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Abstract

A theoretical investigation of photoluminescence spectra for amorphous silicon quantum-dots (1 - 4 nm), at
room temperature, were used to study the effect of both spatial and quantum confinements spontaneously via
determination the energy peak of maximum intensity transition. The results show a continuous shifting to-
ward low energy peak (red shift) and toward high-energy peak (blue shift), with the decreasing of quantum
dot size, due to spatial and quantum confinements respectively. These results have leaded us to believe that
such quantum dot size (1 nm) changes the nature of amorphous silicon optical band gap from indirect to di-

rect transition material.
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1. Introduction

Silicon is a dominant material in micro and nanoelec-
tronics technology, but because of its indirect band struc-
ture, it has not been possible to use silicon as optoelec-
tronics devices such as light emitting diode [1-3]. The
recent advancement in silicon technology has led to the
fabrication of zero-dimensional structure, which is called
silicon nanocrystals or silicon nanoparticle [4]. The ex-
ceedingly small region of space it is suggested to be a
name ‘“dot”. Therefore; these structures can be called
silicon quantum dots, SiQDs systems [5,6]. In fact, these
dots are often described as artificial atoms [7,8] to reflect
the importance of quantization phenomena on their
properties [9]. The realization of a SiQDs system has
opened amazingly new area of physical research and
technology that deal with atomic scales. Since the active
SiQDs have dimensions that are below ten nanometers,
the properties of this material completely change for this
range of size. Thus, SiQDs systems are considered as
potential blocks for future nanoelectronics and nano-
photonics [10]. But, in the process of searching for more
efficient materials of lower dimension, it has been found
that the amorphous silicon quantum dots, a-SiQDs, may
be a convenient material for this purpose [11,12]. In fact,
this retains to the bulk amorphous silicon two important
advantages compared with crystalline silicon [13,14]:
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firstly, the luminescence efficiency in a-Si is higher than
in c-Si, due to its structural disorder. Secondly, the
bandgap energy of a-Si (1.6 eV) is larger than that of
c-Si (1.1 eV). Therefore, a-Si is believed to be a good
candidate for short wavelength light emitters [13-15].

The light emission from silicon nanostructures is a re-
search topic of current interest due to its potential for
applications in silicon-based optoelectronic devices [16].
Many treatments are used to change this material from
inefficient to efficient light emitting material. One of
these treatments is to prepare the nanostructure material
as very small quantum dots. By this preparation, one
makes rise the concept of confinement effect. The con-
finement of a carrier means a strong spatial localization
of the same carrier. It is considered as a key feature in
these new materials. It may occur in one dimension, two
dimensions, or in all the three dimensions depending on
the type of nanostructures [17]. The previous studies on
the amorphous silicon nanostructures suggested that the
spatial confinement exists but there is no quantum con-
finement [18,19]. While, other studies suggested the ex-
istence of quantum confinement rather than the spatial
confinement [11,12].

In this paper, we try to shed light upon a new proposal,
which suggests the coexistence of both the spatial and
the quantum confinement’s effects in amorphous silicon
nanostructure material. The mechanism of transitions by
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considering the proposal of a-SiQDs model can make an
understanding to the dynamic of these confinement ef-
fects.

2. The Model

It is possible to control the shape, dimensions, the struc-
ture of energy levels, and the number of confined carriers
in this model, where it is adopted for a-Si because, sili-
con is very well known as indirect transition material.
The key peculiarity of a-SiQDs emerges from the three
dimensions confinement of charge carrier’s motion de-
termined by shape and size [20]. The shape of a-SiQD is
modeled as a sphere [18,19,21]. In fact, the shape of
spherical dot is distinguished from the other geometric
shapes by its symmetric feature. This case, in which the
potential is zero inside the sphere and infinite outside,
can be solved and the solutions are expressed in terms of
the spherical functions [22]. Also, due to the spherical
symmetry, the Hamiltonian parameter is separated into
angular and radial parts [8,22]. However, the size of
spherical quantum dot is characterized by its radius, R,
which is estimated to be in the range (1 - 4) nm. This
range represents the active quantum dots [7]. The size of
a-SiQDs can strongly influence [23]: 1) The tunneling
barrier height, where it is much lower in the small com-
pared to that in the large. 2) The loss charge, where the
rate of electron charge loss in the small size is larger than
that of the hole charge.

