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ABSTRACT 

f-Iydrogenated amorphous silicon (a-Si:H) is known to be highly disordered. The disorder 

introduces a high amount of defects in the network, such as bond length and angle 

deviation, non-coordinated bonds or voids. In this work the microstructural characterization 

and a new approach for strain determination in hydrogenated amorphous silicon in the 

layers is determined by synchrotron diffraction. The a-Si:H layers were deposited by hotwire 

chemical vapour deposition (HW -CVD) on a glass substrate at a growth temperature of 300 

°C and 500°C, respectively. The microstructural state from the diffraction phase has been 

experimentally determined using the pair correlation function, calculated using Fourier 

transformation of the scattered intensity. Indication of the residual stress in the layers was 

obtained using the conventional sin2 1f1 method, normally used and especially developed for 

polycrystalline materials, but here applied to an amorphous structure. It is found that 

residual stress and microstructure of the layers are correlated The pair distribution function 

(PDF) of the shon range order reveals a significant shift in the nearest neighbour distance of 

Si-Si pairs leading to bond strain in the layers. The PDF reveals that the shon-range bonding 

of a-Si:H is tetrahedral but it does not give much information about the intermediate region 

which relates to the structural topology. We observed a deviation in the nearest-neighbour 

and the second nearest-neighbour separation, independent of the growth temperature. The 

observed strain curves deviate from the linear prediction of the conventional sin2 1f1 

method. The layers were found to be generally under compressive stress, with strong 

gradients dominant in the interface region of the sample, and the resulting stress is highly 

dependent on the details of the deposition process. Univ
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1 INTRODUCTION 

The subject of this thesis is the study of the class of materials known as amorphous silicon. 

The basic property of amorphous materials is that they do not possess any long-range 

translational order. This means that an amorphous material does not have a regular or 

periodic arrangement of its component atoms, but there exists an element of randomness in 

the atomic positions. Of particular interest in this study are the structural characteristics 

exhibited by hydrogenated amorphous silicon (a-Si:H) and the length of scale over which 

order persists. Such interest is motivated by the widespread application of a-Si:H in 

microelectronic devices and thin film electronics [1-4]. Among these applications solar cells, 

large-area flat-panel displays, thin-film transistors, optical scanners, photosensors and 

electrophotographics are the areas where hydrogenated amorphous silicon may have a leading 

role. Many of the reasons for its cornmon use in these applications are due to the properties 

generated by its amorphous structure as discussed in this work. One unique property of a-Si:H 

thin films is the high light absorption: it is 40 times higher than that of crystalline silicon (c-Si) 

[5]. In addition good quality material can even be achieved by deposition at low temperature, 

which allows the use of a low cost substrate [5]. These in turn provide the opportunity of cost 

efficiency device production. 

Hydrogenated amorphous silicon can be produced by a variety of methods [6] such as 

hotwire chemical vapour deposition (HW -CVD), sputtering, glow discharge plasma (CVD), 

and plasma enhanced chemical vapour deposition (PECVD) in a form of a thin film. In all 

cases the substrate plays an important role in the thin film deposition process. It may 

strongly influence the properties and structure of the film deposited on [7]. Thin films 
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adherent to a substrate are in general in a state of tensile or compressive residual stress, which 

may also affect their physical propenies [8]. There are two basic factors that define the kind of 

stress present in the layer, and the magnitude of residual stress in a-SiH Firstly, the difference 

in thermal expansion of substrate and the layer of the material, and secondly both thermal 

expansion of substrate and the layer are in a relationship determined by the growth 

mechanism [9]. In fact, residual stresses directly influence almost all propenies of thin films, 

and thus are of great imponance with respect to their usage [8]. For a-Si:H it has been 

supposed [10, 11] that the hydrogen incorporation into the silicon matrix induces 

compressive stress in the films, although no correlation between the total hydrogen 

concentration and the value of compressive stress has been established However, it has 

been demonstrated [12] that the configuration of hydrogen bonding to silicon atoms plays an 

essential role. Hydrogen atoms in the monohydride configuration (Si-H) have a positive 

correlation with the compressive stress, whereas those in the dihydride configuration (Si-H~ 

have the opposite correlation [13]. Nevenheless, hydrogen is often dismissed as a secondary 

or minor cause of stress in a-Si:H, and structural inhomogeneities are believed to play the 

dominant role in determining the observed stress [14]. However, the nature of intrinsic stress 

in hydrogenated amorphous silicon (a-Si:H) in thin films is to date elusive [15]. In order to 

understand such effects, or to establish reliable relationships, between the formation 

parameters and the characteristic propenies of amorphous silicon layers, the analysis of the 

stress state in relation to the microstructure is absolutely necessary. One group of techniques 

that has generated considerable attention in the characterization of amorphous structure is 

diffraction methods [2, 6, 19]. Diffraction techniques have been used extensively to improve 

knowledge of local order in amorphous compounds [1-2, 19], and recently to study residual 

stress [15, 20]. 
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One limitation on applications of a-Si:H is the presence of defects, which are influenced by 

mobile hydrogen [16]. The primary function of hydrogen in amorphous silicon is to 

passivate threefold-coordinated silicon sites or dangling bond defects, and thus reduce the 

density of gap-state defect levels [15]. However, since a-Si:H is grown at temperatures 

around 200°C and above, in technical applications to date, H diffuses during growth and 

affects the device quality [16, 17]. Also, light-induced degradation is influenced by hydrogen 

diffusion, and the formation of unterminated dangling bonds [18]. On the other hand, 

hydrogen incorporation is tightly controlled by the deposition process [18]. Therefore, an 

interesting aspect is the relationship between stress content in a-Si:H layer and the order of 

the amorphous structure and the hydrogen behavior. 

In the framework of the above summary, the objective of this thesis therefore, is to provide a 

comprehensive insight into structural ordering and to characterize the residual strain/stress 

states in hydrogenated amorphous silicon introduced by the hotwire chemical vapour 

deposition techniques using synchrotron diffraction techniques. Furthermore, we need to 

acquire more knowledge, which might contribute directly to an improved manufacturing and 

design of the amorphous structures. The structural ordering in amorphous materials is 

theoretically, as well as experimentally, described by the radial distribution function (RDF), 

also known as the pair correlation function [1-2, 19, 21]. This function determines the 

probability of finding an atom at a distance r from any atom in the random network, and 

hence gives the average separations of the nearest and second nearest neighbors, and possibly 

the third nearest neighbors. The RDF is obtained by the Fourier transform of the scattering 

intensity [22, 23]. The strain and stress investigation is also based on diffraction techniques, 
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and relies on the conventional sin2
1j1 method [8, 15,20]. A detailed description of the radial 

distribution function (RDF) and strain and stress determination is covered in the subsequent 

chapters. 
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2 THE STRUCTURE OF AMORPHOUS MATERIAL 

The forces linking atoms in an amorphous material are, in general, the same as those in 

crystalline material [24]. Therefore, amorphous structure must also form an extended three­

dimensional structure similar to those of crystals, but lacks the periodicity and symmetry of 

crystalline materials and consequently are disordered The unit cell in this case can, therefore, 

be said to be infinite in size. However, since one can neither recognize a unit cell nor a 

translational symmetry within the amorphous structure, other means of describing the 

structure must be defined [1]. Consequently, the amorphous structure is often described in 

terms of the degree of ordering which can be observed using experimental techniques, and by 

characterizing the structural units responsible for the ordering. In our case, one of the most 

important variables is a geometrical parameter, which allows us to discuss the distribution of 

atoms as a function of their spatial distance from a specified point. In Si02 glass for example, 

the basic structural building block is the same as that of crystalline silicates, the Si04 

tetrahedron [2, 23]. A similar Si-Si4 tetrahedral unit can be ascribed to amorphous silicon [24]. 

In fact, the structural order of amorphous solids has a definite hierarchy [1,2], where the order 

is described increasingly as follows: Short-range order (SRO); intermediate-range (IRO); and 

long-range order (lRO). The definition of each of these types of order is somewhat arbitrary 

with different authors using different criteria to define them. Wright [27] defined four ranges 

of order: (I) the structural unit; (II) the interconnection of adjacent structural units; (III) the 

network topology (medium range order); (IV) long-range density fluctuations ~ong-range 

order). The parameters that define the first two ranges of order defined by Wright are often 

grouped under short-range order. However, subdivision of short-range order more clearly 

defines the boundary between the levels of ordering that differentiate a crystalline from 
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amorphous materials. Fig. 2.1 shows a three-dimensional model, which illustrates the 

geometrical parameters, which play a key role in describing the structural order of tetrahedral 

amorphous semiconductors. 

¢ 
... .. 

- ... "t 

Fig. 2.1 Three-dimensional model illustrating the parameters used for describing the 
structural order of tetrahedral amorphous semiconductors (drawn from [1] 

TIlls model contams SIX geometrical parameters: the inter-atomic distance for nearest 

neighbors (bond length) r[, the bond angle a (a = 109.28" for the Sfl hybrid orbital), the 

inter-atomic distance for second nearest neighbors r2 , the dihedral angle 4> (this is refers to 

the angle that is formed whenever two "planes" meet), the inter-atomic distance for third-

nearest neighbors r3 , and the ring structure 'parameter' (ring statistics for five-, six-, and 

seven-member rings). The statistical distributions of r[, and a (consequently, r2 and the 

coordination numbers of the nearest neighbors are also included) are used to index the short-
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range order, while the statistical distributions of if> , r3 and the ring structure are used to index 

the intermediate range order [28, 29]. There have been a number of attempts to build up 

amorphous structures theoretically by using these parameters. It is not easy, however, to take 

the process in the reverse order, i.e. to determine the statistical distribution of the various 

parameters from experimental data. The most useful techniques include X-ray and neutron 

diffraction, extended X-ray absorption fine structure spectroscopies (EXAFS) and Raman 

scattering [1,2, 19J. 

2.1 AMORPHOUSNE1WORK 

Generally, the local structure of amorphous solids can be classified in terms of [30-32J: 

(a) a continuous random network (eRN) appropriate to the structure of the materials; 

(b) a random close packing appropriate to the structure of the simple metallic glasses; and 

(c) a random coil model appropriate to polymeric organic glasses. 

However, this section will primarily focus on the continuous random network (i.e. the material 

of type-a), where a-Si:H falls within. This model is typical for an ideal amorphous structure and 

is regarded as a giant molecule (see Fig. 2.2) in which perfect connectivity is maintained, with 

all the atoms retaining their normal valence [2J. Therefore the CRN can be considered to be a 

hypothetical idealized structure of an amorphous covalent solid, in the same sense that the 

single crystal is for the crystalline state. In both cases, the structures can be regarded as perfect 

because bonding defects such as dangling bonds or voids are excluded, but in crystals this are 

always points defects. It is widely believed that the bulk atomic structure of amorphous silicon 

(a-Si) is such that each or in average Si atom has four (see Fig. 2.2) others around it at the same 

distance (as in a crystal) forming a regular tetrahedron. 
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Fig. 2.2. Continuous random network structure of amorphous silicon. The magnification 
shows a small portion of silicon atoms bonded to form regular tetrahedron [34] 

, 
, 

/ \ 

Fig. 2.3. Two-dimensional projection of a portion a continuous random network showing 
coordination shells (fourth bond out of plane of drawing) 
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Furthennore, each of these atoms in tum has three more neighbors, similarly arranged, giving 

rise to a well defined second shell of atoms, none of which is nearest neighbor to the central 

atom, and none of which are bonded to each other, as seen in Fig. 2.3. These structural 

features show that the resemblance of amorphous silicon to crystalline silicon ceases beyond 

the second shell. The continuous random network (eRN) was first proposed by Zachariasen 

[35], who applied it to oxide type glasses. Although the numbers of atoms associated with the 

nearest neighbors are the same, there is nevenheless a variation in the interbond angles that 

rapidly leads to a loss of local order and ultimately to the absence of long-range order [1,2]. 

For a tetrahedrally bonded amorphous semiconductor, such as a-Si, a model built by Polk [1, 

2, 19], demonstrated the possibility of building up an expanded CRN with the fourfold 

coordination without developing undue bond length strain, but allowing for a spread in bond 

angles (± 10°), as shown in Fig. 2.2. 

Polk [1] also showed that allowing a small spread in bond lengths (-1%) can lead to a smaller 

bond angle distonion (±7°) , since a small increase in bond length distonion energy is 

compensated for by a larger decrease in bond angle distonion energy. A higher angular 

characteristic of tetrahedrally coordinated covalent material is the distribution of dihedral 

angles if> that describes the relative orientation of the adjacent tetrahedra. In the CRN model it 

was found that there is a continuous distribution of dihedral angles [34]. As can be seen in Fig. 

2.1, the structure also possesses a substantial number of 5-, 6- and 7 -membered rings. One 

additional propeny of this model, that was widely discussed, is the density of amorphous 

silicon. In the CRN model consisting of 440 atoms, introduced by Polk the highest density of 

amorphous silicon (a-Si) Pa is 0.97 Pc' where Pc is the density of crystalline silicon 

(2.33g / em 3
) [33]. Subsequently, Polk, constructed another CRN model including 519 atoms, 
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using computer techniques, and obtained a density within 1% of that of c-Si. On the other 

hand, Brodsky et a1 [36] reported data for the systematic measurement of Pa and the electron 

spin resonance (ESR) density, Ns, showing lower concentrations of dangling bonds, with Pa 

as high as 0.97 Pc. In this context, the absence of the dangling bonds means the elimination of 

voids, since their presence within a-Si corresponds to the formation of dangling bonds within 

the material and point defects in c-Si. 

