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Investigation of Er’"-Doped Phosphate Glass
for L+ Band Optical Amplification

Xiao Shen

Abstract—In this work, Er’T-doped phosphate glass with good
flatness of the emission spectrum of the L+ band was prepared
by optimizing the content of BaQ. The absorption and emission
spectra were measured. Increase of BaO content is conducive to
the broadening of the emission spectrum in the L+ band. The
dependence of flatness with Raman intensity has been shown by
linear fitting. The results show that B31 sample has best flatness
of the emission spectrum in the L+ band. It is showed that the
largest emission cross-section at 1630 nm is 0.0529 x 102’ cm? and
higher than other Er’*+-doped phosphate glass. Decay curves of the
il O /2 level were measured and the longest fluorescent lifetime is
10.18 ms and longer than other glass except germinate glass. The
broadening of the Er’*+t-doped phosphate glass spectrum of the L+
band has been achieved successfully, which provides a reference for
the material of optical amplifiers.

Index Terms—Optical amplifier, Er’t-doped phosphate glass,
L+ band, Raman spectrum.

1. INTRODUCTION

INCE 1980s, Er**-doped fibers have been developed as
S optical amplifiers and been found important applications
in optical communications [1]. Quartz-based Er’*-doped fiber
amplifiers (EDFA) have been performed for many years [2].
However, the development of new generation communication
demands for broadband emissions at wavelength longer than
1610 nm (L+ band) furtherly [3]. Besides, EDFA is difficult to
achieve a flat and efficient gain spectrum in L+ band due to the
characteristics of Er*T spectrum in silica glass [4].

Instead, among glass hosts, phosphate glass shows many
advantages such as mature manufacture technology, high trans-
parency, high doped concentration and large-scale component
adjustment [5], [6]. Meanwhile, the spectroscopic properties of
Er** in phosphate glass can be widely adjusted by changing the
composition [7]. For instance, the emission line width of rare
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earth ions in phosphate glass shows great dependence on the
composition of alkali and alkaline-earth ions [8], [9]. Therefore,
Er**-doped phosphate glass shows promising potential as host
for Er’T-doped fiber amplifiers.

Previous works have investigated the influence of alkali and
alkaline-earth ions on the luminescence properties of Nd*>* [10],
Tm3* [11] and Yb3t [12] in oxide glasses, and the results
demonstrated that alkaline-earth ions present more important
influence on spectral properties due to their higher ionic field
strength. Among alkaline-earth ions, Ba?* in phosphate glass
shows an advantage of short stress relaxation time, which is key
for synthesis of large-scale bulk glass and optical fibers [9].

There are many studies on the spectral performance of barium
ions on phosphate glass. Rouse ef al. analyzed the influence of
the radius and field strength of alkali metal ions on the structure
of phosphate glass [13]. Xue et al. studied the phosphate glass of
the P2O5-LioO-BaO system [14]. According to Rouse’s theory,
they believed that substituting Ba>* for Li* would reduce the in-
tensity of the symmetric stretching vibration of bridging oxygen,
but increase the asymmetric stretching vibration of non-bridging
oxygen. Yang listed the spectral parameters of Er**-doped glass
in the (77-x)P205-8AlsO3-(154x)Ba0 system [15]. The results
show that the introduction of Ba?>* can improve the magnifica-
tion performance of the glass. However, too much Ba>t will
destroy the glass structure and reduce the physical and chemical
properties of the glass.

In this paper, in order to obtain a multi-component phos-
phate glass with a flatter spectrum of the L+ band, Er**-doped
phosphate glass with the composition of §Al;03-22K50-xBaO-
(69.5—x)P305- 0.5Er,03 was prepared. The influence of substi-
tuting BaO for P, O3 on the spectrum and structure of phosphate
glass was analyzed systematically. A flatter broadening spec-
trum of the L+ band of the Er*t-doped phosphate glass has
been achieved successfully with a longer lifetime.

