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Abstract

In this paper, the spectroscopic properties of Er’*-doped oxyfluoride glass
ceramics containing CaF, nano-crystals are systematically investigated. X-ray
diffraction (XRD) and transmission electron microscope (TEM) experiments
confirmed the formation of CaF, nano-crystals in the glassy matrix. Based on
the Judd—Ofelt theory, the intensity parameters €2, 4.6, Spontaneous emission
probability, radiative life, radiative quantum efficiency, width of the emission
line, stimulated emission cross-section and gain spectrum were evaluated, and
the effect of Er** doping concentration on the spectroscopic properties of the
T3 2= s /2 transition is discussed. For glass ceramics, intense red and weak
green up-conversion luminescence were observed and ascribed to two-photon
absorption processes.

1. Introduction

Nowadays, Er**-doped optical materials have attracted great interest due to their possible
application as media for the up-conversion laser, waveguide laser, and Er**-doped fibre
amplifier (EDFA), which is one of the key elements used in the wavelength division
multiplexing (WDM) network system for optical communication [1]. Due to the abundant
energy transfer routes between Er’* ions, efficient energy transfer can easily occur as long
as the Er** are doped in a suitable host, resulting in the original luminescence. Among the
numerous host materials, transparent oxyfluoride glass ceramics have attracted much attention
recently because they not only have comparatively low phonon energies ascribed to fluorides,
but also high chemical and mechanical stability related to oxides [2-5].

1 Author to whom any correspondence should be addressed.
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On the other hand, among fluorides, the CaF, crystal is an important optical material
with high solubility of both sensitizer and activator rare earth ions, and is highly transparent
from 0.13 to 9.5 um [6]. So far extensive studies have been carried out on the optical
properties of rare-earth-ion-doped CaF, single crystals, thin films and so on [7-9]. In this
paper, we have successfully prepared Er**-doped transparent glass ceramics containing CaF,
nano-crystals, and measured their absorption spectra, emission spectra and luminescence
lifetimes. Based on Judd—Ofelt theory [10, 11], the effect of Er** doping concentration
on the *I;3 2 = s /2 transition, especially the width of the emission line, the stimulated
emission cross-section and the radiative quantum efficiency, were investigated. In addition,
the influence of heat treatment on up-conversion emissions and the possible mechanisms of
intense red up-conversion originating from the 2Fy > level of Er** were also discussed.

2. Experimental details

The precursor glasses were prepared with the following composition (in mol%):
45510,-25A1,03-5Ca0-10NaF-15CaF,—xErFs; (x = 0.1, 0.5, 1.0 and 2.0), denoted as
0.1ErG, 0.5ErG, 1.0ErG and 2.0ErG respectively. For each batch, about 20 g of starting
materials were fully mixed and melted in a covered platinum crucible in air atmosphere at
1350 °C for 1.5 h, and then cast into a brass mould followed by annealing at 100 °C below the
glass transition temperature determined by differential thermal analysis (DTA) to relinquish
the inner stress. The precursor glasses were then heated and held for 2 h at 650 °C to induce
crystallization and form transparent glass ceramics (denoted as 0.1ErGC, 0.5ErGC, 1.0ErGC
and 2.0ErGC respectively). In addition, the 1.0ErG sample was heated and held for 2 h at 600,
630 and 650 °C respectively (denoted as 1.0ErGCA, 1.0ErGCB and 1.0ErGCC) to investigate
the effect of temperature on up-conversion emissions. To identify the crystallization phase,
XRD analysis was carried out with a powder diffractometer (Rigaku DMAX2500) using Cu Ko
radiation at 40kV and 100 mA. A TEM (JEM-2010) was used to observe the microstructures of
the samples. Densities were measured according to the Archimedes’ principle using distilled
water as medium. Refractive indices were measured by the prism minimum deviation method.
The absorption spectra were recorded on a spectrophotometer (Lambda900, Perkin-Elmer)
with a spectral range from 200 to 2000 nm and a resolution of 2.0 nm. The emission spectra
were measured with 980 nm excitation light from a450 W xenon lamp. By using an InP/InGaAs
photomultiplier tube (PMT) detector (R5509), the infrared luminescence signals through the
emission monochromator (M300) were detected. The fluorescence decay curves at 1530 nm
were recorded with an NIR PMT (R5509) when excited at 980 nm by a microsecond flash
lamp (F 900). The visible up-conversion luminescence excited with a 30 mW diode laser at
980 nm was detected with a PMT detector (R928). All the measurements were carried out at
room temperature.

