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Optical transitions and frequency upconversion of
Er31 ions in Na2O–Ca3Al2Ge3O12 glasses
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Er31-doped and Er31/Yb31-codoped Na2O • Ca3Al2Ge3O12 glasses that are suitable for use in optical waveguide
devices have been fabricated and characterized. The density, the refractive indices, the optical absorption,
the Judd–Ofelt parameters, and the spontaneous transition probabilities of the glasses have been measured
and calculated. Intense 1.533-mm fluorescence was observed in these glass systems under 798- and 973-nm
excitation, and the quantum efficiency was ;100%. Efficient upconversion luminescence at 525, 547, and 659
nm at room temperature was also observed. At a pump intensity of 1220 W/cm2 at 798 nm, frequency upcon-
version efficiencies of 0.98 3 1022 and 1.03 3 1022 were obtained for green and red emissions, respectively.
The standardized value for green emission is higher than those reported for lead germanate, lead tellurium
germanate, silicate, and phosphate glasses. Under 973-nm excitation, the enhancement of 1533-nm emission
and visible upconversion fluorescence in Er31/Yb31-codoped glasses are confirmed, and the sensitizing is due to
efficient energy transfer from Yb31 to Er31. © 2001 Optical Society of America
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1. INTRODUCTION
Rare-earth-doped oxide glasses that possess high chemi-
cal durability and thermal stability are excellent materi-
als for optoelectronics applications.1–4 Of the oxide
glasses, germanate glass is one of the most promising
hosts for waveguide lasers and amplifiers, frequency up-
conversion devices, and Bragg grating devices because of
its lower phonon energy, high transparency in a wide
wavelength range, and high degree of photosensitivity.5–7

In addition, aluminate glass attracts much attention be-
cause its phonon energy is lower than those of borate,
phosphate, silicate, and germanate glasses. Inasmuch as
the emission quantum efficiency from a given level de-
pends strongly on the phonon energy of the host medium,
it can be expected that the nonradiative loss to the lattice
will be small and that the fluorescence quantum efficiency
will be high in both aluminate and germanate glasses.

For optical communication systems and upconversion
luminescence materials, many trivalent rare-earth ions
such as Er31, Tm31, and Pr31 have been used as lumines-
cence centers.8–12 Among these rare-earth ions, Er31 is
the most popular as well as one of the most efficient, and
Er31-doped waveguide laser and upconversion laser op-
erations have been achieved at room temperature.3,13

However, because Er31-doped glasses act as three-level
gain systems at 1.5 mm, codoping with Yb31 is often used
to enhance the absorption and pumping efficiencies in
short-length active materials employed in compact laser
devices and high-power optical amplifiers.14–16 Unlike
for fluoride glasses, upconversion is seldom observed in
oxide glasses with high phonon energies and can be real-
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ized only in oxide glasses with low phonon energies, such
as heavy-metal oxides, gallate, aluminate, and germanate
glasses, which exhibit efficient upconversion even at room
temperature.

Now research is continuing with the goal of optimiz-
ing germanate glasses to obtain higher-quality optical
and laser glasses. In this paper we report on the fabri-
cation and characterization of Er31-doped and
Er31/Yb31-codoped Na2O • Ca3Al2Ge3O12 glasses. The
composition of these glasses is similar to that of calcium
aluminum germanate garnet (CAGG) polycrystal, except
for the addition of Na2O. Excellent upconversion proper-
ties such as three-photon blue upconversion and efficient
green and red upconversion of Er31 in CAGG polycrystal-
line have been reported.17 Applications, however, are
limited because of the polycrystalline’s powder form.
Compared with polycrystalline, glass has many advan-
tages, such as stability and easy fabrication into optical
fibers and waveguides. Na2O • Ca3Al2Ge3O12 glasses can
be regarded as improvements of CAGG polycrystalline
and can be expected to possess the advantages of both
germanate glasses and CAGG polycrystalline. Na2O was
added to make the glasses suitable for the fabrication of
optical waveguide devices by ion exchange. In addition,
Na2O • Ca3Al2Ge3O12 glasses contain no heavy-metal ox-
ides, which lower the transparency in the UV-wavelength
region, and the presence of ;50% GeO2 is attractive be-
cause a direct UV writing technique can be used to make
waveguide devices.18,19

The optical absorption, the luminescence, and the up-
conversion fluorescence properties of these glasses were
2001 Optical Society of America
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investigated. The spontaneous-emission probabilities for
various transitions were predicted from Judd-Ofelt
theory. Intense infrared fluorescence and efficient green
and red upconversion emissions were observed. The
fluorescence and upconversion mechanisms and efficien-
cies are discussed and estimated here.

