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Abstract

We have performed molecular dynamics simulations of the defect formation associated with the Staebler—Wronski (SW)
effect in a-Si:H using 224 and 231 atom supercells and employing semiempirical Si—Si and Si—H total energy functionals. The
role of hydrogen in the defect formation within the bond breaking model of the SW effect has been investigated for both large
supercells. The results suggest that, within this model, H can be important in weakening the normal Si—Si bonds which break to
produce defects in the SW effect. © 2002 Elsevier Science Ltd. All rights reserved.

Keywords: A. Amorphous materials; D. Defects

1. Introduction

It is well known that the electronic properties of amor-
phous silicon can be enhanced by adding hydrogen, which
stabilizes the unsaturated dangling bonds. However, it is
also believed that hydrogen might be related to the light-
induced degradation of this material, which is known as the
Staebler—Wronski (SW) effect [1,2].

There is some experimental evidence of a relationship
between H and the SW effect in a-Si:H. For example,
Bhattacharya and Mahan [3] have shown that there is a
relation between the H concentration and the SW effect,
Zafar and Schiff [4] have given evidence of the relation
between defect density and the H concentration, and Carlson
and Magee [5] have commented that the SW effect is related
to the microstructure, involving the motion of H.

To our knowledge, however, there is no direct theoretical
evidence that H plays a role in the defect formation asso-
ciated with the SW effect. Some calculations have found,
though, that H can induce defects in the material. For
example, Safonov and Lightowlers [6] have suggested that
defects are affected by at least three H atoms, Jones and
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Lister [7] have found that light induces H motion in locally
strained regions and have suggested this as a cause of the
SW effect, and Dersch et al. [8] have suggested that H
participates in the defect formation associated with the
newly created Si dangling bond in the SW effect.

There have also been experimental [9—26] and theoretical
[27-36] studies of dangling bonds and H in a-Si:H which
have suggested that H plays little or no role in the defect
formation associated with the SW effect. One of the motiva-
tions for the present work is that, despite many years of
research, the role of H in the SW effect in a-Si:H still
remains controversial. In this paper, we use molecular
dynamics (MD), along with the bond breaking model of
the SW effect, to study this problem.

Our MD simulations were performed using 224 (Si;;3H;;)
and 231 (Sip;1Hyy) atom supercells. These were prepared
(P.A. Fedders, private communication) using an ab initio
pseudo-atomic orbital-based MD method [37,38]. Park
and Myles (PM) [39] have performed a similar study
using 60 atom supercells. The present work is an extension
of this earlier study to larger supercells. In our calculations,
the bond breaking model of the SW effect was simulated by
applying ~2.0 eV local excitation energies to weak bonds.
Both bonds which are near H’s and bonds which are not near
H’s were studied. The simulations were performed using
the PM [39-41] semiempirical total energy functional for
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a-Si:H. In order to minimize finite size surface effects, peri-
odic boundary conditions were employed.

There have been a number of studies of a-Si:H using MD
techniques. These have considered a variety of problems
and have used both tightbinding [42—44] and ab initio
[33-36,45-55] methods. First principles methods have the
obvious advantage of accuracy. However, they also have the
disadvantage that they are usually limited to small super-
cells. On the other hand, tightbinding methods can more
easily be applied to large supercells, but they are often
less accurate than ab initio methods. The present calcula-
tions combine some of the advantages of both methods by
applying a previously tested, semiempirical tightbinding
total energy scheme [39-41] to large supercells, which
were prepared (P.A. Fedders, private communication)
using an ab initio method [37,38]. The form of the total
energy used was derived from a quantum mechanical analy-
sis and is expressed in terms of the moments of the tight-
binding Hamiltonian [40,41].

Our simulation results for the investigated two large
supercells suggest that H can play a crucial role in this
model of the SW effect. We find that, within this supercell
and bond breaking model, the SW effect can not only be
caused by the mechanism of the breaking of weak Si—Si
bonds, but can also be influenced by the fact that H has
weakened normal Si—Si bonds. We also find that an
increased H concentration can make the material more
susceptible to bond breaking. These calculations thus quali-
tatively support both the bond breaking model of the SW
effect and the idea that H plays a role in this effect.

2. Molecular dynamics and semiempirical total energy
functional

In MD, the particles are given initial coordinates and
momenta. Their subsequent positions are then obtained
by solving the Newton’s second law equations, I_:“,» =
m;(d*7,/d*) for each particle. In semiempirical methods,
the forces acting on an atom at position 7; are obtained
from interatomic potentials or from the derivative F,=
—V,E, where E,, is the total energy of the system.

