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Abstract — Thermoluminescence (TL) and thermally stimulated conductivity (TSC) are closely related phenomena. Simultaneous
detection of luminescence and conductivity allows one to acquire more information concerning the basic trapping processes
occurring during heating of a sample. In this paper a new formula for simultaneous TL/TSC measurement is derived under quasi-
equilibrium (QE) conditions. Numerical analysis of the obtained experimental data requires fitting of only two unknown para-
meters. The new method of analysis was verified for computer generated TL/TSC curves. The practical usefulness of this method
is demonstrated in application to the measurements performed for the a-alumina single crystal. The analysis, in general, confirms
earlier results for the peak B’. The results obtained for the peak D’ are not so clear. Most likely they reveal some complex
factors that are not taken into account.

INTRODUCTION trapped in ‘active’ traps and holes trapped in re-
combination centres (RC), respectively. M stands for the
number of electrons in the thermally disconnected traps
(deep traps), i.e. traps that are not emptied during the
experiment. A and B stand for the trapping and recombi-
nation probabilities, respectively, and v is the frequency
factor. The set of Equations 1 has no analytical solutions
in the general case. However, some exact analytical
relations were found when considering simultaneous
TL/TSC measurement”'?. Attempts were also made to
model more complex simultaneous measurements 12 —
TL/TSC/TSEE (i.e. thermally stimulated exoelectron
emission). In this paper a novel method is proposed on
the assumption of QE conditions that allows an acti-
vation energy to be determined in a simple way, ver-
ifying also the applicability of the STM approximation.

Thermally stimulated relaxation (TSR) phenomena
are important tools in characterising high-resistivity
materials (for a review see Chen and McKeever").
Using thermoluminescence (TL), thermally stimulated
conductivity (TSC) or other methods one is able to get
information concerning trap structure of the dielectrics
under study. Unfortunately, the kinetics of the TSR pro-
cesses are complex. This makes the analysis of the
experimental data very difficult. Recently, it was shown
by many authors > that some classical approximations
of TL (e.g. general order kinetics — GOK®®) are not
so accurate as was believed earlier. For example — the
GOK model would give very inaccurate results when
applied to numerical fitting of experimental data. In
some cases the error in estimation of the activation
energy would be greater than 50%®. In crystalline sol-
ids, it is assumed that trap levels have a discrete distri- THEORY
bution within the band gap. Usually, it is also assumed,
that within a given temperature range only one trap level ~Properties of R(t) function
and one type of recombination centre is ‘active’. In this The ratio:
case, termed the simple trap model (STM), the charge
carriers kinetics during thermal stimulation are R(0) = Jr/Irsc 2

governed by the following set of equations: where J;; and J.gc are TL and TSC intensities, respect-

_ ively, will be defined. It will be assumed that these
—fi=nvexp| |- nAN-n) (1a) intensities are corrected due to the temperature variation
kT o o o .
of charge carriers’ mobility and the radiative efficiency.
— 1 = Bmn, (Ib)  Therefore, these can be written:
m=n+n.+M (Ic) Joo = — /X, (&)
where E stands for the activation energy, N, n, and m Jrse = ndxc “4)

denote the concentrations of trap states, electrons where x, and x, are constants. Using Equation 1b it is

easy to show that
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and R(t) « — J;; (as was shown earlier by Gasiot and
Fillard®), therefore in the framework of STM (1), R(t)
must always be a decreasing function. An example of
this kind for numerically generated TL and TSC curves
is shown in Figure 1.

Quasi equilibrium conditions

An exact formula for the area under the TSC curve
was derived by Mandowski and Swiatek®:

| |

where n, is the initial concentration of carriers in traps.
By an analogy with a similar expression for limited
heating cycles the same authors suggested the follow-
ing approximation3:19:

3

n
1+

’ r_ l
n(t")dt' = B In ( M (6)

0

S(t) = L n(t)dt’ = % In [1 + 3;728} )
which could be solved for n(t):

n(t) = (M + no) exp[-BS()] - M (®)
and differentiation with respect to t gives:

1(t) = Bn(0)[n(t) + m] ©))
As the solution of Equation 1b is: m(t) = m,

exp[-BS(t)], using Equation 1c it is easy to prove that
Equations 8 and 9 are equivalent to classical QE con-
ditions, i.e. n, < n and |n,| < [|A], respectively. The
validity of QE conditions was tested numerically for a
variety of trap parameters'>~'®. There was an agree-
ment that QE most likely prevails in all common phos-
phors.
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Figure 1. Typical TL/TSC curves and the ratio R(t) = J/Jrsc

calculated in the framework of the simple trap model defined

by Equations 1. The spectra were calculated using the follow-

ing parameters: E = 0.9, v = 10'° s7! and the heating rate § =
1 Ks™.

