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Abstract — New generalised initial rise equations for TL {thermoluminescence) are derived and verified numerically. Unlike the
classical Garlick-Gibson initial rise method these approximations cover not only the initial part but the whole range of the TL
peak for most physically admissible trap parameters. Some new methods of determining trap parameters are proposed, Numerical
tests show that applying generaliscd equations to experimental results atlows determination of the activation ¢nergy with a very

high accuracy.

INTRODUCTION

Thermally stimulared relaxation techniques are very
well known methods for studying trap parameters,
especially the activation energy E. During the TL
(thermoluminescence) process a sample is excited at an
appropriately low temperature T, The excitation fills
traps with carriers. During heating the probability of
detrapping increases and the carriers (e.g. electrons)
released from traps to the conduction band recombine,
giving rise to the luminescence according to the equ-
ation;

(1)

where m, stands for the number of holes in recombi-
nation centres characterised by the wavelength A of the
emitted light and « is the proportionality coefficient. For
the sake of simplicity, it is often assumed that only one
type of charge carrier, i.e. electrons, is involved in the
conduction mechanism. TL spectra recorded in this way
usually consist of a series of peaks atiributed to trap
levels of the material. Many methods were developed
for evaluating trap parameters from a single TL peak.
One of the simplest and most credible ones used for
evaluating the activation energy is the so-called ‘initial
rise method'. In this method it is assumed that during
linear heating, for a small initial part of TL peak, the
following relation must hold:

JT]_ - admk!dt

:E = In{}{T)] + const

kT 2

where | is the measured intensity. Plotting the depcn-
dence In[J(T)] against 1/T one gets a straight line with
the slope (— Efk). Although the equation is walid for
various kinetic models, very often it is difficult to esti-
mate its range of applicability. Usually it is assumed
that the range is limited to one tenth of the maximum
intensity of a peak. Nevertheless, in some specific cases,
it was shown that the equation cannot be used even in
this region'”. In this work new generalised equations for
TL are presented in the form:

55

T In[J(T)] + ®(T} + const

(3)

where the function d¥T) is the ‘correction term’, 1t will
be shown that in most cases the generalised Equation 3
can be successfully applied the whoie TL peak with the
fit error less than 0.1%.

THEORY

Basic equations

Charge carrier kinetics is described by the following
set of equations*®:

=0, =nD, —nA(N —n) i=1..p, (4a)
— 1 = Byn.n, s=1..k, {4b)
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where
- E
D =y exp( —T—') (5}

stands for the detrapping probability of an electron from
the i™ rap level, having the energy depth E; and charac-
terised by the frequency factor v,. The remaining sym-
bols have the following meaning: n; stands for the con-
centration of electrons in the i™ trap level, n_ for the
concentration of electrons in the conduction band, N,
for the total number of trapping states in this level, A,
and B, for the trapping and recombination probabilities,
respectively. M stands for the number of electrons in
the thermally disconnegted traps (deep traps), i.e. traps
which are not emptying during the experiment, and k is
the Boltzmann constant. In the following calculations
we are dealing with only one type of trap and one type
of recombination centre. Using the set of Equations 4 it
can be proved that the following integral can be ealcu-
lated analytically*:
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= | nohar = L Ny
8. = an(t ' = B In ( 1+ M) {6)
The value S... is proportional to the total area under TSC
(thermally stimulated conductivity) curve. To calculate
the integral for an arbitrary value of t it is assymed that
the integral S(t) can be approximated by the following
expression:
— n(t)

0o = ot} ] )

N PRV |
S(t)=J.nc(t)dt = ln{l+M+n(t)

o B
This can be done by analogy with a similar expression
for limited heating cycles™. When the sample, at the
time t, is rapidly cooled to a ‘low’ temperature Ty, the
exact value of 3(t) is given by:

Ng — nle)(_g
M + flm{t)

1
Sty = ~Inl| 1+ 8
0=z n[ ®)
where ni®(t) denotes the concentration of carriers in
traps, after cooling the sample. It is obvious that n®(t)
should be closely related to n(t). The approximation
{Equation 7} allows us to determine n(t}

n(t) = (M + ngyexp[ — BS(t)] - M (9
and its derivative:

= a(t) = Bn.(M + no)exp{ —~ BS(t)! = Bn(n + M}
(1

These equations, together with the basic set (Equations
4) allow us to derive analytical solutions for TL without
doing any other approximations,

The first approximation for TL
Let us defins new variables:

M= - mi (1

L}
Q1) = J L)t = mg — m(1) (12
4]
Assuming the proportionality factor @ = 1 in Equation
1 it can be seen that ¥ denotes TL intensity and %L
denotes the total area under TL curve. Now, using the
approximations of Equations 9 and 10 with the basic set
of Equations 4, the following ‘generalised initial rise
formula’ is produced:

—E = [ + ln{ !

kT(0) M+ U, — U
l
[m + Ll]} + In(L,) (13)
where L, and L, are constants:
L= f (14)

~ AN + BM

AN +- BM
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If this equation is correct, then plotting the dependence
In[J{T)] + &,(T) against 1/T produces a straight line
with the slope (— E/k). Because the areas under the TL
curve may be directly determined from experimental
data, hence the correction term

L, = (15

1 i
M + %, — WD (ﬂum —aqw L‘)]
(16)

depends only on twoe unknown parameters M and L.
Possible applications of Equation 13 1o experimental
results will be discussed later. Equation 13, in the
special case M = 0, coincides with the solution obtained
by Maxia ef 2/ and Aramu and Maxia‘®.

