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Intense 2.7-um emissions are obtained from Er®t /Nd3* co-doped tellurite glass samples under the 808-nm
laser diode excitation. According to the absorption spectra, Judd-Ofelt parameters and radiative transition
probabilities are calculated and analyzed using the Judd-Ofelt theory. The spectroscopic properties and
energy transfer mechanism between Er®™ and Nd3' are analyzed. The effects of OH™ content on the
spectroscopic properties of Er®* / Nd** co-doped samples are discussed. The obtained results indicate that
Er®" /Nd3T co-doped tellurite glass can significantly develop optical properties of 2.7-um emission, if OH™

groups can be effectively eliminated.
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Over the past several decades, the increasing demand
of potential applications in medicine, remote chemical
sensing, the military, and laser surgery, among others,
has given rise to the necessity of investigating optical
properties in the wavelength region around 2.7 pm!* =5,

Among various rare earth ions, Er3* has played an
important role due to the interesting 4111/2 —>4113/2
transition. However, the quantum efficiency of this
transition is rather low in most glass matrices because
the energy gap between the *Ijq/5 and *Ij3/ levels is
much lower, resulting in the large nonradiative transi-
tion probability of *I;; /2[6’7]. To obtain high lumines-
cent efficiency, low phonon energy glass hosts are re-
quired. Thus, previous efforts have been mainly focused
on non-oxide types of glass, such as fluoride, chalco-
genide, and some crystall®=16l. However, according to
previous research!!”18] a family of tellurite glass shows
promise as host material for rare-earth doping because
of ideal glass stability and durability as well as relatively
low phonon energy (700 cm~!). Meanwhile, to obtain
intense 2.7-pm emission, the suitable co-doping of rare-
earth ions is required to increase the pumping efficiency
of laser diodes via energy transfer. Many rare-earth ions,
such as Yb3*, Ho3t, Pr3t, Tm3t, and Nd®*t, have been
co-doped with Er3* as sensitizer ions to take advantage
of the 2.7-pm emission!*9—24,

OH™ groups can greatly affect the optical transmission
loss in types of glass. Previous studies have also shown
that OH™ groups greatly influence the non-radiative
transition of Er®*; OH™ groups are among the impor-
tant quenching centers in glass hosts!?>26]. Therefore,
this work chooses tellurite glass as host matrix to dope
with Er3T/Nd3*. Judd-Ofelt parameters and radia-
tive transition probabilities are calculated and discussed
based on the absorption spectra using the Judd-Ofelt
theory. Moreover, emission properties, energy transfer
processes between Er3T and Nd?*t, and the effect of OH™
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groups are investigated systemically.

The investigated glass has the molar composition
of (69—I)T€OQ—2OZDO—IONaQCC)g—lEI‘QOg—INdQOg(I:O,
0.25, 1, and 2). The samples were prepared using high-
purity powders of TeOz, ZnO, NayCOs, ErsOs, and
Nd2O3. Well-mixed 20-g batches of each sample were
placed in a platinum crucible and melted at 850 °C
for 30 min. To reduce the OH™ content, drying proce-
dures were applied, and the melting glass was bubbled
with high-purity oxygen gas. Samples of 67TeO2-20Zn0O-
10NayCO3-1Ers03-2Nd, O3 were prepared with no bub-
bling or 60 min of bubbling, respectively. Then, each
melted sample was cast on a preheated steel plate and
annealed for several hours at a temperature of 10 °C
below the T, before cooling to room temperature at a
rate of 20 °C/h.

The absorption spectra were recorded by a Perkin-
Elmer-Lambda 900UV /VIS/NIR spectrophotometer in
the range of 300-1 200 nm. The emission spectra were
measured with a Triax 320 type spectrometer (Jobin-
Yvon Co., France) upon excitation at 808 nm. The in-
frared transmission spectrum was obtained by a Thermo
Nicolet (Nexus FT-IR Spectrometer) spectrophotometer.
All measurements were carried out at room temperature.

Figure 1 shows the absorption spectra of the Er3* and
Er3* /Nd3* doped tellurite glass samples. All the in-
trinsic absorption transitions from the ground state to
the higher state of Er3* and Nd3* in the region of 300
1100 nm were observed. In the absorption spectra, a
strong absorption was observed at around 808 nm in the
Er3*t/Nd3* co-doped glass, indicating that an 808-nm
laser diode can be an efficient excitation source. The
absorption coefficient of co-doped samples at around
808 nm was proportional to the Nd®>* concentration, as
shown in the inset of Fig. 1. With the increment of the
Nd?*t concentration, the absorption intensities of 808-
nm enhanced proportionally. Thus, the Er®*/Nd** can
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Fig. 1. Absorption spectra of the Er®* and E1V3+/Nd37L doped

tellurite glass. The inset shows Nd®* concentration depen-

dence of the absorption coefficient at 808 nm.

greatly increase the absorption of the 808-nm pumping
light.

