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Ultraviolet and violet upconversion luminescence in Ef*-doped yttrium
aluminum garnet crystals
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The ultraviolet and violet upconverted luminescence around 320, 410, and 470 nf kddfred yttrium
aluminum garnet has been observed at room temperature with a tunable OPO laser excitation. The upconver-
sion mechanisms upots,, excitation (=545 nm) are investigated by means of the decay profiles of upcon-
vered luminescence and excitation spectrum. It appears that, depending on the excited wavelength, the upcon-
verted luminescence is dominantly contributed either by energy-transfer upconversion or by excited-state
absorption. The relative intensities of upconverted luminescence are discussed using Judd-Ofelt theory.
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[. INTRODUCTION minescence, the dependence of intensity of upconverted lu-
minescence on pump power, absorption and excitation
Crystals of ;Al;0,,-doped triply ionized ions of erbium spectroscopy.

(Er*) are well-known laser materials that can emit in the ~ The experimental apparatus is described in Sec. Il and the
infrared and visible rangés® and involve a large variety of experimental results are given in Sec. Ill. In Sec. IV the
upconversion processes taking place due to the rich energfﬁsults Qf Sec. Il are apalyzed and discussed. Finally some
level structure of BY" ions*® In contrast to chloride, bro- conclusions are drawn in Sec. V.
mide, and iodide compounds, such as RpGA(X= Cl, Br),
K,LaXs (X=CI, Br), and CgLu,Xg (X=CI, Br, 1), which Il. EXPERIMENT
are all very sensitive to moisture and therefore need handling o yaG: gp+ (8.4 mol. % crystal grown by a conven-
in (_1ry6 boxes and protection during measurement andisna| Czochralski technique in Changchun Institute of Ap-
storing,” the compounds used in this study commonly re-pjieq Chemistry of China, has a size of ¥0.0<1.0 cn?.
ferred to as YAG is superior in terms of mechanical hardnessyhe yaG sample has a cubic space-group symmaﬁﬁ},

thermal conductivity and optical propertiés. , ~and the Et* ions substitute ¥ ions on the dodecahedral
Upconversion phenomena has been extensively studied Qi}eg havingD, symmetry?®
various crystafs*? and optical fibers doped with the Er The absorption spectrum of the crystal was measured by a

ions in the last decadé:* Green upconversion lasing in perkin-Elmer Lambda-9 UV—visible—near-infrared spectro-
YAIO;: EF” crystals has been reported by Richard Schepghotometer with a resolution of 0.2 nm. A nanosecond laser
etal,” and 551 nm laser emission has been observed igystem was employed to produce the excitation laser pulses,
YLiF:EF* 717 Whitley etal’® demonstrated room- and this laser system consists of a Nd:YAG pump source and
temperature upconversion lasing in®Esdoped fluorozir-  a tunable OPO laser. The Nd:YAG las@ontinuum Preci-
conate fibers. The character and mechanism of upconversigion 11 8000 is a Q switched and injection seeded at a rep-
in Er**-doped YAG crystal have been extensively discussedetition of 10 Hz and provides a frequency tripled 355 nm
but which is mainly limited in infrared and visible |ight beam for pumping the tunable OPO lag€ontinuum
region!®~?' The purpose of this paper is to investigate lumi- Sunlite EX with 6 ns duration. The wavelength of the laser
nescent properties and mechanisms of ultraviolet upconvegystem was calibrated by Burleigh Pulsed Wavem@ték-
sion in EP*-doped YAG crystals. The two most common 4500). To obtain the required violet and UV wavelengths in
excitation processes that lead to emission from energy statéise 240—-450 nm regions, frequency doubling of the OPO
higher than the terminating state of the first pump-absorptiomaser output in two BBO crystal&ontinuum FX-1 UV fre-
step are pump excited-state absorpti@BA) and energy- quency extensiorwas used. Following pulsed excitation, the
transfer upconversiofETU).? fluorescence was collected at right angles to the incident
Upconversion of EY" is well known for excitation into  peam by a 4-cm-diameter, 10-cm-focal-length quartz lens
three multiplets in the infrared®l 13, (=1.55 us), *l11» passing an UV band-pass filté8chott BG-24 onto the en-
(=980 nm), and®lg, (=800 nm)?2*In the visible-to- trance slit of the calibrated monochromator. The exit slit of
ultraviolet upconversion processes, th8;, (=545 nm) the monochromator was equipped with a photomultiplier
state is of most important for serving as an intermediate extube (Hamamatsu R3896 For decay profile measurements
cited state due to its longer lifetime than that of other statesf upconverted luminescence, the signals from photomulti-
in the visible rangé’?® In this study, we report on the gen- plier tube were recorded by a Tektronix TDS 620B 500 MHz
eration of ultraviolet upconversion signals in>Erdoped digital real-time oscilloscope, while for luminescence and
YAG crystals upon®S;, excitation by a tunable OPO laser excitation spectra measurements, a gated integrators and
excitation. For the interpretation of short-wavelength lumi-boxcar integrator¢Stanford Research Systems SRR&@s
nescence, we measured the decay profile of upconverted lused. Both of them were triggered by a photoelectric diode.
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FIG. 1. Upconversion luminescence spectra of YAG: 8.4% Er
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543.5 nm, and the lower at 545.4 nm. Three emission bands
around 320, 410, and 470 nm in Fig. 1 were assigned to the
transitions from?Pg, into the ground staté'l 5, and the
first two excited stateél 15, and *I,5,,. By fixing the detec-

