
Joumal os Thermal Analysis, VoL 37 (1991) 1153-1160 

Dedicated to Professor Dr. H. J. Seifert on the occasion of his 60 ~ birthday 

THE EFFECT OF THERMAL ANNEALING O N  
L U M I N E S C E N C E  C E N T R E S  I N  G e - S I L I C A  F I B R E S  

Y. lr P. D. Townsend* and J. E. Townsend** 

THE OPEN UNIVERSITY OF ISRAEL, 16 KI.AUSNER ST., TEL AVIV 61392, ISRAEL 
*SCHOOL OF MATHEMATICAL AND PHYSICAL SCIENCES, UNIVERSITY OF SUSSEX, 

BRIGHTON BN1 9QH, UK 
**DEPARTMENT OF ELEcrRONICS AND COMPI.YFER SCIENCES, UNIVERSITY OF 
SOUTHAMPTON, SO9 5NH, UK 

(Received September 25,1990) 

The radioluminescence spectrum of  Ge-s i l ica  fibres doped with Nd is found to change by 
the effect  of  pre-irradiation and thermal annealing. Originally the spectrum consists of  a 
gaussian band centred near 3.1 eV (400 nm). Following the irradiation and heating an addi- 
tional asymmetric band appears near 2.4 e V  (520 nm). On top of  this band there is a line 
spectrum, which can be ascribed to internal transitions of  the Nd 3+. On the basis of  the 
spectroscopic data and previous results of  thermoluminescence measurements, a model is 
suggested for the luminescence and the effect of  the thermal annealing. The blue and green 
bands are ascribed to an 02 -  molecular ion and a hole centre near the Nd 3+ ion, respectively. 

It was found recently by Ellis et al. [1] that the combined effect of ir- 
radiation and thermal annealing changes the emission spectrum of ther- 
molumineseence (TL) in Ge-sil iea fibres doped with Nd. Following X or/~ 
irradiation, the fibre showed a broad TL peak at about 175 ~ Initially the 
emission spectrum consisted mainly of a blue band near 400 nm. However, 
prior irradiations followed by thermal annealing above 320 ~ generated a 
green emission band at about 520 urn. The intensity of both bands grew with 
the accumulated dose of the prior irradiations. It was shown that because of 
this effect the fibre can be used as a rereadable dosimeter of radiation. 

In a previous work [2] we performed a kinetic analysis of the TL. We 
found that the TL curves at 400 and 520 nm consisted of 5 overlapping peaks 
and could be described by the same set of kinetic parameters. It was con- 
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cluded that the blue and green bands involve the thermal release of charge 
carriers from the same set of traps, and their recombination with two dis- 
tinct luminescence centres. 

In this work we studied the combined effect of pre-irradiation and ther- 
mal annealing on the radioluminescence (RL) of the samples (i.e. the 
luminescence emitted during X-irradiation) and on the phosphorescence 
(PP) which is the long-time decay of the luminescence after the termination 
of the irradiation. 

Experimental 

The samples were optical fibres of silica (amorphous SiO2) which con- 
tained Ge (4 mole %) and Nd 3+ (450 ppm). The fibres were kept in the 
vacuum and irradiated at room temperature for periods of 1-40 minutes, by 
a tungsten target X-ray tube which provided 30 Gy/min. The emission 
spectrum was continuously scanned by a Bausch and Lomb grating 
monochromator coupled to a stepping motor. The readings were later cor- 
rected for the spectral response of the monochromator and photomultiplier 
(EMI 9659QA). 

Results 

The emission spectra of the RL before and after the thermal annealing 
are described in Figs 1 and 2. The unit of the y-axis represents a photomul- 
tiplier current which corresponds approximately to 5.10 6 photons emitted 
by the sample per second, after estimating the efficiency of the collection 
optics, monochromator and photomultiplier. The x-axis represents the ener- 
gy of the photons in eV rather than the wavelength, since this representation 
reveals the gaussian shape of certain bands. All the graphs in Figs 1-3 are 
normalized to the same sample mass. 