To calculate the integrated absorption coefficient for
each band, this study used the base glass corrected ab-
sorption spectrum. A set of equations, depending on the
number of absorption bands considered for the simula-
tion, was generated from the measured electric dipole
line strength. By employing the least square fitting
method on those equations, the J-O intensity parame-
ters Q; (t = 2, 4, 6) were attained. The parameters were
Qs =9.68x10720 cm?, Oy = 1.11x1072% cm?, and Qg =
1.89x1072° cm?, respectively, which were similar to those
in tellurite systems reported beforel?”). The root-mean-
square error deviation of the calculated and experimental
transition oscillator strength was 0.7x107°, which was
close to that of other reported types of glass?®l. The
results verified the reliability of the calculations as well
as the validity of the Judd-Ofelt theory for the spectral
intensities of Er3* ions.

In general, radiative properties can be predicted by in-
tensity parameters €2;. The line strength for an electric-
dipole transition (Se.q) can be given by

Sea= Y QAN (S, L) | UD || 4fN(S, L)T).

t=2,4,6
(1)

Additionally, the line strength for a magnetic-dipole
transition (Spmq) between J manifolds when the transi-
tions subject to the selection rules (AS=AL=0; AJ=+1
or 0) are represented as

1

4m2c?

Sind {(S,L) J || L+25 | (8", L) I*. (2)

Subsequently, the spontaneous transition probabilities
are given by
A [(S, L) J; (S/, LI) JI] = Aeq + Ama

64mte? n (n®+ 2)2 3
T3 (21 1) g Sed T Smal, (3)

where Agq and A,q are the electric-dipole transition and
magnetic-dipole spontaneous transition probability, re-
spectively.

Furthermore, the fluorescence branching ratios § and
radiative lifetimes 7,4 can be calculated from

A[(S, L) J; (5", L) J']
> ANS L) (S, L) T

S’,L’,J’
(4)

rwa={ 3 AL 1S L)) (5)

S’ L",J’

BI(S, L) J: (S, L") J'] =

Using Egs. (1)—(5) and Q; parameters, the spontaneous
transition probability (A), total spontaneous transition
probability (> A), radiative lifetime (7yaq), and branch-
ing ratios () of the optical transitions for the Er3* doped
tellurite glass were calculated (Table 1). The predicted
spontaneous emission probabilities for *I;; /2 —>4113/2
of Er®t was 79.54 s~!, which was higher than those
of fluorophosphates (22.16 s~1). A higher spontaneous
emission probability generally provides a better oppor-
tunity to obtain laser operation. Therefore, the tellurite
glass in this work can be a promising host material to
achieve 2.7-um emission based on the Er3+:4111/2—>4113/2
transition.

Once the J-O Parameters are known, the radiative
properties can be calculated, such as the radiative
transition probabilities (A) and branching ratio of the
4111/2—>4113/2 transition (), which are also shown in
Table 1. The radiative transition rate A and fluorescence

Table 1. Predicted Spontaneous Transition
Probability (A), Total Spontaneous Transition
Probability (3> A), Branching Ratios (3), and

Radiative Lifetimes (Trad) of Tellurite Glass for
Various Selected Excited Levels of Er3*

Transition AT DA™Y B%) T
‘iz =52 422,01 422.01  100.00 2.37
12 =52 502.47 582.01  86.33 1.72

Ty3/2 79.54 13.67
o2 —L1s/0 188.69 338.23 5579 2.96
Ti3/0 144.92 42.85
12 4.62 1.37
“Fgo — 152 3027.23 342676 88.34 0.29
“Tiz/2 164.20 4.79
i1 /0 223.20 6.51
o2 12.13 0.35
1S3/ =152 369226  5826.39  63.37  0.17
T30 1 868.30 32.07
12 111.84 1.92
o2 153.99 2.64
*Hyijo —*lis2 2 4445.45
‘Fr/0 =152 8 058.62
Fspp — 2 301.44
*Hg /o — 3377.32 10 582.77 0.01  0.09
T30 5 292.79 50.01
Th1/2 1 723.11 16.28
1o
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Fig. 2. 550-nm up-conversion and 1.5-pym and 2.7-pym emis-
sion spectra of Er** doped and Eer’Jr/Nd?’Jr co-doped tellurite
glass under 808-nm excitation.

branch ratio 8 of 4111/2—>4113/2 of Er®t were 79.54 !
and 13.67%, respectively.

