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Red laser induced upconversion luminescence in Er-doped calcium
aluminum germanate garnet
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China

Jean Pierre Jouart and Gérard Mary
Laboratoire d’Energe´tique et d’Optique, UTAP, Universite´ de Reims, B.P. 1039,
51687 Reims cedex, France

~Received 2 April 1997; accepted for publication 2 July 1997!

In this work, we have studied the spectroscopic and dynamic properties of the green (4S3/2→4I 15/2)
and blue (2P3/2→4I 11/2) upconversions for a series of Er31 doped Ca3Al2Ge3O12, induced by a red
tunable laser excitation. The green emission is due to either an energy transfer involving two ions
excited in the4I 11/2 multiplet or an excited state absorption from the4I 13/2 level, depending on
whether the laser excitation wavelength is tuned on4I 15/2→4F9/2 or 4I 13/2→4F5/2. The blue
emission mainly results from a three-step absorption process through the4I 13/2 and4S3/2 multiplets.
The temperature and concentration effects have been analyzed for the green and blue upconversions.
© 1997 American Institute of Physics.@S0021-8979~97!00720-2#
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I. INTRODUCTION

Upconversion luminescence is a well-known pheno
enon in rare earth doped crystalline and glass materials.
successive absorption, the energy transfer, the cooper
process, and the photon avalanche effect are the princ
upconversion processes identified.1–8 Frequency upconver
sion has been recognized as early as the 1950’s,3 which in-
duced research for infrared quantum counts later in the 6
and there has been renewed interest recently owing to
great achievement of high power III-V semiconductor la
diodes potentially enabling infrared pumped, compact
conversion lasers.

So far, upconversion fluorescence have been obse
for many trivalent rare earth ions such as Er31, Tm31, Ho31,
Nd31, Pr31, and Eu31 in various materials and, in particula
in fluoride crystals and glasses. Among the rare earth io
Er31 is the most popular as well as one of the most effici
ions in this respect, and Er31 upconversion laser operatio
has been achieved both at 77 K and at room temperatu9

Compared with the fluoride system, the upconversion p
cess is seldom observed in oxide crystals and glasses wit
cooling the sample to low temperature, because of the hig
vibration energy in oxides. On the other hand, the ox
materials have advantageous application properties c
pared to fluorides such as higher chemical durability a
thermal stability. Recently, several upconversion stud
have been realized in heavy metal oxide glass systems
garnets.10–12They have shown efficient upconversion even
room temperature.

In a recent paper,13 we have briefly reported the excite
state absorption and efficient upconversion in Er-doped
cium aluminum germanate garnet~CAGG! polycrystalline
material. In this article, a systematic investigation has b
applied for this system by analyzing temperature effe

a!Also with: Laboratory of Excited State Processes, Chinese Academ
Sciences, 130021 Changchun, People’s Republic of China.
J. Appl. Phys. 82 (8), 15 October 1997 0021-8979/97/82(8)/39
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concentration effects, and the dynamic properties for
green and blue upconversions. The upconversion spe
were recorded in several spectral ranges resulting from th
energy levels:4S3/2, 2P3/2, and 2H11/2. The luminescence
intensity is comparable with that in the fluorite crystals ev
at room temperature. Three-photon upconversion has b
observed for the emissions originating from the2P3/2 level.

II. EXPERIMENT

The samples used in this work were synthesized by h
temperature solid state reactions. The starting materials
high purity CaO, Al2O3, and GeO2, which are mixed with
the stoichiometric ratio as Ca32xErxAl2Ge3O12, wherex var-
ies from 0.005 to 0.1. The Er31 was introduced as Er2O3 with
the 5N purity. The well mixed batches were introduced in
a furnace, and were gradually fired at 900, 1000, a
1250 °C for 4 h. After each firing, the products were grou
into fine powder. The final samples were checked by x-
diffraction, and the cubic garnet structure was obtained.

The upconversion study was performed at room te
perature and at 100 K. A cw Ar1 laser ~Spectra Physics
2000! pumped tunable dye laser~Spectra Physics 375! was
used as the excitation source. Kiton red dye was used
supply red laser emission between 620 and 670
(16 200– 15 000 cm21). Powder samples were mixed wit
gel, coated to a glass support, and fixed in a cryostat co
by liquid nitrogen to about 100 K. The excitation light wa
introduced at a 45° angle, and the luminescence signal
reflected to the entrance of a Coderg T800 three gra
monochromator. The emission from the sample was dete
by a water-cooled photomultiplier~EMI 9558 QB!. The lu-
minescence decay and rise times were measured with a
trix Oscillograph ~OX 750-2!. The laser beam was modu
lated by a Pockels cell, and the rise and decay signals w
analyzed by a microcomputer.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The upconversion emission spectra for the CAGG:1
Ho31 induced by red laser excitation are shown in Fig.

