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Abstract

Two sets of Er**-doped alkaline-free glass systems, MgF,—BaF,-Ba(PO;),~Al(PO3); (MBBA) and Bi(PO;);-Ba(PO3),—BaF,-MgF, (BBBM),
have been prepared and investigated with the aim of using them as active media. Radiative lifetimes (t.q4) and branching ratios (8) have been
obtained for the excited states of Er**. The absorption spectra were recorded to obtain the intensity parameters (£2,) which are found to be
2,=447 x 107 cm?, 24,=1.31 x 1072 cm?, 25 =0.81 x 1072° cm? for the MBBA system and £2, =4.03 x 1072 cm?, £2,=1.34 x 1072 cm?,
26=0.53 x 1072 for the BBBM system, respectively. The emission cross-section for the 4130 — *1;5, transition is determined by the
Fuchtbauer-Ladenburg method and found to be 2.35 x 1072° cm? and 3.54 x 1072° cm? for the MBBA and BBBM system, respectively. Compar-
ison of the measured values to those of Er** transitions in other glass hosts suggests that our new glass systems are good candidates for broadband

compact optical fiber and waveguide amplifier applications.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Er** is a well-known ion used in laser systems with transi-
tions in the infrared region around 1550 nm (*T130 — *1;5p2) for
telecommunication applications, and 3000 nm (*I11/2 — *I132),
for medical applications as well as in the green around 550 nm
(*S32 = *I15) [1]. The *I;32 — *I;55 transition of Er* has
been useful in optical devices such as the erbium-doped fiber
amplifier (EDFA) which is applied in wavelength-division-
multiplexing (WDM) transmission systems. In order to develop
the most efficient optical amplifiers with broad, flat gain profiles,
a number of active host matrices doped with the Er** ion have
been investigated [2-5]. The host materials strongly influence
the emission properties of Er** ions. Among the many possible
host materials, fluorophospate glass has the advantages of low
phonon energy, transmittance from UV to IR spectral range,

* Corresponding author. Tel.: +1 949 8245362; fax: +1 949 8242541.
E-mail address: fgshi@uci.edu (F.G. Shi).

0925-8388/$ — see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.jallcom.2007.07.094

and low nonlinear refractive index [6—10]. The fluorophosphate
glass also has a better thermal stability and chemical durabil-
ity than fluoride glasses due to the incorporation of phosphate
[11]. In addition, the phosphate might provide multiple sites
for rare earth dopants, allowing for a relatively high dopant
concentration. In contrast to most host materials which are
limited to low Er’* ion concentration, fluorophosphate glasses
enable the construction of short, highly efficient fiber or pla-
nar waveguide amplifiers [12]. In order to fabricate integrated
optical amplifiers with small component dimensions, it is of
significant importance to obtain the maximum gain and thus
a large emission cross-section. In this work, two sets of Er’*-
doped alkaline-free MgF,—BaF,—-Ba(PO3),—-Al(PO3); (MBBA
system) and Bi(PO3)3-Ba(PO3),—BaF,-MgF, (BBBM system)
are successfully developed with the aim of using them as active
media with high gain. Based on these current glasses doped with
Yb3* and Nd3*, the spectroscopic and optical properties have
been already investigated according to their certain character-
istics transition and show some potential application for laser
media with high gain [13-18].
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In order to access the potential for laser media, we conducted
a systematic investigation of the spectroscopic properties of
Er**-doped MBBA system for the first project and then the mod-
ified new system of the BBBM systems has been developed. The
main objective is to develop new host materials with a large band-
width and a high emission cross-section. Initially we obtained
intensity parameters which are used to calculate the spontaneous
emission probabilities and branching ratios from the excited-
state J manifolds to the lower-lying J’ manifolds. Next, the
radiative lifetime for the #I;3/, metastable level is determined
to obtain the spectral dependence of the stimulated emission
cross-section and gain coefficient for the *I13/, — *I15» transi-
tion, which is of special interest for laser applications. Finally,
the potential of these systems as laser media is evaluated by
comparison to other reported glass host.

