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Abstract. In this work the luminescent quantum efficiency of ions in alkali halides is 
determined by using a method based on the simultaneous and multiwavelength rneasurrment of 
photoacoustic and luminescent signals after pulsed laser excitation. This method, which was 
first demonstrated in Euz+doped KCI. is now extended in order to include the possibility of 
direct non-radiative relaxation from upper excited states to the ground state. A high quantum 
efficiency is found for Euz+ ions in different alkali halides (NaCI, KCI. KBr and KI). 

1. Introduction 

The quantum efficiency (@) of a luminescent material is obviously one of its most relevant 
parameters. Photoacoustic methods have been extensively used in the quantum efficiency 
determination of gases and liquid materials [l-31. In these cases it becomes relatively easy 
to change concentrations or compositions, relating the photoacoustic signal of the sample 
to that of a standard material with known quantum efficiency. 

For solid state materials, and with the limited exceptions where photochemical 
transformations may be induced in siru [4], changing concentrations implies changing the 
sample. This procedure is not adequate for quantitative measurements, because of the fact 
that changing the sample may substantially affect the acoustic coupling in the experimental 
chamber. 

Some authors have pointed out the possibility of obtaining absolute measurements 
without standards [5,6] and, recently, an alternative method based on the simultaneous 
detection of photoacoustic and luminescent signals, after excitation at different wavelengths, 
has been proposed [7]. This method relies on the existence of a non-radiative 
relaxation, providing an internal reference that can be used for absolute quantum efficiency 
determination. 

This method was first applied to the determination of the luminescent quantum efficiency 
of Eu2+ ions in KCI [7], a system which meets all the conditions required (two broad 
absorption bands, suitable for laser excitation, non-radiatively connected and having a single 
luminescent emission). In this first analysis, and assuming 100% non-radiative intemal 
relaxation, it has been found that the EuZ+ ions exhibit nearly 100% luminescent efficiency 
confirming their possibilities as active ions in many phosphor materials. 
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The assumption of a fully non-radiative relaxation between excited states, which was 
previously adopted in the analysis of KC1:EuZ+ [7], may lead to an overestimation of the 
quantum efficiency. In this work we present the extension of the above mentioned method 
to a more general case, where the relaxation from the upper excited state to the ground 
state is also possible. This extended analysis is applied to the determination of the Euz+ 
luminescence quantum efficiency in different alkali halide hosts (NaCI, KC1, KBr and KI). 

The knowledge of the Iuminescent quantum efficiency o f  Euz+ ions in these materials 
becomes necessary to understand and evaluate the possibilities of recently proposed 
applications, such as their use as active ions in ultraviolet (uv) detection, either by directly 
using its luminescent emission [8] or-as a uv activated thermoluminescent material [9]. 

2. Experimental set-up 

The crystals used in this work were grown, by the Czwhralski method, in the Crystal 
Growth Laboratory of the Universidad Aut6noma de Madrid. The concentration of Eu” 
ions in the crystals, expressed in parts per million (ppm), as determined from the absorption 
spectrum and calibrated cross-sections [lo], were 140, 280, 570 and 290 ppm for NaCI, 
KCI, KBr and KI respectively. 

Samples, in the form of a rectangular slabs of approximate dimensions 10 x 5 x 1 m3, 
were cut from the boules. In order to suppress Eu2+ aggregates andor precipitates, the 
samples were annealed for 30 min at 600°C and then quenched to room temperature on a 
Cu block prior to the measurements. 

Optical absorption and luminescence measurements were performed by using a Cary 14 
spectrophotometer and a Jobin-Yvon N3CS spectrofluorimeter. 

Pulsed excitation, at different wavelengths, is achieved by using an N ~ Y A C  laser (Quanta 
Ray DCR-2) linked to a harmonics generator. The laser gives 10 ns pulses with energies 
ranging from 300 mJ in the infrared (1.064 wm) to 20 mJ in the uv (266 nm). 

The piezoelectric transducer was glued to one edge of the sample and the luminescence 
was collected from the opposite edge with an optical fibre coupled to the entrance slit of 
a monochromator before reaching the photomultiplier. while the excitation was performed 
through the larger case of the sample. 

Photoacoustic and luminescent signals were detected simultaneously using a resonant 
piezoelectric transducer having a bandwidth of 200 kHz [ I l l ,  and an EM1 9558QB 
photomultiplier tube. Both signals were suitably amplified and finally averaged and recorded 
using a digital oscilloscope (Tektronix 420). 