tion wavelength at 321.9 and 407.8 nm and scanning the
laser wavelength, we obtained the excitation spectra as
shown in Fig. 2(middle and bottom tracgsin which the
corresponding absorption specttap trace is also included.
The spectra were scaled to the same height of the peak at
545.4 nm. Several peaks of the excitation spectra coincide
with the absorption spectra, but the relative intensities are
different from that of absorption spectrum.

In order to determine the mechanism of the upconversion
process, the decay profiles after pulsed excitation have been
measured by monitoring luminescence at 321.9, 408.2, and
475.3 nm, as shown in Fig. 3. The insets show the same data
but in a semilogarithmic representation. Two different exci-
tation wavelengths, as indicated by the arrows in Fig. 2, were
used: 543.5 nnitop) and 545.4 nmbottom. It can be seen

at room-temperature normalized to an equal integrated intensity df Fig. 3 that the decay profiles of upconverted luminescence
the transition under 543.Gop) and 545.3 nmbotton) excitation.

at 321.9, 408.2, and 475.3 nm are almost the same. The top
curves exhibit a clear rise time of s, whereas the bottom

Through GPIB and RS232 cables the signals could be trangurves have no rise but an almost exponential decay with the

ferred to a personal computer, where the analyses of the d@fetime of 6.5 s, which resembles the lifetime (5.8s) of
cay curve and the spectra were performed in direct connec-

tion with the experiment. All experiments were performed at

room temperature.

Ill. RESULTS

Figure 1 shows the upconverted luminescence spectra of
the YAG: 8.4% E?" sample under two excitation wave-

lengths 543.5 nm (18400 cm)

and 5454 nm
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(18335 cml), which have been corrected by the instru-
mental response including the filter. For comparison, the two
curves were scaled to an equal integrated intensity of the
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FIG. 3. Decay profiles of the upconverted luminescence at

FIG. 2. Excitation spectra in the region between 537 and 56521.9, 408.2, and 475.3 nm in YAG: 8.4%°Erafter a shor(6 n9
nm for YAG: 8.4% EF", detecting 407.8middle) and 321.9 nm
(bottom upconverted luminescence. The top trace shows absorpbottom as indicated by the arrows in Fig. 2. The insets show the

tion spectrum of*l ;5,— 4S,, transition.

excitation. Excitation wavelengths were 543t6p) and 545.4 nm

same data but in a semilogarithmic representation.

