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Molecular-dynamics study of defect formation in a-Si:H
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Molecular-dynamics simulations have been performed to investigate the defect formation associated
with the Staebler-Wronski (SW) effect in undoped a-Si:H and the role that H plays in this process. Sem-
iempirical Si-Si and Si-H total-energy functionals were used to obtain the forces needed for these simula-
tions. Two a-Si:H random networks proposed by Guttman and Pong [Phys. Rev. B 26, 6756 (1982)], a
monohydride system and a dihydride system, both of which contain 54 Si and 6 H atoms, were used as
initial configurations. The bond-breaking model of the SW effect was assumed, and a localized excita-
tion was used to model the nonradiative energy transfer from photoexcited electron-hole pairs to the sys-
tem. Our results indicate that the monohydride system is considerably more stable against localized ex-
citations than the dihydride system. We also find that, at least within the bond-breaking model, H is
probably not involved in the defect formation associated with the SW effect in undoped a-Si:H.

I. INTRODUCTION AND BACKGROUND

Hydrogenated amorphous silicon (a-Si:H) is useful in a
variety of electronic devices. ' However, there is a re-
versible, light-induced, fundamental degradation of this
material which limits its device applications. This is
known as the "Staebler-Wronski (SW) eff'ect. " An un-
derstanding of the SW effect can have practical impor-
tance and is also an interesting basic physics problem. In
this paper, we present results of molecular-dynamics
(MD) simulations which were performed to investigate
this phenomenon and the role of H in the associated de-
fect formation in undoped a-Si:H.

The SW effect may be summarized as follows. Pro-
longed exposure to light of a-Si:H films leads to a de-
crease in the dark conductivity and the photoconductivi-
ty. These can be restored by annealing at 150—220 C in
the dark. ' Metastable midgap defects in a-Si:H can be
produced by illumination. In the SW effect, it is believed
that the nonradiative recombination of photoexcited car-
riers is responsible for the creation of these defects. It is
also generally accepted that these light-induced defects,
commonly believed to be threefold coordinated Si atoms
or dangling bonds, are responsible for the conductivity
decrease. In order to improve a-Si:H device quality, it is
essential both to understand the mechanisms and defects
responsible for this fundamental instability and to under-
stand the role that H plays in this process.

Several microscopic mechanisms have been proposed
to explain the SW effect. Among these, the bond-
breaking model has been the most generally accepted.
This model is based on the idea that the metastable de-
fects are created by "weak" Si-Si or Si-H bonds being
broken by the energy released in the nonradiative recom-
bination of the photoexcited electron-hole pairs. Howev-
er, a quantum-mechanical description of these weak
bonds has not been offered. It is this bond-breaking
model that we utilize in the present paper and that we
simulate by the method discussed below.

Within the bond-breaking model, there are at least
three variations. In Refs. 5 and 6, it is suggested that the
metastable defects are produced simply by the breaking
of weak Si-Si bonds with the creation of dangling bonds.
On the other hand, Stutzmann, Jackson, and Tsai pro-
posed that the energy released by the nonradiative recom-
bination of the photoexcited carriers leads not only to the
breaking of weak Si-Si bonds and the creation of dangling
bonds, but also to the rearrangement of some of the H
atoms. Finally, gin and Kong proposed a weak Si-H
bond-breaking model to explain this effect.

It is possible that H plays an important role in defect
formation in the SW effect, and some recent theories
support this idea. However, recent experimental work'
and other recent theories" indicate that the light-induced
defects in the SW effect are probably not created near H
atoms. This casts doubt on theories which require rear-
rangement of H's in the defect formation. What role H
plays in the SW effect is thus, at present, unclear. One of
the purposes of this study is to clarify this issue by inves-
tigating the role of H in light-induced defect formation in
a-Si:H.

Recently, there have been several MD simulations of
a-Si:H using forces obtained from classical interatomic
potentials, whose form is based on physically motivated
guesses. "' By contrast, in the present paper, the forces
are obtained from quantum-mechanically-derived total-
energy functionals which describe the system more gen-
erally. ' ' The semiempirical total-energy functionals of
Carlsson, Fedders, and Myles' (CFM) and of Park and
Myles' (PM) are used for the Si-Si and Si-H interactions,
respectively. The forms of these tight-binding-based clus-
ter functionals are based on the moment method. '

Thus, they do not have the form of interatomic poten-
tials. Further, even though they are tight-binding based,
they do not have the usual tight-binding form. In partic-
ular, these parametrized functionals depend on a tight-
binding Hamiltonian which is never diagonalized. In-
stead, the sum of occupied energy levels is given by an
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approximate, quantum-mechanically-derived, expression
involving the first four moments of the Hamiltonian. The
parameters on which these functionals depend are deter-
mined by fits to a large database of experimental and
theoretical properties of Si and Si-H systems. More de-
tails, including the derivations of these functionals, their
explicit forms, and the results of their tests on a large
number of Si and Si-H systems may be found in Refs. 13
and 14.

