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Ab initio hydrogen dynamics and the morphology of voids in amorphous silicon

Parthapratim Biswas!** and Dil Limbu!

' Department of Physics and Astronomy, The University of Southern Mississippi, Hattiesburg, Mississippi 39406, USA

This paper presents an ab initio study of hydrogen dynamics inside nanometer-size voids in a-Si within the
framework of the density-functional theory for a varying hydrogen load of 10 to 30 H atoms/void at the low and
high temperature of 400 K and 700 K, respectively. Using the local density approximation and its generalized-
gradient counterpart, the dynamics of hydrogen atoms inside the voids are examined with an emphasis on the
diffusion of H atoms/molecules, and the resulting nanostructural changes of the void surfaces. The results from
simulations suggest that the microstructure of the hydrogen distribution on the void surfaces and the morphology
of the voids are characterized by the presence of a significant number of monohydride Si—-H bonds, along with
a few dihydride Si—Hs configurations. The study also reveals that a considerable number (about 10-45 at. %)
of total H atoms inside voids can appear as H2 molecules for a hydrogen load of 10-30 H atoms/void. The
approximate shape of the voids is addressed from a knowledge of the positions of the void-surface atoms using
the convex-hull approximation and the Gaussian broadening of the pseudo-atomic surfaces of Si and H atoms.
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I. INTRODUCTION

Hydrogen plays an important role in the electronic and op-
tical properties of amorphous silicon (a-Si) [1]. While the
addition of a small amount (about 6-12 at. %) of hydrogen in
a-Si is particularly beneficial for producing device-grade sam-
ples of a-Si:H, via passivation of coordinating defects (e.g.,
3-fold-coordinated Si atoms or dangling bonds), the presence
of too much hydrogen in a-Si can be detrimental to the elec-
tronic and optical properties of a-Si:H-based devices. Thin
films of a-Si:H are often employed for surface passivation of
crystalline silicon, which is useful for the generation of high
open-circuit voltages in silicon-heterojunction solar cells [2].
A relatively high hydrogen content, in void-rich environment
of a-Si:H, is preferred for this purpose to achieve high-quality
a-Si:H/c-Si interfaces [3], indicating the benevolent role of H
in a-Si. By contrast, the structure of a-Si:H is altered by the
light-induced creation of metastable defect states, known as
the Staebler-Wronski effect (SWE) [4], which adversely af-
fects the performance of a-Si:H-based solar cells. Nuclear
magnetic resonance (NMR) studies [5] on a-Si:H samples
have indicated that the motion of H atoms, which are pro-
duced by the light-induced breaking of Si-H bonds, plays an
important part in recovering the photovoltaic stability of the
affected a-Si:H samples upon annealing at 350°-400° C [6].
Thus, an understanding of the motion of H atoms in a-Si in
the presence of inhomogeneities is of crucial importance to
address the photovoltaic stability of a-Si:H upon light irradia-
tion.

While a number of earlier theoretical/computational studies
on the microstructure of hydrogen distributions in a-Si:H [7—
12] have focused on the silicon-hydrogen bonding configura-
tions in the bulk network environment of a-Si and their ef-
fects on structural, electronic, and optical properties of the
material, there exist only a few computational studies that di-
rectly address the role of non-bonded hydrogen (NBH) and

* Corresponding author: partha.biswas @usm.edu

voids on the network structure of a-Si:H [10, 13, 14]. Seki-
moto et al. [15] have recently shown experimentally that the
presence of large amount of non-bonded hydrogen (e.g., Hy
molecules inside voids) can broaden the vacancy-size distri-
bution and enhance the size of the optical gap [16] in a-Si.
The density of a-Si:H has been also found to be somewhat
dependent on the number of NBH, and hence on the distribu-
tion of hydrogen inside nanometer-size voids. Following our
recent studies on the temperature-induced nanostructural evo-
lution of voids in a-Si [11], and its effect on the intensity of
small-angle X-ray scattering (SAXS) [17], the present study
focuses on accurate calculations of the atomistic dynamics of
hydrogen inside voids obtained from the density-functional
theory. The emphasis here is on the dynamical aspects of hy-
drogen motion inside voids on the time scale of several pi-
coseconds at low and high temperature in the environment of
a varying concentration of H atoms. The formation and dis-
sociation of Si—H bonds on the surface of voids are discussed
from a kinetic point of view. The movement of H atoms inside
nanometer-size voids and its resulting effects on the hydrogen
microstructure and the reconstruction of the void surfaces are
also addressed in this study.