2. Experiments and data analysis

The glasses 40MgF,—40BaF,-10Ba(PO3);—10A1(PO3)3
and 20Bi(PO3)3-10Ba(PO3),—35BaF,-35MgF, were prepared
from reagent-grade materials (City Chemicals, except for
Er,O03, Spectrum Materials), all have better than 99.99%
purity. The ingredients of the glasses were weighed with
0.1% accuracy and mixed thoroughly for 3 h. Next, the raw
mixed materials were melted in a vitreous carbon crucible
in Ar-atmosphere at 1200°C. The melt was quenched by
pouring it in a room temperature stainless steel mold. Next, the
samples were annealed below the glass transition temperature,
around 400 °C, to remove internal stress, which was verified
by examination with a polariscope (Rudolph Instruments). The
samples for optical and spectroscopic measurements were cut
and polished to a size of 15 mm x 10 mm x 2 mm.

The refractive index ng of the samples was measured at
588 nm, using an Abbe refractometer (ATAGO). The absorp-
tion spectra were obtained at room temperature in the range of
400-1700 nm with a Perkin-Elmer photo spectrometer (Lambda
900). The lifetime and fluorescence spectrum of both sam-
ples was recorded using a chopped Ti-Sapphire laser (Coherent
890) tuned to 800 nm, pumped by the 514 nm line of an Ar
laser (Innova 300). The fluorescence signal was recorded with
a 0.25 m monochromator (Oriel 77200), using a InGaAs PIN
detector (Thorlabs DET 410), a trans-impedance amplifier and
a Lock-In amplifier (Oriel Merlin 70100). The lifetimes of both
samples, was recorded with the same system, recording the tem-
poral behavior of the fluorescence signal with a 100 MHz digital
Oscilloscope.

3. Results and discussion
3.1. Absorption spectra and oscillator strength

Fig. 1 shows the absorption cross-section of the Er3*-
doped MBBA and BBBM systems in the spectral region of
400-1700 nm. The obtained absorption spectra for the MBBA
and BBBM systems are very similar. They both show groups
of lines, which correspond to transitions between the ground
state 4115/2 and excited states in the 4f!! electronic configura-
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Fig. 1. Optical absorption cross-section in the BBBM and MBBA systems.

tion of the Er’* ion. The radiative nature of trivalent rare earth
ions in a variety of laser host materials is usually investigated
using the Judd-Ofelt model [19,20]. In this model the absorp-
tion spectra and the radiative properties of the rare earth ions
are explained using the electric dipole (ed), magnetic dipole
(md) and electric quadrupole (eq) transition probabilities of the
4f-4f electronic transitions. The observed oscillator strengths
Jfmea at each absorption peak is calculated by integration the
optical absorption spectra over each peak, as given by following
expression:

mec? a(A)
fmed = m/?d)\ (1)

Here ¢ is the velocity of light and N is the Er** ion concentra-
tion (ion/cm?). (1) (=2.303D,(A)/d) is the optical absorption
coefficient at a particular absorption wavelength A, which is cal-
culated from the sample thickness d and the measured absorption
density Dy(1). The oscillator strengths as predicted by Judd-
Ofelt model f., were also calculated. The oscillator strengths
of the observed electronic transition are due to three interac-
tions, electrical dipole (ed), magnetic dipole (md) and electric
quadrupole (eq). In most instances in the Er** system, the oscil-
lator strength of the eq component is of the order of 10710, and
the md component is of the order of 1078, These contributions
are thus unimportant compared with the ed contribution to the
oscillator strength, which is in the order of 10~ [1]. However,
a significant contribution of the md component is involved for
the *I;55 — *j3p absorption transition for the Er3*. Therefore,
theoretical oscillator strengths f{aJ, bJ') of the J— J transition
at the mean frequency v is given for both the electric and the
magnetic dipole transition by the following equation

