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Abstract

This study utilizes the fluctuations in the mean silicon-silicon near neighbour distances and local
atomic-level stresses to study the chemically-induced disorder-to-order transition in hydrogenated amor-
phous silicon as a function of hydrogen concentration C'z. The correlation between a suitable stress
and structure parameter shows a three-stage structure transition that culminates in the formation of a
crystalline phase at high C'y. In the low Cy limit, the structural changes are characterized by a linear re-
sponse to stress giving a rigidity modulus of 73.43+15 GPa. In the intermediate and high Cy limits, the
stress-structure correlation shows a volume-dependence. At very high hydrogen concentrations, a high
rigidity modulus is obtained in good agreement with the rigidity of crystalline silicon. An interpretation
of the results in terms of the constraint counting model of the continuous random network suggests that
the observed high modulus of rigidity characterizing the crystalline phase is a direct consequence of the
reduction in volume fraction due to increased hydrogen bonding.

Key Words: Amorphous silicon, atomic-level stress, defects, topological disorder, local order, strain-
fields.

1. Introduction

Amorphous silicon (a-Si) and hydrogenated amorphous silicon (a-Si:H) are important prototypes of tetra-
hedral covalent semiconductors and have drawn considerable attention because of their potentials for multiple
technological applications [1, 2]. From a theoretical viewpoint, these materials are unique for testing theoret-
ical models and validating computer experiments because of the large number of experimental studies that
have been carried out over the past few decades. However, in spite of advances in their study, the inherent
absence of long-range order [3], the preservation of short range order in the disordered topology, and the
presence of structural defects depending on the method and conditions of film preparation have made their
local structure an interesting subject of research.

In a-Si:H, topological disorder plays a significant role in determining the electronic properties [4, 5].
An obvious issue is the effect of hydrogen on the degree of disorder. The understanding of this effect is
important in optimizing thin film properties for technological applications. An experimental study using
Rahman scattering spectroscopy [6] showed that hydrogen causes a relaxation of the atomic network in
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a-Si:H. The relaxation effect was shown to be more profound on medium range order than on short range
order, and notably, relaxations in the bulk and surface regions of a-Si:H was shown to behave differently
due to their different hydrogen contents. In Reference [7], a combination of molecular dynamics simulations
and attenuated total-reflection Fourier transform infrared spectroscopy (ATR-FTIR) was used to study the
mechanism of hydrogen-induced crystallization of a-Si:H during post deposition treatment with an Ho(D3)
plasma. The study shows that crystallization is mediated by the insertion of hydrogen into strained Si-Si
bonds as it diffuses through the film.

An investigation of structural ordering and intrinsic strain in a-Si:H thin films grown by hot wire chemical
vapour deposition (HWCVD) method at different substrate temperatures using X-ray diffraction [8] and
synchrotron radiation diffraction [9] show that intrinsic strain is mainly carried by distortions in bond angles.
Further studies of the mesoscale structure [10] of a-Si:H samples prepared at different deposition temperatures
reveal structural anisotropies which suggest that the distortions in bond angles may have arisen from the
presence of dangling bond defects, most of which are hydrogen-terminated. Microstructural characteristics
and total hydrogen content derived from FTIR spectroscopy are shown to depend on deposition temperature
[11]. Nevertheless, neither the exact form of the transition from disorder to order, nor the nature of the
correlations between the local strain fields and the structural order has been well-understood. Although the
present study can be considered as a complement of all these earlier studies, it investigates the different
stages involved in the chemically induced disorder-to-order transition in hydrogenated amorphous silicon.

In order to determine the form of the disorder-to-order transition in a-Si:H, the correlations between
stress and order is investigated subject to changing concentrations of hydrogen. It is assumed that (i)
an order parameter can be defined for a given structure of a-Si; and (ii) the atomic-level stresses can be
characterized for a given structure. The dependence of (i) and (ii) on hydrogen concentration is utilized to
study the structure transition and evolution of order. The stress-order correlations are utilized to study the
elastic properties of the evolving structure. The structure of this paper is as follows. The computational
methodology is presented in section 2. The procedures for preparing the pure structures, incorporation
of hydrogen, and thermal equilibration of hydrogenated structures are also presented. The formalism for
computing atomic level stresses using the results of the structure simulations is also presented. The main
results of structure simulations and atomic stress computations are presented in section 3. The correlations
between structure and stress are discussed in section 4, and conclusions are drawn in section 5.