2. EXPERIMENTS
Er31-doped and Er31/Yb31-codoped Na2O • Ca3Al2Ge3O12
glasses were prepared from calcium carbonate
(CaCO3), aluminum oxide (Al2O3), germanium oxide
(GeO2), sodium carbonate (Na2CO3), erbium oxide
(Er2O3), and ytterbium oxide (Yb2O3) powders acc-
ording to the formula Na2O(Na2CO3)–3CaO(CaCO3)–
Al2O3–3GeO2 : 1.0 wt. %Er2O3 (sample 1) and
Na2O(Na2CO3) –3CaO(CaCO3) –Al2O3–3GeO2 : 1.0 wt. %
Er2O3 , 4.12 wt. %Yb2O3 (sample 2). All powders (99.5–
99.999% purity) were obtained from Strem Chemical
Company. First the well-mixed raw materials were
heated for several hours in an Al2O3 crucible (electric fur-
nace) at 1000 °C, and afterward a higher melting tem-
perature, ;1500 °C, was used. The glasses were subse-
quently annealed at lower temperatures and then sliced
and polished to dimensions of 20 mm 3 10 mm 3 4 mm.
The density of the samples was 3.103 g/cm3; thus the
number densities of Er31 and Yb31 ions in the glasses
were 9.772 3 1019/cm3 and 3.909 3 1020/cm3, respec-
tively.

The refractive indices of the glasses were measured
at two wavelengths. For sample 1, n 5 1.6224 and
n 5 1.6048 at l 5 632.8 nm and l 5 1550 nm, respec-
tively. For sample 2, n 5 1.6259 and n 5 1.6078 at
l 5 632.8 nm and l 5 1550 nm, respectively. The re-
fractive indices of the two samples at other wavelengths
can be calculated from Cauchy’s equation n 5 A
1 B/l2, where A 5 1.6013, B 5 8457 nm2 and A
5 1.6042, B 5 8697 nm2 for samples 1 and 2, respec-
tively.

Absorption spectra were obtained with a Perkin-Elmer
UV/visible/near-IR Lambda 19 double-beam spectropho-
tometer. Fluorescence spectra of Er31-doped glasses
were recorded with a Spex 500M monochromator and de-
tected, depending on the spectral region, by a photomul-
tiplier or a liquid-nitrogen-cooled germanium detector.
798- and 973-nm beams from a Ti:sapphire tunable laser
pumped by an argon laser were used as the excitation
sources. The fluorescence lifetime for the 4I13/2 level of
Er31 was measured with a modulated light source and a
HP546800B 100-MHz oscilloscope. In the 4S3/2 level and
4F9/2 level lifetime measurements, a 521-nm laser with a
4-ns pulse width from an optical parametric oscillator
(Opotek MagicPrism VIR) pumped by the 355-nm line of a
Nd:YAG laser was used as the pump source, and the de-
cay curves were monitored with a HP5452A 500-MHz os-
cilloscope.

3. RESULTS AND DISCUSSION
A. Absorption Spectrum and Judd–Ofelt Analysis
The absorption spectrum of sample 1 is shown in Fig. 1.
The band assignments are also indicated in the figure.
The radiative transition within the 4fn configuration of a
rare-earth ion can be analyzed by the Judd–Ofelt ap-
proach. According to the Judd–Ofelt theory,20,21 the os-
cillator strength, Pcalc@(S, L)J; (S8, L8)J8#, of an electric-
dipole absorption transition from initial state u(S, L)J& to
final state u(S8, L8)J8& depends on three V t parameters
(t 5 2, 4, 6) as

Pcalc@~S, L !J; ~S8, L8!J8#

5
8p2mc

3hl~2J 1 1 !