Thus far, no computer simulation has come to close to
reproducing the realistic laboratory conditions required
to generate light-induced defect formation in a-Si:H. Ex-
perimentally, prolonged illumination, particularly at high
light intensities, leads to a saturation of the metastable
defect density, with saturated densities of the order 10'
cm for device-quality films. ' The SW effect thus
occurs with a probability of about 10 to 10 per atom.
Molecular-dynamics simulations for covalently bonded
materials are typically performed with supercells contain-
ing less than a few hundred atoms. Even smaller super-
cells, containing only 60 atoms, are used here. Therefore,
because of its very low probability, the true SW effect is
not expected to be generated by our approach. Also, be-
cause of the necessity to use short-time steps, it is unlike-
ly that anyone will simulate the true SW effect with real-
istic laboratory conditions in the near future. However,
it is still possible to introduce relevant defects that may
be connected to the SW effect into the supercells, and this
may provide some insight into the microscopic mecha-
nisms responsible for this effect.

The remainder of this paper is organized as follows.
As a test of our MD computer code and of our forces, in
Sec. II we present the results of an MD simulation of the
spectral density of the silicon dimer, Si2. In Sec. III, we
discuss the monohydride and dihydride supercell models
of an a-Si:H random network, proposed by Guttman and
Fong, ' which we use as the initial conditions for our
simulations. In Sec. IV, we present results of MD simula-
tions of defect formation in a-Si:H, within the bond-
breaking model of the SW effect. In Sec. V, we present a
summary and conclusions.

II. SPECTRAL DENSITY OF Si2; TEST
OF MOLECULAR-DYNAMICS CODE

We have developed a MD code using the velocity form
of the Verlet algorithm. ' Our forces are evaluated using
the Hellmann-Feynman theorem' with the CFM Si-Si
and PM Si-H total-energy functionals. These have been
thoroughly discussed and tested in Refs. 13 and 14. As a
test of our MD code and as another test of the CFM
forces, here, we present the results of an MD calculation
of the vibrational spectrum of the Si dimer, Siz.

For these calculations, the positions and velocities of
the two atoms in Si2 were computed as functions of time
under the constraints that the center of mass was held at
a fixed position and that the total linear and angular mo-
menta of the molecule were fixed at zero. The time step
b, t =1.8X10 ' s (0.18 fs) (Ref. 20) was used and a simu-
lation of 10000 time steps (1.8 ps) was performed to col-
lect a sample for statistics.
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FIG. 1. Vibrational spectral density of Si2 at T = 10 K (upper
curve) and 300 K (lower curve), obtained from MD simulations
using the CFM forces. " Note the mode softening at high fre-
quencies and the small amplitude, high frequency overtone
feature. The peak of the 300-K spectrum is at 524 cm '. The
experimental frequency, 511 cm (Ref. 23), is indicated for
comparison.

where ~ is the total time of the simulation, 0=2~/w,
W(t) is the Blackman window function used to reduce
the finite-time sampling oscillations, and g (t) is the veloc-
ity autocorrelation function.

In Fig. 1, the results of this calculation are shown for
temperatures T=10 K and 300 K. In this figure, the
anharmonic effects of mode softening at high excitation
levels can clearly be seen. Note that a small amplitude
harmonic of the fundamental frequency also appears at
high excitation frequencies. The peak of spectrum at 300
K shows a fundamental vibrational frequency of 524
cm . This is in very good agreement with the experi-
mental value for Siz of 511 cm '. These results are an
indication that our forces and our MD code are both
quite reasonable.

III. MODELS OF a-Si:H; INITIAL CONDITIONS

Many prescriptions have been given for the construc-
tion of realistic models of a-Si (Refs. 24—27). Although
a-Si:H is very important in many applications, ' due to
the difficulties in modeling the Si-H interactions, theoreti-
cal models of this material are few in comparison with
pure a-Si.