2. Computational Details

2.1. Interatomic potential

The theoretical basis of the tight binding (TB) approach of simulating covalent materials has been
adequately presented in References [12-15]. In this formalism, the total energy is

Bt =3 e, — Erep. (1)

The first term describes the band structure energy. This is the quantum mechanical bonding energy arising
from the overlap of atomic orbitals. The band structure energy is evaluated as a sum of the approximate
energy of all occupied electronic eigenstates. The second term is a two-body potential which accounts for
all other contributions to the total energy. This essentially represents the repulsive ion-ion interactions.

The parameterizations of Harrison [16] were used with the modifications provided in the Goodwin-
Skinner-Pettifor (GSP) model [17] to determine the TB Hamiltonian matrix elements for Si-Si interaction.
These matrix elements are determined in terms of hopping parameters as

n@)omo@ b @
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In this case, H5"=%%(1) are the hopping coefficients at equilibrium Si-Si bond length ro, and n is the hopping
exponent. The repulsive interaction term has a similar form

()= (@) e [(2) ()T} ®

The pair potential exponent m, and other parameters retain the earlier GSP form. This form of repulsive
potential is known to correctly reproduce the binding energy curves of various phases of silicon obtained
from first principles calculations. An important characteristic of the GSP model is that the total repulsive
potential between interacting species is a nonlinear function of the sum of the repulsive pair potentials
between the reference atom and its neighbours:

Erep = Z FY o(rj—ri) ], (4)

6,7

where ¢(r; — r;) is the repulsive pair potential between atoms ¢ and j, and retains the GSP scaling form.
F is a polynomial used in fitting the hopping coefficient to ensure that the interatomic interactions are
short-ranged and therefore preserve the bond lengths.

In a-Si:H, there are three types of ionic interactions. These are Si-Si, Si-H and H-H interactions. Li
and Biswas (LB) [18] have showed that the total repulsive potential is no longer a nonlinear function of
the sum of pair potentials when Si-H interactions are included. In fact it is no longer clear how much of
the Si-H and H-H potentials are to be included in the operand of equation (4), and depends largely on the
partitioning of the pair potentials between individual atomic species. In Reference [18] the Si-H potential
has been partitioned into two parts: (i) a fraction ¢ of the Si-H interatomic potential is added directly to
the Si-Si repulsive potential, and (ii) the remaining fraction (1-c) is classified as belonging to H atoms so
that the total repulsive potential is

H Si

Prp = 3 F || 32 0750y =) | e 3 0" Mlru—r)| + (1= 3 306" —r (9)

1,574 i,k#i

The first term in equation (5) is the modified Si-Si repulsive interaction. In this case, ¢ and j represent
near neighbour silicon atoms and k denotes hydrogen atoms. The GSP model defines only the difference
between the Si self-energies E; and E,, and not their absolute values. This important feature allows us
to systematically partition the contributions to the total repulsive potential since it is no longer a linear
function of the Si-Si interaction.

In order to introduce hydrogen TB parameters, some energy reference has to be chosen to preserve some
well-known properties of the Si-H system. In this work, this energy reference is chosen such that: (1) If ¢
= 0, the difference in Si self energy AFE,, is 8.295 eV and, (2) If ¢ > 0, the equilibrium Si-H bond length is
1.475 A with a Si-H binding energy of 3.33 eV, in agreement with the experimental binding energy (3.35eV)
reported in Reference [19]. The H atom has one s orbital, so that the three TB parameters consisting of the
orbital energy Fg, and the magnitude of the two overlap integrals at the Si-H bond length are determined
by adjusting the parameter ¢ of the LB functional to preserve the energies of the two occupied molecular
orbitals af =-18.20 eV and t;’ =-12.70 eV, and the symmetric bond bending vibrational frequency of 976
cm ™! of the silane molecule. The resulting TB parameters for Si-H interaction are consistent with those of
Kim et al. [19], with the exception of ¢3*=%¢(1), which is obtained as 3.4581 eV, in agreement with the TB
parameters of Si-Si interaction of the GSP model. A summary of the TB parameters used in this study is
presented in Table 1. The choice of the LB functional for the total interatomic potential conveniently allows
for a scaling of the total energy to satisfy bonding requirement in a-Si:H through the adjustable parameter
c. For instance, the choice ¢ = 0 is equivalent to the GSP model where there is only Si-Si interaction.
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Table 1. Summary of TB parameters used in molecular dynamics simulations.

