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Computer simulation of the influence of hydrogen on stress–order correlations
in amorphous silicon

Aniekan Magnus Ukpongab*
aDST/NRF Centre of Excellence in Strong Materials, University of the Witwatersrand, Johannesburg, South Africa; bDepartment of
Physics, University of Cape Town, Cape Town, South Africa

(Received 24 September 2008; final version received 5 November 2008 )

This paper reports the computational simulation of the correlations between atomic-level stress and local structure
fluctuations in a computational model of amorphous silicon. A single parameter has been identified, which uniquely
characterises the structural order in these structures. This parameter is the linear combination of the SDs of the first and
second nearest neighbour separations. The stress fluctuations, under progressive hydrogen incorporation, show two clear
dependences on this parameter, and therefore on the structural order. This dual dependency clearly alludes to structural
network configurations that contain low and high hydrogen concentrations. The implications of the results on the local
geometry of tetrahedrally bonded amorphous solids are discussed.
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1. Introduction

There is a well-developed framework for interpreting the

structure of regular crystalline solids [1]. By contrast,

much less is understood about the local structure in

amorphous materials, although nature exhibits disorder on

different length scales. It is not unusual to ask: to what

extent can the degree of structural order or disorder, which

is present in an amorphous system, be quantified? In other

words, to what extent is it possible to develop sensitive

numerical parameters that can be used to detect the

presence of order in a given amorphous system? Central to

the idea of describing disorder in an amorphous material

is the need for an understanding of the relative placement

of the different phases of the given material in a relevant

order parameter space [2].

It is clear, by virtue of their definitions, that an

amorphous tetrahedrally bonded structure will exhibit no

positional or orientational order, while an ordered system

will exhibit both translational [3] and orientational orders

[4]. The choice of a suitable order parameter is significant

in molecular simulations aimed at identifying different

phases of a material, mapping out coexistence curves

and monitoring the evolution of order in a system, during

phase transitions. The characterisation of the whole

distribution of silicon networks that lies between the

relatively more relaxed and ordered silicon networks, and

the highly stressed and disordered networks, obtained

in hydrogenated amorphous silicon at high and low

hydrogen concentrations [5] respectively, represents a

long-standing challenge. An intuitively simple, yet general,

formalism to describe the degree of order in the material

between these two limiting cases of structural order is still

missing. To address this, it is necessary to reduce the large

number of physical parameters required to characterise the

dynamic order in the system to a relatively small set of

numerical parameters, which represents the overall

structural order in the system. However, although

remarkable progress has been made in this regard in

crystalline materials [6,7], the use of order parameters to

create ordering phase diagrams in tetrahedrally bonded

structures is still in its infancy.

The use of the continuous random network (CRN)

model [8] to describe the local network structure of a-Si

was originally proposed by Polk [9,10]. This approxi-

mation is based on strained Si–Si bonds, all of which are

fourfold coordinated. However, unlike the CRN approxi-

mation, the actual a-Si:H structure contains a significant

fraction of broken or dangling bonds, most of which are

stabilised by hydrogen termination [11]. The breaking of

overstrained bonds can be seen as allowing the structure

to relax, therefore improving the short-range order of the

structure, whereas their termination with hydrogen

prevents the formation of a perfectly ordered crystalline

structure. There should therefore be a correlation, if not an

interdependence, between the order in the structure, the

stress in the network and the concentration of hydrogen in

the material. However, it is still not clear how the structural

network modifications and the resulting structural order

evolves under the influence of stress in a-Si:H. In this

paper, the concept of configurational landscapes [12]
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is therefore used to investigate these relationships, at a

fundamental level, by investigating simulated structures.

2. Computational methods

2.1 Structure set-up

The calculations of the total energy and forces were based

on the tight-binding (TB) method, of simulating covalent

materials [13] within the molecular dynamics framework

[14]. The parameterisations of Harrison [15] were used,

with the modifications provided in the Goodwin–

Skinner–Pettifor (GSP) model [16], to determine the TB

Hamiltonian matrix elements, the Si–Si inter-atomic

potential and the total repulsive energy. The resulting

fitted TB parameters are consistent with those of Kim et al.

