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MEANS OF SILICON NANOSTRUCTURES
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Electronic state calculations based on the tight-binding approximation are performed for
silicon (Si) nanostructures, in order to elucidate the essential features of light-emitting Si. We
take into account two types of models; the first modd is S nanostructure devoid of point-
group symmetries, and the second model is amorphous Si nanostructure. By studying the band
gaps and radiative recombination rates for these systems, we propose that the second model,
amorphous Si nanostructure, isagood candidate for Si-based light-emitting devices.
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1. Introduction

Silicon (S) is adominant material in the present-day microd ectronics technol ogy. However,
because of its indirect band structure and band gap of 1.1 eV in the infrared region, it has not been
possible to useit in light-emitting devices.

This situation might change in the near future, since in 1990, efficient, visible, and room
temperature photol uminescence (PL) from porous [1] and nanocrystalline [2] Si was discovered. This
discovery is remarkable from atechnological point of view, because it opens the possibility to the use
of Si inlight emitting devices compatible with Si-based optod ectronic integrated circuits [3]. Because
of its potentiad importance as light-emitting devices, the phenomenon has been extensively studied
throughout the world, and much work has been performed on the topic. However, a detailed
understanding of the exact origin and mechanism of this phenomenon has not yet been reached by
now [3].

The phenomenon is adso interesting from a physical point of view, since the essentia
mechanism has not yet been clarified for the appearance of the eficient light emission as aresult of a
drastic reduction of size and dimensionality of Si all the way down to the order of nanometers[3].

It is believed that the €eficient luminescence in porous Si can be assigned to its nanostructures,
whose band gap is blue-shifted because of the quantum confinement (QC) effect. For this reason, it is
necessary to understand in detail the dectronic states and optical properties of Si nanostructures in
order to clarify the mechanism of the efficient luminescence. To this end, there have been a number of
calculationa studies on Si nanostructures, focused on the effects that the change in size bring about
[4,5,6,7,8].

Previous studies have been performed on Si nanostructures with specia symmetries. For
example, most work on zero-dimensional systems have assumed a spherica shape with Td point-
group symmetries. This assumption greatly simplifies the calculations, but is not appropriate in real
physical systems. In order to ducidate the essential physics of light-emitting Si, it is necessary to
study Si nanostructures with awide variety of realistic structures.
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In this work, we study Si nanostructures with various atomic conffigurations. Among others,
we investigate two types of nanostructures; 1. Si nanostrucuture with no point-group symmetries [9],
and 2. amorphous Si nanostructures [10, 11]. For each structural model, €ectronic state calculations
based on the tight-binding (TB) approximation are performed, and the radiative recombination rate is
calculated. From these cal culations, we extract the essential aspects of redlistic light-emitting Si.

2. Calculational method

In this section, we briefly describe the cal culational method we usein this work. We perform
eectronic state calculations based on the TB method, which alows us to treat many types of
nanostructures of various sizes. Since the experimental data are in fact the average value of physica
quantities from many equivadent-size nanostructures of di.erent atomic configurations, the
calculational accuracy for a particular atomic configuration is rather unimportant. Theimportant point
is to study numerous different nanostructures, and study the tendency of their behaviors asawhole. In
this respect, it is best to use the TB method, which is far more e.cient than first-principle eectronic
state calculations, and accordingly, allows us to treat alarge number of different nanostructures. Since
we are interested in optical properties, we need such a TB scheme as can accurately describe the
conduction band of Si. In order to fulfill this requirement, we use several types of TB schemes, such
as the three-center integral scheme of Ref. [12] and the sp®s* d® reported in Ref. [13].

The “optica property” we calculate in this work is the radiative recombination rate, defined
by the following equation [14]:
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where ng is the refractiveindex (we choose the value of ny = 1.2 in this work, the experimentd value
of porous Si [5]), p is the momentum operator, a isthefine structure constant, ¢ and A have their usual
meanings, i.e, the light velocity and the Planck constant divided by 21, and E, and E, are the eigen
values corresponding to valence band v and conduction band ¢, respectively. By expanding the wave
function of band b, whereb being either cor v, as |Db> = ziuamiu |, wherei isthesiteindex and 1 is
the angular momentum, we can write the matrix e ement in Eq. (1) as
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Since experiments are usudly performed at room temperatures, we evduate the thermal

average of the radiative recombination rate by the following equation:
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Here, kB is the Boltzmann constant, T is the temperature, n and n' represent conduction and

valence bands, respectively, and the other symbols are the same as described in the above. Equation

(3) isagood approximation if the carriers are in thermal equilibrium prior to recombination, whichis
the case for Si nanostructures [4].

