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THERMOLUMINESCENCE FROM SILICON
QUANTUM DOTS IN THE TWO TRAPS-ONE
RECOMBINATION CENTER MODEL

A model of the first and general order kinetics describing the thermoluminescence (TL) from
silicon quantum dots consisting of two active electron trap levels and one recombination center
18 proposed. The two trap levels are located at different trap depths beneath the edge of the
conduction band. The rate equations corresponding to each trap level allow us to numerically
simulate the variation of the concentration of electrons in the two traps and the TL intensity
as a function of the temperature for quantum dots 2-8 nm in diameter. It is shown that the
intensity increases with decreasing in the dot size, indicating that the quantum confinement
effect enhances the radiative recombination rate. The two peaks of the intensity correspond to
the two different active electron trap levels. With an increase in the dot size, the peaks of the
intensity corresponding to the deepest trap shift to the high temperature region. The variation
of the concentration of electrons in the traps is given, and this result bridges the experimental
gap, where the TL glow curves are generated, and the variation of the concentration of electrons

in traps is unknown.
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1. Introduction

Thermoluminescence (TL) is the emission of light
from materials under heating provided that they
have previously absorbed the energy of irradiation [1-
4]. The primary agents for the induction of TL in a
material are the ionizing radiation, namely X-rays,
or radiation from radioactive elements, to which the
sample is pre-exposed. In some materials, ultraviolet
light may also excite TL. When the sample is sub-
sequently warmed, luminescent light is emitted. The
warming stimulates the release of a stored energy in
the sample due to the pre-exposure to the ionizing
radiation. There are three conditions necessary for
the production of TL. First, the material must be
a semiconductor or insulator. Second, the material
must store some energy during irradiation. Third, the
TL emission is triggered by heating the material. The
fundamental principles that govern TL are basically
the same as those that govern all luminescence pro-
cesses. In this way, TL is one of a large family of
luminescence phenomena [1, 2].
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The light emission from silicon quantum dots is
an active research area because of its potential ap-
plications in the silicon-based optoelectronic devices
[6-8]. The efficiency of the silicon light emitting de-
vices can be increased with the help of various mech-
anisms. In particular, the possible increase in the in-
tensity of TL from quantum dots caused by the con-
finement has been studied in [9-10]. It was shown that
the confinement increases the probability of radiative
recombination and enhances the intensity of TL.

A quantum confined structure is one, in which the
motion of carriers (electron and hole) are confined in
one or more directions by potential barriers. In quan-
tum dots (QDs), the charge carriers are confined in
all three dimensions, and the spatial extent of the
electronic wave function is comparable with the par-
ticle size. It was shown that the confinement increases
the probability of radiative recombination and en-
hances the intensity of TL. The efficiency of TL from
quantum dots is enhanced, because of two main rea-
sons. First, the quantum confinement effect causes an
increase in the number of surface states (because of
the high surface to volume ratio); so that the particles
may provide more accessible carriers (holes and elec-
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trons) for the TL recombination. Second, the wave
functions of electrons and holes in nano-particles are
overlapped effectively, which results in the increase of
their radiative recombination probability (A,) [9-10].

Various models have been used by many research
groups to study TL from various materials. The sim-
plest possible model that has been used to describe
the process, by which materials emit light when
heated, involves two localized levels: an isolated elec-
tron trap and a recombination center. This approach
is commonly called the one-trap-one-recombination
center (OTOR) model [2, 11]. Another model, which
assumes one active electron trap, one thermally dis-
connected deep trap that cannot be thermally acti-
vated, and one recombination center has also been
used. This model is called the interactive-multitrap-
system (IMTS) model [12]. Basically, in experiments,
we have often more than one active electron trap tak-
ing part in the TL process.

In this work, a model of TL containing two iso-
lated active electron traps and one recombination
center is presented. It can be called the two-traps-
one-recombination center (TTOR) model. We con-
sider silicon quantum dots of different sizes with size-
dependent radiative recombination rate and study a
variation of the concentration of electrons on traps
and the TL intensity. Moreover, the variation of the
concentration of electrons in each trap is investigated.