Dunstan and Boulitrop [24] dealt with the spatial posi-
tion of the carrier relative to the point where it was first
trapped. This position was determined by a random walk
in which the steps have a distribution of positions. For
each successive steps, this distribution shifts to larger
values of position. This idea is different somewhat from
the concept of the spatial confinement which was first
proposed by Tiedje et al. [25] for thin layers. The posi-
tion, in this case, was determined by not the random
walk but by a limit volume. In the spatial confinement,
the common model of recombination in the amorphous
silicon was used which was suggested by Street [26] in
which the defects provide the dominant recombination
centers. The distance around the defect at which the
nonradiative and radiative recombination rates are equal
is defined as a nonradiative capture radius, Rc [19].
Therefore; the capture volume can be regarded as a
sphere surrounding the defect [25] .When the electron-
hole pair is inside the sphere, they recombines nonradia-
tively; otherwise, they recombines radiatively [19,25]. In
this case, the electron-hole pairs can recombine either
radiatively or nonradiatively. Then, the capture radius,
R, may be viewed as the characteristic length explored
by a photocreated electron-hole pair before its radiative
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recombination [19]. In view of the fact that the values of
Rc must not be adopted randomly, an expression for the
effective capture radius was derived that takes the form
[19,21].

3 1 T 3
R. = {4nN", In KE_I]GXPKEJH}} )

where N, is volume nonradiative recombination density
(em ), T, is an experimentally determined constant and
1, is the low temperature maximum quantum efficiency
limit. R¢ is considered as a characteristic length for this
case. The consequence of spatial confinement effect is
the localization of electrons and holes inside small size
that leads to reflections or folding of phonons in k-space
[27].

On the other hand, a characteristic length is considered
the de Broglie wavelength for the quantum confinement
case. According to the effective mass approximation,
electrons and holes in a semiconductor are described as
independent particles with an effective mass, m, and
m, respectively. They can be determined by the con-
vexity of the band edge structure. Both the electron states
in the conduction band and the hole states in the valence
band are quantized, where the 1s electron state increases
in energy with decreasing the radius dot, R, while the 1 s
hole state decreases [8]. By using the best fitting for the
experimental data that is achieved by Park et al. [15],
this effect is carried out in the a-SiQDs model. Accord-
ing to effective mass theory, an infinite potential barrier
is assumed, thus, the energy gap, E,,, for a three-di-
mensionally confined a-SiQDs model is expressed as
[13-15].

C

EQD = Eg(bulk) +F )
4
where Eg(bu,k) is the bulk band gap of the a-Si that takes

the value (1.56 ¢V) obtained from the best fitting for the
experimental data, which has been mentioned above.
This value is very close to the values reported in litera-
ture for bulk a-Si [(1.5 - 1.6) eV] [28]. R, is the radius of
the dot and C is the confinement parameter which is es-

timated to be about (2.4 ¢V nm?). Since the 1*

is in-
m
. 1 1 1
cluded in the confinement parameter, — =—+—,
m m, m,

where m. and m, are the electron and hole effective
masses respectively. On contrast of assumption of Park
et al., it was assumed [15] that the effective masses are
not isotropic for three directions in amorphous silicon.
However, quantum confinement theory predicts that the
band gap in a-SiQD opens with decreasing dot size. The
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quantum confinement causes an increase of the band gap.

The type of transitions in this study is allowed to be
indirect transitions, as is normally done with bulk amor-
phous silicon. The absorption coefficient of amorphous
silicon can be obtained from Taus expression in the pho-
ton energy range hv=E, [29]:

B 2
a=" (hv-E,) 3)
here B is a constant related to the amorphous silicon
material. E, takes the value of energy gap in bulk case
for the spatial confinement, while it has the value of
E,, for the quantum confinement.

The chance that a tail state receives a carrier thermal-
izing from above (or below) is independent of its energy.
The probability of thermalized carriers in one tail state is
determined by the local configuration of other tail states,
both above it and below it [24]. On the other hand, each
tail state has a very different probability of losing a car-
rier to deeper states; this probability is determined by the
local arrangement of deeper state and is strongly corre-
lated to the energy of the state. However, such depend-
ence could be accounted for by a dominant hopping
process through which the carriers thermalize in deeper
energy tail states [30]. The rate of hopping is propor-
tional to the density of localized states which are in-
volved in the thermalization [31].

In this model, the same recombination process is ac-
tive in both a-SiQDs and bulk a-Si [32].These processes
take place , without Stokes Shift, via tunneling between
the deepest accessible energy conduction and valence
states in the respective band tail [11,18,19]. Radiative
transition to /or from defect levels near midgap is not
considered here because this transition does not occur at
only one band [18,21]. In addition the surface transitions
do not make additional radiative recombination paths
[25]. This process always occurs with the nearest neigh-
bor because of it’s strong dependence on R [26]. There-
fore, we assumed that any electron-hole pair created
within the distance (R, when R, <R. and R. when
R >R.) will recombine nonradiatively. If the elec-
tron-hole pair is created farther than this distance, it will
recombine radiatively. In addition, it was suggested [18]
that the surface states play no important roles in the re-
combination process. Nonradiative recombination occurs
through tunneling to a nonradiative defect center when
such a center is within the capture volume, V.. We have
assumed that the surface is an additional nonradiative
state due to excess dangling bond. It is important to note
that in a-SiQDs structure, carriers will find the deepest
energy paths within the volumes of spheres. While in
bulk, carriers may recombine through only a few low
energy tail or defect [18].
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In general, the recombination process depends on the
tunneling type, tunneling distance and tunneling time.
Tunneling can be either a radiative or a nonradiative
process [19], and the principal distinction between them
is the value of tunneling attempt rate, @, , which is
about (10® sec™) for radiative process [18,24]. It may be
useful to mention that, the radiative process occurs to
carriers in the other band [24]. But; nonradiative transi-
tion, @, is between [(10' - 10") sec'] [18,33], and it
happens in deepest tail states of the same band [24]. The
average tunneling time, 7, for an electron and a hole
separated by a distance, R, is given by [18,26]:

