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Abstract

Rare-earth (RE) doped solids are widely used as optical emitters from the near infrared to the ultraviolet range. A key measurement for
such applications, the luminescent quantum efficiency, quantifies the comparison between radiative and non-radiative probabilities, which
can be evaluated from luminescence and photoacoustic measurements, respectively. The photoacoustic and luminescence excitation
signals can be obtained either under pulsed dual-wavelength excitation or CW tuneable excitation, by using Nd-YAG and Ti:Sapphire
lasers. In the present work, we demonstrate the use of pulsed, broadly tuneable, excitation using an optical parametric oscillator (OPO),
extending the spectral range of application covering practically all the near infrared to the ultraviolet range, and accessing any RE
emitting level. The procedure is applied to RE-doped lithium niobate (LiNbO ), a material of great interest for optoelectronic3

applications.  2001 Elsevier Science B.V. All rights reserved.
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1. Introduction and luminescence (LUMS) signals after pulsed laser
excitation allow determination of the high quantum ef-

12The luminescence quantum efficiency is one of the most ficiency for Eu ions in different alkali halides [10,11].
relevant characteristics of the optical properties of rare- More recently, the use of CW excitation using tunable
earth activated luminescence solids. In spite of this, this sources, such as Ti:Sapphire laser, has allowed extension
quantity has been usually determined by indirect measure- of the method to trivalent rare-earth doped crystals [12].
ments, by the comparison of the experimental lifetimes and
the calculated radiative values.

A fully experimental determination of this magnitude is 2. Experimental procedure
possible using luminescence and photoacoustic techniques.

31The photoacustic methods, which were first applied to gas The LiNbO :RE codoped crystals used in this work3

and liquid samples [1,2], were later extended with some were grown by the Czochralski method with automatic
modifications to crystalline materials [3–9]. These meth- diameter control by crucible weighting system [13]. Dop-

20 3ods were dedicated mainly to studying the non-radiative ant concentrations were |1310 atoms/cm , as deter-
de-excitation channels of different samples. However, the mined by total X-ray fluorescence spectrometry.
luminescence techniques also have been employed to study Pulsed excitation at different wavelengths is achieved by
the radiative channels. When both luminescence and using a Nd:YAG laser, linked to a harmonics generator. A
photoacoustic techniques are simultaneously used to obtain Ti:Sapphire laser pumped with an argon ion laser can be
information about luminescent materials, it is possible to used as CW infrared excitation source over a wide spectral
determine an absolute value of luminescence quantum range. The excitation beam can be modulated at frequency
efficiency. As an example of this, the simultaneous and by using a mechanical chopper. Another pulsed excitation
multiwavelength measurements of photoacoustic (PAS) source, broadly tuneable, is the master optical parametric

oscillator (MOPO). With this source the spectral range of
excitation is extended from the near infrared to the*Corresponding author. Tel.: 134-91-397-4765; fax: 134-91-397-
ultraviolet. Fig. 1 shows the spectral range and the tuning8579.

´E-mail address: fernando.cusso@uam.es (F. Cusso). possibilities of the three excitation sources mentioned in
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Fig. 1. Spectral range and tuning possibilities of the three excitation
sources mentioned in this work (Nd:YAG, Ti:Sapphire and master optical
parametric oscillator (MOPO)).

this work. The use of the MOPO is advisable as it could
allow access to practically any RE multiplet.

The luminescence and photoacoustic excitation spectra
were measured synchronously. Both signals were averaged
and recorded using an EG&G lock-in amplifier model
7220 DSP. The luminescence signal was analyzed through
an ARC monochromator model SpectraPro 500-i and then
detected by an InGaAs and a Si photodiode, for the
infrared and visible radiation, respectively. The photo-
acoustic signal was detected by using a resonant piezoelec-
tric transducer [14].

31Fig. 2. (a) Absorption spectrum of Er ions in LiNbO , showing3. Results and discussion 3

(arrows) the pumping used in the photoacoustic and luminescence
measurements. (b) Photoacoustic and luminescence signals obtained atFig. 2 illustrates the use of dual-wavelength simulta-
two wavelength excitations (355 and 532 nm).

neous measurements of PAS and LUMS, using pulsed laser
31excitation, applied to the green emission of Er ions in

lithium niobate [15]. The optical absorption spectrum of
31Er ions in LiNbO is shown in Fig. 2(a) showing the slope between 2v and 3v excitation, and it is a conse-3 0 0

4different absorption bands from the fundamental I quence of the non-radiative connection between the excited15 / 2
31level to the different excited states. states of Er ions, which can be used as an internal