D (Ty=1In [

The second approximation for TL

Although using Equation 9 as a consequence of the
approximation (Equation 7) is quite natural, yet using
alse its derivative {(Equation 10) may be somewhat
ambiguous, Tt can be proved that the second assumption
may be omitted, however, in the final equation:

E —
Ef(_tj = I{F )] + LT + In(La)

the correction term P,(T) has a more complex form:

("N
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and depends on three unknown parameters, M,
L, and L,. In the above equations L,, L, and L, are con-
stants:

P(Ty = ]n{

L, = AN + BM (19

L,=B-A (20)

L. = U(Bw 21
Special cases

Analysis of Equation 13 shows that for some cases
the correction term can be simplified. Below, two
special cases arc considered, The first is M > U, = n,.
In this case the correction term depends weakly on M,
and holds |L,| < [, ~ QU(t}]~". This way Equation 13
simplifies 10:

KT In| (D] — In{U. — WD)} + In(L")

where

(22}
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_ AN +BM
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(23)
Here the linearisation procedure is straightforward
because no additional parameters are needed. The plot
In{LWNU,, — A1)} against (1/T) should give a
straight line with the slope (— E/). The second case is
M < n, and A = B, Now, Equation 13 reduces to

E
KT In[£(1)] — 2In[WU.. — U] + In(L;)
The constant L, is defined by Equation 15. In this case
to linearise a TL spectrum one should plot the depen-
dence In{ &£/ — AU(}]°} against 1/T.

(24)

NUMERICAL VERIFICATION

To check the range of validity of the equations
obtained, numerical calculations were performed to
compare the new approximations (Equations 13 and 17)
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with exact solutions of the differential Equations 4 and
classical Garlick—Gibson initial rise method (Equation
2). The exact solutions were calculated using the Gear
algorithm for stiff differential equations'”. Typical
results are presented in Figures 1(a) and 1l(b). The
second plot on the graph represents linearised depen-
dence in the form of Equations 2 and 3. The third plot
represents relative errors of each approximation. For
almost all calculated TL spectra the first (Equation 13)
and the second approximations (Equation 17} coincided.
A slight difference between these two solutions was
observed only for extremely low values of the recombi-
nation coefficient B within the small initial region of
the TL peak {(cf. spectrum wl in Figure L(b)). In most
cases, caiculated for a wide range of trap parameters,
the range of applicability of the new equations covered
the whole range of the TL peak with an excellent ac-
curacy. The only exceptions were observed for ex-
tremely low values of the recombination coefficient
B < 107 *em’.s™ . However, even in those cases, up
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Figure 1. The comparison of the classical initial rise method (the curves g on the diagrams 2) calculated from Equation 2 with
the new generalised approximations (the curves a) calculated from Equations 13 and 17. The TL spectra {(denoted as w) are
presented on the diagrams I. Line p represents the ‘ideal' dependence y(1/T) = E/AT + const. The respective relative errors are
plotted on the diagram 3: eg for the Garlick—Gibson method; ea for the first approximation (Equation 13; and eb (. .. .) for the
second approximation (Equation 17), The first and the second initial rise approximations coincide except for a small initial part
of the spectrum w1 on the diagram (b). On the diagram (a) the spectra 1, 2 and 3 are calculated for different retrapping coefficients
r=A/B: r =0 for curve 1, r = 10 for curve 2 and r = 10* for curve 3. The recombination coefficient is B = 107" cm3.5~!.
The three almost identical spectra on the diagram (b) were calculated for the retrapping coefficient r = 1 and B = 10", 107",
10~%* cm®s™' for curves 1, 2 and 3 respectively. The other trap parameters for all the spectra of (a) and (b} are the same:
E=09eV,v= 105 N=10"cm *and M = 0.
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to the maximum of a peak the fit was excellent, with an
error less then 0.2%.

DISCUSSION

New approximateé equations can be applied to the
evaluation of trapping barameters, especially the acti-
vation energy E, from TL spectra. The ‘gencralised
initial rise’ method is accurate even in the case when
the classical method fails in the initial part of the peak,
giving the ‘false straight line’ (e.g. curve g3 on the
second plot in Figore 1(a)). Numerical calculations
show that the first approximation {(Equation 13} is effi-
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