For the initial conditions of the simulations reported

The Fourier cosine transform of the velocity autocorre-
lation function ' was used to compute the spectral densi-
ty g (co),

0g(co)= I g(t)W(t)cos(cot)dt,
277 0
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here, two a-Si:H random network models, a monohydride
system and a dihydride system, proposed by Guttman
and Fong' were used. Both contain 60 atoms; 54 Si and
6 H (=10at. % H). The optimum material for photovol-
taic devices contains 10—15% H. The monohydride
model, denoted as model 1 in what follows, contains ex-
clusively Si monohydride species and no two H atoms are
allowed to be closer than third neighbors. The dihydride
model, denoted as model 2 in what follows, contains only
Si dihydride species. The coordinates of models 1 and 2
may be found in Tables V and VI, respectively, of Ref.
17, and all Si atom numbers used here are the same as in
those tables. The supercell configurations of these mod-
els were originally relaxed using a modified Keating po-
tential. ' Before beginning our simulations, they were
further relaxed using the CFM Si-Si and PM Si-H func-
tionals. We have used the supercell method with a 60
atom supercell for models 1 and 2. Periodic boundary
conditions were imposed in all directions in a cubic cell.
The density of the system was allowed to vary to find the
minimum-energy configuration.

The relaxed configuration of model 1 has a mass densi-
ty —5.3% smaller than c-Si. In this case, all H atoms
remained in the monohydride form after relaxation. The
average Si-H bond length after relaxation in this model is
1.48 A and the average Si-Si bond length is 2.37 A. A
notable feature of relaxed model 1 is the absence of coor-
dination defects.

One way to define defects in a-Si:H is to say that any Si
that is not fourfold coordinated constitutes a defect. Of
course, this depends on the definition of a coordination
radius or bond cuto6'Ro. However, it is usually accepted
that the number of geometrical defects is not highly sen-
sitive to the exact value of Ro. ' Small changes in Ro
usually change the relative numbers of dangling bonds
and fivefold coordinated Boating bonds, without changing
the total number of such defects. The detailed values of
the bond cutoffs are thus unimportant.

There were 102 Si-Si bonds and 6 Si-H bonds in the re-
laxed model 1. Most Si-Si bond lengths were between
2.30 and 2.48 A. For convenience, we arbitrarily define a
normal bond as one with a bond length less than 2.5 A
and a strained bond as one with a bond length between
2.5 and 2.8 A. A Si-Si pair more than 2.8 A apart is con-
sidered to be broken. The Si-H bond lengths in model 1

were between 1.45 and 1.52 A. For convenience, a Si-H
pair more than 1.7 A apart is arbitrarily considered to be
broken.

The relaxed configuration of model 2 has a mass densi-

ty -2.6% sinaller than c-Si and has one fivefold coordi-
nated defect. In this case, all H atoms remained in the
dihydride form after relaxation. The average Si-H bond
length after relaxation in this model was 1.41 A and the
average value of the Si-Si bond length was 2.38 A. The
definitions of normal, strained, and broken bonds just dis-
cussed were also taken for this case.

Frequently, amorphous materials are characterized by
a radial distribution function (RDF), g(r), which mea-
sures how atoms organize around one another and which
is indicative of local structure. In Fig. 2, we show a corn-
parison of the RDF of models 1 and 2 after relaxation by

{a} model 1

model 2

a-Si {WWW)

FICz. 2. (a) Radial distribution function (RDF), g(r), for the
Guttman and Fong (Ref. 17) model 1 (solid curve) and model 2
(dotted curve), relaxed with the CFM and PM (Refs. 13 and 14)
forces. (b) For comparison, the RDF of the 216 atom supercell
WWW (Ref. 24) a-Si model.

the CFM and PM functionals [Fig. 2(a)] with the RDF of
a 216 atom a-Si random network proposed by Wooten,
and Winer, and Weaire (WWW) (Ref. 24) [Fig. 2(b)]. The
first peak, at around 1.48 A, corresponds to the distance
between Si atoms and the nearest H neighbors. The
second peak, at around 2.35 A, corresponds to the
nearest-neighbor Si-Si distance. The third peak, at
around 4.0 A, corresponds to the second-neighbor Si-Si

0
distance, which is 3.84 A in c-Si. The much greater
width of the third peak of g (r) compared with that for c-
Si and the shift of this peak from the c-Si value show that
a-Si:H has a distribution of second-neighbor distances, an
indication of disorder.

