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For enhancing the 2.0 pm band fluorescence of Ho®', a certain amount of WO; oxide was introduced into
Ho®*/Tm**/Yb*" tri-doped tellurite glass prepared using melt-quenching technique. The prepared tri-doped tellurite
glass was characterized by the absorption spectra, fluorescence emission and Raman scattering spectra, together with
the stimulated absorption, emission cross-sections and gain coefficient. The research results show that the introduction
of WOj; oxide can further improve the 2.0 pum band fluorescence emission through the enhanced phonon-assisted en-
ergy transfers between Ho®*/Tm*"/Yb®" ions under the excitation of 980 nm laser diode (LD). Meanwhile, the maxi-
mum gain coefficient of Ho’* at 2.0 um band reaches about 2.36 cm™. An intense 2.0 um fluorescence emission can be
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realized .
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Solid state lasers around 2.0 pm band have important
application prospect!' ). Owing to its unique energy level
system for 2.0 um emission of 5I,—°Ig transitions,
Ho**-doped glass materials are investigated'**'. Unfortu-
nately, under the excitation of a commercial 800 nm or
980 nm laser diode (LD), Ho’" ions have no correspond-
ing absorption energy levels. Thus, Ho’* ions are applied
in the co-doping with other sensitizers, such as Tm’" and
Yb**, which can be efficiently pumped by a 800 nm or
980 nm LD™!, Up to now, silical® silicate!”, bismuth!®”!
and chalcogenide!'” glasses have been investigated as
hosts of Ho'" to achieve intense infrared emission.
Compared with these glasses above, Ho*"-doped tellurite
glass has obtained more attention due to its higher
rare-earth ion solubility, easier preparation process, bet-
ter physical stability and chemical durability, wider
transparency window (0.35—5.00 pm) and higher re-
fractive index (~2.0)"'12],

Ho*/Tm’*/Yb*" tri-doping is an efficient scheme to
realize intense 2.0 um fluorescence of Ho " through the
energy transfer (ET) processes between the doped
rare-earth ions"™'*!. However, there are energy differ-
ences between the levels involved in the ET processes,
such as ~1900 cm™ between Yb*':*Fs;, and Tm*':*Hs,
~1 800 cm™! between Yb**:*Fs;, and Ho>*:1, and ~930 cm!
between Tm>":*F, and Ho*":’I,, which indicates that the
phonons of glass host will be needed to compensate these
differences in the ET processes. Obviously, the glass host

with suitable phonon energy is more beneficial for these
ET processes.

It is known that the structural units of WO; oxide have a
relatively larger phonon energy (~930 cm™) compared with
that of TeO, counterpart (~750 cm™)!"*"* which is more
suitable to bridge the energy differences between
Ho®/Tm*/Yb* ions. Also, the introduction of a certain
amount of WO; in the tellurite glass can improve the ther-
mal stability of glass host and the luminescent properties of
doped rare-earth ions to some extent. In this paper, WO;
oxide was introduced into Ho’/Tm*/Yb** tri-doped tel-
lurite glass with composition TeO,-GeO,-Li,O-Nb,Os to
further enhance the 2.0 pm fluorescence of Ho".

Ho®"/Tm*/Yb™ tri-doped tellurite glasses with
compositions of (72—x)Te0,-15GeO,-5Li,0-5Nb,05-0.5
Ho0,0;-0.5Tm,0;-2Yb,03-xWO; (x=0, 15 ) in mole per-
cent were prepared using conventional melt-quenching
technique, which are labeled as TGW0 and TGW15 cor-
responding to WO5 amount for clarity. Meanwhile, Ho>*
single-doped glass with composition of 74.5TeO,-
15Ge0,-5Li,0-5Nb,05-0.5H0,0; and Tm** single-doped
glass with composition of 74.5TeO,-15Ge0,-5Li,0O-
5Nb,05-0.5Tm,0; were also prepared as reference and
denoted as TGH and TGT, respectively. The starting ma-
terials of TeO,, GeO,, Li,O, Nb,Os and WO were re-
agent-grade, and Ho,0O;3, Yb,0O3; and Tm,0O; were high
purity (99.99%). Batches of 10 g powders were weighed
and mixed thoroughly, and then were melted at about
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900 °C for 0.5 h in the dry gas atmosphere. The obtained
glass melt was cast immediately into a preheated
stainless steel mold, then was annealed at 10 °C below
the glass transition temperature for 2 h, and finally was
cooled down to the room temperature. All the glass sam-
ples were cut and polished into the same size of
10 mm>x10 mmx1.5 mm to meet the requirements for
further spectroscopic measurements.

