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Boron in amorphous silicon: an ab initio study
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Abstract

We have performed an ab initio study of B in amorphous Si by analyzing different substitutional-
(a Si atom in the amorphous cell is replaced by a B atom, By) and interstitial-like (a B atom is added
into an interstitial space, B;) configurations. We find substitutional-like B (B; and B; that relaxes
to four-fold coordination) with negative charge to have the lowest chemical potential at mid-gap,
with a linear scaling of the B; chemical potential with the average nearest-neighbor distance. The
negative charge-state confirms the unexpected (but experimentally observed) capability of doping
amorphous Si. Non-fourfold B; atoms have an averaged formation energy of 1.5 eV at mid-gap. A
molecular dynamics study with subsequent nudged-elastic band optimization results in a migration

barrier of ~ 0.6 eV and an activation energy of 2.1 eV which is in the experimental range.

PACS numbers: 31.15.A-, 81.05.Ge, 85.40.Ry



Boron is the dominant p-type dopant in silicon. It has been extensively studied in crys-
talline Si (¢-Si), and diffusion [1-3], interaction with Si atoms [4] and segregation processes
[5-7] are well known. It is well established that the location of B atoms in the the crystalline
lattice, i.e. interstitial or substitutional positions, determines their capability to diffuse
and their electrical activity. According to the last edition of the International Technology
Roadmap for Semiconductors [10], future device generations will require a more precise con-
trol of the doping of electrically active regions in order to continue the scaling-down of the
device dimensions. Solid-phase epitaxial regrowth (SPER) of doped a-Si at temperatures
of 600 — 700°C has been proposed as a candidate for fabricating state-of-the-art Si devices
since it enables high active dopant concentrations with minimal diffusion [10]. In addition,
amorphous semiconductors are the material of choice in many other applications: solar cells,
optical sensors, microbolometers, memory elements, etc. Consequently, a good knowledge of
dopant behavior in this type of materials is required in order to understand the underlying
physics and thus optimize processing and materials performance in many different applica-
tions. However, only little work at the atomic level exists for B in amorphous Si (a-Si) [8, 9].
Computer simulation techniques represent a powerful tool to obtain useful information at
the atomic level typically not available from experiments.

The aim of this work is to understand the energetics and environment of B atoms in a-Si.
Due to the underlying amorphous network, there will be a continuous range of configurations
rather than the discrete set of a crystalline environment. The dynamical features of B in
a-Si might be formulated as hopping between various metastable configurations in this
energy landscape. In contrast to the crystal, the a-Si network has a higher probability of
rearranging, changing the energy landscape during annealing, and therefore influencing the
diffusion process.

We have carried out an ab initio study of B in a 64-atom a-Si cell. One of the most used
computer models of a-Si is the one proposed by Wooten, Weaire and Winer [11] (WWW),
which is based on a particular bond-switching algorithm and extremely simple potentials.
However, in this work we use a model developed by Barkema and Mousseau [12, 13] (BM),
who proposed an algorithm significantly improved over the original WWW scheme. The
BM model uses a random initial configuration which guarantees that there is no ‘crystalline
remnant’, a drawback of early models. Upon relaxing with ab initio interactions, the BM

structure barely changes at all. To represent the amorphous environment faithfully, it is



necessary to work with cells of at least several hundred atoms, and it is desirable to have
even more. The difficulty with smaller models is that there are discernible strain effects (most
notable in a slightly broadened bond angle distribution relative to experiment). Nevertheless,
for local structural and electronic properties as we are focused on here, we anticipate that
the strain artifacts will not be large. As discussed bellow, the cell used properly includes
the correct local topological disorder of the material, and is big enough for a high-precision
calculation that includes B.

For our ab initio calculations, we have used the density-functional theory code VASP
[14] with generalized gradient approximation ultrasoft pseudopotentials [15]. The energy
cutoff chosen was 230 eV. We used a 4 x 4 x 4 Monkhorst-Pack k-point mesh for density
of states (DOS) calculations, and 2 x 2 x 2 k-points for cell relaxations. For molecular
dynamics (MD) simulations, we used an energy cutoff of 156 eV and I'-point sampling. We
considered two different sets of initial configurations for B atoms: substitutional-like (By)
and interstitial-like (B;) ones. For the former, we replaced one of the Si atoms of the cell by
a B atom. For the latter, we added a B atom in an interstitial site. Subsequently, we carried
out relaxations of both the atomic positions and cell shape and volume in order to find the
nearest local minimum configurations. Among other effects, this cause rearrangement events
of Si atoms around B, which however are consequence of the initial relaxation and do not
constitute diffusion events. In the resulting structures, all relaxed B, atoms were fourfold
coordinated. For B; atoms, we found interstitial B with threefold [B;(3)], fourfold [B,(4)] and
fivefold [B;(5)] coordination. We have considered all 64 substitutional and additionally 142
interstitial configurations. We would like to point out that we do not use “substitutional”
and “interstitial” in the narrow sense these terms are used for crystalline materials, but
more generally to distinguish how the B atoms were inserted into the cell.