~n2 1 2 !2

9n

3 (
t 5 2,4,6

V tu^~S, L !JuuU ~t !uu~S8, L8!J8&u2, (1)

where l is the mean wavelength of the transition, m is the
mass of the electron, c is the velocity of light, n is the re-
fractive index, h is the Planck constant, V t are the Judd–
Ofelt parameters, and ^iU (t)i& are the double reduce ma-
trix elements of unit tensor operators that are considered
to be independent of the host matrix.

We can obtain the experimental oscillator strengths
Pexp of the transitions by integrating the absorbance for
each band, and the relationship is

Pexp 5
mc2

pe2N
E a~ v̄ !dv̄, (2)

a~ v̄ ! 5
ln@I0~ v̄ !/I~ v̄ !#

d
5 2.303E~ v̄ !/d, (3)

where N is the number density of rare-earth ions, e is the
charge of the electron, v̄ is the wave number, E( v̄) is the
absorbance, and d is the sample thickness.

Inasmuch as experimental oscillator strength contains
electric-dipole and magnetic-dipole contributions, one has
to subtract the latter from the experimental oscillator
strength to obtain the electric-dipole contribution that
can be equated with the calculated oscillator strength.
The magnetic-dipole contribution, Pmd , can be obtained
from the refractive index of the glass, and quantity P8,
and Pmd 5 nP8, as reported in Ref. 22.

Judd–Ofelt intensity parameters V t can be derived
from the electric-dipole contributions of the experimental
oscillator strengths by a least-squares fitting approach.

Fig. 1. Absorption spectrum of 1.0-wt. % Er31-doped
Na2O • Ca3Al2Ge3O12 glasses.
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Table 1. Measured and Calculated Oscillator Strengths and Judd–Ofelt Intensity Parameters
of Er31 in Na2O – Ca3Al2Ge3O12 Glasses

Absorption Energy (cm21) Pexp (1026) Pcalc (1026) Title

4I15/2 → 4I13/2 6 527 1.067 0.611(Ped) 0.495(Pmd)
4I15/2 → 4I11/2 10 235 0.484 0.331
4I15/2 → 4I9/2 12 500 0.236 0.309
4I15/2 → 4F9/2 15 337 1.543 1.496
4I15/2 → 4S3/2 , 2H11/2 19 194 8.290 8.030
4I15/2 → 4F7/2 20 492 1.072 1.055
4I15/2 → 4F5/2 , 4F3/2 22 124 0.430 0.380
4I15/2 → (2G, 4F, 2H)9/2 24 570 0.369 0.341
4I15/2 → 4G11/2 26 455 13.665 14.185
V2(10220 cm2) 4.81
V4(10220 cm2) 1.41
V6(10220 cm2) 0.48
Root mean-square deviation (31027) 2.497
The matrix elements given in Ref. 23 are used in the cal-
culation. The measured and calculated oscillator
strengths and the Judd–Ofelt intensity parameters of
Er31 in Na2O • Ca3Al2Ge3O12 glasses are presented in
Table 1. A measure of the fitting is given by the root-
mean-square deviation drms between the measured and
the calculated oscillator strengths, and the relationship is

drms

5S sum of squares of deviations
number of transitions 2 number of parametersD

1/2

.

(4)

The Judd–Ofelt intensity parameters are important for
investigating the local structure and bonding in the vicin-
ity of rare-earth ions. The V2 parameter is indicative of
the amount of covalent bonding, and the V6 parameter is
related to the rigidity of the host.24 Table 2 shows a com-
parison of V parameters in Na2O • Ca3Al2Ge3O12 :Er31

glasses and in other glasses discussed in Ref. 2. It can be
seen that V2 in Na2O • Ca3Al2Ge3O12 glasses is smaller
than those in aluminate and germanate glasses but much
larger than that in fluoride glasses. Thus
Na2O • Ca3Al2Ge3O12 glasses are less covalent than alu-
minate and germanate glasses, whereas fluoride glasses
are more ionic. In addition, V6 in Na2O • Ca3Al2Ge3O12
glasses is larger than that in germanate glasses but
smaller than that in aluminate glasses. Thus the rigid-
ity of Na2O • Ca3Al2Ge3O12 glasses is less than those of
aluminate and greater than those of germanate glasses.