3. Results and analysis

3.1. XRD and TEM characterizations

The typical XRD patterns obtained from precursor glass and glass ceramics with different
Er** doping are shown in figure 1. The precursor glass is completely amorphous with no
crystalline diffraction peaks. After crystallization, several CaF, crystalline peaks appear. For
2 mol% Er**-doped glass ceramic, TEM observation, as presented in figure 2, demonstrates
the homogeneous distribution of spherical CaF, crystals with 12-16 nm in size among the
glassy matrix, which is a key factor determining the optical properties of glass ceramics [12].
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Figure 1. XRD patterns of (a) precursor glass and glass ceramic doped with (b) 0.1 mol%,
() 0.5 mol%, (d) 1.0 mol% and () 2.0 mol% Er3*.

Figure 2. TEM image and the corresponding selected area electron diffraction (SAED) pattern of
2 mol% Er**-doped glass ceramic.

3.2. Absorption spectra analysis

The absorption spectra of Er** ions in precursor glasses and glass ceramics were recorded
with sample thickness of 3.0 mm. As an example, the absorption spectra of 2 mol% Er**-
doped precursor glass and glass ceramic in the range from 350 to 1700 are shown in figure 3.
The absorption peaks, corresponding to the transitions from the ground state *I;5/» to the
excited states, are marked in the figure. Due to the strong absorption of the host matrix in
the ultraviolet range, the absorption bands at wavelength shorter than 350 nm could not be
distinguished. Compared with the precursor glass, the obvious decrease of optical density
for the transitions of *I;s;» — *Gy1/2 and *1;5,2» — 2Hjj 2 in glass ceramic implies that the
circumstance of the ligand field around Er** ions must have been altered, since *I;5/2 — *Gy1
and *I;5 52— 2Hy, /2 transitions are sensitive to the environment around the active ions [13].
The analysis of spectroscopic data is required to estimate key laser parameters. Such
parameters can be determined by the method based on the Judd—Ofelt theory that has been
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Figure 3. Room temperature absorption spectra of 2 mol% Er>*-doped precursor glass and glass
ceramic.

successfully applied to calculate 4f transition intensities of rare earth ions in various host
materials. Its application requires the computation of three intensity parameters 2746
by a fit to a number of experimental data usually obtained by ground state absorption.
Thus the JO intensity parameters can be used to calculate oscillator strength of any
radiative transitions, intra-shell radiative transition probabilities, radiative lifetimes as well
as fluorescence branching ratios, which are useful data to access the cross-section from the
emission spectra, and furthermore determine the efficiency of the material as laser and amplifier.

The experimental oscillator strength fex, can be obtained from the room temperature
absorption spectra by the following relation [14]:

2

fexp = / Oabs(A) dA (1)

mhge?
where A, is the peak wavelength of the absorption band, m the mass of the electron, ¢ the
velocity of light, e the charge of the electron, and o,,s(A) the absorption cross-section at
wavelength X, which is defined as

JOD@M) di

2
0.43L Ny @

[ ot ai=
where N, is the Er** ion concentration, OD(X) the measured optical density as a function of
wavelength A, and L the thickness of samples. The values of fe,, extracted from the absorption
spectra of glasses and glass ceramics with different Er** concentration are listed in table 1.

The electric-dipole transition oscillator strength f.q of Er** ions can be obtained from Sexp
by

fed = fexp - fmd (3)

where fi,q is the oscillator strength of magnetic-dipole transition from the ground state J level
to the excited state J’ level and is defined as [15]

hn
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Table 1. The experimental and calculated oscillator strengths (in units of 10~%) of Er** (for all concentrations of 0.1, 0.5, 1.0 and 2.0 mol%) in
precursor glasses and glass ceramics; the root-mean-square (rms) errors are also presented.