2R

T=1, exp( x, j 4
In this equation 7' is the tunneling attempt rate @,
and R, is the effective Bohr radius. According to Street
[26] this expression is valid for > R, . It should be noted
that the tunneling transitions probability (t”') depends
exponentially on the pair separation [24]. For bulk case,
Tiedje et al. [25] assumed that typical tunneling distance
for electrons and holes is equal to a nonradiative capture
radius, R.. But, in our model, the assumption that esti-
mates the average tunneling distance to be roughly equal

to the a-SiQDs sphere radius R, is adopted [18].

3. Results and Discussion

An important consequence of quantum confinement is
the increase in the band gap as the quantum dot size is
decreased [34,35]. Since the wavefunction of carriers is
strongly localized within the quantum dot [32], the effect
of quantum confinement might cause the spreading of
the band tail state in a-SiQDs, which is due to the quan-
tum confinement carriers, rather than the increase of
structural disorder [29]. It is important to mention that
the existence of localized states is believed to be less
sensitive to quantum confinement [16,33].

Each size has a magnitude for the energy gap which
results from the quantum treatment. It is noted that the
energy gap magnitude (1.56 eV for bulk) increases with
the decrease of the size. The cause of this behavior is that
from the energy levels have moved to higher energies
depending on the size. Thus, the energy gap of one size
is different from the other. On the other hand, the spatial
confinement effect increases with the decrease of quan-
tum dot size. In fact, this is in agreement with the first
suggestion of spatial position, but not by a random walk
of steps. It is clarifying the principle of spatial confine-
ment that is suggested by Tiedje et al. From this, it can
be said that the spatial confinement may occur at any
size with the quantum confinement (below the bulk-like
size).
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Figure 1 illustrates the absorption coefficient for spa-
tial confinement case as a function of the emitted photon
energy. The absorption coefficient is appropriated with
the size of quantum dot, where «(E) decreases as the
dot size decreases. The reason for this behavior is related
to the effective excitation cross section that decreases
with the decrease of the dot size [36,37]. Since the cross
section deceases, the density of excitation states, and
accordingly the carriers that may exist in these states
decrease too. On the other hand, the absorption energy
also decreases with the decrease of dot size. This energy
can be shifted towards a longer wavelength (red shifting).
Figure 1 shows the absorption coefficient for combina-
tion of all the sizes used in this work. It is clear from the
figure that the absorption coefficient of the spatial con-
finement has the same behavior as in the bulk case,
which is distinguished as a continuous spectrum.

In the case of quantum confinement, the behavior of
the absorption coefficient is different, as shown in Fig-
ure 2, with the same sizes used in the case of the spatial
confinement ( in this case , the equation used (3) is also
with E, which is different from size to another). In fact,
the decrease in «(E) with the decrease of the dot size
can be attributed to the same reason mentioned in the
case of spatial confinement. While, the behavior of ab-
sorption energy differs from that of the previous case,
where it is shifted to the shorter wavelength (blue shift-
ing).

The absorption spectrum of a-SiQDs consists of a se-
ries of discrete lines as indicated in Figure 2. The con-
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Figure 1. The absorption coefficient for all sizes as a func-
tion of photon energy as a continuous spectrum.
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Figure 2. The absorption coefficient for all sizes at the
qguantum confinement as a series of discrete lines.

fining electrons in a-SiQD produce a series of even
sharper spikes which corresponds to a series of confine-
ment quantum levels for these electrons, where the
quantum dots absorb all wavelengths shorter than the
absorption maximum (~E,) [38]. Also, it is noted that the
threshold of absorption is shifted by several electron
volts from that of the bulk. As it can be seen from the
figure, the difference in energy for each two successive
sizes increases excessively as the size reduces. It is im-
portant to note that, the differences between two small
sizes allow a good active area in the search.

