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Blue cooperative luminescence in Yb  3*-doped tellurite glasses excited
at 1.064 um
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Blue luminescence emission around 480 nm through cooperative upconversion from pairfs of Yb
ions implanted into 60Te- 10GeQ— 10K,O0—-10LL,O—-10NKO; tellurite glasses and excited by a

cw laser at 1.064um is demonstrated. Cooperative luminescence emission enhancement owing to
the temperature dependent multiphonon-assisted anti-Stokes excitation process of the ytterbium ions
is also observed. The experimental results revealed a fourfold enhancement in the cooperative
luminescence emission when the sample was heated in the temperature range of 20 °C-260 °C. The
thermally induced enhancement is assigned to the effective absorption cross-section for the
ytterbium ions which is an increasing function of the medium temperature20@2 American
Institute of Physics.[DOI: 10.1063/1.1463397

I. INTRODUCTION novel crystals and glasses doped with high concentrations of
Intensi h h v b dedicated to t tterbium is very important in order to establish either limi-
ntensive research has recently been dedicated 10 tiginng of applicability in devices like rare-earth doped opti-

conversion of near—mfrareCNIR)_rad_latlon into visible light . .cal amplifiers or to shed light onto unsolved research prob-
exploiting frequency upconversion in rare-earth doped SOIIdTems involving the optimization of materials composition in
state materials for a wide range of applications includin

N%he synthesis of novel glasses for fiber and/or waveguide

sensors. and undersea optical communications. The frsfabrication. In this work, we investigate blue cooperative up-
' : pc e _"Eonversion emission around 480 nm in Tetased glasses
quency upconversion procéss in general accomplished via

) . . o % doped with high various concentrations of 3bions and
sequential or multiphoton stepwise excitation, successive

. ) . %xcited by cw radiation at 1.064m and the effect of tem-
cooperative energy transfer between pairs or triads of rar

. ) . o . serature on the cooperative luminescence efficiency in these
earth ions in solids, and subsequent radiative depopulation

the excited-state levels with the emission of photons with lasses.

energy h|gher tha_n t.hat of the gxcnanon photons. In thescﬁ_ EXPERIMENT

upconversion excitation mechanisms one can have the par-

ticipation of optical phonons in order to compensate for en-  The tellurium-oxide glass samples used in our measure-
ergy mismatches between the excitation photon and the pements had a composition of 60TeOl0GeQ—-10K,0—
tinent energy levels of the activated rare-earth ion. WherlOLi,O—10NkOg doped with concentrations 1000 ppm/wt,
there is neither an intermediate nor a final energy level to b&000 ppm/wt, and 30 000 ppm/wt of ytterbium. Glasses were
populated one still can convert near-infrared radiation intgprepared with high purity99.9999% rare-earth oxides and
visible emission through the process referred to as cooperall special care was taken in the lab during the glass prepa-
tive upconversion first observed by Nakazawa and Shionoyeation in order to avoid contamination due to other rare-earth
in YbPO,,2 and later reported by many, mostly in cryst&l§.  ions than ytterbium itself. The glass host material presents
In the cooperative luminescence emission, two infrared exvery good optical quality, is stable against atmospheric mois-
cited YO ions undergo a simultaneous de-excitation pro-ture, it exhibits low optical attenuation from 400 nm to 5.0
cess producing the emission of a single visible wavelengtium, and due to the relatively high refractive indgx2.0), it
photon, as pictured in the diagram of Fig. 1. The cooperativés expected to produce significantly high radiative transition
emission process relies upon Coulomb interaction betweerates from excited-states of rare-earth ions. The material also
ions and strongly depends upon the distance separatirexhibits high solubility allowing the incorporation of high
themt~®and its efficiency is determined by the nearest'Yb lanthanide concentrations apart from being nonhygroscopic
ions. Bearing that in mind, cooperative luminescence fromand possess high thermal stability against crystallization. The
Yb®" pairs has been proposed as a probe of clustering isamples thickness were2.5 mm and the excitation source
Yb®"-doped glasses’~® and its potential application in a was a continuous-wave Nd:YAG laser operated at 1,06v
three-dimensional solid-state fluorescence display has revith the pump beam focused down onto the samples by a
cently been proposeld:** For technological applications and x10 microscope objective. The detection system comprised
basic research, the study of cooperative luminescence ia 0.34 m scanning spectrograph with operating resolution of
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FIG. 1. Simplified energy-level diagram for the ¥b-Yb®* pair pumped at
1.064 um indicating the participation of phonons in the 3¥babsorption.
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0.5 nm equipped with an S-20 uncooled photomultiplier tube hp = 1.064 um