188

TL/TSC equation

Using approximations 7 and 8 it was possible to write
equations for TL and TSC in the form of ‘generalised
initial rise’ with a correction term added*'¥. However,
it was numerically verified that, for most cases, the
validity of these approximations covered not only the
‘initial rise’ but the whole measurable part of TL and
TSC peaks. Later, it was proved that using these
equations it is possible to construct a very efficient
algorithm that allows calculation of the whole TL or
TSC curve even faster than by using some analytical
approximations“!”. Unfortunately, the possibility of
applying these formulae to the numerical fitting and
deconvolution of glow curves is limited by a rather high
number of unknown parameters. The ‘generalised initial
rise’ TL equation is the following:

E
F(t) = ln[SB(t)] +1In {71\/[ I ()
1 B-A
no— UM T AN + BM

‘1 AN + BM
n vB

The variables £(t) and AU(t) are defined as follows:
F() =—m(t) = x I (1D

) = j

X
+M XBR(t)

c

10)

L(t")dt" = my — m(t) = n,
0

12)

m, and n, relate to the initial values of the variables.
The last Equation 12 was changed using the formula 5.
Applying Equations 11 and 12 to Equation 10, after
some algebra, finally we get the following equation:

-E
In[Jrsc(t)] + In 8+m 1 —ﬁ—ln(K) (13)
R,
where 8, R; and K are constants:
1—
b= (14)
r
1+—
®
BM
Ri= 2K (15)
Xo
B
K 2 BXe (1 T ) (16)
v ®

In the above equations w = M/N denotes the relative
concentration of deep traps and r = A/B is the retrapping
coefficient. For arbitrary TL/TSC measurement data the
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plot of the right-hand side of Equation 13 should give
a straight line against (1/kT). As the measure of linearity
one may choose the correlation coefficient, which in the
case of Equation 13 depends only on two parameters: &
and R;. Therefore, it is easy to fit the parameters to mini-
mise the correlation coefficient r, (which should be clos-
est to —1). It should be noted that the equation coincides
with a similar one derived by Bindi er al™® for the
second order kinetics. It holds in the case of R(t) > R;
(which is evident for a low number of thermally discon-
nected traps w < 1) and 8 < 1 (which corresponds to
r=1).

Optimisation method

To fit experimental data to Equation 13 a number of
methods could be applied. To find a global minimum
within a physically allowed range of parameters a
Monte Carlo method was applied. Details of the algor-
ithm will be given in a separate paper, however the
basic idea is very simple. One generates random pairs
of the parameters (8, R;) for which the correlation coef-
ficient r, is calculated. In all the considered cases the
number of 10° trials were found to be high enough to
get accurate results. Each point (3;, R;) determines the
value of the activation energy E; which is calculated
using a standard linear regression method. The final
values of E, 8 and R; are estimated by averaging several
‘best fit’ results (i.e. points for which r, is closest to —1).

APPLICATION TO a-ALUMINA SINGLE
CRYSTALS

The proposed method was applied to the analysis of

simultaneous TL/TSC measurements performed for
a-alumina undoped single crystal synthetised by the
Verneuil method and manufactured by Baikowski
(France). The experimental conditions were described
in detail in some earlier papers®'?. The measured
TL/TSC curves are shown in Figure 2. Together with
the data the R(t) function was calculated and plotted on
the same diagram.

To analyse the data, initially, it is necessary to esti-
mate the range of applicability of the STM (1) in which
the ‘one trap’ approximation would be valid. The com-
pulsory condition for this is for R(t) to be a decreasing
function of time. In Figure 2 these important parts of
R(t) are denoted as thick lines. These two ranges of
temperature — i.e. 280-350 K and 500-590 K corre-
spond to well known peaks B’ and D’ of a-alumina.
The maximal allowed range does not mean necessarily
the most appropriate one since the edges may be dis-
torted by neighbouring peaks or the measurements
errors that are particularly significant for low intensities.
On the other hand the region of interest may not be too
short as too low a number of data points (with statistical
fluctuations) could not be properly handled by a fitting
algorithm. Therefore the ranges chosen for calculations
are the compromise between these two limitations. The
activation energy obtained for B’ is Eg. = 0.53 = 0.04
eV which is in agreement with previous papers®!?
and 35 = 0.07 = 0.10. The second peak D’ is more
problematic, because the determined values are more
scattered. When analysed within a broad range from
500-510 K to 560-580 K it gives E, = 0.95 = 0.04
eV which is slightly smaller as compared with earlier
results. The analysis performed inside the region —
from 520-530 K to 550-560 K gives much higher
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Figure 2. TL/TSC curves and the ratio R(t) measured for a-alumina single crystal. Thick line shows the regions when the function
R(t) decreases.
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values E,, = 1.3-2.4 eV. Even so these are less reliable
due to a low number of fitted points used and probably
higher influence of statistical fluctuations. Nevertheless
the average values are also consistent with previous
analyses. Considering all the data the value Ej = 1.3
* 0.5 eV and §, = 0.25 = 0.23 is obtained. Rejecting
the data with the number of points used less than 10,
the values Ep = 1.13 = 0.31 eV and 8, = 0.23 = 0.16
are obtained.

CONCLUSIONS

A new method of analysis of simultaneous measure-
ments TL/TSC has been presented. Plotting the R(t)
function from experimental data allows the applicability
of the basic STM to be checked. Using a new formula

(13) that was derived under QE conditions one is able
to find two physically important parameters — the acti-
vation energy E and 8. The method was successfully
verified numerically and applied to the analysis of two
peaks in a-alumina. The results obtained here are, in
general, in agreement with previously published analy-
ses. It is possible to get much more accurate estimations
of E and § by taking into account TL/TSC data obtained
from several measurements to decrease statistical fluc-
tuations.
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