We have also computed the bond angle distributions of
the relaxed models 1 and 2 and have compared them with
that of the 216 atom WWW a-Si model. The agreement
is good, once the di6'erences between a-Si and a-Si:H are
accounted for. This distribution is an indication of the
fact that the bond angles in a-Si:H are not all 109.5' as in
c-Si. The bond angles after relaxation in both models are
distributed between 90 and 130. The average bond an-
gles are 109.2' and 109.3, for models 1 and 2, respective-
ly, and the corresponding rms deviations are 10.4' and
9.6'. These are smaller than the 11'—14' of typical com-
puter generated pure a-Si networks, such as that of
WWW (Ref. 24) and others. ' This reflects the fact
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that, due to the strain relieving role of H, a-Si:H has
smaller distortions than pure a-Si.

IV. MD SIMUI.ATIQNS IN a-Si:H; THE SW EFFECT

Modeling of the transfer of the recombination energy
of an excited electron-hole pair to the a-Si:H random net-
work, as in the SW effect, is a dificult problem involving
the electron-phonon interaction. A simple, computation-
ally feasible way to do this is to assume that the nonradi-
ative recombination event creates a local excitation
(hot spot) in the network. We have simulated this by
heating the two atoms in a bond with a relatively high ex-
citation energy (usually 2.0 eV). That is, we have given
excess kinetic energy to the two atoms which are located
at the hot spot, which is usually chosen at a weak bond. '

In this model, the velocities of the two atoms at this local
excitation are assigned in random directions using a pseu-
dorandom number generator Th.us, the distribution for
these random velocities is asymmetric This. is quite
diferent from the Maxwell-Boltzmann distribution of
random velocities assigned as initial conditions in usual
MD simulations. In the latter case, the distribution is
usually chosen to be symmetric in order to avoid a
translational motion of the system as a whole. For both
models 1 and 2, we have investigated the effects of a hot
spot at three types of bonds: (i) weak Si-Si bonds with no
neighboring H, (ii) weak Si-Si bonds at hydride sites, and
(iii} weak Si-H bonds.

We note that an implicit assumption in our treatment
of a hot spot is that the electrons are always in their
ground states. Thus, the physical effect of bond weaken-
ing caused by occupation of antibonding orbitals is not
included in our theory. Although such efFects have been
considered in some ab initio theories, they would be
diScult to include within the present tight-binding
framework.

Each of our simulations was carried out at an initial
temperature of 0 K, and involves three major steps. (1) A
local excitation energy is applied at a specified bond. (2)
The system is allowed to evolve freely without adding or
taking away energy. As one intuitively expects, the local
disturbance propagates outward and the energy is dissi-
pated shell by shell to the atoms surrounding the hot spot.
Because of the supercell approximation, after some time,
the outgoing energy is reflected at the supercell bound-
ary. This heats the system up and prevents it from reach-
ing true equilibrium. For all excitation energies used, we
have found that the disturbance propagates to the super-
cell boundary in times of the order of -300 fs. Clearly,
this time depends on the supercell size (60 atoms in our
case). (3) To circumvent this problem, after 300 fs, we
quench the system using the power quenching tech-
nique. In each simulation, we checked for network
structural changes every 100 fs. In some cases, newly
generated defects were formed. After quenching, some,
but not all, of the newly created defects disappeared. If a
defect remained after quenching, we considered it to be a
SW effect-related defect. Most of these are dangling
bonds and are located at sites where there were initially
considerable bond-angle and bond-length distortions.

The forces for these simulations were calculated from
the derivative of the total energy, F= —VE„,. Here E„,
is the total energy, which is obtained using the CFM
(Ref. 13) and PM (Ref. 14) functionals for Si-Si and Si-H
interactions, respectively. The equations of motion for
each atom, F=m(d r/dt ) (where r is the atomic posi-
tion at time t and m is the atomic mass) were solved using
the velocity form of the Verlet algorithm' with time step
At =1.8X10 ' s (0.18 fs).

As another test of our forces and as tests of both our
MD code and our local excitation model, before a-Si:H
was simulated, the stability of c-Si against local excita-
tions was tested. To do this, local excitations of 2.0 to 5.0
eV were applied to various bonds in a c-Si supercell with
216 atoms. In all cases, the lattice showed no structural
changes after several hundred femtoseconds. This is
another indication that our forces are reasonable for Si.