[17] for the Si–Si inter-atomic potential, except that

fSi–Sið1Þ ¼ 3:4581 eV, and the difference in Si self-

energy DEsp was obtained as 8.295 eV at the equilibrium

bond length of 2.36 Å.

The total repulsive energy obtained within the GSP

model is no longer a nonlinear functional of the sum of

pair potentials, when hydrogen is incorporated into the

distorted silicon network to create a-Si:H. In fact, it is no

longer clear what percentage of the Si–H and H–H inter-

atomic potentials are to be included in the total repulsive

energy functional. The fractions to be used depend largely

on the partitioning of the pair potentials between

individual atomic species. It has been shown in [18] that

the total repulsive energy for a system of interacting Si–H

atoms can be partitioned into two parts: (i) a fraction of the

Si–H repulsive potential c is included in the Si–Si

repulsive energy functional and (ii) the remaining fraction

(1 2 c), which is treated independently, so that the total

repulsive energy is

Erep ¼
X
i

F
X
i; j–i

fSi–Siðrj2 riÞ

 !
þ c
X
i;k–i

fSi–Hðrk2 riÞ

" #

þð12 cÞ
XH

k

XSi

i

fSi–Hðrk2 riÞ: ð1Þ

The first term in Equation (1) is the modified Si–Si

repulsive interaction. In this case, i and j represent near-

neighbour silicon atoms and k denotes hydrogen atoms.

The GSP model defines only the difference between the Si

self-energies, Es and Ep, and not their absolute values. This

important feature of the GSP model allows for the

systematic partitioning of contributions to the total

repulsive potential, since it is no longer a linear function

of the Si–Si interaction.

In order to introduce the hydrogen TB parameters,

some energy reference has to be chosen to preserve some

well-known properties of the Si–H system. This reference

is chosen in this work such that (i) if c ¼ 0, the difference

in Si self-energy DEsp is 8.295 eV, and (ii) if c . 0, the

equilibrium Si–H bond length is 1.475 Å with a Si–H

binding energy of 3.53 eV. This value of the binding

energy agrees well with the experimental binding energy

of ,3 eV [19]. Since the H atom has only one s orbital,

only three TB parameters are required for the electronic

structure calculation. These three parameters are the

orbital energy 1s and the magnitudes of the two overlap

integrals HSiH
sss and HSiH

sps between Si and H. These overlap

integrals were determined at the equilibrium Si–H bond

length, by adjusting the c parameter of the LB functional to

preserve the energies of the two occupied molecular

orbitals aþ1 ¼ 218:20 eV and tþ2 ¼ 212:70 eV, and the

symmetric bond-bending vibrational wave number of

976 cm21 [20] of the silane molecule. The resulting TB

parameters for the Si–H interactions are also consistent

with those of Kim et al. [17]. The cut-off distances for the

Si–Si and Si–H interactions are set to 3.50 and 2.00 Å,

respectively, to ensure that the matrix elements of the TB

Hamiltonian are not truncated too quickly. This allows for

structural relaxations and changes in the local bonding

environment to be preserved, even for very high

concentrations of hydrogen. At low hydrogen concen-

tration where the H–H interaction was ignored, the

c-parameter was set to 0.12. However, at hydrogen

concentrations above 15% where the H–H interaction is

allowed, c was set to 0.27. The resulting TB parameters are

listed in Table 1.

The atoms in the simulation box were initially placed

on the tetrahedral sites of the diamond structure.

The dimensions of the supercell was set to 6ao, where

ao ¼ 5.43 Å is the equilibrium lattice parameter of

crystalline silicon. This lattice parameter was chosen in

order to set the density to 2.33 gcm23, to mimic a 1728-

atom supercell of crystalline silicon at the same density.

