
Infrared and visible luminescence properties of Er3+ and Yb3+ ions
codoped Ca3Al2Ge3O12 glass under 978 nm diode laser excitation
Huang Lihui, Liu Xingren, Xu Wu, Chen Baojiu, and Lin Jiuling 
 
Citation: J. Appl. Phys. 90, 5550 (2001); doi: 10.1063/1.1413494 
View online: http://dx.doi.org/10.1063/1.1413494 
View Table of Contents: http://jap.aip.org/resource/1/JAPIAU/v90/i11 
Published by the American Institute of Physics. 
 
Related Articles
Synthesis and upconversion luminescence of N-doped graphene quantum dots 
Appl. Phys. Lett. 101, 103107 (2012) 
High energy sideband on the magnetic polaron related luminescence in EuTe 
Appl. Phys. Lett. 101, 092108 (2012) 
Red-IR stimulated luminescence in K-feldspar: Single or multiple trap origin? 
J. Appl. Phys. 112, 043507 (2012) 
Next generation of Ge1−ySny (y=0.01-0.09) alloys grown on Si(100) via Ge3H8 and SnD4: Reaction kinetics and
tunable emission 
Appl. Phys. Lett. 101, 072105 (2012) 
Carrier-dopant exchange interactions in Mn-doped PbS colloidal quantum dots 
Appl. Phys. Lett. 101, 062410 (2012) 
 
Additional information on J. Appl. Phys.
Journal Homepage: http://jap.aip.org/ 
Journal Information: http://jap.aip.org/about/about_the_journal 
Top downloads: http://jap.aip.org/features/most_downloaded 
Information for Authors: http://jap.aip.org/authors 

Downloaded 06 Sep 2012 to 159.226.165.151. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions

http://jap.aip.org/?ver=pdfcov
http://aipadvances.aip.org/resource/1/aaidbi/v2/i1?&section=special-topic-physics-of-cancer&page=1
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Huang Lihui&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Liu Xingren&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Xu Wu&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Chen Baojiu&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Lin Jiuling&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://jap.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.1413494?ver=pdfcov
http://jap.aip.org/resource/1/JAPIAU/v90/i11?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4750065?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4748981?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4745018?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4745770?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4743010?ver=pdfcov
http://jap.aip.org/?ver=pdfcov
http://jap.aip.org/about/about_the_journal?ver=pdfcov
http://jap.aip.org/features/most_downloaded?ver=pdfcov
http://jap.aip.org/authors?ver=pdfcov


JOURNAL OF APPLIED PHYSICS VOLUME 90, NUMBER 11 1 DECEMBER 2001
Infrared and visible luminescence properties of Er 3¿ and Yb 3¿ ions
codoped Ca 3Al2Ge3O12 glass under 978 nm diode laser excitation

Huang Lihui,a),b) Liu Xingren,b) Xu Wu,b) Chen Baojiu,b) and Lin Jiulingb)

Laboratory of Excited State Processes, Chinese Academy of Sciences, 130021 Changchun,
People’s Republic of China

~Received 15 January 2001; accepted for publication 28 August 2001!

Er31 and Yb31 ions codoped calcium aluminum germanate glass has been synthesized by
solid-state reaction. An intense infrared emission at 1534 nm, which corresponds to the minimum
losses of silica based fibers used in optical communications, and visible emissions at 416, 490, 525,
548, and 660 nm, corresponding to the4I13/2→4I15/2, 2H9/2→4I15/2, 4F7/2→4I15/2, 2H11/2→4I15/2,
4S3/2→4I15/2, and4F9/2→4I15/2 transitions of Er31 ions, respectively, were simultaneously observed
in this glass under the excitation of a 978 nm diode laser at room temperature. These emissions are
mainly attributed to energy transfer from Yb31 ions to Er31 ions. The up-conversion processes
involve a sequential two-photon absorption for the red~660 nm!, the green emissions~525 and 548
nm! and the blue emission~490 nm!, and a sequential three-photon absorption for the violet-bluish
emission~416 nm!. The up-conversion fluorescence of Ca3Al2Ge3O12:Er,Yb glass can be used to
detect 980 nm infrared laser light. ©2001 American Institute of Physics.
@DOI: 10.1063/1.1413494#
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I. INTRODUCTION