31Er ions can be excited with the second (2v ) and calibration and allows the determination of the lumines-0

third (3v ) harmonics of the Nd:YAG laser, leading cence quantum efficiency.0
4 2initially to the S and G levels, respectively (see In spite of the advantages of using this method, an3 / 2 7 / 2

arrows in Fig. 2(a)). A non-radiative multiphonon relaxa- inspection of the absorption spectrum in Fig. 2(a) immedi-
2 4tion connects the G level with the S level, which ately reveals the limitations of using discrete excitation7 / 2 3 / 2

31emits green luminescence associated with the transition (2v , 3v ) in the case of Er , which impedes access to0 0
4 4S → I . more adequate (intense) excitation bands. This difficulty3 / 2 15 / 2

After pulsed excitation, using several different pulse can be overcome by using tuneable excitation sources. In
31energies with the Nd:YAG laser, the green luminescence of particular, for Nd ions, the tuneability of the Ti:Sapphire

4 4 4the S → I transition and the photoacoustic signal laser allows excitation of the F multiplet either directly3 / 2 15 / 2 3 / 2
4 4are simultaneously measured. Fig. 2(b) shows the linear or to the upper F and F excited multiplets. Fig. 3(a)7 / 2 5 / 2

correlation between PAS and LUMS. This linear behavior shows the results corresponding to the photoacoustic and
depends on the excitation wavelength and the difference in luminescence excitation spectra. The shape of the absorp-
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31Fig. 4. (a) LiNbO :Yb absorption spectrum. (b) Photoacoustic spec-3

trum obtained by exciting with Ti:Sapphire laser (solid line), and
Ti:Sapphire laser emission (dashed line). (c) Photoacoustic and lumines-

Fig. 3. (a) Photoacoustic and luminescence excitation of the 1.064-mm 31cence spectra of LiNbO :Yb obtained by exciting with MOPO (circles4 4 4 4 3emission ( F → I ) by tuning over the F – F levels of3 / 2 11 / 2 5 / 2 7 / 2 and solid line correspond to PAS and LUMS, respectively).31LiNbO :Nd . (b) Comparison of PAS–LUMS. The quotient between3

both signals is fitted with a straight line.

31tion bands is clearly identified in the PAS or LUMS measurements of LiNbO :Yb obtained with a MOPO3

excitation spectra, which obviously provides more infor- are shown. Comparing these results with those obtained
mation than dual-wavelength excitation. under Ti:Sapphire excitation, it can be observed that the

The quotient between the photoacoustic (PAS) and PAS and LUMS spectra obtained now provide an excellent
luminescence (LUMS) signals is shown in Fig. 3(b) and it reproduction of the absorption spectrum.
has been demonstrated [16] that it should be linearly The fact that this source can be tuned over any RE
dependent on the excitation wavelength, l , transition, allows the design of experiments in which isE

possible to access, following in order the low-lying levels,
from the ground state to all other levels of the ion.PAS /LUMS 5 C(1 2 f (l /l )) (1)E F

Nevertheless, the extended tuneability range together with
where C is an experimental constant, and l and l are the some energy-pulse instability affects the signal-to-noiseF E

fluorescence and excitation wavelengths, respectively. ratio. Recent reports on the use of non-standard lock-in
From the fitting of these data using Eq. (1), a luminescence amplifier (LIA) techniques, such as pulse-duration-scanned

4 4quantum efficiency f 50.95 for the F → I transi- LIA [17], indicate the possibility of substantial signal-to-3 / 2 11 / 2
31tion Nd in LiNbO is obtained. noise ratio improvements. The optimum use of the devices3

Nevertheless, Ti:Sapphire excitation still suffers from associated with the PAS–LUMS detection should reduce
limitations. While it has been shown that continuous tuning the sampling times (at the moment these times are high,

4 4 31is possible over the F and F Nd absorption tens of minutes for the signals shown in Fig. 4(c)) and7 / 2 5 / 2

bands, the wavelength tuneability is still limited (Fig. 1). improve the electronic data processing.
31 Finally, in the case of anisotropic crystals (such asAs an example, Fig. 4 shows how in the case of Yb ions,

LiNbO ) the use of polarised excitation also offers theTi:Sapphire excitation only allows coverage of a small 3

possibility of accessing transitions exhibiting differentfraction of its absorption band. Fig. 4(a) shows the
31 polarisation selection rules, as has been already demon-absorption spectrum of LiNbO :Yb and Fig. 4(b) shows3

31strated in LiNbO :Yb [4].the Ti:Sapphire laser emission (dashed line). As a conse- 3

quence of this, the PAS obtained with such a source
appears strongly distorted (see solid line in Fig. 4(b)), and
the high wavelength portion of the spectrum is lost.
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