2. Statement of the Problem

Let us consider the following energy band scheme hav-
ing three localized levels (Fig. 1). The two levels act
as traps (T'R; and TRz), and the other one acts as a
recombination center (R). The absorption of the radi-
ation energy greater than the band gap energy results
in the ionization of valence electrons, producing free
electrons in the conduction band and free holes in the
valence band, respectively (transition 1).

The electrons and holes may either recombine with
each other or become trapped at the trap centers. In
order that the recombination occur, holes become
trapped firstly at centers (R) (transition 7). The
recombination takes place via the annihilation of
trapped holes by free electrons (transition 6). If the
recombination transition is assumed to be radiative,
then luminescence will result. The free electrons may
also become trapped at levels TR; and TRy (tran-
sitions 2 and 4). In this case, the recombination
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Fig. 1. Three-level model for thermoluminescence. Allowed

transitions: ionization (1); trapping (2), (4), and (7); thermal
release (3) and (5); radiative recombination and emission of
light (6)

can only take place, if the trapped electrons absorb
enough energies, F; and Fs, respectively, to be re-
leased back to the conduction band (transitions & and
5), from where the recombination is possible. In other
words, TL occurs, when the trapped electrons absorb
enough energy in the form of heat to be released back
to the conduction band, from where the recombina-
tion of electrons and holes is possible. The energy re-
quired for the trapped electrons to be released back
to the conduction band is called the trap depth (ac-
tivation energy). Next, we write down the equations
of the second-order kinetics.

Now, we consider two active electron traps with
energy levels F; and Es below the edge of the con-
duction band. The rate equations can be written as

dn FE

7; = —S81Nn1 exXp {—kzl_‘} —|—TLCA1(N1 —7’1,1), (1)
dn E

7: = —8oNg exp {_k;} + neAs(Na — na), (2)
% = ex —& + ex —é -

a S1M1 €Xp T SaMg €XP kT
—nc[Al(Nl —nl) +A2(N2 —nz) —|—A,.nh]. (3)

Here, n;(i = 1,2) is the concentration of trapped elec-
trons on the levels E; (cm™3), N;(i = 1,2) is the to-
tal concentration of traps on the levels E; (cm™3),
k is the Boltzmann constant; s; is the probability
per unit time of an electron to escape from the i-
th trap, A; is the retrapping probability on the i-th
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Fig. 2. Normalized concentration of electrons nq(7") and
n2(T) in the first trap (E1 = 0.65 eV) and the second one
(E2 = 0.8 V) versus the temperature T (in °C) for the
first-order kinetics with the following values of parameters:
n1(0) = n2(0) = 10 cm™3, B =1 °C/s, 51 = 52 = 108 s~1
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Fig. 3. TL intensity in arbitrary units versus the temperature
T for the first-order kinetics with the same parameters as in
Fig. 2

energy level (cm3s™1), n, and n; are the concentra-
tion of electrons in the conduction band and holes
in the valence band, respectively, (cm~3), and A, is
the electron-hole radiative recombination probability
(em®s71). System (1)—(3) is closed by the quasineu-
trality condition

n1(t) + na(t) + ne(t) = np(t). (4)

Basically, the temperature of the system depends
on the time ¢, i.e., T = T(t). This dependence is con-

trolled by conditions of the experiment. Generally
acceptable is the linear heating rate
T(t) =Ty + pt, (5)
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where 3 is the heating rate. The system of equations
(1)—(5) presents the rate equations governing the pro-
cess of TL. The intensity of TL is given by

I(T) = A (T (T). (6)

The above-presented system of equations is nonlin-
ear with varying coefficients. It cannot be solved an-
alytically in the general case. Next, we consider two
generally accepted approaches of studying the kinet-
ics of TL.