2.2 a-SiR COMPARED TO A PERFECT CRN 

One of the enduring concepts of the network structure of a-Si:H is that each atom in the 

network tends to satisfy its local bonding requirement [37]. Atomic hydrogen in the network 

forms strong bonds to silicon, and the optimum structure is one, which minimizes the 

hydrogen that is not strongly bonded to silicon. Thus, an ideal a-Si:H material is a random 

covalent network of Si-Si, and Si-H bonds, but with no dangling silicon bonds or interstitial 

hydrogen [38], and the bond angles and bond-length disorder in the network structure 

causes a distribution of Si-Si bonds, and possibly Si-H bond length. Despite its amorphous 

character, a-Si:H has an optical gap. It shows photoconductivity and a-Si:H can be doped by 

means of boron and phosphorus properties which are similar to those of crystalline 

semiconductors [39]. 

The density of amorphous silicon varies markedly, if it contains hydrogen, depending upon 

both the content and the state of the hydrogen. As the hydrogen content is increased in eRN, 

the amorphous silicon density P a decreases but with no clear trend This indicate that the 

density depends on a number of factors, such as the state of the hydrogen within the films, the 
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presence of the voids of varying size, and the strain in the films. Samples of a-Si:H with 

densities higher than 90 % of that of crystalline silicon ( Pa > 0.9pc ) are obtained only when 

prepared at a substrate temperature higher than 200 0c. The highest value ever achieved is 

Pa = 0.97 - 0.98pc .The amorphous character of the material leads to open network 

structures, in which voids and unterminated bonds are present. Typical defect densities of 

high quality a-Si:H material are 1015_1016 cm-3 [40]. In contrast, in a pure a-Si produced e.g. by 

sputtering, the defect density is as high as 1019_1020 cm-3
• In a-Si:H the hydrogen is 

responsible for the lowering of the defect density by passivation of dangling bonds. This is 

essential for the material's opto-electronic properties, since the dangling bond can act as an 

efficient recombination center for electrons and holes. The CRN model demonstrated by 

Weaire et al [41] represents the calculated values of a-Si:H structure consisting of 397 silicon 

and 83 hydrogen atoms, constructed following the approach similar to Polk as described 

above. The model contains no dangling bonds within the structure except for those on the 

surface. The author pointed out that when a hydrogen atom is added to the structure, dangling 

bonds are readily formed around it [41], and thus attempting to make a CRN model without 

dangling bonds gives a network structure containing multiple hydrogen atoms which are 

closely packed To date, several properties of a-Si:H have been studied and it is now well 

established that the amount of hydrogen required during preparation of a-Si:H depends on 

the type of material one is interested to obtain. 

2.3 STATISTICAL DESCRIPTION OF AMORPHOUS S1RUCIURE 

While amorphous materials do not show the regular, periodic structure of crystals, they are 

by no means random eRN. For example, contrary to sharp peaks observed in diffraction 
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patterns of crystalline materials, amorphous solids yield diffuse diffraction patterns [19, 42]. 

These characteristic indicate the lack of long-range order in amorphous materials, and thus 

only shon-range order hold In many cases, the structure is governed by strict rules, especially 

on shon length scales. 

For example, amorphous silicon, as discussed above, consIsts mostly of four-fold 

coordinated silicon atoms, and the Si-Si bond length and the Si-Si-Si bond angle are close to 

the crystalline values of 2.35 A and 109.4i, respectively. The presence of shon-range order 

is best illustrated with the radial distribution function (RDF) [2, 19]. The RDF is the local 

number density of atoms at a distance r from a reference atom, averaged with respect to the 

choice of this atom [2]. Fig. 2.4 shows the RDF of amorphous silicon. 

o ~------~----------~--------------

0'-----0 r 
1 

I 

I 0. 
6·------------

r 
2 

r(A) 

Fig. 2.4. Schematic illustration showing first rJ and second nearest-neighbor bond lengths r2, 

and bond angle a, in radial distribution function (RDF) - (drawn from [2]). 
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Its characteristic features are a number of peaks that become broader and less distinct with 

increasing separation The position of the first peak is an estimate of the average first-

neighbor distance r1, the position of the second peak an estimate of the average second-

nearest neighbor distance r2 and so forth. Moreover, these estimates can also be used to 

estimate the mean Si-Si-Si bond angle: 

a = 2 arcsin (2) 
21] 

2.1 

Also, from the width of the first- and second-neighbor peaks, the variation in the bond angle 

can be estimated under the assumption that there are no correlations between bond length 

variations in neighboring bonds. At larger distances, the RDF tends to a constant value, 

corresponding to the macroscopic density [2]. 
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3 STRAIN AND STRESS IN SOLIDS 

Under the action of applied forces solid bodies exhibit deformation to some extent, i.e. they 

change in shape or volume. When the body is deformed, every point in it is generally 

displaced [45]. Now let us consider the simplest case, in which translation and rotation of the 

body are excluded, and only its deformation is considered Then the deformation can be 

quantified in terms of the displacement vector, u(x}. To illustrate this, consider a region 

between positions x and x + ru: , in a body before and after deformation as shown by solid 

and broken lines respectively in Fig. 3.1(a). 

u(x) u(x +Llx) 

- -to-

;-D-~ I I 
I I 
I I 

I I 
L _ _ J 

a) x x+Llx 

Fig. 3.1. (a) and (b) illustrate the definition of the axial and shear strains. 

The vector u is called the displacement vector, and it can also be presented in its component 

form as u = (ux, uy,' uJ. The displacement vector in any direction, say x, will vary from place 

to place in the material. In a general case we can define the strain ~ in terms of the partial 

derivatives of the displacement. 

3.1 

Similar equations will hold for the derivative of Ux with respect to y and z and for other 

components of the displacement (i.e. in total we will have nine components of the strain 
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tensors). Physically the strain is symmetrical; therefore mathematically it should have the 

form of symmetric second rank tensor: 

[

c C C J xx xv x: 

Cij = :: :~.: ::: 
3.2 

The definition of shear strains follows directly from the symmetric arguments of the strain 

tensor. For example the shear strain in xy components derived from Fig. 3.1(b) can be 

written in symmetric form as: 

C
n 

= ~(aux + aUy J 
. 2ay ax 

3.3 

Similarly the yz and zx components of the shear strain can readily be obtained using the 

same principle. This implies that the strain tensor has three independent variables; meaning 

that we can always find a coordinate system in which the strain tensor only has non-zero 

elements on its diagonal. This is the principal coordinate system. 

In a body that is not deformed, all parts of the body are in mechanical equilibrium [45]. This 

implies that, if some portion of the body is considered, the resultant forces on that portion 

are zero. When deformed occur, the arrangement is changed, and the body ceases to be in its 

original state of equilibrium. Forces, therefore, arise which tend to return the body to 

equilibrium [45, 67]. These forces which occur, when the body, is deformed can be described 

as internal stress. The internal stresses, in elasticity theory, cause "near-action" forces, which 

act from any point only to the neighbouring points, i.e. the forces exerted on any part of the 

body by surrounding parts act only on the surfaces of that part. Consider the total force on 

some portion of the body. Firstly, this total force is equal to the sum of all the forces on all 
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the volume elements in that ponion of the body, i.e. it can be written as the volume 

integral f JdV , where f is the force per unit volume, and dF = JdV the force on the volume 

element dV. Secondly, the forces with which various pans of the ponion considered act on 

one another can not give anything but zero in the total resultant force, since they cancel out 

by Newton's yd law. For any ponion of the body, each of the three components f of the 

resultant force can be transformed by Gauss theorem into an integral over the surface. 

Hence the vector /; must be the divergence of tensor of rank two 

/; = I8(Jik /8Xk' 
k 

3.4 

3.5 

where i and k in Eq. 3.5 refers to any component in any of the x, y and z directions, and Xk 

to a panicular direction, x, y or z. The tensor (Jik in Eq. 3.5 is called the stress tensor. By 

taking elements of area in plane of xy, yz, zx, we find that the component (Jik of the stress 

tensor is the id, component of the force per unit area perpendicular to the Xk -axis. 

To illustrate this, consider a simpler case - a small cubic volume element (as seen in Fig. 3.2) 

in a solid The total stress state can be described by the forces perpendicular and parallel to 

the faces of the cube. 
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z 

y 

Fig. 3.2. Stress on a cubic volume in static equilibrium. Each surface has two types of forces, 
normal and shear [46]. 

For example as seen in Fig. 3.2, the force on a unit area perpendicular to x-axis, normal to 

the area (~e. along the x-axis) is O"xx. Similarly the forces per unit area along y and z axis are 

O"yx and o"zx respectively. The former is referred to as a normal stress, and the latter are called 

shear stresses. On each face in Fig. 3.2 there are three stresses, one normal stress O"ii' and two 

shear stresses O";j ( i =f. J~. i ,j = x, y, Z), which all together give nine components of the stress 

tensor. 

3.5 

Both stress and strain have at most six independent components, because of symmetry 

considerations as explained above. The strain tensor component of the deformation tensor is 

associated with the stress tensor as follows: 
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3.6 

The constant Cijkl in Eq. 3.5 is the fourth rank tensor of elastic constants (also known as the 

stiffness tensor). This expression is the generalized fonn of Hook's law. The inverse of the 

stiffness is called the compliance, and it is a fourth rank tensor defined by 

3.7 

The stiffness and compliance tensors are both symmetnc, and the number of their 

independent elements varies according to the material [46]. As the stress and strain tensors 

are symmetric, if the material can be assumed to be isotropic and homogeneous, the number 

of independent components of the tensor of elastic constants can be reduced significantly. For 

example, the stiffness and compliance matrixes for isotropic materials have only two 

independent elements, as compared to 21 independent elements in the case of triclinic 

ctystals [46]. These two i.e. the stiffness and compliance tensors can be expressed in tenns of 

Young's modulus (E) and Poisson ratio (v), from which the shear modulus (G) can be 

derived In general the principal strains for isotropic materials simplify to 

1 
Cx = E[ax -v(ay +aJ], 

1 
c y = -[a y -v(a

o 
+ a,)], . E . 3.8 

An amorphous solid has mechanical and structural propertles that can be considered 

isotropic [2, 46], ~e. it has an identical compliance matrix to those of isotropic materials. We 
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can adopt this assumption in the present study for the determination of residual stress, as we 

will see in the nextchapte 

3.1 RESIDUAL STRESS 

Residual stress exists inside a material without application of an external load (applied force, 

displacement or thermal gradient) [43]. It may be categorized by cause (e.g. thermal or elastic 

mismatch), by the scale over which it self-equilibrates, or according to the method by which 

it is determined However, averaged over the whole body, the net stress must be zero with 

all internal forces balanced. It is believed [8, 43, 44], that residual stresses originate from 

misfits between different regions of a material or composite materials. In many cases, these 

misfits span large distances, for example, those caused by the non-uniform plastic 

deformation of polycrystalline materials [6]. The basic principle [44] for the genesis of these 

stresses is simple: any transformation leading to a modification of the material dimensions 

creates internal stresses. Depending on the scale at which the stress is analyzed, different types 

of stress are conventionally defined Two types of residual stress are therefore usually defined 

[6]: macro-residual stress extends over distances that are large relative to the characteristic size 

of the material, typically extending over many grains in polycrystalline materials. Macro­

stresses, like all stresses are tensor quantities, with magnitudes varying with direction at a single 

point in the body. In contrast to tensor quantity micro-residual stresses are associated with 

structural defects, such as vacancies, dislocations. The resulting strains within the crystal lattice 

traverse distances on the order of, or less, than the dimensions of the grains in polycrystalline 

materials. 
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3.2 RESIDUAL STRESS IN LAYERED SYSTEMS 

There are two principal types of stress in a layered structure, thermal stress and intrinsic stress 

[8, 12, 46, 47]. The former is due to the differences in the thermal expansion coefficient of the 

layer and the substrate. Temperature differences cause stress in the layer, e.g. upon cooling 

from the deposition temperature to room temperature, if the layer has a higher coefficient of 

thermal expansion than the substrate, then a tensile stress will result. This is because the 

constrained size of the layer at the final temperature is smaller than that of the substrate. 

Therefore it is stretched when constrained by substrate material. The formation of intrinsic 

stress, on the other hand, depends on the deposition process [46, 49, 56], but may also be 

caused by physical, chemical and structural transformations of the film during and after 

deposition. The more usual transformations may be (a) a film densification during deposition 

due to high energetic particle bombardment; (b) vacuum collapse between grain boundaries 

resulting in tensile stresses; (c) vacancy, interstitial, impurity or doping particle diffusion [8]. 

Interactions between the deposited layer and its environment may contribute to extrinsic 

stresses. These are often due to impurity adsorption in porous layers after deposition [8]. In 

other words, extrinsic stress is not the result of the growth process but usually arises when 

an external parameter is changed, after the film deposition, causing a stress without affecting 

its microstructure. Furthermore, intrinsic stress can occur during post -deposition treatment 

(for example, annealing, light-induced defect creation, plastic deformation etc). Besides 

theoretical models [50, 51], there are a number of experimental methods to determine stress 

in thin-filml layers e.g. X-ray [15,20,43] and neutron diffraction, curvature methods [12, 15, 

20, 43, 52], strain gauge [15, 44], material removal methods and their modifications. Each 

method has specific requirements on the specimens, instruments, measurement and 
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evaluation procedures, and they also differ ill the richness and nature of provided 

information. 