035103-2



ULTRAVIOLET AND VIOLET UPCONVERSION . .. PHYSICAL REVIEW B66, 035103 (2002

excitation steps on a single ion and takes place when 3 Er
ion in exited state*S;;, absorbs another photon to populate
2Hgyj,. Subsequent nonradiative relaxation from theg,,
state populates thé8P5, state resulting in the upconverted
luminescence. The other one is ETU process, in which two
Er* ions in the*S,, state interact resulting in that the en-
ergy of an ion in the intermediate state is transferred nonra-
diatively onto another ion thereby exciting it into a higher
o 545.4nm Excitation  €Xcited state?Hg,z, and following a population oszg,z _
state. The third process is avalanche upconversion, which
A 543.5nm Excitation can be excluded in our case because none of the typical
signature for this process could be found.
. —ry , Time-dependent measurements following a pulsed excita-
1000 10000 tion provide the first possibility to distinguish between these
Power (u J) two mechanism&2>#'ESA has to take place during the ex-
citation pulse, whereas the ETU process can process after the
FIG. 4. Measured emission intensities from tfey, state at  4s,, excitation by the laser pulse. Therefore, the lifetime of
321.9 nm, in YAG: 8.4% E¥" vs pump power. The numbers denote ypconverted luminescence upon ETU exhibits an observable
the slopes in double-l_oggrlthmlc rep_resentatlon under 54B.B rise time of 2 us, while ESA upconversion process results
and 545.4 nn{1.9) excitation, respectively. in a decay profile without rise time and shows an almost

) ) o exponential decay behavior similar to that by direct excita-
the “Py, state by direct excitation measurement. The powefjon |t can be clearly seen from Fig. 3 that excitation at

dependence of upconverted luminescence at 321.9 Nnm Wa$i3 5 nm reveals an ETU upconversion process, whereas
measured by inserting different neutral density filters in thesss 4 nm excitation is an ESA upconversion process. How-
pump beam. The results are shown in Fig. 4 in double 109agyer, the semilogarithmic plots of the lower trace in Fig. 3
rithmic scale, and the slopes of plot for two excitation wave-ghqy an impure exponential decay behavior. This reflects a
lengths(543.5 and 545.4 njrere 1.7 and 1.9, respectively. gmajl fraction of ETU upconversion also for 545.4 nm exci-
tation. Conversely, the upper trace in Fig. 3, which is domi-

IV. DISCUSSION nantly due to ETU, is slightly contaminated by an ESA pro-
cess, because its rise does not start from zero intensity. The
second identification to distinguish the two processes can be
obtained from absorption and excitation spectra in Fig. 2. In
"he case of an energy-transfer upconversion, 48g, mul-

ir me from th@pP tate. According to th w rcﬁplet acts as a sensitizer for both ions and therefore the ex-
spectra come from ther s, state. According 10 the POWET - iation spectra similar to thél 5, %S5/, absorption spec-
dependencéFig. 4) with the slopes of 1.7 and 1.9, it reflects tra is expected. However, for an ESA process, additional
a two-step upconverted process. Therefore, to populate t ’ ) 2 '
’p,, state can be considered as three possible rocessr}%sonan.Ce transitions corresponding &, “Hg, should

32, ) ree p P S$% considered. Looking at the two peaks at 545.4 and 543.5
One is an ESA process, which consists of two consecutlv?lm in Fig. 2 and comparing with the absorption speé

per trace, the absorption at 543.5 nm is stronger than that at

17
1000 +
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Arelevant part of schematic energy state diagram &f Er
ion based on spectroscopic data reported by Gfibier
shown in Fig. 5. From Fig. 5 and the decay profiles shown i
Fig. 3, it can be confirmed that the observed luminescen

* A - *Hon 545.4 nm, whereas in the excitation spectra the peak at 543.5
:) nm is smaller than that at 545.4 nm. This implies that exci-
30 - - ; *Pin tation at 545.4 nm contained an ESA process, i.e., there ex-
2| 2 ists a second-step resonance. This can be confirmed by com-
= - paring the energy intervals betweé,, and ?Hg, Stark
5 - 5 e sublevels with these two excitation wavelengths, from which
g a g we found that excited at 545.4 nm more close to the reso-
v 0 Yy S nance wavelength. Based on experimental evidences pre-
2 § sented in decay profiles and excitation spectra, we conclude
E g . that excitation at 543.5 nm essentially leads to an ETU pro-
Lo cess, whereas 545.4 nm excitation leads to an ESA upcon-
10 Lun version process.
Figure 2 also appears that the individual peaks in excita-
= - Tisp tion spectra are narrower than the absorption peaks, which is
g S due to the higher resolutiof0.05 nm of monochromator
o L g Losn used for excitation spectra measurement than (@&t nm
of spectrophotometer used in absorption.
FIG. 5. Simplified energy-level diagram for £r ion showing To explain the intensity ratio of three upconversion lumi-
upconversion mechanism and emission transitions. nescencd320, 410, and 470 nmwe calculated the transi-
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TABLE I. Transition probabilities of théP, state, and Judd- seen from Fig. 2 that the excitation intensity at 543.5 nm