In this paper, the forces are obtained from a semiempiri-
cal total energy functional E,, which is derived from the
quantum mechanical electronic structure. This functional
is based on the moment method discussed by Carlsson
[56] and was developed for Si systems by Carlsson, Fedders
and Myles (CEM) [57] and for Si—H systems by PM [40,41].
This formalism begins with a one-electron, tightbinding
Hamiltonian of the form

H= Z SEG) Y Y hP

ij apB

La><j,p

, ey

where i, j represent atomic positions, «, 3 are localized s, p,,
p,» and p, orbitals, and E°(i) is the ath orbital energy at site
i. The couplings h,‘;B are assumed to have two center forms

with angular dependences given by the Slater—Koster rela-
tions [58,59]. The Si—Si couplings in the Hamiltonian are
determined by the functions /};”(Si), h,‘f’ 7(Si), h‘l",” “7(Si), and
hf.’”’(Si). For Si—H interactions, the couplings are h;’B(H),
and /;’(H). For E*(i), the s and p atomic energies of Si and
the s atomic energy of H are used. The semiempirical para-
meters which enter the h;’ﬁ , as well as the functional forms
of these quantities may be found in Refs. [40,41,57].

The total energy functional contains terms which come
from two, three, and four-body interactions [40,41,56,57].

It has the schematic form

1 .
B =5 D V@) + EG + Egy + Ey. @)
ij

Here, Eg) is a geometrical, two-body path term obtained
from the second moment matrix wu,(i) of the Hamiltonian,
Eq. (1). This matrix contains information about the radial
and angular distribution of the neighbors of atom i. The ES)
term is obtained from the fourth moment w4(7) of the Hamil-
tonian. This term is a geometrical four-body path term
multiplied by an environmental factor. The Eg, term is the
self-energy of the electrostatic dipole created when an atom
is placed in an environment lacking inversion symmetry.
The term V™ represents repulsive two-body potentials
between the nuclei and simulates the repulsion resulting
from the overlap between the occupied electron states on
neighboring sites. There are two types of repulsive poten-
tials. These are Vg"(i,j) and Vii' (i, ), for Si-Si and Si-H
interactions, respectively. The explicit representations of
each of the energy terms in Eq. (2) as functions of the
moments of the Hamiltonian are given in Refs. [40,41,57].

We note that, while this total energy formulation begins
with a tightbinding Hamiltonian which contains only two-
body terms, the resulting total energy functional is more
general than this. In particular, it does not have the form
found in most tightbinding MD schemes [42-44,60-63].
Further, due to the representation of each term of Eq.
(2) as a functional of the moments of the Hamiltonian,
it includes environmental effects in up to four atom
paths beginning and ending on a given atomic site
[40,41,56,57].

The Hellmann—Feynman theorem [64-68] is used to
evaluate the forces we use in our MD simulations. Accord-
ing to this theorem, if the total energy E, is known, forces
can be evaluated by taking the derivative as F = -V Eior-
The forces depend on the derivatives of h;B and V'’(i,j).
For the derivatives of the radial parts, h(r), of these func-
tions, we assume that (dh(r)/dr) = 0 for r > r,,,, where
max 1S a cutoff radius. Following previous work
[40,41,57], in our simulations, a value of r,, = 4.4 A has
been chosen. At equilibrium, the total force F, equals zero
for each atom.

After a local disturbance, the system will relax to an
equilibrium state, which can be found by quenching. The
system is quenched by setting all velocities to zero. In our
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Fig. 1. The radial distribution functions g(r) for the supercells used
as the initial configurations for the MD simulations. (a) 224 atom
supercell (Model 1: Si,;3Hjp), and (b) 231 atom supercell (Model 2:
Siz11Ha).

calculations, we use the very efficient power quenching
scheme. In this method, individual velocity components
are quenched if the directions of the forces are opposite to
the directions of the velocities.

3. MD simulations
3.1. Supercell models

Both 224 (Si,;3H;) and 231 (Siy;Hyp) atom supercell models
were employed as the initial configurations in our simulations.
These were prepared (P.A. Fedders, private communication)
using an ab initio pseudo-atomic orbital MD technique [37,38].