Some important radiative properties can be calculated
by use of the values of V t . The total spontaneous-
transition probability is given by

A@~S, L !J; ~S8, L8!J8#

5 Aed 1 Amd 5
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9
Sed 1 n3SmdG , (5)
where Aed and Amd are the electric-dipole and the
magnetic-dipole contributions, respectively. The electric-
dipole and magnetic-dipole line strengths Sed and Smd are
expressed as

Sed 5 e2 (
t52,4,6

V tu^~S, L !JiU ~t !i~S8, L8!J8&u2, (6)

Smd 5
e2

4m2c2 u^~S, L !JiL 1 2Si~S8, L8!J8&u2.

(7)

Here we calculated Amd by using the values reported for
LaF3 and corrected for the refractive-index difference.25

The fluorescence branching ratio of transitions from
initial manifold u(S, L)J& to lower levels u(S8, L8)J8& is
given by

b@~S, L !J; ~S8, L8!J8# 5
A@~S, L !J; ~S8, L8!J8#

(
S8,L8,J8

A@~S, L !J; ~S8, L8!J8#

,

(8)

and the radiative lifetime trad of an emitting state is re-
lated to the total spontaneous-emission probability of all
transitions from this state by

trad 5 H (
S8,L8,J8

A@~S, L !J; ~S8, L8!J8#J 21

. (9)

Table 3 shows the spontaneous-transition probabilities,
the branching ratios, and the calculated lifetimes of the

Table 2. Intensity Parameters, Vt (10220 cm2),
of Er31 in Some Glasses

Glass V2 V4 V6

Aluminatea 5.60 1.60 0.61
Germanatea 5.81 0.85 0.28
Fluoridea 2.91 1.27 1.11
Ca3Al2Ge3O12 • Na2O 4.81 1.41 0.48

a Ref. 2.
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optical transitions in Er31-doped Na2O • Ca3Al2Ge3O12
glasses. The branching ratios for the transitions
4S3/2 → 4I15/2 and 4F9/2 → 4I15/2 are 67% and 91%, respec-
tively. Thus it is possible to obtain efficient green and
red emissions in the glasses under suitable excitation con-
ditions.

B. Fluorescence and Upconversion Properties
The fluorescence spectrum of sample 1 under 798-nm ex-
citation is shown in Fig. 2. The 980-nm and 1.533-mm
emission bands are attributed to the 4I11/2 → 4I15/2 and
the 4I13/2 → 4I15/2 transitions, respectively, and the full
width at half-maximum for the 1.533-mm emission band
is ;42 nm. The intensity ratio of the emission at 1.533
mm to the emission at 980 nm is approximately 38:1, in-
dicating intense 4I13/2 → 4I15/2 emission of Er31 in
Na2O • Ca3Al2Ge3O12 glasses. The measured lifetime
tmeas of the 4I13/2 level determined by exponential fitting
is ;9.55 ms and is the same as the calculated radiative
lifetime within experimental error; hence the quantum ef-
ficiency for 1533-nm fluorescence is ;100%.

The 1533-nm emission bands of samples 1 and 2 under
973-nm excitation are shown in Fig. 3. Significant en-
hancement for the 1533-nm fluorescence can be observed
for the sample containing Yb31 ions. This fact can be un-
derstood based on the number of available Er31 lumines-
cence centers. As shown in Fig. 4, for a fixed concentra-
tion of Er31 the introduction of Yb31 ions increases the
optical absorption of the glasses. The population of 4I11/2
and 4I13/2 levels is increased because of the energy trans-
fer from Yb31 to Er31; consequently, the probability of ra-
diative emission from the 4I13/2 level is also increased.