A. Model 1: monohydride system

In Fig. 3, we show typical results of our MD simula-
tions of the effect of a local excitation on the relaxed sil-
icon monohydride model 1. Results for the post-
excitation time dependence of the bond lengths for weak
Si-Si bonds with no neighboring H, for a weak Si-Si bond
at a monohydride site, and for a weak Si-H bond are
shown, respectively, in Figs. 3(a), 3(b), and 3(c).

Figure 3(a) shows bond length versus time results for
three Si-Si bonds which have no neighboring H. Bonds
19—29 (dotted curve) and 34—51 (dashed curve} are weak
bonds with considerable initial strain. Their initial bond
lengths were 2.49 and 2.48 A, respectively, which are
longer than most other Si-Si bonds of this type in model
1. For comparison, in Fig. 3(a) we also show results for
bond 12—43 (solid curve), which is a typical normal bond
with initial bond length 2.29 A. In all three cases, the ex-
citation was created by heating the bond with an energy
of 2.0 eV.

Figure 3(a) shows that the bond lengths oscillate dur-
ing the 300 fs that the system is allowed to evolve freely.
Atom 19 was initially the most weakly bound site in mod-
el 1, with an initial site energy of E, = —4.24 eV. This is
higher than the average site energy of —4.49 eV for mod-
el 1 (E, = —4.72 eV for c-Si}. Bond 19—29 was the weak-
est Si-Si bond in model 1. However, from Fig. 3(a) it can
be seen that the bond length of this pair fluctuates only
by a small amount during the first 300 fs of the simula-
tion and that the excitation does not create a defect. It
can also be seen that the same is true of bonds 12—43 and
34—51; none of the three bonds is broken during that
time. Since, after -300 fs the disturbance has propagat-
ed to the supercell boundary, we quenched the system
after that time. As can also be seen in Fig. 3(a) for
t ~ 300 fs, no essential changes in the bond lengths were
caused by this quenching. Similar results were also found
for other weak Si-Si bonds with no neighboring H.

In order to examine the role of H in the defect forma-
tion associated with the SW efFect, local excitations were
also simulated at several weak Si-Si bonds on monohy-
dride sites in model 1. In Fig. 3(b), the post-excitation
time dependence of the Si-Si bond length is shown for a
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{a}Si-Si bonds
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{b}Si-Si bond at hydride site
r{40-45}
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typical weak Si-Si bond, bond 40—45 (solid curve). Atom
40 was initially a monohydride site with bond length 2.41
A. The excitation was created by heating this bond with
an energy of 2.0 eV. As can be seen, the bond length os-
cillated for 300 fs, after which we quenched the system.
With the quench, this distance was stretched to 2.51 A.
Thus, after this time, the bond is still quite strained, but
is clearly not broken. We also monitored the time depen-
dence of the distance between Si atom 40 and its neigh-
boring H. This is shown as the dotted curve in Fig. 3(b).
The initial Si-H bond length was 1.48 A. As can be seen
from the figure, after the excitation, this distance initially
shows quite large amplitude oscillations which decrease
with time. After the system is quenched, this bond is

stretched to 1.63 A, but is clearly not broken. Thus, the
local excitation clearly neither broke weak Si-Si bond
40—45 nor caused a rearrangement of the H atom at
monohydride site 40. However, both the Si-Si and Si-H
bonds at site 40 became highly strained after excitation.
Similar results were also found for other bonds at
monohydride sites.

To examine the possibility of Si-H bond-breaking by a
local excitation, simulations were also performed of the
effect of a hot spot at weak Si-H bonds in model 1. Figure
3(c) illustrates the results of a typical simulation of this.
The post-excitation time dependence of the Si-H bond
length at site 40 is shown. The initial bond length was
1.48 A, and an excitation of 2.0 eV was applied. As can
be seen, this energy broke the bond at early times. How-
ever, this bond eventually healed after around 300 fs as
the system was equilibrated. After that time, we
quenched the system. As can be seen, the net effect of
the local excitation was to stretch the bond to 1.56 A, but
the bond clearly was not permanently broken.

On the basis of these simulations, we conclude that the
monohydride model 1 of an a-Si:H random network, with
—10 at. % H and no coordination defects, is very stable
against local excitations, at least at energies ~2.0 eV.
We again note that our treatment has neglected the possi-
bility of electronic excitations at the hot spot. It is possi-
ble that the inclusion of such effects might alter these re-
sults. We also note that the bond breaking process may
be a low-probability event, so that there might be
difhculty observing it with a finite number of simulations.