II. EXPERIMENT

Er**-doped phosphate glass with a molar composition of
8Al5035-22K50-xBa0-(69.5-x)P205-0.5Er, O3, (x = 10, 15,
20, 24, 28 and 31, denoting as B10, B15, B20, B24, B28 and
B31, respectively) was prepared by melt quenching technique.
The purity of Al (H2P04)3, AlQOg, Ba (H2P04)2, KPOg, EI'203
and P2 O3 are 99.99%. About 70 g of the batch composition was
mixed and melted at 1150 °C for 15 min, then CCly and O,
were introduced into the melt for 40 min to remove the hydroxyl
groups. The glass melt was then poured into a preheated mould
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Fig. 1. Rl and density of the glass as function of BaO concentration.

and annealed at 460°C for 3 h. All samples were polished for
measurements.

Refractive index (RI) was measured by V prism refractometer.
Raman spectrum was measured by Renishaw’s InVia Raman Mi-
croscope. Absorption spectra were measured by Perkin-Elmer’s
Lambda 950 spectrophotometer. Fluorescence spectra and de-
cay curves were measured with spectrometer model FLSP920
from Edinburgh Company, U.K. Infrared transmission spectra
were measured by NEXUS-Fourier-Infrared-Spectrometer from
ThermoFisher.

III. RESULTS AND ANALYSIS

A. Physical Properties

Fig. 1 shows RI and the density of all phosphate glass samples
with different concentration of BaO. RI increases with the
increase of BaO concentration. Due to the large ionic radius
of Ba?T, the increase of Ba?T concentration will change the
symmetry of the electron cloud around oxygen ions, resulting
in an increase of molecular refraction and RI of glass.

B. Absorption and Emission Spectra

Fig. 2 shows the absorption spectra of all samples. Each
absorption peak corresponds to the transitions from the ground
state 4115/2 to the various excited states 4F5/2, 4F7/2, 2H11/2,
483/2, 4F9/2, 419/2, 4111/2, and 4113/2 of the Ert, respectively.
The location and intensity of the absorption peaks of Er** in
each glass sample are similar.

J-O intensity of samples was calculated as shown in Fig. 3
[16], [17]. According to Tanabe [18], 25 is closely related to the
symmetry and order of the glass structure and ligand field, which
is more sensitive to the changes in the network modifier. {24 and
Qg are related to the covalency of the bond between rare earth
ions and oxygen ions, and will decrease with the increase of the
covalency. However, compared to (2o, the relationship between
4, Qg and the network modifier is less obvious. It can be seen
from Fig. 3 that Q5 generally shows a decrease trend with the
increase of BaO content, which will increase the symmetry of
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Fig. 3. J-O intensity of Er3* as function of BaO content.

TABLE I
ABSORPTION COEFFICIENTS OF OH™ IN SAMPLES AT 3550 cm™!

B10
0.350

BI15
0.371

B20
0.235

B25
0.204

B28
0.128

B31
0.132

Samples

0 (X()II_/ Cl‘l‘l-l

the ligand around Er’t, because more BaO breaks the chain
structure of the phosphate glass.

Because the emission intensity and lifetime of Er’t show
great dependence on OH™ group [19]. The transparency spectra
were tested and shown in Fig. 4, the absorption coefficient of
OH- group can be calculated by

a =In(To/T) /1 6]

where 1 is the thickness of the glass, Ty is the transmittance of
the glass matrix, T is the transmittance of glass at 3550 cm’!
[20], and the calculated results are listed in Table I.

The absorption coefficients of B28 and B31 are relatively
small, indicating a low OH" concentration in the samples. Thus,
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Fig. 5. (a) Emission spectra of Er**-doped phosphate glass, (b) Emission

spectra near 1600nm.

the influence of OH™ on the emission spectrum and lifetime can
be ignored.

Fig. 5(a) shows the normalized emission spectra of Er’t-
doped phosphate glass from 1450 nm to 1650 nm. The emission
peak is around 1534 nm, attributed to the transition from s /2

2200506

0.7
—=— BaO
0.6 -
o«
S
—
\l\
< 05F
H‘-‘
04
10 15 20 25 30 35
Concentration of BaO (mol%o)
Fig. 6. The value of I1627/11603 varies with the concentration of BaO.
TABLE II
THE VALUES OF I;627/11603 OF VARIOUS GLASS SAMPLES
Silicate  Tellurite Phosphate
Glass B28 B31
[4] [22] [23]
Oher/Liges 05862 0.6039  0.5283 0.2414 0.5051

to *I15 /2 of Ert. With the increase of O/P ratio, the intensity
become weaker from 1480 nm to 1525 nm and from 1572 nm to
1608 nm, while in the bands of 1534—1550 nm and 1608-1650
nm, the intensity is relatively enhanced. Fig. 5(b) shows the
fluorescence spectra of the glass samples around 1600 nm. The
spectral shapes of B28 and B31 are very similar and flatter than
other samples, which are ideal materials for spectral broadening
in L+ band.