The enhancement of radiative recombination results
from a confinement effect, which is considered as one of
the most effective means to convert an indirect optical
transition into a direct [9]. It is found [12] that; the rate
of radiative recombination is expressed as:

(P)=— )
T

where 7 is defined in Equation (4). Figure 3 illustrates
the rate of the radiative recombination as a function of
quantum dot size for our model. Generally, it can be seen
from this figure that the number of the carriers, which are
recombined radiatively, is increasing by decreasing the
quantum dot size. This evidence indicates that a large
number of tunneled carriers can recombine radiatively.
While, in the large size only a small ratio of those carri-
ers can recombine radiatively. In fact, the probability of
radiative recombination depends on the local arrange-
ment of carriers in the other band [24]. In other words,
the transitions between the two bands are increases when
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Figure 3. The rate of the radiative recombination as a func-
tion of the quantum dot size.

the size is reduced.

The mechanism of transitions in the present a-SiQDs
model may be considered to understand the dynamic of
confinement. It is well known, that in bulk crystal of
indirect gap materials, the electron-hole recombination is
possible only through phonon emission or phonon ab-
sorption. This because the wave-vector difference be-
tween the conduction-band bottom and the valence-band
top must need to be compensated. However, in the quan-
tum mechanics theory, the radiative transitions of elec-
tromagnetic waves with determination of their frequency,
are due to Bohr's law, while the allowed transitions are
due to the selection rule (n, — n; = 1) [39]. When the dot
size is decreased the conduction-band bottom becomes
more convex, while the valence-band top becomes more
flat. This behavior will decrease the electron effective
mass (at conduction band), and increases the hole effec-
tive mass (at the valence band) [40]. As mentioned pre-
viously the quantum dots behave as molecules, therefore,
each dot can be expressed as a harmonic oscillator,
where the energy can be obtained by:

E = (n +lj hv, (6)
2
here v, is the frequency of vibration that is given by

/IC . .
v, =,/—, K being the force constant. This energy
m

o

represents the phonon energy and its frequency is equal
to the frequency of the oscillator, which has the same
mass, and the same force constant at allowed transitions.
Consequently, the conduction band bottom is folded on I
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point [40], thus, Ak is folding too. On the other hand, the
emitted photons result from the transitions that occur
from the conduction band to valence band (which are due
to Bohr’s law). In these transitions, the energy of emitted
photon decreases when the dot size decreases (red shift-
ing).

The dynamic of quantum confinement for present
model is characterized by the shifting of energy levels of
both conduction and valence bands. This shifting is pro-
portional to the dot size, where the carriers are confined
in three-dimensions, in the case of quantum dots. This
leads to the overlap of the envelope wavefunctions,
which is more than in the other nanostructures. However,
the shifting of energy levels becomes more when the dot
size decreases. This can be explained as following: As
the dot size decreases the effective mass of electron (hole)
decreases (increases), therefore; the energy levels are
shifted to higher (lower) magnitude of conduction (va-
lence) band, which results from the assumption of

[ 1* =L*+L*J. For this reason, the energy gap has
m m, m,
different values depending on the dot size. By applying
Bohr's law in this case, the photon energy for each size
has unique value, where it increases as the dot size de-
creases (blue shifting).

In fact, the origin of quantum confinement is known to
arise from the spatial confinement of carriers within the
quantum dot boundary [34]. This means that the spatial
confinement coexists with the quantum confinement.
Since the spatial confinement of carriers inside a quan-
tum dot is the reflecting or the folding of phonons in the
k-space when the dot size decreases, the energy levels
will shift to higher (lower) magnitude for conduction
(valence) band by the quantum confinement. This relaxes
the k-conservation requirement and creates a quasi-direct
band gap.

Figure 4(a), (from left to right), illustrates the effect
of spatial confinement for different sizes of the dots, (de-
creasing in the size of dots). It is noted that the role of
effective mass is closed and broad the conduction band
and the valence band respectively with no change in the
energy gap. While Figure 4(b) shows the widening of
the energy gap for different sizes of the dots. Finally,
Figure 4(c) depicts the combination effects of both con-
finements (spatial and quantum) for the same sizes of
dots and we have direct transition.

4. Conclusions
In conclusion, the optical energy gap transition of a-Si

has been changed from indirect to direct transition by
adopting the a-Si as quantum dot with very low radius

JMP



N. M. ABDUL-AMEER ET AL. 1535

]___-
|
!

~ pocafes
-

k
I
E E
E,
E,
k k
E
E, =
E p—-
k
r k

Figure 4. From left to right: (a) the effect of spatial confinement with the decreasing of the dot size; (b) The effect of quantum
confinement with the decreasing of the dot size; (c) The effect of both spatial and quantum confinement with the decreasing

of the dot size.

dimension (<1.8 nm). This is happened when spatial and
quantum confinement’s effects are taken both in consid-
eration. Also, a continuous shifting toward low energy
(red shift) and toward high energy (blue shift) with the
decreasing of the quantum dot size are due to the exis-
tence of both spatial and quantum confinements respec-
tively.
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