0.1ErG 0.5ErG 1.0ErG 2.0ErG 0.1ErGC 0.5ErGC 1.0ErGC 2.0ErGC
Energy level f exp f cal f exp f cal f exp f cal f exp f cal f exp f cal f exp f cal f exp f cal f exp f cal
4113/2 150.34 149.38 143.03 143.81 162.47 161.26 178.44 172.36 15891 15588 174.61 17230 163.54 160.89 178.4 172.73
4 12 59.60 5052 4797  46.96 52.66 53.63 5096  58.64 5991 50.64 5460  57.54 5258 5131 5356 56.48
419/2 18.13 28.75 18.22  28.31 26.60 33.35 30.14 3282 19.75 25.39 21.74 3020 2212 26.10 28.71 28.43
4F9/2 17792 169.94 16933 16497 199.31 19523 205.8 201.16 171.13 164.00 198.47 192.51 175.12 170.79 191.14 187.05
4S3/2 20.57 37.44  24.69 35.40 27.85 42.25 25.05 47.14  19.48 4193 26.75 4828 2731 4447 2581 49.07
’H, 12 767.13  749.75 661.44 67433 6739 688.92 694.10 696.01 579.44 540.88 589.29 589.96 438.23 457.11 488.03 496.8
4F7/2 137.47 15620 148.10 149.28 16649 177.55 157.71 192.00 136.43 16537 169.07 191.75 155.53 17423 1573 191.71
2G4F2H9/2 30.83 56.79 50.76  53.94 59.12 6429 6044 7079 28.06 61.94 90.45 71.53 47.86 6551 54.17 7220
4G11/2 1310.10 1329.55 1209.48 1195.61 1236.93 1221.13 1235.76 1233.70 916.39 958.68 1046.04 1045.48 829.74 809.79 889.06 880.09
Rms error (%) 3.07 1.75 2.07 3.00 6.88 3.06 4.26 4.48

s[eishio-ouru Z4e) Yim sOIweIdd ssefs judredsuen padop-, 1

6759
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Table 2. €, parameters of Er’* in the different samples.

Sample Q (10720 em?) Q4 (10720 ecm?) Q6 (1072 cm?)
0.1ErG 5.015 1382 0.995
0.IErxGC  3.484 1.221 1.123
0.5ErG 4.435 1.363 0.941
0.5ErtGC  3.720 1.455 1.293
1.0ErG 4.387 1.605 1.123
1.OErGCA  3.307 1.316 1.056
1.OErGCB 3215 1.296 1.154
1.OErGCC ~ 2.785 1.253 1.191
2.0ErG 4.446 1.571 1.253
2.0ErGC  3.023 1.364 1314

where (4" [aSL1J || L+2S||4f"[«’S"L]J’) is the reduced matrix element for the operator L+2S
and can be calculated from the formula proposed by Weber [15], & is the Planck constant, n
is the refractive index of samples and is assumed to be the same at different wavelengths
(n = 1.520) for precursor glasses and glass ceramics and 2J + 1 is the degeneracy of the
ground state of Er**. The magnetic-dipole transitions are parity allowed between states of
11 (Er**) configuration and subject to selection rules AS = AL = 0,AJ =0,£1 (0 < 0
forbidden) in the Russel-Saunders limit.

Based on the Judd—-Ofelt theory [10, 11], the electric-dipole transition oscillator strength
fea 1s expressed as

872me  (n®+2)?

J—>J)=
Jald = 1) = v ha, on

> (s U 4" [0/ S'L'1T) P (5)
1=2,4,6
where U (t = 2,4, 6) are unit tensor operators and their matrix elements had been calculated
by Carnall et al [16]. By a least-root-mean-square fitting between equations (3) and (5) the
three intensity parameters $2,, €24 and €2¢ were obtained and listed in table 2. From the intensity
parameters, the electric-dipole transition oscillator strengths were obtained from equation (5),
and then the theoretical oscillator strength was calculated by

.ﬁ?al = fed + fmd (6)
and is listed in table 1.

