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We have modeled boron related point defects in amor-
phous silicon, using an ab initio method, the Density
functional theory-pseudopotential code AIMPRO. The bo-
ron atoms were embedded in 64 atom amorphous silicon
cubic supercells. The calculations were performed using
boron defects in 15 different supercells. These supercells
were developed using a modified Wooten-Winer-Weaire
bond switching mechanism. In average, the properties of
the 15 supercells agree with the observed radial and bond
angle distributions, as well the electronic and vibrational

1 Introduction Amorphous silicon (a-Si) plays a ma-
jor role in microelectronics and, in particularly, in energy
conversion technologies. a-Si can be prepared in large-area
films onto a variety of subtracts at a far lower cost than its
crystalline counterpart (c-Si) and, when nanocristals are
incorporated in a-Si matrix, its optical properties are en-
hanced [1].

Many attempts have been made to model the structure
of a-Si. Earlier models like Polk and Boudreaux [2,3] pre-
sented some concordance with experimental data, but were
cluster-based, so they suffer from awkward problems
posed by free surfaces. The models from Henderson [4]
and Guttman [5] eliminate these problems by including
boundary conditions, but the production of relatively large
supercells was difficult. The Wooten-Winer-Weaire
mechanism (also known as WWW bond-switching) [6] ad-
dresses the previous issues with a simple solution. From a
diamond structure with periodic boundary conditions build
in from start, two randomly chosen nearest neighbour at-
oms interchange one of their four nearest neighbours, rear-
ranging simultaneously their position in order to preserve
tetrahedral bonding. If this bond switch is repeated several
times, it will destroy the crystalline features, but supercell
periodicity is retained. In this paper, we present a study on
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density of states and Raman spectra. In amorphous sili-
con it has been very hard to find real self-interstitials,
since for almost all the tested configurations, the amor-
phous lattice relaxes overall. We found that substitutional
boron prefers to be 4-fold coordinated. We find also an
intrinsic hole-trap in the non-doped amorphous lattice,
which may explain the low efficiency of boron doping.
The local vibrational modes are, in average, higher than
the correspondent crystalline values.

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the boron related defects (substitutional boron and boron-
silicon pair) in 15 different 64 atom a-Si cubic supercells,
which have been amorphised using a modified WWW
bond switching. In average these 15 a-Si supercells repro-
duce very well the properties of a-Si and hydrogen pas-
sivated a-Si (a-Si:H) [7].

2 Method Density functional theory (DFT) calcula-
tions as implemented in the AIMPRO code [8] were per-
formed along with the local density approximation (LDA)
to the exchange correlation potential [9]. Explicit treatment
of core electrons was avoided by using dual-space separa-
ble pseudopotentials by Hartwigsen, Goedecker and Hutter
[10]. The valence structure of Si and B individual atoms is
35%3p” and 2s2p', respectively. Wave functions were ex-
panded in Cartesian-Gaussian Bloch atom-centered func-
tions with a kinetic energy cut-off of 80 Ha, and the elec-
tron density and potential terms are deal in reciprocal space
by fast Fourier transformation (FFT). The Brillouin zone
was sampled with help of a shifted 2x2x2 symmetry-
folded special k-point mesh, according to the recipe by
Monkhorst and Pack [11].

The 15 a-Si supercells used were the same 64 atom cu-
bic supercells from [7]. For each structure, after several
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WWW bond-switching to a crystalline supercell, volume
and atomic positions were allowed to relax using a Sim-
plex optimization, as implemented on the same code. The
stop criterium for structural optimisation was an energy
difference lower than 10” Ha. The radial distribution func-
tion agrees well with experiment, being the first peak at
0.230 nm. The first minimum at 0.275 nm is used as bond
length cut-off for silicon and boron atomic coordination
assessment. The averaged bond angle was at 109.4°. The
electronic density of states, the phonon density of states
and the reduced Raman spectra agree very well with ex-
perimental data [7].

For the substitutional boron defect modelling we
picked several random Si atom sites from each pre-relaxed
a-Si supercell and replaced by a B atom. We took special
care to pick roughly 1/3 for each initial site coordination
(3-, 4- and 5-fold Si atomic coordination) in order to assess
the final preferable B atomic coordination.

The boron-interstitial silicon pair was modelled by
randomly picking a substitutional site of the amorphous
sample and replacing with a B atom. An interstitial Si atom
was placed in the vicinity of the picked substitutional site,
so the majority of its neighbours became 5-fold coordi-
nated. We also tested maintaining a Si atom in the picked
random site and placing a B atom in the vicinity [see Fig. 1
(a)]. The results were identical taking both approaches.

