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Energy transfer assisted frequency upconversion in Ho 3% doped
fluoroindate glass
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(Received 21 August 2001; accepted for publication 6 November)2001

Experimental results are reported which show a strong evidence of energy transfer betwéen Ho
ions in a fluoroindate glass excited by a pulsed laser operating at 640 nm. We identified the origin
of the blue and green upconverted fluorescence observed as being due fo-aHdd" pair
interaction process. The dynamics of the fluorescence revealed the pathways involved in the energy
transfer assisted upconversion process.2@2 American Institute of Physics.
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I. INTRODUCTION in different time scales. The analysis of the results allowed us
to identify the energy transfer pathways that contribute to the
The luminescence of rare earfRE) ions in different UPC emissions.
host materials has been extensively studied. Although there
are a large number of reports on this subféétin recent
years a renewed interest in the investigation of frequencyl- EXPERIMENT

upconversior(UPC).p.rpcesses.in RE doped materials, moti- The samples used have the following compositions
vated by the possibility of using the UPC phenomenon tq,, 101 %: 38InF— 20ZnF— 20Srk— (16X) BaF,— 2NaF—

develop efficient sensors, quantum counters, and lasers OP&IGaR,—xHoF;, wherex=0.5, 1.0 and 2.0. The glass synthe-
ating in the blue—green spectral region, has been observedig \yas made using standard proanalysis oxides and fluorides

gne of the most studied RE ions has been holmiumyg starting materials. The fluoride powders used to prepare
(Ho""). The optical properties of HG in crystalline and  he desired compositions were mixed together and heat
amorphous environments have been studied, aimed at thgaated first at 700 °C for melting and then 800 °C for refin-
ope_ratlon of UPC lasers to be used in, fpr example, 0@onthqhg_ The melt was finally poured between two preheated
logical treatrp-enf.BIue—qrreen UPC luminescence owing 10 prass plates to allow the preparation of samples of different
4f—4f transitions of Hé _has been observed upon visible thicknesses. Fining, casting, and annealing were carried out
pendent on the host matfix’ demonstrating the importance argon atmosphere. Nonhygroscopic samples are obtained
of studying UPC processes in different materials. with very good optical quality.

Among the materials being investigated to date, RE  The UPC measurements were performed using a dye la-
doped fluoroindate g|aSSGG:|GS) emerged as efficient ser pumped by the second harmonic of stitched
upconverter§.‘15 These glasses present phonons of low enyd:YAG laser (532 nm, 15 ns, 5 Hz The dye laser beam
ergy (<507 cm %) that inhibits nonradiative relaxation chan- was focused on the sample using a focal length lens of 2.5
nels in favor of radiative channelfuminescence Besides, cm. The fluorescence signal, dispersed by a 0.25 m spec-
FIGs present great resistance to atmospheric moisture aRgbmeter, was detected by a GaAs photomultiplier tube and
good mechanical stability. It is also possible to incorporatesent to a digital oscilloscope. The average of many succes-
large concentrations of RE ions inside the maftip to 10  sjve scans was recorded in a computer. All measurements
mol%) and as a consequence different energy transfefere performed at room temperature.
mechanisms have been observed in FIGs doped with
praseodymiund, erbium°~12 neodymiumt® codoped with
ytterbium and praseodymiufi,and codoped with ytterbium 1ll. RESULTS AND DISCUSSION

P 5
and holmiur The linear absorption spectrum of #o doped FIG

In this article we investigate possible UPC pathways m(with x=2) is shown in Fig. 1. No changes were observed in

3+ ; ot
Ho™" doped FIG using nanosecond excitation at 640 Mine line shape or in the peak positions associated with the

Green and blue anti-Stokes emissions, owing to energy trar'%/'arious transitions for different H6 concentrations.

fer mechanisms, were observed whose time evolution occurs The method of spectral-band intensity anal%iwas

used to estimate the Judd—Ofelt parameters of our sample

_ — 20
aAuthor to whom correspondence should be addressed; electronic maifNd the values found werél,=1.37<10 cn?, Q4
cid@df.ufpe.br =2.35x10 2 cn?, and(g=2.22x10"%° cn?.
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FIG. 1. Linear absorption spectrum of the Hodoped fluoroindate glass
(sample withx=2; thickness: 1.5 mm

The forced electric dipole transition probabilifyadia-
tive emission ratebetween stateaJ andbJ’ was calculated
using the equatio®