The presence of voids in the amorphous matrix suggests
that, for an accurate determination of the motion of H atoms
within a void, one must take into account the inhomogeneities
in the electronic charge distribution in the vicinity of void
surfaces. The standard protocol in density-functional calcula-
tions advises us to address the problem by computing the self-
consistent-field (SCF) solution of the Kohn-Sham (KS) equa-
tion, and the presence of voids suggests that the generalized-
gradient approximation (GGA) should be employed in order
to deal with the atomic density fluctuations near the void sur-
faces. We shall therefore address the problem using the GGA
and compare the results with those from the local density ap-
proximation (LDA). The presence of weak dispersion forces,
which are often included via the Van der Waals corrections,
are not taken into account in this study owing to the compu-
tational complexity of the problem and the somewhat limited
accuracy of local basis functions that we have used in this
study.
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The rest of the paper is organized as follows. Section II
provides a short description of the method for generating a-
Si models with hydrogenated voids, using the Wooten-Winer-
Weaire (WWW) method and ab initio molecular dynamics
simulations (AIMD). The results are discussed in sec. I1I, with
an emphasis on the dynamics of H atoms inside voids in IIIA,
kinetics of Si—H bond formation and dissociation in II1IB, and
the microstructure of the hydrogen distribution for a varying
number of hydrogen atoms in IIIC. A brief discussion on the
shape of the voids is also provided in IIIC. This is followed by
the conclusions of the study in sec. IV.

II. METHOD

For AIMD simulations of hydrogen dynamics inside voids
in a-Si, we started with four independent 1000-atom mod-
els of a-Si, obtained from the WWW method [18, 19]. A
spherical void of radius 5 A was created at the center of each
model and the geometry of the resulting structure was thor-
oughly relaxed, using the first-principles density-functional
code SIESTA [20]. A number of models with a hydrogenated
void were then produced by adding 10, 20, and 30 H atoms
inside the central cavity so that the mass density of the final
models is about 2.22 g.cm 2. A single void of radius 5 A cor-
responds to a number density of 4.82 x 10'? voids.cm ™2 and
a void-volume fraction of 2.52 at. %, which are close to the
values reported in experiments [21, 22]. The H atoms were
initially distributed in such a way that they were at a distance
of at least 2 A from Si atoms and 1 A from each other. The
silicon atoms within the spherical region of radius between
5 A and 8 A from the center of the voids are labeled as the
void-surface atoms for the analysis of the void surface upon
annealing and total-energy optimization of the systems [23].

To study hydrogen diffusion and the microstructure of hy-
drogen distribution on the void surfaces, AIMD simulations
were performed at 400 K and 700 K to examine the tempera-
ture dependence of H dynamics and the resulting effects on
the morphological structure of the void surfaces, using the
density-functional code STESTA. SIESTA employs local basis
functions, based on numerical pseudoatomic orbitals [24], and
the norm-conserving Troullier-Martins pseudopotentials [25]
in order to obtain the self-consistent-field (SCF) solution of
the Kohn-Sham equation in the density-functional theory.
Electronic and exchange correlations between electrons were
taken into account via the LDA and the GGA, by using the
Perdew-Zunger [26] and the PBE [27] parameterizations for
the LDA and the GGA, respectively. Owing to the compu-
tational complexity of the problem involving a large number
of atoms and the necessity for simulating a reasonably long-
time dynamics for studying the equilibrium distribution of H
atoms, using the SCF solution of the KS equation, the AIMD
simulations were conducted using the single-zeta (SZ) basis
functions for Si atoms and the double-zeta-polarized (DZP)
basis functions for H atoms. The high computational cost
associated with the calculation of total energy and forces re-
stricts us to use SZ basis functions for Si atoms during the
course of AIMD simulations. The subsequent total-energy op-
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FIG. 1. The time evolution of the average number of H atoms (in-
cluding H2 molecules) within a void at 400 K and 700 K. The results
correspond to a hydrogen load of: (a) 10 H atoms/void; (b) 30 H
atoms/void. The average is taken over 4 voids for each temperature
from independent simulations.

timizations, however, were conducted using the double-zeta
(DZ) basis functions for Si atoms until the total force on each
atom was less than or equal to 5 x 1072 eV.A~!. During
AIMD simulations, the temperature of the system was con-
trolled in NVT ensembles by using the Nosé thermostat [28],
and a time step of 0.8 fs was used to ensure that the move-
ment of light H atoms can be described accurately at the high
temperature of 700 K. The evolution of the system was mon-
itored and recorded for a total time of 20 ps. The simulation
procedure was repeated for each of the four independent mod-
els with a void at the center, indicated by M1 to M4 hereafter,
for a hydrogen load of 10, 20, and 30 H atoms/void. In each
case, we have used a different random distribution of H atoms
within the void in order to gather as much as statistics as pos-
sible. The final results were obtained by averaging over four
independent configurations.