The RL spectrum of an unannealed sample is shown in Fig. 1 at the 
beginning of the irradiation (a) and after 40 minutes of a continuous irradia- 
tion (b). Two prominent features appear in both spectra: a gaussian band 
centered at 3.08---0.01 eV (402 nm) with a half-width of 0.29 eV, and an 
asymmetric band centered near 2.4 eV (517 nm) which seems to be struc- 
tured. The intensity of both bands was found to increase with the accumu- 
lated dose. 
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When the irradiated sample was annealed above 320 ~ for several minutes 
and then recooled to room temperature, the intensity of its initial RL emis- 
sion was found to increase both in the 3.1 eV and the 2.4 eV bands. How- 
ever, the 2.4 eV band grew faster with the dose of the pre-irradiation (the 
pre-dose) .  Figure 2a depicts the initial RL emission of the sample after an 
irradiation of 40 minutes and annealing at 450 ~ The 3.1 eV band increased 
compared to the Fig. la  by a factor of ~2  and the 2.4 eV band by a factor 
of 7. The structure of the 2.4 eV band is now more apparent, with several 
peaks, or sub-bands,  superimposed on the broad band between 2.1 and 
3.3 eV. Figure 2b shows the RL spectrum after an irradiation of 40 minutes 
(in addition to a pre-irradiation of 40 minutes). Comparison with 2a shows 
that the 3.1 eV band increases during the irradiation, while the 2.4 eV band 
decreases. This bahavior is markedly different from that of the untreated 
sample, in which the intensity of both bands increases during the irradiation 
(Fig. 1). 
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Fig. 1 The RL spectrum of an unannealed sample. (a) At  the beginning of the irradiation. (b) 
Af ter  40 minutes of  a continuous irradiation (an absorbed dose of  1200 Cry). The points 
represent experimental results while the line describes the optimization of a gaussian 
function to the data 

The emission spectrum of the thermoluminescence (TL) is shown in 
Fig. 3a for an unannealed sample, following an irradiation of 30 minutes. 
Figure 3b refers to the same sample after an irradiation of 30 minutes, heat- 
ing to 450 ~ and an additional irradiation of 30 minutes at room temperature. 
The TL was recorded using a heating rate of 20 deg/min. Similarly to the 
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Fig. 2 RL emission spectra after an irradiation of 40 minutes (1200 Gy) and annealing at 
450~ (a) At the beginning of the second irradiation. (b) After 40 minutes. The solid 
line which departs from the gaussian was drawn to connect the eximrimental points 

RL, the TL emission spectra consist of the 2.4 eV and 3.1 eV bands, and 
both becomes more intense with the increasing pre-dose. The 2.4 eV band 
however grows faster and for higher pre-doses it exceeds the 3.1 eV band. 
The dependence of both bands on the dose of the second irradiation was 
found to be linear. The PP emission spectrum was very similar to that of the 
TL. The PP decay at room temperature followed a t "x law with x =-0.6, 
indicating some kind of non-uniform distribution of traps [3]. 

Discussion 

We have previously found [2] that the TL of the fibres at the blue 
(3.1 eV) and green (2.4 eV) bands could be described by the same set of 
kinetic parameters. Each of the TL curves was found to consist of a main 
peak which showed a distribution of activation energies between 0.94 and 
1.35 eV, and four minor peaks with the activation energies of 0.86, 1.45, 1.68 
and 1.72 eV. All the peaks were of the second order and their frequency fac- 
tors were between 1.2.1010 and 6.101~ see -1. On the basis of these findings, 
and the evidence that above room temperature the TL in SiO2 involves 
electron traps and hole luminescence centres [4-7], the following model was 
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suggested for the TL of the fibres. The irradiation creates hole centres 
which are thermally stable, and electron centres which release electrons 
upon the subsequent heating. The blue emission is produced when the 
released electrons recombine with hole centres which we designate LB, 
while the green emission is caused by the recombination of electrons with 
another type of hole eentres, labeled LG. 
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Fig. 3 TL emission spectra at 140~ (a) Following an irradiation of 30 minutes (900 G-y). (b) 
Following an irradiation of 30 minutes, heating to 450~ and an additional irradiation of 
30 minutes at room temperature 

We previously explained the increase in the TL sensitivity of the fibres 
[2] by a model which had been suggested by Zimmerman [8]. The model as- 
sumes that in addition to LB and LG there is another hole trap or 'reservoir', 
R. This trap is characterized by a high probability for capturing holes and is 
too deep to release holes in the temperature range studied by the TL. The 
pre-irradiation fills R with holes. During the thermal annealing these holes 
are released into the valence band and trapped preferably in LG. A TL 
measurement which follows a subsequent irradiation of the sample by a test 
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dose, reveals an enhancement of the green band, because more holes are 
now trapped in LG. 

Since the emission spectrum of the RL is similar to that of the TL, one 
can assume that the same model applies here as well. The X-irradiation 
produces electron-hole (e - -h  +) pairs but has little effect on the concentra- 
tion of ionic defects such as LB and LG. Some of the electrons and holes 
recombine immediately, while others are trapped in various traps. Recom- 
binations of electrons with holes trapped at LB and L G  produce the ob- 
served RL emission bands. Let Ni denote the concentration of the i trap, 
and ni - the concentration of the filled traps (i = B, G). It can usually be 
assumed [9] that the trapping rate is proportional to the concentration of 
empty traps Ni-ni ,  while the recombination rate at the traps is proportional 
to ni. If nB and nG are small at the beginning of the irradiation, they should 
grow with time and increase the RL intensity, as observed by us (Fig. la,b). 
A saturation is expected after some time, since as ni increases, the trapping 
rate decreases. The increase of the RL and TL intensity as function of the 
pre-dose can be explained by Zimmerman's model mentioned above. The 
decrease of the 2.4 eV band with time in the RL of the i r radia ted-and-  
heated sample (Fig. 2b) indicates that after the transfer of holes from R to 
LG, nG is so large that recombination exceeds trapping. 