In the initial state, the 224 atom supercell (Model 1) has
one dihydride and nine monohydride Si’s, 4.9 at.% H, one
dangling bond, and no floating bonds. Its density is 2.30 g/
cm® and its average Si—Si and Si—H bond lengths are 2.359
and 1.502 A, respectively. Fig. 1(a) shows the radial distri-
bution function g(r) for this supercell. The peak at 1.502 A
indicates the average distance between Si atoms and their
nearest H neighbors. The peak at 2.359 A indicates the aver-
age Si—Si nearest-neighbor bond length. This compares
favorably with the 2.35 A bond length in crystalline Si.
The broad peak centered around 3.8 A represents the distri-
bution of second-nearest-neighbor Si—Si distances.

The initial state for the 231 atom supercell (Model 2) has
two dihydride and 16 monohydride Si’s, 8.7 at.% H, two
dangling bonds, and two floating bonds. Its density is
2.27 glem® and its average Si—Si and Si—H bond lengths
are 2.358 and 1.504 A. Fig. 1(b) shows the radial distribu-
tion function g(r) for this supercell. The peaks centered at
1.504, 2.358 and 3.8 A represent the distribution of Si—H
bond lengths, Si—Si nearest-neighbor bond lengths, and Si—
Si second-neighbor distances, respectively.

3.2. Simulation details

A simple, computationally feasible way to simulate the
recombination energy transfer of an excited electron—hole
pair in the SW effect is to create a local excitation energy
(‘hot spot’) at a bond. This is the method we use to simulate
the bond breaking model of the SW effect. In our simula-
tions, a local excitation energy of ~2.0 eV is applied to the
bond between two atoms. In the cases considered, we have
found that an excitation of this size is often near the critical
energy for bond breaking. A pseudo-random number
generator is used to assign the initial velocities of the two
atoms. For models 1 and 2, we have performed simulations
for (i) normal Si—Si bonds with no neighboring H, (ii) weak
Si-Si bonds with no neighboring H, (iii) normal Si-Si
bonds with neighboring H, and (iv) weak Si—H bonds.

In our simulations, before a local excitation energy was
applied, the samples were first relaxed for 150 fs using
forces obtained from the CFM [57] and PM [40,41] semi-
empirical total energy functionals. After relaxation, they
were quenched.

3.3. Model 1: 224 atom supercell (Siy;3H;;)

For this supercell, simulations were carried out for normal
Si—Si bonds with no neighboring H, for weak Si—Si bonds
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Fig. 2. The post-excitation time dependences of various bond lengths for Model 1 (Siy;3Hj;). (a) Normal Si—Si bond (66—82) with no
neighboring H after the application of a 2.0 eV excitation. Clearly, the bond is not broken. (b) Weak Si—Si bond (152—-160) with no neighboring
H after a 2.0 eV excitation. The bond is clearly broken after about 100 fs. (¢) Normal Si—Si bond (135-95) near a monohydride Si after a 2.0 eV

excitation. Clearly, the bond is broken after about 100 fs.

with no neighboring H, and for normal Si—Si bonds near
monohydride Si’s. Typical, representative results for the
post-excitation time dependence of a bond length are
shown in Fig. 2(a) for a normal Si-Si bond, in Fig.
2(b) for a weak Si—Si bond with no neighboring H,
and in Fig. 2(c) for a normal Si—Si bond near a mono-

hydride Si. In each of the three cases, an excitation of
2.0 eV has been applied.

In Fig. 2(a), we show the time dependence after excitation
of the bond length for a normal Si—Si bond (bond 66-82).
This bond has no neighboring H. The initial bond length is
2.316 A. It can be seen that this bond length oscillates with
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Fig. 3. The post-excitation time dependence of a normal Si—Si bond
(14-208) for Model 2 (Si,;Hyg) after application of a 2.0 eV exci-
tation. This bond is near a dihydride Si (atom 14). Clearly, the bond
is broken after about 50 fs.

decreasing amplitude for 150 fs, after which quenching took
place. Clearly, no bond breaking is observed.

In Fig. 2(b), we show the post-excitation time dependence
of the bond length of a weak Si—Si bond (bond 152-160)
with no neighboring H. The initial bond length is 2.49 A.In
our calculations, if the bond length is greater than 2.8 A, itis
considered broken. This figure thus shows that the bond is
broken after about 100 fs, as is indicated by the abrupt
increase in bond length after that time.

In Fig. 2(c), we show the time dependence of the bond
length after excitation of a normal Si—Si bond (bond 135-
95) near a monohydride Si. The initial bond length is
2.366 A. Clearly, the bond is again broken after about
100 fs. The bond breaking in this case is thus very similar
to that for a weak Si—Si bond (Fig. 2(b)). These and similar
results thus suggest that the presence of H can weaken a
normal Si—Si bond.

