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ABSTRACT: The effect of size variation on the intensity of thermoluminescence emission from
spherical amorphous silicon quantum dots is investigated using the interactive multiple traps system
model. The model consists of an active electron trap, a thermally disconnected deep trap, and a
recombination center. Numerical simulations are carried out for quantum dots of diameters 3 4,5 6nm

to determine the thermoluminescence glow curve and relevant important kinetic parameters. It is
found out that as the size of the quantum dots decrease, the intensity of the thermoluminescence signal
increase, the peak temperatures almost remains constant independent of the size of the dots, and the
glow curve seems to obey first-order kinetics. In addition, the symmetry factor, the order of kinetics as
well as the instantaneous concentration of carriers in the traps and recombination center are
numerically simulated. The results obtained may be used while fabricating dielectric compounds

enriched with silicon contents for TL applications.
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INTRODUCTION

Thermoluminescence (TL) is the emission of light
from an insulator or a semiconductor when it is
heated following the previous absorption of
energy from radiation (Mckeever, 1983; Furetta,
2003). A plot of the light intensity as a function of
temperature is known as the glow curve. The
luminescence of different silicon-based materials,
such as hydrogenated amorphous silicon (a-Si:H)
and silicon oxide (5iO»), has been known for a long
time (Rodriguez et al., 2014). Indeed, dielectric
compounds enriched in different ways with silicon
content, such as silicon-oxide or silicon-nitride
have been found to be the most promising
materials as light emitting devices (Rodriguez et
al., 2014; Cabanas-Tay et al., 2016; Tu et al., 2012;

Park et el., 2001).
Because  silicon is an  indirect-gap
semiconductor, phonon-assisted radiative

recombination is very inefficient and as its energy
gap is small (~1.1eV for bulk) emission in the
visible spectral region is precluded (Rodriguez et
al., 2014). A different scenario is encountered when
the particles dimensions are reduced to a few
nanometres that is less than the size of the free
exciton Bohr radius, i.e., 4.3nm in bulk Si (Rahdar
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et al., 2012; Yoffe, 1993). For such dimensions, the
quantum size effect takes place resulting to the
formation of discrete electronic levels, increased
effective band gap, and oscillation strength as well
as a considerable increase of radiative lifetime
from a millisecond to a nanosecond (Rodriguez et
al., 2014; Takagahara and Takeda, 1992). In
particular, as a consequence of the quantum
confinement effect compounded with its structural
disorder and wide band gap energy (~1.6eV for

bulk), amorphous silicon (a-5i) quantum dots has
been found to be more efficient luminescence
materials than crystalline silicon enabling it to be a
viable candidate for short wavelength light
emitters (Kwach et al., 2003; Park et al., 2001).
Different types of theoretical models have
been proposed to describe the TL phenomena. The
simplest and most commonly used TL model is the
one trap and one recombination center (OTOR)
model. Generally, the OTOR model may adequately
describe almost all the basic TL characteristics,
including the shape of the glow curve as functions
of the heating rate and irradiation dose. However,
a more detailed and accurate description of a TL
phenomenon that agrees with experimentally
observed TL glow curves requires a relatively more
complex TL kinetic models, which take into account
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of multiple electron traps and luminescent centers
(Pagonis and Kitis, 2012; Pagonis et al., 2006).
Typical representatives of such models are the
interactive multiple traps system (IMTS) and non-
interactive multiple traps system (NMTS). Besides
the active electron (dosimetric) traps, these models
are characterized by the presence of thermally
disconnected deep (competitor) traps.

An extension of the OTOR model is the two
(three) active electron traps and a recombination
center (TTOR) model. Using the TTOR kinetic model,
Nebiyu et al. have studied the effect of size and
retrapping on the intensity of TL emission in small
a-Si quantum dots of diameters between 2 —8nm

(Nebiyu et al., 2017, Nebiyu et al., 2016). Their
analysis shows that the TL glow curve possesses
two (three) peaks corresponding to the two (three)
active electron trapping levels, the TL intensity
increases with a decrease in the size of quantum
dots (QDs), and the simulated glow peaks
corresponding to each trap levels obey second-
order kinetics. Here, we find it interesting to
further investigate the effect of size variation on
the shape of the glow curve and TL intensity from
silicon QDs by using thermally disconnected deep
traps (TDDT) into the OTOR model.