Fig. 6 shows the relationship between spectral flatness and
BaO concentration. It is found that the ratio of the intensity
at 1627 nm to the intensity at 1603nm (I1427/I1603) increases
with the increase of BaO concentration. The value of I1427/11503
for B20, B24, B28 and B31 are all greater than 0.5, and the
maximum value of B31 is 0.6039, which indicates that B31 has
the best broadening effect. The I1627/11603 values of some matrix
glass samples are given in Table II. It can be seen that the value
of I1627/11603 of B31 is the largest, indicating that the spectrum
of B31 in L+ band is the flattest.

C. Raman Spectroscopy

Fig. 7 shows the normalized Raman spectra of the samples.
It can be seen that there are three strong peaks. Compared
to related references, the measured Raman spectra is close to
Ref. [24]. According to Ref. [24], the vibration peak near 700
cm~! corresponds to the symmetric stretching vibration of the
bridging oxygen of PO* tetrahedral, the vibration peak near
1180 cm™ is ascribed to the symmetric stretching vibration of the
non-bridging oxygen in the Q? tetrahedral, while the vibration
peak near 1260 cm™! is attributed to the asymmetric stretching
vibration of the non-bridging oxygen in the Q.
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Fig. 7. Raman spectra of the glass samples excited by 633nm light.

TABLE III
THE RELATIONSHIP BETWEEN THE RAMAN SHIFT OF THE VIBRATION PEAK
AND THE BAO CONCENTRATION

Peak position (ecm™)

Samples
(POP)sym (PO2)sym (PO2)asym

B10 685 1185 1256
B15 685 1164 1265
B20 687 1149 1268
B24 698 1142 1281
B28 735 1127 1283
B31 743 1055 1288

By increasing BaO concentration, the vibration peak near 700
cm™! shifts to the short wave direction, the vibration peak near
1180 cm! shifts to the long wave direction, while the vibration
peak near 1260 cm™! shifts towards short wave direction slightly,
as showed in Table III. According to reference [7], when the
value of O/P rises from 3 to 3.5, the main network structure of
phosphate glass will change from Q? tetrahedron to Q' tetrahe-
dron. Therefore, the (POP) g, vibration peak of Q%at700 cm’!
shifts to the (POP) gy, vibration peak of Q'at758 cm™. And the
substitution of larger cations for smaller cations will increase the
non-bridging oxygen bond angle [13]. As aresult, the (PO2) gym
vibration peak moves to the long wavelength direction while the
(PO32) asym vibration moves to the short wavelength direction.

Fig. 8 shows that I1627/11603 values negatively correlated with
(POP) gym linearity while positively correlated with (PO2) asym
linearity. However, the fitting results of I1527/11603 values with
(PO2) sym is poor that no obvious dependence between them.

D. Absorption and Emission Cross-Sections

By comparison, the emission cross-section of Er** in B28
sample is the largest among all the samples and is showed
in Fig. 9. The absorption cross-section was calculated by
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formula (2):
2.303
oq (M) = —7 0P (%) 2

Where o, (A) is the absorption cross-section, OD () is
the optical density, N is the concentration of ions and [ is the
thickness of the sample. According to McCumber theory [25],
the emission cross-section o.(A) can be calculated by formula

3):

oo (1) = 00 (1) Lexp Ks - hc) KT 3)
Zy, A
where, (Z)/Z,) is the degeneracy corresponding to the
*115/2—*113/2 transition, h is Planck constant, k is Boltzmann
constant, ¢ is the free energy required to excite a lanthanide ion
from the ground state to the previous energy level.

Table IV shows the O/P ratio, Center wavelength, oepn,; at
center wavelength and o,; at 1630 nm of different matrix glass.
It can be seen that the emission cross-section of B28 is larger than
other samples at 1630 nm. On one hand, the increase of BaZt
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TABLE IV

O/P RATIO, CENTER WAVELENGTH, 0py;; AT CENTER WAVELENGTH, 0 5\ AT
1630 nm OF DIFFERENT MATRIX GLASS

Center Oemi at center oo at 1630
Samples o/P wavelength wavelength nr;ngll 0%cm?)
(nm) (10%°cm?)

