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In this work, we have studied the spectroscopic and dynamic properties of the §8ggr-Cl 5/

and blue €P3,—* 11/, upconversions for a series of Erdoped CgAl,Ge,0;,, induced by a red

tunable laser excitation. The green emission is due to either an energy transfer involving two ions
excited in the*l;;,, multiplet or an excited state absorption from tHgg, level, depending on
whether the laser excitation wavelength is tuned “bpy,—*Fg, OF 4l13,—%Fs,. The blue
emission mainly results from a three-step absorption process through {hend*S;,;, multiplets.

The temperature and concentration effects have been analyzed for the green and blue upconversions.
© 1997 American Institute of Physids$0021-897@07)00720-3

I. INTRODUCTION concentration effects, and the dynamic properties for the
green and blue upconversions. The upconversion spectra

Upconversion luminescence is a well-known phenom-were recorded in several spectral ranges resulting from three

enon in rare earth doped crystalline and glass materials. Thenergy levels#S;,, 2Py,, and?H;,. The luminescence

successive absorption, the energy transfer, the cooperativetensity is comparable with that in the fluorite crystals even

process, and the photon avalanche effect are the principak room temperature. Three-photon upconversion has been

upconversion processes identified. Frequency upconver- observed for the emissions originating from @y, level.

sion has been reco_gnlzed as early as the 19’5WI3|3ch in- |l EXPERIMENT

duced research for infrared quantum counts later in the 60’s, S . )

and there has been renewed interest recently owing to the 1he samples used in this work were synthesized by high

great achievement of high power I11-V semiconductor |ase|1e_mperat.ure solid state reactions. Thg starting _materigls are
diodes potentially enabling infrared pumped, compact upligh purity CaO, AjO;, and Ge@®, which are mixed with
conversion lasers. the stoichiometric ratio as Ga,Er,Al,Ge;0,,, wherex var-

So far, upconversion fluorescence have been observd@s from 0.005 to 0.1. The Ef was introduced as BDs with
for many trivalent rare earth ions such as'Erfm**, Ho*", the 5N purity. The well mixed batches were introduced into
Na®*, PP+, and EG" in various materials and, in particular, @ furnace, and were gradually fired at 900, 1000, and
in fluoride crystals and glasses. Among the rare earth iong:250 °C for 4 h. After each firing, the products were ground
Er** is the most popular as well as one of the most efficienf© fine powder. The final samples were checked by x-ray
ions in this respect, and £r upconversion laser operation diffraction, and the .cub|c garnet structure was obtained.
has been achieved both at 77 K and at room temperdture. 1he upconversion study was performed at room tem-
Compared with the fluoride system, the upconversion proP€rature and at 100 K. A cw Arlaser (Spectra Physics
cess is seldom observed in oxide crystals and glasses withog?00 Pumped tunable dye laséBpectra Physics 375vas
cooling the sample to low temperature, because of the highéfSed as the excitation source. Kiton red dye was used to
vibration energy in oxides. On the other hand, the oxideSUPPly red laser emission between 620 and 670 nm
materials have advantageous application properties conf16 200—15000 cm’). Powder samples were mixed with
pared to fluorides such as higher chemical durability and€l: coated to a glass support, and fixed in a cryostat cooled
thermal stability. Recently, several upconversion studie®Y llquid nitrogen to about 100 K. The excitation light was
have been realized in heavy metal oxide glass systems affgiroduced at a 45° angle, and the luminescence signal was
garnetsi>-12They have shown efficient upconversion even atéflected to the entrance of a Coderg T800 three grating
room temperature. monochromator. The emission from the sample was detected

In a recent paper® we have briefly reported the excited PY @ water-cooled photomultipligEMI 9558 QB. The lu-
state absorption and efficient upconversion in Er-doped cafMinescence decay and rise times were measured with a Me-
cium aluminum germanate garméEAGG) polycrystalline X Oscillograph(OX 750-2. The_Iaser beam was modu-
material. In this article, a systematic investigation has beeffted by a Pockels cell, and the rise and decay signals were
applied for this system by analyzing temperature effects@nalyzed by a microcomputer.

lll. EXPERIMENTAL RESULTS AND DISCUSSION

dAlso with: Laboratory of Excited State Processes, Chinese Academy of  The upconversion emission spectra for the CAGG:1%
Sciences, 130021 Changchun, People’s Republic of China. Ho®" induced by red laser excitation are shown in Fig. 1.
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FIG. 1. Upconversion spectra obtained from three energy led8ls;, 2P, and2Hy, for CAGG:1% EF': (8) *Syp— 1155, (B) 2P3p—>111, (d)
2P4,—*lgp at 100 K and(c) 2H1;— 1 15, at 300 K.

