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In this work, we report near infrared emission spectra of Er3*~Tm3* co-doped Bi,03-Ge0,-Na, O (BGN)
glasses with the excitation of 800 nm laser. A broad emission extending from 1300 to 1650 nm with a full
width at half maximum (FWHM) of ~160 nm is obtained in a 1.0 wt% Tm;03 and 0.3 wt% Er,03 co-doped
BGN glass. The energy transfer processes between Tm3* and Er3* in BGN glasses are analyzed in detail.
The temperature dependence of the broadband emission spectra in Er3*~Tm3* co-doped BGN glass is also

studied. The present work indicates that Er3*-Tm?3* co-doped BGN glasses can be promising materials for
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broadband light sources and broadband amplifiers for WDM transmission systems.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

In the past decade, the broadband optical amplification beyond
the conventional 1.5um window of Er-doped fiber amplifier
(EDFA) is of interest for the increasing demands of information
traffic, which requires the development of wide band integrated
amplifiers in order to increase the transmission capacity of
wavelength division multiplexing (WDM) systems [1]. Moreover,
broadband light sources are a prerequisite for the application of
optical coherence tomography [2]. A logical route would be addi-
tion of other rare earth (RE) such as Tm3* to achieve such broadband
emission with overlapping emission bands [3]. The 3H; — 3Hg
transition of Tm3* ions at around 1460nm provides an excel-
lent complement to Er3* ions. Jeong et al. had demonstrated an
Er3*-Tm3* co-doped 20 m long silica fiber amplifier spontaneous
emission (ASE) with bandwidth over 90 nm (1460-1550 nm), when
the fiber is pumped at 980 nm [4], however, it should be taken
into account that the emission originates at the 3H, level has a
relatively small gap to the 3Hs level (~4300cm™1), and as a con-
sequence nonradiative recombination to this level is favored in
silica and most silica based glasses because of the high maximum
phonon energy (MPE) (~1100 cm~!)[5]. Therefore, researches have
been focused on the low-phonon energy materials, such as fluoride
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(MPE ~550cm~1) [6], chalcogenide (MPE ~350cm~1) [7], tellu-
rite glasses (MPE ~750cm~1) [8,9] and oxyfluoride glass ceramics
[10]. Nevertheless, to the best of our knowledge, there has not
been any report on the broadband emission in Er3*-~Tm?3* co-doped
bismuthate glasses.

Bismuthate glasses have important advantages for optical
(including structure) and electrical properties over other com-
mon oxide glasses [11-15]. Our previous work indicated that
bismuthate glass (Bi;03-GeO;-Na;0) has a phonon energy of
~440 cm~1, which is significantly lower than both silicates and tel-
lurites [12], and comparable to chalcogenides [16]. This extends
the infrared transparency range to ~6 pm [12,13] and results in
lower non-radiative rates, which is helpful to reduce the multi-
phonon relaxation from 3H, level to 3Hs level. Bismuthate glass
also exhibits high rare earth ions solubility, enabling highly doped
and hence very compact fiber lasers to be produced [17]. The
large refractive index (~2.1) of bismuthate glass enhances both
the absorption and emission cross sections [12]. On the other
hand, it is well known that Bi,O53 is a conditional glass network
former [11,18-20], the presence of two glass formers Bi;03 and
GeO, produce a more complex network structure with a great
variety of sites for the RE ions which contribute to the inhomo-
geneous broadening of the emission band. Moreover, bismuthate
glasses are more chemically and environmentally stable than flu-
oride glasses and have the advantages of oxide glass fabrication
techniques. Finally, the PbO-free glass composition is nontoxic to
environment. In the present work, a broad and flat emission extend-
ing from 1300 nm to 1650 nm in Er3*-Tm3* co-doped bismuthate
glass was observed using the pump excitation at 800 nm. The visible
upconversion emission spectra were recorded to understand the
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Fig. 1. Room temperature absorption spectra of BGNEr and BGNEr3Tm glasses. The
inset is the IR transmittance spectrum of un-doped BGN glass.

luminescence mechanism. The temperature dependence of lumi-
nescence in Er3*-Tm3* co-doped bismuthate glass is investigated.
The energy transfer processes between Er3* and Tm3* are discussed.