TB parameters | Units | Si — Si | Si-H
Hsso (1) eV -1.82 | -3.535
Hspo (1) eV 1.96 5.088
Hppo (1) eV 3.06
Hppr (1) eV -0.87

ro A 2.35 | 1.48

Te 3.67 2.19

n 2 1.972

. 6.48 13.27

m 4.54 2.255

me 6.48 13.27

#(1) eV 3.5481 3.01
E; (Silicon) eV -13.08
E, (Silicon) eV -4.785
E; (Hydrogen) -8.335

c 0.0 0.12

The total number of valence electrons is set to 4xNg; + 1x Ny and the occupied eigenstates and the
corresponding eigenvectors are obtained by direct diagonalization of the tight binding (TB) Hamiltonian
matrix, with appropriate corrections for double counting, in line with Pauli principles. The total energy is
evaluated during the MD cycle as the sum of the band structure energy and the total repulsive energy. The
total energy and forces are evaluated at every MD step of the simulation to search for suitable global energy
minimum before properties of the system were computed.

2.2. Structure simulations

The simulation starts with an initial cell of 1728 silicon atoms placed in a perfectly ordered diamond
lattice at 300 K. The size of the MD cell is set to 104 x 104 x 10a, where & = 5.429 A is the lattice
parameter of silicon. This choice sets the density to 2.33 gem ™2, which corresponds to the experimental
value of ¢-Si [20]. The initial cell is heated to 3000 K in a constant temperature (NVT) simulation in the
canonical ensemble scheme, where the velocity and kinetic energy of ionic motion are constantly rescaled to
the simulation temperature. The resulting Newton’s equations of motion are integrated using the velocity
form of the Verlet algorithm [21] with a time step At =1 fs. The hot melt is equilibrated for 2 ps over 2000
MD time steps over which a structure with the minimum total energy is obtained. The resulting structure
is then quenched from 3000 K to 300 K at the rate of 2.7x10'" K/sec over 10 ps. It is then annealed to
a temperature of 1500 K over a time of 1ps to ensure that the resulting a-Si structure loses memory of its
crystallinity before cooling down to 300 K. The total energy of the resulting a-Si is minimized over 50000
MD time steps and the structure is equilibrated at 300 K, until a stable structure is obtained. For this
structure, changes in total energy are less than 6.21x1072 meV.

Using the resulting atomic coordinates of the equilibrated pure structure, hydrogen is selectively incor-
porated into the network using the technique of Reference [22]. The number of hydrogen Ny is set to 52,
86, 138, 173, 225, 259, 311, 346, 397 and 432 in each case, and the corresponding number of silicon atoms
Ng; is correspondingly reduced to 1676, 1642, 1590, 1555, 1503, 1469, 1417, 1382, 1331 and 1296. These
correspond to a-Si:H with percentage atomic hydrogen concentration of 3%, 5%, 8%, 10%, 13%, 15%, 18%,
20%, 23% and 25% respectively. As a result of the small activation energy of hydrogen migration in pure a-Si
relative to the strength of the Si-H bond [23, 24], the hydrogenated structure is neither heated nor cooled,
rather, a suitable algorithm is used to relax the hydrogenated structure at 300 K. Finite energy (NVE)
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MD simulation is performed within the microcanonical ensemble scheme to minimize the total energy at
constant volume and particle number of the hydrogenated structures over 150000 time steps in search for
global energy minimum. These structures are stable at 300 K, with variations in total energy less than 0.04
meV compared to the thermal energy of 38.76 meV. These levels of hydrogen are consistent with typical
a-Si:H films [25, 26].