The ultraviolet-visible-near infrared (UV-Vis-NIR)
absorption spectrum of glass sample was recorded with a
Perkin-Elmer-Lambda 950 spectra photometer. The
fluorescence emission spectrum was measured with a
Jobin Yvon Triax550 spectrophotometer under excitation
of 980 nm LD with maximum power of 2 W. The Raman
measurement was carried out using a confocal Ra-
man spectroscopy Horbia Jobin Yvon (Model HR800 UV)
with argon ions laser. The above measurements were
performed at room temperature.

Fig.1 presents the measured UV-Vis-NIR absorption
spectra ranging from 400 nm to 2 200 nm of Ho>" single-
doped TGH, Tm’" single-doped TGT and Ho’*/Tm*"/
Yb** tri-doped TGWx (x=0,15) glass samples. For TGH
glass sample, there is no absorption match readily avail-
able 800 nm or 980 nm LDs except for some weak ab-
sorption bands of Ho®" ions. Whereas for TGT and
TGWx (x=0, 15) samples, strong absorption bands of
Tm®" ions at ~800nm and especially Yb*" ions at
~980 nm can be found, which are the bases for Tm®" and
Yb*" sensitizing to Ho*" ions. With the introduction of
some WO; oxide, the absorption peak wavelength
scarcely changes in TGW 15 sample, which indicates that
WO; oxide has little effect on the positions of the lowest
Stark sub-levels of manifolds.
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Fig.1 The measured absorption spectra of TGH, TGT
and TGWXx (x=0, 15) glass samples

Fig.2 shows the measured fluorescence emission spec-
tra of TGH and TGWx (x=0, 15) glass samples ranging
from 1400nm to 2200nm under the excitation of
980 nm LD. It is shown that no emission can be found in
TGH sample because there is no absorption for Ho®* ions
around 980 nm, while TGWx (x=0, 15) samples emit a
relatively weak 1.8 pm fluorescence and a very strong
2.0 um fluorescence, which correspond to the transitions
of Tm**F,—~’H, and Ho"’I,—"I,, respectively. Pumped
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by 980 nm LD, the relevant transitions including ET
processes involved for the 2.0 um emission in
Ho*'/Tm*"/Yb* tri-doped tellurite glass are depicted on
the energy level diagram shown in Fig.3. Firstly, Yb**
ions populated at the ground state “F,), are excited to the
2F5/2 level under the 980 nm excitation, then Yb*" ions at
the *Fs, level transfer their energy to the neighboring
Tm®" and Ho®" ions, and they are excited to *Hs and °I¢
levels through the ET processes of Yb3+:2F5/2+Tm3+:3H6
SYb¥2F,,+Tm* *Hs and Yb*":*Fsp+Ho ;- Yb® ™
’F,tHo™ I, respectively. After that, parts of Tm®* jons
at the 3H5 level and Ho®" ions at the 54 level drop to their
corresponding °Fy level and °I; level respectively through
the multi-phonon relaxation processes. Along with these
processes, the existed ET processes from Ho®":’I, level to
Tm*":*Hs level and from Tm>":*F, level to Ho>":’I, level
are beneficial for the population of Ho®" ions at the °I;
level. Finally, the intense 2.0 um fluorescence of Ho" is
observed when Ho>" ions at the 3, level radiate to the
ground states Is.
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Fig.2 The measured fluorescence spectra of Ho*
single-doped TGH and Ho**/Tm*'/Yb*" tri-doped TGWx

(x=0, 15) glass samples (The inset is Raman spectra
of TGWO0 and TGW15 glass samples.)
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Fig.3 Energy level diagram of Ho**, Tm®*" and Yb** ions
and relevant transitions pumped at 980 nm