~ ~ ~

~ ~ ~
~ \

~ ~ ~

~ ~
~ ~ ~~ 0 ~ ~ '~ ~

~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ + 8 ~ y ~~ ~ ~ ~ + ~ '~ ~ ~ ~ ~
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{c}Si-H bond
r{40-H}

O
200

time {fs}
400 BOO

FIG. 3. Molecular-dynamics results, in model 1, for the
post-excitation time dependence of the bond length in various
bonds to which a local excitation of 2.0 eV has been applied. (a)
Results for three weak Si-Q bonds with no neighboring H;
bonds 12—43 (solid curve), 19—29 (dotted curve), and 34-51
(dashed curve). (b) Results for a weak Si-Si bond, bond 40-45
(solid curve), at a monohydride site. Results in this same case
for the Si-H bond at site 40 are also shown (dotted curve). (c)
Results for the weak Si-H bond at site 40. The system was al-
lowed to evolve freely for 300 fs, after which it was quenched
(Ref. 33). The time step was 0.18 fs. All Si atom numbers are
the same as in Table V of Ref. 17.

B. Model2: dihydride system

Typical results of our MD simulations of the effect of a
hot spot on the relaxed silicon dihydride model 2 are
shown in Figs. 4—7. Results for Si-Si bonds with no
bonded neighboring H are shown in Figs. 4 and 5, those
for weak Si-Si bonds at a dihydride site are shown in Fig.
7(a), and those for a weak Si-H bond are shown in Fig.
7(b). Figure 6 is a schematic illustration of bond breaking
and defect formation caused by a local excitation. In all
cases, the system was quenched after 300 fs.

As Si-Si bonds which have no neighboring H atoms,
bonds 1 —38, 10—17, 40—45, 19—32, and 42 —48 were
selected for study. These are representative of normal
bonds (bonds 1 —38, 10—17, and 40—45, with bond lengths
~ 2. 5 A), and weak bonds (bonds 19—32 and 42—48, with
bond lengths 2. 5 A and considerable initial strain). Lo-
calized excitations were created by heating the Si atoms
in these bonds.

Figure 4(a) shows typical results of our MD simula-
tions for the normal bonds 1 —38 (solid curve), 10—17
(dotted curve), and 40—45 (dashed curve), obtained with
an excitation of 2.0 eV. In that figure, the post-excitation
time dependences of the bond lengths of these three
bonds are shown. As can be seen, the hot spot does not
break the bond for any of these cases. In order to test the
stability of such bonds against a local excitation, an exci-
tation of 5.0 eV was also applied to each of the bonds of
Fig. 4(a). The results of our simulation of this applied to
bond 40—45 are shown in Fig. 4(b), which shows the
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(a) Si-Si bonds
r(1-38)

.. . ..""... r(10-17)
------ r(40-45)

Model 2

post-excitation time dependence of the bond length of
this bond after the 5.0-eV excitation (dotted curve) and
after the 2.0-eV excitation (solid curve). As can be seen,
the 5.0-eV excitation does not break the bond either.
Further, after equilibration by quenching, no essential
change is found for the 5.0-eV case, in comparison with
the 2.0-eV results.

It is also interesting to monitor the kinetic energy at
the hot spot as a function of time. Figure 4(c) shows this
for bond 40—45 for the 2.0-eV (solid curve) and 5.0-eV
(dotted curve) excitations. As can be seen, most of the in-
itial kinetic-energy dissipates in -300 fs and the kinetic
energy becomes very small after quenching. We, there-
fore, conclude that these normal bonds in model 2 are
very stable against local excitations.

r(19-32)
2.0 eV

.- .-"1.6 eV
------ 1.2 eV

Model 2

0 200
time (fs}

I

400 800

FIG. 5. Molecular-dynamics results, in model 2, for the
post-excitation time dependence of the bond length in weak Si-
Si bond 19—32, which has no bonded H and to which a local ex-
citation has been applied. Results for three excitation energies
are shown: 1.2 eV (dashed curve), 1.6 eV (dotted curve), and 2.0
eV (solid curve). This bond was clearly broken by the 2.0 eV ex-
citation. The remainder of the interpretation is as in Fig. 4.