In the application of the standard Judd-Ofelt approach, the intensity parameters are
just derived from the absorption spectra and their values indicate the variation of the Er’*
environment from glass to glass ceramics. The values for glass ceramics should be attributed to
the total contribution of Er** in glass matrix and nano-crystals. According to Judd—Ofelt theory,
€2, is sensitive to the environmental configuration symmetry of rare earth ions, and it decreases
with the host changing from oxides to fluorides [17-20]. On the other hand, Q¢ usually
increases with decreasing covalence between rare earth ions and the surrounding elements [21].
From precursor glasses to glass ceramics doped with different Er** concentrations, the decrease
of ©, and the increase of Q24 suggest that Er** had been incorporated into CaF, nano-crystals
after crystallization.

3.3. Spectroscopic properties

3.3.1. The 4113/2 — 4115/2 transition.  Firstly, this work was focused on the 4113/2 —
*115/2 transition of Er**.  Once the intensity parameters are derived, the spontaneous
emission probabilities of the electric-dipole transition A.q and the magnetic-dipole transition
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Figure 4. Room temperature fluorescence decay curves of Er’* in 2 mol% Er>*-doped precursor
glass and glass ceramic recorded at 1530 nm. The fitted results of single-exponential decay are
4.35 and 5.48 ms, respectively.

Amg, corresponding to the T3 2 = s /2 transition, can be calculated by the following
relations [22]:
64r%e?  nn* +2)>2

Aeg(13/2 — 15/2) = Q150U 1M 2 7
ea(13/ /2) T ER ISR ;6 ACTIU9 1 s, @)
42 hn’ 4 4 5
Ana(13/2 — 15/2) = [("Tiz2|L + 281" i5/2)] (8)

3m2c(2J + DA
where A. is emission peak wavelength. Then the total spontaneous emission probability Aotal
is

Avotal = Aed + Ama- )
The radiative lifetime is

r =1/Aptwl (10)
and the radiative quantum efficiency is defined as

N =tn/tr = Im * Al (11)

where f, is the luminescence lifetime obtainable from the fluorescence decay curve. As an
example, the decay curves of 2 mol% Er**-doped precursor glass and glass ceramic are shown
in figure 4. By fitting the decay curve the lifetime of *1;3» level could be estimated. The values
of Aed, Amd> Atotals fr» tm, and n for precursor glass and glass ceramics doped with different
Er** concentrations are listed in table 3.

The emission spectra of the 5 2= s /2 transition for precursor glasses and glass
ceramics doped with different Er** concentrations are presented in figures 5 and 6, from which
the emission peak wavelength A. was obtained, and the width of the emission band AA.¢ was
calculated by

[ 1) dn

I max

A)\eff = (1 2)

where (1) is the emission intensity at wavelength X, and I,,x the emission intensity at peak
emission wavelength. The stimulated emission cross-section of the 5 2 = s /2 transition
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Figure 5. Room temperature emission spectra of Er3* in the precursor glasses.

Table 3. Some spectroscopic parameters corresponding to the 13 52— s /2 transition of Er*.

Acd Amd Avotal I Im n Ae Adefp Oem (Ae)
Sample (s  H  sTH  ms) ms) (%) (m) (am) (10720 cm?)

0.1ErG 7521 3569 11090 9.02 793 88 1534 61 0.58
0.5ErG 7151 3563 107.14 933 723 83 1534 67 0.51
1.0ErG 84.45 3571 120.16 832 6.05 73 1534 73 0.53
2.0ErG 92.69 3574 12843 7779 435 56 1534 82 0.50
0.IErGC 80.69 3552 11621 861 835 97 1534 60 0.62
0.5ErGC 93.01 3537 12838 7.79 17.56 97 1532 70 0.58
1.OErGC 84.67 3521 119.88 834 657 79 1533 81 0.47
2.0ErGC 9135 3470 126.05 7.93 548 69 1546 91 0.46

could be estimated from emission spectra with the help of the Fuchtbauer—Landenburg
equation [23]
WBIM)

oem(V) = g THI(0 dn

Alotal ( 1 3)

where 1())/ f A1 (X)) dA is the normalized line-shape function of the experimental emission
spectrum I (1), and B the branching ratio of the *I 3 = s /2 transition which equals unity
in this case since this transition is the unique radiative decay channel for Tis /2 state. The value
of Ae, Adefr, and oep () for precursor glasses and glass ceramics doped with different Er3t
concentrations are also listed in table 3.