for visible wavelength detection and a 0.64 m spectrometer
and a germanium photodetector for the infrared spectral re-
gion. A lock-in amplifier in conjunction with a storage-scope
coupled to a microcomputer was used for data acquisition
and storage. 0,0 Mt : L e roses
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IIl. RESULTS AND DISCUSSION ) Wavelength (nm)
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The blue cooperative luminescence emission around 48( I _ _ P =1W
nm was recorded at room temperature for all samples, anc = qgq|.  COPeNe Upconversion o = 1.064 um
the result is presented in the typical power spectrum por-
trayed in Fig. 2a). The spectrum has shown no structure and
the 480 nm signal presented a bandwidth~df7 nm. It is
important to point out that the blue emission around 480 nm
was intense enough that could easily be seen by naked eye:
The blue emission signal generation was ascribed to the si:
multaneous de-excitation of a pair of ¥bions which forms
a dimeric systerhyielding the emission of the blue light
signal and also the near-infrared radiation corresponding tc
the 2Fg,— 2F 4, transition of YB' ions. The recorded near-
infrared absorption and fluorescence signals are shown in the
spectra depicted in Fig(B). The absorption spectrum exhib-
its three peaks centered around 925, 955, and 975 nm, whighG. 2. Room-temperature cooperative blue emission and convolution of
correspond to transitions from the lowest Stark level to thdhe infrared emissiofa), NIR absorption and fluorescence emissiby and

e . o <
muItlpIet 2F7,2 into the various Stark levels of tﬁgsa ex- violet-NIR Iummgsgence emissidie) spectra for the Yf)_ doped samplgs

. . . under 1.0 W excitation power at 1.0@¢4n launched onto it. The dotted line
cited multiplet. The near-infrared fluorescence spectrum prep () stands for the upconversion emission of a test low concentration

sents four peaks centered around 975, 1002, 1018, and 1048/Yb-codoped sample.

nm which are ascribed to the transitions from the lowest

Stark level of the excited multipléF s/, to the?F,, ground-

state multiplet. A theoretical cooperative emission spectrunversion fluorescence emission in the region of 530-560 nm
can be obtained by the convolution of the recorded infrared?H;, and*S;,) and a red signal around 660 nrfiFg,),
spectrum of Fig. @). As can be seen, good agreement wasand Tn?" yields intense 480 nm blue¢'G,, 800 nm near-
attained as indicated by the dotted line convolution spectruninfrared ¢F,), and also weak 655 nm re&C@4+3F2,3) sig-

of Fig. 2@). We have also extended the latitude of our specnals in glasses sensitized by ¥bions and excited at 1.064
tral observatiorjsee Fig. 2c)] and performed measurements um. In both rare-earth codoped systems the upconversion
well beyond the visible regiofB00—900 nmseeking for the excitation process of the activated ions is accomplished
presence of parasitic upconversion emission signals originaby means of sequential energy-transfer from the
ing from remnant amount of &f and/or Tni" in the glass ytterbium-sensitizet?® In Refs. 6—9, upconversion emis-
samples. It is well known that Ef produces green upcon- sion originating from contamination levels of a few ppm/wt
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FIG. 3. Oscilloscope traces of the decay times for the blue and NIR emis-
sion signals. FIG. 4. Log—log plot of the blue upconversion emission intensity as a func-
tion of the excitation power at 1.064m at room temperature.