We first evaluated the band gap of the undoped a-Si sample by means of a density of
states calculation. In the case of ¢-Si, ab initio DF'T calculations give a value of 0.63 eV
[16] instead of the experimental 1.12 eV (at 300 K) [17]. Nevertheless, scissor, finite-size,
and gap-state corrections have been proposed for such calculations [16]. In the case of the
a-Si sample considered, we obtained from the DOS calculation a gap value of 0.76 eV, which
is 21% larger than the theoretical value. However, gap corrections in a-Si are much more
difficult since there is not a unique reference. As a first approximation, we can estimate

the corrected gap value in a-Si to be 21% larger than the experimental value for ¢-Si. This
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FIG. 1: Bond angle and bond length distributions for Si, B, and B; atoms in a-Si. The corre-

sponding values for Si and By atoms in ¢-Si are given by black and gray dashed lines respectively.

gives a gap value of 1.36 eV for a-Si, which is in agreement with previously reported values
[13, 18, 19].

Next, we characterized both the a-Si cell and the environment of the B atoms. In Fig. 1
we represent the distributions of bond lengths and angles for Si, By, and B; atoms in a-Si.
For that purpose we have defined a nearest-neighbor coordination using a cutoff of 2.85 A.
This cutoff lies in the middle of the empty region between the first and the second peaks
of the pair correlation function of the relaxed a-Si sample. With this cutoff, all Si atoms
are fourfold coordinated in the undoped sample. Their average bond length and angle are
2.37 £ 0.08 A and 109.13 4 10.45°, while the corresponding values in ¢-Si are 2.36 A and
109.47°. Regarding B, atoms, their average bond lengths and angles are 2.08 A and 109.47°
in ¢-Si and 2.07 £ 0.06 A and 109.21 + 9.54° in @-Si, which is 12% and 13% shorter than
the Si-Si bond length of their respective cells. Furthermore, angle distribution for Si and By
atoms in a-Si, shown in Fig. 1, are very similar. Indeed, they have the same average bond
angle as in ¢-Si. Since by definition, a B, atom occupies a Si position of the underlaying

network, it seems that their behavior is structurally similar in ¢- and a-Si: they shrink bond



lengths in the same proportion and adopt the angle distribution of the lattice where they
are placed. Regarding B, atoms in a-Si, they have a wider distribution for both bond angles
and lengths, which indicates a great variety of different configurations.

The chemical potential of B atoms, up, is calculated as
wp = Etot (Q—SlnB> — nEtot(a-Si64>/64, (1)

where n indicates the number of Si atoms in the cell, 63 for By and 64 for B; (in our case,
Eiot(a-Sies)/64 = —5.25 eV). Figure 2 shows the B chemical potential as a function of the
average bond length between the B atom and its nearest neighbors. 62.5% of B, configura-
tions are inside the limits marked by the straight dashed lines. The solid line corresponds
to a linear fit of these configurations. Figure 2 shows that there is more scattering in the
data for B; than for B,. Chemical potential values scatter within an interval of ~ 1.4 eV for
B, and ~ 3 eV for B,;. However, B, configurations within the dashed lines represent a linear
trend: the longer the average bond, the higher the chemical potential. This linear trend
appears to be a lower limit to almost all B; configurations, which in general have higher
energies. Figure 2 also shows that B;(4) configurations do not display the same trends as
B, and have considerably more scattering.

For charged B atoms in the amorphous cell, the formation energy (Ey) for a system with

charge @ as a function of the Fermi level (Fr) is calculated from the expression

Ef = Etot(n’ Q) - Eref(n) + Q(Ev + EF), (2)

where Ei(Q) is the total energy of the charged system, E,. is the neutral reference energy
( Eret(n) = Fiot(a-Si,B) + nFEi(a-Sigy) /64 in a 64-atom supercell), F, is the energy of the
top of the valence band, and Er is the Fermi energy relative to F, and ranges from 0 to
1.36 eV, which is the scaled theoretical band gap of a-Si according to our simulations. In
order to evaluate the variation of energy when adding/removing one electron, we have only
considered those cells in which there were no coordination changes during this process. In
order to simulate the energy bias of the distribution in a real system, we have evaluated, for
the different coordinations of B atoms (fourfold for B, and three, four and fivefold for B;),

the Boltzmann averaged formation energy at a typical SPER temperature of 650°C,

ZEfe—Ef/kBT
(Ep) = S 3)
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FIG. 2: Chemical potential of B; and By as a function of their average bond length to nearest Si
neighbor atoms for the different coordinations. 62.5 % of By configurations are inside the limits

marked by the dashed lines. The solid line corresponds to a linear fit of these points.

In Fig. 3 we plot the averaged formation energies of B atoms relative to B as a function
of the Fermi level. Figure. 2(a) shows that B, has a lower energy than both BY and B
for the entire Fermi-level range. Therefore, By will be negatively charged for all Fermi
level values. In the case of B;, both +1 and —1 charge states can be stable (with a very
small stability range for neutral B,(3)). The difference in formation energy between B
and BY(4) is small. They also have a similar energy dependence on the Fermi level. This
suggests that B, and B;(4) are similar (substitutional, but with changed a-Si network).

