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Abstract — In the presence of spatial correlation between traps and recombination centres, some thermoluminescence (TL) curves
reveal unusual properties that cannot be described in terms of standard kinetic models. In these cases the application of typical
theoretical methods for the analysis of TL curves may lead to erroneous results. Using a novel, generalised version of the Monte
Carlo algorithm the kinetics of TL is studied for a variety of spatial trap correlations. The algorithm allows calculation of TL
with an arbitrary heating function applied that gives the possibility of simulating the use of initial rise methods as well as the
fractional glow technique (FGT). It was found that these methods, as well as the various heating rate methods, can also be
applied for determination of the activation energy from TL curves in cases when spatial correlation plays an important role. The
influence of another experimentally controllable parameter — the initial filling ratio — is also taken into account. Some practical
indications are suggested for theoretical analysis of TL glow curves in spatially correlated systems.

INTRODUCTION suggested for theoretical analysis of TL glow curves
using peak fit methods.

Physical parameters of trap states are investigated by
a variety of methods. Many of them are bgsed on thﬁUMERICAL SIMULATION
observation of thermally stimulated relaxation spectra.
Theoretical descriptions of these phenomena, including The details of the Monte Carlo method were
thermoluminescence (TL) and thermally stimulated cordescribed in earlier papét$). Below, only the basic
ductivity (TSC), assume a simple energy model corpoints are presented. It is assumed that the solid consists
sisting of localised electron and hole states within af a number of separate groups having the same con-
band gap of a dielectric or semiconductét. Only two  figuration of energy levels —i.e. (1) ‘active’ trap levels,
limiting cases are described by analytical equations: tig) ‘thermally disconnected traps’ (deep traps) and (3)
model of trap recombination centre pairs (known as theecombination centres. It is possible to allow a charge
localised transitions model) of Halperin and Brd®er carrier to move between groups assuming a 3-D cubic
and the simple model that assumes homogeneous distretwork of cells with periodic boundary conditidAs
bution of charge carrief8. More precisely, the simple however, in all the calculations presented here it is
model assumes that a charge carrier released to the cassumed that the probability of a carrier moving
duction band has an equal chance of recombining witietween groups is considerably smaller compared with
every recombination centre in a solid. On the othetrapping and recombination probabilities. In the
hand, within the framework of the localised transition®pposite case, when the probability is very high, the kin-
model the carrier in an excited state can recombine witttics are well described by the simple model. Usually it
only one recombination centre. The latter case leads i®assumed that the temperature is a linearly rising func-
a very simple first order kinetics procé€ss®. A few tion. A novel version of the Monte Carlo program that
years ago Mandowski andagatek® proposed an algor- is used in the present calculations allows one to simulate
ithm that allows numerical simulation of thermallyTL kinetics with an arbitrary heating function T(t)
stimulated processes without limitations imposed oapplied. Some exemplary cases are presented illustrating
spatial distribution of traps. It was found that some Tlthe influence of experimentally controllable parameters
curves reveal unusual properties that were not predicted the character of TL glow curves.
by the standard models. In some cases the occurrence
of spatial correlation may produce additional peaks th?{ESULTS
may be erroneously attributed to different energy
levels®. This illustrates the importance of applyin ,
credible methods for the analysr?s of thermall)?z%gmg-—rhe dependence on the heating rate
lated relaxation spectra. It was reported in previous papers that the influence

The influence of experimentally controllable paraef spatial correlation on TL is noteworthy in the region
meters like the heating rate and initial filling ratio isof high retrapping coefficients and low relative density
here analysed. The novel version of the Monte Carlof thermally disconnected traps. An exemplary set of
algorithm allows simulation of the use of complex heatparameters of that kind was chosen to illustrate the
ing profiles such as those used in the fractional glowffect of the heating rat@ on TL (Figure 1). Applying
technique (FGT). Some practical indications are alsdifferent heating rates frofd = 10 2K.s™*to 1 K.s™?!
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one is not able to observe any differences in relativeation energies were very close to those assumed in the
positions and shapes of the family of curves simulatesimulation value E= 0.9 eV. For all the cases the error
for different spatial correlations. This remarkable prowas less than 3%. The result means that the various
perty suggests the possibility of applying various heatieating rates method is weakly sensitive to the spatial
ing rates methods for evaluating activation energy inorrelation of traps.

any systems independently of spatial correlation. To

check this hypothesis the method of Hoogenstrd&ten, .. . . .

was applied. This method uses values of the temperlzglw—'t'aI rise analysis
tures of maxima T, measured for several heating rates The curve C from Figure 1 that appears to have a
B. A plot of In(T2/8) against 1/F, gives a straight line complex structure was also analysed by applying a more
of slope E/k from which the activation energy can bénvolved heating profile. The heating was chosen in the
calculated. Recently it was found that the method derm of a saw-tooth curve with the increasing part of
applied to the simple model is much more accurate th&® K and decreasing 10 K. The increasing regions were
Chen’s peak shape analy8isThe application of Hoog- then analysed in terms of initial rise dependence, i.e.
enstraaten’s method to all of the curves presented in