3.3 S1RESS IN HYDROGENATED AMORPHOUS SILICON (a-Si:H) 

For amorphous silicon to exist, the continuous random network (eRN) of atoms needs to be 

highly strained Furthermore, the structure can be expected to be isotropic in real a-Si:H, 

because it exist as thin film constrained in the surface. As discussed above, the stress in layers 

constrained by a substrate may contain contributions due to thermal as well as an intrinsic 

stress due to the microstructure in the bulk of the film [12]. The intrinsic stress in a-Si:H films 

is compressive in nature [13, 15], and is generally correlated to the structural properties [12, 

13].This compressive intrinsic stress may result from the so called atomic peening effect which 

causes the layer to become over-dense [54], and a further cause may be implantation of 

working gas atoms [55], though conclusive evidence for this latter effect has not been 

reported However, the origin of the intrinsic stress in a-Si:H ftlms for many deposition 

processes is related to the presence of hydrogen [53], although its correlation is not completely 

understood [12, 15, 20]. In the case of hot-wire chemical vapour deposition produced films; 

intrinsic stresses are related to the presence of defects [49]. Part of the strain in the CRN is 

relaxed by hydrogen termination of dangling bonds, but these hydrogen related defects are 

responsible for the subsequent degradation of the material [53]. An extreme case of the 

network relaxation is the transition from the amorphous to the crystalline state. Furthermore, 

the reaction of hydrogen with a growing amorphous silicon layer plays a crucial role - there is 

strong evidence [57] that during plasma deposition SiH-radicals are directly inserted into 

strained Si-Si bonds. Other studies suggest that, in high quality void free materials, hydrogen 

forms platelets (macro-voids) characterized by a strong interaction between the opposite sides 

21 

Univ
ers

ity
 of

 C
ap

e T
ow

n



of the platelets and by net compressive stress [58, 61, 63]. This work agrees well with the work 

reponed in [13], which suggested that the amount of hydrogen atoms in a monohydride (Si-H) 

configuration has a positive correlation with compressive stress, and that in a dihidride (Si-H~ 

bonding configuration has an opposite correlation. 

Stress in the film, can also arise from interface reactions leading to, e.g., density and! or bond 

configuration changes resulting from the formation of the secondary phases [47], finally, so­

called growth zone or deposition stresses in a-Si:H can result from the non-equilibrium growth 

conditions associated with various deposition techniques [1, 47, 59]. In other words, non­

equilibrium growth conditions may lead to density changes, the formation of voids, gas 

incorporation, etc., and these aspects of the microstructure and composition influence the 

stress state. In this last case, the resulting stress is highly dependent on the details of the 

deposition process. Shimuzu [59], in his work on the three-dimensional growth zone model, 

established that hydrogen diffuses in the surface atomic layer to relax the network structure in 

a·SiR More recently Levi et al [60], showed the exceptional ability of real time spectroscopy 

ellipsometl)' (R TSE) to probe the growth mechanisms of a-Si:H in HW -CVD . 
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4 TECHNIQUES USED TO DETERMINE THE 
MICROSTRUCTURE AND RESIDUAL STRESS 

Two approaches are commonly used to study the structure and residual stress in a-Si:H films, 

which include: 

(i) The techniques that determine the film stress, from microscopic changes in the 

substrate (example of this is curvature method or microscopically by the 

determination of Raman peak shifts [64,65], 

(ii) Diffraction methods, which actually measure strain, such as X-ray diffraction [15, 

20,60]. 

In the latter case the film stress is calculated by Hookes law and this requires the knowledge of 

the elastic constants, which are not usually available for thin fIlms. This section begins with a 

discussion of the technique, which can be employed to obtain structural information for 

amorphous silicon. In doing so, we introduce a variety of concepts and mathematical 

functions that will help us to describe the structure of (a-Si:H). In addition, we first consider 

those methods which give information on short-range order, that which extends over a few 

Angstroms. Consequently, the determination of residual stress and strain will be discussed, 

which complements the microstructure characterisation of a-Si:H 

4.1 DIFFRACTIONTEa--INIQUES 

Two techniques employing synchrotron radiation have gained wide application to the study 

of amorphous materials namely, X-ray scattering or diffraction, and X-ray absorption 

spectroscopy. The latter can subdivide further as X-ray absorption fine structure (EXAFS) 

and X-ray absorption near-edge structure (XANES) spectroscopy [66]. In this work we 
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consider the X-ray diffraction technique as a means to study the short-range and possibly 

median-range structure of amorphous silicon. In this method the amorphous sample is 

bombarded with high energy X-rays as in a single crystal structure determination. However, 

since the amorphous solid lacks any long-range structure, coherent diffraction of the X-rays 

does not occur [2, 19,66]. Rather, the X-rays are scattered and the manner in which they are 

scattered is observed The scattering gives information about the position of the atoms 

relative to each other. For crystalline samples, this usually leads to the identification of a unit 

cell, from which the entire structure is known due to the presence of long-range periodicity 

and symmetry. However, in amorphous materials, the lack of periodicity and symmetry 

makes it impossible to identify a unit cell, which can be considered to be infinite in size. 

Every atom would have to be identified in order to accurately determine the structure as a 

whole [66]. 

4.2 BASIC DIFFRACTION THEORY 

The diffraction of X-rays by matter is the basis of a unique scientific tool. It is most powerful 

when applied to crystalline materials, but it can yield fundamental and important structural 

information when applied to amorphous materials. This section seeks to present briefly certain 

aspects of X-ray diffraction necessary in determining the structure amorphous materials. A 

more extensive and authoritative discussion on this subject, can be found in the following 

references [6, 19,67,68]. 

It is a fundamental property of all waves that they scatter on meeting an obstacle, and this 

effect is most pronounced when the size of the obstacle is comparable to the wavelength of 

the wave [2, 19]. This is true for electrons and neutrons as it is for X-rays, and since all can 
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have wavelengths comparable to atomic dimensions, it is expected that the diffraction from 

atoms in the condensed state will occur [6, 19]. If the wavelength of these scattered X-rays 

does not change (meaning that X-ray photons do not lose any energy), the process is called 

elastic scattering (Thompson Scattering), because only momentum has been transferred in the 

scattering process. These are the X-rays that we measure in diffraction experiments, as the 

scattered X-rays cany information about the electron distribution in materials. On the other 

hand, in the inelastic scattering process (Compton Scattering), X-rays transfer some of their 

energy to the electrons and the scattered X-rays will have different wavelength than the 

incident X-rays [2,6, 19]. Diffracted waves from different atoms can interfere with each other 

and the resultant intensity distribution is strongly modulated by this interaction. Measuring the 

diffraction pattern therefore allows us to deduce the distribution of atoms in a material. The 

peaks in the X-ray diffraction pattern are directly related to the atomic distances according to 

the well-known Bragg equation 

nA = 2dsin8. 4.1 

Here A is the incident X-ray beam wavelength (typically measured in angstroms), d is the 

atomic spacing for a particular set of planes (also in angstroms), 0 is the angle to the surface 

and n is the order of diffraction. When these conditions are satisfied, a peak in the X-ray 

intensity will occur. A typical powder diffraction pattern consists of a plot of diffracted 

intensities (peaks), that are caused by layers of atoms in the material, versus the diffraction 

angle 20. The diffraction angle, 20, is the angle between the incoming X-ray beam and the 

diffracted intensity. Furthermore, the areas under the peaks are relative to the amount of 

each phase present in the spectrum [19]. For a single crystal, the diffraction pattern consists 

of a number of sharp peaks [2]. An example of such a pattern is shown in Fig. 4.1(a). From 
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the positions and the intensities of the peaks, the atomic positions in the unit cell can be 

detennined 

(a) (b) 

Fig. 4.1. Electron diffraction patterns showing: (a) a crystalline form and (b) amorphous 
form [26, 50]. 

The diffraction pattern of an amorphous material is strikingly different. The pattern in this 

case consists of broad diffuse rings [2] as can be seen Fig. 4.1(b). This result indicates that 

the structure does not contain a repeating unit cell. The only quantity which can be 

detennined from the diffraction pattern, in this case is the RDF [2], which is the subject of 

the next section. 

4.3 DIFFRACfION FROM AMORPHOUS MATERIALS 

The expression 'diffraction method' here refers to the techniques using X-ray diffraction as 

means to study structural characteristics of amorphous materials. The total scattering 

intensity (1
101

) from an amorphous material, after correction for polarization and absorption 

effects, is composed of the interatomic interference scattering 
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4.2 

The coherent scattering 

" " smqr. leoh = L..i"jL..f(q)l;(q) Ij 

qrij 
4.3 

and the incoherent scattering (line = Inelastic electron-photon interaction) such that: 

Nltal (q) = lint (q) + leoh (q) + line (q) 4.4 

where N is the number of formula units in the scattering volume, q = ( 4n / A) sin e is the 

scattering vector , and f (q ) is the scattering factor for atom i , which is proportional to the 

total number of electrons in atom i, and rij is the distance between atoms i and j. An 

intensity function i (q ), which is the coherent scattering intensity (leoh (q) ), and which 

corresponds approximately to the scattering intensity from point atoms obtained from 

i(q) = 1101 (q) - (lint (q) + line (q )). 4.5 

The resulting diffraction data are usually given in the form of radial distribution function 

(RDF) [2, 19,21,69]. 

4.4 CALCULATION OF RADIAL DISTRIBUTION RJNCTIONS 

All materials scatter X-rays, even if they are not crystalline. Deviation from perfect 

periodicity spreads the scattering out through reciprocal space, but there is still some 

information about interatomic distances [2]. The intensity in electron units scattered by a 

non-crystalline array of atoms at an angle e is given by Debye's equation, and can be used to 

extract information for all materials: 

I =" " sin(qrij) (q) L..i"j L..f (q)1; (q)---"--
qlfj 

4.6 
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where J:, J; are the respective atomic scattering factors of the ith and /h atoms, and rij is the 

distance separating these two atoms as described above. In the present investigation, since 

the amorphous structure is observed over a range of compositions for different systems, it is 

assumed that the two kinds of atoms in each sample occupy random positions in the 

amorphous structure. An average scattering factor and atomic number are then introduced 

in the computations. In other words, it is considered that in an amorphous phase consisting 

of two elements, the atoms are distributed at random so that the phase is regarded as being 

made of one kind of average atoms. Hence 

4.7 

In performing the summation, it is necessary to consider one atom as the origin and to carry 

out the summation over all distances to all atoms of the specimen. Thus for N atoms in all, 

4.8 

The summation of this expression excludes the atom at origin. Furthermore, it is assumed 

that in amorphous phases the distribution of atoms is continuous; then the above 

summation may be replaced by an integral, i.e. 

I(q) = Nf2 [1 + J 4rrr2 per) sin(qr) dr]. 
o qr 

4.9 

In this expreSSIOn, per) is the density of atoms at distance r from the origin. Hence 

4rrr2 p(r)dr is the number of atoms in a spherical shell of radius r and thickness dr. The 

upper limits of integration R is a measure of dimension of the amorphous specimen which is 

very large compared with the microscopic value r. Rewriting the above equation by 

introducing Po as the constant average density of atoms, 
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I(q) = Nf2 [1 + J 4nr2 (p(r) - pJ sin(qr) dr + J 4nr2 Po sin(qr) dr]. 
o qr 0 qr 

4.10 

The second integral corresponds to the small-angle scattering intensity of uniformly dense 

material which is usually unobservable because of the presence of the main beam. Hence, if 

attention is limited to experimentally observable intensities, this integral can be taken as zero 

[2, 3, 19]. It can be expected that within the a-Si:H system, per) rapidly approaches 

Po when r exceeds several atomic diameters; thus R is safely taken as infinity. Two further 

functions can now be defined in order to simplify the expression [22]. The 'reduced 

scattering intensity' qi(q), is defined as 

x 

qi(q) = f 4nr[p(r) - pJsin(qr)dr. 
o 

Here the function i( q) = I ~ q) -1, is called reduced interference function and the 
Nf (q) 

'reduced radial distribution function', G{r), is defined as: 

G(r) = 4nr[p(r) - Po). 

Thus Eq. 4.11 can be written in the form: 

x 

qi(q) = f G(r)sin(qr)dr. 
o 

4.11 

4.12 

4.13 

The reduced RDF Eq. 4.12, is associated by a Fourier transformation with the interference 

function (or reduced scattering intensity) qi(q), which is the structure-dependent part of the 

experimental X-ray data [69]. By the Fourier integral theorem, the above equation is 

transformed into 

1 x 

r[p(r) - pJ = -2 f qi(q) sin(qr)dq. 
2n 0 

4.14a 
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This can also be rewritten as 

2 2 2r fX. . 
4nr per) = 4nr Po +- ql(q)sm(qr)dq. 

n 0 

4.14b 

These functions are a one-dimensional representation of the three dimensional structure of 

the amorphous material. The radial distribution and the correlation functions can be thought 

of as probability functions that give the chances that the surface of a sphere of radius, r, 

from some central atom, will intersect other atoms. The former function i.e. RDF is 

equivalent to 4nr2 p(r). These functions are averages over the entire system. This is 

analogous to choosing every atom in the system as the central atom and calculating an RDF 

for each. Taking the average of the calculated RDF's of every atom in the system would give 

the radial distribution function derived by experiment. Therefore, diffraction experiments 

give information about the average structure of amorphous materials, and not the absolute 

structure [2, 19,66]. It is important to note that though RDF represents real-space structural 

information, it can only yield a limited amount of information by inspection, restricted 

essentially to the local structure around a given atom, namely bond length and bond angles. 

The radial distribution function (RDF) is one of the common forms of representing real-

space structural information, and it has a typical form shown schematically in Fig. 4.2. The 

characteristics features are a series of peaks becoming broader and less well defined with 

increasing r. This reflects the common property of all covalent amorphous semiconductors, 

that there is a degree of short-range order at the first and second order neighbor distance, but 

the spatial correlations decrease rapidly. The importance of the correlation function lies 

principally in the fact that the area under a given peak gives the effective coordination number 

of the particular shell, or simply put, the peaks in RDF(r) indicate frequently occurring atom-
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atom distances, and the area under a peak is equal to the average number of atom pairs within 

a particular range of distances [19, 69]. 
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Fig. 4.2. Radial Distribution Function of a-Si:H in real space (plotted using RAD [69] 

10 

The position of the first peak gives a value for the nearest-neighbor bond length, r1 and 

similarly the position of the second peak gives a value of next-nearest-neighbor distance r2• 

This value arises from a second neighbor atom at a distance 2'i sin ( ~) ,where a is the 

bond angle. 