T

3. Si nanostructure without point-group symmetry

In this section, we study Si nanostructures devoid of point-group symmetries [9]. Here, one-
dimensional systems, or quantum wires, are studied, in which periodic boundary condition is assigned
for onedirection (the [001] direction in this work) for a given unit cel.
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As mentioned in the Introduction, previous studies have adopted modd structures with high
pointgroup symmetries. An example of such model structures is shown in Fig. 1 (a). This unit cdl is
the so-caled N xN wire (13x 13 in this case), and is constructed by cutting the four equivaent { 110}
planes of bulk Si. The N xN quantum wire has p4m2 symmetry [6]. Dangling bonds are passivated
by hydrogen atoms. An N xM unit cell can be madein an ana ogous fashion.

Fig. 1 (b) is an example of the modd atomic configuration newly introduced in our work.
These atomi ¢ configurations are constructed by randomly adding an arbitrary number of Si atoms on
the surface of the structurein Fig. 1 (a). The number of Si atoms added are chosen so that it exceeds
the number of initial surface bonds. Dangling bonds which inevitably appear after this procedure are
passivated by hydrogen. The particular configuration shown in Fig. 1 (b) is a system with 182 Si
atoms and 100 H atoms. We assume that thelocal crystalline configuration is preserved in all cases. In
order to make the model more realistic, it is possible to energetically relax a structure such as shown

in Fig. 1 (b). In seperate papers (Ref. [15, 16]), we show that the effects of structurd relaxation are
not significant in the case studied here.
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Fig. 1 Examples of the unit cell for a quantum wire model; (a) an N x N wire and (b) a low-

symmetry wire. The particular structure shown is (8) 13x13 and (b) 182 S atoms and 100 H

atoms. The filled circles represent Si atoms, while the white circles represent H atoms. Other
gructures can be made in the same manner.

In Fig. 2 (8), the optical band gap is plotted against the size (linear dimension) of the model
structures. The results are shown for the high-symmetry and low-symmetry wires, i.e., wires with and
without pointgroup symmetry, respectively. From Fig. 2 (a), we observe that E, shifts to the blue as
the system size becomes smaller, reflecting the QC effect [4, 5, 6, 7, 8]. It is not surprising that we
obtain results consistent with the QC hypothesis even for the low-symmetry systems. The interesting
feature in Fig. 2 (a) is that Eg is dlightly larger for the low-symmetry wires than for the high-
symmetry wiresin all sizes. Thisresult implies that the blue-shift of the band gap is induced not only
from the QC effect, but also from the reduction in the degree of symmetry in nanocrystals. It must be
noted, however, that this differenceis not substantial. From Fig. 2 (a), we conclude that the band gap
of a quantum wire is mainly governed by the QC effect, with some modifications coming from
symmetry properties. The physica meaning of the slight blue-shift can be understood in terms of the
effective coordination number of the Si atoms. For the high-symmetry wires, the effective
coordination number is high (although much lower than the bulk value of four), while for the low-
symmetry wiresit is lower. Therefore, when compared to the high-symmetry wires, the band width is
narrower for the low-symmetry wires, which leads to alarger band gap.

We show in Fig. 2 (b) the thermally-averaged radiative recombination rate% (at 300 K) plotted

against the PL emission energy EPL for the high- and low-symmetry wires. The experimental results
for porous Si, reproduced from Ref. [17], are also shown for comparison.
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The relation between% and EPL was studied in previous works for the high-symmetry

structures, and it was shown that 1 increases as EPL increases [3, 5, 4]. It was pointed out that %
T

decreases rather rapidly as EPL decreases, and is inconsistent with experiments a low (<2.0 eV)
energies[3, 5, 4].

We see from Fig. 2 (b) that the results for the low-symmetry unit cell wires are quditatively
as well as quantitatively different from the results of the high-symmetry wires. The results for the

high-symmetry wires show that % is systematically lower than the experimental data. In particular, %
decreases rapidly as EPL decreases, and is inconsistent with experiments at lower energies. On the

other hand the results for the low-symmetry wires show a slower decrease in % and are consistent

with experiments at all energy range

Our results show that symmetry changes the radiative recombination rate considerably for
these wires, especidly for low-energy transitions. The physical meaning of this consegquence is
explained as follows.