III. RESULTS AND DISCUSSION
A. Hydrogen dynamics inside voids in a-Si

In this section, we discuss the results from the density-
functional calculations for studying the dynamics of H
atoms/molecules inside voids in a-Si. To this end, we mostly
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FIG. 2. The variation of the mean-square displacement (MSD) of
H atoms, averaged over all hydrogen in four models, with time for
three different hydrogen loads as indicated: (a) 400 K; (b) 700 K.
The results were obtained from the self-consistent-field calculations
with the GGA, and averaged over 4 independent voids for each H
load and temperature.

focus on those H atoms/molecules which are within the cavity
during the entire course of simulations at a low and high tem-
perature of 400 K and 700 K, respectively. Figure 1 shows the
time evolution of the average number of H atoms (molecules
included) within a void-surface region of radius 8 A at 400 K
and 700 K. The results correspond to two different values of
the hydrogen load, 10 and 30 H atoms/void, and are obtained
by averaging over 4 independent voids/models using the LDA
and GGA. At 400 K, the great majority of H atoms stayed
within the void, with the exception of one or two H atoms that
left the void-surface region of radius 8 A. The LDA and GGA
dynamics exhibit a more or less similar behavior at a given
temperature, although the GGA tends to knock out one or two
more H atoms outside the cavity for high H loads at 700 K
(see Fig. 1b). Despite limited statistics, it would not be in-
appropriate to conclude that, on average, the LDA and GGA
do not differentiate much as far as the (average) number of H
atoms leaving the voids at 400 K is concerned.

To study the effect of the hydrogen load on the mean-square
displacement (MSD) of H atoms at the low and high tem-
perature of 400 K and 700 K, respectively, we have exam-
ined the variation of the MSD with time for 10, 20, and 30
H atoms/void using the GGA. Once again, the results were
obtained by averaging over 4 independent voids and are pre-
sented in Fig. 2. The results (in Fig. 2) lead to the follow-

ing observations. Firstly, the MSD of H atoms decreases
with an increasing presence H atoms within the voids. This
is particularly so as the hydrogen load increases from 10 H
atoms/void to 30 H atoms/void. This reduction in the MSD is
due to the decrease of the average distance between any two H
atoms within the cavity for an increasing presence of hydro-
gen within the same volume. Secondly, the sharp rise of the
MSD for a hydrogen load of 10 H atoms/void near 12 ps at
400 K can be attributed to a hydrogen atom leaving the void.
For a hydrogen load of 10 H atoms/void, H atoms can move
somewhat more freely than those with a load of 20 or 30 H
atoms/void. This makes it possible for few H atoms to dif-
fuse rapidly in the vicinity of the void surface, and eventually
to escape the void region — and the simulation cell in one or
two cases — depending upon the temperature of the system. In
contrast, the presence of too many H atoms for a high value
of H load can impede the diffusion process and thus reduces
the MSD at a given temperature. Thirdly, the motion of H
atoms are affected by the temperature of the system as well.
This is evident in Fig. 2(b), where the MSD for a load of 20
H atoms/void was observed to increase at 700 K during 15 to
16 ps and it continued to remain so until the end of the sim-
ulation at 20 ps. This observation contrasts with the case of
30 H atoms/void at the same temperature, where none of the
H atoms was found to leave the void but remained within a
root-mean-square (RMS) distance of 5 A from the center of
the void. Finally, one may note that the available statistics do
not permit us to comment on the dynamical behavior of few
H atoms that diffuse out of the cavity at an earlier time (e.g.,
the H atom in Fig. 2(a) for a hydrogen load of 10 atoms/void),
based on the results from 4 configurations. The movement of
H atoms is driven by a combination of factors, such as the con-
centration of H atoms in a void, temperature, and the disorder
in the atomic distribution on the void surfaces. Since we are
not particularly interested in the dynamical behavior of few H
atoms that escape the void-surface region of 8 A, we will not
discuss this further.

Having discussed the variation of the MSD with respect
to the hydrogen load, we now address to what extent the
exchange-correlation (XC) approximation may affect the mo-
tion of H atoms inside the voids as far as the MSD is con-
cerned. Figure 3 shows the evolution of the MSD with time
for a hydrogen load of 30 H atoms/void at 400 K and 700 K.
Since we are interested in the dynamics of H atoms inside the
void, and the resulting hydrogen microstructure of the void
surface, the MSD was computed using only those H atoms
that were inside the void region of radius 8 A for the entire du-
ration of simulation. The plots in Fig. 3 suggest that the LDA
slightly overestimates the MSD (of H atoms) compared to the
value obtained from the generalized-gradient approximation
(GGA). The RMS values of the displacement of H atoms in-
side the voids in the LDA and the GGA at 400 K have been
found to be about 4.5 A and 4.15 A, respectively. A more or
less similar observation applies to the high-temperature dy-
namics at 700 K, as shown in Fig.3(b). It thus appears that
the MSD of the H atoms within the void is not particularly
strongly affected by the XC approximation at 400 K and 700
K. This is due to the fact that the majority of H atoms within
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FIG. 3. The time evolution of the MSD of H atoms within voids

for a hydrogen load of 30 H atoms/void in the LDA (blue) and the
GGA (red). The results for 400 K and 700 K are shown in (a) and
(b), respectively.