3 Results

3.1 Boron related defects For the substitutional
boron defect we made 43 analysis runs, and after structural
relaxation, 72% of B atoms took final 4-fold atomic coor-
dination. Only 17% and 11% became 3- and 5-fold coordi-
nated, respectively. The overall supercell rearrangement
for the B atom accommodation was localized and not
widespread. These results are in agreement with the pre-
ferred atomic coordination of B in c-Si but in contradiction
to what may be expected since B has only 3 valence elec-
trons.

We have calculated the local frequencies (LVM) for 4-
fold coordinated B, resulting in LVM's as higher as 840
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ecm” and spread by a 250 cm™ range. The isotopic LVM
shift from '°B to ''B are in average 28 cm™, 27% higher
than in c-Si.

(a) (b)

Figure 1 (2) Initial and (b) final relaxed structure of the boron-
silicon pair simulations.

For the boron-silicon pair modelling we took about a
total of 200 relaxations runs. A kind of kick-out mecha-
nism (see Fig. 1) was observed in the majority of the runs.

During structure relaxation, the interstitial atom
(whether Si or B) kicked-out an atom from its substitu-
tional site. A widespread structural relaxation allowed that
all atoms involved became once again 4-fold coordinated,
but in less than 10% of the runs, the kicked-out atom be-
came 3-fold coordinated instead. Also was not uncommon
a final 5-fold coordination to the B atom (less than 20%).
In the final structure the bond length between the B and the
Si atom was smaller than other bonds (less than 0.20 nm).
We intend to continue this B-Si pair study, in order to
achieve a better understanding and a more quantitative
analysis of this kick-out mechanism and its consequences
concerning boron diffusion.

3.2 Low efficiency B doping As reported in the
previous subsection, the B atom prefers to be 4-fold coor-
dination, so it is expected that substitutional boron will
provide one hole. However B doped a-Si has very low effi-
ciency [12]. It has been recently proposed that this low
doping efficiency is intrinsic to the deformed a-Si lattice,
being the hole trapped in distorted-angles region [13].

(C) (aSi63Bnear )0

Figure 2 (a) Localized trapping states in an a-Si sample. Effect over the localized trapping states by the substitutional boron defect (in
light grey) if the defect is far from the hole-trap region (b) and if the defect is close to the hole-trap region (c).
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In the case of an ideal acceptor in ¢-Si, the hole would
be in a shallow state locally extended around the dopant
impurity [14]. We have looked at a shallow state around
the substitutional boron. Our findings show boron in a-Si
does not create a hole as in c-Si. This conclusion is in line
with results reported by Santos et al [13]. In Fig. 2 we pic-
tured the hole trap location for different B configurations.
For the configuration shown in Fig. 2(b) the hole is far
from the B atom. In fact the hole location is independently
of the B position. When the B atom is near the hole [Fig.
2(c)] the hole-localization is even stronger.

To determine whether the hole-localization region is
induced by the B atoms or it exists even in the absence of
acceptors, we analysed the same non doped 64-atom amor-
phous cell with positive charge [Fig. 2(a)], i.e., with the
same number of electrons than the neutral B configuration.

The resulting hole-localization is very similar to that of Fig.

2(b). Therefore, the region of interest is not induced by the
B atoms but is inherent to the a-Si matrix. Its origin is not
yet quite understood: Pan et al. [15] suggest that this hole
traps occur in regions were the bond length are slightly
smaller than the overall bond length in the supercell, while
Bagalini et al. [16] and Wagner and Grosmann [17] attrib-
ute to slightly localized trapping states to distorted small
bond angles. In our samples both previous characteristics
occurs in the hole-trap region, were an average bond angle
of ~80° was observed and slightly small bonds (smaller by
~0.02 nm).

4 Conclusions In this work we present an ab initio
study of boron related defects in volume and atomic re-
laxated 64 atom cubic supercell, amorphised from crystal-
line silicon by several WWW bond switchings. The physi-
cal properties of the used 15 a-Si supercells are in good
agreement with experimental data [7].

We have found that the substitutional boron defect pre-
fers to be 4-fold coordinated. We also found the existence
of intrinsic localized hole-traps in our samples. We ob-
served all features that had been indicated previously by
other authors as causes for this phenomenon: localized
small bonds and distorted angles. We confirm the presence
of a substitutional B atom near the vicinity of these traps
further enhances its localized effect. These trapping states
lower the doping efficiency, which is a major drawback in
the practical use of a-Si.

The boron-silicon pair was also modelled and some
kind of a kick-out mechanism was observed during struc-
ture relaxation. In the majority of the computational runs,
the interstitial atom kicks-out a substitutional atom, occu-
pies its place, but the kicked-out atom will occupy a near
non-substitutional site but in a way that its 4-fold atomic
coordination prevails as well as the atomic coordination of

its neighbours. These defects require further understanding.
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