2. Experimental

The glasses with the composition of 50Bi; 03-40Ge0O,-10Na, O (BGN) were pre-
pared by conventional melt-quenching method. The doping concentration of Er3*
in the doped glass was 0.3 wt%, while the Er?*-Tm3* codoped bismuthate glasses
had a fixed concentration of 0.3 wt% Er,03 and different concentrations of Tm;0s3:
0.3, 0.5, 0.7, and 1.0 wt%, respectively. The starting materials Bi, 03, GeO,, Tm;03
and Er,03 are high purity reagents (99.99% minimum), and Na,CO3; with 99.9%
purity. The glasses obtained hereafter are denoted as BGNEr, BGNEr3Tm, BGNEr5Tm,
BGNEr7Tm, and BGNEr10Tm. Approximately 20 g powder is thoroughly mixed and
melted in a platinum crucible at 1100°C for 30 min with a closed lid and bubbled
with dry O,. The melt is casted at 1050°C into a stainless steel mold and annealed
at 400°C for 3h. All the samples were cut and polished to 10 x 10 x 1Tmm?3 for
spectroscopic measurements.

The absorption spectra were recorded with a Perkin-Elmer Lambda 900
UV/VIS/NIR spectrophotometer in the range of 400-2000nm. Infrared (IR)
transmittance was measured by a thermo nicolet (Nexus FT-IR spectrometer)
spectrophotometer. The near infrared luminescence signals were detected with
InP/InGaAs photomultiplier (PMT, R5509) excited by a 800 nm LD. Upconversion
emission was detected with InP/InGaAs photomultiplier (PMT, R928) excited by a
800 nm LD. The fluorescence decay curves were recorded with a NIR MPT (R5509)
excited by a microsecond flash lamp (wF 900). For the sample BGNEr10Tm, the
broadband near infrared emission spectra and the fluorescence decay curves in the
10-300K were collected.

3. Results and discussion

3.1. The absorption/IR transmittance spectra and Judd-Ofelt
analysis

The room temperature absorption spectra were obtained for all
samples in the range of 400-2000 nm, as an example, Fig. 1 shows
the absorption spectra of BGNEr and BGNEr3Tm glasses, the inset is
the IR transmittance spectrum of un-doped BGN glass. The IR trans-
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Fig. 2. Room temperature emission spectra of Er** singly doped and co-doped with
Tm3* BGN glasses with the excitation of 800 nm laser.

mittance reaches ~5.5 wm. The spectrum of the co-doped sample
is characterized by the transition bands from the Er3* 4I;5, ground
state to the different higher levels 4F7j5, 2Hy1)2, 3S3p2, 4Fop2, “lgpa,
4111/2, and 4135, together with the Tm3* absorption bands from the
3Hg ground state to higher levels. The band positions for Er3* and
Tm?3* are similar to tellurite glasses [9]. The absorption spectra are
similar for all the samples used in this study and the absorbance
for different absorption bands shows linear dependence on the
concentrations of Tm3* and Er3* ions in the samples.

According to the Judd-Ofelt theory [21,22], the J-O intensity
parameters for both Er3* and Tm3* are listed in Table 1 and com-
pared to some of the values available in literatures. The order of
the Judd-Ofelt parameters is §2, > £24 > §2¢ for both Er: BGN and
Tm: BGN. It is well know that £2 is the most sensitive to the cova-
lent bonding [23], so we can reasonable deduce that the covalent
degree of the present BGN is stronger than fluoride and tellurite
glasses. On the other hand, the £24/$2¢ determines the spectroscopy
quality of the host materials [27], it is clear that the present BGN
glass has a value of §24/£2¢ comparable with other glasses listed in
Table 1, which suggests that BGN glass is a good matrix for infrared
emission.

3.2. Emission spectra at room temperature

Fig. 2 shows the normalized near infrared emission spectra of
Er3* single doped and Er3*-Tm3* co-doped BGN glasses by exciting
at 800 nm. For the Er3* single doped glass, the emission is attributed
to 4113/2 — 4115/2 transition with a full width at half-maximum
(FWHM) of ~50 nm. The emission spectra of the co-doped samples
shows the 3Hs — 3F4 and 4135 — 41y, transitions of Tm3* and Er3*
ions, respectively, together with the short wavelength tail of the Tm
emission due to 3F4 — 3Hg transition. We cannot observe this tran-
sition because of the upper limit of the detector at 1650 nm. With
the increasing addition of Tm, O3, the emission spectra broaden sig-

Table 1

The Judd-Ofelt parameters of Er3* and Tm3* in BGN and various other glass matrices.
Glasses RE ion concentration £25 (10720 cm?) £24 (10720 cm?) 26 (10720 cm?) 241826 Reference

(10%% ions/cm?)