2.3. Atomic-level stresses

The content of this section is closely followed by Kelires’s paper [27]. In a macroscopically rigid body
under no external forces, the local stress is considered to arise from local incompatibilities, which are present
in disordered networks of amorphous silicon and in any network with non-equivalent atoms. For instance,
if an atom does not fit ideally into the environment where it is placed, atomic-level stresses will result.
Following arguments analogous to those used in the derivation of the Hellmann-Feynman force theorem
[28], Nielsen and Martin [29, 30] showed that the total macroscopic stress can be expressed as a sum of
the expectation values of certain operators defined at individual atoms, so that if the Hamiltonian (without
including external perturbations) is given by

P2
H= Z g+ Vint: (6)

where P; is the momentum operator, m; is the mass of the i-th atom and Vj,; is the interaction between the
atoms in the system. The total stress is then given by
¢>, (7)

oP = Z <w r
K3
where o and 3 are the Cartesian coordinates. In this case, r; ) and Pia(ﬁ ) are the a(f) components of the
position and momentum of the i—th atom, respectively, and 1) is the exact eigenfunction of the Hamiltonian.
Nielsen and Martin defined a local strain field in a system of atoms o®?(7), such that [ 0®?()d (7) over the
supercell volume is equal to the total stress given by equation (7). This stress field is defined at each point
in space on the nuclei and the electrons, and is considered as the expectation value of the linear term in the
expansion of the Hamiltonian with respect to an infinitesimal virtual strain 7.

Bd‘/;"t _ PiaPiB

todrd m;

However, in order to study the local atomic structure of amorphous silicon, it is more convenient to
define the stress averaged over an appropriate atomic volume. Following Reference [27], the atomic-level
stress tensor associated with any atom ¢, located at position r; inside the simulation box is defined as

50 = o [ 0@ ®)

where the integral extends over the atomic volume. The total stress given in equation (7) is then

o = Z Q0 (i). (9)

In practice, the evaluation of atomic-level stress tensors depends on the method of calculating the total energy
of the system. In this study, the tight binding approach is used to compute total energy and forces, however,
methods based on either the density functional theory, embedded atom method or pair potentials can also
be used. The atomic coordinates, forces and velocities obtained from the TBMD simulations are used as
input parameters in the atomic-level stress tensor computation. The block diagram of the computational
procedures is presented in Figure 1. These tensors are computed using the approach outlined by Egami et
al. [31]. We assume that the interatomic potential is a smooth function of inter-atomic separation r;;, and
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write the stress-tensor as

. 1
P (i) = —a ls Z Fgrfj + mivf‘vf , (10)

J

where F;; is the force on atom idue to atom j,m; is the mass of atom 7 and wv; is the velocity of atom
i. Therefore for any atom i in the simulation box, 0®?(i) becomes a non-local property of the state of
the material in the neighbourhood of that atom because the interatomic potential has a finite range. The
atomic-level stresses are treated as local responses of the atomic system to infinitesimal virtual strains e*?
due to the forces F}; at atomic sites. A map of 0P (i) in space can provide information on the size of a defect
site, local structure modifications due to these defect and site symmetries in a given disordered topology of
a-Si:H.

Generate
a-S
coordinates from
¢-Si using TBMD
simulations

Compute atomic-
level stressina

/1 Siat0%H

Compute pair
correlation function,
a(r)

Compute atomic-
level stressin
hydrogenated

structures

Selectively incorporate
hydrogen using static
methods.

Figure 1. Block diagram of computer implementation procedures.