These spectra are mainly located at three spectral ranges, éise to the transitions2Pz,—%Fgp, 2Pgo— %S, and
depicted in Figs. (8)—1(d). According to the energy level 2Hj;,,—%l,3,. The most intense upconversion is observed at
diagram of the EY', these spectra can be ascribed to thethe green region due to tH&;,—*l 5, transition, which is

transitions:*Sz,—*l 1512, 2Paip— 41110, 2Hy10—*1 1572, and

even more intense than the red Stokes emission

2p,, %, respectively. Three other weak upconversion*Fg,—*l4s,.
emissions have been detected in the red and infrared ranges The excitation spectra for the red Stokes emission, green
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FIG. 2. Excitation spectrdrecorded at 100 Kfor green, blue and red
emissions of CAGG:1% Ef. These spectra were obtained by monitoring
the 18 490 cr® green(—), 14 729 cm? red (---), and 21 114 cm! blue
(—-) emissions excited with red dye las€Fhe profile for green emission is
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and blue upconversions differ one from another, and these
spectra are given in Fig. 2. For the red emission, almost all
the excitation peaks arise from the ground state absorption
(GSA), viz. “*l15,—%Fgp,, ranging from 15200 to

15 600 cmL. For the green emission, in addition to the GSA
lines, another group of excitation peaks has been observed in
the higher energetic side between 15 500 and 15 800 cm

TABLE I. Positions of the Stark sublevels of Erin CAGG.

Level Energy (cm?)

415 0, 50, 93, 131, 147, 420, 524, 580

4 6614, 6667, 6675, 6693, 6776, 6831, 6919
1172 10 264, 10 303, 10 369, 10 384, 10 416, 10 423

g 12 324, 12522, 12 594, 12 719, 12 785

“Fop 15 307, 15 319, 15 325, 15 473, 15536

4Sen 18 415, 18 490

2Hy1p 19110, 19 116, 19132, 19 142, 19 182

‘Fep 22291, 22 312, 22 360

2Py, 31498, 31617

4Gy 34092, 34108, 34114

Downloaded 09 Sep 2012 to 159.226.165.151. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions

Zhang et al.



10000 400 10000

- 4 4

% 15420 41 _)4F 4[]3/2—)4175/2 _'E ,; Lisp—>Fop . 100K
£ 8000 | 152> Fon and | 200 N 4 8000 | 15423 00K
g 4Ss/z—>4G7/z E 2 ‘E’ : 15473
g 6000 } =z § 6000 N
£ Le g N 4 4
—f: 4 200 E '; £ 4000 o 15“387 ‘ Lisn—>"Fsp
£ 4000 | EZ 2 i
w 5.2 g 3 ot
2 T 5 ° it
S ; 41100 = 2 2000 |y :it . 15677
=  J g g st : D :
g 2000 |7 3 © AN S 1ss36 D
5 2 0 -/ ST,

0 o 15200 15400 15600 15800

15300 15400 15500 15600 15700 15800 R
Wave number (cm™)

Wave number (cm")

FIG. 4. Excitation spectra for the green upconversion of th& Ean in
FIG. 3. Excitation spectrérecorded at 300 Kfor the green, blue, and red CAGG:5% EF* at 100 K:(a) monitoring 18 490 cm* and 300 K(b) moni-
emissions of CAGG:1% Bf. The experimental conditions are the same as toring 18 485 crm.
those for Fig. 2.