Firstly, inthe case of bulk Si, both the conduction and val ence bands have p-symmetry, which
leads to zero oscillator strength. Secondly, for the high-symmetry wires, the translational symmetry of
bulk Si is broken, and mixing between p and s states occur at states near or at the band edge. This
leads to a finite oscillator strength. But since the symmetry of the atomic configurations and wave
functions is still high, many of the terms in the summation in Eq. (2) cancel out in pairs. Finaly, for
the low-symmetry wires, there is no symmetry in the atomic configurations and wave functions, and
al the terms in the summation in Eq. (2) effectivdy contribute to the oscillator strength. For this
reason, the low-symmetry wires give the larger values for the oscillator strength than the high-
symmetry wires.
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Fig. 2. (8) Band gap Eg plotted against the size of the unit cell. The open circles represent the
results for the high-symmetry wires, while the filled circles represent the results for the low-
symmetry wires. (b) The thermally-averaged radiative recombination time plotted against the
PL emission energy EPL for thelow- and high - symmetry wires. Theresults of PL decay
measurements are shown by solid lines, reproduced from Ref. [17].

4. Amorphous Si nanostructures

In the previous section, we have calculated Si nanostructures without point-group symmetries
but the local crystdline structureis preserved. In this section, we deal with the casein which the local
crystalline structure is not preserved, namdy, the case of amorphous Si (a-Si) nanostructures.

We cdculate a-Si quantum dots (QD) with diameters smaler than 2.4 nm. In this size region,
the dominant recombination process comes from direct recombination [10, 11] instead of radiative
tunnding [18, 19]. This dlows us to use the same theoretica tools used in the previ ous section.
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Our calculation procedure is as follows. We cut out 2000 dlipsoids from the CRN modeds
generated by Barkema [20] for every set of axes (2a, 2b, 2c), where (2a, 2b, 2¢c = 2.4, 2.0, 1.6, and
1.2 nm). We define diameter as D = ¥/abc . We terminate the surface dangling bonds with terminators
to sweep out the surface states from the band gap [10, 11]. For comparison, the QD version of the
model structure of section 3 (both with and without point-group symmetry), which will hereafter be
referred to simply as crystdline- (¢-) Si, isalso ca culated.

We show in Fig.3 (a) the size dependence of the emission peak energy of aSi QD. The
de.nition of the emission peak energy is described in Ref [10, 11]. We a0 plot the experimental data
for PL peak energy obtained by Park et al. [21]. The size sensitive PL peak energy can not be
explaned by the radiative tunnding scheme in which luminescence peak energy show sizeinsensitive
logarithmic behavior [19]. On the other hands, the emission peak energy of our mode shows a good
agreement with the peak energy of the experimental PL. The agreement of theory with experiment
indicates that the dominant process of the PL is the direct recombination. The emission energy of ¢-Si
QDs (with point-group symmetry) increases more rapidly than the peak energy of aSi QDs as the
diameter decreases. This result indicates that the quantum confinement effect has much influence on
the regularly arranged structure compared with the disordered structure.

We show in Fig. 3 (b) the corrdation between emission energy and recombination rate for
a and c-Si QDs without point-group symmetry [10, 11]. The recombination rate of a-Si QDs s higher
than that of c-Si QDs. The recombination rate of ¢-Si QDs decreases rapidly as decreasing emission
energy (increasing diameter), which indicates that the dectronic states of ¢-Si QDs changes to bulk
¢-Si typein which dipole transition is forbi dden.

The high luminescence efficiency and tunability of emission energy which covers from red-
to blue-color are appedling that aSi QD is a good candidate for the redlization of Si-based light
emitting devi ces.
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Fig. 3. (8) The size dependence of the emission peak energy of a-Si QD (open triangles) and

the emission energy of c-Si QD with point-group symmetry (open circles). The experimental

results of Ref. [21] are shown by filled triangles. The solid line is the least-square fit to the

peak energy of &S QD, Eem = 1.25+2.37/D1.47, and the dashed line is the least-square fit to

the emission energy of c-Si QD, Eem=0.31 + 4.87/D0.96. (b) The correlation of the emission

energy and the radiative recombination rate. The open triangles are results for &S QDs, and
thefilled circles are results for c-S without point-group symmetry.

5. Conclusion

In this work, we calculated two types of non-conventional Si nanostructures, 1. model
structures without point-group symmetry, and 2. amorphous Si nanostructures. We found that the
radiative recombination rate is enhanced, compared to the previously-studied, high-symmetry Si
nanostructures, in both cases, and tha the enhancement is larger for amorphous Si hanostructures.
From the results obtained, we assert that inclusion of disorder is important in studying the radiative
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recombination rate of light-emitting Si, and that amorphous Si nanostructures are good candidates for
realistic Si-based opto-d ectronic devices.
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