672 °C, and there is no
evident crystallization peak on the DSC curve, which
indicate the good fiber drawing ability of this glass.

Conclusions
In summary, we have investigated the spectroscopic

properties and energy transfer processes of Tm>"-doped
BGGL glasses with different Tm,0O3 doping concentrations
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Fig. 7 Absorption and stimulated emission cross-section of Tm*" in
BGGL glass (Tm,05-3 wt%)
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0.2, 0.5, 2.0, 2.5, 3.0, 3.5, 4.0 wt%) at room temperature.
Due to the strong cross- relaxation, for samples with Tm,0;
doping concentration higher than 0.5 wt%, fluorescence
intensities at around 1.46 pum are very weak, and the
maximum fluorescence intensity at around 1.8 pm was
obtained in the Tm,05-3.0 wt% sample. Energy transfer
analysis show that, with the increase of Tm,O; doping
concentration, cross-relaxation rates would increase rapidly,
but multi-phonon relaxation rates changed slightly and they
are much lower than cross-relaxation rates, the highest
fluorescence quantum efficiency also obtained in the
Tm,05-3.0 wt% sample. The stimulated emission cross-
section exhibit a maximum value of 0.48x107%° cm” at
around 1,793 nm, and thermal property result shows there
is not evident crystallization peak on the DSC curve of the
Tm,05-3 wt% sample, which indicate the potential of Tm®
“_doped BGGL glass for 2.0 um optical fiber laser.
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—_— : : —
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Fig. 8 DSC curve of Tm*"-doped BGGL glass (Tm,03-3 wt%)
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