As mentioned above, the 2.0 um fluorescence emis-
sion of Ho®" ions is significantly larger than that of the
1.8 um fluorescence of Tm’" ions, and the reason is
mainly attributed to the ET from Tm**°F, to Ho*" 1,
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which leads to the accumulation of a large number of
Ho®" ions at °I; level. Meanwhile, it is noticed that the
introduction of WO; oxide results in the desired en-
hancement of 2.0 pm fluorescence, which is attributed to
the enhanced ET between Ho’"/Tm’*/Yb*" ions. With the
introduction of WO; oxide, the maximum phonon energy
of glass host increases accordingly, which can be seen
from the measured Raman spectra of TGWx (x=0, 15)
samples shown in the inset of Fig.2. The Raman scatter-
ing band centered at around 455 cm™ is related to the
bending and stretching vibrations of Te-O-Te or O-Te-O
linkages with O in an alternatively axial and equatorial
position, the bands centered at around 683 cm™ and
765 cm™ are originated from the stretching vibrations of
Te-O bonds in the [TeOy4] trigonal bi-pyramid units and
stretching vibrations between Te and non-bridging oxy-
gen of [TeO;.s] trigonal pyramid units, respectively,
while the new occurring band centered at around
940 cm™ corresponds to the characteristic stretching vi-
brations of W-O" or W=0 bonds associated with [WOy,]
and [WOq] units!"*"!. The large phonon energy of glass
host is beneficial to compensate the energy differences
between the relevant levels involved in the ET processes
for Ho’"/Tm**/Yb*" tri-doped glass sample, so a much
strong fluorescence emission can be anticipated.

Fig.4 shows the stimulated absorption cross-section
(0aps) and emission cross-section (cem) of Ho ' :’I,’Ig
transitions in TGW15 sample, which are calculated from
the measured absorption spectrum based on the Beer-
Lambert law and McCumber theory!"®'”). The emission
cross-section peak of 1.05x102° cm?” locates at 2 038 nm,
which is much larger than that in fluorophosphate!'® and
germinate!'” glasses. The large emission cross-section is
mainly due to the high refractive index of glass host,
which is favorable for achieving intense 2.0 um fluores-
cence emission. To evaluate the amplifying ability of
prepared TGW15 sample, the gain coefficient G(1) of

Ho®" is calculated on the basis of o, and oen, according
[9,20]
to

G(4)=N[Po,,(2)-(1-P)o,,(2)] (1)

where P represents the population inversion, and N
stands for the total concentration of doped Ho®' ions,
which can be calculated from the measured sample den-
sity and initial composition. The inset of Fig. 4 shows the
calculated gain coefficient spectra of Ho*":’I,—I transi-
tion in TGW15 sample with various P values ranging
from 0 to 1. The maximum gain coefficient of Ho’* ions
is 2.36 cm™ at 2 042 nm in TGW15 glass sample, which
is larger than that of 1.62 cm™ in silicate glass'*”!. There-
fore, owing to the higher gain coefficient of Ho** ions in
this paper, it is expected that Ho®>"/Tm*"/Yb*" tri-doped
tellurite glass with a certain amount of WO; oxide has an
advantage in application for 2.0 um band infrared lasing
devices.

Optoelectron. Lett. Vol.12 No.5

X 10-2”
2.0

wn
T

, Gain coefficient (cm”)

1

I I Ll
1800 1900 2000 2100
Wavelength (nm)

Cross-section (cm’)
(=)
T

1 1 1

0.0 o :
1750 1800 1850 1900 1950 2000 2050 2 100
Wavelength (nm)

Fig.4 The calculated stimulated absorption and emis-
sion cross-sections of Ho®* for 2.0 ym transition (The
inset shows gain coefficient spectra of Ho® in the
TGW15 glass sample with different P.)

Ho®"/Tm*'/Yb*" tri-doped tellurite glasses with a cer-
tain amount of WO; oxide were prepared using conven-
tional melt-quenching technique, and the 2.0 um fluo-
rescence properties of Ho®" ions was investigated. Com-
pared with the sample without WO; oxide, the Ho'/
Tm*'/Yb*" tri-doped tellurite glass with WO; oxide ex-
hibits a much stronger 2.0 um fluorescence under the
excitation of 980 nm LD which is attributed to the en-
hanced ET. This result indicates that Ho®"/Tm**/Yb**
tri-doped tellurite glass with a certain amount of WO;
oxide is a promising gain medium for 2.0 um laser.
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