Identification of the luminescence centres LB and LG with known defects 
may be suggested by comparing the spectral structure of the 3.1 and 2.4 eV 
bands with published data. Guzzi et aL [10] ascribed a 3.l eV gaussian band 
in silica to the 02- molecular ion (a pair of a lattice oxygen and an intersti- 
tional one) which is an intrinsic defect in SiO2. Skuja and Trukhin [11] later 
disagreed with this conclusion and suggested that the 3.1 eV band is related 
to Ge impurity. Measurements in our laboratory have shown [1] that this 
band is the major feature in the TL and RL of a variety of doped and un- 
doped silica fibres. It supports Guzzi's model since the luminescent centre 
involved seems to be an intrinsic defect. Thus we identify LB with the O2- 
defect. 

As for LG, in the previous work [2] we attributed the 2.4 eV band to the 
recombination of electrons with a Nd3+-h + center (a hole adjacent to the 
Nd 3+ ion). We gave several justifications for that model. The RL spectra 
measured in the present work lend further support to this suggestion. The 
fine structure of the 2.4 eV band can be identified with lines in the emission 
spectrum of Nd 3 +. The peaks at 2.08, 2.40 and 2.55 eV match the transitions 
4G9/2 ~ 4113/2, 4Ill/2, 419/2. The peaks near 2.65, 2.95, 3.15 and 3.30 eV cor- 
respond to the transitions 4D3/2 ~ 4115/2, 4113/2, 4Ill/2, 419/2. (The stat, 419/2, 
4111/2, 4113/2 and 4115/2, are the lowest in the energy diagram of Nd3+and 
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their centres are at about 150, 2060, 4040 and 6020 cm -1 G9/2 (G) and 4D3/2 
(L) which were found to luminescence in LaC13 are located at about 20800 
and 27700 cm -1 respectively [12]). These lines might be due to the excitation 
of the Nd 3 + ion, as a secondary effect of the recombination of an electron 
with the hole trapped at LG. 

Potential electron traps in our samples are Ge 4 + ions in various environ- 
ments and O 2- vacancies. Ge is expected to substitute Si in the SiO2 lattice, 
but its higher electron affinity makes it an efficient electron trap, with or 
without charge compensator [13]. 0 2- vacancies (E' centres) appear in 
quartz only after particle irradiation, but were found in as grown silica [14, 
151. 

The hole trap R, which shows high efficiency in capturing holes, is 
probably a common intrinsic defect. The fact that the 2.4 eV band is af- 
fected by the irradiation-and-heating treatment more strongly than the 
3.1 eV band, implies that R is formed preferably near the LG site. A broken 
oxygen bond is a plausible candidate for R, since Nd 3+ which substitutes a 
Si 4 + ion should result in a free oxygen bond. It should be mentioned that 
ruptured S i - O  bonds are readily created by ionizing radiation and are also 
presented in as grown material, especially silica [16-19]. 
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Z u s a m m e n f a s s u n g  - -  Das Radiolumineszenzspektrum yon mit Nd versetz ten Ge- 
Siliziumoxidfasern i n d e r t  sich dutch den EinfluB yon vorher iger  Best rahlung und thermis-  
chem Tempern .  Urspriinglich bes teh t  das Spektrum aus e iner  GauBschen Bande mit  dem 
Mit te lpunkt  bei  etwa 3.1 eV (400 nm). Nach Bestrahlung und Erhi tzen zeigt sich in der  N~ihe 
yon 2.4 eV (520 nm) eine zus/itzliche, asymmetrische Bande.  An  der  Spitze dieser Bande 
bef indet  sich ein Linienspektrum, was in ternen Clberg~ngen yon Nd 3+ zugeschr ieben werden 
kann. Auf  der  Grundlage der  spektroskopischen Angaben  und vorangehender  Resultate  aus 
Thermolumineszenzuntersuchungen  wurde fiir die Lumineszenz und den EinfluB des ther-  
mischen Temperns  ein Modell entwickelt. Blaue bzw. griine Banden werden 02" 
Molekii l ionen bzw. Leers te l lenzentren in der  N~he yon Nd 3+-Ionen zugeschrieben.  
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