a void reside as bonded hydrogen (to Si atoms) on the void
surface, mostly in the form of Si—H configurations, and few
Si—Hs configurations, along with a few Hs molecules within
the cavity. Since the calculation of the MSD excludes a few
mobile H atoms that have already left the void region, the re-
maining bonded H atoms (on the void-surface) show a more
or less converged value of the MSD during the course of simu-
lations. Thus, in a sense, a more or less converged value of the
MSD (in Fig. 3) is reflective of the distribution of bonded H
atoms on the walls of the void. We shall see later that a slightly
larger value of the MSD of H atoms that we observe here for
the LDA case (see Fig. 3) results from a minor expansion of
the void surface in the LDA calculations. Following Sekimoto
et al. [15], one may conclude that the expansion originates
from the stress on the void surface due to the presence of a
significant number of Si—H bonds in the LDA calculations.
Finally, it may be mentioned that the dihydride Si—Hs config-
urations are found on the void surface at a distance, which is
closer to the center of the void than their monohydride (Si-H)
counterpart. Figure 4 shows the average distances of the Si—
H, and Si—H bonding configurations, which are located on the
walls of the voids, from the center of the voids for the GGA at
400 K. This observation is consistent with the results reported
by Kageyama et al. [29] from dielectric measurements.

We now briefly discuss the diffusion of a few highly mo-
bile H atoms. Earlier in this section, we have seen that the
MSD of H atoms can increase occasionally very rapidly for a
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FIG. 4. The average (radial) distances of SiH and SiH2 bonds on the
void surface from the center of the void. The dihydride SiH2 bonds
have been found to form on the walls of the voids at a distance which
is closer to the center of the void than their SiH counterpart.
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FIG. 5. The instantaneous kinetic energy (KE) of H atoms in two
voids (in models M2 and M3) at 400 K, obtained from the GGA.
The results for the void with a hydrogen load of (a) 10 H atoms/void,
and (b)30 H atoms/voids. The atoms with the largest KE, H7 (upper
panel) and H17 (lower panel), are found to diffuse out of the void re-
gion. The range and the frequency of KE values are indicated by the
numbers and shading (of blue circles) along the y axis, respectively.

hydrogen load of 10 and 20 H atoms/void. This behavior of
the MSD has been attributed to the movement of few H atoms
out of the void region, defined by a sphere of radius 8 A. It
has been observed that such a steep rise of the MSD (e.g., see
Fig.2(a) at 12 ps) originates from the high mobility of few H
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atoms inside the hydrogenated voids. Figure 5 shows the plot
of the instantaneous kinetic energy (KE) of H atoms at 400 K,
obtained from using the GGA for a period 20 ps. The distri-
bution of the KE values along the y axis for a given H atom
indicates the range and the frequency of the kinetic energy of
the atom during the course of AIMD simulations. An analysis
of the real-space trajectory of the H atoms in the vicinity of
the void region in models M2 and M3, and the results from
Fig. 5 revealed that a few highly mobile H atoms, such as H7
in Fig. 5(a) and H17 in Fig. 5(b), left the void region some-
time during the course of simulations. This observation was
found to be true for other voids as well, where H atoms were
observed to leave the void region due to their high kinetic en-
ergies. Conversely, we have noticed that all the H atoms in
model M4 remained inside the void throughout the course of
simulation even at the high temperature of 700 K. The results
obtained from M4 are shown in Fig. 6, where the KE values
of the H atoms are found to be considerably lower than those
presented in Fig. 5.

B. Kinetics of Si-H bond formation and dissociation on the
surface of voids in a-Si

We now address a question of considerable importance con-
cerning the kinetics of Si—H bond formation and dissociation
on the surface of voids in a-Si. While a complete under-
standing of these events requires the computation of bond for-
mation and dissociation energies, and the knowledge of the
potential-energy surface associated with Si—-H bonding con-
figurations, the problem can be addressed approximately by
considering the kinetic energy of H atoms in AIMD simula-
tions.