Accordingly, we investigated the dependence
of the intensity of TL emission and shape of the
glow curves on the size of a-5i QDs using the IMTS
kinetics model which consists of a dosimetric trap,
a competitor trap, and a recombination center.
Employing this model numerical simulations are
carried out to determine the TL intensity, the
symmetry factor, order of kinetics, and the
instantaneous concentration of carriers in the
electron traps, conduction band, and
recombination center. The paper is organized as
follows: The TL kinetic model and the rate
equations that describe the traffic of carriers in the
system are presented in the second Section. In the
third Section, the numerical simulations and
results are discussed. Finally, concluding remarks
are given in the last Section.

MATERIALS AND METHOD

The IMTS model

In our investigation, we used the IMTS TL
kinetic model, shown schematically in Figure 1. It
consists of two electron trapping states and a
recombination center (RC). The active electron trap
(AT) is considered to be the one responsible for the

TL signal, while the second deep electron trap
(TDDT) is considered to be thermally disconnected,
so that there is no thermal excitation of these
electrons into the conduction band.

Conduction Band

Nc
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TDDT: m, M
—_
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Figure 1: The IMTS model having an active electron trap (AT),
a thermally disconnected deep electron trap
(TDDT), and a recombination center (RC). The
upward/downward directed arrows indicate the
possible electron transitions during TL read-out.

In Figure 1, it is assumed that the process of
traps/centers filling is already attained with priori
irradiations of the sample by ionizing radiations.
During trap emptying, electrons trapped in AT
may be released from it (transition 2) by thermal
stimulation of energy comparable to the activation
energy, E, of the trap. Subsequently, these
thermally elevated free electrons are released back
from the conduction band either to recombine with
the holes in the RC (transition 4) yielding
luminescence, or end up being retrapped in the
TDDT or AT (transitions 1 and 3).

For the proposed IMTS model, the transport of
carriers during heating can be described by the
following TL kinetic rate equations (Pagonis and
Kitis, 2012; Sunta, 2015):
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where | (cm~s™) is the intensity of the glow curve,

N and M (cm™) are the total concentrations of
the active and TDDT electron traps, n and m (cm™®)
are the corresponding instantaneous
concentrations of filled traps, n_ (cm™) is the
instantaneous concentration of electrons in the
conduction band, n, (cm™) is the concentration of

carriers in the recombination center, A and A (
cm®s™) are the capture coefficients for the active
and TDDT electron traps, A, (cm®s™) is the
capture coefficient of the recombination center,
E(eV) is the activation energy of the active trap,
s(s™) is the frequency factors for the active trap,
and k(eV/K) is the Boltzmann's constant. The
initial concentrations of the dosimetric and
competitor traps at time t=0 are denoted by n,
and m,, respectively. Moreover, we assume a linear
heating given by

T@®) =T, +pt. (6)
where T (K) is the temperature of the sample at
timet, B(Ks™) is the heating rate, t(s) is the time,
and T, is the temperature at t =0.

Because of the conservation of charge in the
crystal, the concentration of holes, Ny, in the RC at
any moment must be equal to the total

instantaneous concentration of electrons (Pagonis
et al., 2006). That is,

n,=N+m+n,. @)

Equations (1) - (5) are coupled nonlinear first-
order differential equations, which generally do
not have exact analytical solutions. The
development of analytical expressions for the TL
intensity requires simplifying assumptions like the
quasi-equilibrium conditions, which for the IMTS
model considered here are given by n_ >>n, m

and dn_/dt>>dn/dt,dm/dt. In our case, we make

numerical simulations of the various parameters of
interest using the MATHEMATICA9.0 software.

It is worthwhile to note that, for the case
M =m, =0, the IMTS model becomes the OTOR

model. In order to make comparison between IMTS
and OTOR, the TL intensities are calculated using
both models.

Usually a TL glow curve is characterized by
its symmetry factor ( ,Ug) defined as uy=6lw,
where § =T, —T,_ is the half-width toward the fall-
off side of the glow peak, w=T,-T, is the full

width at half maxima, T _ is the peak temperature,

T, and T, (T, >T,) are t;]le temperatures on either
side of T, corresponding to half intensity. The
values y =042 and 4 =052 correspond to
first-order and second-order TL glow peaks,
respectively. Moreover, 7 is related to the order

of kinetics, b, by the following empirical
quadratic equation (Karmakar et al., 2017; Singh et
al., 2012):

p, =0.25+0.186b +0.024b%.  (8)

For a particular value of 4, Eq. (8) may be solved

to obtain the corresponding value of D .

RESULTS AND DISCUSSION

For numerical evaluations, we used the values
A =A, =10"°cm?® " for all QDs sizes neglecting
any possible corrections associated with
confinement. In addition, the size-dependent
recombination coefficients defined by A =y/n,,

where y is the electron-hole radiative

recombination rates are determined from the
values displayed in Table 1.