In recent years, Er31 doped glasses have attracted mu
interest due to their important optical properties for use
lasers and devices for optical communications.1–5 With the
development of the 980 nm laser diodes, these interests
been stimulated from the view point of application,6 since
Mears et al.7 reported the operation of the Er-doped fib
amplifier pumped at a 980 nm wavelength.

Since the spectral region of the2F7/2→2F5/2 transition of
the Yb31 ion overlaps that of the4I15/2→4I11/2 transition of
the Er31 ion, it is possible to achieve an effective Yb to E
transfer mechanism of the excitation energy.8 In the last few
years, many authors have demonstrated pulsed, as we
continuous, wave operation of Er and Yb codoped gl
lasers.9,10

On the other hand, the up-conversion luminescence f
Er31-doped glass has caught much attention for the purp
of developing infrared laser pumped solid state u
conversion lasers.11,12An efficient up-conversion laser at 54
nm when pumped with a laser diode at 800 nm has b
realized and has shown a higher efficiency than harmo
generation techniques.13 So far, most efforts have been pa
to fluoride systems owing to their relatively lower phon
energy. But oxides are much more appropriate than fluor
as host materials for practical applications due to their e
of fabrication, high chemical durability, and thermal stabili
Several up-conversion studies in oxide glass systems h
shown efficient up-conversion even at room temperature.14,15

This article reports the up-conversion emissions and
Stokes emission of Er31 and Yb31 ions codoped calcium
aluminum germanate glass~Ca3Al2Ge3O12, hereafter called

a!Electronic mail: zhxiao@public.cc.jl.cn
b!Also at: Changchun Institute of Optics, Fine Mechanics, and Physics,

nese Academy of Sciences, 130021 Changchun, People’s Republ
China.
5550021-8979/2001/90(11)/5550/4/$18.00
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CAG! under the excitation of a 978 nm diode laser at roo
temperature.

II. EXPERIMENT

The glass samples used in this work were synthesized
high-temperature solid-state reaction. The starting mater
are high-purity CaO, Al2O3, and GeO2, which are mixed
with the stoichiometric ratio as Ca3Al2Ge3O12. Er31 and
Yb31 ions were introduced as Er2O3 and Y2O3 with 4N
purity. Er31 and Yb31 doping concentrations in the prepare
glass are 0.4 at. % and 3.2 at. %, respectively. Well-mix
batches were introduced into a furnace, and were fired
850 °C, 1300 °C, and 1520 °C for 2 h–4 h, respective
Then, the heating product was cast into thin board. Af
annealing in air gradually from 600 °C to room temperatu
for 48 h, the glass samples were polished carefully in or
to meet the requirement for optical measurements. In a
tion, we found that this glass can be drawn into fibers eas

The visible and near-infrared absorption spectra of
sample were measured at room temperature using a Pe
Elmer Lambda 9 spectrophotometer over a spectral rang
300–1800 nm. The emission spectrum by direct excitat
was performed at a Hitachi F-4500 fluorescence spectrop
tometer. The up-conversion luminescence spectra were
corded by a Hitachi F-4000 fluorescence spectrometer.
infrared emission spectra were measured with a Spex-1
spectrophotometer. A 978 nm diode laser with a maxim
power of 1 W was used as the excitation sources in
aforementioned measurements. The excitation light was
troduced at a 45° angle to avoid harming the grating
monochromator and the Ge detector by the reflected la
The emitted near-infrared light was analyzed using a 1 m
single grating monochromator and detected with a liqu
nitrogen-cooled Ge detector. All measurements were p
formed at room temperature.