3. First-Order Kinetics

The simplest approach, which allows one to solve the
system of equations analytically, is called the first-
order kinetics. It assumes that the recombination is
highly dominant over the retrapping and obtained by
neglecting the coefficients A; and As. In this case,
Egs. (1) and (2) are independent and their solutions
with account for (5) can be written as

nz(T) = N0 €Xp

where n;g are the initial concentrations of electrons
in the traps. It is generally accepted that the density
number of electrons in the conduction band n.(t) is a
slow function of the time and is practically a constant
on the typical times of TL:

dn,

dt

Substituting (8) in (3) with regard for (6) and (7),
we obtain the intensity of TL from each trap in the
first-order kinetics:

I(T) = njps; exp {— f%} X

‘Z /T exp {—;ET} ary. (9)

To

~ 0. (8)

X exp { —

The graphs depicting the concentration of elec-
trons on the traps ni,no and the intensity of TL
versus the temperature T' for the typical parame-
ters of the TL systems are presented in Figs. 2 and
3, respectively. Figure 2 shows that the first trap
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(E1 = 0.65 €V) is activated at Ty ~ 40 °C and the
second one (Ey = 0.8 eV) at T, ~ 100 °C. Figure
3 shows two maxima of the intensity of TL in ar-
bitrary units at the temperatures corresponding to
the thermal activation of the traps. The TL intensity
maximum for the first trap is higher than that for the
second one, because E; < Es. The maxima of inten-
sity curves of the traps with close energies F ~ Ey
get closer. For particular value of E5 — E7, they prac-
tically merge.

To consider the effects of electron retrapping, one
has to use a more general approach that is called the
general order kinetics.

4. General Order Kinetics

In this case, the retrapping terms with the coefficients
Ay and As are taken into account. This considerably
complicates the system of equations (1)—(3) that be-
comes nonlinear and cannot be solved analytically in
general case. We solved our system of equations nu-
merically with the help of Mathematica 8 with the
same parameters, as have been used in the previ-
ous section. But now, it is necessary to specify the
additional parameters: the retrapping probabilities
Ay and A,, and the electron-hole radiative recom-
bination probability A,. The latter one depends on
the size of a quantum dot. It is clear that the con-
finement must increase the radiative recombination
probability.

For the typical quantum dots, the retrapping prob-
ability is of the order of 107 s~!. We choose A; =
= Ay =5 x 10" ecm®s~! and ignore the possible cor-
rections associated with the confinement. The coeffi-
cient A, depends on the size of a quantum dot. The
graph of experimental data on the size dependence
of A, of quantum dots 2-8 nm in diameter is given
in [5], and we summarized it in Table. It illustrates
the rate of radiative recombination as a function of
the quantum dot size for our model. Since the retrap-
ping dominates in this case, we should take the value
of retrapping probability greater than the radiative
recombination probability.

Figures 4 and 5 show a variation of the concen-
tration of electrons in the traps with activation en-
ergies By, = 0.65 eV and Fy = 0.8 eV, respectively,
for quantum dots of various diameters of 2-8 nm for
the general order kinetics. The electrons that are re-
leased from the first trap level (E = 0.65 €V) can be
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Fig. 4. Numerical simulation of a variation of the concentra-
tion of electrons n1(T) in the shallower trap (E1 = 0.65 eV)
for the general order kinetics
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Fig. 5. Numerical simulation of a variation of the concentra-
tion of electrons m2(T") in the deeper trap (E2 = 0.8 eV) for
the general order kinetics

Approximate values of radiative
recombination rate of the quantum dots

Radiative recombination
rate (Ay) in cm3s™!

Diameter of a quantum
dot in nm

2 x 107
3 x 106
4 x 10°
5 x 104

0 O =N

retrapped by the deeper trap (E = 0.8 V). This ex-
plains an increase in the concentration of electrons
in the deeper trap with the temperature, as indi-
cated in Fig. 5. One can see from Figs. 4 and 5 that
n1(T) and no(T) depend on the size of a quantum
dot as well.
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Fig. 6. Numerical simulation of the TL intensity I versus the
temperature for the general order kinetics

The Table shows that the number of carriers, which
are recombined radiatively per unit time, increases
with a decrease in the quantum dot size. Using
the data of Table and Eq. (6), we generated the
temperature-dependent TL intensity for the dots with
diameters in the mentioned range and present it in
Fig. 6. The intensity increases with decreasing the dot
size, indicating that the quantum confinement effect
enhances the radiative recombination rate. There are
two TL intensity maxima for each peak, and they
correspond to two different active electron trap lev-
els. We also found that positions of the TL maxima
for glow curves corresponding to the first trap prac-
tically do not shift with the temperature. However,
the maximum intensity of the peaks from the sec-
ond trap significantly shift to high temperatures with
increasing the size of quantum dots. The TL peaks
of the first trap have lower intensities as compared
with those of the peaks corresponding to the sec-
ond trap (Fig. 6). This can be explained by the fact,
that during the excitation of the first trap, only some
part of its electrons recombine with holes, by emit-
ting light. However, the majority of electrons are re-
trapped by the second (deeper) trap. This is indi-
cated in the initial rise in a variation of the concen-
tration of electrons in the deeper trap (Fig. 5).