Table 1. Size dependent radiative recombination rates
of a-Si QDs (Abdul-Ameer & Abdulrida, 2011)

Radii of the QDs (NM) y(s™)
15 7.0x 106
2.0 3.0x 106
25 9.0x 10
3.0 40x105

Figure 2 shows the variation of
concentrations of trapped electrons n(T) in the
active electron trap (AT) as a function of
temperature. The concentration of electrons in the
trap initially remains constant up to a temperature
of about T ~70°C, indicating that the trap is not
yet activated. Thereafter, n(T) decreases as the

temperature increases until it is completely
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Figure 2: The normalized concentration of trapped electrons
in the trap AT as a function of temperature for QDs
of radii ranging between 1.5-—3nm. The values

used for the simulationare: A = A =107 cm’s™,

N=M=10"cm™®,  n,=m,=2x10""cm>,
B=1Ks™, E=0.75eV ,and s =10°s".

Figure 3 depicts that for all the QDs, the
instantaneous concentration of electrons m(T) in
the TDDT electron traps increases with an increase
in temperature until about 180°C and then reach

saturation values just after about 180°C. The
temperature ~180°C at which m(T) becomes

saturated also corresponds to the value where the
TL glow curves ends (see Figure 5). Moreover, the
saturation values are seen to increase with an
increase in the size of the QDs. This may be
explained in terms of the difference in the
recombination coefficients, A, i.e., as the size of

the QDs increases, A decreases which in turn

means lesser number of electrons from the active
electron trap reaching the RC and producing TL
emission; instead many more electrons are more
likely to be retrapped in the TDDTs before reaching
the RC.

Temperature, "C

Figure 3: The normalized concentration of trapped electrons
in the thermally disconnected deep trap (TDDT) as a
function of temperature for different QDs size. The
parameters are the same as in Figure 2.

The variation of concentrations of electrons
n (T) in the conduction band as a function of

temperature is shown in Figure 4 for the QDs of
radii between1.5—-3nm. It is seen that when the

quantum dots sizes increase, n.(T) also increase. It

is because that the recombination lifetime, which is
the mean time spent by an electron in the
conduction band, is large for larger QDs than the
smaller ones. It means that free electrons in the
conduction band spend more time before
recombining with the holes in the RC in QDs with
larger size than those with small size. In other
words, A, represents the recombination transition

coefficient for electrons in the conduction band to
recombine with holes in the luminescent centers
and hence small A (larger QD size) means slow

rate of recombination with the holes as the
electrons spend more time in the conduction band.

It is worthwhile to note that wunlike
experimental techniques in which only the TL glow
curves are generated, the numerical (theoretical)
method enables us to observe how the
concentration of carriers in the system evolve with
the variation of QDs size and temperature.
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Figure 4: The normalized instantaneous concentration of free
electrons in the conduction band as a function of
temperature for different QDs sizes. The
parameters are the same as in Figure 2.

Figure 5 depicts the intensity of the TL signal
as a function of temperature. It shows that as the
quantum dots size decreases, the intensity of the TL
emission increases. The enhancement the TL signal
with a decrease in QDs size may be explained with
the fact that the intensity of TL emission from
quantum dots is enhanced with increased
quantum confinement (decrease in the size of QDs)
since the confinement effect causes an increase in
the number of surface states thereby resulting to
more holes and electrons to be accessible for the TL
recombination (Pagonis et al., 2006). Besides, as a
consequence extreme confinement the wave
functions of the electrons and holes in the QDs are
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Figure 5: The normalized TL intensity versus temperature for
different quantum dot sizes. The parameters are the
same as that in Figure 2.

overlapped effectively, resulting in an increase of
their radiative recombination rates (Abdul-Ameer
and Abdulrida, 2011).

Furthermore, the shape (geometrical)
properties of the peaks as well as relevant TL
parameters are determined as depicted in Table 2.
The widths of the glow curve almost remains
constant independent of the size of the dots, i.e.,
o=T,-T,~47°C. For all QDs size, the TL glow
curves have asymmetrical shapes corresponding to
first-order 'looking' glow curve with 7 —0.42

and order of kinetics, b—1; in agreement with
that reported in Ref. 3 (Belayneh and Teshome,
2019). This is mainly attributed to the large
number of electrons in the TDDTs (Ankama et al,
2011). Also, comparison of Figures 4 and 5 shows
that the simulated TL glow curve has a very similar
shape and the same peak temperature as that of
the concentration of electrons in the conduction
band.

