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Abstract. Er**-doped Li,O-SrO-ZnO-Bi,O; (LSZB) glasses that are suitable for optical amplifier
applications have been fabricated through the conventional melt-quenching method, and the
spectroscopic properties of Er®* in the glasses were characterized. The density, the refractive indices,
the optical absorption, the Judd—Ofelt parameters €2, and the spontaneous transition probabilities of
the glasses were measured and calculated. The Raman spectrum shows three strong peaks at 255,
382, and 491cm. The emission peak from the Er**: *113,—"l15p transition locates around 1.53-um
with a full width at half maximum (FWHM) of ~78 nm. The theory lifetime of the *l13p level is
~2.85ms. The emission cross section is estimated to be ~9.76x1072! cm?, which is larger than those of
silicate glasses. In sum, the above results indicate that the LSZB glass is a promising host material
for applications in optical amplifiers.

Introduction

Glasses doped with various rare-earth ions are important materials for fluorescent display devices,
optical detectors, bulk lasers, optical fibers and optical amplifiers [1-3]. Recently, the Er3+-doped
SiO2-based fiber amplifier (EDFA) is widely used in tremendous capacity fiber communication
system because of its some excellent characteristics, such as high gain, lower noise figure and so on.
However, the bandwidth of the conventional SiO2-based EDFA is limited (~35nm), which only
covers with a narrow bandwidth at 1.53pm communication window, and can not meet the demand of
the modern dense wavelength division multiplexing (DWDM) optical network systems. Therefore, it
IS urgent to investigate new glass host which can amplify C+L band signal synchronously. Besides,
as the development of the WDM technology and the miniaturization of fiber amplifier, it needs to
improve unit length gain. Therefore, developing the non-silica based EDFA with broad amplifying
bandwidth and high signal gain per unit length, and directly realizing the seamless amplification of
(C+L)-band (1530~1610nm) region has a very important practical significance to the capacity
expansion and integration of WDM communication system [4-8].

In recent years, there has been a great deal of interests in Er3+-doped bismuth-based glasses,
which are considered to be a well-known promising candidate for 1.53um broadband optical
amplifiers, because they exhibit a large stimulated emission cross section and a broad emission
bandwidth at the third communication window, and has a better rare earth dissolvability [9-11].

In this work, the spectroscopic properties of Er3+-doped Li20-SrO-ZnO-Bi203 (LSZB) glasses
were investigated for operation at the 1.55-um wavelength. The optical absorption, the fluorescence
properties, the spontaneous transition probability, and some other important parameters were
measured and analyzed.
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Experiments

Er3+-doped LZSB glasses sample of compositions 20Li20-3SrO-10Zn0-67Bi203 were prepared
from high-purity anhydrous bismuth oxide (Bi203), zinc oxide (ZnO), strontium carbonate (SrCO3),
and lithium carbonate (Li2CO3) powders. And Er203 was added to the starting powders to prepare
glassed doped with 1wt% Er3+. The mixed powders were melted using a platinum crucible with a
closed lid in an electrically heated furnace at 1000 ‘C for 30 min. The glasses were subsequently
annealed at lower temperatures and then cut and polished to dimensions 20 mmx20 mmx2 mm.

The density of this sample is 8.168 g/cm3. The refractive indices were measured through the
prism coupler technique (Metricon 2010). The refractive indices of LSZB glasses at 635.9 and
1547.9 nm wavelengths are 2.3845 and 2.2748, respectively.

Raman spectra of undoped LSZB glasses were obtained at room temperature by a high sensitivity
laser Raman spectrometer (Ocean Optical QE65pro, America), and a 785 nm laser was used as the
excitation source. The absorption spectra of this sample were also measured at room temperature
with a Cary 5000 double-beam spectrophotometer from 300 nm to 2600 nm. The fluorescence
spectra were recorded with a SPEX 500M monochromator and a liquid-nitrogen-cooled germanium
detector, and a semiconductor 980 nm laser was used as excitation source.