Assuming a pseudo-Maxwellian distribution of speeds,

Table 1. The TB parameters of the Si–H system used in the
simulations.

TB parameters H–H Si–Si Si–H

Hsss (1) 27.59 21.82 23.54
Hsps (1) 1.96 5.09
Hpps (1) 3.06
Hppp (1) 20.87
r0 0.74 2.35 1.48
rc 1.60 3.67 2.19
n 2.18 2.00 1.97
nc 14.00 6.48 13.27
m 4.22 4.54 2.26
mc 14.00 6.48 13.27

f (1) 3.50 3.46 3.01
1s 213.10 28.34
1p 24.80
c 0.27 0.00 0.12
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as a function of temperature, a random number generator

was used to assign initial random positions and random

speeds to the Si atoms in the supercell, subject to a

maximum displacement from their equilibrium positions

of 0.02 Å. The supercell was heated to 3000 K in the

canonical ensemble scheme where the velocity and kinetic

energy of ionic motion are constantly rescaled to the

simulation temperature. Rescaling, in this case, implies

that the temperature is ramped up or down, with increasing

simulation time for heating and cooling, respectively. In the

NVT simulation, the volume of the supercell (6ao)
3 is

chosen, at the start of the simulation, by fixing the length

of the cubic simulation box l, which remains unchanged

throughout the simulation. From the velocity rescaling, a

wide range of thermal energies was allowed during the

initial process of heating. As the simulation time increases,

the temperature of the supercell also increases, until the

structure melts, without a change in the volume of the

simulation box. The resulting Newton’s equations of

motion were integrated using the velocity form of the

Verlet algorithm, with a time step Dt ¼ 1 fs. All

interactions for the near-neighbour separations beyond

3.50 Å were cut-off.

The l-Si structures were first equilibrated at 3000 K for

2 ps over 2000 MD time steps; amorphous silicon

networks (a-Si) were then obtained, by quenching the

hot silicon melt, from 3000 to 300 K. In order to reduce the

number of defects, and to ensure that the a-Si structure

loses all memory of the crystallinity of the starting

structure, the resulting structures were annealed to a

temperature of 1500 K over 1 ps in each case. Finally, the

annealed structures were cooled down to 300 K, at a

constant quenching rate of 1.5 £ 1015 K/s. The total

energy of the resulting a-Si structures were minimised

over 5000 MD time steps, leading to thermodynamically

stable structures at 300 K. The a-Si networks were

assumed to relax fully, when the change in total energy

was less than 6.21 meV, in each case.

Using the resulting atomic coordinates of the simulated

a-Si structure, hydrogen was selectively incorporated into

the network at three- and fivefold sites using the static

algorithm of [21], to obtain hydrogenated amorphous

silicon (a-Si:H). For the simulations reported here, the

number of hydrogen atoms NH was set to 52, 86, 138, 173,

225, 259, 311, 346, 397 and 432 in each case, and the

corresponding number of silicon atoms NSi was reduced

to 1676, 1642, 1590, 1555, 1503, 1469, 1417, 1382, 1331

and 1296, respectively. These ensure that the resulting

structures correspond to a-Si:H with the percentages of

atomic hydrogen concentration of 3, 5, 8, 10, 13, 15, 18,

20, 23, and 25, respectively. The mass of H is lower

than that of Si; therefore, the resulting mass density

of the hydrogenated structures is correspondingly lower

as the hydrogen concentration increases, just as in

real a-Si:H.