I

{b) r(40-45)
2.0 eV

. . . . . . .. .. . . 5.0 eV

~ ~ ~ ~

Typical results of the application of localized excita-
tions in model 2 to weak Si-Si bonds with high initial
strain and no neighboring H are illustrated in Fig. 5.
This figure shows results of our MD simulations of local-
ized excitation s applied to bond 19—32. The post-
excitation time dependence of the bond length is shown
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FIG. 4. Molecular-dynamics results, in model 2, for a local
excitation applied to Si-Si bonds with no bonded H. (a) Post-
excitation time dependence of the bond length in three normal
bonds to which a local excitation of 2.0 eV has been applied;
bonds 1 —38 (solid curve), 10—17 (dotted curve), and 40—45
(dashed curve). (b) Post-excitation time dependence of the bond
length in bond 40—45 for two different excitation energies; 2.0
eV (solid curve) and 5.0 eV (dashed curve). (c) Post-excitation
time dependence of the local kinetic energy at the hot spot for
the same cases as in (b); 2.0 eV (solid curve) and 5.0 eV (dashed
curve). All atom numbers are the same as in Table VI of Ref.
17. The remainder of the interpretation is the same as in Fig. 3.

FIG. 6. Schematic illustration (not to scale) of the breaking
of weak Si-Si bond 19—32, in model 2, by a local excitation, as in
the 2.0-eV case of Fig. 5. Note that this is a two-dimensional
schematic of a three-dimensional process. (a) Initial
configuration. The initial length of bond 19—32 and the initial
bond angles at sites 19 and 32 are highly strained. (b) Final
configuration. After bond 19—32 is broken, the local
configuration is changed; atom 19 now has a dangling bond and
atom 32 is now bonded to atom 34. The new bond 32—34 is
highly strained Aoating bond. The atom numbers are the same
as in Table VI of Ref. 17.
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FIG. 7. Molecular-dynamics results, in model 2, for the
post-excitation time dependence of the bond lengths for various
bonds to which a local excitation of 2.0 eV has been applied. (a)
Results for weak Si-Si bond 23—27 (solid curve). Results for the
two Si-H bonds at dihydride site 23 are also shown (dotted and
dashed curves). (b) Results for the weak Si-H bond at site 53.
The remainder of the interpretation is as in Fig. 4.

for three different local excitation energies; 1.2 eV
(dashed curve), 1.6 eV (dotted curve), and 2.0 eV (solid
curve). The variation in the results with excitation ener-

gy is a crude method of modeling the dependence of the
SW effect on photon energy. The initial bond length was
2.51 A and the bond angles were highly distorted. As can
be seen, an excitation energy of 2.0 eV breaks the bond
after —100 fs. After 300 fs, when we quenched the sys-
tem, the distance between the two locally excited atoms
19 and 32 was larger than 4.0 A. There is clearly a
threshold energy for this bond breaking. As can be seen
in Fig. 5, the 1.2-eV and 1.6-eV excitations fail to break
the bond. We have found that the threshold energy for
bond breaking in this case is slightly below 2.0 eV, which
is much higher than the experimental value of —1.2—1.3
eV. We note that, experimentally, the threshold energy
may vary with the sample condition. The fact that model
2 has only a few strained bonds may help to explain a
higher threshold energy than the experimental value.

When a bond is broken after application of a local exci-
tation, other structural changes also occur and defects
other than a dangling bond may be created. For bond
19—32, the resulting configuration near the hot spot after
bond breaking by the 2.0-eV excitation is illustrated
schematically in Fig. 6. The initial and final
configurations are shown in Figs. 6(a) and 6(b), respec-
tively. A bond has formed between atoms 32 and 34 so
that atom 34 has became fivefold coordinated. Therefore,
in this case, bond breaking by a localized excitation re-

suits in the creation of a threefold coordinated Si (dan-
gling bond), atom 19, and a fivefold coordinated Si (ffoat-
ing bond), atom 34.

We have found similar results for bond 42—48 in model
2. Atom 48 was the only initially fivefold coordinated
site in this model and bond 42 —48 was initially highly
strained with bond length 2.58 A. A local excitation of
2.0 eV was applied. Similar to the results shown in Fig.
5, the bond was stretched immediately and broken in
—100 fs. This resulted in the fivefold coordinated defect
at atom 48 being annihilated and in a threefold coordi-
nated dangling bond being created at atom 42.

Weak Si-Si bonds on dihydride sites were also tested
for stability against local excitations. As an example, the
results of the application of a 2.0-eV excitation to bond
23 —27 are illustrated in Fig. 7(a), which shows the post-
excitation time dependence of the Si-Si distance for this
bond (solid curve). As can be seen, the excitation did not
break the bond. The initial bond length was 2.6 A. After
equilibration by quenching, this bond length became
-2.36 A. Thus, in this case, the excitation relieved
much of the strain. In Fig. 7(a), the post-excitation time
dependences of the bond lengths between the dihydride-
site Si, atom 23, and the two neighboring H atoms are
also shown for this case (dashed and dotted curves). The
initial Si-H bond lengths were 1.49 and 1.46 A. As can
be seen, after equilibration, these stretched to 1.52 and
1.56 A.