Er: BGN 0.415 6.51 2.11 1.52 1.39 This work
Germanate 2.3 7.2 1.3 1.1 1.18 [24]
Fluoride - 2.98 1.40 1.04 1.35 [25]
Tellurite - 5.93 1.50 1.07 1.40 [26]
Tm: BGN 1.383 5.11 2.38 1.68 1.42 This work
Germanate - 5.55 2.03 1.26 1.61 [27]
Fluoride - 1.96 1.36 1.16 1.17 [27]
Tellurite 3.76 448 1.87 1.30 1.44 [27]




3072
a 45 1.0
404 T 5300m
—a—Transfer efficiency | o8
3.5
£ 30 0.6
=
H
s 2549
< 0.4
-
204
1.5 0.2
1.0
A 0.0
0.5 T T T T

0 1 2 3
[Tm]/[Er] concentration Ratio

Asuayyq Jagsuea],

K. Li et al. / Journal of Alloys and Compounds 509 (2011) 3070-3073

—— Er0.3/Tm0

- - --Er0.3/Tm0.3
<o Er3/Tm0.7
===Er0.3/Tm1.0

4 4
L3n ™" lisp

Ln(Intensity (a.u.))

Lifetime (ms)

Fig. 3. (a) Lifetimes of the 4113/2 — 4115/2 emission (M) and Er3*-Tm3* energy transfer efficiency (a) as a function of Tm3* concentration including zero. (b) Logarithmic plot
of the fluorescence decays of the 4113,2 — 4115,2 emission as a function of Tm3* concentration.

nificantly, it is clear to see from Fig. 2 that the emission at 1460 nm,
which is corresponding to 3H4 — 3F, transition, becomes stronger
with the increasing concentration of Tm3* ions. The intensity bal-
ance between the 3Hg — 3F4 and 13, — 415, transitions become
nearly equal to unity for a sample doped with 0.3 wt% of Er,O3
and 1.0 wt% of Tm;O5. The emission of this sample has a full width
at half maximum (FWHM) ~160 nm, which is much larger than
that of Er3*-Tm?3* co-doped silica fiber (90 nm) [4], and comparable
to that reported ~160 nm in Er3*-Tm?3* co-doped TeO,-WO3-PbO
glass [3] and 175 nm in oxyfluoride silicate glass ceramic [10]. The
FWHM of 160 nm is also comparable to the largest value of ~160 nm
in Er3*-Tm3* co-doped tellurite fiber [8]. Furthermore, the lower
phonon energy environment of rare earth ions in the present bis-
muthate glasses makes it more suitable for the application in the
WDM transmission systems [10].

The decay curves of Tm3*:1460nm and Er3*:1530nm of the
samples were obtained under microsecond flash lamp (F 900)
excitation at 800 nm. Fig. 3(a) shows the lifetime values of 413
level in the single doped and co-doped samples with fixed 0.3 wt%
of Er,Os3. It can be seen that the lifetime of 4113/2 level reduces
greatly by codoping with Tm3*, which means the efficient energy
transfer from Er3* to Tm3*. The energy transfer efficiency n from
Er3* to Tm3* can be expressed as [3]

TEr—
1- Er—Tm ,
TEr

n= (1)
where Tg_tm and tg; are the lifetimes of 4[13/2 level with and
without Tm3* codoping. Fig. 3(a) also shows the Er — Tm energy
transfer efficiencies for the co-doped samples. In BGNEr10Tm glass,
the energy transfer efficiency from Er3* to Tm3* is 77%, which
is comparable to that reported in TeO,-WO3-PbO glass [3] and
tellurite fiber [8]. Fig. 3(b) shows the Ln (Intensity (a.u.)) versus
lifetime in Er3* single doped and Er3*-Tm3* co-doped samples, it is
found that that the decay curves of Er3* in BGNETr is approximately
single-exponential, however, for the sample codoping with Tm3*,
the decay curve becomes nonsingle-exponential obviously, which
indicates the efficient energy transfer from Er3* to Tm3*,

Fig. 4 shows the upconversion spectra of Er3* doped and
Er3*/Tm3* co-doped BGN glasses, which were also measured at
room temperature under 800 nm LD excitation. For the Er3* single
doped BGN glass, the excitation from 4[15/2 to 419/2 generates green
fluorescence 2Hyq ), — 411512 (525 nm), 4S5, — I35, (545 nm), and
4Fg2 — 41152 (665nm) due to the excited state absorption (ESA)
and the energy transfer upconversion (ETU) processes similar
to those reported in tellurite glass and oxyfluoride silicate glass
ceramic [3,10]. For the Er3*/Tm3* co-doped glasses, the intensi-
ties of green emissions reduce significantly as Tm3* concentration
increases, while the intensity of red emission increases slightly. The
intensities of green and red emissions affected via the addition of
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Fig.4. Upconversion emission spectra of Er3* ions in the single doped and co-doped
BGN glasses.

Tm3* into Er3* doped BGN glasses, which indicates the presence of
efficient energy transfer between both ions [3].