Table 2. The peak temperature T _, symmetry factor
Hyr and order of kinetics b for each

computed glow curve of different QDs size

(iMTS model).
r(nm  T,(K) oK) 66K u=0lo b
15 413.0 46.3 19.7 0.425 1.096
2.0 4154 474 20.1 0.424 1.088
25 4179 46.5 19.7 0.424 1.088
3.0 419.1 46.9 19.6 0.418 1.044

Next, we considered the case for which the
TDDT trap is absent. Therefore, setting M =m, =0
or equivalently A =0 in Egs. (1) - (5), the IMTS
model reduces to the simple one-trap-one-
recombination-center (OTOR) model. Figure 6
depicts the intensity of the TL glow curves due to
the OTOR model as a function of temperature for
the same QDs sizes as that used for the IMTS model.
The intensity of the TL emission is found to
increase with a decrease of the quantum dots sizes,
while the peak temperatures shift towards higher
values with an increase in the QDs size; in
agreement with Refs. 3, 9, and 10.



SINET: Ethiop. ]. Sci., 41(2), 2018

51

L0 A
In'fl I", — 2m
0.8 ,'I I'..' = 2.5 0m
| i A
Ill / ||II _.l'.l \ : = inm
0.6 { "-" Y
\

Intensity

=

.

e
-

/ SR
0.2 / / \\ x\
/) AN N
.-/ d ‘""--. - —
0.0} —/—=—" . , e
0 50 100 150 200 250 300 330
Temperature, ¢

Figure 6: The normalized TL intensity versus temperature for
different quantum dot sizes using the OTOR model.
Here, M = m, = 0 while the other parameters are

the same as that in Figure 2.

In addition, the shape properties of the glow
curves are determined and displayed in Table 3. It
is seen that the widths (@) at half-maxima of the
glow curves become broader and broader with an
increase in the QDs size. Also, unlike that obtained
using the IMTS model, the TL glow curves possess
almost symmetrical shapes showing that the OTOR
model results to second-order 'looking' glow peaks
with py —0.52 and b — 2. This is because that in

the absence of the TDDT traps, the occurrence of
second-order kinetics requires that the electron
trap (in our case n,/N =0.02) is far from being

saturated (Karmakar et al., 2017).

Table 3. The peak temperature T, symmetry factor

Uy and order of kinetics b for each
computed glow curve of different QDs size
(OTOR model).
rim T.(K) oK) &K) w,=56lo b
1.5 421.1 59.5 30.0 0.504 1.770
2.0 432.3 66.5 33.9 0.510 1.830
2.5 453.2 74.6 39.2 0.525 1.898
3.0 470.8 81.7 422 0.519 1.924

Lastly, it is worth noting that the OTOR model
with A /A <1, which in our case ranges between

0.03 - 0.50, is expected to result in a second-order

glow curve (Pagonis et al., 2006). However, the
introduction of the thermally disconnected deep
traps in the OTOR model changes completely the
scenario, i.e., the corresponding IMTS (OTOR + TDDT)
model results in first-order kinetics as shown in
Figure 5.

CONCLUSIONS

Employing the IMTS TL kinetic model, we
investigated the TL glow curves and determine
relevant parameters of interest of TL emission from
a-Si QDs having different sizes. We find that as the
size of the QDs decrease, the intensity of the TL
signal is enhanced. Furthermore, for the same QDs,
the TL intensity as a function of the size of the QDs
is simulated using the OTOR model, i.e., by setting
M =m, =0 in the IMTS kinetic equations. Similar to

that obtained using the IMTS, the intensity of the TL
emission is found to increase, with a decrease in
the size of the dots. These enhancements of the
intensity of TL signal with a decrease in the QDs
sizes may be attributed to the quantum
confinement effect in nanostructured materials.
Furthermore, our analysis shows that irrespective
of the presence of retrapping, the glow curves for
the IMTS model obey first-order kinetics, while that
for the OTOR model obey second-order kinetics. On
the other hand, with an increase in the QDs size the
peak temperatures shift toward higher values for
the OTOR model, unlike that for the IMTS model
which are almost independent of size. In addition,
the instantaneous concentration of the carriers in
the electron traps, conduction band, and RC are
determined. We believe that the results may be
used during the design and fabrication of dielectric
compounds enriched in different ways with silicon
contents for TL applications. Further, it may
motivate further theoretical and experimental
study of the TL phenomena in silicon quantum
dots.
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