Once the absorption and emission cross-section spectra have been derived, the gain cross-
section spectrum g(A) can be computed using following equation:

g(A) = Poem(A) — (1 = P)oups (1) (14)

where the population inversion P is the ratio of Er** concentration in the lasing state I3 2
to that in the ground state. As an example, figure 7 displays the gain spectra for 1.0 mol%
Er3*-doped glass ceramic as a function of the population inversion P. Obviously, the gain
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Figure 7. Gain cross-section spectra of the 4I|3 2 = 4115 /2 transition of Er3* in 1.0ErGC. The
respective population inversion P is indicated. The inset shows the absorption (dotted line) and
stimulated emission (solid line) cross-sections corresponding to the 13 52— s /2 transition,

respectively.

spectra in the range from 1530 to 1565 nm are relatively flat for the population inversion from

0.8 to 1.0.

3.3.2. Up-conversion luminescence. By exciting at 980 nm with a diode laser, up-conversion
emission of Er** at about 550 (green luminescence) and 660 nm (red luminescence) were
recorded for glass ceramics. Figure 8 shows the up-conversion luminescence spectra in
1.0 mol % Er**-doped precursor glass and glass ceramics. The up-conversion luminescence can
hardly be observed in the precursor glass, while it is strong in the glass ceramics. The emission
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Figure 8. Visible up-conversion emission spectra in 1.0 mol% Er**-doped precursor glass and
glass ceramics obtained by heating at different temperatures.

Table 4. Comparison of the spectroscopic parameters of Er>* in different host materials.

Host materials e (Mm) Al (nm) o (10020 cm?) 5 (%)  Reference
0.1ErGC 1534 60 0.62 97 This work
1.0ErGC 1533 81 0.47 79 This work
ZBLAN 1550 82 0.42 91 [28]
ED-2 (silicate) — 40 0.65 100 [29]
LGS-E7 (phosphate) 1545 46 0.86 86 [29]
45Bi; 03-55B,03 1523 81 0.71 23 [26]

bands are assigned to ’H,, /25 48, 52— s /2 and 4F, 2 = s /2 transitions, respectively. The
intensity of red luminescence is stronger than that of green, and both of them increase with
increasing heat treatment temperature of the sample.

4. Discussion

In order to satisfy the need for the increment of information capacity and improve the
performance of the WDM network, a medium with a width and flat gain at about 1530 nm,
which is related to the width of the emission band A A, is required for the EDFA. As shown
in table 3, for precursor glasses, the A increases with the increasing of Er?* concentration.
This suggests that the local environment tends to be disordered with the increasing of Er**
doping level, resulting in the broadening of the Er** emission band at about 1530 nm [24-26].
For glass ceramics, the A values are slightly larger than those of precursor glasses. These
may partly be attributed to the lower structural symmetry of the host due to the incorporation
of Er** into CaF, [27]. As a result, the Stark splitting of Er’* level increases, which leads
to a larger Al value. In addition, the complementary emissions of Er?* in CaF, and the
residual Er** in glass matrix may also contribute to them. At present, the silica-based and
ZBLAN glasses are widely used as the media of the EDFA. As listed in table 4, the AAgg
values of the silica-based and ZBLAN glasses are about 40 and 80 nm, respectively. It is
evident that Er’*-doped glasses and glass ceramics have an emission band wider than that of
the silica-based glass and comparable to that of the ZBLAN glass.

A large stimulated emission cross-section and high radiative quantum efficiency benefit
the high gain and low threshold in laser operation. As shown in table 3, the value of the
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Figure 9. Log—log plots of the green and red emission intensities as a function of the excitation
power at 980 nm for 1.0 mol% Er>*-doped glass ceramic.

stimulated cross-section o, varies with the Er** doping concentration for precursor glasses
and glass ceramics. The maximum emission cross-section is obtained for glass ceramic
doped with 0.1 mol% Er**. For precursor glasses and glass ceramics, the radiative quantum
efficiency decreases with increasing of Er** doping level due to the enhancing of energy transfer
probability between Er** ions. Moreover, the quantum efficiencies of the glass ceramics are
obviously higher than that of the precursor glasses, probably due to the incorporation of Er**
into CaF, with lower phonon energy that decreases non-radiative relaxation. For glass ceramics
doped with 0.1 and 0.5 mol% Er’*, the quantum efficiencies reach 97%. As a comparison,
the stimulated emission cross-section and the radiative quantum efficiency of Er’* in the
investigated glass ceramics and other hosts are listed in table 4.