Results and Discussion

Fig. 1 shows the Raman spectrum of undoped LSZB glasses at room temperature. As can be seen
from Fig. 1, the Raman spectrum composed of three bands which peak at 255, 382 and 491cm-1,
respectively.
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Fig. 1 Raman Spectrum of Undoped Li,O-SrO-ZnO-Bi,0; Glasses.
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Fig. 2 Absorption Spectrum of

Er**-doped Li,O-SrO-Zn0O-Bi,0; Glasses.

Fig. 2 shows the optical absorption spectrum of Er3+-doped LSZB glasses at room temperature.
The absorption spectrum consists of six absorption bands that are also indicated in this figure. The
assignments of absorption bands corresponding to the transitions from ground state 4115/2 to the
excited states.

The radiative transitions within the 4fn configuration of a rare earth ion can be analyzed by using
the Judd-Ofelt theory. The line strength Sed of the electric dipole transition between two J states can
be given by the following equation in Judd-Ofelt theory [12, 13].

S (3:)= 2063 Os'L)7) o)

where J and J' specify the total angular momentum of initial and final states, respectively. Qt (t=2,4,6)
are the Judd-Ofelt parameters, (S,L)J and (S’,L’)J° represent the initial and final states of the
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transition, and the elements U(t) are the unit tensor operators for the corresponding transition and we
used the values in Ref. [14].
The experimental oscillator strengths fexp of the transitions was calculated from the following

equation:
2
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where NO is molar concentration of the sample, NA is Avogadro’s number,Z is the mean

wavelength of the transition, ¢ (A)is the absorbance at the wavelength A. The quantities m and e are
the mass and charge of the electron, and c is the speed of light.

Since the experimental oscillator strengths fexp contains both the electric-dipole fed and the
magnetic-dipole fmd contributions, it can be written by

fexp = fed + fmd (3)

The magnetic-dipole contribution of oscillator strength fmd can be calculated from the refractive
index of the glasses n and the line strength Smd of the magnetic dipole transition. The formula is
87°mc
X - = md )
3hA(2J +1)

4)

md

where h is Planck’s constant, ¢ is the velocity of light. For each wavelength, and the refractive index
of the glasses sample was calculated by the Cauchy’s equation n=A+B/ A°, where A=2.2457,

B=53326.8 nnt’.

For magnetic dipole transitions, the line strength Smqis given by

S :ﬁ\((s, L)J[L +2s](s", L3 (5)

where m is the electron mass and c is the velocity of light. The values for the matrix elements in
Egs.(1) and (5) can be calculated according to the reported of LaFs [15]. The electric-dipole
contribution of oscillator strength over an absorption band then can be written as

Ei;zzmc (n* +2)? ... ©)
3hi(2J+1)  9n

According to the Eqgs.(1)-(6), the experimental oscillator strengths feyp, the dipole line strengths Seq
and the calculated oscillator strengths fc, were calculated. Besides, the three Judd-Ofelt intensity
parameters ©Q; were also calculated by a least-square fitting approach. All the results of Er**-doped
Bi,03-Zn0O-SrO-Li,O glasses are summarized in Table 1.

A method of the fitting is given by the root-mean-square (rms) deviation between the measured
and the calculated oscillator strengths, and the relationship is expressed as [14]
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Table 1 Measured and Calculated Oscillator Strengths, Judd-Ofelt Parameters and Electric-dipole Line Strengths
of Er*"in LSZB Glasses.

Absorption Energy [cm™] fexp [10°]  fea [10] fna [10°]  Seq [107%°]

*lis;; — “liap 6527 2.019 1.362 0.7184 1.231
*Nis, — i1 10215 0.983 0.642 0.361
*is2 — *lop 12516 0.250 0.565 0.253
152 — *For 15326 3.251 3.074 1.087
*l1si2 — *Sapa, 18332 0.156 0.551 0.156
152 —>*Hi1p 19175 9.778 9.801 2.613

Q, [10%Y cnr] 2.75

Q4 [10Y cnr] 1.42

Qs [102° cn?] 0.71

Root-mean-square deviation [10°] 0.526

Because the Judd-Ofelt parameters £ do not depend on the transition states, the total spontaneous
emission probabilities of the excited states of Er®* is expressed by the equation [15]

Al(S,L)3; (8", L] = Ay + Ay = Gar’e X{n(nz -2 Seg + nssmd] (8)

3h(2J +1)4° 9
where A¢qg and Ang are the electric-dipole and magnetic-dipole spontaneous emission probabilities,
respectively.