3. Results

The evolution of the equilibrated structures is presented in terms of the Si-Si pair correlation function
in Figure 2 as a function of hydrogen concentration, Cg. From Figure 2, the minimum first near-neighbour
correlation distance is 2.14A at all levels of hydrogen. Within a 5.0 A correlation distance, only the first
and second neighbour coordination peaks are observed at low C'y. The low Cpy limit is characterized by a
complete disappearance of the third coordination peak. There is a splitting of the second coordination peak
to form a shoulder on the second peak at 4.50 A when Cp is increased from 8% to 10%. This shoulder
gradually evolves into the third peak as Cpy is increased from 10% to 18%. This evolution is complete at
20% H when the third peak is centred at 4.45 A. Further increase in C'y from 20% to 25% does not change
the peak characteristics. In the low Cg limit, there is only one broad peak centred at about 6.75 A beyond
a correlation distance of 5.0 A. At intermediate concentrations (10-18%), the broad peak evolves into four
distinct peaks with centres at 5.0 A, 5.9 A, 6.8 A and 7.6A respectively. As Cp increases further from
18% to 20%, the number of coordination peaks appearing in this long range limits increases to six. Two
additional peaks appear as a result of the splitting of each of 5.9 A and 6.8 A peaks. Neither the number of
coordination peaks appearing in this long-range correlation distance nor their mean positions are changed
when Cpg is further increased from 20%-25%, however, the height and intensity of the peaks are constantly
increased as Cpy increases.
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Figure 2. Si-Si pair correlation function, ¢g(r) showing the structure evolution with hydrogen concentration Cp.

The pair correlation function of c-Si exhibits peaks that correspond to a sequence of coordination shells
that is characteristic of the presence of short and long range order. A detailed structural analysis of the pair
correlation function for different structures clearly shows a transformation of the amorphous structure to a
crystalline structure at higher Cy. A suitable parameter is required to estimate the degree of order with
changing Cy. Assuming that the coordination peaks can be represented by a normal probability distribution,
the full width at half maximum (FWHM) of the distribution could serve as a good measure of the evolving
order because it measures of the deviations from the mean peak position of the distribution. A Gaussian fit
to the coordination peaks, show that mean peak positions decrease from 2.42 A to 2.35 A as the structure
relaxes. Figure 3 shows the variations in the FWHM of the first coordination peak with Cy. The FWHM
drops rapidly as Cy increases from 0-15%. The decrease is slow as Cy increases from 15-20%, and remains

unchanged up to 25%.
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Figure 3. The correlation of the FWHM of first coordination peak with percentage hydrogen concentration Cp.

It is quite important to study how many atoms surround a given Si atom in the simulated structures
as the structure relaxes towards crystallization. This is given by the coordination number, z. From ¢(r), a
preliminary coordination number can be obtained by integrating over a specified interval (r-dr, r+dr) around
pronounced peaks

z= /47rr2p(7")dr. (11)

The integration of the maximum yields the coordination number. The area under the near-neighbour coor-
dination peak is approximately equal to 471?p(r), where p(r) is the atomic density within a spherical volume
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of radius r, and dr is the width of the Gaussian peak. The variations in the mean number of first and
second nearest neighbours with changing levels of hydrogen are presented in Figure 4. The average numbers
of first and second nearest neighbours decreases slowly toward their value in ¢-Si as hydrogen concentration
increases steadily to 25%.

S P\f\*}\*\f\;
[e]
115¢

wole—3 5 5 5 &

1.0 35 8.0 125 170 215 26.0
Hydrogen concentration (%)

Figure 4. First nearest neighbours (open symbols) z1, and second nearest neighbours (solid symbol) z2 as a function

of hydrogen content.

The random distribution of atomic sites in a-Si:H necessitates a statistical treatment of the atomic-level
stresses. The snapshot of atomic-level stress in the simulated structures is presented in Figure 5. The
histograms show a decreasing mean stress as Cy increases. The root mean square (RMS) stress is used as
a measure of the spread in the stress at different sites. Figure 6 shows the dependence of RMS stress on
Cpy. Similar to the dependence of the FWHM on Cp, the dependence of the RMS stress on Cg, shown in
Figure 6 is clearly non-linear. In contrast with the FWHM, at high hydrogen concentrations, there are small
changes in the spread of the stress even though there are no appreciable structural changes. In Table 2, the
total stress and the RMS stress are also shown to decrease with increasing hydrogen content.