5. Conclusion

The TL glow curves of silicon quantum dots 2-8 nm
in diameter in the model of two active electron traps
and one recombination center have been numerically
simulated within the frame of the first and general
order kinetics. There are two peaks of the TL inten-
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sity corresponding to the two active electron trap lev-
els. The first order kinetics does not involve the re-
trapping effects, and the calculated TL intensity does
not depend on the quantum dot size. As a result, this
approach gives the higher TL intensity as compared
with the general order kinetics. We focused on the re-
sults obtained within the frame of the general order
kinetics approach as more realistic ones.

The results show that the TL intensity increases
with decreasing the quantum dot size. This can be
explained in terms of the quantum confinement ef-
fect. In this work, we account for it with the help
of the extrapolation of the experimental data on the
probability of radiative transitions on the quantum
dot size. We have obtained that the trap with deeper
electron level Fy = 0.8 €V (we call it the second
trap) provides the higher TL intensity as compared
to the trap with shallower level Ey = 0.65 eV (the
first trap), but at higher temperatures. Both traps
show an increase in the TL intensity with a de-
crease in the quantum dots size. We claim that this
conclusion will be true for any traps provided that
FEi < Es.

To our mind, the ensemble of quantum dots of two
kinds with different sizes and different energies of the
trapped electrons may have interesting TL properties
and deserves a further study.
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H. I'emewy, T. Cenbema, B. Mecgin,

TEPMOJIFOMIHECIIEHIIIST KBAHTOBUX
TOYOK KPEMHIIO B MOJIEJII JABI IACTKU-OJIMH
LIEHTP PEKOMBIHATIIT

Peszmowme

3amnporoHOBAHO MOJE/b KIHETHKHU IEPIIOro i JOBIIBHOIO IIO-
pankis repmostiominecuennii (TJI) KBaHTOBUX TOYOK KPEMHIIO,
IO BKJIIOYAE OJUH IEHTP peKoMOiHalil i Ba PI3HUX €JIEKTPOH-
HUX PiBHS [IAaCTOK HMXKYe Kparo 30HM nposimaocrti. Kinermuni
PiBHSAHHS JIJIsI KOXKHOT'O PiBHS JIO3BOJISIIOTH YMCEJIBHO MO/JIEJIIO-
BATHU 3aJIE2KHICTh KOHIIEHTpAIlil eJIEKTPOHIB y IacTKax i iHTeH-
cunocti TJI Big TeMreparypu [y KBAHTOBUX TOYOK 2—8 HM
y aiamerpi. [lokasano, 1m0 iHTEHCHBHICTH 3pocTa€ IpU 3MEH-
IIeHH] JiiaMeTrpa TO4Y0K, TOOTO, epeKT KBAHTOBOIO yTPUMYBa-
HHsI 301/IbIIIy€e MIBUAKICTh pajialiiinol pekombinanii. /IBa mika
IHTEHCHUBHOCTI BiJIIOBiJalOTh JBOM Pi3HHUM €JIEKTPOHHUM piB-
HaM. 31 36iIbIIeHHAM PO3MIpy TOYOK KM, BiAIIOBIIHI caMOMy
rInbOKOMY PIiBHIO, 3CYBalOThCA [0 O0OJIACTI BEJIMKHUX TEMIIEpa-
Typ. Po3paxoBaHo 3MiHy KOHIIeHTpaIlil €JIEKTPOHIB y IacTKax,
i eit pe3yJsibTaT BiJAOBi1a€ eKciepuMeHTaaIbHuM ganuM 1o TJ1
TJIII0YOr0 PO3pPsALY.
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