Earlier, in Fig. 3, we have seen that the mean-square dis-
placement (MSD) of H atoms inside the voids fluctuates
within the range of 17-22 A2, depending upon the LDA or
GGA. The MSD values are indicative of the fact that the great
majority of H atoms stay bonded to Si atoms on the void sur-
face as the time evolution of the system continues. However,

FIG. 7. The kinetics of Si—H bond formation and dissociation at 700
K for a hydrogen load of 30 H atoms/void obtained from the GGA
in model M4. (a) The Si-H bonds that dissociated during AIMD
simulations are shown as green-red pairs at 3 ps. (b) The H atoms
(red) resulted from the dissociation of SiH bonds diffused through
the void-surface region to form new Si—H bonds, which are indicated
as yellow-red pairs at 18 ps. The presence of a green-red pair sug-
gests that the Si—H bond broke and formed again, but with another
(dissociated) H atom.

it has been observed that a few H atoms in Si—H bonds can
break free of the surface and move through the cavity to form
new Si—H bonds at nearby active Si sites. This behavior is
particularly pronounced at 700 K for a hydrogen load of 30
H atoms/void, where the presence of few H atoms with high
kinetic energy makes it possible to dissociate an existing Si—-H
bond and form a new Si—H bond in the vicinity of the void sur-
face. This is illustrated in Fig. 7, which shows the snapshots of
two silicon-hydrogen bonding configurations in the vicinity of
the void in M4, obtained from the GGA at 3 ps and 18 ps. Fig-
ure 7(a) shows a set of four Si—H bonds, involving H12, H16,
H24, and H30, indicated as green-red pairs, at 3 ps, which are
found to dissociate later during simulation. The breaking of
Si—H bonds is reflected in Fig. 7(b), which shows that the H
atoms (red) resulted from the dissociation of four Si—H bonds
moved through the void and formed new Si—H bonds. The
latter are shown as yellow-red pairs, with the exception of one
where a dissociated H atom (red) is found to be bonded with
an active Si site (green). The dissociation of Si—H bonds at
700 K can be understood from a kinetic point of view. Figure
8 shows the time evolution of the kinetic energy (KE) of two
H atoms, H2 and H30, bonded to silicon atoms, Si40 and Si48,
respectively, as monohydride Si—H bonds. As the simulation
proceeds, the KE values fluctuate around the average trans-
lational KE value of 3kpT/2 at temperature T, where kp is
the Boltzmann constant. However, the large kinetic energy of



N

T T T T T T T
30 H, 700 K, GGA (M4) i

— H2 -

I (a)

[N} 1Y) B
T T
1

[y

KE x 10 (amu.A’ fs7)

time (ps)

T T T T T T T
30 H, 700 K, GGA (M4) i
— H30 ]

N
T

Si-H bond breaking

98]

[\

KE x 10_3(amu.i\2‘fs‘2)

[u——y

(=)

time (ps)

FIG. 8. The evolution of the kinetic energy (KE) of two H atoms,
H2 and H30, in monohydride Si—H bonds at 700 K. (a) The KE of
H2 atom is found to stay below the average KE at 700 K for most
of the simulation time. (b) The Si—H bond involving the high-energy
H30 atom dissociates near 5.5 ps and forms a new Si—H bond shortly
thereafter. The average KE of H atoms at 700 K is indicated as a
dashed horizontal line (green). The KE values correspond to a (cen-
tral) moving average over a window of 100 fs.

H30 atom at around 5.5 ps, which is about three times larger
than the average KE at 700 K, leads to a rupture of the Si-H
bond and subsequent formation of a new Si—H bond with a
silicon atom in the vicinity of the void. By contrast, H2 forms
a stable Si—H bond due its low kinetic energy during time evo-
lution of the system. We have verified that the remaining three
H atoms — H12, H16, and H24 — exhibit a similar behavior as
H30 as far as the KE values are concerned.

The dissociation of Si—H bonds due to high KE values of
H atoms can be observed by tracking the Si—H bond length
of a dissociated pair with time. Figure 9 shows the evolution
of Si—H bond lengths associated with the pairs (Si40, H2) and
(Si48, H30). The pair (Si48, H30) breaks at 5.35 ps, which is
followed by the formation of a new pair (Si65, H30) at 5.56 ps,
but the low-energy pair (Si40, H2) continues to stay bonded
during its evolution. The variation of the bond length of the
(dissociated) pair before and after dissociation are shown in
Fig. 9(b). The transient isolated state of H30, between 5.35 ps
and 5.56 ps, is shown as red squares, where the ‘bond length’
corresponds to the distance between H30 and the nearest Si
atom in the void region. It goes without saying that the disso-
ciation and subsequent formation of Si—H bonds on the void
surface do not affect the MSD values of the H atoms as long
as the H atoms stay within the cavity through the formation of
new bonding configurations.
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FIG. 9. (a) The variation of the bond length of a stable monohydride
pair (Si40, H2) with time. (b) The dissociation of a monohydride Si—
H bond during MD simulations. The Si—H bond associated with the
pair (Si48, H30) breaks at 5.35 ps, which is followed by the forma-
tion of a new pair (Si65, H30) at 5.56 ps. The isolated state of H30
atom is indicated by red squares, where the ‘bond length’ refers to
the distance between H30 and the nearest Si atom. The cutoff value
of the Si—H bond length, 1.65 A, is indicated by a dashed horizontal
line (red).