Table 2. Statistical analysis of stress parameters showing a decrease in bulk stress with increasing hydrogen content.

Cpy | Stress range | Mean stress | Total stress | Mean square | RMS stress
(%) (KPa) (KPa) (MPa) stress (KPa)? (KPa)
0 16.30 0.502 0.860 9.031 3.005
3 13.3 0.149 0.707 5.377 2.319
5 12.00 0.149 0.258 2.559 1.612
8 11.2 0.137 0.236 1.728 1.315
10 10.50 0.103 0.178 1.278 1.130
13 7.5 0.002 2.61 x 1072 0.337 0.581
15 2.52 2.71x10~* | 4.63 x 1074 0.1261 0.356
18 1.82 4.63 x10~* | 8.00 x 1074 0.077 0.277
20 0.55 4.63 x10~* | 8.00 x10~* 0.0057 0.076
23 0.52 4.63 x10~* | 8.00 x10~* 0.0054 0.073
25 0.52 4.63 x10~* | 8.00 x10~* 0.0052 0.0721

Figure 7 shows the correlations between local contributions to stress and structural order. The plot
of RMS stress as a function of the FWHM on a log-log scale clearly reveals a three-stage disorder-to-order
transition. At the low C'y limit (stage 1), a one-to-one correlation exists between stress and structural order.
This suggests a linear elastic response of the structure to stress in line with Hooke’s law. From Figure 7, the

324



UKPONG

Young’s modulus for the three transition stages give Y (1) = 73.43+£15 GPa, Y (2) = 36.72+2.86 GPa and
Y (3) = 158 £ 20 GPa. Within error bounds, the calculated value of Y (1) agrees very well with the value of
80 + 20 GPa [32]. At the high Cy limit (stage 3), the large slope is indicates that the structure sensitivity to
stress is non-linear. The decrease in stress from stage 1 to stage 2 with increasing hydrogen is clear evidence

of some local structure rearrangements. These rearrangements are characterized by a decrease in stress and
the onset of local structure ordering. In stage 2, where C'y increases from 10% to 20%, the stress-structure
correlation obeys a power law, varying linearly with the cubic power of the FWHM. The slope of 3.0 for

stage 2 is clear evidence of a volume dependence of the stress.
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Figure 5. Snapshots of the atomic-level stresses in hydrogenated amorphous silicon network averaged over config-
urations with (a) 0% H (b) 5% H (c) 10% H (d) 15% H (e) 20% H and (f) 25% H to show stress relaxation by

progressive incorporation of hydrogen.
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Figure 6. Dependence of root mean square (RMS) stress in hydrogenated amorphous silicon with hydrogen concen-
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Figure 7. Evolution of the correlation between the root mean square stress (logigo) with the full width at half

maximum (logio(FWHM)) showing a three-stage structure transition.

4. Discussion

Although the reliability of the quantum-mechanical description of bonding in a-Si:H is undisputed, it is
still useful to provide an approximate scheme for identifying and characterizing the bonding environment in
a-Si:H. To this end, a TBMD simulation has been performed to study the formation of typical a-Si:H net-
works, and to study the local contributions to stress and the network rearrangements induced by progressive
incorporation of hydrogen. At a cutoff distance of 2.80 A, the repulsive term in the interatomic potential
dominates the Si-Si interaction, giving rise to unphysical results. The pair correlation functions discussed
here was computed using a cutoff of 3.50 A.

