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Abstract--Thermoluminesence (TL) glow curves depend on the spatial distribution of traps and recom-
bination centres. Only two limiting cases are described by analytical theories: the model of trap-recom-
bination centre pairs (known as the localized transitions model) and the simple model, that assumes
homogeneous (or random) distribution of traps and recombination centres. Applying Monte Carlo
methods we present some properties of TL in the intermediate cases of spatial correlation. The calcu-
lations were performed for monenergetic trap level and two-level system. The range of applicability of

standard theoretical models is estimated.

1. INTRODUCTION

Optical and electrical properties of semiconductors
and insulators are significantly affected by defects
and impurities in a solid. These imperfections pro-
duce additional energy levels lying in the band gap.
The knowledge of the mechanisms of trapping and
recombination of charge carriers taking place
through these localized states is essential to the
understanding of optical and electrical phenomena
in solids. Physical parameters of the trap states are
investigated by a variety of methods. Many of them
are based on the observation of photoluminescence
spectra. During thermoluminescence (TL) exper-
iment a sample is excited at appropriately low tem-
perature 7, and then it is heated usually with a
constant rate fi. A series of peaks appearing on TL
glow curve is attributed to trap levels having differ-
ent activation energies.

The most frequently used theoretical model for
the description of TL, the simple model, assumes
that traps and recombination centres are uniformly
distributed in space (or distributed in random) and
displacement of a carrier takes place via the con-
duction band (for review see Chen and Kirsh, 1981;
McKeever, 1985). Another extreme case is the
model of localized transitions by Halperin and
Braner (1960) regarding hole-electron pairs trapped
close to each other. For the two cases it was poss-
ible to formulate differential equations describing
charge carriers’ kinetics. Until now, it is not poss-

ible to model the intermediate cases in terms of

differential equations. Nevertheless, using recently

developed Monte Carlo techniques. the kinetics of

trapping and recombination may be studied in sys-
tems with a different kind of spatial correlation
between  traps and  recombination  centres
(Mandowski and Swiqtek, 1992). First suggestions
on the influence of spatial correlation on the kin-
etics of thermally stimulated relaxation processes
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were pointed out by Fields and Moran (1974). They
used the model to explain results of simultaneous
measurements of TL and TSC (thermally stimulated
conductivity). Later, Fain and Monnin (1977) used
the same arguments to explain supralinearity and
sensitization phenomena observed in TL. Exact nu-
merical calculations on the influence of spatial cor-
relation on the shape of TL and TSC curves were
performed by Mandowski and Swiz;lek (1992, 1994,
1995). The question of “how often the classical (i.e.
randomly distributed) or spatially correlated case
occurs in reality?” is of great importance. Certainly
there are some cases where the spatial correlation
comes as a consequence of a structure of a solid,
e.g. in polycrystalline samples. However, one can
expect a similar effect in every case, where a sample
(semiconductor or insulator) is exposed to a high-
energy radiation, which produces large defects—-
traps and recombination centres, most probably
assembled into groups. The latter case is especially
important due to dosimetric applications of TL
(Fuain and Monnin, 1977; Horowitz ¢t af.. 1996).

In this paper we present new features of TL cal-
culated numerically for various spatial correlations
between traps, particularly in comparison with two
limiting cases that are described by analytical
equations: the model of trap-recombination centre
pairs (known as the localized transitions model) of
Halperin and Braner (1960) and the simple model.
We discuss the range of applicability of these stan-
dard theoretical models with respect to the basic
trap parameters and spatial distribution of traps
and recombination centres.

2. THEORY
2.1. The simple trap model

The most acceptable model for TL kinetics in
crystalline semiconductors and insulators assumes
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discrete distribution of trap levels on the energy
scale. For the sake of simplicity it is assumed that
only one type of charge carriers, 1.¢. electrons, may
be released from traps. Analysing the kinetics of
charge carriers’ trapping and recombination one
can write the following set of differential equations
(Kelly et al., 1971):

4’1,:n,v,exp(.-];—%)—mAi(N,v—-n,v). i=1l.p, (la)

s=1.0 (1b)

-y = Bgmgn,.,
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Where N, n, and m, denote the concentrations of
trap states, electrons trapped in ‘active’ traps and
holes trapped in recombination centres, respectively.
M is the concentration of electrons in deep traps. A;
and B, stand for the trapping and recombination
probabilities, respectively. E; and v; denote acti-
vation energies and frequency factors of active
energy levels, respectively. To deal with this type of
kinetics one has to assume uniform distribution of
trapping states and trapped carriers within the bulk
of solids. Unfortunately the set of [1] is strongly
nonlinear and it has no analytical solutions even for

(1c)

2.2. Localized transitions

Another extreme situation was considered by
Halperin and Braner (1960) and later modified by
Land (1969) and Chen (1976). They assumed that
traps and recombination centres are closely corre-
lated in space-forming pairs that can be considered
as independent units, i.e. all charge transfer takes
place within groups of one kind, each having one
trapping state, one excited state and one recombina-
tion centre. Following Land (1969) we can write the
kinetic equations:

-0 = -—’l: - ,. 2a
n nvexp(kT) An, (2a)
—w = Bn,, (2b)

m=n-+n, (2¢)

Where n, denotes the concentration of electrons in
the excited state. Because the displacement of
charge carriers does not take place through the con-
duction band, the TL peak should not be ac-
companied by thermally stimulated conductivity. A
and B have a similar meaning as A; and B, in [1]
but they have different units. The difference is that
A and B in [2] describe the transition probabilities
of a given electron in the excited state to a trap or
recombination centre, respectively, whereas the
same probabilities in {1} are given by A{N,~n,) and
B.m, respectively.
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2.3. Approximate solutions—the general order kin-
etics

Since the basic model describing TL and phos-
phorescence kinetics is nonlinear ([1]), there were
many attempts to find simple analytical approxi-
mations of the model. Fundamental results of
Randall and Wilkins (1945) and Garlick and
Gibson (1948) derived for weak and strong retrap-
ping, respectively, were later generalized by May
and Partridge (1964) in the form of so-called “gen-
eral order kinetics” model (Chen, 1969). This ap-
proximate approach to TL kinetics was criticised by
many authors (e.g. Moharil 1981, 1982; Opanowicz
1987, 1989). Lewandowski and McKeever (1991)
and Lewandowski er al. (1994) suggested use of a
kinetic order function instead of the kinetic order
constant.

3. NUMERICAL CALCULATIONS

To study the influence of spatial correlation on
trapping and recombination kinetics we studied TL
kinetics by means of Monte Carlo simulation.
Details of the algorithm were presented in our pre-
vious papers (Mandowski and Swiatek, 1992, 1995).
Below, we present only the most important points.
The trap energy configuration used for the calcu-
lation is the same as for the simple model.
However, it relates to each group of traps and
recombination centres separately. To perform
Monte Carlo calculations one has to deal with an
absolute number of carriers instead of concen-
trations. If the initial absolute number of “‘active™
charge carriers np in a single separate group of
traps is chosen as np=1 this corresponds to the
localized transitions model. 1t can be proved that
the homogeneous simple model corresponds math-
ematically to ny=oc0. Naturally, no infinities can be
handled by any computer. However, it was found
that for n,>10* all simulated curves almost exactly
coincide with the solutions of the simple model
given by [1]. In each step of Monte Carlo calcu-
lations the times of all allowed transitions 7, were
calculated and only one transition, characterized by
the lowest value of 1;, was executed. The probabil-
ities of each allowed transition, i.e. detrapping of a
carrier to the conduction band D,, trapping T; from
the conduction band to a given trap, and recombi-
nation R, of a carrier from the conduction band
directly to recombination centre are given by the
following equations:

D, = uexp( %i) (3)
T, = AN~ n) 4)
R, = B.m,. 5

To decrease statistical fluctuations the calculations
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Fig. 1. The dependence of the shape of TL on the number
of carriers ay in a single separate group of traps. The three
sets of curves were calculated for various concentrations
of thermally disconnected traps: w = M/N = 0, & = | and
w = 10. Other parameters: retrapping coeflicient » = 100,
E = 09eV. v = 10" and initial filling ratio: g,= 1. The

to the localized transitions model). (b) sy =2, (¢) 1 =3, {d)

g = 5. (e) ng= 10, () ny=100. For ny> 100 all curves co-

incide with (f) as well as with the solution of the simple
model ([1]).

were repeated many times with the same initial con-
ditions. To calculate TL response with trap levels
that are initially not fully saturated with carriers,
first one has to calculate the distribution of charge
carriers in the system. The process of filling the
traps can be easily simulated using Monte Carlo
technique (Mandowski and Swimek. 1994). The
results of the preliminary Monte Carlo simulations
are the input data for the main simulation program.

4. RESULTS

4.0.1. A4 single trap level. The Monte Carlo calcu-
lations were performed for the total number of car-
riers 10® (i.e. population of all groups of traps). In
Fig. 1 TL curves are calculated for a different num-

ber of carriers n, in a single separate group of

traps. The model used allows calculation of loca-
lized transitions while choosing #g=1 (i.e. a single
electron in a group) as well as delocalized ones
while choosing appropriate high ny. {t was found
that for ny>10* all the curves coincide with the
simple trap model (1). The method of calculations
allows consideration of intermediate cases also. The

three sets of curves were calculated for various con-
centrations of thermally disconnected traps: w = M/
N =0, w=1and o = 10. Other parameters used
in the simulations are: r= A/B = 100, £ = 0.9eV,
v = 10"%"" and the initial filling ratio: ne=np/
N =1, It was shown in our previous papers (Man-
dowski and Swiqtek 1994, 1995) that spatial corre-
lation affects TL especially in the case of low values
of thermally disconnected traps w-xl and high
values of the retrapping coefficients r>=1. To
describe this effect quantitatively we calculated the
deviation of TL kinetics from standard theoretical
models. The deviation is defined as:

where J{T) is the TL intensity as predicted by a
standard model and J(T) is the TL intensity calcu-
lated for a given spatial configuration of traps. In
Figs 2 and 3 the effective deviation ¢ is plotted in
the form of contour map. These figures show the
dependence of ¢ on the recombination coefficient r
and the initial number of ““active™ charge carriers in
a single separate group of traps. The effective devi-
ation is defined as ¢ = min(g,. &). where ¢, &
denote relative deviations, defined by [6] for the
localized transitions model and the simple model re-
spectively. Figures 2 and 3 were plotied for « = 0

) I s
f J(T)dT] f ]./,(T) —HD AT (6)
Tu T

a

of huge divergence (>20%) are greater for low o.
The areas start from rx0.2 and rx8 for @ = 0
and respectively. The regions with ¢ < 1%
are well described by standard kinetic models. In
regions where 1% < & < 5% the models are accep-
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Fig. 2. The dependence of the deviation of TL kinetics
from standard theoretical models on the number of car-
riers ng in a single separate group of traps and the retrap-
ping coefficient r. The deviation was calculated as
¢ = min(g,, &), where &, & denote relative deviations,
defined by [6]. from the localized transitions model and
the simple model respectively. The calculations were per-
formed for w = (. For other parameters see Fig. | cap-
tion.
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Fig. 3. The same as Fig. Z. but calculated for ¢; = 1.

table. In regions of ¢>20% one can observe some
peculiarities of TL curves. It appears that the
curves, calculated for monoenergetic trap level.
have a complex structure. Moreover, applying typi-
cal curve fitting techniques one can easily deconvo-
lute the whole curve for individual first-order
(h = 1) peaks. The number of peaks equal to the
number of carriers in a single separate group of
traps. Typical examples for n,=2 and ny=3 are
shown in Figs 4 and S respectively.

4.0.2. Two trap levels. Fven a more difficult case
is shown in Fig. 6. TL curves were calculated for
two-level system having trap levels at £, =09eV
and F>=1.0¢V. Thus each group calculated for
“no thermally disconnected traps™ (o« = 0) and full
initial filling (yo=1) consists of 2n, trapped elec-
trons and 2n, holes in recombination centres. Due
to high retrapping coefficient (v = 100) “classical”

14
12
'5 10
8
> 8
2
g s
£
-
2 4
2
0
350 400 450 500 550 600
Temperature T[K]

Fig. 4. Results of glow curve deconvolution performed for
a single “spatially correlated” TL peak calculated for
E=09¢V, v =0, ng=2 and r = 100. The curve can be
perfectly deconvoluted for two first-order peaks (b = 1}
having “energies” £, = 0.896 ¢V and £.=0.907 eV,
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Fig. 5. Results of glow curve deconvolution performed for
a single “spatially correlated”™ TL peak calculated for
E=09eV.w =0, ny=3 and r = 1000. The curve can be
perfectly deconvoluted for three first-order peaks (b = 1)
having  “energies” £ Ey=0911eV and

TL glow curve (i.e. calculated in the framework of
the simple model—curve d) does not reveal its com-
plex structure. Along with decreasing the number of
charge carriers in a single group TL curve changes
giving for purely localized transitions two well sep-
arated peaks. Thus, strong spatial correlation helps
identify closely positioned energy levels. The result
is also in good agreement with theoretical consider-
ations of Chen and Kirsh (1981) who pointed out
that the model of localized transitions leads to first-
order kinetics. The intermechate cases (e.g. curves b
and ¢ in Fig. 6 calculated for ng=2 and ny=35, re-
spectively) are very difficult to analyse. It appears
that the number of individual peaks is greater than
the number of trap levels. It is similar to the situ-
ation found in a single-trap level system.
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Fig. 6. The dependence of the shape of TL on the number

of carriers i, in a single separate group of traps in a two-

the following parameters:

0% A=, o

and r = 100. The curves are calculated for (a) ny= 1, {b)

o= 2. (€) 1y =15, (d) ny=10%. Here n, denotes initial popu-
lation of each trap level.
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5. CONCLUSIONS

Calculations presented here clearly show the im-
portance of the spatial correlation effects in the
analysis of charge carriers’ relaxation kinetics. The
regions of high deviation from standard models
were described. These are characterized especially
by high values of the retrapping coefficient r and
low concentrations of deep traps . The unusual
shape of TL for small trap clusters could not be
described in terms of standard kinetic models. This
problem goes beyond the simple trap model and the
model of localized transitions, through it could not
be neglected. The lack of an appropriate kinetic

model may lead to erroneous analysis of the
obtained results and misleading interpretations.
Spatial correlation significantly complicates the

analysis of TL curves; nevertheless, in some multi-
level systems it may increase resolution of TL
measurements.
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