TABLE I. Statistics of bonded and non-bonded hydrogens inside
voids for varying hydrogen loads. The tabulated values indicate the
amount of H atoms (in per cent of total H) that resides in voids as
isolated hydrogen (Hiso), H2 molecules, and SiH/SiH2 bonds. Hy-
drogen atoms outside the void region are listed as Exz. Asterisks
denote the actual number of isolated H atoms.

Hload| XC| Hiw |  Hp| SiH| SiHa| Exg
400 K
10 [ GGA 0 150[ 67.50 0[ 17.50
LDA 0 10.0| 8250 0| 750
20 | GGA 0 3250 47.50| 10.0| 10.0
LDA 0 250/ 6275 50/ 750
30 | GGA 0 450/ 400 11.67| 3.33
LDA 0 28.33] 47.50| 1833] 5.83
700 K
10 [ GGA 0 250[ 550 0[ 200
LDA 0 0| 77.50 50/ 17.50
20 | GGA 0 2750  45.0| 1250 15.0
LDA 0 17.50|  66.25|  2.50| 13.75
30 | GGA| 083(1")| 3556 41.11| 889| 1333
LDA| 1.65(2)| 1667 56.67| 11.67| 13.33




FIG. 10.

Hydrogen-bonding configurations,
molecules, in a void-surface region of radius 8 A for a hydrogen
load of 30 H atoms/voids at (a) 400 K and (b) 700 K from the GGA
in model M4. Silicon atoms associated with monohydride (SiH) and
dihydride (SiH2) configurations are shown in cyan and white colors,
respectively, whereas bonded H atoms and molecules are shown in
red color.

including H-

C. Hydrogen microstructure and morphology of voids in a-Si

The discussion in the preceding sections so far is mostly
confined to the dynamics of H atoms inside the voids and
to what extent the motion of H atoms is affected by the
exchange-correlation approximation and the hydrogen load
inside the voids, as far as the MSD of H atoms is con-
cerned. We now examine the microstructure of hydrogen
distributions on void surfaces and the morphological char-
acter of the voids, which result from the movement of hy-
drogen and silicon atoms in the vicinity of the voids for a
varying hydrogen load. In particular, we discuss the for-
mation of various bonded hydrogens (BH) and non-bonded
hydrogens (NBH), as well as the restructuring of the void
surfaces during annealing at 400 K and 700 K, with an in-
creasing concentration of H atoms within voids, and the de-
pendence of hydrogen microstructure on the LDA and GGA.
The BH and NBH play an important role in characterizing
the structural and optical properties of a-Si:H [9, 15, 16].
These properties can be studied experimentally using an array
of experiments, such as positron-annihilation lifetime (PAL)
spectroscopy [15], Rutherford backscattering spectrometry
(RBS) [16], hydrogen-effusion measurements [30, 31], and
Fourier-transform infrared spectroscopy-attenuated total re-
flections (FTIR-ATR) [32].

Table I lists the statistics of various silicon-hydrogen
bonding configurations and non-bonded hydrogens, e.g., Hy
molecules and one or two isolated H atoms, near the void,
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FIG. 11. Histograms showing the content of H atoms (in at. %) in
bonded and non-bonded hydrogens in the vicinity of voids in a-Si for
a hydrogen load of 20 H atoms/voids at 400 K and 700 K. The results
are obtained by averaging over all models.

defined by a spherical region of radius 8 A. The presence of
isolated H atoms in the network is an artifact (of simulations),
which arises from our choice of the cutoff value of 1.65 A for
Si—H bonds. It has been observed that the isolated H atoms at
700 K, listed in Table I, are at a distance of 1.66 A from the
nearest Si atom (for the GGA) and at distances of 1.67 A and
1.7 A from the neighboring Si atoms (for the LDA). The re-
sults from Table I and an analysis of the void surfaces for the
hydrogen load of 10, 20, and 30 H atoms/void show that the
surface of the voids is mostly decorated with monohydride
Si—H bonds. A few dihydride Si—-H, bonds are also spotted
for a hydrogen load of 20 and 30 H atoms/void, and a notable
amount of hydrogen can be seen to appear inside the voids
as Hy molecules, especially for hydrogen loads of 20 and 30
H atoms/voids. It is also evident from Table I that, in com-
parison with the GGA, the LDA overestimates the number of
SiH bonds but underestimates the count of H, molecules. The
presence of few SiHy bonding configurations makes it difficult
to comment on the dependence of SiH, configurations on the
XC approximation from the available data. Figure 10 shows
a three-dimensional rendering of Si—H and Si-H, bonds in
the vicinity of the void surface in M4, along with a few Hs
molecules for a hydrogen load of 30 H atoms/voids at 400 K
and 700 K.