i-
of
0 © 2001 American Institute of Physics
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III. RESULTS AND DISCUSSION

Figures 1~a! and 1~b! show the absorption spectra o
Er31 and Yb31 ions for the CAG glass sample at roo
temperature. The absorption spectrum of Er31 ion consists
of 11 absorption bands centered at 1532~1490!, 804, 650,
544, 520, 488, 451, 406, 377, 365, and 356 nm, correspo
ing to the absorptions from the ground state4I15/2 to
the excited states4I13/2,

4I9/2,4F9/2,
4S3/2,2H11/2,

4F7/2,4F5/2

14F3/2,2H9/2,
4G11/2,2G9/2, and 2K15/21

2G7/2, respectively.
The absorption spectrum of Yb31 ions shows an intense ab
sorption band centered at 980 nm in the sample, due to
2F7/2→2F5/2 transition of the Yb31 ion. Certainly, the absorp
tion band centered at 980 nm is also partially attributed to
absorption of Er31 ion due to the4I15/2→4I11/2 transition of
the Er31 ion. However, the 980 nm absorption of the Er31

ion is much weaker than that of the Yb31 ion. These results
indicate that Yb31 and Er31 ions in the CAG glass can b
excited by 978 nm light simultaneously.

The emission spectra of Er31 ions for an Er31 and Yb31

codoped CAG glass sample in the range of 520 to 700
under the direct excitation at 490 nm~excited in the4F7/2

level! and 520 nm~excited in the2H11/2 level! at room tem-
perature are shown in Fig. 2. Under 490 nm excitation~solid
line!, there are two emission subbands centered around
and 546 nm, corresponding to the2H11/2→4I15/2 and 4S3/2

→4I15/2 transition of Er31 ion, respectively. However, only
one emission band peaking at 546 nm due to the trans

FIG. 1. Absorption spectra of Er31 and Yb31 ions in the range of~a! 300 to
750 nm and~b! 770 to 1100 nm and 1350 to 1650 nm for the CAG gla
~thickness51.98 mm! at room temperature. Absorption bands of Er31 ions
are all from the ground level4I15/2 to the level specified. A is the absorptio
@210log(I/I0)#.
Downloaded 06 Sep 2012 to 159.226.165.151. Redistribution subject to AIP
d-

he

e

m

30

n

from 4S3/2 level to the ground-state4I5/2 level was observed
upon the excitation of 520 nm light~dashed line!. There is no
evidence that emission~due to the4F9/2→4I15/2 transition of
Er31 ion around 660 nm! is recorded under the two afore
mentioned excitations. These results indicate that the4F9/2

level is not populated by relaxation or any other proces
from the4F7/2 level in the sample. On the other hand, rela
ation or any other process from the upper4F7/2 level can
populate the2H11/2 level and4S3/2 level.

Figure 3 shows the up-conversion emission spectra
Er31 ions in the range of 400 to 700 nm for the Er31 and
Yb31 ions codoped CAG glass sample under the excitat
of a 978 nm diode laser at room temperature. The
conversion emission bands centered at 416, 490, 525,
and 660 nm are attributed to the transitions from the exc
states2H9/2,4F7/2,2H11/2,4S3/2, and4F9/2 to the ground-state
4I15/2 of Er31 ion, respectively. However, the emissions ce
tered at 416 and 490 nm are much weaker than the o
emissions. In addition, the up-conversion fluorescence is
weak to be recorded in Er31 single-doped CAG glass~er-
bium concentration is 0.4 at. %! under the same excitatio
conditions. This confirms that there exists an effective Yb

FIG. 2. Emission spectra of Er31 ions for the Er31 and Yb31 codoped CAG
glass under 490~solid line! and 520 nm~dashed line! excitation at room
temperature.