of
398787/5/$10.00 © 1997 American Institute of Physics
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FIG. 1. Upconversion spectra obtained from three energy levels:4S3/2 , 2P3/2 , and 2H11/2 for CAGG:1% Er31: ~a! 4S3/2→4I 15/2, ~b! 2P3/2→4I 11/2, ~d!
2P3/2→4I 9/2 at 100 K and~c! 2H11/2→4I 15/2 at 300 K.
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These spectra are mainly located at three spectral range
depicted in Figs. 1~a!–1~d!. According to the energy leve
diagram of the Er31, these spectra can be ascribed to
transitions:4S3/2→4I 15/2, 2P3/2→4I 11/2, 2H11/2→4I 15/2, and
2P3/2→4I 9/2, respectively. Three other weak upconversi
emissions have been detected in the red and infrared ra

FIG. 2. Excitation spectra~recorded at 100 K! for green, blue and red
emissions of CAGG:1% Er31. These spectra were obtained by monitori
the 18 490 cm21 green~—!, 14 729 cm21 red ~---!, and 21 114 cm21 blue
~––! emissions excited with red dye laser.~The profile for green emission is
shifted upward referring to the others!.
3988 J. Appl. Phys., Vol. 82, No. 8, 15 October 1997
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due to the transitions:2P3/2→4F9/2, 2P3/2→4S3/2, and
2H11/2→4I 13/2. The most intense upconversion is observed
the green region due to the4S3/2→4I 15/2 transition, which is
even more intense than the red Stokes emiss
4F9/2→4I 15/2.

The excitation spectra for the red Stokes emission, gr
and blue upconversions differ one from another, and th
spectra are given in Fig. 2. For the red emission, almost
the excitation peaks arise from the ground state absorp
~GSA!, viz. 4I 15/2→4F9/2, ranging from 15 200 to
15 600 cm21. For the green emission, in addition to the GS
lines, another group of excitation peaks has been observe
the higher energetic side between 15 500 and 15 800 cm21.

TABLE I. Positions of the Stark sublevels of Er31 in CAGG.

Level Energy (cm21)

4I 15/2 0, 50, 93, 131, 147, 420, 524, 580
4I 13/2 6614, 6667, 6675, 6693, 6776, 6831, 6919
4I 11/2 10 264, 10 303, 10 369, 10 384, 10 416, 10 423
4I 9/2 12 324, 12 522, 12 594, 12 719, 12 785
4F9/2 15 307, 15 319, 15 325, 15 473, 15 536
4S3/2 18 415, 18 490
2H11/2 19 110, 19 116, 19 132, 19 142, 19 182
4F5/2 22 291, 22 312, 22 360
2P3/2 31 498, 31 617
4G7/2 34 092, 34 108, 34 114
Zhang et al.
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With the similar intensity to those for the4I 15/2→4F9/2 tran-
sition, these lines can be assigned to the4I 13/2→4F5/2 transi-
tion. With regard to the blue emission, the excitation sp
trum appears only in the second region, and the G
spectrum almost disappears completely. Furthermore,
spectrum is also different from the excitation spectrum of
4I 13/2→4F5/2, and therefore, is probably owing to anoth
transition: 4S3/2→4G7/2.14 The local surrounding effect in
CAGG on the energy levels of Er31 is such that both ESA
(4I 13/2→4F5/2 and 4S3/2→4G7/2! perfectly overlap between
15 500 and 15 800 cm21, whereas the GSA4I 15/2→4F9/2 is
located on the low energy side.

Two optimal excitation lines~15 423 and 15 677 cm21!
were selected, both inducing a strong green emission w
comparable intensities. The red emission is three times~un-
der 15 423 cm21! and 20 times~under 15 677 cm21! weaker
than the green one. The blue emission only grows ap
ciable under 15 677 cm21. Part of the energy levels involve
in the upconversion have been obtained by analyzing
emission and excitation spectra. The result is given in Ta
I.

At room temperature, the green upconversion intensit
reduced to about half of that observed at low temperat
while the blue upconversion shows a much weaker intens
The excitation spectrum for the red emission is similar
that observed at low temperature. For the green and
upconversions, however, the relative intensity for the G
and ESA changes significantly. The GSA4I 15/2→4F9/2 tran-
sition is greatly enhanced. The ratio of the excitation inte
sities for the 15 423~15 420! and 15 677 cm21 excitation
lines change from 1:0.7 to 1:0.25 for monitoring green em
sion and from 1:15 to 1:3 for monitoring the blue emissio
This phenomenon can be explained by the energy tran
between Er31 ions. At low temperature, the energy transfer
not very efficient; with increasing temperature, the nonra
ative energy transfer between Er31 ions becomes more effi
cient, resulting in the increase of the4I 15/2→4F9/2 transition
probability. The room temperature excitation spectra for
three emissions are shown in Fig. 3.

