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Sensitized thulium blue upconversion emission in Nd 3 T/Tm3*/Yb3™ triply
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Bright blue upconversion emission by thulium ions in PbGe®bF,— CdF, glass triply doped with
Nd®*—Tm**—Yb®" under diode laser excitation around 800 nm is reported. The results revealed
that the Nd*/Tm®*/Yb®*"-codoped sample generated ten times more 475 nm blue upconversion
fluorescence than the Yb-sensitized Tri" -doped one, under the same excitation power. The
upconversion process also showed a strong dependence uponsthedfizentration. The results
also indicated that the neodymium ions played a major role in the upconversion process by
transfering the 800 nm excitation to thulium ions. The population of thé Tians 'G, emitting

level was accomplished through a multiion interaction involving ground-state absorption of pump
photons around 800 nm by the Rid(*l g;,—2Hgy,, *Fs») and Tt ™ (*He—3F,) ions followed by
energy-transfer  processes involving the 3NdYb®'(*Fsp, 2F7p— %1110, °Fg,) and

YB3t =Tt (%Fsg)p, °F4—2F 1), 1G,) pairs. © 2003 American Institute of Physics.

[DOI: 10.1063/1.1618352

I. INTRODUCTION ions in the 800 nm wavelength region in conjunction with a
very efficient excitation transfer from excited neodymium
Infrared-to-visible frequency upconversfonin lan-  jons to trivalent ytterbium. In this peculiar situation, the yt-

thanide doped materials has been extensively investigatedrbium ion plays a major role as an energy-transfer bridging
owing to the potential applications in visible upconversionion between a donor (Nd) and an acceptor ion such as
lasers, high density memories, and/or solid-state color disTm®", Tb*", or Ho®*.1%-*|n this work we report on the
plays. Thus, there exists a need for alternative solid-statgeneration of bright 475 nm blue upconversion fluorescence
materials capable of producing efficient frequency upconverdue to the excitation transfer between of *Nidto thulium
sion processes. To pursue that goal, the study of multiiomons bridged by ytterbium ions in Nd/Tm/Yb-codoped
interaction in different hosts has recently attracted much inPbGeQ-based glass under 800 nm semiconductor laser ex-
terest due to the fact that the interaction mechanism can betation.

beneficial in the realization of photonic devices based upon

rare-earth doped solid-state systems. The multiion interaction. EXPERIMENTAL SETUP

provides conditions for the so-called sensitization process

: . ) The glass samples were prepared with reagent grade
where the species excited by a pump photon transfer its ex- . .
citation to the other species present in the matrix. The ion)—iDbF2 and CdF, (P.A. Aldrich) and glassy PbGeQ Starting

o . reagents were mixed in an agate mortar usiFigeptane as

pair interaction referred to as energy transfer has been eXtePnbmogenizing medium. After melting in an open Pt—Au cru

i ; ; ; A _ +_ 3+ _ +_ : - -
sively |nvest|g-a.ted n Er ’.P'S , TD ,'L?r?’?d T dgped cible at 800 °C for 30 min in air, liquids were quenched at
sampl_es sensitized with trivalent ytterbidn.In ytterbium- .-room temperature in graphite molds. Some 30 min annealing
sensitized .hOStS on+e Fakes_ advantage of the strong <”ms’orpt'%atments at temperatures around the glass transition were
C;?S.S stectlon of :&) |(f)ns N thﬁ re_gl(?n 0{ 980 n:? ?d the performed. Rare-earth ions were introduced in the form of
etmcient energy-transier mechanisnmvolving - yterbium oxides(in several different concentrationsStarting PbGe®
and those rare-earth acceptors. For a number of application lass was obtained using PKRA. Aldrich) and GeQ (P.A
itis also interesting to access the visible wavelength emittindyyrichy mixed and melted at 800°C for 30 min and
Ievgls of such rare-ions emplpying an excitation source in th%uenched to room temperature between two copper plaques.
region of 800 nm, where high performance and 10w COSqta| contents in the samples were determined by atomic
diode Ias_e_rs |savx_/ell established ?echnology. Th_ls is poss'blﬁbsorption spectrophotometry. Fluoride analyses was per-
by exploiting the intense absorption cross section of Nd 5 yeq by use of a selective electrofdensities were mea-
sured with a helium picnometefAccuPyc 1330 V2.0R
dElectronic mail: artur@ufrpe.br Thermal analysis (differential scanning calorimetry-TA
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FIG. 1. Absorption spectrum for the Nd—Tm-Yb triply doped sample.