of Tm®*" and/or EF* in highly ytterbium-doped samples
were detectable. For T impurities, one would expect
strong upconversion emission around 800 nm. As can b
seen from data of Fig.(2), we have indeed recorded upcon-
version signals associated with the*Ercontaminant, but

tion of two pump photons in the excitation of the
gb3+—Yb3+ pair. The results presented in Fig. 4 have shown
no indication of saturation in the cooperative upconverted
signal. The behavior of the blue signal with several pump
found no evidence whatsoever of emission originated fmn{nten;ity levels and the measured upconversion emission de-
cay time and wavelength, corroborate the proposed upcon-

Tm®" impurities. In order to stress that point we have per- . o hanism herei ted and el h
formed the same experiment using a sample containing thgSrsIon emission mechanism herein reported and eisewnere
by many in crystals and glasses doped with trivalent

pair Tm/Yb with very low concentratiota few ppm/wj, and tterbium2-1 M . ts the bl :
the observation of the spectrum depicted in the dotted curygleroium.- = VIOreover, inour measurements the biue emis-
sion intensity has shown a quadratic dependence upon the

of Fig. 2(c) allows one discarding Tm contamination as re- ) o
g. 20) g Yb3" concentration. The dependence of the blue emission

sponsible for the blue emission in the high purity o . .
Yb®*-doped samples. Besides, the power dependence for tHHO" excitation power and the relation between decay times
i ' the near-infrared and cooperative blue emissions can be

e L o e ot €t §sctibed byt et equetion o th cnergy level f th
cooperative luminescence signal, as will be shown later on iﬁb lons, which has the following form:
this paper. . Ne

The luminescence decay times of both the blue coopera- Ne= ¢ (T)ng— ——Xni, (1)
tive signal and théF s, manifold was investigated and the Te
results produced time constants of 440 and @80 respec- whereny andn, represent, respectively, the population den-
tively, as illustrated in the scope traces of Fig. 3. The @80 sity of the ground-state and excited-statg,is the infrared
luminescence decay time of tRE 5, manifold, measured at decay time,¢ is the excitation power flux, anX is the
room temperature for the samples with 1000 and 5000 ppnméooperative luminescence rate parameter. In the rate equa-
wt, can be considered as solely radiative owing to the relation, o(T) stands for the temperature dependent effective
tively low maximum phonon-energy of850 cm * associ- absorption cross-section for the ytterbium, which takes into
ated with tellurite glasses in addition to the relatively low account the multiphonon-assisted anti-Stokes excitation
Yb3* concentration of the samples. The results also indicategrocess* The near-infrared luminescence is proportional to
that both signals decay times curves are fitted by singlethe population of the excited-state, and the cooperative
exponential decay functions, with very little deviation in the upconversion process has a very low efficiency such that,
tails. However, for the sample with 30 000 ppm/wt we haveone may assume that there is no depletion of the ground-
estimated a fluorescence decay time for g, manifold  state. Accordingly, for low concentration, the decay times of
and found approximately 570s. This value has been calcu- the luminescent signals can be expressed as
lated considering energy migratiometween YB"—Yb®"
pair which is an effect assigned to ¥bclustering formed in
high concentration samples. The dependence of the cooperand
tive luminescence signal upon the excitation power was ex-
amined and the results are presented in the log—log plot of
Fig. 4. The results revealed that the slope of the curve is 1.8Bs can be inferred from data depicted in Fig. 3, the experi-
which is approximately equal to the quadratic power lawmental results for the decay times agree very well with
behavior, expected for a mechanism involving the participatheory with the blue luminescence signal decay time being

| NIR* neOC exq - t/ Te)