2.2 Atomic-level stress

In a body under no external forces, the total stress is

considered to arise from local incompatibilities that are

present in the disordered networks of amorphous silicon

and in any network with non-equivalent atoms. If an atom,

for instance, does not fit ideally into the environment

where it is placed, atomic-level stresses will result. Nielsen

and Martin [22,23] had 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

H ¼
X
i

p2
i

2mi

þ V int; ð2Þ

where pi is the momentum operator, mi is the mass of the

ith atom and Vint is the inter-atomic potential between the

atoms in the system. The total stress is then given by

sab ¼
X
i

c r
b
i

dV int

drai
2

pai p
b
i

mi

�����
�����c

* +
; ð3Þ

where a and b are the Cartesian coordinates. In this case,

r
aðbÞ
i and p

aðbÞ
i are the a(b) components of the position and

momentum of the ith atom, respectively, and c is the exact

eigenfunction of the Hamiltonian.

A local strain field can therefore be defined in a system

of atoms as sabð~rÞ, such that the integral
Ð
sabð~rÞdð~rÞ over

the supercell volume is equal to the total stress [24]. This

stress field is well defined at each point in space, on the

nuclei and the electrons, and is equivalent to the

expectation value of the linear term in the expansion of

the Hamiltonian, with respect to an infinitesimal virtual

strain, 1 ab. However, in order to study the local atomic

structure in a tetrahedrally bonded amorphous solid, it is

convenient to define the stress averaged over an

appropriate atomic volume. The atomic-level stress tensor

associated with atom i, located at position ri inside the

simulation box is defined as

sabðiÞ ¼
1

Vi

ð
sabð~rÞd~r; ð4Þ

where the integral extends over the atomic volume. The

total stress given is then

sab ¼
X
i

Vis
abðiÞ: ð5Þ

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 TB approach is used to

compute total energy and forces; however, the methods

based on either the density functional theory, embedded
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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.

It is assumed explicitly that the inter-atomic potentials

are the smooth functions of inter-atomic separation rij, so

that the atomic-level stress tensor can be written as

sabðiÞ ¼
1

Vi

1

2

X
j

r
b
ij7fðr

a
ijÞ þ miv

a
i v

b
i

" #
; ð6Þ

where a and b denotes any two Cartesian components.

fðraijÞ denotes either the Si–Si, Si–H or H–H inter-atomic

potential, which is uniquely defined in the GSP model and

mi is the mass of atom i and vi is the velocity of atom i.

Therefore, for any atom i in the simulation box, s ab(i)

becomes a non-local property of the state of the material in

the neighbourhood of that atom because the inter-atomic

potential has a finite range. The atomic-level stresses are

treated as local responses of the atomic system to

infinitesimal virtual strains 1 ab due to the forces Fa
ij at

atomic sites. A map of s ab(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 the materials considered.

The superposition of all the atomic-level stresses in the

supercell yields the macroscopic stress in the simulated

structure. The magnitude of this stress is small, and the

stress state is hydrostatic in nature because of the

constraints of the MD simulation. In a real solid, e.g.

deposited as a thin film, the situation is significantly

different [25]. The true representation of the stress in the

supercell is therefore given by the fluctuations in the

atomic-level stress h and not its absolute value.

The fluctuations can be represented by a single scalar

quantity, the rms stress, calculated as

h ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

N

X
i;a;b

ðsabÞ
2

s
: ð7Þ

The rms stress is studied with reference to the structural

modification arising from the incorporation of hydrogen

into a-Si.

2.3 The stress landscape

The stress landscape is derived from the distribution of the

rms stress h, obtained from the superposition of a set of

atomic-level stress tensors, for 110 structural configur-

ations obtained from TBMD simulations. These consist of

10 MD runs in each case, for 11 different structural

configurations of a-Si:H, characterised by atomic hydrogen

concentrations of 0, 3, 5, 8, 10, 13, 15, 18, 20, 23 and 25%.

The structural properties of the configurations were

evaluated in terms of the pair correlation function, g(r).