In up-conversion processes the emission intensity Iyp is proportional to a power n of the
IR excitation intensity /g, i.e.

Iup ¢ (IR)" (15)
where n is the number of IR photons absorbed to populate per visible photon emitting. A plot
of the logarithm of Iyp versus the logarithm of /1g should yield a straight line with slope .
Such a plot for red and green up-conversion emissions in 1.0 mol% Er**-doped glass ceramic
is shown in figure 9, and the values of n obtained are 1.94 and 1.91, respectively, indicating
that both red and green emissions from 2Hjj /s, *S3/» and *Fo/, levels are attributed to the
two-photon up-conversion process.

Based on the quadratic dependence of excitation power and the energy matching
conditions, the possible up-conversion mechanisms are presented in the simplified energy level
diagram of Er’* in figure 10. Two possible mechanisms for green emission could be described
as (a) excited energy absorption (ESA), and (b) energy transfer up-conversion (ETU) [30].
In these two mechanisms, the electrons on the *1;; /2 level are excited to the iF, 12 level, and
then *S; /2 and ‘Hy, /2 levels are populated by multi-phonon relaxation from ‘F, /2 level. After
crystallization, Er** are incorporated into nano-crystals in glass ceramics and then the ions are
located closer to each other than those uniformly dispersed in the precursor glasses. The short
distances between Er’* ions in CaF, nano-crystals favour interionic interactions, resulting in
an efficient near resonant cross relaxation process (CR) involving erbium—erbium pairs (*F; /25
s 52— 4F, /25 M5 ,2)- In this case, the 4Fo /2 level is greatly populated from the 4F, /2 level by
cross relaxation, which induces intense red emission. Another way to augment the population
of 4F9/2 may be based on the following processes: 4113/2+ a photon — 4F9/2 (ESA), and
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Figure 10. Simplified energy level diagram for Er’* in glass ceramics and the possible up-
conversion mechanisms.

30 + 112 — *Lisja + *Foja (CR). The #1335 level is populated owing to the non-radiative
relaxation from the upper *I, 2 level. Besides, the non-radiative relaxation from 4S3/2 to
“Fy 2 also contributes to the red emission. With increasing of heat treatment temperature,
the emission intensity is intensified. This could be ascribed to more Er** ions incorporated
into CaF, crystals, verified by the changes of the intensity parameters €2, 4 6 versus heating
temperature, i.e., the 2, and €24 values decrease significantly and €24 increases slightly with
increasing of the temperature.

5. Conclusions

The absorption, emission spectra and luminescence lifetimes of Er**-doped transparent glass
ceramics containing CaF, nano-crystals were measured. Based on the Judd-Ofelt theory,
the intensity parameters and the spectroscopic parameters related to the laser performance
were evaluated from the experimental data. The effect of Er** concentration on spectroscopic
properties of the 4113/2 — 4115/2 transition, including the width of the emission line, the
stimulated emission cross-section and the radiative quantum efficiency, were investigated.
The maximum width of the emission line was about 91 nm for 2.0 mol% Er**-doped glass
ceramic. The maximum radiative quantum efficiency and stimulated emission cross-section of
97% and 0.62 x 10~2° cm? respectively were achieved in 0.1 mol% Er**-doped glass ceramic.

Visible up-conversion emissions were also studied for 1.0 mol% Er3*-doped sample.
Intense red and weak green up-conversion emissions were observed for glass ceramics,
and both intensities increased with increasing of the heat treatment temperature, probably
due to the change of ligand field surrounding Er’** ions caused by the incorporation of
Er** into precipitated CaF, nano-crystals with lower phonon energy. The quadratic pump
power dependence of the up-conversion luminescence intensity for red and green emissions
indicates that the transitions for both up-conversion emissions were ascribed to the two-photon
absorption process.
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