82mv
Y yedSealal. bT
307 + Dhetn2 KeaSeal@l BT

+ XmdSma(aJ, bJ")] @)

Jear(ad,bJ') =

where m is the mass of the electron and e and / are the charge of
the electron and plank’s constant, respectively. xeq = n(n?+2)%19
and xmq=n° are local field corrections and are functions of the
refractive index n of the medium. Seq and Spq are the electrical
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Table 1

Values of reduced matrix elements for the absorption transitions of Er’*
Transitions [U@7? [U®7? [U©72
Tizp — isp 0.0195 0.1173 1.4316
T —*Lisp 0.0331 0.1708 1.0864
T = *Tisp 0.0282 0.0003 0.3953
Topp — T1in 0.003 0.0674 0.1271
Mo — “Tizp 0.0004 0.0106 0.7162
Topp — s 0 0.1732 0.0099
4Fopp — oy 0.1279 0.0059 0.0281
4Fgpn — 11 0.0704 0.0112 1.2839
4Fopp — *l1an 0.0101 1.5333 0.0714
*Fory — *Lisp 0 0.5354 0.4619
43 — “Top 0 0.0788 0.2542
4S5 = *iin 0 0.0042 0.0739
4S3p — i3 0 0 0.3462
4S50 — *Lisp 0 0 0.2211
2Hy 1/, — *Fop 0.3629 0.0224 0.0022
2Hy1p — “lop 0.2077 0.0662 0.2858
2Hy1p — *Tip 0.0357 0.1382 0.0371
2Hi 10 — *Lisp 0.023 0.0611 0.0527
2Hyy — “Tisp 0.7125 0.4123 0.0925

Table 2
Measured line strength and calculated line strength of Er>* in MBBA and BBBM
systems

Energy level MBBA BBBM

From *1;5» Calculated Measured Calculated Measured
Tian 0.22 0.35 0.20 0.28
Tun 0.44 0.60 0.33 0.61
Top 0.54 0.27 0.41 0.22
4Fop 0.35 1.99 0.37 1.92
1S3 1.93 0.33 1.83 0.31
2Hy1p 0.33 7.09 0.23 6.87
‘Fap 7.61 1.90 7.42 1.77
2Gop 1.52 0.34 1.24 0.07
2F3 0.40 0.19 0.28 0.12
2Gop 0.25 0.71 0.18 0.43
RMS (x1079) 8.52 6.57

dipole and the magnetic dipole line strength, respectively and
are given by the following equations

Sealal bI)y = Y~ 12
1=2,4,6

(arVanvOnasor) @

242

Sma(ad, bJ') = ‘<4fNaJ||Z) +2?||4f’vbj/>’2 @)

The reduced matrix elements of the unit tensor operator,
(JlU™||), are calculated in the intermediate-coupling approxi-
mation. They are found to be almost invariant to the environment
and are given in Table 1 [21]. The observed and calculated line
strengths of Er3* transitions from ground state *I;s, to upper
states in the 4S, #F, #I as well as the 2G and 2H electronic con-
figurations are summarized in Table 2 for both the MBBA, and
BBBM system.

As can be seen from this table, at a number of instances the
calculated (electric dipole only) values and the measured val-
ues show a discrepancy. This can be explained as the effect
of magnetic dipole interaction. The *Is» — #1135 transition
is of special interest because of applications of the MBBA
and BBBM materials in laser systems. The measured line
strengths of this transition are 0.35 x 107% and 0.28 x 107°
while the calculated (electric dipole only) values are 0.22 x 1076
and 0.20 x 1079, respectively. The difference between these
values, the magnetic dipole component of the line strength
is thus in this case 0.13 x 107% and 0.08 x 107, respec-
tively.