Experimental studies using infrared measurements by Cha-
bal and Patel [33] suggest that the number density of Hy
molecules in nanometer-size voids in a-Si is of the order of
10%! cm~3. This observation is found to be consistent with the
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FIG. 12. (a) The evolution of monohydride Si—H bonds at 400 K

in the GGA and the LDA for a hydrogen load of 20 H atoms/void.
The y axis indicates the amount of hydrogen atoms (in per cent of
total H atoms) that resides in Si—H bonds. (b) The formation of Hs
molecules within a void at 400 K in the GGA for a hydrogen load
of 20 H atoms/voids. The RMS distance and its standard deviation
between two pairs of H atoms, averaged over a moving window of
width 200 fs, are shown against time.

values listed in Table I, which can be roughly translated into
3-13 x 10%! cm~3 for the GGA and 2-8 x 102 cm~3 for the
LDA at 400 K, assuming a spherical void of radius 5-8 A and
a hydrogen load of 30 H atoms/void. None of the AIMD runs
in this study showed any isolated H atoms within the voids,
except one or two at 700 K, which are statistically insignifi-
cant. As discussed earlier, a few highly mobile H atoms are
found to diffuse out of the void region due to high KE values
of these atoms. The number of such atoms are listed as Ex g
in Table I. Figure 11 summarizes the results from Table I, by
showing the number of Si-H, Si—Hs, and Hs molecules for a
hydrogen load of 20 H atoms/void at 400 K and 700 K.

Since the restructuring of void surfaces is largely character-
ized by Si—H bonds on the walls of the voids, it is instructive
to examine the formation of these bonds during the course
of simulation. Figure 12(a) shows the time evolution of the
hydrogen content of SiH bonds (in per cent of total H) for a
hydrogen load of 20 H atoms/voids in the GGA and the LDA
at 400 K. The formation of Si—H bonds begins very rapidly
within the first few picoseconds and then it gradually con-
verges by 18 ps. The LDA seems to overestimate the number
of SiH bonds by about 32%, compared with the same from the
GGA (cf. Table I). This notable difference between the LDA

30 H, 400 K, GGA (M3)

30 H, 400 K, LDA (M3)

FIG. 13. The reconstruction of a three-dimensional shape of a void
(in M3) from two sets of void-surface atoms at 400 K for a hydro-
gen load of 30 H atoms/void. The convex polyhedra obtained from
the void-surface atoms in (a) the GGA and (b) the LDA, using the
convex-hull approximation. The corresponding non-convex surfaces
using the same set of void-surface atoms are shown in (c) and (d),
respectively. Silicon-hydrogen bonds and Hz molecules are shown
in yellow-red and red-red colors, respectively.

and the GGA results indicates the need for choosing an ac-
curate XC functional and a long simulation time for studying
the microstructure of SiH and SiHs on the walls of the voids.
Likewise, the formation of H-H pairs, or Hy molecules, dur-
ing annealing is illustrated in Fig. 12(b), by plotting the evo-
lution of the RMS distance between two pairs of H atoms at
400 K in the GGA for a hydrogen load of 20 H atoms/voids in
M1. The first H, molecule, consists of (H1, H12), was formed
within the first 3 ps, whereas the second one, (HS, H13), was
formed at around 14 ps. The RMS distance between the pair
of H atoms and the corresponding standard deviation are ob-
tained by averaging over a moving time window of width 200
fs.

We conclude this section by making the following obser-
vation on the linear size and the shape of the voids obtained
from annealing and total-energy relaxations in the presence
of H atoms. While the linear size of a void can be estimated
from the radius of gyration of a set of atoms, which define the
void surface, the reconstruction of a three-dimensional shape
of a void from a finite set of atomic positions is a nontrivial
problem. A somewhat crude but simple and useful approach
is to approximate the void shape by constructing the minimal
convex polyhedron, or a convex hull, formed by the set of
void-surface atoms. The approach assumes that any restruc-
turing of the void surface — caused by the movement of the
void-surface atoms — would be reflected in the shape of the
convex hull, which is associated with the void region. How-
ever, it has been observed [34] that the actual shape of voids



TABLE II. Linear (A) and volumetric (A®) measures of the voids,
reconstructed from the convex-hull approximation. Rg, Ry, and
Vr indicate the radius of gyration, the convex-hull radius, and the
volume of the hull, respectively. S and Ny represent the sphericity
and the number of atoms on the convex hull, respectively.