FIG. 3. Up-conversion emission spectra of Er31 ions for the Er31 3m and
Yb31 codoped CAG glass under the excitation of a 978 nm diode lase
room temperature.
 license or copyright; see http://jap.aip.org/about/rights_and_permissions
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Er transfer mechanism of the excitation energy. The
conversion fluorescence of CAG:Er,Yb glass can be use
detect a 980 nm laser light.

A near-infrared emission spectrum of Er31 emission in
the range of 1400 to 1700 for the Er and Yb codoped C
glass under the excitation of a 978 nm diode laser at ro
temperature is recorded, as shown in Fig. 4. There is
intense emission centered at 1534 nm with the full width
half maximum is about 54 nm, corresponding to the4I13/2

→4I15/2 transition of Er31 ion, which corresponds to th
minimum losses of silica based fibers used in optical co
munications.

The pump power dependence of the aforementio
three up-conversion signals was analyzed and the result
depicted in log–log plots of Fig. 5. According to Fig. 5, th
fluorescence emissions intensities presented a quadrati
pendence upon excitation intensity at 978 nm. This beha
indicates the participation of two 978 nm excitation phono
to populate the emitting2H11/2, 4S3/2, and4F9/2 excited-state
levels. According to the energy matching conditions and
quadratic dependence on 978 nm pump intensity, the
conversion mechanism in this system under 978 nm exc
tion could be explained as illustrated in Fig. 6. Firstly, t
Er31 ion was excited from the ground state4I15/2 to the ex-

FIG. 4. Infrared emission spectra of Er31 ions for the CAG glass under the
excitation of a 978 nm diode laser at room temperature in the rang
1300–1700 nm.

FIG. 5. Log–log plot of up-conversion fluorescence emission intensity
function of pump intensity at 978 nm.
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cited state4I11/2 by one of the three processes: ground st
absorption, phonon-assisted energy transfer from
Yb31 2F5/2 level, and energy transfer from the4I11/2 level of
an adjacent Er31 ion. Among the three processes, th
phonon-assisted energy transfer from an Yb31 ion is the
main one, since the Yb31 ion has a larger absorption cros
section than the Er31 ion around 978 nm in the CAG glas
host @see Fig. 1~b!# and the up-conversion fluorescence
Er31 singly doped CAG glass under the same excitation c
ditions is very weak. Secondly, the populated4I11/2 level was
excited to the4F7/2 level by the same three processes: exci
state absorption, phonon-assisted energy transfer from
Yb31 ion, and energy transfer from an adjacent Er31 ion.
The populated4F7/2 level may mostly nonradiatively relax to
two lower levels:2H11/2 and 4S3/2, which produce the two
green up-conversion emission~525 and 548 nm!, however, it
seldom relaxes radiatively to the ground state4I15/2, produc-
ing very weak emission at 490 nm. On the other hand,
Er31 ion populated4I11/2 level mostly relaxes nonradiativel
to the long-living4I13/2 level. The populated4I13/2 level may
be excited to the4F9/2 level by the same three processes. O
one hand, the populated4F9/2 level of the Er31 ion mostly
relaxes radiatively to the ground-state4I15/2 level, which
causes emission around 660 nm. On the other hand, it
be excited to the2H9/2 level by a third phonon absorption b
the same three processes, producing weak blue emissio
416 nm. In addition, the red intense emission at 660 nm
readily be seen by the naked eye, for pump powers lo
than 150 mW.

As mentioned, the populated4I13/2 mostly relaxes to the
ground state, producing 1534 nm emission, because of
high multiphonon decay rate of the excited Er31 4I11/2 mani-
fold into the 4I13/2 level due to the high effective phono
energies of the germanate glass host.