3.2. Intensity parameter and quality factor

The Judd-Ofelt intensity parameters were determined by a
least squares fit of the theoretical (free ion) oscillator strengths
to the measured (glass matrix) values obtained from optical
absorption spectra. In order to evaluate the quality of this
fit, the root-mean-square (rms), of the deviation was obtained
(8rms):

1/2

Z fr?]ed

By fitting the measured oscillator strengths fieq to the cal-
culated values f., we obtained the following values for three
Judd-Ofelt parameters §2, §24 and §2¢: §2 =4.47 x 10729 cm?,
2:=131x10720cm? and £26=0.81 x 1072cm? for the
MBBA system and £2,=4.03 x 10720 cm?2, 24=1.34x
10720 cm? and £26=0.53 x 10720 for the BBBM system. The
deviation 8y of the fits was 8.52 x 107 and 6.57 x 1079,
respectively, which indicates that these fits are reliable. In Table 3
[2,22-24] these values are compared to those for other reported
laser glasses. The value of §2; indicates the strength of the cova-
lent binding between the tri-valent rare earth ion and the host
material [25,26]. The values of £2, of the MBBA and BBBM sys-
tems are smaller than those of BK20 oxide glass and phosphate

8rms =

&)

4m?2c? glass, which show strong co-valent bonds. The measured value
Table 3
Comparison of Judd-Ofelt parameters of Er**-doped MBBA and BBBM system with other reported laser glasses
Glasses 25 (x10720 cm?) 24 (x10720 cm?) 26 (x10720 cm?) 4/6 Refs.
BK20 5.66 1.84 1.18 1.56 [23]
ZBLAN 2.20 1.40 0.91 1.54 [24]
Phosphate 6.65 1.52 1.11 1.34 [25]
FP20 4.71 1.61 1.62 0.99 [1]
MBBA 447 1.31 0.81 1.62 Current work

BBBM 4.03 1.34

0.53 2.53
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Table 4
Comparison of the predicted radiative lifetime of Er** in MBBA and BBBM
systems with other reported laser glasses

Excited Phosphate ~ ZBLA  Silicate @ FP20 MBBA  BBBM
state

Ti3n 9.96 9.20 7.30 6.80 11.03 10.39
Tin 6.14 9.20 5.81 5.68 10.55 11.20
o 7.78 8.30 4.85 5.95 6.73 6.13
*Fop 0.88 0.92 0.72 0.69 0.88 0.79
4S3n 0.56 0.86 0.78 0.53 1.36 1.20
2Hyip 0.12 0.31 0.10 0.17 0.17 0.15
Refs. [28] [29] [30] 2] Current works

is higher than that of ZBLAN, which has a very high fluoride
content causing strong ionic bonds and thus weaker co-valent
bonds. The values of £2, of the MBBA, and BBBM system are
comparable to those of other fluorophosphate glass with similar
fluorine content.

The effect of co-valent bonding between the Er** ions and
the host material can be understood in terms of the Judd-Ofelt
parameters. In case of a Er**-doped system the #=2 transition
matrix elements [U(z)]2 of the transitions between the 4111/2,
4113 and *14 502 states are very small (see Table 1). The quality
of these transitions for laser operation is thus characterized by
£24 and $2¢ via the spectroscopic quality factor Q (=£24/52¢), as
introduced by Kaminskii [27]. The Q values are found to be 1.62
and 2.53 for the MBBA and BBBM system, respectively. These
values are larger than those found in most laser glasses as well
as in FP20, see Table 3. The MBBA and BBBM glasses are thus
better suitable for laser applications than other published glass
systems.