In order to find the optimal concentration for3€r we
have synthesized a series of samples with differefit Eon-
With the similar intensity to those for tH,5,—*Fg, tran-  centrations ranging from 0.5 to 10 mol %. The emission
sition, these lines can be assigned to thg,,— *Fs, transi-  spectra obtained for different concentrations show the same
tion. With regard to the blue emission, the excitation specprofile, implying only one principal crystallographic site, the
trum appears only in the second region, and the GS/Aeightfold C&", in this case. The octahedralAlsite is sel-
spectrum almost disappears completely. Furthermore, thidom occupied by the rare earth ions due to the great mis-
spectrum is also different from the excitation spectrum of thematch in the ionic radit?
*113—*Fs», and therefore, is probably owing to another At low temperature, the concentration effect was evalu-
transition: 4S;;,—*G-),.1* The local surrounding effect in ated by measuring the relative emission intensities of the
CAGG on the energy levels of £f is such that both ESA green and blue upconversions with different excitations. The
(*1 13— *Fsg, and 4S;,—*G,),) perfectly overlap between optimal concentrations for green and blue emissions are both
15500 and 15 800 cit, whereas the GSAl 5,—*Fg,is  5%. For higher Et" concentrations, the relative intensity for
located on the low energy side. the GSA excitation increases and that for the ESA transition
Two optimal excitation lineg15 423 and 15 677 cnt) decreases compared to the lower concentration samples, as
were selected, both inducing a strong green emission witshown in Fig. 4 for monitoring the green emission from the
comparable intensities. The red emission is three titnas 5% sample at 100 and 300 K. Similar results have been
der 15 423 cm?) and 20 timegunder 15 677 cm') weaker  detected for monitoring the blue emission.
than the green one. The blue emission only grows appre- These results can also be explained by the energy trans-
ciable under 15 677 cnt. Part of the energy levels involved fer effect between the EF ions. At high concentration, the
in the upconversion have been obtained by analyzing thaverage distance between theé’Eions is short, and more
emission and excitation spectra. The result is given in Tablexcited EF* ions can be found within the effective energy
l. transfer distance. Therefore, the energy transfer efficiency is
At room temperature, the green upconversion intensity igelatively high to increase the GSA excitation intensity. At
reduced to about half of that observed at low temperaturehigher concentration, emission intensities decrease due to the
while the blue upconversion shows a much weaker intensityconcentration quenching effect.
The excitation spectrum for the red emission is similar to  Upon cw laser excitation, the dynamic properties for up-
that observed at low temperature. For the green and blueonversion fluorescence were analyzed at two excitation
upconversions, however, the relative intensity for the GSAwave numbers, 15 423 and 15 677 ¢mThe buildup time
and ESA changes significantly. The G8As,—*Fg, tran-  of the green upconversion is much different depending on
sition is greatly enhanced. The ratio of the excitation intenwhether the excitation is resonant with the GSA and ESA
sities for the 1542315420 and 15 677 cm! excitation  transitions(Fig. 5). Time constants of 1 and 5 ms were ob-
lines change from 1:0.7 to 1:0.25 for monitoring green emis-served for 15 423 and 15 677 Cthexcitations, respectively.
sion and from 1:15 to 1:3 for monitoring the blue emission.The fluorescence decay curve for green upconversion is ex-
This phenomenon can be explained by the energy transfgronential with a time constant of 4&s for the 15 677 cm*
between Et" ions. At low temperature, the energy transfer is excitation, whereas that for the 15423 chrexcitation con-
not very efficient; with increasing temperature, the nonradisists of two exponential components with time constants of
ative energy transfer between®Erions becomes more effi- 40 and 300us. These decay characteristics indicate an en-
cient, resulting in the increase of this,—*Fg, transition  ergy transfer process being responsible for populating the
probability. The room temperature excitation spectra for thé'S;, level because the lifetimes for the upper lying levels are
three emissions are shown in Fig. 3. much shorter than 30@s (for example, less than 10s for

J. Appl. Phys., Vol. 82, No. 8, 15 October 1997 Zhang et al. 3989
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FIG. 5. Fluorescence rise curves for the green upconversion at 18 490 cm :
with excitation into the GSAa) and ESA(b) transitions. : a2
Red Green
the 2H,,,, manifold. For blue emission, the rise and decay
constants are 4 ms and @5, under 15 677 cimt excitation, L] “hsy2
respectively. Er**
The dependence of the green and blue upconversions as (a) Energy transfer
a function of the incident laser power are depicted in Fig. 6.
The green emission intensity varies I&s(I being the exci- G
tation powey and the blue one ag® (Fig. 6). The filling H p
mechanism of théP3, level consists of three successive o
absorptions exciting the EF ion from #l 5, to a vibronic "
sideband of*Fg;,, from #l,5, to *Fs,, and from“S,, to _
4G,p,.1* After each absorption, the Er ion relaxes to a Fo
metastable level which is the starting point of the next tran- B3 Fsp
sition. Under 15 677 cm" excitation, ESA £l,3,—*Fs/) = Hip
contributes to théS;,, population, whereas an energy trans- Blue *Sar2
fer between two B ions excited in thél,,,, state happens “For2
under 15 423 cmt. Note that at high Ef concentration, the 4 é
GSA peaks are reinforced compared to the ESA ones for s Y :'9’2
monitoring the blue upconversion, indicating that the nonra- % hvz
diative energy transfer efficiency is enhanced with increasing 1312
the EP" concentration. Therefore, the avalanche process Red Green
does not happen in this system, because this mechanism op-
erates more efficiently at high concentration. The proposed
upconversion mechanisms are shown in Fig. 7. . “hsp2
r
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10°
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10° | slope =2.0