3.4. Model 2: 231 atom supercell (Siy;1Hyp)

In our simulations for this supercell, the same procedures
as for Model 1 were used. In this case, we particularly
focused on normal Si—Si bonds near hydrogens. Typical,
representative results for the post-excitation time depen-
dence of a bond length are shown in Fig. 3. This figure
shows that a normal Si—Si bond (14-208) near a dihydride
Si (atom 14) is broken by a 2.0 eV local excitation. We note
that, in this case, the bond is broken rather rapidly, in
~50 fs, in contrast to the ~100 fs bond breaking times we
found for the cases shown in Fig. 2. These and similar

(a)

(b)

Fig. 4. A schematic illustration of bond breaking caused by the
application of a 2.0 eV excitation to the normal bond between
two Si atoms (atoms 14 and 208) in Model 2 (Si;;Hyp). Atom 14
is a dihydride Si. (The post-excitation time dependence of the bond
length is shown in Fig. 3.) Note that this is a two-dimensional
illustration of a three-dimensional process. The coordinates X, Y,
and Z are all in A. (a) Initial configuration. (b) Final configuration.
After bond 14-208 is broken, two H-centered Si bonds and a Si-
centered bond are formed.
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Fig. 5. The post-excitation time dependence of a Si—H bond (44—
220) for Model 2 (Si,;1Hy) after application of a 2.0 eV excitation.
For about ~50 fs, the bond appears to ‘break’. It then appears to ‘re-
heal’ as it begins to oscillate about a constant value. Thus, this bond
is not (permanently) broken by this excitation energy.

results indicate again that H’s near a normal Si—Si bond can
weaken it. Furthermore, when such a bond is broken by the
excitation, the structure near it is changed, creating dangling
bonds as well as floating bonds. For bond 14—208, the initial
and final local atomic configurations are shown schemati-
cally in Fig. 4(a) and (b).

From Fig. 4(a), it can be seen that, in the initial con-
figuration, atom 14 is a dihydride Si. The initial bond length
between atoms 14 and 208 was 2.282 A. As may be seen
from Fig. 4(b), after the local excitation between Si atoms
14 and 208, the bond is broken and these two atoms are
separated by a long distance. In the final configuration, Si
atom 191 is centered between Si atoms 14 and 208, thus
forming a floating bond, and H atoms 215 and 228 are
centered between Si atoms 205 and 208, forming bond-
centered H configurations. Hydrogen atom 228, which was
bonded to Si atom 14, has moved and has bonded to Si atom
208 after the excitation. Also, a new H (atom 227) is now
bonded to Si atom 14. Two H atoms, which were not found
in the initial configuration, are bonded to Si atom 208. These
results thus clearly show that, in this case, the excitation
energy has caused a H rearrangement.

Typical, representative results for the application of a
local excitation to a Si—H bond are shown in Fig. 5.
There, we show the time dependence of the bond length
after a 2.0 eV excitation is applied to the bond between Si

atom 44 and H atom 220. The initial bond length was
1.52 A. From the figure, for about ~50 fs, the bond appears
to ‘break’. It then appears to ‘re-heal’ again as it begins to
oscillate about a constant value of about 1.55 A. This figure
thus shows that this bond is not (permanently) broken by a
2.0 eV local excitation energy. We have found in other
simulations that, for this excitation energy, such bond break-
ing happens on Si—Si bonds, but not on Si—H bonds.

4. Discussion

In carrying out our simulations, we have found that, in the
231 atom supercell (Model 2), which has the higher H
concentration of the two supercells used, Si—Si bonds are
more easily broken than in the lower H concentration, 224
atom supercell (Model 1). This implies that the supercell
with the higher H concentration is less stable against local
excitations than that with the smaller concentration. The
increasing ease of bond breaking thus correlates with an
increase in H content in the supercell.

Bhattacharya and Mahan [3] have found in infrared
absorption experiments that samples with more bonded H
show an increase in the SW effect. In addition, constant
photocurrent measurements by Johnson et al. [69] have
demonstrated that the stability of the electronic properties
of a-Si:H can be affected by H migration and bonding. These
results are qualitatively consistent with our simulation
results. We also find that the SW effect is probably not
due to the breaking of Si—H bonds.

Our results are also consistent with those of other experi-
ments. For example, Hirabayashi et al. [70] have suggested
that a possible site for a dangling bond created by illumina-
tion may be a Si—Si bond next to a Si—H bond. They argue
that as the Si—H bond strain is stronger than the Si—Si bond
strain, and H is more electronegative than Si, the electrons at
a central Si atom are more localized towards the Si—H bond.
Thus, they conclude, in qualitative agreement with our
results, that a normal Si—Si bond near a H is more easily
broken than a normal Si—Si bond with no H nearby.