The inherent disorder in atomic positions implies that the

magnitude of the stresses must be non-vanishing at defect

sites, and very small at four-fold coordinated sites, such that

on average, the mean stress tends to vanish. The setX of 110

stress configurations is characterised by non-zero atomic-

level stresses. Since the rms stress is single valued, in any

given representation, it is assumed that the stress landscape

is elementary [26–29]. This means that there is a finite

transition probability Tx1;x2
for the crossing over from a

stress configuration x1 to any other configuration x2 – x1

and so on, where Tx1;x2
– Tx2;x1

for elementary landscapes.

This requirement ensures that transitions to any neighbour

stress configuration from an initial configuration x1 are

essentially irreversible. For any such transition, a

single-valued correlation length l can be used to

characterise the landscape in terms of an associated random

walk on the domain of the landscape [12].

2.4 Domains of the stress landscape

It is helpful to restrict the phase space on which the rms

stress is represented, such that the choice of parameters

can be physically meaningful, avoids redundancy and at

the same time lead to a conceptually clear interpretation.

It is therefore helpful, though not essential, that for a

two-dimensional domain, the parameters have the same

dimension, and preferably the same unit. In terms of the

CRN model, the factors that could be utilised in

determining the short-range order in the local structure

of tetrahedrally bonded covalent amorphous solids are the

fluctuations in the mean first and second nearest neighbour

distances (d1, d2), and the fluctuations in the mean triplet

correlation, or bond angle du. However, although the

average inter-atomic separations have been used as good

indicators of the quality [30], and macroscopic residual

stress [31] of real a-Si:H layers, these parameters do not

convey any information about the disorder in the network.

The information about the structural disorder is given by

the variation in these distances, which is zero for an

ordered structure. The information carried by the average

coordination numbers, on the other hand, is a mixture of

the atomic bonding configuration and the disorder. The use

of a domain comprising the SD of the first and second

nearest neighbour distances permits the characterisation of

structural order. For possible comparison with experimen-

tal observations, these parameters can be determined from

the width of the first and second peaks of the measured

silicon–silicon pair correlation function.

Using the domain formed by the pair of parameters

(d1, d2), perfect order is characterised by zero fluctuations.

These fluctuations were calculated, from the pair

correlation function g(r) of the simulated structures, by

assuming a suitable statistical model for the distribution of

inter-atomic distances within a given coordination shell
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and then estimating the fitting parameters. From the

tetrahedral symmetry of the silicon structure, the measure

of order (or disorder), using either the translational order

parameter [3] or any of the variants of the orientational

order parameter [4], will give results similar to the

measurements of the short-range order (or disorder) using

d1 and d2. This is because the information about the bond

angle deviations du is coupled to the distribution of these

deviations. Therefore, in order to describe the short-range

order in tetrahedrally bonded solids, any pair of parameters

extracted from the three coupled parameters, r1, r2 and u,

can be used. It is therefore necessary to stipulate the

ordering rule for each of the three degrees of freedom,

denoted by the above pairs of parameters. In this study, we

only investigate the ordering rule for deviations in r1 and

r2, using the simulated structures, because of the observed

coupling of the translational and orientational orders, in

the tetrahedrally bonded structures as described above.

3. Results

3.1 Order parameter field

Figure 1 shows the set of configurations obtained, as a

scatter plot of points, in a two-dimensional domain

spanned by d1 and d2. As could reasonably be expected,

the data tend to form an island in this order parameter field,

with not all configurations being accessible. This is

because it is not physical for there to be a large spread in

the first nearest neighbour distances and a small spread in

the second nearest neighbour distances, or vice versa.

Away from the origin, therefore, the data near each axis

simply do not exist. Although not marked on the plot, and

of only secondary interest in this paper, it should be noted

that the data nearest the origin, which have the lowest

spread in inter-atomic spacing, have the highest hydrogen

concentration.

In Figure 1, the island of accessible data is oriented at

an angle of approximately 368 to the axis representing the

first nearest neighbour configurations. This relation to the

golden ratio should be noted, but it is probably a curious

coincidence which may have no deeper significance. It is

more likely to be related to the local tetrahedral symmetry

of the silicon network, and should be tested with other

amorphous systems, both experimental and simulated.