4.5 DETERMINATION OF S1RAINS AND STRESS FROM X-RAY DIFFRACTION 

Since early 1930s, X-ray diffraction has been established as a method that can be applied for 

stress determination [19,67]. Using this method, the stress in a material is calculated from the 

change in the spacing of crystal lattice planes d, under the assumption that the relation between 
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the change in d and the stress follows Hooke's law. Therefore, this method is essentially 

different from the method of mechanical methods of stress determination as a microscopic 

gauge length is used In [67] the following three characteristics of the X-ray stress 

determination are described: 

(i). Non-destructive measurement 

In the X-ray method, the reflecting angle of the X-ray beam is the only quantity to be 

measured Therefore, the measurement procedure is entirely non-destructive, which is 

basically different from the mechanical method In the mechanical method of residual stress 

determination, the strain due to the stress release on removing a part of material must be 

measured It is therefore, the intrinsically destructive. 

(ii). Near surface sensitivity 

Since the X-ray penetration is at most on the order of ten microns, stress is determined only 

in a thin surface layer of the sample. This can be an advantage in some cases, for example in 

thin films and coatings. On the other hand, it is almost impossible to determine the stress in 

a thin surface layer by a mechanical method. If the stress distribution varies sharply in the 

surface layer, for example, it is possible to determine the stress distribution easily by 

removing the surface layer little by little. Such procedures are, however, no longer non­

destructive. 

(iii). Lateral resolution 

Depending upon the sample geometry or grain size, the area illuminated by X-rays can be 

reduced to less than a millimeter (mm) in diameter if a decrease in accuracy is allowed It is 

therefore, possible to probe stress distributions that vary locally. 
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X-ray determination naturally has some problems as well as some restnctlons III Its 

application. Problems include: uncertainty in the elastic modulus that is required when strain 

measured by X-ray diffraction is converted to stress; restrictions caused by grain size, 

texture, surface roughness, etc; and the difference between the local stress and the mechanical 

mean stress. In the determination of applied stress or residual stress in a polycrystalline 

material that is elastically homogeneous and does not have texture, it is well known that the 

X-ray method yields accurate values. If we understand the advantages and disadvantages of 

this method, apply it to an appropriate procedure, and analyze the results correctly, we will 

be able to obtain much useful information. 

4.6 EFFECT OF STRAIN ON DIFFRACTION PA TIERNS 

In recent years, there has been considerable interest in understanding the origin of residual 

stresses and relating them to the microstructure in thin films. One example is that of a 

polycrystalline thin-film material with significant disorder. 

CRYSTAL LATneR 

(a) 

I I I I II I 
NOSTRAJN 

(b) I I I I I I I 
UNIFORM STRAIN 

(c) II : I 1 : f I I I 
11 I I II I I I 

. L Ill! .IJ II . 
NON,LJNIFORM STRAIN 

DIFFRACTION 
LINE 

Diffraction AnQ!e. 2(-) 

Fig. 4.3. illustration of uniform strain and non-uniform strain [6J 
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In this case, if the stress varies from grain to grain the stress, or within the grain, it is referred 

to as micro-residual stress. On the other hand, the stress may be uniform over large 

distances, and this is referred to as macros-stress. To see the effects of both kinds of strain 

on the diffraction patterns, consider the unstrained crystals and the corresponding 

diffraction line as shown in Fig. 4.3.a-c. When the lattice is given a uniform tensile strain, 

normal to the lattice planes, their lattice spacing becomes smaller and the corresponding 

diffraction line shifts to a lower angles. This uniform strain, as illustrated in Fig. 4.3, 

produces a peak shift of the diffraction line to a new 28 position. 

On the other hand, if the material is deformed, the lattice planes become distorted, such that 

the spacing of any particular (hk~ set varies from one grain to another or from one part of a 

grain to another. This non-uniform micro-strain produces a peak broadening of the 

corresponding diffraction line as indicated in Fig. 4.3c. The elastic behaviour of polycrystals 

depends on the crystal elastic constants of its constituents and the microstructure. We may 

imagine this as a grain to be composed of small regions, each having the same plane spacing 

constant, but changed from the spacing in the adjoining regions. All regions contribute equally 

to the diffraction pattern with different diffraction lines (dotted line Fig. 4.3c), and the result is 

the sum of sharp lines generated by non-uniform strains. 

In order to address the residual stress question related to atomic arrangement in the present 

work, we need to follow the procedure proposed by Haning et al [15, 20]. In this work, they 

suggested that the stress responsible for strain in a-Si:H can be evaluated assuming linear 

elastic deformation, leading to shift of the first two diffraction peaks. Since in a-Si:H, the 
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height of the basic tetrahedron is not the same for each tetrahedron (bond length and 

interatomic distance can change), it can be compared to a different part of itself. 

4.7 DETERMINATION OF S1RAINFROMDIFFRACTION 

The procedure followed is diffraction-based strain measurement. This technique relies on 

the use of the interatomic spacing in the material as an internal strain gauge. To properly 

describe the results of a diffraction strain measurement, we have to wony about a coordinate 

system for the instrument and the sample. These two coordinate systems are related by two 

rotation angles If! and l/J, as illustrated in Fig. 4.4. 

Fig. 4.4. Schematic representation of the laboratory coordinate system and the sample 
coordinate system for strain and stress components and Euler angles (l/J, If! ) (Drawn from 
[67,85]) 

The procedure is based on measurements of variation of the diffraction peak position for a 

(hk~ family of planes as a function of the two Euler angles, the azimuth l/J and the tilt angle 

If! [70]. If the characteristic radiation of wavelength A is irradiated into a material, it is 

diffracted only from the lattice planes satisfying Braggs' diffraction condition as formulated 

in Eq. 4.1 [19, 67, 71]. If the grains are small enough, and there are enough grains in the area 
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illuminated, and the orientation of the grains is random, then diffraction should take place 

uniformly along the surface of the sample [19]. 

If the small changes !'J..d in spacing of the lattice planes d are created by a stress imposed on 

the materials, the reflecting angle e is changed as a result, and by differentiating Eq. 4.1 we 

obtain 

!'J..d 
-=-cot8!'J..8. 
d 

4.15 

This equation indicates that the change in e can be converted to the change in the spacing of 

the lattice planes. If the unstrained lattice spacing and the corresponding diffraction angle do 

and eo, respectively, then the measured strain in the direction of the normal to the reflecting 

plane £¢ilJl is approximated by the following equation [6, 67]: 

4.16 

4.8 STRAIN-S1RESS RELATION 

If it is assumed [19, 67] that the strain £ was produced by stress 0- acting in a single 

direction, Hooke's law requires that 

0-
£=­

E' 
4.17 

where E is Young's modulus. If a tension 0-= is applied along the Z axis of the body, the 

body will elongate in Z direction and the strain becomes 

4.18 
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At the same time, the body contracts equally along its X and Yaxes, and these strains are 

related to [;0 through Poisson's ratio v as follows: 

va _ -[; = -[; = v[; = ---
x y 0 E 4.19 

The negative sign here denotes the contraction [6, 19]. This simple stress system is one-

dimensional with respect to the direction of stress. The strains in three-dimensional stress 

system, however, are readily obtained from expressions 4.18 and 4.19 by the principle of 

superposltlon, glvmg 

4.20 

The strains considered above are designated normal strains since they are produced by stress 

normal to a surlace. Usually, such normal strains are accompanied by additional shear 

strains, in a plane normal to the stress direction. 

In our case, since X-ray diffraction takes place only in a shallow surlace layer. It is assumed, 

that the stress component (J33 in the direction normal to the surtace is zero [19, 20, 85]. 

Therefore, if the other principal stresses (Jll and (J22 are taken parallel to the sample surtace, 

then the relationship between stresses and strains are 

4.21a 

4.21b 
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4.21c 

Because stress is a tensor entity, the complete stress tensor has to be calculated [73]. This is 

achieved by transforming the strain in the sample coordinate system Eij following the 

transformation tensor [71,72] defined by: 

i,k,i=1,2,3 4.22 

where aik and ail are the direction cosines between the laboratory system and the sample 

coordinate system, respectively. In terms of the experimental angles IJI and 4>, the 

transformation matrix can be written as 

[

COS 4> cos IJI sin 4> cos IJI 

a = -sin4> cos 4> 

cos 4> sin IJI sin 4> cos IJI 

-s~lJIl 
cOSIJI 

4.23 

For diffraction, it is only possible to determine the lattice strain, for a given (hk~ plane 

spacing, in the direction of the bisector of the incident and diffracted beams. In order to 

calculate the stress (or strain) tensor at a sampling gauge location, at least six independent 

measurements of strain in different directions Et/JII' are required [20,43,73-77,84]. 

The strain vector, E",,,, in the direction (4), IJI) is related to the other Cartesian strain tensor 

components Eij by [20, 84]: 

2,1, • 2 • 2,1, • 2 2 • 2,1, • 2 
E",,,, = Ell cos 'l'sm IJI + E22 sm 'l'sm IJI + E33 cos IJI + El2 sm 'l'sm IJI 

d -d 
+ E 13 cos 4> sin 21J1 + E 23 sin 4> sin 21J1 = "'''' 0 • 

do 

4.24a 
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Eij are strain tensor components in the sample coordinate system, and the measurement at 

six or more different ifJlfI can give all of the strain tensor components. Eq. 4.20 can also be 

rewritten in the following form [83J: 

with 

2", . 2", 
E", =E]]COS 'P+ E22 sm 'P. 

The strain tensor component can then be used to determine the stress tensor components, 

and the general strain-stress relationship is described by Hooke's law tensor equation 

4.25a 

where Eij and (Jij are the strain and stress components in the sample, and Cjjkl is the stiffness 

tensor [84]. The elastic strain produced by an applied stress is given by a set of equations 

similar to Eq. 4.25 (a) 

4.25b 

The constant Sjjkl are called compliances, and Eq. 4.25b shows that one component of stress 

can produce non-zero values of all of the strain components [14J. The indices mark the three 

different directions in space [14, 78J. 

By recording the peak shift as a function of the sample tilt angle 1fI, the residual stress can be 

determined using elasticity theory. According to the elasticity theory, for a linear isotropic 

medium, strain is related to stress via Hooke's law and can be expressed as follows [70, 76J: 

4.26 
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where k is the dummy suffix summing over all k (i.e. a kk = all +a22 +a33 ). The dependence 

of elastic stress and strains on the direction scattering vector given by (lj>, lJI), is achieved by 

using Eq.4.22 and Eq. 4.26, and this leads to 

Sl and S2 in Eq. 4.27 are the X-ray elastic constants for a particular set of lattice planes. If these 

are unknown, approximate values can be expressed in terms of Young modulus, and the 

Poisson ratio, namely ~ S2 = (1 + v) / E and Sl = -v / E [70]. In our case, The stress tensor 
2 

S,p'l' is at an angle Ijf, to the surface normal (as illustrated in Fig. 4.4). Therefore, the observed 

stress state is effectively along the surface of the layer [70], and it can be assumed to be biaxial. 

This requires that the following condition must hold, a l3 = a 23 = a 33 = o. with this 

assumption, Eq.4.27 can be expressed as 

4.28 

alP is the stress component in the lj> direction, as illustrated in Fig. 4.2, and is given by 

alP =allcos2lj>+aI2sin2lj>+a22sin2lj> . 4.29 

When the bulk elastic constants are not well known, it is more appropriate to eliminate 

them, and work directly in terms of strain [6,20,79]. This can be achieved directly using the 

fact that, although the stress a33 is zero, the strain 033 is not zero. This means that, it has a 

finite value given by the Poisson contractions due to a11 and a22 leading to equation 4.21c. 

Now using 4.21c and the strain equation derived in equation 4.28 we have: 

4.30 
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Eq.30 requITes that the rotational symmetry of the stram state be assumed, with 

GIl = G22 = G l2 = O. Only then the strain state can be deduced and with the knowledge of the 

elastic constant the stresses can be determined using equation 4.21c. The method of X-ray 

stress determination based on Eq. 4.28 or Eq. 4.30 is generally called the sin2 1f/ method 

[67,70]. 

4.9 RESIDUAL STRESS CALCULATION 

The stress in the if> coordinate system can be calculated directly from the slope of the least 

square line fitted to the experimental data, measured at various If/, if the elastic constants E, 

v and the unstressed plane spacing, do are known [80]. This can be achieved by using the 

following equation 

~s = v+l 
2 2 E 

Equating the slope of the Grpll' - sin21f/ curve to 

the residual stress can be obtained from 

4.31 

4.32 

4.33 

In this case Bragg's condition, as defined by EqA.1, does not indicate the angular relation 

between the X-ray beam and the sample, but that between the X-ray beam and the 

orientation of a grain in the sample. 
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5 EXPERIMENTAL DETAILS 

In this chapter the sample preparation, measurements and data manipulation necessary for this 

work are presented 

5.1. SAMPLE PREPARATION 

The hydrogenated amorphous silicon (a-Si:H) layers were provided by E varist Minani of 

UCT's solid state group, produced using the hot-wire chemical vapor deposition (HWCVD) 

system at the University of the Western Cape. In this process pure silane (SiH4) at a pressure of 

40 flbar is catalytically decomposed by tantalum filaments, maintained at 1600 0c. In all cases 

the gas flow rate was 60 sccm. For the production of uncoated substrate materials, as a 

reference, the silane was replaced by hydrogen in the deposition system, with the other 

parameters kept constant. The layers were deposited on coming 7059 glass substrates at the 

temperature of 300°C and 500 °c respectively. The thicknesses of the deposited layers were 

estimated by UV absorption spectroscopy and ranged from 1.3 fID1 to 1.7 flm. More details on 

the procedure carried out to measure these thicknesses and other microstructure evaluation 

can be found in ref [20]. 

5.2 DIFFRACTION MEASUREMENT 

The synchrotron radiation diffraction measurements were performed using the 3-axis XPD 

difractometer on beamline lOB at the Laborat6rio Nacional de Luz Smcrotron (LNLS), 

Brazil As described in chapter 4 the usual procedure to determine the residual stress state in 

the sample requires measuring the lattice spacing d as a function of measurement directions lfI 
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(angle between the normal to the reflecting planes and the specimen surface) and 4> (azimuth 

angle). By varying the sample tilt If! at constant direction 4> (see Fig. 5.1) the diffracted intensity 

of several lattice planes is measured, and the strain &rp'l' can be determined according to Eq. 