3.3. Spontaneous emission probabilities branching ratios
and radiative lifetimes

An important factor in determining the suitability of a tri-
valent ion-doped glass for laser operation is the spontaneous
emission probability (Ar,) of the laser transition. The relation
between this probability and the electric dipole and magnetic
dipole line strengths (Seq and Spq) is given by the following
equation

64703

1)C3 (XedSed + XmdSma) (6)

Aa] b)) = —T v
(a )= 07+

where J', J are the total momentum for the upper and lower levels.
The predicted radiative lifetimes (t,q) of excited states of Er*
are related to the emission probability of each transition from
the initial J state to the final /' manifold. They are determined
from the following relation:

1

fTS AU T

(7
where the sum runs over all final states J'. The values of the pre-
dicted radiative lifetimes are listed for a number of host materials
in Table 4 [2,28-30]. The values of .44 of the *I3, state are
found to be 11.03 ms and 10.39 ms for the MBBA and BBBM
system, respectively. They are within the range of other laser
host glasses doped with Er3*which have literature values in the
2.3-11 ms range [31,32]. The luminescence branching ratios are
a very important parameter for verifying the applicability of a
material for laser operation. In principle the branching ratio of
the transition between the upper states to the lower laser state
should be as high as possible; the competition for the popula-

Table 5
Calculated spontaneous emission probabilities, and fluorescence branching ratios in the MBBA and BBBM system
Transitions Energy (cm™!) MBBA

Ay s7H
M3n — *Tisp 6517 50.87 (ed), +39.81 (md)
M1p — *Tisp 3750 10.62 (ed), +8.89 (md)
411 12 —> 4115/2 10277 75.26
o — *Tisp 2206 0.47 (ed), +1.27 (md)
o — *Ti3p 5956 21.40
o — *Tiin 12484 124.11
“For, —> o 2876 3.26 (ed), +6.25 (md)
4Fopn — *111n 5083 32.85 (ed), +2.75 (md)
“For, > 132 6527 157.66
4Fop — *isp2 15360 935.75
83 = o 5965 33.19
4835 — 112 8172 15.76
*San = *ian 11922 200.78
483 — *isp 18450 484.06
Hiin — “Fop 3838 17.92 (ed), +0.25 (md)
2Hii — *lop 6709 69.44
2Hiip = “Tiip 10277 82.82 (ed), +100.36 (md)
2Hyp = *ian 12666 90.02 (ed), +67.12 (md)
Hyip — *isp 19193 5417.08

BBBM

B Ay 7 B

1.000 54.58 (ed), +41.67 (md) 1.000
0.113 11.31 (ed), +9.31 (md) 0.121
0.803 82.02 0.875
0.003 0.50 (ed), +1.33 (md) 0.003
0.135 22.92 0.144
0.782 136.96 0.863
0.003 3.47 (ed), +6.54 (md) 0.003
0.027 35.10 (ed), +2.88 (md) 0.029
0.129 169.15 0.139
0.767 1053.25 0.863
0.042 35.55 0.045
0.020 17.01 0.022
0.255 220.81 0.280
0.614 559.02 0.709
0.003 19.09 (ed), +0.2 (md) 0.003
0.011 74.55 0.012
0.014 90.26 (ed), +105.07 (md) 0.015
0.015 99.46 (ed), +70.27 (md) 0.016
0.896 6298.90 1.042
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tion in the upper laser state should be as small as possible. The
branching ratio of the transitions from the upper state aJ to lower
levels bJ' is given by the following equation

A(aJ : bJ)

Pal = bl) = S~ b

®)

The spontaneous transition probabilities and the branching
ratios of transitions from the 4113/2, 4111/2, 419/2, 4F9/2, 4S3/2
and ZHy upper states to all relevant lower states were calcu-
lated using Egs. (6) and (7), they are listed in Table 5. Since the
1,55 state is the only electronic state below the *I13; state, the
branching ratio of this transition is unity, making this transition
highly suitable for low loss laser generation at 1536 nm. The
most convenient route for pumping this level is via the T
state, forming a three level laser system. The branching ratio of
the *1;1,2 — *1;5/2 transition was found to be 0.803 in MBBA
system and 0.875 in BBBM system, effectively enabling a highly
efficient laser scheme (see Table 5).