The pair correlation function g(r) is a good measure of the probability of finding atoms within a given
radial distance r from a reference silicon atom. From the shapes of g(r), a perfectly ordered structure is
characterized by well-defined, sharp, narrow and well-separated peaks with all coordination peaks having a
zero background. Conversely, a disordered structure is characterized by broad peaks, with unequal and non-
zero background. The pair correlation function averaged over 11 configurations is confined to a radial distance
of 8.0 A. From the profiles of Figure 2, the networks become more ordered as hydrogen is incorporated
progressively. The analysis of the simulated structures in terms of Gaussian fits to pronounced coordination
peaks using Microcal Origin v5.0 gives the integral area, peak centre, Gaussian width, offset or background
correction, Gaussian peak height, and full width at half maximum (FWHM).
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When compared with the c-Si pair correlation function averaged over an 8 A radius, the number of
evolving coordination peaks increases steadily from three to nine as Cy increases from 0-25%. In terms of
the Gauss fit parameters, the centre of a given peak corresponds to the mean nearest neighbour distance
and the area of the peak is an approximate measure of the number of nearest neighbours available within a
given radial distance from a reference atom. The Gaussian width gives a measure of the fluctuations in the
mean nearest neighbour distances. The FWHM of a given coordination peak is a measure of the average
fluctuation in the mean nearest neighbour distance at half maximum pair correlation. The FWHM is a
good measure of order since well-separated and narrow peaks have very small Gaussian widths. A small
FWHM reflects small deviations in the mean positions of nearest neighbours and shows that the structure
is ordered, and vice versa. Although the mean peak positions are observed to decrease with increasing
hydrogen concentration, the use of the FWHM as a measure of order eliminates the errors associated with
utilizing the absolute values of the peak positions as an order parameter.

The formation of second and third nearest neighbours with increasing C'y is also an indication of struc-
tural changes that result in ordering. A measure of the probability of formation of nearest neighbours is
obtained from the intensities of a given coordination peak in g(r). The effect of hydrogen on the struc-
ture is clearly seen in terms of the increases in the Gaussian intensity of a given peak after progressive
hydrogenation relative to the hydrogen-free structure. Table 3 shows the Gaussian fitting parameters of the
pronounced peaks in g(r) with changing Cy. It is found that as Cy is increased, the average position of
the centre of the first two coordination peaks decreases towards the equivalent values in c-Si. From Table
3, the Gaussian intensities of the first and second peaks increase steadily, however, the width of these peaks
decreases steadily with increasing Cp.

Table 3. Gauss fit parameters of the first and second pronounced peaks in g(r): Effects of hydrogen content Cg .

Hydrogen | First coordination peak | Second coordination peak
content (%)
Area | Center | Width | Area | Center | Width
@) | @ | @ | @y | A | @
0 1.039 | 2.4623 | 0.5917 | 1.5044 | 4.2234 | 0.8703
3 1.165 | 2.4221 | 0.4718 | 1.7261 | 4.1420 | 0.8471
5 1.212 | 2.3816 | 0.4507 | 1.9299 | 4.0741 | 0.81611
8 1.512 | 2.3766 | 0.4271 | 1.9533 | 4.0328 | 0.77426
10 1.564 | 2.3691 | 0.4177 | 1.9863 | 4.0207 | 0.7556
13 1.577 | 2.3649 | 0.3136 | 2.2101 | 3.9238 | 0.73136
15 2.108 | 2.3617 | 0.2596 | 2.1952 | 3.8583 | 0.67695
18 2.685 | 2.3585 | 0.2057 | 2.3064 | 3.8497 | 0.62057
20 2.751 | 2.3546 | 0.1978 | 2.7274 | 3.8349 | 0.45652
23 2.751 | 2.3546 | 0.1978 | 2.7274 | 3.8349 | 0.45652
25 2.751 | 2.3546 | 0.1978 | 2.7274 | 3.8349 | 0.45652

The parameters that characterize short range order are extracted from the computed pair correlation
functions g(r). These are the average fluctuations in the mean first-, second-, and third nearest neighbour
distances 11, ro and 73, the first and second neighbour coordination number z; and zo, and the average
triplet correlation angle 6, (6 is the angle between a central silicon atom and its two nearest neighbours). In
terms of these parameters, perfect short range order is characterized by a mean first and second neighbour
distances of 2.35 A and 3.85 A with corresponding coordination numbers of 4.0 and 12.0, and a triplet atom
correlation angle, 6 corresponding to the tetrahedral angle of 108.28°. Figure 4 shows the deviation of z;
and zo from the c-Si values as a function of Cy. These deviations towards the limiting values in c-Si give
an estimate of order in the evolving structures. The preservation of local short range order and evolution of
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first and second near neighbour bonding geometries provide ancillary evidence that a decreasing RMS stress
leads to a corresponding increase in structural order.