FIG. 2. Simplified energy-level diagram for the Nd-Tm-Yb system.
Dashed arrows stand for energy-transfer processes.

Instruments-model 3100were performed for powdered |||. RESULTS AND DISCUSSION
samples in aluminum pans with heating rates of 10 °C/min.

X-ray powder diffractograms were obtained with a diffracto-
meter (D-5000 Siemenswith the CuKa filtered line at

0.02°/s scanning rate. TEMransmission electronic micros- : N
Phillios CM20 s h b ; d level was achieved by an initial energy-transfer process from
copy, Fhillips 0 measurements have been performed, . ‘00 \m excited N to Yb®*. The excited YB* then,

Electronic emission spectra were obtained with a SpeCtrOffransfer its energy to a neighbor $ion at the3H,, level

luorimeter (SPEX F212] equipped with a 450 W Xe lamp gy cited by a pump photon around 800 nm. The 800 nm pump
for excitation. A photomultlpller(Hamamat.su 900an Ge  photons promote both Nd(*lgp—2Hgp, *Fs) and
detector(North Coastwere used for detection. Routine reso- Tm®* (®Hg—3F,) to excited-state levels by means of a
lutions of 0.05 and 2 nm have been used in the visible an¢jround-state absorptiofGSA) process. The excited Nd
infrared absorption spectra, respectively. Figure 1 shows theslaxes nonradiatively to théF;, excited-state level and
absorption espectrum of our triply doped sample, indicatingransfer its excitation to a nearby ¥b at the?F,,, ground

the major transitions for the threens present in the host state and/or to an excited P ion at the®F, level. How-

The simplified energy-level diagram, for the
Nd®*/Tm3*/Yb3* system isillustrated in Fig. 2. The upcon-
version excitation process of the imion G, emitting

matrix. ever, the energy-transfer mechanism involving the
In our upconversion measurements the fluorogermanat¥d®*—Yb®* pair is the dominant mechanism, as will be
glass samples had a composition of seen in this article. The excited ytterbium at e, state

70%PbGe@:15%Pbk:15%Cdp and triply doped with then transfers its energy to nearby Ymions at the®F,,
Nd®*/Tm**/Yb®*. The host material presents very good Promoting them to the uppetG, excited-state emitting
optical quality, is stable against atmospheric moisture, and #€Vvel- From the'G, level, the Tni" ions radiatively relaxe

3 . . .
presents low optical attenuation in the 0.4—5uf spectral 10 the”Hg ground state generating the intense upconversion
region. The material also exhibits high solubility allowing fluorescence signal around 475 nm. The red emission band

. . 3 -y
the incorporation of high lanthanide concentrations aparf":::l'lqgfnigbnurg; 2?(2?3”?5 tt?\éhréeg_érr!_:ésti?:(snlrtiloirr]{a?gdn}?om
from being nonhygroscopic and possess high thermal stabi he 3F , ;M transition. In order to compare thge effactive-
ity against crystallization. The samples thickness were 2.3 6 PO .
o ) ness of the N8 —Yb®* bridging mechanism, we have also
~1.0mm and the excitation source was a cw diode laser

L . investigated the upconversion process in®Yisensitized
operated around 800 nm delivering a maximum power of 70I'm3+-doped samples under 800 nm excitation. Blue upcon-

mW. When tunability in the 800 nm region was required, an, o gjon emission was readly observed and the signal could
argon ion pumped Ti:sapphire laser was used. The pUMBe geen by the naked eye. Blue upconversion emission in
beam was focused down onto the samplgsalb cmfocal 13+ vp3+.codoped fluoride crystals pumped around 800
length lens. The fluorescence signal was collected by a fibg{m nhas already been reported by Zhaetgl1® and more
bundle, and was dispersed by a 0.34 m scanning spegecently!’ The upconversion excitation process for blue
trograph with operating resolution of 0.5 nm and detected bysmission in Tm*/Yb®"-codoped samples pumped around
an S-20 uncooled photomultiplier tube. Phase detection wag00 nm, has already been described elsewtfereand it
used for data acquisition and storage. All measurementsuffices to mention here that it is achieved through energy-
throughout our experiment were performed at room temperaransfer from Tm* to Yb®* ions followed by the transfer
ture. from Yb®* to Tm®". It is important to show that from the
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FIG. 3. Typical power spectra of the upconversion emission for the Nd_FIG. 4. Log-log plot of the upconversion emission intensity as a function of