4.20. For stress determination in amorphous materials, in which the distinct sets of lattice 

planes indicated in Fig. 5.1 are replaced by approximate distances it is necessary to record a 

full diffraction pattern at each If! tilt. 

DETECTOR 

Fig. 5.1 Overview of the measurement procedure (Fig drawn from [84] 

These intensity profiles were measured usmg 11 ke V radiation, corresponding to a 

wavelength of 1.125 A over a 2() range of 4° to 129° in steps of 0.025°. Under these 

conditions, the maximum scattering vector (q = (4n / )")sine) is 10 A-I. This q-value is 

crucial to resolve the small differences in the bond lengths. As an internal strain gauge the 

positions of the first and second amorphous scattering peaks corresponding to the (111) and 
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(220) Bragg reflections in crystalline silicon, were used in the sin21f! analysis. Beyond this, the 

radial distribution function was calculated to provide real space distances given by the first and 

second nearest neighbour separations. The specific If! tilt angles considered for these 

reflections are 0°, 20°, 40°, 60°, 80
0

and 85°, respectively. 

5.3 BACKGROUND SUBTRACTION 

The complete experiments as described above comprised the measurement of the diffraction 

patterns for the glass substrate with the amorphous layer and the additional uncoated glass 

substrate, both of which were subjected to the same conditions. This was done to separate the 

contribution of the glass substrate from a-Si:H layer in the experimental data. The synchrotron 

radiation can penetrate through the a-Si:H layer, therefore the diffraction pattern has 

contribution from both the film and the substrate. Fig 5.2 shows the contribution of the layer 

and that of the glass plotted together. 

3500~----~----~====~====~====~====c=====~==~ 
--amorphous silicon layer 

3000 - - uncoated blank lass substrate 

2500 
'2 
·c 
:l 
.0 

2000 

~ 
.~ 1500 
til 
c 
2 1000 c 

500 

O~ ____ ~ ____ ~ ____ ~ ____ L-____ ~ ____ L-____ ~ __ ~ 

o 20 40 60 80 

Scattering angle[2e o
] 

Fig. 5.2 Synchrotron diffraction patterns for an uncoated glass substrate and for an a-Si:H 
layer deposited on the glass substrate. 
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A glass was chosen as a substrate because it has an amorphous structure and as such, it 

should contribute a smooth slowly varying background to the diffraction patterns. We 

should expect the observed X-ray scattering intensity to be the combination of a-Si:H layer 

and background contributions which can be represented by the following equation: 

IObser = Ia-Si:H + IBlan.Subst. 5.1 

IObser in Eq. 5.1 is the observed X-ray scattenng mtensIty, r-SiH represents the 

hydrogenated amorphous silicon layer, and IBlan.Subst is the substrate contribution. As can be 

seen in Fig. 5.2, the substrate contribution dominates the measured diffraction pattern. The 

procedure followed for the substrate background subtraction uses the weighted intensities of 

the layer and substrate contributions. To illustrate this procedure, let the diffracted intensity 

of an uncoated substrate be pmc (8), and that of a coated substrate be I
coat (8). The X-ray 

scattering intensity from the coating can then be estimated from the following relationship: 

I
Corr (8) = r oat (8) - {3Junc (8) 5.2 

Where e is the scattering angle and f3 is the scale factor for background correctIon 

determined following the path length through the layer, which in this measurement is 

dependent on the angles e and '1'. In this procedure, a separate pattern for each tilt angle 'I' of 

the glass is recorded first and then used for background subtraction. If this was not the 

case, an additional factor containing cos'l' would have to be considered in Eq.S.2. Since the 

surface layer contributes the fraction ~ of the total diffracted intensity, it can be estimated from 

the absorption law: 

I f3 = - = exp [ -(J1 / p) pt ] 
10 

5.3 
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The factor I in Eq. 5.3 defines the intensity of the primary beam after traveling a distance t; 

10 is the intensity of the incident beam,!, is the X-ray linear absorption coefficient, and p IS 

the density of the sample [40]. 

The path length is expressed in terms of the layer thickness and also takes the scattering 

angle e and the tilting angle IjI into consideration. In mathematical terms this can be 

expressed as 

x 
t=---­

sine COSIjI 

Combining equations 5.3 and 5.4, the absorption law can be expressed as 

( 211X) f3 = exp - . 
sine COSIjI 

5.4 

5.5 

The factor f3 in Eq. 5.5 considers that the radiation has to pass through the layer twice, 

namely, before and after the reflection. 

700 

600 

500 

$' 400 
"c 
:::l 

300 .ri 
~ 
i':' 200 
"iii 
c: 
QJ 100 
C 

a 

-100 
a 20 

a-Si:H Layer after Substraction 
for sam pie depOSited at 300 0 C 

40 60 80 100 120 

Scattering angle[2e o
] 

140 

Fig. 5.3. Illustration of the background subtraction. An integrated pattern of X-ray scattering 
for hydrogenated amorphous silicon is plotted after background subtraction. 

A typical example of the substrate subtracted diffraction pattern for a-Si:H deposited at 300 

°c for a single IjI tilt is shown in Fig. 5.3. 
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5.4 PEAK DIFFRACTION 

After background subtraction, the data were analyzed using two procedures to study the full 

local structure of hydrogenated amorphous silicon. Firstly, the pair distribution functions 

were calculated as follows. The subtracted data was first convened to scattering interference 

function, I(q), where the scattering vector, q, is related to the observed scattering angle, () by 

q = (4n / A)sin8. The analysis of the data starts [19, 88, 89] with reduced scattering 

intensity 

i()- /(q) -1 
q - 1VJf2(q) , 5.6 

where f is the atomic form factor and N is the number of atoms in the samples. Next we 

normalize the data following the procedure described in [19]. A damping factor 

exp( _ yq2) is introduced to reduce the errors in the high-q region due to the factor i. 

Using a Fourier transform of the function qi(q), the pair distribution function (PDF) is 

estimated using the method discussed in chapter 4. The use of the term PDF is preferred 

here, instead of RDF, because it can longer be assumed that the structure is strictly isotropic. 

This function as explained earlier contains integral information about the amorphous 

structures [19, 83], namely preferred neighbour distances and means bond angles [1]. The 

peaks in the plot of PDF vs r correspond to the frequently occurring inter-atomic distances, 

and the area under the peaks is equal to the average number of atom pairs within the 

particular range of distance. Two distances were extended from the PDF: the position of the 

first peak which gives an estimate of the average first-neighbor distance r l ; and the position 

of the second peak estimates the average second-nearest neighbor distance r2• In a-Si:H the 

nearest neighbour distance r l is directly equivalent to the Si -Si bond length. All the above 
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steps can be done usmg a numerical sine transform applied directly to the substrate 

subtracted data [20] or by fast Fourier transform as used in RAD program [69]. 

Secondly, usmg the same background subtracted XRD patterns, the strams along If! 

directions were obtained directly from the first and second diffraction peaks of the 

hydrogenated amorphous silicon (a-Si:H) layers. To reduce the effect of random noise, the 

background subtracted XRD patterns were smoothed using a seven-point Savitzky-Golay 

algorithm using the Origin program. The diffraction peak shapes were approximated by 

Gaussian functions, and the fitted peaks positions were used to determine the interatomic 

separation d In this procedure the diffraction peak positions were determined for the 

weighted centre of intensity of the reflections. Furthermore, the full widths at half maximum 

(FWHM) for the first two diffraction peaks were estimated from the diffraction patterns. 

1000 
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CJ) 
~ 600 c 
::::J 

..c 
I-

m 400 .......... 
>. 
~ 
CJ) 

c 
Q) 200 ...... 
c 

a 

-200 a 20 40 60 80 
o 

scattering angle [28 ] 

Fig. 5.4. Gaussian fitting of the amorphous diffraction patterns 
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Each diffraction peak is therefore described by Gaussian curve with variable FWHM and the 

intensity as shown in Fig. 5.4. Peak fitting was performed over a region of interest around 

the respective peak, in which the intensity had reduced to a background level without 

introducing any additional structures. The errors in the peak position were estimated using 

the FWHM by determining the error in the mean of the distribution [SO]. From the counting 

statistics, the error is given by 

(J 
fl(28) = IN' 5.7 

This can also be rewritten as 

(J 
fl8 = 2JN' 5.S 

Here (J is the standard deviation and N the integral intensity. This use of the integral 

intensity as N in the Breit-wegner formula makes the assumption that the background 

subtracted data really is Gaussian in form, and hence normally distributed If this were not 

the case the counting statistics of the two measurements would have to be included in the 

same way. If we use the Breit-Wigner statistical distribution relationship, between the full 

width at half maximum (FWHM) and the standard deviation (J, defined by FWHM = 

2(J.J21n 2, then the standard deviation (J can be expressed in terms of the full width at 

half maximum (FWHM), defined as 

FWHM 
(J=-==-

2.J21n2 . 

Substituting for (J back in Eq. 5.S leads to 

fl8 =( FWHM ) 
4.J2Nln2 ' 

5.9 

5.10a 
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or 5.10b 

To find the error in the inter-atomic spacing d, Bragg's Eq. 5.1 is differentiated with respect 

to 0 as described in chapter 4 and then the following equation is obtained: 

s = cot()~() 5.11 

This equation indicates that the broadening of the diffraction peak depends on both strain 

and cotO. Combining Eq. 5.10 and Eq. 5.11 leads to 

( ~d) (FWHM) 
S = d ifJIjI = 0.212 IN coW. 5.12 

In determining the strain from the direct diffraction data the diffraction angles for the 

unstrained (111) and (220) crystalline silicon reflections were used, similarly in determining 

the strains from PDF's the crystalline silicon bond length and angles were used as a 

references. 
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6 RESULTS AND DISCUSSION 

The overall aspects of structural features of a-Si:H layers in the present work were obtained 

using synchrotron radiation diffraction. The diffraction data have been analyzed using two 

distinct approaches. Firstly, a direct determination of the positions of the diffraction peaks 

[20], using a Gaussian fit to the data, was used to determine the interatomic separations. These 

were then converted to strain, which can be interpreted in terms of residual stress. Secondly, 

the microstructural characterization was performed using the radial distribution functions, for 

each IJI tilt, which were calculated using the substrate subtracted diffraction patterns. The 

details of the analysis procedures have been described in the earlier chapters. 

6.1 DIFFRACTION PATTERNS IN q SPACE 

Fig. 6.1 shows synchrotron diffraction patterns, taken for samples deposited at 300 °c and 

500 ° C, respectively. These spectra were measured at an arbitrary azimuth angle ¢ = 0, and at 

zero /If tilt. The results presented in Fig. 6.1 were generated after eliminating the contribution 

of the glass substrate following the procedure explained earlier in section 5.3. The subtracted 

data then converted to a scattering interference function, I(q), where q is the magnitude of 

the scattering vector [19], which is related to the observed scattering angle, () by 

q = (4n / A)sin8. This was performed using the following relation I(8)d8 =I(q)dq. The 

diffraction patterns shown in Fig. 6.1 reveal the wave vector dependence of scattering 

intensity I(q). It can be seen, that in both patterns, there are two clearly pronounced diffuse 

diffraction peaks at approximately 2 and 3.5 inverse angstroms. There is an indication of a 

third weak peak at 5.5 Al but the scattering intensity is low at high q values. Practically 
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everywhere up to the measured maximum of 10 A-l there is a notable oscillating, diffuse and 

weak background 

a-S i:H Layer 

-- DePT = 500°C 
emp 

1 st Peak 

U 
40 2 nd Peak 

-- DePT = 300°C 
emp 

~ ::: 
(f) 
c 
Q) -c 

3'd Peak 

20 

o 

2 4 6 8 10 

q[k1] 

Fig. 6.1. Diffraction pattern from layers deposited at 300°C and 500 °c measured at If! = 0 

and ¢ = o. 

The fact that the diffracted intensity is reduced at a high q value is a strong indication of 

short-range order, as opposed to long-range order, and thus presents evidence that the film 

structure is amorphous. As indicated by the insert in Fig. 6.2, for the sample deposited at 500 

° C, the diffracted peak is equivalent to the (111) reflection in crystalline silicon (c-Si). The 

corresponding lattice spacing is equal to the height of the Si-Si4 tetrahedron [26]. Similarly, 

the second diffraction peak is equivalent to the (220) reflection in c-Si, and corresponds to 

the length of side of the Si-Si4 tetrahedron, as indicated in the insert of Fig. 6.2. 
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Fig. 6.2. Diffraction pattern showing the first two maxima in a-Si:H layer. The first peak 
corresponds to the height of the Si-Si4 and the second peak corresponds to tetrahedron edge 
lengths of the Si-Si4 tetrahedron, respectively. 

Fig. 6.3 shows the diffraction peak shift for different lfI tilts for samples deposited at 300 °c 

and 500 0 C, respectively. The first and the second peak positions shift towards a higher 

scattering vector q, for both samples. The relative intensity decreases as the lfI tilting increases. 

Each diffraction peak is directly related to the atomic distances through the diffraction 

condition, and the observed peak shift indicates a variation of interatomic spacing with 

direction lfI. As discussed in the previous chapters, any changes in the interatomic separations 

b d . I:ld. h .a1 can e expresse as a stram s = - ill t e maten . 
d 
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Fig. 6.3. The diffraction peak shift with ",tilting in a-Si:H for two samples grown at (a) 300°C 
and (b) 500 °c respectively. The displacement of the peaks, as indicated by arrows in both 
samples, is due to strain effect on layers. 
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6.2 DIFFRACTION IN REAL SPACE 

In synchrotron diffraction, all we need to measure is the total structure function [19, 88, 89]. 