However, the data do suggest a preferred orientation in this

domain and therefore the possibility of using only a single

parameter – the ‘distance’ along this line – to describe the

order in the structure. To test this, the coordinates have

been redefined in terms of rotated axes

d 0
1 ¼ d1cos

p

5
þ d2sin

p

5
<

3d1 þ d2ffiffiffiffiffi
10

p ; and

d 0
2 ¼ 2d1sin

p

5
þ d2cos

p

5
<

2d1 þ 3d2ffiffiffiffiffi
10

p ;

ð8Þ

where d 0
1 is directed along the island and d 0

2 is

perpendicular to it.

Figure 2 shows the rms stress h, plotted against both of

these two parameters independently. Figure 2(a) shows a

clear trend for the dependence of the rms stress on d 0
1,

whereas in Figure 2(b) there is no obvious correlation

between the two. We can therefore conclude that, as far as

stress fluctuations are concerned, but probably for other

structural properties, the order in the a-Si:H network can

be quantified by a single parameter d 0
1. In the discussion

below, we consider only the variation in the rms stress with

the structural order parameter d 0
1.

Figure 2(a) shows two clear regions, which can be

described in the terminology associated with landscapes as

smooth and rugged, corresponding to the H concentrations

above and below approximately 15%, respectively. In the

smooth region, there appears to be a definite linear

correlation between the rms stress and the order parameter,

marked by a correlation coefficient of 0.92. At lower

hydrogen concentrations, there is more scatter in the data,

but there remains a clear increase in stress with disorder.

Between the two regions, there is also a noticeable change

in slope, suggesting a transition between two types of

structures. To investigate this further, we can analyse this

one-dimensional landscape using the same statistical tools

as for a topographical profile, for which notions of

roughness and correlation length are well established [32].

3.2 Stress–order correlations

Figure 3 shows the rms stress autocorrelation function at

300K, as a function of the lag in order parameter, for the

Figure 1. The set of configurations obtained as a scatter plot of
points in a two-dimensional domain spanned by the SDs of the
first and second nearest Si–Si separations. The axes correspond
to the widths of the first and second peaks in the pair correlation
function that could be determined experimentally.
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entire stress landscape. It is clear that the stress

autocorrelation decreases significantly, as the lag in

order parameter increases from 0 to 0.05 Å, where there is

an onset of a step-like trend of dependence. Further

increases in the lag, from 0.05 to 0.15 Å, results in very

small changes in the stress autocorrelation function.

Beyond a lag of 0.15 Å but below 0.18 Å, a sharp decrease

in autocorrelation is obtained for small increases in lag.

Above a 0.2 Å lag in the order parameter, the stress

autocorrelation decreases steadily and reaches a minimum

at a lag of 0.35 Å. Beyond a lag of 0.35 Å, the stress

autocorrelation drops to zero.

It is necessary to clarify the origin of the step-like

correlation structure in Figure 3, and its possible

implications on the entire stress landscape of

a-Si:H. To address this, the stress autocorrelation function

has been evaluated, as a function of the lag in the order

parameter, for the smooth and rugged regions indepen-

dently. In the smooth region, marked by high hydrogen

content above 15%, Figure 4 shows the dependence of the

stress autocorrelation on the lag in order parameter.

Similar step-like features are observed in the correlation

structure at 0.04, 0.08 and 0.16 Å, respectively. Beyond

0.16 Å, the stress autocorrelation drops off to zero. This

implies that within the smooth region, there is no

correlation between any two structures separated by

0.16 Å within the domain. The step-like correlation

feature, which characterises this region, can be attributed

to the repeated reconfiguration of the amorphous structure,

as stress relaxes.