Figure 2(b) shows the 1.5-pm emission spectra pumped
by 808 nm. The emission around 1.5-um was observed
as due to the transition of Er®T:'l;3/,0—"T;5,,. With
the increase of the Nd3* doping concentration, 1.5-um
emission intensity decreased obviously. The emission in-
tensity decreased with the further increase of the Nd3*
concentration. The same phenomenon can also be ob-
served in Fig. 2(a).

Figure 2(c) shows 2.7-pm emission spectra pumped by
808 nm; the Er*t doped sample is shown to have almost
no emission around 2.7 um. With the increase of the
Nd3* concentration, the intensity of the emission at 2.7
pm increased gradually.

Without Nd3* as sensitizer, the Er®*-doped glass pre-
sented the very weak intensity of 2.7-um emission spec-
tra, compared with the strong 550-nm and 1.5-pm emis-
sions. The increase in the content of Nd3t not only led
to an enhancement in the 2.7-pm emission but also in the
reduction in the 550-nm and 1.5-um optical emissions,
as shown in Fig. 3. As a consequence, Nd3*may be
concluded as a suitable sensitizer to enhance the 2.7-pym
emission in Er®*-doped tellurite glass. Nd3* ions can ob-
viously enhance the absorption of the pump energy and
transfer the energy to Er3* ions. Meanwhile, they could
be the quenching center for the 550-nm up-conversion
and 1.5-um emission.

According to the abovementioned absorption and emis-
sion spectra, the physical mechanism describing both
visible and infrared emissions can be summarized as
shown in Fig. 3. Er®t ions were first excited from
the ground state to the *Ig/ level by an 808-nm laser.
Meanwhile, Nd** ions were excited directly to the “Fj /o
and 2Hg 2 levels. On one hand, a part of the excited
Nd?t ions relaxed non-radiatively to the 4F3/2 level.
On the other hand, Nd*' ions in the “F5/5, *Hy)o,
and 4Fj /2 levels transferred their energy to Er3+:419/2
and 4111/2 via the processes (Nd3+:4F5/2, 2H9/2 +
Er3+:4115/2) —>(Nd3+:419/2—|—Er3+:419/2), (Nd3+:4F5/2,
2H9/2 + EI‘3+:4115/2)—>(Nd3+3419/2+ EI‘3+:4111/2), and
(Nd3+Z4F3/2+ Er3+:4115/2)—>(Nd3+:419/2+ Er3+:4111/2).
These energy transfer processes increased the popu-
lation of Er®t:*I;;,5, which led to enhanced 2.7-um

emission corresponding to 4111/2 —>4113/2. As a re-
sult, the increasing population of Er3*:I, s2 could
lead to an increasing 550-nm up-conversion and 1.5-
pm emission. However, an obvious decrease was ob-
served in the 550-nm and 1.5-pm emissions, which
may be due to the presence of energy transfer chan-
nels, such as the following: (Er®*:*I;5,, + Nd3+:419/2)
— (EI’3+24115/2 + Nd3+14115/2) or/and (Er3+:4113/2 +
Nd3+:4115/2) — (Er3+:4115/2 + Nd3+:4F5/2, 2H9/2).
Therefore, the population of Er3+:4I;5 /2 decreased, which
led to a reduction in both 550-nm up-conversion and 1.5-
pm emission.

In general, the introduction of OH™ groups in ox-
ide types of glass prepared in air atmosphere cannot be
avoided. OH™ content can be determined by the IR spec-
tra. Figure 4 shows the IR spectra of 1 mol% Er3* and 2
mol% Nd3*+ doped samples with and without 60 min of
bubbling. The samples showed a broad, strong absorp-
tion at 4.35 and 3.33 pm without bubbling. Absorption
bands are commonly attributed to the stretching vibra-
tion of OH™ groups. Previous studies showed that the
absorption band at 3.33 pm is due to free OH™ groups,
while the band at 4.35 pum is attributed to hydrogen-
bonded OH™ groups. Thus, the OH™ content in the sam-
ple without bubbling oxygen was larger than that in the
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Fig. 3. Energy level diagram of Er>* and Nd®** and the mech-
anism proposed to explain 550-nm, 1.5-pym, and 2.7-pm emis-
sions.
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Fig. 4. IR spectra of tellurite glass samples with and without
60 min of bubbling.
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samples with bubbling.