From this we obtain the real-space pair distribution functions (PDF) through Fourier 

transformation [89] according to the procedure described in section 5.4. This is also known as 

radial distribution function (RDF) and this function is equivalent to 4nr2 p(r) as explained in 

chapter 4. The corresponding peaks of this function simply represent characteristic distances 

separating pairs of atoms, and thus reflect the atomic arrangement. As described in chapter 4, 

by analyzing its peaks and their shape information about the shon and intermediate-range 

order in the material under study can be obtained 

Fig. 6.4 shows the corresponding pair distribution functions for the two growth temperatures 

as a function of correlation distance r from an arbitrary atom at its origin. It can be seen in the 

figure, that the pair distribution function for samples deposited at 300 °c and 500 °c both 

have two pronounced broad peaks. In both cases the peaks terminate with a ripple at larger 

correlation distances. 
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Fig. 6.4. Pair distribution function for a-Si:H layer (a) sample grown at 300 DC and (b) sample 
grown at 500 DC. 
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As described in chapter 4, the first peak corresponds to the first nearest-neighbour 

separation, and the second peak corresponds to the second nearest-neighbour separation. 

The fIrst two peaks therefore correspond to the distances between the central tetrahedral atom 

and tetrahedron comers, and the tetrahedron edge length, respectively. 

Fig. 6.5 shows, for comparison, the two curves for the samples deposited at 300 0 C and 500 0 C 

overlaid on each other. 

0.02 ,.....,----r------,r-------,.----,------.---..., 
Pair distribution for 300 DC and 500 DC 

--500 DC 
--300 DC 

0.01 
S' 
~ 
;::;. 
"iii 
c: 
Q) 

0.00 -C 

~ 
-C 
co 

a::: 

-0.01 

2 4 6 8 

Interatomic Separation [Angstrom] 

Fig. 6.5. Comparison of the pair distribution function for a-Si:H layers deposited at 
temperature of 300°C and 500 °C. 

The differences between the 300°C and 500 °c films are most apparent within the first nearest 

neighbour distance, but are also apparent within the second nearest neighbour distance, as 

shown in Fig. 6.4 and Fig. 6.5. It can be seen that the corresponding patterns exhibit clear 

differences in the height and the width of the first peak, and the second peak. The most 

notable difference can also be seen in the form of a shoulder in the second peak for the 

sample deposited at 500 ° C, as indicated by an arrow in Fig. 6.5. This shoulder could be due 

to a poorly resolved peak in the second maximum, or possibly the presence of hydrogen. It 
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may also indicate an increase in the short-range order in the layer for this sample. Further 

small differences are observed beyond the second peak for the sample deposited at 300°C. 

There is a pronounced hump that looks like a third peak at a higher value of interatomic 

separation. This shows that most of the changes in atomic configurations result from ordering 

in the short range. 

Further analyses on the PDF's for the first and second peaks were conducted on all curves for 

these samples at the respective growth temperature. These were then used to obtain the 

interatomic distances or bond length in different directions for each PDFs. Results obtained 

for both 300 ° C and 500 ° C samples measured at 4> = 0 are summarized in table 6.1. A more 

complete set of these data is included in appendix A 

Table. 6.1 An interatomic spacing'1 and'2 inA, and the bond angle for two samples at 
different lfItilts and 4> = o. 

Deposition temperature 300°C Deposition temperature 500 ° C 

lfI- tilt rI{A) r2(A) a(O ) rI{A) rJ(A) a(O ) 
0° 2.29 ± 0.009 3.89 ± 0.02 116.3 ± 1.0 2.38 ± 0.01 3.92 ± 0.03 110.9 ± 1.0 

c 

20 2.24 ± 0.006 3.98 ± 0.02 125.3 ± 0.9 2.34 ± 0.01 3.90 ± 0.02 113.1 ± 0.8 
c 

40 2.39 ±0.004 3.84 ±0.02 106.9 ± 0.8 2.20 ± 0.01 3.96 ±0.01 128.5 ± 0.9 
0 

60 2.41 ± 0.006 3.94 ±0.02 109.7 ± 1.1 2.25 ± 0.01 3.93 ± 0.02 121.2 ± 0.8 

80 
0 

2.39 ± 0.04 3.92 ± 0.01 110.2 ± 1.0 2.23 ± 0.02 3.85 ± 0.01 119.4 ± 0.9 
0 

85 2.35 ± 0.01 3.91 ± 0.02 112.6 ±0.9 2.29 ± 0.02 3.88 ± 0.02 116.1 ± 1.2 

It is clear from the tabulated data that there are several trends observed for both samples. The 

tabulated values for samples deposited at 300°C and 500 °c reveal that the bond length ranges 

from 2.2 A to 2.41 A for the first nearest neighbour. Similarly, the second nearest neighbour 

distance ranges from 3.84 A to 3.98 A. These values are close to the Si-Si bond length of 2.34 

A and second nearest neighbour distance of 3.85 A found in the crystalline structure [1, 19, 

88]. The angles between the bonds for the amorphous sample deposited at 300°C are between 
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106§and 125.3° and that of the sample deposited at 500°C are between 110§ and 128.5°. 

TIlls indicates that the structural parameters are not that different from the cl)'stalline material. 

Further observation reveals that there is a general increase in the nearest-neighbour separation 

perpendicular to the surface, and a decrease in second-nearest neighbour separation, with 

deposition temperature. These characteristics indicate the bond distortion as result of strain. 

The evidence of peak shifts due to strain in both peaks can be seen in Fig. 6.6, indicated by the 

three arrows at various IjI tilts. Similar behaviors are apparent for other if> angles as can be seen 

in the curves included in appendix C for both samples. 

0.020.---r---------~----------~--------~--_r================11 

0 

0.016 
\jf = 0 

\jf = 20 
0.012 

\jf = 40 
S' 
~ 0.008 
>. :-= 
(/J 

c 0.004 
Q) 
"0 

.~ 
"0 

0.000 

ro ..... 
-0.004 

-0.008 

2 4 6 

Interatomic Separation [Angstrom] 

Fig. 6.6. The variation of the nearest-neighbour and second nearest neighbour separations for 
a-Si:H grown at 500°C growth at if> = 0 for tilts of IjI = 0°, 20°, 40°. The pattern exhibits a 
peak shift as indicated by the arrows. 

Similar observations were noticed in a study done earlier in ref [23]. In this study the authors 

concluded that this is an indication of a widening of the average bond angles and a shortening 

of the bond length, but no clear justification of the cause was given. However, Street [88], 
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attributes this to bond strains, and hence the disorder in a-Si:H network, and more recently the 

same argument was confirmed in the study by Haning et cd [20]. 

6.3 THE V ARIA nON OF STRAIN 

The synchrotron diffraction patterns presented in Fig. 6.1 and the PDF curves in Fig. 6.4, 

were used to extract information on the strain in the a-Si:H layers of the samples deposited 

at 300°C and 500 0c. To reduce the effect of random noise and at the same time to get the 

best estimate of the peak maxima from the distorted data, the substrate-subtracted 28 

diffraction data were first smoothed using a seven-point Savitzky-Golay algorithm as described 

in section 5.4. For this purpose, the position of the peaks is determined as the centre of a 

Gaussian distribution fitted to the smoothed diffraction peaks as shown in Fig. 6.7. Similarly, 

in order to obtain peak information from the PDF, such as peak widths and peak positions, 

the real-space functions, are fitted with Gaussian distributions but no further smoothing 

procedure was applied The Gaussian fit was chosen over other common peak fitting methods, 

such as centre of gravity, because the diffraction peaks in this work are broad and almost 

Gaussian in shape. Fig. 6.7 shows an example of the typical diffraction peaks used for strain 

measurement. To convert from peak positions to strain, we have used the fact that the first 

diffraction peak, corresponding to the height of the Si-Si4 tetrahedron, is equivalent to the 

(111) reflection in c-Si [2,56,62]. Similarly, the second diffraction peak, corresponding to the 

length of side of the Si-Si4 tetrahedron is equivalent to the (220) reflection in c-Si. 
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Fig. 6.7. The diffraction pattern after smoothing with a 7 -point smoothed Savitzky-Golay 
algorithm. The bold line represents a fitted Gaussian curve for peak position, and FWHM 
estlIllatlon. 

Crystalline silicon has been used as a reference to obtain strain from diffraction and pair 

distribution function (PDF) peak positions. To perform this calculation, we have used the 

lattice spacing of 3.1355 A, and 1.9102 A for the (111) and (220) planes of c-Si as reference 

values for the 28 diffraction data. Similarly aystalline values of 2.34 A and 3.85 A were used 

as reference values to determine bond strain from the pair distribution function. The strain 

conversion was then carried out according to the procedure outlined in section 4.8. 
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6.3.1 S1RAIN DETERMINED FROM 28 DIFFRACTION PATTERN 

The detailed infonnation extracted from the first two diffraction peaks for samples grown at 

300°C and 500 °c are summarized in table 6.2(a) and (b) . 

Table. 6.2. (a) and (b). Peak position parameters and information for variation of 
strain from diffraction as a function of 28 in a-Si:H layer at 300 and 500 ° C 

Strain for a-Si:H deposited at 300°C determined from diffraction patterns 

First diffraction peak (111) Second diffraction peak (220) 

28 l 0 J FWHM Integral intensity 28 [0 ] FWHM Integral intensity 

20.364 3.9172 1331 36.729 4.6787 1042 
20 7 2231.744 36.526 8.844 2378.9 
20.25 5 2120.1734 36.603 5.9924 1346.5 
20.234 5.1407 1600 36.913 5.5137 1159.8 
20.547 3.8071 613.79 36.913 3.9173 360.89 
20.339 4.2217 504.89 36.872 5.1908 409.09 

Strain for a-Si:H deposited at 500°C determined from diffraction patterns 

First diffraction peak (111) Second diffraction peak (220) 

28 [0 J FWHM Integral intensity 28 [0 ] FWHM Integral intensity 

20.251 3.4029 1620.2 36.448 7.409 1613.3 
20.097 3.145 1859.7 36.925 5.3427 1073.8 
20.3 2.9364 1460.2 36.947 6.532 1713.7 
20.292 2.6823 842.27 37.07 5.1689 1115.9 
20.608 3.46 570.62 37.161 6.8488 843.66 
20.503 3.2017 247.01 36.816 6.7336 486.94 

This infonnation was converted to strains using the linear Grpll' ·sin211' relationship, using the 

procedure outlined in chapter 4. Typical results for the variation of strain with sin211' in the a-

Si:H layer are presented in Fig. 6.8 (a) and (b) for the sample grown at 300°C. 
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Fig. 6.8. Variation of the strain with sin2
lj1 for the a-Si:H layer deposited at 300°C 

determined from diffraction pattern: (a) first diffraction peak corresponding to the height of 
the Si-Si4 tetrahedron, equivalent to the (111) reflection in c-Si (b) the second diffraction peak, 
equivalent to the (220) reflection in c-Si, corresponding to the length of side of the Si-Si4 
tetrahedron. 

Similarly, the results for the variation of strain with sin2
lj1, as determined from the positions of 

the first and second diffraction peaks, for the sample grown at 500°C are presented in Fig. 6.9 

(a) and (b). It is very dear from the curves shown in Fig. 6.8 and Fig. 6.9 that for both 

samples, the curves deviate from the linear prediction of the conventional sin2
lj1 method This 

indicates the presence of a stress gradient, and hence shear components, which are also evident 

in the difference between sin\v curves taken for ~ angles 180 0 apm, as seen in the appendix. 
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Fig. 6.9. Variation of the stain with sin211' for the a-Si:H layer deposited at 500°C 
determined from diffraction pattern: (a) first diffraction peak corresponding to the height of 
the Si-Si4 tetrahedron, equivalent to the (111) reflection in c-Si, (b) the second diffraction peak, 
equivalent to the (220) reflection in c-Si, corresponding to the length of side of the Si-Si4 
tetrahedron. 

Similar behavior was also observed for other azimuth angles l/J, for both samples, as can be 

seen in the data included in appendix B. It should be noted that there is some slight 

discrepancy between corresponding measurements, e.g. l/J = 0 0 and l/J = 180°, but in general 
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these agrees to within two standard deviations using the error estimates described by Eq.5.8. 

There are several reasons for these differences including; inhomogeneity in layer thickness, 

error propagation in background subtraction, and possible misalignment of the diffractometer 

axes. Furthermore, the curves plotted in Fig. 6.8 and Fig. 6.9, and those included in the 

appendix are largely dominated by negative slopes, indicating a compressive stress. The non­

linearity presumably results from the strain gradient through the thickness on a-Si:H layer [70], 

and indicates an inhomogeneous stress distribution within the layer. A similar behavior was 

also observed in ref [15] for a-Si:H layers deposited under similar conditions, and more 

recently in a work done in ref [20]. 

6.3.2 STRAIN DETERMINED FROM PAIR CORRELATION FUNCTION 

Typical examples of bond strain plotted relative to c-Si as a function of sin2 1J1 for two samples 

deposited at temperatures of 300°C and 500 °c are shown in Fig. 6.10 (a) and (b). As 

described in section 6.3, the bond strains occur as a result of an increase and decrease of 

nearest neighbour and second nearest-neighbour distances. This behavior is attributed to the 

bonding distortion at the sites of the amorphous silicon network. This effect, as we know, 

may induce bond strain in the network resulting from broken Si-Si bonds, and hence the 

formation of dangling bonds. This is due to the atomic hydrogen that diffuses into the 

amorphous network and converts strained Si-Si bonds into Si-H bonds. Furthermore, for 

both samples, assuming a linear dependence, the slope of the sin2'1' in Fig. 6.10 (a) and (b) 

indicates a change from tensile bond strain at 300 DC to compressive stress at 300 DC grouth 

temperature. Similar characteristics can also be noticed for other curves (see appendix C). The 

origin of this effect is assumed to be due to bond relaxation as the growth temperature 

mcreases. 
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Fig. 6.10. Variation of bond strain determined from nearest neighbour separation in the pair 
correlation function: (a) a-Si:H layer deposited at 300°C and (b) a-Si:H layer deposited at 500°C 
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Similar evidence of this behavior can be seen clearly in the data in table 6.1 (see page 55) for 

different IfI tilts. In the case of ¢ = 0 as seen in table 6.1, the mean bond angles vary from 

109.7 ± 1.1 to 125.3±O.9 degrees for the sample grown at 300°C, and between 110.9 ± 1.0 to 

128.5 ± 0.9 degree for the sample grown at 500°C. This clearly indicates that there is a shift in 

the PDF peaks, as can be seen in Fig. 6.6 above. It is also interesting to note that there is a 

general decrease in the bond angles as the growth temperature increases. More generally, the 

bond strain in Fig. 6.10 reveals that the stress states in a-Si:H layers are consistent with the 

growth process, and deposition temperature, and that the nearest neighbour separation and 

bond angle strongly depend on the deposition temperature. 