IV. CONCLUSION

Er31 and Yb31 ions codoped CAG glass has been sy
thesized by solid-state reaction. An intense infrared emiss

of

a

FIG. 6. Energy level diagram of Er31 and Yb31 ions and luminescence
mechanisms of Er31 and Yb31 ions codoped CAG glass under a 978 n
diode laser excitation at room temperature. The solid lines stand for
absorption and emission transitions for Er31 and Yb31 ions. The dashed
lines stand for energy transfer from Yb31 and Er31 ions. The curves repre-
sent the nonradiative relaxations.
 license or copyright; see http://jap.aip.org/about/rights_and_permissions
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at 1534 nm, which corresponds to the minimum losses
silica based fibers used in optical communications, and
ible emissions at 416, 490, 525, 548, and 660 nm, co
sponding to the4I13/2→4I15/2, 2H9/2→4I15/2, 4F7/2→4I15/2,
2H11/2→4I15/2, 4S3/2→4I15/2, and 4F9/2→4I15/2 transitions of
Er31 ions, respectively, were simultaneously observed in
glass under the excitation of a 978 nm diode laser at ro
temperature. These emissions are mainly attributed
phonon-assisted energy transfer from Yb31 to Er31. The up-
conversion processes involve a sequential two-photon
sorption for the red emission~660 nm!, the green emission
~525 and 548 nm! and the blue emission~490 nm!, and a
sequential three-photon absorption for the violet-bluish em
sion ~416 nm!. The up-conversion fluorescence
CAG:Er,Yb glass can efficiently detect a 980 nm infrar
laser light.

ACKNOWLEDGMENTS

This work was supported by Chinese National Natu
Science Foundation. The authors would like to thank R
Xingguang and E Shulin for the spectral measurements.
Downloaded 06 Sep 2012 to 159.226.165.151. Redistribution subject to AIP
f
s-
e-

is
m
to

b-

-

l
n

1Y. Zhou, Y. L. Lam, S. S. Wang, H. L. Liu, C. H. Kam, and Y. C. Cha
Appl. Phys. Lett.71, 587 ~1997!.

2Y. C. Yan, A. J. Faber, H. Waal, P. G. Kik, and A. Polman, Appl. Phy
Lett. 71, 2922~1997!.

3L. L. Neindre, S. Jiang, B.-C. Hwang, T. Luo, J. Watson, and N. Peygh
barian, J. Non-Cryst. Solids255, 97 ~1999!.

4A.-F. Obaton, C. Parent, G. L. Flem, P. Thony, A. Brenier, and G. Boul
J. Alloys Compd.300, 123 ~2000!.

5S. Jiang, T. Luo, B.-C. Huang, F. Smekatala, K. Seneschal, J. Lucas
N. Peyghambarian, J. Non-Cryst. Solids263, 364 ~2000!.

6K. Soga, M. Tsuda, S. Sakuragi, H. Inoue, S. Inoue, and A. Makishima
Non-Cryst. Solids222, 272 ~1997!.

7R. J. Mears, L. Reekie, I. M. Jauncey, and D. C. Payne, Electron. Lett.23,
1026 ~1987!.

8V. P. Gapontsev, S. M. Matisin, A. A. Iseneev, and V. B. Kravchenko, O
Laser Technol.14, 189 ~1982!.

9J. A. Hutchinson and T. H. Allik, Appl. Phys. Lett.60, 1424~1992!.
10R. R. Stephens and R. M. MacFarlane, Opt. Lett.18, 34 ~1993!.
11N. R. Reddy and P. Venkateswarlu, Appl. Phys. Lett.64, 1327~1994!.
12D. C. Yeh, W. A. Sibley, I. Schneider, R. S. Afzal, and I. Aggarwal,

Appl. Phys.69, 1648~1991!.
13S. A. Pollack and D. B. Chang, J. Appl. Phys.64, 2885~1988!.
14S. Tanabe, K. Suzuki, N. Soga, and T. Hanada, J. Lumin.65, 247 ~1995!.
15Z. Pan, S. H. Morgan, A. Loper, V. King, B. H. Long, and W. E. Collin

J. Appl. Phys.77, 4688~1995!.
 license or copyright; see http://jap.aip.org/about/rights_and_permissions