B28 3.399 1535 0.6256 0.0529
Phosphate[26]  3.024 1535 0.605 0.0423
Phosphate[27] 3.364 1534 0.746 0.0497
Phosphate[28] 3.202 1535 0.759 0.0075

0.8} : —P=0
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0.2 A
0.0
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Wavelength (nm)

Fig. 10. The calculated net gain coefficients versus wavelengths of B28 glass.

causes the bridging oxygen to be converted into non-bridging
oxygen, which increases the disorder of the local environment
around Er’t, on the other hand, the increase in the O/P ratio
causes Qg group to be converted to Q; group, which intensifies
the bridge conversion of oxygen to non-bridging oxygen [14].
The higher the degree of disorder in the local environment
around rare earth ions, the greater the difference in Stark energy
levels and the wider the fluorescence spectrum.

The gain coefficients can be calculated based on the absorp-
tion cross-section and emission-cross section of I 5 /2 —Mq5 /2
transition of Er’* by formula (4) [29]:

G (M) = N[Poem (A) = (1 — P) oaps (M)] 4)

Where, P stands for the population of the upper laser level
divided by the total Er’T concentrations N. By calculating the
wavelength dependence of the net gain coefficients as a function
of population inversion of the upper laser level, we can know
the gain property. Fig. 10 shows the calculated gain coefficients
versus wavelengths of the *I;3 /2 4+*1; 52 transition of Er* T in the
samples. The gain coefficients (1600-1630 nm) will be positive
when P is larger than 0.2. Then the samples will have a flat
gain bandwidth in the wavelength range of 1600—1630nm, which
covers the L+ band of the optical communication window.
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Fig. 11. Decay curves of4113/2 level of Er*t pumped by a 976nm LD.
TABLE V
FLUORESCENCE LIFETIME OF *I;3 /2 LEVEL OF ER3T
Samples Tinean/MS Samples Tincan/MS
B10 7.70 Phosphate [26] 0.87
B15 7.65 Germanate [30] 17.17
B20 8.83 Tellurite [31] 3.21
B24 9.75 Sodium phosphate [32] 7.86
B28 10.10 Phosphate [33] 7.6
B31 10.18 Lead silicate [34] 3.7

E. Fluorescence Lifetime

The decay curves of I3 /2 level of the samples are showed
in Fig. 11. Table V shows the fluorescence lifetime of T3 /2
level of all samples and other glasses of different matrices. The
lifetime of B31 is the longest (10.18 ms) except for germanate
glass. When more P, Oj is substituted by BaO, the fluorescence
lifetime of Er** is increased. For more Ba>* content increases
the ionic bond composition of Er** and non-bridging oxygen,
and weakens the polarization of non-bridging oxygen on Er*™,
which results in decrease of absorption cross-section and in-
crease of fluorescence lifetime of Er’™.

The figure of merit (7¢xp, X o) is one of the desirable
parameters for lasers and optical amplifiers [35] and should be
as large as possible to attain high gain, a longer lifetime permits
the required high population inversion to have high and broad
amplification, which is essential for Er’-doped fiber amplifiers.

Fig. 5(b) shows that the emission intensity of B31 is higher
than other samples in L+ band, this indicates that the optical
amplification capacity is not affected by the signal excited state
absorption obviously.

IV. CONCLUSION

In this work, Er’*-doped phosphate glass was prepared and
the performance was investigated. Different samples were ob-
tained by substituting BaO for P,O5. It can be seen from the
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value of I;527/11 603 that B31 sample has the best flatness of emis-
sion spectrum of Er** in the L+ band. The absorption and emis-
sion cross-sections of B28 glass sample were calculated, and it
is noticed that the emission cross-section (0.0529 x 102cm?)
of B28 at 1630 nm is greater than other phosphate glass, which is
more conducive to obtain a large gain coefficient. Decay curves
show that the lifetime of the *I13/- level of Er’T increases with
increase of BaO, and the longest fluorescence lifetime reaches
10.18 ms. The data in this paper show that B28 and B31 samples
are both suitable for optical amplifiers in L+ band.
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