6.3.3 DETERMINATION OF RESIDUAL STRESS 

The strain to stress convention for sin2 1f1 curves obtained from both 28 diffraction data and 

pair distribution function (PDF) was achieved using the procedure outlined in Section 4.28. 

The Slope = 8~",~ ,was estimated using a linear fit to the strain curve as indicated in Fig. 
8Sm IfI 

6.11. The detailed information from the slope estimated from the sin2 1f1 curve for samples 

deposited at 300°C and 500 °c are summarized in table-A and table-B (see appendix D). 
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Fig. 6.11. Linear fit of strain as a function of sin2
", for sample 500°C. 

The residual stress and its components were estimated by equating the slope to .lsP4> , 
2 

using the material constants (E = 100GPa and v = 0.25GPa) expected for a-Si:H grown 

under similar conditions [15, 81, 82]. The resulting residual st(tsses in GPa for both 2e 

diffraction data and PDFs are summarized in table 6.3 and 6.4, respectively. 
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Table 6.3: Residual stress in CPa obtained from a-Si:H layer for samples deposited at 
300°C and 500 °c using direct diffraction peak shifts 

Azimuth angle Residual stress in CPa for sample deposited at 300 ° C 
~ in degrees 151 diffraction peak at (111) 2nd diffraction peak at (220) 
0 -0.48 + 0.25 -0.56 + 0.18 
60 -2.10 ± 0.25 -0.30 ± 0.18 
120 -1.09 ± 0.25 -0.85 ± 0.18 
180 -1.40 + 0.25 -0.89 + 0.18 
240 -1.07 ± 0.25 -1.58 ± 0.18 
300 -0.46 ± 0.25 -1.06 ± 0.18 

Azimuth angle Residual stress in CPa for sample deposited at 500 ° C 
~ in degrees 1st diffraction peak at (111) 2nd diffraction peak at (220) 
0 -0.85 ± 0.2 -0.83 ± 0.15 
60 -1.24 + 0.2 -0.59 + 0.15 
120 -1.62 + 0.2 -0.79 + 0.15 
180 -1.75 ± 0.2 -1.18 ± 0.15 
240 -2.2 + 0.2 -0.46 ± 0.15 
300 -1.90 + 0.2 -0.10 + 0.15 

The corresponding residual stress varies from 0.46 ± 0.25 to 2.10 ± 0.25 GPa for the first 

diffraction peak, and 0.3 ±0.18 to 1.58±0.18 GPa for the second diffraction peak at the 

growth temperature of 300°C. Similarly, the residual stress for the sample grown at 500 °c 

varies from 0.85 ± 0.2 to 2.2 ± 0.2 GPa for the first diffraction peak, and from 0.1 ± 0.2 to 

1.8 ± 0.2 GPa for the second diffraction peak. Negative values for both samples in tables 

6.3, indicate that the layers are under compressive stress, and reflect the negative slope of the 

sin2
1j1 curve. It is also noted that the stress increases with an increase in deposition 

temperature. 

The residual stress values obtained from nearest neighbour separation PDF are summarized 

in table 6.4. 
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Table 6.4: Residual stress in CPa obtained from a-Si:H layer for samples deposited at 
300°C and 500 °c using direct PDF peak shifts 

Azimuth angle Residual stress in CPa from PDF for sample deposited at 300°C 
~ in degrees 1st PDF peak at (111) 2nd PDF peak at (220) 
0 3.87 + 0.5 -0.16 + 0.2 
60 2.56 + 0.5 -0.17 + 0.2 
120 1.55 ± 0.5 0.32 ± 0.2 
180 1.25 ± 0.5 -0.472 ± 0.2 
240 2.30 + 0.5 -0.16 + 0.2 
300 0.33 + 0.5 -0.81 + 0.2 

Azimuth angle Residual stress in CPa from PDF for sample deposited at 500°C 
~ in degrees 1st PDF peak at (111) 2nd PDF peak at (220) 
0 -3.22 ± 0.5 -0.11 ± 0.2 
60 -3.19 + 0.5 0.04 + 0.2 
120 -2.94 + 0.5 -0.88 + 0.2 
180 -3.70 ± 0.5 -0.73 ± 0.2 
240 -0.67 ± 0.5 -1.42 ± 0.2 
300 -4.34 ± 0.5 -1.15 + 0.2 

The sample deposited at 300 0 C reveals two noticeable stress characteristics. Firstly, the 

nearest neighbor separation obtained from the PDF is under tension, with the stress varying 

between 0.33 ± 0.5 and 3.87 ± 0.5 GPa Secondly, except for one value obtained at azimuth 

angle ~ corresponding to 120
0

; the stress value for the second nearest neighbor peak is 

compressive. The residual stress obtained from the second peak varies between 0.16 ± 0.2 and 

0.81 ± 0.2 GPa Looking at the residual stress values obtained for the sample deposited at 500 

°c, one can clearly see from the results summarized in table 6.4, that the overall residual stress 

for the first two pair distribution function peaks is compressive. Typical stress values obtained 

from the first peak range between 0.67 ± 0.5 and 4.34 ±0.5 GPa, and that obtained from the 

second peak varies from 0.11 ± 0.2 to 1.15 ± 0.2 GPa. As can be seen from table 6.4, the 

comparison between two samples shows a striking difference in their respective first PDF 

peaks. The observed stress values change from tensile to compressive as the temperature 
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increases from 300°C to 500 0c. This argument confinns the trend observed in Fig. 6.10 

above, and the same trend is noticed for all other stress curves at different azimuth angles (see 

appendix C). In light of this, we can conclude that the bond strain for the sample grown at 300 

°c is under tension. This observation is consistent with the findings reported in [20]. 

Subsequently, the observed residual stress values for the second PDF peak in both samples 

reveal contraty features when compared to the trend observed for the first PDF peak, i.e the 

layer is under compressive stress. The latter argument may originate from distorted Si-Si bonds 

and possibly the stress relaxation as the temperature increases. These views are in agreement 

with the observations seen in table 6.3 for the results obtained from direct diffraction peaks. 

Further analysis of the samples is carried out to get the biaxial stress in the a-Si:H layers. To 

achieve this we use the following equation: a", =allcos2cjJ+aI2sin2cjJ+a22sin2cjJ. The 

detailed derivation of this equation is described in chapter 4. To apply this equation we use 

the data given in table 6.3 and 6.4, respectively. The information from this equation allows 

us to calculate the unknown stress components from both first and second a-Si:H peaks, 

namely, a w a22 and a 12 = a2I. It should be noted that solving this equation for a w a l2 and 

a 22 automatically defines all as the stress determined for <l> = 0 , and does not make full use 

of the data set as would be done by a non-linear fit. Tables 6.5 and 6.6 summarize the typical 

biaxial stress values obtained from 28 diffraction and pair correlation function peaks for 

samples deposited at 300°C and 500 °c, respectively. 
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Table 6.5: Biaxial stress state in CPa obtained from a-Si:H layer for samples deposited 
at 300 ° C and 500 ° C obtained using 20 data. 

Sample deposited at 300 ° C 
Biaxial state in GPa First Peak (111) Second peak (220) 

all -0.48 -0.56 

a 22 
-1.97 -0.58 

all = a 21 
-0.58 0.38 

Sample deposited at 500 ° C 
Biaxial state in GPa First Peak (111) Second peak (220) 

all -0.85 -0.83 

a 22 
-1.623 -0.643 

af2 = a 21 
0.219 0.116 

Table 6.6: Biaxial stress state in CPa obtained from a-Si:H layer for samples deposited 
at 300 °c and 500 °c obtained using pair correlation function 

Sample deposited at 300 ° C 
Biaxial state in GPa First Peak (111) Second Peak (220) 

all 3.87 -0.16 

a 22 
1.46 0.153 

af2 = a 21 
0.153 -0.279 

Sample deposited at 500 ° C 
Biaxial state in GPa First Peak (111) Second peak (220) 

all -3.22 -0.11 

a 22 
-3.02 -0.523 

af2 = a 21 
-0.139 0.531 

The stress values in the plane of the a-Si:H layer i.e. all for sample deposited at 300 °c, is 

found to be -480 :MFa and -560 :MFa for the first and the second diffraction peak, respectively. 

However, the stress values in the plane of the layer for sample deposited at 500 ° C changes 

from -850 MPa to -830 MPa for the first and second diffraction peaks, respectively. This 

indicates that the stress in the layer changes with deposition temperature, and this is a clear 
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indication that the nucrostructure ill a-Si:H layer are tightly controlled by deposition 

processes. These findings are similar to the work published previously [23], which showed a 

similar relaxation of bond lengths and increase in bond angle with deposition temperature. 

The same authors also reported a decrease in free volume defects associated with this 

relaxation. However, the stress values in the plane of the a-Si:H layer obtained using pair 

correlation functions show a different behavior as compared to the stress values obtained from 

20 diffraction peaks. Typical residual stress calculated for sample deposited at 300°C has a 

high value of 3870 MPa forthe first PDF peak and this value changes rapidly to -160 MPa for 

the second peak. In contrast, the stress values for sample deposited at 500 ° C have a negative 

value for both the first and the second PDF peak, respectively. This behaviour is consistent 

with the assumption, that the strain in the bond angles dominates the overall strain, and the 

fact that the bond strain obtained from PDF for the sample grown at 300 ° C, is under tension. 
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7 CONCLUSION 

Synchrotron diffraction techniques have been used to investigate the microstructure, and the 

residual stress for a-Si:H samples deposited at 300°C and 500 0c. This work was motivated 

by the need to determine the structural coordination, the degree of order in the CRN, its 

local distribution and corresponding residual stress in hydrogenated amorphous silicon, and 

its correlation with physical properties. 

It is well known from general diffraction theory [19] and reVIews of amorphous 

semiconductors [1, 2, 88] that the main structural characteristic of amorphous silicon should 

be two broad diffuse diffraction peaks. This is consistent with the characteristics observed for 

the two samples under study in this work Therefore, it can be suggested that these samples are 

really amorphous silicon. The relative intensities of the components in the first and second 

diffraction peaks vary strongly with an increase in 'II angle for both samples. We have noticed 

that the diffraction patterns for both samples are primarily the same with notable differences 

in the height, and the width of the first, and second peaks. The diffraction patterns show that 

there is a diffraction peak shift as the tilt angle increases. This is as a result of the strain in the 

material. 

The information extracted from the pair correlation function, reveals that there are two 

broad peaks and progressively less well-defined peaks at larger distances. This character 

reflects a common property of amorphous materials. There is a degree of short-range order 

at the first and second neighbour distances, but the spatial correlations decrease rapidly (i.e. 
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the third peak disappears in the measured PDF). The absence of the third PDF peak 

confirms that there is no characteristic dihedral angle, £e., the angle between second 

neighbour bonds. Both samples have a Si-Si nearest neighbour distance of approximately 

2.345 A and the Si-Si-Si angle of about 109.5°. The observed PDF curves for both 

samples,reveal a notable nearest-neighbour bond distortion, and this effect is attributed to 

variation of bond strain. This strain appears to be carried by distortion of the bond angles, as 

seen from the comparison of nearest and second nearest neighbour bond strains. The layer 

grown at 300°C reveals that the bond strain is under tension. However, the bond strain for 

the layer grown at 500 °c is largely compressive. 

Further observation of the curve plotted for strains as function sin2
1jf from diffraction peaks 

and the corresponding tabulated results reveal that the layers are under compressive stress. 

Typical residual stress obtained for growth temperatures of 300°C and 500 °c is between 

100 to 2200 MPa. Though the origin of this residual stress in the layer has been suggested [53J 

as a result of the incorporation of hydrogen into the silicon network, the value of the stress, in 

this work, is to a high degree determined by the structural order of the materials. 