(b) Sequential three-step absorption

IV. CONCLUSION

FIG. 7. Energy level diagrams of the energy trangi@rand sequential
three-step absorptiof) mechanisms for Ef in CAGG.

Emission intensity (a. u.)

™ Em.=21114 ¢m™
10? slope =2.9
10’
10° :
10° 10 10? 10°

FIG. 6. Dependencét 100 K) of the green and blue emission intensities of
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CAGG:1% EP* on the laser power excited with 15 677 chn
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The upconversion fluorescence of Elin CAGG poly-
crystal material has been detected in several spectral ranges
resulting from three energy levelS,,, ?Hy,, and?Py,,
upon red laser excitation at 100 and 300 K. The green emis-
sion corresponding to tHtS,, transition appears as the most
intense upconversion, which is even more intense than the
red emission. The filing mechanism for tH&;, level is
either an energy transfer involving two ¥Erions excited in
4111, multiplet or an excited state absorption raising from the
41 137, multiplet with regard to the laser excitation being tuned
on GSA or ESA transitions, respectively. The blue emission

Zhang et al.

Downloaded 09 Sep 2012 to 159.226.165.151. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



results mainly from a three-step absorption process with théN. Bloembergen, Phys. Rev. Lef, 84 (1959.
4 132 and 433/2 as the metastable levels. The effect of the “L. Esterowitz and J. Noona@ptical Properties of lons in Crystagdited

temperature and the concentration on the upconversion flug;% H- M- Crosswhite and H. W. MooWiley, New York, 1966.
F. E. Auzel, C. R. Acad. ScRk62B, 1016(1966; 263B, 819(1966.

rescence i§ such .that the GSA is reinforced compared to the;” <’ Chivian, W. E. Case, and D. D. Eden, Appl. Phys. L&%. 124
ESA with increasing the temperature or thé 'Econcentra- (1979.

tion, thus indicating that the avalanche effect is not operating’p. P. Feofilov and V. V. Ovsyankin, Appl. O, 1828(1967).
in this system. 8N. Pelletier-Allard and R. Pelletier, Phys. Rev.3B, 4425(1987.

9 . . -
We have also demonstrated that the red-to-green upcon-T' J. Whitly, C. A. Millar, R. Wyatt, M. C. Brierley, and D. Szbesta,
Electron. Lett.27, 1785(1991).

version of EF* is very _eff|_C|er_1t in th_|s materlal, even at rOOM 105 Tanabe, K. Suzuki, N. Soga, and T. Hanada, J. LuBn247 (1995
temperature. The emission intensity is comparable with thaty. malinowski, z. Frukacz, M. F. Joubert, B. Jacquier, and C. Linares,
observed for Bt in fluoride systems. This result implies  Appl. Phys. B62, 149(1996.

that the CAGG can be a promising host material for the'’L. H. Spangler, B. Farris, E. D. Filer, and N. P. Barnes, J. Appl. PTgs.

upconversion laser along with its high chemical durability 373 (199 . )
hermal stability. X. Zhang, J. P. Jouart, G. Mary, X. Liu, and J. Yuan, J. Lur(llm.pres$.
and the y 143. P. Jouart, M. Bouffard, X. Zhang, and G. Mary, Ann. PHfarig 20,
119(1995.
IW. Lenth and R. M. Macfarlane, Opt. Photonics NewgMaarch, 1992. 15ph. Avouris, I. F. Chang, P. H. Duvigneaud, E. A. Giess, and T. N.
2F. E. Auzel, Proc. IEEBB1, 758 (1973. Morgan, J. Lumin26, 213(1982.
J. Appl. Phys., Vol. 82, No. 8, 15 October 1997 Zhang et al. 3991

Downloaded 09 Sep 2012 to 159.226.165.151. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