Ofelt parameters of B, in YAG: 8.4% EP* crystal. relative to the excitation intensity at 545.4 nm is consider-
— ably smaller for 321.9 nm emission than for 407.8 nm emis-
J J Ay (S7) sion. If there is not an additional contribution to the 407.8
2 4 nm at 543.5 nm excitation, the intensity ratios of the two
Pap2 l15/2 527 CoLs . o
2 4 individual peaks in two excitation spectra should be the
P32 l1312 1805

same. This provides another identification to tHS(,

2 4
P | 1144 .
312 12 — 4lgp) + (*Sg— 2Ggyp) UpPCONVersion process.

Intensity parameters (cth

0, 0.79<10"2° V. CONCLUSION
Q, 1.19x10°2°
QO 1.08x 1020 In this paper, we have observed the ultraviolet and violet

upconversion luminescence ingAls0;,: EFT (8.4 at.%
crystal upon“S;,, excitation. In order to understand the up-
tion probability from?Pg/, t0 *l 15/, *l 13, and“l ;,using  conversion mechanism, we measured decay profile of upcon-
the Judd-Ofelt theory. Judd-Ofelt parametéls, Q,, and verted luminescence, power dependence, excitation, and lu-
Qg of EFT in YAG were calculated by an empirical minescence spectra. With the arguments involved in Sec. IV,
formula?® The reduced matrix element of the tensor operatofwo possible upconversion processes ETU and ESA exist
U@ U™ andu® were obtained from Ref. 29. The calcu- depending on excitation wavelength as shown in Fig. 5. At
lated transition probabilities are listed in Table | together543.5 nm excitation, Bf ions in the ground state were
with the parameters),. The calculated intensity ratio of pumped to the'S,;, state by GSA process, then through ETU
three emission bands is approximately 1:4:2.5. If all the upprocess, two ions in théSg, state to produce an ion in the
conversion luminescence at 320, 410, 470 nm come from théHg,, state and the other into the ground state. Subsequent
2p,,, state, the experimental intensity ratios for these threg@onradiative relaxation from théHg,, state populates the
bands will be the same as calculated results, regardless 6P4, state. An additional upconversion proces$Sy(,

ETU or ESA upconversion mechanisms. It can be obtained- *l¢,) + (*Ss,— 2Gg,) also occurs at this excitation wave-
from Fig. 1 that the experimental luminescence intensity ralength. At 545.4 nm excitation, &f ions can also be excited

tio (1:4:2.2 at 545.4 nm excitation is good agreement withfrom the ground state to théS;,, state subsequently Er

the theoretical results, but at 543.5 nm excitation, the ratio ison in the %S, state absorbs another photon ad,, re-
1:6:2.1. This means that there is an additional contribution tesulting in the ESA upconversion luminescence. Because of
the 410 nm band at 543.5 nm excitation wavelength. WerYAG crystal is an excellent laser host material, the observa-
found a possibility for this additional signal as follows. Ac- tion of ultraviolet and violet luminescence in YAG: Eris
cording to spectroscopic data reported by Grifiehe en-  benefit for the investigation of upconversion lasing in short
ergy differences between the multiplefdq,— %S;, and  wavelength.
4S,,— %Gy, are almost equal, whereas the luminescence of

2Gg,— Y45, transition around 410 nm overlaps partially

with that of ?Pg,— 15, transition. Therefore the ETU up-

conversion process*®;,— %l o) + (*Sgo— 2Ggyp) iS POS- The authors wish to thank Professor S.Y. Zhang of Chang-
sible to contribute the additional upconverted luminescencehun Institute of Applied Chemistry, China, for providing the
around 410 nm under 543.5 nm excitation. This assumptioerystals. This work was financially supported by the National
can also be supported by the excitation spectra in Fig. 2. It idatural Science Foundation of Chit@rant No. 10074020
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