3. Experimental results and discussion 

The absorption spectra of Eu2+ ions in alkali halide crystals consist of two broad absorption 
bands attributed to transitions from the ‘S7/2 ground state of the 4f’ configuration to the 
46‘5d configuration [12]. In cubic symmetry, the crystal field splits the d-electron state into 
two components, eg and tz8, which correspond to the observed absorption bands (figure 1). 
For sixfold coordination, which is the case for Eu2+ ions entering substitutionally for the 
alkali ions, the tzg is the low-lying level. 

As has been indicated in figure l(a). the two Eu2+ absorption bands can be excited 
with the third (300) and fourth (400) harmonics of the N ~ Y A G  laser at A = 355 nm 
and A = 266 nm respectively. After excitation within either of these two bands a single 
luminescence band is observed, corresponding to the tzg + 4f‘ transition. 
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Figure 1. (a) The absorption hands of Emz+ in alkali halides. showing the coincidence with the 
thud ( 3 ~ )  and fourth ( 4 4  harmonics of the Nd:YAG laser. (b) A schematic energy diagram 
indicating the different contributions to the photoacoustic and luminescent signals. 

The detailed properties OF the Eu” luminescence are slightly dependent on the host 
matrix [12], and for freshly quenched samples of NaC1, KCl, KBr and KI  the emission 
bands have their maxima at 427 nm, 419 nm, 428 nm and 427 nm respectively. It is 
important to remark that in all matrices the same emission is detected after excitation to the 
high- (eg) or low- (Bg) energy state. 

After pulsed excitation, the luminescence decays exponentially after a Fast rise, 
coincident with the excitation time, while the photoacoustic signal, which consists of a series 
of compressions and expansions, gives rise in the transducer to an oscillating signal delayed 
from the excitation because of the time the acoustic signal needs to reach the piezoelectric 
transducer. The temporal maxima of both luminescent (LUM) and photoacoustic (PAS) signals 
are a measure of the intensities generated in these processes. (In the case of photoacoustic 
measurements, the first maximum, which is the least influenced by reflections, will be taken). 

The simplified energy-level scheme of figure l(b), where the different contributions to 
the luminescent or photoacoustic signals are indicated, will be used to interpret the observed 
results. Considering first the excitation to the lower excited state (tzp level) at a Frequency 
of OL = 3 ~ 0 ,  the non-radiative relaxation within this level gives a thermal contribution 41. 
The relaxation from the bottom of this lower excited state to the 4f’ level is assumed to 
be luminescent with a quantum efficiency @, followed by a non-radiative reiaxation within 
the ground state with a thermal contribution Oqs. The non-radiative channel gives also a 
contribution (1 - @)q2.  

In the case of excitation to the upper excited state (e, level) at a frequency OH =bo, 
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two different de-excitation channels appear. A first one, fully non-radiative from this level 
to the ground state with a probability a, gives a thermal contribution aqs. A second one 
implies adecay to the lower excited state (with a thermal contribution ((1 -a)@)) followed 
by the luminescent process described above. 

Taking into account these contributions, the dependence of the luminescent (LUM) and 
photoacoustic (PAS) signals on the number of absorbed photons can be expressed as 

LUM(W) = KL@N&L) ( 1 4  

LUM(OH) = K L @ N ~ ( w H ) ( ~  - 01) (1b) 

P A N ~ L )  = KP[qi f (1 - @)a + @431Na(w~) ( 2 4  

pAs(0H) = KPkW f (1 -u)(44 f (1 - @)42 fq3@)1&(WI) (W 
where N a ( w ~ , o ~ )  indicates the number of absorbed photons at the corresponding 
wavelength and KL and Kp are proportionality constants that include all the instrumental 
responses involved in the collection of luminescent and photoacoustic signals. 

Although the energy difference between the upper excited state and the ground state is 
quite high, which may induce neglect of the probability of direct non-radiative relaxation 
(a = 0). this is not justifiable in general. 

In fact, this can be verified experimentally by comparing the luminescent signals after 
excitation to the upper or lower excited states. From equations (la) and (lb) the fraction 
of excited ions that decay via the lower excited state, (1 - a), is readily expressed as 

The values obtained from equation (3) for Eu2+ ions in NaC1, KC1, KBr and KI are 
summarized in table 1. 

It can be observed that, although not very important in freshly quenched samples, there 
is a fraction (0.05 < 01 < 0.09) of ions excited to the upper energy state that decay non- 
radiatively to the ground state. The omission of this contribution, assuming CI = 0, slightly 
overestimates the value of the quantum efficiency by a few per cent [7]. 