Other transitions with a large branching ratio are
4835 — 1552 (61.4% in MBBA and 70.9% in BBBM) and
4Foj» — *11512 (76.7% in MBBA system and 86.3% in BBBM

0.7
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Fig. 2. Absorption cross-section and measured emission cross-section of Er>*
in (a) the MBBA system and (b) the BBBM system.

system). Thus, it is expected that these transition can be used
to efficiently obtain green (542nm) and red (651 nm) emis-
sion under suitable excitation conditions, which includes an
up-conversion excitation scheme. A detailed study on up-
conversion emission generation using this system will be
discussed in a forthcoming paper.

3.4. The emission cross-section and gain coefficient of the
*I130 — 1572 transition

The efficiency of a laser transition is evaluated by con-
sidering stimulated emission cross-section (oem(A)). In our
case oem(A) was determined from the emission spectrum using
Fuchtbauer—Ladenburg method [33]

IBJ%J/)\;Ara

- T 9
87cn(hp)® Ahefr ®

Oem

where Ap is the peak wavelength of the emission, Aefr is the
width of the emission line, 8y_, y is the branching ratio, which

—_
o
—
-

Gain coefficient (x1 02P¢em 2)
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Fig. 3. Gain coefficient in the eye-safe range of Er** in (a) the MBBA system
and (b) the BBBM system.
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is in case of the *Ij3, — *I;5/ transition equal to 1, c is the
speed of light in vacuums, and n(Ap) is the refractive index at
emission peak wavelength. In our case an effective line width
is used instead of the full width at half maximum to compen-
sate for the a-symmetric profile of the emission line. Fig. 2
shows the absorption cross-section, oaps(A), and the emission
cross-section, oem(A), determined by Fuchtbauer—Ladenburg
method. For the MBBA and BBBM system, the peak absorp-
tion cross sections o ,ps(A) turned out to be 1.58 x 10720 ¢m? and
1.87 x 10720 ¢cm? and the peak emission cross sections oem(A)
are 1.86 x 10720 cm? and 3.14 x 10720 cm?, respectively.

Comparing the Er** ion to a simplified two level system,
we assume the population is either in the *Iys5/» ground state or
the I13/ excited state. In this case the optical gain properties
are directly associated with the absorption and emission cross
sections. Gain spectra is shown in Fig. 3 as a function of the
population inversion y, using the relation below

G(A) = yem(X) — (1 — Y)oaps(A) (10)

Using this equation, and the observed cross sections for the
MBBA and BBBM system, we calculated the gain spectra as
shown in Fig. 3. Note that the gain will be positive at 1536 nm and
1516 nm, when the population inversion is larger than 0.5 and
0.6, respectively. The maximum value for the gain is achieved
in the case of complete population inversion (y = 1), in this case
cross-section for stimulated emission is 2.35 x 10720 cm? and
3.54 x 1072 cm? for the MBBA and BBBM system, respec-
tively.

4. Conclusion remarks

The novel MBBA and BBBM systems were success-
fully developed and the absorption and emission spectra of
Er** were measured and analyzed. The intensity parameters,
the radiative lifetime, branching ratio and the fluorescence
lifetime were calculated from and the absorption and emis-
sion spectra and compared with other laser glasses. Three
intensity parameters are found to be £2>=4.47 x 10720 cm?,
2,=131x10"20cm?, 2¢=0.81 x 1002 cm? for MBBA
system and £25=4.03 x 10720 cm?, 24=1.34x 10720 cm?,
26=0.53 x 10720 for BBBM system, respectively. For the
MBBA and BBBM system, strong emission bands were
observed at 1536 nm and 1516 nm and the effective bandwidths
were found to be 91nm and 64 nm, respectively. Emission
cross-section determined by Fuchtbauer-Ladenburg method for
the *I132 — *1;52 transition are found to be 2.35 x 10720 ¢m?
and 3.54 x 1072 ¢cm? and population inversion of above 50%
and 60% were obtained for the MBBA and BBBM system,

respectively. These spectroscopic results show that these novel
materials are strong candidates for developing broadband optical
amplifiers and compact fiber lasers.
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