The emission spectrum in the visible-wavelength range
of sample 1 under 798-nm excitation is shown in Fig. 5.
The green bands at 547 and 524 nm correspond to the
4S3/2 → 4I15/2 and 2H11/2 → 4I15/2 optical transitions, re-
spectively. The 2H11/2 → 4I15/2 emission was observed
when the 4S3/2 level was excited because the 2H11/2 level
is populated from the 4S3/2 level by means of a fast ther-
mal equilibrium between the two levels. In addition to
the two green bands, a weak red emission at 659 nm was
also observed and is associated with the 4F9/2 → 4I15/2
transition.

In an upconversion mechanism the upconversion emis-
sion intensity IUP is proportional to the mth power of the
IR excitation intensity IIR ; i.e.,

IUP } IIR
m, (10)

where m is the number of IR photons absorbed per visible
photon emitted. A plot of log IUP versus log IIR yields a
straight line with slope m. Figure 6 shows such a plot for
the 524-, 547-, and 659-nm emissions, and the values of m
obtained were 1.91, 1.86, and 1.83, respectively. This re-
sult confirms that two photons contribute to the upcon-
version of the three visible emission bands.

Upconversion efficiency h can be determined by com-
parison of the upconversion luminescence signal with the
directly excited signal intensity26,27:
Table 3. Predicted Spontaneous Radiative Transition Rates and Lifetimes
of Er31 in Na2O – Ca3Al2Ge3O12 Glasses

Transition
Average

Frequency (cm21)
Aed

(s21)
Amd
(s21) b

trod
(ms)

4I13/2 → 4I15/2 6 527 51.7 39.4 1 11.0
4I11/2 → 4I15/2 10 235 77.6 0.82 10.5

4I13/2 3 708 8.7 8.8 0.18
4I9/2 → 4I15/2 12 500 111.9 0.85 7.59

4I13/2 5 973 18.6 0.14
4I11/2 2 265 1.3 0.01

4F9/2 → 4I15/2 15 337 1030 0.91 0.882
4I13/2 8 810 57.7 0.05
4I11/2 5 102 33.8 6.2 0.035
4I9/2 2 837 2.9 2.7 0.005

4S3/2 → 4I15/2 18 382 488.2 0.67 1.37
4I13/2 11 855 192.9 0.265
4I11/2 8 147 15.9 0.022
4I9/2 5 882 31.1 0.043

2H11/2 → 4I15/2 19 194 6726 – –
4F7/2 → 4I15/2 20 492 1583 – –
4F5/2 → 4I15/2 22 124 570.0 – –
4F3/2 → 4I15/2 22 624 494.0 – –
2H9/2 → 4I15/2 24 570 848.1 0.32 0.378

4I13/2 18 043 1199 0.45
4I11/2 14 335 467.4 37.9 0.19
4I9/2 12 070 21.7 1.0 0.01

4F9/2 9 233 25.5 44.4 0.03
2H11/2 5 376 1.0 ;0

4F7/2 4 078 0.8 ;0
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h 5 hqFPabs~vis!

Pabs~ ir!
GF Iemit~upconverted

Iemit~direct! G . (11)

Here the absorbed light power Pabs(vis) for direct excita-
tion (488-nm pump) and Pabs(ir) for direct excitation
(798-nm pump) can be determined from the measured in-
cident light power, the absorption coefficient, and the ab-
sorption path length in the sample. The luminescence

Fig. 2. Fluorescence spectrum of Er31-doped
Na2O • Ca3Al2Ge3O12 glasses under 798-nm excitation.

Fig. 3. Fluorescence spectra of Er31-doped and
Er31/Yb31-codoped Na2O • Ca3Al2Ge3O12 glasses under 973-nm
excitation.

Fig. 4. Absorption spectra of Er31-doped and
Er31/Yb31-codoped glasses near 980 nm.
intensities Iemit (upconverted) and Iemit (direct) are the
collected portion of the emitted light at 547 nm measured
in the same light-collecting conditions. Quantum effi-
ciency hq for direct excitation is defined as

hq 5
texp

trad
, (12)

Fig. 5. Upconversion emission spectrum of Er31-doped
Na2O • Ca3Al2Ge3O12 glasses under 798-nm excitation.