Figure 2. Dependence of the calculated rms atomic-level stress
on the order parameters derived from the combinations of the
variations in inter-atomic separations, obtained by a rotation of
the coordinate system for Figure 1: (a) as a function of the
‘distance’ d 0

1 from perfect coordination, along the island,
showing clear trends; (b) as a function of the tangential or
perpendicular ‘distance’ d 0

2, across the island, showing no
correlation.

Figure 3. RMS stress autocorrelation function at 300K as a
function of the lag in order parameter for the entire stress
landscape of a-Si:H.

Figure 4. RMS stress autocorrelation function at 300K as a
function of lag in order parameter for the smooth region of the
stress landscape, showing the step-like correlation structure in the
high CH limit.
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The stress autocorrelation for the rugged region, which

denotes configurations with low hydrogen concentration,

as shown in Figure 5, clearly shows a monotonic decrease

with lag in structural order, with little or no visible

correlation structure. If the stress autocorrelation function

in the rugged region is modelled in terms of a first-order

exponential decay in the order parameter within the

domain, then a single exponential distance is obtained,

over which no correlation exists between any two stress

configurations. This gives a correlation length of

approximately 0.070 (^0.003) Å for amorphous silicon

networks in the low CH limit. For any two structures with

low hydrogen concentrations, whose order parameters

differ by significantly more than this value, there is no

correlation between the levels of their atomic-level stress.

3.3 Disorder-to-order structural transition

The physical structures in the rugged region of the domain

are characterised by significant fluctuations in stress and a

higher degree of structural disorder. Figure 6(a),(b) shows

the ball-and-stick model of two different a-Si:H structures,

in this rugged region, which contains 0% H and 5% H.

Similarly, Figure 6(c),(d) shows similar plots for two

different structures in the smooth region of the stress

landscape, which contain 18% H and 23% H. Figure 6

shows clearly that the structures corresponding to the

rugged region of the stress landscape are less ordered than

those in the smooth region. Furthermore, the observed

stress fluctuations increase with disorder. The changes in

stress in the structures within the smooth region, in

addition to the exponential decay correlation structure for

the dependence of stress on the lag in order parameter,

show that there is a continuous relaxation of the Si

network, due to the passivation of dangling bonds, as more

hydrogen is incorporated. For the structures in the smooth

region, which are characterised by lesser disorder, the

stress fluctuations are small, and the step-like correlation

structure between the stress and the lag in order parameter

clearly alludes to a discrete set of repeated Si network

reconfigurations, as the bonds break and reform.

The pair correlation function of the simulated structures

[5], in the rugged region, is characterised mainly by

significant changes in the second coordination peak. The

changes in the first coordination peak are less than 0.05 Å

for all structures in the entire stress landscape. Using the

positions of the first two peaks in the Si–Si pair correlation

function, the average bond angle in the H-free network is

estimated to be 98.98. This angle is noticeably smaller than

the sp3 hybridised covalent bond angle of 109.478 in c-Si,

but still in broad agreement with acceptable structures for

the hydrogen-free a-Si and hydrogenated amorphous silicon

[33–39]. The smaller bond angle leads to a substantially

reduced second nearest neighbour distance of approxi-

mately 3.49 Å, and has been interpreted as the presence of

four-membered square rings in the medium range order

[40]. Close examination [5] of the second nearest neighbour

peak for 5% H shows the continued presence of this

correlation, as a shoulder in the main peak centred at 3.94 Å.

As seen earlier [5], the introduction of as little as 3%

hydrogen into the hydrogen-free structure relaxes the first

and second nearest neighbour distances, and hence the

bond angle towards the values expected for tetrahedrally

bonded Si. The addition of 5% hydrogen shows an

increase in the projected bond angle to 113.68, which is

slightly larger than the ideal case. However, this value

decreases steadily and stabilises at 109.98 when the

hydrogen concentration exceeds 20%.

For the structures in the smooth region of the stress

landscape, the changes in the second coordination peak

leads to the formation of the third and higher coordination

peaks, although perfect crystallinity is never achieved.