Finally, the efFect of localized excitations on weak Si-H
bonds at dihydride sites were also investigated in model
2. Typical results for this case are shown in Fig. 7(b),
which illustrates the post excitation time dependence of
the Si-H bond length at atom 53 after a 2.0-eV excitation.
The initial bond length was 1.41 A. As can clearly be
seen, no bond breaking was produced in this case either.
Further, the Si-H bond was stretched to 1.52 A by this lo-
cal excitation. Hence, the final configuration is highly
strained.

These results indicate that, within model 2 of a-Si:H
and within the bond-breaking model, defects associated
with the SW eff'ect can be created (by excitations of ener-

gy ~2.0 eV which leave the electrons in their ground
states) only at Si-Si bonds with no bonded H and only at
such bonds which are initially highly strained. Also,
when a local excitation breaks such a bond, other
structural changes, such as the creation of a fivefold coor-
dinated Aoating bond, can occur.

V. SUMMARY AND CONCLUSIONS

Molecular-dynamics simulations have been performed
to try to understand the defect formation associated with
the SW effect in undoped a-Si:H. The CFM and PM
total-energy functionals' ' were used to model the in-
teratomic interactions. These low-order moment
schemes, which involve an approximate treatment of the
quantum-mechanical electronic total energy, are less ac-
curate than fully quantum-mechanical theories. Howev-
er, MD simulations based on them, such as those present-
ed here, use much less computational time than ab initio
theories. Thus, insight into the trends in various proper-
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ties from one system to another can be more easily ob-
tained with these schemes.

In these studies, the bond-breaking model of the SW
eS'ect was assumed and a localized excitation (hot spot)
was used to simulate the interaction of the photon with
the a-Si:H random network. The monohydride (model 1)
and dihydride (model 2) a-Si:H network models of Gutt-
man and Fong' were used as initial conditions. Both
models contain 54 Si atoms and 6 H atoms. The super-
cell approximation with a 60 atom supercell was used in
all simulations.

We find that Si monohydride model 1 is very stable
against local excitations up to 2.0 eV. By contrast, we
find that such local excitations can break bonds in Si
dihydride model 2. A threefold coordinated dangling
bond can be created by such an excitation and the subse-
quent rearrangement of the atoms near the hot spot can
result in the creation of other defects as well. These de-
fects are associated with the SW effect in our model. We
find also that these defects can be created only at initially
highly strained (weak) Si-Si bonds with no neighboring H.
An example of this is the breaking of such a weak bond
and the creation of a dangling bond, followed by a local
atomic rearrangement which results in the creation of a
Coating bond. We find no bond breaking near H atoms.

Our major conclusions are that the dihydride model 2
is much less stable against local excitations than the
monohydride model 1 and that H is probably not in-
volved in the defect formation associated with the SW
effect in undoped a-Si:H. Experimentally, it is observed
that a-Si:H samples with more dihydride species are less
stable against light-induced degradation than samples
with mostly monohydrides. ' Furthermore, experi-
ments indicate that defects are probably not created near
H atoms. ' (This is also supported by other theories. )

Our results thus qualitatively support these experiments.
A major assumption in this work is that a local excita-

tion can model the nonradiative energy transfer of pho-
toexcited electron-hole pairs to the a-Si:H random net-
work. Here, only a single local excitation was used.
However, multiple local excitations in the vicinity of a
hot spot might increase the probability of the bond-
breaking process and of the creation of coordination de-
fects. We note that it may not be adequate to simulate
a-Si:H with the 60 atom supercells used here because of
size effects and because of the fact that bond breaking
may be a low-probability event. We hope, however, that
this study will provide some insight into the microscopic
mechanisms responsible for the SW effect. An investiga-
tion into this problem using larger supercells and multi-
ple local excitations is planned.

Tanielian, Goodman, and Fritzsche and Skumanich,
Amer, and Jackson have reported clear evidence that,
in the SW effect, high doping of a-Si:H results in a higher
dangling-bond density produced by a given light expo-
sure. Since a-Si solar cells rely on highly conductive p+
and n+ layers, further work including doping effects is
necessary to complete this study.
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