647*v3%e?® n(n?+2)2
3hc3(23+1) 9

A(a,J;bd")=

X > Q@alupbd)?, (1)
t=2,4,6

wheren is the index of refraction of the material, is the
photon frequencyd is the total angular momentura,is the
electronic chargeh is the Planck’s constant, andlis the
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FIG. 2. Fluorescence upconversion emisgisample withx=2): (a) blue—
green region andb) violet—blue region.

speed of light in vacuum. The term inside the squared modu-

lus is the reduced matrix elemefitFrom the values ob-
tained, it is possible to calculate the radiative lifetimeof
an excited staté which is given by

1 -
(=2 AL 2

We also used the “energy gap la? to estimate the nonra-
diative emission raté,, in our samples. The values &f 7, ,

bands centered at395 and~425 nm corresponding to tran-
sitions GK;,°G,)—°l5 and®Gs—°l4, respectively. The in-
tensity of the bands shown in Fig(t® are 2 orders of mag-
nitude weaker than those shown in Figa)2

The dynamics of the UPC luminescence -a650 nm
(green and ~490 nm(blue) are illustrated in Figs. @) and
3(b), respectively. Note that the temporal evolution of the
green luminescence signals present a rise time between 3.2

and A, for the levels involved in the energy transfer pro- and 4.2us, and a decay time that changes more than 50%

cesses studied here are given in Table I.
The observed UPC spectrum of #o doped FIG is

(116—-48us) for the range of Hd" concentrations investi-
gated here. The blue luminescence presents a rise time that is

shown in Fig. 2 for excitation at 640 nm, in resonance withShorter compared with the green signal, and it shows a
the transition®l 3—°F 5. Figure Za) shows two bands cen- double-exponential decay. The longer decay time component
tered at~550 and~490 nm corresponding to transitions Of the blue emission22-18us) is also dependent on the

5S,—°13 and®°F;—°lg, respectively, while Fig. @) shows

TABLE |. Spontaneous emission probabilities of the main® Hexcited
states of interest in fluoroindate glass.

Energy level A (s 7. (M9 Ay (s7H
SFg 2.15x<10° 0.5 3x10*
5s, 2.54x 106° 0.4 1xX10°
5F, 5.47x 10° 0.2 2xX10°

5G,, K5 4.67x10° 0.2 6X 10°
5Gs 5.50x 106° 0.2 6x 10°

Ho®" concentration. The results are summarized in Table 1.
The dependence of the UPC signal as a function of pump
intensity and H&" concentration were also investigated. A
quadratic dependence was observed in both experiments in-
dicating that two laser photons are absorbed to originate each
UPC photon and a pair of Hd ions are involved in the
process that leads to UPC emission.

The signals observed in the region fror880 to ~440
nm are very weak and it was not possible to analyze their
temporal behavior. It is important to note that these emis-
sions have not been observed in other glass higstbably
because their intensities were too small in those systems.
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(b)
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gtV S . . . .
S & 5 10 both electric multipole and exchange interactions among
:.20 e £ neighboring ions, and its strength is strongly dependent on
& s the ion—ion separatioft.
% 15k .: § Slope =2 Figure 4 shows the energy level diagram of*Moand
H e 2 the main pathways responsible for the upconversion pro-
o 5 cesses. Considering our pumping scheme and the energy lev-
1] S S . : .
S for 3 & 1 . els of HG" ions, different processes could be considered to
] ¢ sa °i5 1 wati 2[%] understand the generation of the UPC emissions observed:
mpile concentration . . . .
g 5 P (i) ESA via sequential two-photon absorption throutil
S —5F; followed by °Fs—3F, transition. However, in the
u present case, this process is not important because the laser

frequency is off resonance with transitiors—3F, by
~1200 cm L. (i) Another way to populate high lying energy
levels could be via resonant ESA through transitiin
FIG. 3. Temporal behavior of the upconverted fluorescence &t Himped HSG3' Ne\_/ertheless' this Channel_ is irrelevant for nanosec-
FIG under pulsed excitation at 640 nfa) 5S,— 5l green fluorescence for ONd excitation because the relaxation from ety to level
two concentrations(insey Dependence of the green fluorescence intensity°| , is slow compared with the laser pulse duratitme life-
as a function of the sample concentratidm. Time evolution 01‘5‘F3H5_I8 time of |eve|5|:5 is ~47 ,LLS).ZZ (iii ) Another possibility isET
?J‘rjlit{g“nogstﬁnggmsg C'Doipc‘zgfgtﬁerff the blue fluorescence intensity as ad_ue to the interaction between two ions at Ie¥&} which is
directly excited by laser photons at 640 nm. The lifetime of
level °Fg is large enough to allow significant ET between
. .. excited ions and two possible channels may populate level
_In general, two m_echanlsms may lead to UPC eMISSIoNsE_ yia ET® One channel is aindirect ET assisted UPC
excited state absorptiqieSA) and energy transfdET). The (ETAU) via 5Fg+5F¢—51,+ (3K,,5G,) with subsequent