The fluorescence branching ratio £ of transitions from initial level |(S,L)J> to lower level

(S, L")J") is given by [16]

e e AS, LI5S, LY
AIS LIS =5 s T ©)

S,L'J'

And the radiative lifetime 7., of each excited state is defined as

rad

-1
Trad = { z A[(S1 L)‘] ; (S|1 L')‘] I]} = ;al . (10)
S'L.J'
Table 2 presents the calculated values of the spontaneous emission probabilities, the branching
ratios, and the calculated lifetimes for the main emitting states in Er**-doped LSZB glasses.
Table 2 Calculated spontaneous emission probabilities, fluorescence branching ratios,and radiative lifetimes
of Er*" in the LSZB glasses.

Transition Energy [cm‘l] Aed[s'l] Amd[s'l] Atota|[s‘1] B Tpaq [MS]
1z = l1sp 6527 231 120 351 1 2.85
112 =1 3688 36 33 69 0.18 2.65
11— 1572 10215 308 308 0.82
Yoz —*11r2 2301 1 7 8 0.02 1.90
Nojp— 13 5989 92 92 0.17
Hojp—1ss 12516 426 426 0.81
“Forp —*lop 2801 6 4 10 0 0.20
Fon— 11y 5111 133 79 212 0.04
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*Forp—"l13p 8799 204 204 0.04

4Fo—*1ss 15326 4506 4506 0.92

4S50 —*Fop 3006 1 1 0 0.24

4S3—gs 5816 129 129 0.03

4S30—11/ 8117 77 77 0.02

483> 13 11805 1026 1026 0.24

4S30— 15/ 18332 3003 3003 0.71
2Hy1p —*11sp0 19175 18905 _ ]

Fig. 3 shows the fluorescence spectrum of the *l13, — *l15p, transition under 980 nm excitation.

The FWHM of 1.53 xm emission band is ~78nm, which is much wider than those of Er**-doped

Ge/P silicate glasses (24.7 nm) [17].

For a three-level gain system such as Er®* ions operating at 1550 nm wavelength, both the
stimulated emission ce. and the absorption cross section o, play an important role in determining the
performance of a device. Cross sections quantify the ability of an ion to absorb and emit light. The
theory of McCumber is used to calculate the emission cross section from the measured absorption
spectrum[18].
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Fig.3 Fluorescence spectrum of 115,115, transition Fig.4 Absorption and stimulated emission cross
of Er3+-doped Li,O-SrO-Zn0-Bi,0; glasses. sections of Er3+-doped Li,O-SrO-Zn0-Bi,O3 glasses.

In the theory of McCumber, the absorption cross section spectrum c,(v) for transitions between
an upper and lower manifold of levels is related to the stimulated emission cross section spectrum
oe(v) for transitions between the same two manifolds by

o, v =d,)v &¥ptbv KT]. (11)
where k is Boltzman’s constant, T is the temperature, and ¢ is the net free energy required to
excite one ion from the to level. The ¢ was determined using the procedure provided in Ref. [19].
The absorption and the stimulated emission cross-sections of Er¥*-doped LSZB glasses shown in Fig.
4.

The peak of stimulated emission cross-section o is 9.76x102! cn. The value is larger than those

of silicate glasses [20].

Conclusions

Er**-doped LSZB glasses have been fabricated and characterized and are shown to be suitable
for operation at the 1.55-um wavelength. The Judd-Ofelt parameters Q; were determined, and some
other important radiative properties and lifetimes were calculated. The Raman spectrum shows three
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strong peaks, at 255, 382, and 491cmt. The FWHM of the emission from the *l13;, — #1155, transition
at the 1.53-pum wavelength was ~78 nm and this value is much larger than that of silicate-based
glasses (~30-40 nm). The theory lifetime of the *l135; level is ~2.85ms. Emission cross section at
1.53-pm is estimated to be ~9.76x107% cm?, which is much larger than those of silicate glasses. Our
results show that Er**-doped LSZB glass is a promising host material for broadband optical amplifier
in the WDM systems.
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