The luminescent quantum efficiency may now be obtained by comparing the 
photoacoustic signals after excitation at WL and OH (equations (2a) and (Zb)). However, a 
better approach is to compare directly the photoacoustic and luminescent signals generated 
at different excitation powers for each excitation wavelength. 

As both the photoacoustic and luminescent signals are directly proportional to the 
number of absorbed photons, N , ( ~ w ,  40). it is possible to eliminate between equations (1) 
and (2) the dependence on N,(3w, 40). In this way the accuracy of the method is enhanced, 
avoiding the uncertainties in the measurement of the number of absorbed photons. 

In terms of the energies involved in the process (see figure I), E H ,  EL, E e d ,  the 
following expressions are readily obtained 

PAS(WL) = (KP/KL)[(EL - Eemi@)/@lLWw~) ( 4 4  

PANOH) = (KP/KL)([EH - Eemi(1 - a)@l/@(l - 01)hMo~). (4b) 

The experimentally dependent constants appear as the quotient (&I&), and they can 
be eliminated by comparing (44  and (4b). This leads to an explicit expression for the 
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quantum efficiency in terms of the excitation (WL, OH) and emission (memi) frequencies 
and the quantity A, defined in equation (5) below, which is a parameter to be determined 
experimentally. 

A = [ ~PAS(~H)/~LUM(~H)]/[~PAS(OL)/~LUM(OL)I (5) 

@ = (o~/~,mi)[A - (~H/wL)/(~ - d l / ( A  - 1). (6) 

The comparison of photoacoustic signal versus luminescence for NaCI, KCI, KBr and 
KI crystals is presented in figure 2. A linear dependence, as expected from equations (4), is 
observed in all cases at the excitation powers used in this work (no multiphoton processes 
or excited state absorption i s  involved [13J). 
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Figure 2. A comparison of the photoacoustio (PAS) and luminescent (LUM) signals simultaneousiy 
generated after 300 (full circles) and 400 (open circles) excitation ofEuZt in NaCI, KC1, KBr 
and KI crystals. 

The difference in slope between oH and oL excitation, a consequence of the non- 
radiative connection between the excited states of Euz+ ions, is apparent. 

An analysis of this method shows that the higher the difference in slope (A) the higher 
the precision in the determination of the quantum efficiency a. This is a consequence of 
increasing the relative magnitude of the internal non-radiative relaxation used as calibration 
~ 4 1 .  



10630 E Rodrfguez et a1 

With the values of A obtained from the least-squares fitting of slopes of PAS against 
LUM for W H  and OL of figure 2, together with the values of a previously determined, 
the luminescent quantum efficiency, Q, is calculated and is given in table 1. From the 
experimental standard deviation of A and a values, and their propagation using equation (6). 
the accuracy in the quantum efficiency A@ has been calculated and is also included in the 
table. From this table we can observe that the quantum efficiencies of EuZ+ ions in alkali 
halides are close to 100%. 

Table 1. Relaxation paramaen of EnZi ions in alMi halides. 

NaCl KCI KBr KI ~~ ..-~ ~ ~~~~ ~~~~ 

~~ 

I - =  0.95 0.95 0.91 0.92 
A 3.7 3.7 3.4 3.5 
@ (%) 102 100 97 99 
A@ (%) 9 10 I 1  1 1  

These high values are consistent with the agreement between the calculated and 
experimental values of the tzg lifetime [15,16], as well as with the reported [17,18] 
independence of the Euz+ luminescence intensities and lifetime on temperature up to 400 K, 
indicating a low contribution from the non-radiative channel to the de-excitation. 

Let us finally indicate that although the omission of a direct (non-radiative) connection 
between the upper excited state and the ground state, which was adopted in the previous 
analysis [7], leads to a slightly overestimated value for the quantum efficiency of EuZ' 
in KC1 (Q (%) = 104 f 6), it is almost irrelevant for freshly quenched samples, where 
aggregates and/or precipitates are absent, and where the values of (1 - a) remain high 
(1-CYIt: 1). 

On the other hand, preliminary measurements on precipitated samples indicate that the 
non-radiative connection between the upper excited state and the ground state is much more 
important, in accordance with previous luminescence studies [19]. Consequently, a takes 
substantially higher values, and its omission would lead to physically meaningless high 
values for the quantum efficiency. 

Nevertheless, for precipitated samples the situation becomes even more complicated 
because of the appearance of different precipitated phases that simultaneously contribute to 
the photoacoustic signal, and the analysis is not so straightforward as it is for quenched 
samples. The detailed study of Eu2+ precipitated in alkali halides is currently under progress. 
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