efficiency of an ESA process is determined mainly by a résOpopulation decay to levefF; via multiphonon emission

nance condition of the excitation laser with an excited statgrom levels®G, and3K,. The other channel is related to a
transition. The ET process, on the other hand, may arise fronjirect ETAU via 5F. +5F; 515+ 5F,. Processiii) is the

0 35 70
Time { us)

most probable to occur in the present case, as evidenced in
the inset of Fig. 3, which shows a square dependence of the
TABLE II. Dynamics of the upconversion luminescence of*Hadoped  UPC signal with H8" concentration, indicating that pair
fluoroindate glasses. The excitation pulse is a nanosecond laser emitting Priteraction is the relevant process
640 nm. Estimated data error: 5%. . . ) .
Using a rate equations approach to describe pra@ess
Ho®*] (mol % 05 1 2 it is possible to estimate the ET rates from le¥ek to level
[ 1( ) p
SF; considering the following equations:

Rise time@548 nm 3.4s 4.2 us 3.2us
Decay time@548 nm 11@s 78 us 48 us d Ny /dt=— 2y, Ng— (Wit W13)Nd , 3)
Rise time@490 nm 0.4s 0.4us 0.4us
Decay timé1)@490 nm 3us 3us 3us dny/dt=—y,ny+ y3N3+WioNg, (4)
Decay timé2)@490 nm 22us 20 us 18us

dn3/dt:_'}/3n3+W13Nd. (5)
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TABLE il Values of the energy transfer rates responsible for the blue andrglaxation rate. The ground state population was assumed to
green upconversion. be nondepleted and thus the solution of the rate equations

[Ho**] (mol %) 05 1 5 system yieldeq a simple equation that governs the dynamics
of the population at levelS,:

W+ Wig (sh) 3x10° 7x10° 13x10°
Wg (s 6x10° 10x 10° 18x10° ny(t)=Ae "'—Be (72 Walt, 9

In Eq. (9), (y;)" ! is the lifetime of level®F; and (y,
+Wpg) ~* corresponds to the quenched lifetime of |e¥8}.

As the values ofy; and y; are known, it is straightforward

Here, Ny represents the population density belonging to ato find W from the data of Tables | and Il and the values
pair of excited ions at levelFg [the factor of 2 in Eq(3) fo%lnd forF\{N are shown in Table 1l
R .

arises because an excited pair is annihilated as soon as one 0
the ions de-excitds(y;) ! is the lifetime of levePFg, and
n, andng stand for the population densities of levél; and V. CONCLUSIONS

level CK-,%°G,), respectively. The parameters,) ! and _ _ _
(73)71 are the lifetimes of IeveTF3 and level €K7,SG4), In conclusion, we observed that ET is the mechanism

respectively. ys, is the multistep nonradiative decay rate "€SPonsible fofr the red-to-blue-and-green frequency upcon-
from level CK,,5G,) to levelSF4, andW,, (i,j=1,2,3) are  Version in HG" doped FIG glass under nanosecond laser
; : e o gxcitation. Two ET assisted upconversion chantglsAU)

cross-relaxation rates. The dynamics of the population e > -t I L
between Hd"' ions were identified: one is thedirect ETAU

level °F 5 is found by solving the system of Eq®)—(5) and

the solution is given by SF5+°F5—°1,+(°G,,3K) followed by multiphonon relax-
Wt . L ation (K;,°G,)—5F; and the other channel is thdirect
ny(t)=Ae (@7tWizt Wit —Be~ 73!+ Ce 72!, (6)  ETAU °F5+5Fs—51+5F5. The results were described us-

The fluorescence intensity at490 nm is proportional to ing rate equations for the level populations, which include
n,(t) and comparing Eq(6) with the data shown in Table Il the important contributions of cross relaxations. From the
we associatey, to the short decay time component, that is experimental data the values of the ET parameters respon-

independent of HY' concentration, and therefore it is re- sible for blue and green fluorescence were obtained.

lated to level°F; lifetime (estimated~5 us from Table ).

The value .of.(yg,)*l is dominated by (/32)2;1~0.6,us, ACKNOWLEDGMENTS
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