Taken together, the observed changes in FWHM in Figure 3 and average first and second neighbour
distances in Figure 4 cannot occur without affecting the local structure, at least at correlation distances
longer than 4.5 A. The evolution of long-range order is characterized by the appearance of third, fourth and
higher coordination peaks, which is attributable to hydrogen induced crystallization of a-Si:H. The number
of first Si-Si near neighbours computed using Equation. (11), and its dependence on hydrogen concentration
(Figure 4) agrees excellently with the estimates in Reference [33] for a Si-H system. A similar behaviour is
obtained for Ge-H systems studied experimentally using extended X-ray absorption fine structure [34]. In
this study, we assume that the average first nearest neighbour coordination Z; is modelled as,

Cy

Zy =4 ——H
! 100— Cy’

(12)
where C'p is in percent (%). This estimate assumes that the number of dangling bonds is negligible in the
network compared with the number of Si-H bonds. This is true due to the role of hydrogen in passivating
dangling bonds. If the Si-H bonds do not contribute to structural rigidity in a-Si:H, the Young’s modulus
should decrease as Z; decreases, because a decreasing Z; implies that less number of Si atoms are intercon-
nected. Assuming that the local network structure of a-Si:H can be modelled in terms of the continuous
random network (CRN) of silicon atoms [35], with hydrogen acting as a substitutional impurity, then the
Young’s modulus of a-Si:H can be evaluated in terms of the constraint-counting model (CCM) of the CRN
[36-38]. In Refs. [39, 40], elastic properties of covalent glasses has been evaluated as a function of the first
nearest neighbour coordination number Z; as,

Z1—7‘0>1'5 (13)

Y=Yc—sz'(4_ro

where Y,_g; is the Young’s modulus of crystalline silicon and rq = 2.4 is the percolation threshold, beyond
which the network becomes floppy. From equation (12), a decreasing Z; corresponds with an increasing Cy,
for which the CCM predicts a uniform decrease in Young’s modulus as Cp increases.

The usefulness of atomic-level stresses in characterizing the local structure of amorphous solids has been
summarized by Vitek and Egami [41]. From Figure 5, a decreasing mean stress and mean square stress with
increasing Cp is in direct agreement with the experimental observations in Reference [42], where a uniform
decrease in the intrinsic compressive stress in samples of a-Si:H is observed to correspond with increasing
hydrogen concentration. In Figure 6, the exponential dependence of the mean square stress on Cy alludes to
a decreasing mean stress with increasing C'y. A similar dependence in FWHM suggests that there may be a
one-to-one correspondence between structure and stress. This is confirmed in regions (1) and (2) of Figure
7, where the observed decrease in Y agrees well with the CCM. The disagreement of the Young modulus
with the CCM in region (3) is clear evidence that the stress states is non-uniform in a-Si:H. The high value
of Y'(3) is indicative of the crystallinity observed in that region. This is consistent with the role hydrogen
plays in increasing the packing fraction as more hydrogen is incorporated into the CRN.

5. Conclusion

A tight binding molecular dynamics simulation has been performed to study the local strain fields and
evolution of structural order in hydrogenated amorphous silicon. The results show that increasing the
hydrogen content causes a corresponding decrease in the mean square stress, and leads to the relaxation of
the amorphous silicon network towards crystallization in general agreement with experimental observations.
The correlation between the order parameter and the stress parameter shows a three-stage disorder-to-order
structure transition, with hydrogen playing a dominant role. The linear response of the structure to stress
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implies that Hooke’s law is satisfied in a-Si:H at low C'y limit. This suggests that the atomic-forces giving
rise to the atomic-stresses arise from harmonic potentials. At intermediate hydrogen concentrations, the
volume dependence of the stress is clear evidence of the increase in packing fraction, and perhaps a change
in macroscopic density. At the upper limit of Cpy, the insensitivity of the structure to stress gives rise
to very high rigidity modulus, which suggests that extra hydrogen goes into relieving the bond strain and
contributes to network rigidity contrary to the assumptions of the constraint counting model.
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