FIG. 3. Excitation spectra~recorded at 300 K! for the green, blue, and red
emissions of CAGG:1% Er31. The experimental conditions are the same
those for Fig. 2.
J. Appl. Phys., Vol. 82, No. 8, 15 October 1997
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In order to find the optimal concentration for Er31, we
have synthesized a series of samples with different Er31 con-
centrations ranging from 0.5 to 10 mol %. The emissi
spectra obtained for different concentrations show the sa
profile, implying only one principal crystallographic site, th
eightfold Ca21, in this case. The octahedral Al31 site is sel-
dom occupied by the rare earth ions due to the great m
match in the ionic radii.15

At low temperature, the concentration effect was eva
ated by measuring the relative emission intensities of
green and blue upconversions with different excitations. T
optimal concentrations for green and blue emissions are b
5%. For higher Er31 concentrations, the relative intensity fo
the GSA excitation increases and that for the ESA transit
decreases compared to the lower concentration sample
shown in Fig. 4 for monitoring the green emission from t
5% sample at 100 and 300 K. Similar results have be
detected for monitoring the blue emission.

These results can also be explained by the energy tr
fer effect between the Er31 ions. At high concentration, the
average distance between the Er31 ions is short, and more
excited Er31 ions can be found within the effective energ
transfer distance. Therefore, the energy transfer efficienc
relatively high to increase the GSA excitation intensity.
higher concentration, emission intensities decrease due to
concentration quenching effect.

Upon cw laser excitation, the dynamic properties for u
conversion fluorescence were analyzed at two excita
wave numbers, 15 423 and 15 677 cm21. The buildup time
of the green upconversion is much different depending
whether the excitation is resonant with the GSA and E
transitions~Fig. 5!. Time constants of 1 and 5 ms were o
served for 15 423 and 15 677 cm21 excitations, respectively
The fluorescence decay curve for green upconversion is
ponential with a time constant of 45ms for the 15 677 cm21

excitation, whereas that for the 15423 cm21 excitation con-
sists of two exponential components with time constants
40 and 300ms. These decay characteristics indicate an
ergy transfer process being responsible for populating
4S3/2 level because the lifetimes for the upper lying levels a
much shorter than 300ms ~for example, less than 10ms for

FIG. 4. Excitation spectra for the green upconversion of the Er31 ion in
CAGG:5% Er31 at 100 K:~a! monitoring 18 490 cm21 and 300 K~b! moni-
toring 18 485 cm21.
3989Zhang et al.
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the 2H11/2 manifold!. For blue emission, the rise and dec
constants are 4 ms and 65ms, under 15 677 cm21 excitation,
respectively.

The dependence of the green and blue upconversion
a function of the incident laser power are depicted in Fig
The green emission intensity varies asI 2 ~I being the exci-
tation power! and the blue one asI 3 ~Fig. 6!. The filling
mechanism of the2P3/2 level consists of three successiv
absorptions exciting the Er31 ion from 4I 15/2 to a vibronic
sideband of4F9/2, from 4I 13/2 to 4F5/2, and from 4S3/2 to
4G7/2.14 After each absorption, the Er31 ion relaxes to a
metastable level which is the starting point of the next tr
sition. Under 15 677 cm21 excitation, ESA (4I 13/2→4F5/2)
contributes to the4S3/2 population, whereas an energy tran
fer between two Er31 ions excited in the4I 11/2 state happens
under 15 423 cm21. Note that at high Er31 concentration, the
GSA peaks are reinforced compared to the ESA ones
monitoring the blue upconversion, indicating that the non
diative energy transfer efficiency is enhanced with increas
the Er31 concentration. Therefore, the avalanche proc
does not happen in this system, because this mechanism
erates more efficiently at high concentration. The propo
upconversion mechanisms are shown in Fig. 7.

FIG. 5. Fluorescence rise curves for the green upconversion at 18 49021

with excitation into the GSA~a! and ESA~b! transitions.

FIG. 6. Dependence~at 100 K! of the green and blue emission intensities
CAGG:1% Er31 on the laser power excited with 15 677 cm21.
3990 J. Appl. Phys., Vol. 82, No. 8, 15 October 1997
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IV. CONCLUSION

The upconversion fluorescence of Er31 in CAGG poly-
crystal material has been detected in several spectral ra
resulting from three energy levels:4S3/2, 2H11/2, and2P3/2,
upon red laser excitation at 100 and 300 K. The green em
sion corresponding to the4S3/2 transition appears as the mo
intense upconversion, which is even more intense than
red emission. The filling mechanism for the4S3/2 level is
either an energy transfer involving two Er31 ions excited in
4I 11/2 multiplet or an excited state absorption raising from t
4I 13/2 multiplet with regard to the laser excitation being tun
on GSA or ESA transitions, respectively. The blue emiss

FIG. 7. Energy level diagrams of the energy transfer~a! and sequential
three-step absorption~b! mechanisms for Er31 in CAGG.
Zhang et al.
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N.
results mainly from a three-step absorption process with
4I 13/2 and 4S3/2 as the metastable levels. The effect of t
temperature and the concentration on the upconversion
rescence is such that the GSA is reinforced compared to
ESA with increasing the temperature or the Er31 concentra-
tion, thus indicating that the avalanche effect is not opera
in this system.

We have also demonstrated that the red-to-green up
version of Er31 is very efficient in this material, even at room
temperature. The emission intensity is comparable with
observed for Er31 in fluoride systems. This result implie
that the CAGG can be a promising host material for
upconversion laser along with its high chemical durabil
and thermal stability.
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