Tm-Yb triply doped samplgstraight ling and Tm-Yb doubly doped the excitation intensity around 800 nm.
(dashed lingone under the same power.

results presented in this article, and reports of Ref. 13, ngon of the dependence of the 475 nm blue upconversion
emissions were observed in either ¥mYb®* doubly doped ~luminescence intensity upon the ¥b concentration was
and/or Tni* singly doped samples under 800 nm excitation.2/S0 carried outsee Fig. 6. As one observed the blue emis-

Figure 3 shows typical upconversion fluorescence spectra agion increased significantly with increasing ytterbium con-
sociated with TM" ions under 800 nm excitation, for a centration, demonstrating the importance of théYlas an

sample codoped with Y& (dotted line and a €nergy-transfer bridging ion in the process of Tm upconver-
Nd3*/Tm3*/Yb3* triply doped sample(solid line. The  Sion excitation. The deviation from the expected linear be-
spectra exhibit the three distinct bands centered around 475avior for the curve, was also presented in Ref. 13, but still

655, and 800 nninot shown in the spectra of Fig),Zorre- N0 plausible explanation is available for the results. It was
sponding to théG,— 3Hg, 1G,—3H,, and®F,—3H, tran-  &lso observed that the visible upconversion fluorescence in

sitions of Tm* ions, respectively. It is observed that the T_m?‘*/Yb‘?’*-codoped samples excited around 980.]'%“3)('.
presence of NY" in the system, produces a tenfold enhancehibited much lower intensity when compared with triply
ment in the blue emission associated to ¥8g—3H tran- doped samples under the same excitation conditions. The
sition of Tn?* ions, as compared to samples doubly dopedesults clearly indicate that the upconversion excitation
with Tm3+/Yb3*. mechanism in Nd—Tm-Yb codoped samples excited around
The dependence of the blue upconversion intensity upoB00 NM is quite different from that of a Yb-sensitized
the excitation power was examined and a quadratic powef M’ -doped samples excited around 980 nm.
law behavior was obtained, as portrayed in the log—Ilog plot
of Fig. 4. The results indicate that two pump photons partici-
pate in the upconversion excitation mechanism and they ex-
cite both Nd&* and Tn?#* through ground-state absorption. 110
In order to emphasize the role played by®Ndons as do- - | P,=150mwW
nors in the TM* ions upconversion excitation process, the 3 100
dependence of the blue emission intensity as a function oig
the pump wavelength around 800 nm, was also examined'w 90|
The results demonstrated that the blue intensity dropped by z§ I
factor of two within a few nanometers of detuning from the £ g,
peak wavelength of 803 nm, as presented in Fig. 5. The peal§
at 803 nm indicates that the maximum pump efficiency and'g
consequently the maximum upconversion efficiency is ob- g
tained when the pump excitation is resonant with the neody-
mium 1 ¢,—2Hg,, *Fsg), transition. Furthermore, the obser-
vation that the 880 nm fluorescence intensity steeply
decreases with the TH concentration, indicates a very ef- 50—t —— At
ficient energy-transfer mechanism from Ndto Tm** viya 794 796 798 BOO 802 804 806 808 810
Yb3*. This behavior is then clear evidence of the role played Pump wavelength (nm)
by the N&* ion as a donor of 800 nm excitation to the pig. 5. Blue emission intensity as a function of the excitation wavelength
thulium ion, via the YB" bridging process. The investiga- for a fixed pump power.

T

70 -

0 60l
@ | °




J. Appl. Phys., Vol. 94, No. 9, 1 November 2003 Gouveia-Neto et al. 5681

700 Nd®*—Yb®** and YB" —Tm?" pairs. Finally, one has shown
’3‘- _ the effectiveness of the neodymium—ytterbium interaction,
800~ A,=800nm providing the conditions for the thulium upconversion exci-

P =70 mW tation by an 800 nm source.
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