3.3. Temperature dependence of the broadband emission spectra

Fig. 5 shows the temperature dependence of the emission
spectra corresponding to 3Hy — 3F4 and 413, — #I;5p, transitions
between 10K and 300K for the sample BGNEr10Tm. The inset is
the measured lifetimes of 4l;3, and 3H4 changed with tempera-
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Fig. 5. Temperature dependence of the broadband emission spectra of BGNEr10Tm
glass in the range of 10-300 K. The inset shows the temperature dependence of the
lifetimes of Er?* (1.53 wm) and Tm3* (1.46 pm).
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Fig. 6. Schematic energy level diagram and emission mechanism of Er?* and Tm3*
ions, together with the involved ET processes between them.

ture. The excitation wavelength was 800 nm and the 3Hg level and
4115/2 level were excited directly. It is obviously from Fig. 5 that
both the emission intensity of 1.46 wm and 1.53 pm depend on the
temperature, nevertheless, in lower temperature below 100K, it is
almost no change for the emission intensities for both the 3Hy — 3F4
(1.46 wm) and *I;3, — #1452 (1.53 um) transitions. In higher tem-
perature above 100K, the emission intensities decrease with the
increasing of temperature, and it can be noted that the emission
intensity of 1.53 wm deceases much drastical than that of 1.46 pm,
and the two intensities become nearly equal to unity at 300 K. The
temperature dependence of the emission spectra can be under-
stood by considering the phonon assistant energy transfer (ET) rate,
which is given by Miyakawa-Dexter theory [28,29],

WEeTR(AE) = WeTR(0) exp(—Br AE) (2)

where Wgrr(0) represents phonon assisted ET rate at AE=0, AE is
the energy difference between Tm3* and Er3* energy levels. Br is
the function of the phonon energy and electron-phonon coupling
strength, which is proportional to temperature. Therefore, accord-
ing to Eq. (2), the ET rate between Tm3* and Er3* ions increases
with temperature from 10K to 300K, which also agree well with
the measured lifetimes 0f4113/2 and 3Hy.

The temperature dependence of the broadband emission spec-
tra can be helpful to understand the energy transfer processes
between Tm3* and Er3* in BGN glasses, which is shown in Fig. 6.
First, 800 nm excitation of Tm3* and Er3* populates 3Hy and 4Igp,
levels from the ground states Tm>*:3Hg and Er3*:4l;5p,, respec-
tively. The relaxation in Tm3* from 3H, — 3F, level yields 1460 nm
emission, whereas the Er3* ions multiphonon relaxation to 4111/2
level then to 4113/2 generating 1530 nm emission. On the other hand,
excited state absorption (ESA) from 4113/2 to ZHH/Z can occur. The
dominant energy transfers are described as below [3,8,29]:

ET1: Er?":*l5 5, Tm3 " 3Hg — Er?t:%ly5,,, Tm3*:3F,
ET2 : Er**:%y 5, T3 3Hg — Er**:*ly5,,, Tm®* 3 Hs
ET3 : Tm?*:>Hy, Er**:*ly5,, > Tm>**Hg, Er*:%lg
ET4 : Tm**:3F4, Er3* 141y, > Tm>*:3Hg, Er**:%Fq ),
ET5 : Er?*:%l3 )5, Tm3* 3F4 — Er?*:4l5,, Tm3*:3Hy

In low temperature, the ET1 process could happen most likely
because it will release phonons [29]. In higher temperature above

100K, as more phonons are available, the ET5 process would be
more possible to happen while the ET1 process would be cor-
respondingly suppressed. Therefore, the fluorescence lifetime of
Er3*:4l13/2 increases monotonically with the increasing of mea-
suring temperature. The ET3 process, which is a resonant energy
transfer because of a very small gap between the Er3+:4l13/2 and
Tm:3H, levels, depopulates Tm3*:3Hy level, resulting in the reduc-
tion of the emission intensity and lifetime at 1460 nm. These results
would be helpful to fully understand the energy transfer between
Er3* and Tm3* and achieve a flat and broadband emission at differ-
ent temperature in bismuthate glasses.

4. Conclusions

In summary, Er3*-Tm3* co-doped novel bismuthate glasses with
different [Tm]/[Er] ratios have been synthesized by conventional
melt-quenching method. A fairly flat and broad emission cover-
ing the wavelength range of 1300-1650 nm corresponding to the
3H4 — 3F4 transition of Tm3* and 433, — 415, transition of Er3*
can be observed with the excitation of 800 nm laser. A full width
at half maximum (FWHM) of ~160nm is obtained by codoping
the glass with 1.0 wt% of Tm;03 and 0.3 wt% of Er,03. The energy
transfer processes between Tm3* and Er3* in BGN glasses are ana-
lyzed in detail. The temperature dependence of the broadband
emission spectra in Er3*-Tm3* co-doped BGN glass is also studied,
which is helpful to understand the energy transfer processes. The
present work indicates that Er3*-Tm3* co-doped BGN glasses can
be promising materials for broadband light sources and broadband
amplifiers for WDM transmission systems.
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