The midgap energies correspond in all cases to the negatively charged state, indicating that

s

E[B; (4)] = 0.30 eV, E[B; (5)] = 1.52 eV, and E[B; (3)] = 1.54 eV. Since B;(4) can be

a-Si will be p-type. Taking the lowest-energy configuration, B, as reference, they are
considered as a substitutional-like configuration and B;(3) and B;(5) have nearly identical
Boltzmann-averaged formation energies, there seems to be a well defined formation energy
for interstitial-like B of ~ 1.5 eV at midgap. This result is more than 1 eV smaller than
the result of Ref. 9, where possibly, in case numbers and statistics were comparable, just
an arithmetic mean has been calculated, which does not take into account the different
probabilities of configurations with different energies. Thus, it seems that the amorphous
fourfold Si matrix forces B atoms to also have a fourfold-coordinated ground state.

A basic concept of covalent amorphous networks is Mott’s “8 — N rule” [20], which

asserts that atoms in group I-III take a coordination equal to their valence (thus B would be
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FIG. 3: Formation energies of B; and B; relative to B(s) as a function of the Fermi level, Boltzmann
averaged at 650°C. We have distinguished between B; atoms with b) three (B;(3)), c¢) four (B;(4))
and d) five (B;(5)) Si neighbor atoms.

threefold in such a picture). However, this rule seems to be violated in B-doped a-Si since
the more stable configurations correspond to By, explaining the surprising finding that a-Si
can be doped in agreement with experimental observation [21].

As concerning diffusion, especially in analogy to diffusion in ¢-Si [3], high energy 3 and 5-
fold B atoms may be the starting configurations for migration hops. In order to analyze the
dynamical features of B in a-Si, we have used several B; and B; high energy configurations
as the starting point of ab initio MD simulations at 1000 K. None of the MD simulations
of By configurations showed any migration of the B atom within the simulated time of 55
ps. However, frequent local rearrangements of Si-Si bonds occurred. This is very different
from Ref. 9 where no major structural changes were observed during MD simulations at
an even higher temperature of 1173 K, which led the authors to introducing self-intertitials
with different geometry and studying their influence on B diffusion. On the other hand,
we could observe a diffusion event in a MD run starting from a B,(3) configuration. Re-
garding the diffusion event we observed, we used the Nudged-elastic Band (NEB) method
[22] implemented into VASP in order to obtain the energy barriers along the path. Figure
4 shows the nudged-elastic band total energy along the reaction coordinate together with
some snapshots of the B environment at the marked points. The highest forward barrier,
which represents the overall migration energy from initial to final configuration, is ~ 0.6
eV (similar to the value for ¢-Si [3]). Intermediate forward barriers range from ~ 0.3 to

~ 0.6 eV and may indicate a possible range for migration barriers. The highest reverse
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FIG. 4: (Color online) NEB total energy along the diffusion path found, relative to the energy of
the initial configuration. Snapshots show the B environment at the indicated points. The B atom

is blue (dark), Si atoms are yellow (light).

barrier measures ~ 0.9 eV. It can be seen from the snapshots that in some cases the barriers
correspond to Si rearrangement. These rearrangements of the amorphous structure at high
temperatures could drag B atoms along. Nevertheless, if B; is assumed to be the starting
point for diffusion, and all the B; configurations are assumed to have the same migration
energy barrier of ~ 0.6 eV, this would result in an activation energy of 2.1 eV, which is in
good agreement with experimental observations [23].

Strong B diffusion has been reported during ab initio MD simulations of 2 ps at a higher
temperature of 1173 K [9]. Assuming the migration barrier reported of 0.7 eV and a typical
hopping prefactor of 10'® s=!, the average time to observe one B diffusion hop at 1173 K
would be t = 1071 exp(0.7eV/kgT) ~ 100 ps, considerably longer than 2 ps. Therefore,
the events observed may be the initial relaxation of the cell to accommodate the extra atom
rather than diffusion.

In summary, we have carried out an ab initio study of B in a-Si. The structural char-
acterization of By atoms indicates that they decrease bonds lengths and acquire the bond
angle distribution of the underlying network in a similar way as it happens in ¢-Si. From
the analysis of the chemical potential we found that most of the B, configurations display
a linear trend between the averaged B-Si bond length and the chemical potential. No such
relationship could be found for B;, where the energies scattered over a wide range of 3 eV
and also overlapped with the energy spread of B,. High energy configurations of B;, which

correspond to three and five-fold B atoms, are promising candidates to perform diffusion



events. The formation energy of B atoms as a function of the Fermi level confirms the fact
that a-Si can be doped since fourfold B atoms have the lower energies at mid-gap. B; has
a Boltzmann-averaged formation energy of 1.5 eV with respect to B;. Finally, from our
study of diffusion we have estimated a migration barrier of ~ 0.6 eV. However, contrary to
previous findings, dynamics of the underlying Si network can not be separated from the B
migration and influence the diffusion event. Despite of that, we could estimate a value of
2.1 eV for the activation energy in good agreement with experiments.
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