In both smooth and rugged regions, when the lag in order

parameter increases beyond 0.35 Å, the magnitude of the

stress autocorrelation falls to zero. This result shows that

any two network configurations in the stress landscape that

are separated by this distance in the domain will fall into

different halves of the order parameter field. This leads to the

conclusion that there is no statistical correlation between

the atomic-level stresses in the corresponding structures of

the two regions, and suggests strongly that there is a phase

transition from a disordered to a more ordered structure as

the hydrogen concentration increases above a certain level.

4. Discussion

Roughness or ruggedness is a measure of the fluctuations

around an average distribution. Mathematically, the rms

roughness is equal to the SD of an unweighted fit of model

Figure 5. RMS stress autocorrelation function at 300K as a
function of lag in order parameter for the rugged region of the
stress landscape.
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dependence to the trend line of the dataset, and can be

interpreted similarly. For a more rugged section of the

landscape, the statistical significance of the dependence of

the rms stress h on the order is lower. This situation suggests

that other, unidentified factors may play a role in the

observed structural changes. Alternatively, if independent

determinations of the atomic-level stress in two configur-

ations differ by less than the rms roughness, then the two

configurations are statistically equivalent. Assuming that

the dependence of h on d 0
1 is linear in the two regions, the

rms roughness of 0.48 kPa is obtained at high hydrogen

concentration and 2.28 kPa at low hydrogen concentration.

It is clear that most of the structures shown in Figure 3

are due to the correlations in the smooth region of the

landscape. In this region, the stress autocorrelation shows

discrete steps at lags of approximately 0.04, 0.08 and

0.16 Å. A comparative analysis of the correlation structure

shows that any two stress configurations separated by

0.35 Å fall into different regions of the domain.

The separation by a distance of 0.35 Å, of any structural

configuration belonging to either the smooth or rugged

regions, within the domain, leads to a structural change,

from the rugged to smooth region and vice versa. This

suggests that there is a phase transition from a disordered

to a more ordered structure as the hydrogen concentration

is increased above a certain level.

The interpretation of the observed stepwise correlation

length is non-trivial, in relation to understanding the

Figure 6. Ball-and-stick models of the simulated bulk structures showing amorphous silicon containing (a) 0% H, and hydrogenated
amorphous silicon containing (b) 5% H, (c) 18% H and (d) 23% H. The yellow balls denote Si atoms, while the white balls denote H
atoms.
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H-induced structural changes [5] in these networks. In order

to obtain insights into its physical meaning, it is important to

recall that the domain represents the structural order

parameter field, and not a physical distance in the amorphous

network. The implication therefore is that there are discrete

reductions in the degreeof the dependenceof the stress on the

structural order, as the variations in neighbour separations

increase by multiples of a fixed amount – 0.04 Å. This is

almost certainly related to the repeated reconfiguration of the

a-Si network, probably by hydrogen termination, as the

strain on individual bonds exceeds a certain limit.

5. Conclusion

The correlation between the fluctuations in local atomic

stress and structural order in hydrogenated amorphous

silicon has been investigated. In the domain of the order

parameter field, the dependence of the variations in the

second neighbour separation on the variations in the first

neighbour separations in tetrahedrally bonded solids

exhibits a constant orientation of 368. This constant

angle is the average angle between the Si–Si bond length

and the adjacent face of the tetrahedron. It is found that a

single scalar parameter, which is the linear combination of

the SDs in the first and second neighbour separations, is

sufficient to characterise structural order in hydrogenated

amorphous silicon.

There are two types of dependence, characterised by

two different slopes, for the correlation of the rms stress h,

on this order parameter. These correspond to network

structures containing total hydrogen content of above 15%

and below 15% in each case. Also, the results show a clear

evidence for a structural transition from the relatively

highly stressed, more disordered networks of the rugged

section of the stress landscape, to the more ordered

network of the smooth section of the landscape, when the

total hydrogen content exceeds 15%.
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