The maximum transmittance reached as high as 75%.
The 25% loss covered the Fresnel reflections, dispersion,
and absorption of the glass. The OH™ groups contained
in the glass can be expressed by the absorption coefficient
of the OH™ vibration band at 3.33 pm, given by[3"]

o= 1D(T0/T)/l, (6)

where [ is the thickness of a sample, and T, and T are the
transmitted intensity and incident intensity, respectively.
The absorption coefficient of the sample with bubbling «
at 3.33 um was 0.979 cm™!, lower than that without 60
min of bubbling. After bubbling in oxygen, the sample
presented better IR transmission property.

According to Ref. [31], the content of the free OH™
groups in glass can be estimated from the measured ab-
sorption coefficient at 3.33 pm. The free OH™ group
Non (ions/cm?) can be obtained by

N 1
Now = —7In7, @

where N is the Avogadro constant, L is the glass thick-
ness (cm), T is the transmittance, and ¢ is the molar
absorptivity of the free OH™ groups in the glass. The
present study adopted the molar absorptivity € of the
free OH™ groups in silicate glass, 49.1 x 10% cm?/moll3?],
given the lack of relevant reports on tellurite glass. Thus,
the OH™ concentration in the sample with bubbling was
estimated as Noug = 4.73 x 1012 cm~3, an obvious reduc-
tion compared with the sample without bubbling (Non
= 6.89 x 10! cm™3).

Free OH™ is one of the dominant quenching centers
in Er3*t/Nd3*t co-doped glass specimens. According to
Ref. [33], two possible energy-transfer mechanisms ex-
ist between Er3T ions and free OH™ groups in glass: 1)
a small fraction of excited Er3* ions closely bound to
free OH™ groups can be quenched rapidly; 2) other ex-
cited Er** ions can transfer the excitation to neighboring
non-excited Er3*t ions in the first few steps and finally
be quenched by free OH™ groups in the transfer route.
The latter mechanism should be dominant because most
of the excited Er®*t ions are not bound with free OH~
groups closely. Therefore, when either the concentration
of Er** ions or the content of free OH™ groups is high
enough, the possibility of energy transfer between ex-
cited Er3* ions and free OH™ groups can become high;
the quenching behavior can then become significant.

According to the considerations of non-radiative pro-

cesses, the total rate is 1/7y,, which is given by[?4
1
T_ = Arad + WOH + meu (8)

where A;.q is the radiative decay rate, equal to the re-
ciprocal of the decay rate in the absence of OH™ groups.
Wmp is the multiphonon decay rate, and Wog is the
energy transfer rate between Er®t and OH~. The multi-
phonon relaxation can be considered negligible (<1 s~!)
for tellurite glass, which processes relative low phonon
energy (700 cm™!). The energy transfer rate between
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Fig. 5. 2.7-pum emission spectra of 1-mol% Er®* and 2-mol%
Nd** doped samples with and without 60 min of bubbling.

Er?t ions and OH™ groups, Wop, is proportional to the
acceptor and donor concentration, and given by

Won = Koun-erNerNon, 9)

where Kop.gr is a constant, as determined by the
strength of interactions between Er®* ions and OH—
groups in the case of energy transfer, independent of
the concentrations of Er*t and OH™. Ng, is the Er3+
concentration (donor concentration), which is a constant
in this paper, and Noy is the concentration of the OH™
groups.

According to Egs. (8) and (9), while at a high OH~
groups concentration, the energy transfer rate between
Er*t and OH~ would be higher, which leads to a reduc-
tion of the lifetime () for the 4111/2 level of Er3* in
the sample.

Moreover, the 2.7-um emission intensity of Er3T /Nd3+
co-doped tellurite glass samples with 60 min of bubbling
is higher than that without bubbling, as seen in Fig. 5.
This result indicates the necessity to remove OH™ groups
in the preparation process in order to obtain intense 2.7-
pm emission.

In conclusion, intense emission at 2.7 pum is obtained
in the Er3T /Nd3* co-doped tellurite glass samples. An
enhanced absorption of the 808-nm pumping light with
the increasing content of Nd3* is observed. The increas-
ing component of Nd3t not only leeds to an enhance-
ment in the 2.7-um emission but also in a reduction in
the 550-nm and 1.5-pum emissions. The energy transfer
mechanisms between Nd3+ and Er3* are discussed. The
OH™ groups have influences on the IR and the emission
spectra. The results prove that the introducing Nd3*
to host glass specimens and removing OH™ groups in
the preparation process can greatly improve the 2.7-pym
emission as well as decrease the 550-nm up-conversion
and 1.5-um emission.

This work was supported by the National Natural Sci-
ence Foundation of China under Grant No. 51172252.
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