Fig. 6. Dependence of upconversion emission intensity on exci-
tation power under 798-nm excitation for Er31-doped
Na2O • Ca3Al2Ge3O12 glasses.

Fig. 7. Fluorescence decay curves for 547- and 659-nm emis-
sions of Er31 in Na2O • Ca3Al2Ge3O12 glasses.
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Table 4. Values of Standardized Green and Red Upconversion Efficiencies
of Er31 in Different Types of Glass

Glass (Ref.) hs of Green Upconversion hs of Red Upconversion

Na2O • Ca3Al2Ge3O12 8.0 3 1026 8.4 3 1026

Lead-germanate glass (26) 3.1 3 1026

Lead-tellurium-germanate glass (26) 0.79 3 1026

Fluoride glass (27) 1 3 1023

Silicate glass (27) 2 3 1027

Phosphate glasses (27) 6 3 1028

Alkali bismuth gallate glasses (28) 1.3 3 1023 3.1 3 1024
where texp is the experimentally measured lifetime and
trad is the radiative lifetime. From Fig. 7, texp of 4S3/2
and 4F9/2 in sample 1 were measured to be 11.7 and 8.9
ms, respectively, and, from the Judd–Ofelt analysis (Table
3), trad were found to be 1.37 ms and 882 ms, respectively.

When the incident light’s power density was 1220
W/cm2, the IR (798 nm) to green (547 nm) and IR to red
(659 nm) upconversion efficiencies of sample 1 were deter-
mined to be 0.98 3 1022 and 1.03 3 1022, respectively.
To compare h for various host materials we used a stan-
dardized efficiency hs with an incident IR intensity of 1
W/cm2. Because h is proportional to the pump power, hs
(green at 547 nm) is 8.0 3 1026 and hs (red at 659 nm) is
8.4 3 1026 for Na2O • Ca3Al2Ge3O12 :1.0 wt. %Er2O3
glasses. The standardized upconversion efficiencies of
other oxide and fluoride glasses are listed in Table 4. It
can be seen that the value of hs (green) is higher than
those reported for lead germanate, lead tellurium ger-
manate, silicate, and phosphate glasses but lower than
those for fluoride and alkali bismuth gallate glasses.26–28

In our experiments, the green and red upconversion
fluorescence in sample 1 was easily observed under
798-nm excitation but difficult to see with the naked eye
under 973-nm excitation. The possible upconversion
mechanisms in the glasses are shown in Fig. 8. When
the 4I9/2 level is directly excited at 798 nm, the excited en-
ergy that is stored in the 4I9/2 level relaxes nonradiatively
to the 4I11/2 and 4I13/2 levels. Part of the excitation en-
ergy in the 4I11/2 level relaxes further, radiatively and
nonradiatively, to the 4I13/2 level. Under this excitation
condition, excited-state absorption (ESA) from the 4I13/2
level to the 2H11/2 level can occur easily. The energy
transfer (ET) through the 4I11/2 level and the ESA from
the 4I11/2 level should also be considered, but their contri-
butions are much smaller than the ESA from the 4I13/2
level. However, if the pump source is 973 nm, the ESA
from the 4I13/2 state cannot occur, because the pump en-
ergy is not sufficient to deexcite the excited state of 4I13/2
to the 4S3/2 state. Hence the green upconversion of
sample 1 is rather weak under 973-nm excitation. In ad-
dition, for the red upconversion under 798-nm excitation
the population of the 4F9/2 level is the total result of ET
from the 4I13/2 level and a contribution from higher-
energy levels by nonradiative relaxation. The ET pro-
cess can be described as Er31(4I13/2) 1 Er31(4I11/2)
→ Er31(4F9/2) 1 Er31(4I15/2), and it is a dominant con-
tribution to red upconversion because the cross relaxation
should be efficient as a result of the high population of the
4I13/2 level.
The upconversion of sample 2 is more efficient than
that of sample 1 under 973-nm excitation, as shown in
Fig. 9, because the doping of Yb31 increases the optical
absorption greatly. The plot of log IUP versus log IIR for
524-, 525-, and 659-nm emission bands is shown in Fig.
10. From the values of m obtained, the three emission
bands also originate from processes that involve two pho-
tons. Figure 8 also shows the possible upconversion
mechanisms for the green and red bands in sample 2.