Figure 1 gave encouraging results. The calculated acti- 3(T) = constx exp (‘) (1)

kT
10 Calculated activation energies are plotted in the bottom
2 ] e diagram of Figure 2. Some deviations observed, mostly
S 08 :B=0.01 K.S_q i ; ; i ioti
3 087 ‘ in the first part of the diagram, are chiefly due to statisti-
S 0.6 cal fluctuations of the Monte Carlo method. However
2 3 the tendency is obvious. In the small initial region of
g 043 the TL curve we find too low values of the determined
E 9o activation energy. This effect is due to a high retrapping
= j coefficient and full initial filling of traps. This drawback
0 I T of the initial rise method was pointed out by
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Figure 1. The dependence of TL on the heating rate. The thre S 061 II""
sets of curves were calculated for various heating rates 5 "
B=102K.s% B=1 and B=102K.s % The parameters 0.3
used for the simulation are the following: retrapping coefficient ]
r=100,0 = M/N =0, Ezo_ge\/'v:lolosfland initial fill- 0 T T T [T [T [T T [T T T T TeT s
ing ratio, me = 1. The curves were calculated for the following 42 40 38 36 34 32 30 28 26 24 22 20
values of the absolute number of initially trapped charge car- 1/(KT)

riers in a single separate group: A, 1 (this case corresponds

to the localised transitions model); Bon2; C, ,=3; D, Figure 2. lllustration of the use of FGT. Parameters used for

N, =5; E, n,=10; F, n,=100. For g > 100 all curves coincide simulation are the same as for the curve D in Figure 1. The
with F as well as with the solution of the simple model. ‘true’ energy is 0.9.
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cycles one decreases the number of carriers in traps ahslsuming typical quasi-equilibrium conditions; + n
calculated activation energies become more accurasnd|ri] < |ri| one gets the following equation:
This is true even for TL peaks that are very strongly

affected by spatial correlation. From Figure 2 one con- j— dm_ _dm-M) _(m-M)v exp<_E) )

cludes that initial rise method (and FGT) has approxi- dt d ~ 1+A/B KT
%hich leads to simple first order kinetics with v replaced

mately the same range of applicability as in classic
y V' =v/(1 + A/B). Therefore a fit to a first order curve

models —i.e. when applied to the initial part of theb

peak (urt)Jlto 1?._15{.% offttkllle pe?k :naxmum) it g|ve? fgields a correct value of E. In the above equation n, M

reasonable estimation of the activation energy exceptig, |, yenote the concentrations of electrons trapped in

the limitation noted by Bhanlich. ‘active’ traps, electrons trapped in deep traps and holes
trapped in recombination centres, respectivelydanote

Initial filling of traps the concentration of electrons in the excited state,

The range of applicability of the standard kineticA and B stand for the trapping and recombination prob-

models for full initial filling of trapsm,=1 was esti- abilities, respectively.
mated in a previous pagé¥. Performing similar calcu-

lations formy,=0.1 and lower concentrations one conDISCUSSION
cludes that the discrepancy between the two standard
models increases. Nevertheless this difference does o
necessarily mean inability to obtain reliable results bYer
using for example, fitting algorithms. An interesting
example is presented in Figure 3. The curve C shown
in the middle plot of Figure 1 was analysed by fitting 1.0
to a general order kinetics model The first fit obtained

for no=1 is very wrong. Also, the estimation of the 0.8 —
activation energy is highly inaccurate. The result indi

cates inapplicability of peak shape methods in this cas 2 4
However, by decreasing the initial trap occupangy '
we get a quite different curve that can be successful
fitted to first order kinetics giving a very precise esti:
mation of the activation energy. This result may be ea:
ily explained. The curve C represents the case of tre
clusters consisting of five traps and five recombinatio
centres. In Figure 4 the relative population of the clus 0
ters calculated fof, = 0.1 andn, = 0.01 is shown. With 123 45 1 23 45
decreasing), most of the clusters are occupied only by Mo Mo

a single carrier. In this case the kinetics can be describegl re 4. Results of preliminary Monte Carlo calculations —
by the same set of differential equations as for the localg|ative initial population of charge carriers in a system of clus-
ised transitions (e.g. see Ldfdand Chef p.36). ters containing five traps computed fq§ = 0.1 andn, = 0.01.
Hence the mathematical consequences are the sami@ese populations correspond to TL peaks shown in Figure 3.

easuring TL glow curves one usually does not
w a priori whether the spectra may be analysed in
ms of standard kinetic models. There is no definite
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Figure 3. Numerical fit of general order kinetics to curve D (taken from Figure 1) performed for different initial populations:
MNo = 1, MNo = 0.1 and'no =0.01.
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answer to this problem; however, we can formulaté&rations to bring it near to simple first order kinetics.
some indications that may help to analyse specific cas€onsequently in these cases peak shape analysis can be
Analysing hundreds of TL curves calculated for variouspplied (e.g. using first order kinetics or quasi-equilib-
sets of parameters it was found that fitting of the spectréum condition$'®). Any other cases should be studied
with general order kinetics gives reliable results only ivery carefully. For this purpose one can use, for
two cases: when the curves are perfectly of first cexample, the initial rise method. It was shown that this
second order kinetics. The dependence of TL on thmethod has the same advantages (and limitations) in
initial filling ratio led to the following conclusions: (1) either correlated and non-correlated cases. The results
if the system under study is suspected to consist of calculations performed for various heating rates also
rather large trap clusters>(0) it is suggested that TL confirm the usefulness of heating rate methods, as was
be measured with full initial fillingn,=1 to bring it demonstrated for the case of the Hoogenstraaten
near to the simple model; (2) if the system is thoughtnethod. These methods can be applied for any TL
to consist of rather small trap clusters10) it is sug- peaks, even those that are strongly affected by spatial
gested that TL be measured for very low carrier concermorrelation.
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