Stutzmann et al. [71] have suggested that the defect state
associated with the SW effect is linked to stress. They found
that the number of metastable defects increases with the
average stress and that there is thus a recombination-
induced breaking of weak bonds. We suggest that this stress
has a close relation with the Si—H bond strain. Dangling
bonds are associated with microstructural defects as a result
of weaker Si—Si bonds, where monohydride and dihydride
bonding dominates. Local rearrangements of H atoms, such
as those found in our simulations, can help to explain the
observed defect metastability. In our simulations of the bond
breaking model, we find that the magnitude and kinetic
behavior of the SW effect can be different in the cases of
small and large H concentrations, as is consistent with the
experimental evidence.

We have also shown that, within the bond breaking model
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of the SW effect, the broken bonds can rebond with H or Si.
In their calculations, Dersch et al. [8] have suggested that
the dangling bond pairs created by Si—Si bond breaking can
become spatially separated due to structural relaxation. A
question was whether local rearrangements of H atoms are
necessary to explain the observed metastability of the light-
induced defects, or whether structural relaxation of Si atoms
alone is sufficient. Our calculations suggest that the SW
effect is associated not only with structural relaxation of
the Si atoms, but also with local rearrangements of H atoms.

It is well known that there is a complex relationship
between H and the Si bonding structure. The passivation
of dangling bonds is the primary beneficial effect of H in
a-Si:H. However, our calculations suggest that H also can
cause reconstruction of the network, breaking and removing
weak Si—Si bonds, as has also been suggested by others
[72,73].

The release of H into the Si network also promotes the
reconstruction of the Si bonds. As the H concentration
increases, the defect density increases, showing the connec-
tion between the H bonding and the defect states. In our
calculations, more dangling bonds are created after a local
excitation, there are extensive reconstructions of the
network, and a normal Si—Si bond is more easily broken
when H is nearby. We thus suggest that Si—Si bonds near H
are thus weakened by the Si—H forces, resulting in easier
bond breaking by illumination.

5. Conclusions

We have used MD simulations to study defect formation
within the bond breaking model of the SW effect and have
studied the role H plays in this model. Both 214 and 231
atom supercells, prepared (P.A. Fedders, private communi-
cation) using an ab initio method [37,38], have been used in
this study. The semiempirical total energy functionals of
CFM [57] and of PM [40,41] have been used to model the
Si-Si and Si—H interatomic forces. Representative simula-
tion results have been presented in Figs. 2-5.

Important and interesting phenomena were found in both
supercells. We have found that normal Si—Si bonds near
monohydride and dihydride Si’s are more easily broken
by a ~2.0 eV local excitation energy than normal bonds
with no H nearby. We find, however, that initially weak
Si—Si bonds with no H nearby are as easily broken as the
normal bonds which are near H. We thus suggest that the
presence of H weakens a normal bond, making it more
susceptible to bond breaking by a local excitation. We
also have found that such bond breaking results in dangling
bonds and rearrangement of the nearby Si and H atoms. This
suggests that H may play a role in defect formation in the
SW effect.

Earlier, PM [39] performed 60 atom supercell MD simu-
lations, using the same total energy functional as was
employed here, to study the role of H in the defect formation

associated with the SW effect (within the bond breaking
model). We note that, in contrast to our results, their results
suggest that H probably is not involved in the SW effect.
Other than the supercell size, the only difference between
the PM study and the present study is in how the supercells
used for the initial conditions were prepared. In the PM
study [39], supercells prepared by Guttman and Fong [74]
were used for the initial conditions. We thus suggest that, in
MD simulations, the role H plays in the bond breaking
model of the SW effect in a-Si:H may depend crucially on
the initial conditions in the supercell sample used.

A weakness both of the present study and of the earlier
study by PM [39] is that only local bond breaking has been
considered in both cases. In actual SW effect experiments,
the electrons which are liberated by bond breaking are
excited to low-lying conduction band states and these are
likely not localized on a single bond. The inclusion of such
non-local effects would require a fully quantum mechanical
study and is thus beyond the capability of the present model.

Another weakness of the present study is that we have
performed our calculations on only a few supercell samples
and have presented only representative results here. Thus,
our conclusions, while plausible based on the results shown,
are not backed up by strong statistics. Many more supercell
samples would need to be studied in order for our conclu-
sions to be placed on a firmer foundation.
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