Fig. 8. Energy-level diagram of Er31 and Yb31 in Na2O
• Ca3Al2Ge3O12 glasses. Possible upconversion excitation
mechanisms under 798- and 973-nm excitation are indicated.
The linewidths of the arrows indicate the relative strengths of
absorptions and emissions.

Fig. 9. Upconversion emission spectrum of Er31/Yb31-codoped
Na2O • Ca3Al2Ge3O12 glasses under 973-excitation.
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The excitation processes for 524- and 547-nm green bands
are as follows:

Er31~4I15/2! 1 photon → Er31~4F11/2!, (13a)

Yb31~2F7/2! 1 photon → Yb31~2F5/2!, (13b)

Yb31~2F5/2! 1 Er31~4I15/2! → Yb31~2F7/2! 1 Er31~4I11/2!,

(13c)
Yb31~2F5/2! 1 Er31~4I11/2! → Yb31~2F7/2! 1 Er31~4F7/2!,

(13d)
Er31~4I11/2! 1 Er31~4I11/2! → Er31~4I15/2! 1 Er31~4F7/2!,

(13e)
Er31~4I11/2! 1 photon → Er31~4F7/2!. (13f )

The population of the 4I11/2 level increases with Yb31 dop-
ing as a result of the efficient energy transfer from
Yb31(2F5/2) to Er31(4I11/2); hence the probabilities of pro-
cesses (13e) and (13f) in the Er31/Yb31-codoped system
are higher than those in the Er31 single-doped system.
In addition, process (13d) plays an important role in the
green upconversion in Er31/Yb31-codoped systems; thus
sample 2 is more efficient than sample 1. Multiphonon
relaxation from the 4S3/2 level and ESA and ET from the
4I13/2 level populate the upper 4F9/2 level for the 659-nm
red band. Hence the population of the 4F9/2 level in
codoped glasses is much greater than that in Er31 single-
doped glasses; consequently the red upconversion in
codoped glasses is also much stronger.

4. CONCLUSIONS
Er31-doped and Er31/Yb31-codoped Na2O • Ca3Al2Ge3O12
glasses have been fabricated and characterized. The V
intensity parameters, the radiative rates, the branching
ratios, and the fluorescence lifetimes were calculated from
Judd–Ofelt theory. Intense fluorescence at 1533 nm and
efficient upconversion emissions in Er31-doped and
Er31/Yb31-codoped Na2O • Ca3Al2Ge3O12 glasses were ob-
served at room temperature. In Er31-doped Na2O
• Ca3Al2Ge3O12 glasses the quantum efficiency is ;100%
for 1533-nm fluorescence, and upconversion efficiencies of
0.98 3 1022 and 1.03 3 1022 were obtained for green and
red upconversion emissions, respectively, pumped at 798

Fig. 10. Dependence of upconversion emission intensity on ex-
citation power under 973-nm excitation for Er31/Yb31:Na2O
• Ca3Al2Ge3O12 glasses.
nm with a power density of 1220 W/cm2. The value of
standardized green upconversion efficiency is higher than
those reported for lead germanate, lead tellurium ger-
manate, silicate, and phosphate glasses, and lower than
those reported for fluoride and alkali bismuth gallate
glasses. Under 973-nm excitation the enhancement of
1.533-mm emission and visible upconversion fluorescence
owing to codoping of Yb31 is confirmed. The upconver-
sion mechanisms of the two glass systems and the sensi-
tizion of Yb31 were discussed. From the data obtained, it
appears that Na2O • Ca3Al2Ge3O12 glasses are suitable
host materials for Er31 and are promising for the fabrica-
tion of practical photonic devices because the ion-
exchange process and the direct UV writing technique can
be used in the glasses for making optical waveguides.
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