H load[ XC ‘ RG ‘ RH ‘ VH ‘ S ‘ NH
400 K
10 GGA| 6392 7.162 1275.04| 0.884 41
LDA 6.517 7.205 1305.45 0.888 41
20 GGA| 6416 7.204 1295.95 0.883 41
LDA 6.566 7.218 1316.80 0.890 42
30 GGA| 6.489 7.231 1318.42| 0.885 42
LDA 6.541 7.263 1332.45 0.887 42
700 K
10 GGA| 6.192| 7.102 1242.36| 0.883 40
LDA 6.347 7.175 1287.78 0.887 41
20 GGA 6.365 7.242 1299.63 0.880 39
LDA 6.461 7.274 1323.15 0.879 39
30 GGA 6.430 7.202 1319.43 0.892 42
LDA 6.475 7.238 1317.39| 0.882 41

can be rather complex and non-convex in nature, and it may
not be represented accurately by a convex polyhedron. An ap-
proximate non-convex surface can be constructed via convo-
lution of the position of the void-surface atoms using three-
dimensional Gaussian basis functions and choosing a suit-
able value of the isosurface parameter for the atomic pseudo-
surface of Si and H atoms. The XCRYSDEN [35] package
can generate such pseudo-surfaces. A more general discus-
sion on the reconstruction of such non-convex void shapes can
be found in Refs. [11, 34].

Figure 13 shows the approximate shape of a void with a
hydrogen load of 30 H atoms/void (in model M3) obtained
from annealing at 400 K, followed by total-energy optimiza-
tion. The convex polyhedra shown in Figs. 13(a) and 13(b)
correspond to the set of void-surface atoms obtained from the
GGA and the LDA, respectively. The respective non-convex
shapes of the void, obtained via the convolution of the same
set of void-surface atoms using the Gaussian functions cen-
tered at the atomic sites, are shown in Figs. 13(c) and 13(d).
Although the polyhedra in Figs. 13(a)-(b) appear different, the
difference is not particularly noteworthy as far as the hull ra-
dius, the convex-hull volume, and the sphericity of the poly-
hedra are concerned. These values are listed in Table II. The
sphericity, S, of an object is defined as the ratio of the surface
area of a sphere, A, to that of the object, A, both having an
identical volume V. This definition leads to [36],

o As _ w3 (6V)5
A A
Here, we have used the volume and the corresponding surface
area of the convex hull of a void surface to estimate V and A,
respectively. A review of S and other values in Table II sug-

gests that the LDA marginally overestimates the volume of the
void, which is evident from the gyrational and hull radii, and
the hull volume of the voids for all hydrogen loads and tem-
peratures. This observation is also consistent with the some-
what smaller values of the MSD of H atoms (within voids) that
we have observed for the GGA calculations in Figs. 3(a)-(b).

IV. CONCLUSIONS

In this paper, we have studied ab initio dynamics of hydro-
gen atoms inside voids in a-Si with an emphasis on hydrogen
diffusion and the resulting structure of the void surfaces with
respect to a varying concentration of hydrogen at 400 K and
700 K. A comparison of the results obtained from the LDA
and the GGA reveals that the former considerably overesti-
mates the number of monohydride Si—H bonds but underesti-
mates the presence of Ho molecules inside the cavities, irre-
spective of the annealing temperature and the concentration of
hydrogen. The surfaces of the voids are found to be primarily
passivated with monohydride Si—H bonds and a few dihydride
SiHy bonds at high concentration of hydrogen. Neither the
LDA nor the GGA shows any presence of SiH3 configurations
even for a high concentration/load of 30 H atoms/void. The
number densities of the bonded and non-bonded hydrogens
observed in this study are found to be consistent with those
from the infrared and Rutherford back scattering (RBS) mea-
surements. The study reveals that the kinetics of Si—H bond
formation and dissociation during AIMD simulations can be
approximately described and understood by considering the
(translational) kinetic energy of H atoms inside the voids. Hy-
drogen atoms with KE values significantly higher than the av-
erage KE of the system at a given temperature are found to
dissociate from Si—H bonds on the surface of the voids. The
resulting isolated H atoms then diffuse through the void re-
gion to form new bonds with nearby active Si atoms within a
fraction of a picosecond in our simulations. The results also
show that a somewhat higher value of the mean-square dis-
placement of the H atoms within voids in the LDA can be
attributed to the reconstruction of the void surface through the
formation of Si—H bonds. This is also reflected in the linear
size of the voids obtained from the convex-hull approxima-
tion.
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