| coop? N X — 2t/ 7).
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3000 interesting to emphasize the quadratic dependence of the
P 1w blue intensity on both the pump power and concentration.
- x:= 1.064 um The decay timer, can be written as
B 2000 _ 1
> Te_ ’ (3)
_-I(% (1/TR)+WMP+WEM
S whererg is the radiative lifetime of théF s;, manifold, Wy, p
< 1000 L is multiphonon decay-rate, an/g, is the rate of energy
[0) migration between Yb-Yb pair. In E¢3), Wyp can be ne-
% Yb® - doped sample glected, because of the relatively low maximum phonon en-
ergy associated with tellurite glasses as already mentioned
0 R . L above. With the assumption that the dipole—dipole interac-
0 50 10 150 200 250 300 tion is the dominant effect, the energy migration-rate term
Temperature ("C) We, is given by®
FIG. 5. Blue upconversion emission intensity as a function of the sample 4.4 6
temperature at a fixed excitation power of 1.0 W. Symbols stand for experi- We = 3h7c i f FE(E)Fa(E)dE (4)
mental data and solid line is the theoretical fit. EM 47T4TR Ryy v E4 '

where Ryy is the ytterbium—ytterbium distanc€y is the
integrated absorption cross sectigo(T)dE, F(E), and

half of the NIR emission signal. The dependence of the coFa(E) are the normalized shapes of the absorption and fluo-

operative upconversion process upon the sample temperatJr%S_I(_:encﬁ spectra as dfunk;:tlon (.)f the r:jh(f)lton enéigysing
was inspected for the sample with a concentration of 30 00 (T), the measured absorption and fluorescence spectra

- 6_ _2 - .
ppm/wt and the results have shown a fourfold enhanceme.{:'g' 2b)], (Ryy)°=N""and comb|.n|ng Egs(3) and.(4) '
in the blue emission when the sample was heated in th to the rate Eq.2), we have obtained the theoretical fit

temperature range of 20—260 °C for a fixed launched powe ,solid line) for the experimental data depicted in Fig. 5. It is

as illustrated in Fig. 5. The temperature-induced enhanceslear that the theoretical results, based upon the temperature

ment in Y*-sensitized systems pumped off-resonance hagependent effect_ive absorption cross—sectio.n of. thé*Yb
already been described in detail for’Er and P#*-doped ions and taking mto acco'unt the energy migration effect,
glasses sensitized by ¥band pumped at 1.064m %7 agree very well with experimental data.
and it suffices to mention here that the excitation of thé'Yb
from the ?F, ground-state to théFs, excited-state, re- |y CONCLUSIONS
quires the participation of optical phonons in order to com-
pensate for the energy mismatch (0#800 Cmfl) between In summary, we have demonstrated the generation of
the incident excitation photon at 1.04n (9398 cm'%) and  blue upconversion emission around 480 nm ir*Y&doped
the energy Connecting tﬁ)§7l2_2|:5/2 transition of the ytter- tellurite glasses excited by cw radiation at 10,6m The
bium ions which is~10 200 cmi’. Therefore, the effective frequency upconversion mechanism responsible for the blue
pumping of the YB* ions excited-state relies upon the pho- emission signal is ascribed to the cooperative luminescence
non popu|ation in the host material. This mechanism is acfrom pairS of ytterbium ions. A fourfold temperature-induced
counted for by introducing a temperature dependent effectiv€nhancement in the cooperative luminescence process was
absorption cross-section for the ¥ such thato(T) also observed and was assigned to the temperature dependent
=3.F(T), whereo? is the YI#* absorption cross section effective absorption cross section of the ytterbium ions
at resonance peaked around 975 fwl0 200 cm?) and which relies upon the phonon population number in the host
F(T)=[exp(hvpnono/ ke T) — 1] P accounts for the phonon matrix.
population in the host material. The expongrns associated
with_ the number of optica}l phonons involved in the %b ACKNOWLEDGMENTS
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