Furthermore, the stress curves show a strong presence of the stress gradient on the layers 

particularly in the near surface (or in the interfaces). The existence of this behavior is as a 

result of the non-vanishing strain components Cl3 or C23 and the corresponding non-

vanishing stress components 0"13 or 0"23' However, with this study alone, it is not possible 

to explain the nature of this stress gradient. The study of a full profile of the penetration 

depth in the layer could achieve this in a future. The general conclusion that can be drawn 
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from the above observations is that the nucrostructure ill the a-Si:H layer IS tightly 

controlled by the deposition process. 
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APPENDIX 

A). COMPLETE SET OF INFORMATION FOR NEAREST-NEIGHBOUR 
DISTANCE IN A, AND BOND ANGLE OBTAINED FROM PDF FIRST AND 
SECOND PEAKS AT ifJ =Oo,60o,120o,180o,240oand300o, FOR DEPOSITION 
TEMPERATURES OF 300 °c AND 500 °c 

Deposition temperature 300 ° C Deposition temperature 500 ° C 
1jI- tilt rJ(A} r2(A} aCe) n(A} r2(A} aCe) 

0 0 2.36 ± 0.01 3.88 ± 0.02 110.30 ± 1.0 2_40 ±0_03 3 _ 91 ± 0 . 02 109.35 ± 0.01 
20 0 2.13 ± 0.01 3_98 ± 0.02 138.30 ± 0.9 2.32 ±0.03 3.86 ± 0.02 113-08 ± 0.01 
40 0 234 ±0_02 3.88 ± 0.01 112.14 ± 0.8 2.17 ±0_03 3.96 ±0.02 131.66 ± 0.01 
60 0 235 ±0_01 3_92 ±0_03 113-07± 1.1 2.27 ±0.03 3.85 ±0.02 115.79 ± 0.02 
80 0 2.30 ± 0.02 3.91 ± 0.02 116.20 ± 1.0 2.31 ±0.03 3.90 ± 0 . 02 114.99 ± 0.01 
85 0 2.35 ± 0.01 3.92 ±0_02 113.09 ± 0.9 2.23 ±0.03 3.85 ± 0 . 02 119.88 ± 0.02 

Deposition temperature 300 ° C Deposition temperature 500 °c 
1jI- tilt rJ{A} r2(A} a(O) rJ(A} r2{A} aCe) 

0 0 2.35 ±0.03 3.87 ± 0.01 110.7 ± 1.0 2.43 ± 0.1 3.90 ±0.03 106.6 ± 0.8 
20 0 2.29 ± 0.02 3.96 ± 0.08 119.8 ± 0.9 2.44 ± 0_1 3_96 ±0_02 108.5 ± 0.8 
40 0 2.34 ±0.06 3.84 ± 0.01 110.3 ± 0.8 2.32 ± 0.1 3.98 ±0.06 118.2 ± 1.0 
60 0 2.19 ± 0.03 3.93 ± 0.03 127.5 ± 0.7 2.30 ± 0.1 3.97 ±0.02 119.1 ± 0.9 
80 0 2-36 ± 0_07 3.90 ±0.02 111.6 ± 1.0 2.34 ± 0_1 3_92 ±0.02 113-8 ± 0.7 
85 0 2.28 ± 0.02 3.88 ± 0.01 116.1 ± 0.8 2.29 ± 0.2 3_86 ± 0.01 115.2 ± 0.5 

Deposition temperature 300 0 C Deposition temperature 500 ° C 
1jI- tilt rJ{A} r2(A} a(O) rJ{A} r2{A} a(O) 

0 0 235 ± 0.03 3.87 ± 0.01 110.5 ± 1.0 2.43 ± 0_1 3.90 ±0.03 106.6 ± 0.8 
20 0 2.29 ± 0.02 3.96 ± 0.08 119.8 ± 0.9 2.44 ± 0.1 3_96 ± 0_02 108.5 ± 0.8 
40 0 2.34 ± 0.06 3_84 ± 0_01 110_3 ± 0_8 2.32 ± 0.1 3.98 ± 0.06 118.2 ± 1.0 
60 0 2.19 ± 0.03 3.93 ± 0.03 127.5 ± 0.7 2.30 ± 0.1 3.97 ±0.02 119.1 ± 0.9 
80 0 2.36 ±0_07 3_90 ±0_02 111.6 ± 1.0 2.34 ± 0.1 3_92 ±0_02 113-8 ± 0.7 

85 ° 2.28 ± 0_02 3_88 ± 0_01 116_1 ± 0_8 2.29 ± 0.2 3_86 ± 0_01 115.2 ± 05 

Deposition temperature 300 °c Deposition temperature 500 0 C 
1jI- tilt rJ(A} r2(A} a(O) rJ(A} r2(A} aCe) 

0 0 2.23 ± 0.02 3.83 ± 0.03 118.25 ± 1.0 2.46 ± 0.03 3.95 ±0.02 106.68 ± 0.01 
20 0 230±0_02 4.00 ±0.03 120.95 ± 0.9 233 ±0_03 3_97 ±0.02 117.43 ± 0_01 
40 0 2-31 ± 0_02 3_89 ±0_03 114_97 ± 0.8 2-30 ± 0.03 3.85 ± 0_02 114_03 ± 0.01 
60 0 2.27 ± 0.02 3.98 ± 0.03 122.73 ± 0.7 2.29 ± 0.03 3_91 ±0_02 117.39 ± 0.02 

80 ° 2.37 ± 0.02 3.84 ±0.03 108.12 ± 1.0 2.35 ± 0.03 3_87 ±0.02 111.11 ± 0.01 
85 0 2.31 ± 0_02 3.89 ± 0_03 114.78 ± 0_8 2.31 ± 0_03 3_89 ±0.02 114.78 ± 0.02 
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Deposition temperature 300 ° C DeFosition temperature 500 ° C 
1jI- tilt rJ(A} riA} a(O) rI(A} riA} a(O) 

0° 235 ±0_02 3_91 ± 0_02 112.79 ± 1.0 2.44 ± 0.03 3.98 ± 0.02 106.6 ± 0.8 
20 a 2.25 ± 0.02 3.93 ± 0.02 121.94 ± 0.9 2.39 ± 0.03 3.90 ±0.02 108.5 ± 0.8 
40 a 2.24 ± 0.02 3.87 ±0.02 119.32 ± 0.8 2.26 ± 0.03 3.93 ±0.02 118.2 ± 1.0 
60 a 2.29 ± 0.02 3.99 ±0.02 121.86 ± 0.7 2.31 ± 0.03 3.95 ±0.02 119.1 ± 0.9 
80 a 2.31 ± 0.02 3.89 ± 0.02 114.40 ± 1.0 2.30 ±0.03 3.89 ± 0.02 113.8 ± 0.7 
85 a 2.30 ±0.02 3.87 ±0.02 114.60 ± 0.8 2.26 ± 0.03 3.86 ± 0.02 115.2 ± 0.5 

B). PEAK PARAMETERS AND STRAIN DETERMINED FROM 2(} 
DIFFRACTION PATTERN AND PLOTTED AS A FUNCTION OF Sin2

\}1 

Strain for a-Si:H deposited at 300°C determined from diffraction patterns 

First diffraction peak (111) Second diffraction peak (220) 

2fJ [ 01 FWHM Integral intensity 28 [0] FWHM Integral intensity 

20.442 6.6393 3655.8 36.789 6.6965 1515.3 
20.041 3.8698 2006.5 36.876 3.8804 938.95 
20.173 2.7648 1169.5 36.844 6.4735 1535.7 
19.607 3.87 1465.2 37.151 4.4215 918.64 
20.549 3.2533 756.12 37.342 4.9472 604.93 
20.269 3.4633 496.97 37.078 5.1882 504.56 

-0.064 
I . 

b) Strain a -S i: H la ye r determ ined 0 

<j> = 180 
-0.066 I- fro m d iffra c tio n patterns (220) -

:::::!IL: 
-0.066 I- :::::!IL: -

iii ::I:: 
I -0.070 I- -u 
0 .. 
GI -0.072 I- -
> :;::; 

~ Ia -0.074 I- -e 
c -0.076 'j; I- -.. .. en -0.078 I- -

-0.080 l- :::::£:: -
-0.082 

0.0 0.2 0.4 0.6 0.8 1.0 

2 

Sin 'I' 
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Strain for a-Si:H deposited at 300°C detennined from diffraction patterns 

First diffraction peak (111) Second diffraction peak (220) 

2() [ 0 J FWHM Integral intensity 28 [0] FWHM Integral intensity 

20.457 3.7941 1418.5 36.49 5.7639 832.96 
19.69 2.9104 1349.1 36.47 8.5434 2224 
20.238 2.8386 1234.5 36.921 5.5501 1051.5 
20.067 3.5112 1625.7 37.128 5.2077 1072 
20.531 3.4948 832.93 37.184 5.1427 715.81 
20.203 3.1297 490.13 37.269 4.8737 453.6 

-0.050 I I I I I I 

b) Strain a-Si:H layer determined 0 

</> = 240 
-0.055 - from diffraction patterns (220) -

(f) ·0.060 - I I -
I 

() 

0 ... 
Q) ·0.065 - -
> :.;::::; 
ro 

I Q) 
·0.070 - -I.... 

C 

ro 

I 
I.... ... 

! 
(f) ·0.075 - -

·0.080 f- -
I I I I I I 
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Strain for a-Si:H deposited at 300°C detennined from diffraction patterns 

First diffraction peak (111) Second diffraction peak (220) 

2() [ 0 J FWHM Integral intensity 28 [0] FWHM Integral intensity 

20.457 3.7941 1418.5 36.516 10.084 2955.8 
19.69 2.9104 1349.1 36.839 4.5309 716.11 
20.238 2.8386 1234.5 37.214 5.4672 1363.3 
20.067 3.5112 1625.7 37.025 3.987 751.55 
20.531 3.4948 832.93 37.277 5.559 671.25 
20.203 3.1297 490.13 37.226 5.3871 488.97 
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Strain for a-Si:H deposited at 500 °c detennined from diffraction patterns 

First diffraction peak (111) Second diffraction peak (220) 

2fJ [ 01 FWHM Integral intensity 28 [0] FWHM Integral intensity 

20.21 4.0202 1611.4 36.835 4.7188 879.67 
20.116 3.4639 1637.9 36.549 10.57 2706.8 
20.129 2.640 1235.1 36.941 7.8079 2191.8 
20.274 1.9311 626.76 36.996 7.071 1686.1 
20.711 3.1323 515.32 36.85 8.0865 1109.7 
20.321 2.6433 504.89 37.268 6.5883 459.57 
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Strain for a-Si:H deposited at 500 °c detennined from diffraction patterns 

First diffraction peak (111) Second diffraction peak (220) 

2() [ 0 J FWHM Integral intensity 28 [0 ] FWHM Integral intensity 

20.131 3.6439 1707.9 36.351 4.8593 929.1 
20.07 3.0813 1766.4 37.034 5.8101 1316.4 
20.31 3.3627 1528 37.416 3.8653 932.41 
20.253 2.9704 999.47 36.712 6.848 1312.9 
20.659 3.3103 536.5 37.206 6.5845 802.51 
20.481 3.5877 351.03 36.921 6.0565 407.86 
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Strain for a-Si:H deposited at 500°C detennined from diffraction patterns 

First diffraction peak (111) Second diffraction peak (220) 

20 [0 J FWHM Integral intensity 26 [0] FWH.M: Integral intensity 

20.15 4.4559 2796.5 36.573 7.15 1432.2 
19.85 4.0257 2716.4 36.227 11.019 4537.8 
20.26 4.1765 3035.3 36.427 6.6989 1688.3 
20.201 3.4754 1447.2 36.918 6.3764 1602 
20.672 3.4093 708.64 36.75 6.408 748.08 
20.218 3.7641 474.19 37.00 7.0069 671.49 
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Strain for a-Si:H deposited at 500°C detennined from diffraction patterns 

First diffraction peak (111) Second diffraction peak (220) 

20r 0 J FWHM Integral intensity 28 [0 ] FWHM Integral intensity 

20.114 3.8236 2413.8 36.428 5.1894 901.29 
19.878 3.3743 2593.1 37.368 3.5772 790.46 
20.045 3.711 2383.7 36.751 5.9196 1558.9 
20.362 2.822 1072.7 36.929 6.9601 1840.3 
20.674 3.0135 562.52 36.923 6.4221 898.75 
20.350 3.3217 440.68 36.813 4.9602 365.88 
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Strain for a-Si:H deposited at 500 °c detennined from diffraction patterns 

First diffraction peak (111) Second diffraction peak (220) 

28 [0 J FWHM Integral intensity 28 [0] FWHM Integral intensity 

20.114 3.8236 2413.8 36.428 5.1894 901.29 
19.878 3.3743 2593.1 37.368 3.5772 790.46 
20.045 3.711 2383.7 36.751 5.9196 1558.9 
20.362 2.822 1072.7 36.929 6.9601 1840.3 
20.674 3.0135 562.52 36.923 6.4221 898.75 
20.350 3.3217 440.68 36.813 4.9602 365.88 
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a) Strain a-Si:H layer determined 

0.04 -
from diffraction patterns (111) -

tii I I 

U 0.03 - -
0 .. 
GI 
> I ;; I ra 0.02 -

I ~ I c 
'i 

-

.. 0.01 -.. 
fI) I 

-

0.00 - -
I 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 

2 

Sin \jI 

Fig.6.6. Variation of the linear Sinh" obtain in a-Si:H layer at 300°C determined from 
diffraction pattern (a) first diffraction peak corresponding to the height of the Si-Si4 
tetrahedron, is equivalent to the (111) reflection in c-Si 
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Fig.6.6(b). Variation of the linear Sir/IJI obtain in a-Si:H layer at 300°C determined from 
diffraction pattern (b) the second diffraction peak, is equivalent to the (220) reflection in c-Si, 
and corresponding to the length of side of the Si·Si4 tetrahedron 
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Fig.6.7(a). Variation of the linear Sir/If! obtain in a-Si:H layer at 500°C determined from 
diffraction pattern (a) first diffraction peak corresponding to the height of the Si-Si4 
tetrahedron, is equivalent to the (111) reflection in c-Si 
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Fig.6.7 (b). Variation of the linear Sin21f! obtain in a-Si:H layer at 500°C determined from 
diffraction pattern (b) the second diffraction peak, is equivalent to the (220) reflection in c-Si, 
and corresponding to the length of side of the Si-Si4 tetrahedron 
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C). PAIR DISTRIBUTION FUNCTION AND CORRESPONDING BONDS 
STRAIN AS FUNCTION OF Sin2'P DETERMINED FROM PDF FOR SAMPLE S 
DEPOSITED AT 300°C AND 500 °c 
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D) Infonnation from the slope of Gq,w as function of of sin2 1J1 for a-Si:H layer for 
samples deposited at 300°C and 500 °e from 28 diffraction peak position and PDP 

Table -A: Infonnation obtained from the slope in a-Si:H layer for samples deposited at 
300°C and 500 °e using direct diffraction peak shifts 

Azimuth Slope of Grpllf - Sin?1JI for sample deposited at 300°C 
angle <p 1st diffraction£eak atC 11l} 2nd diffraction 2eak at 12201 
0° -0.0060 ± 0.0080 -0.0070 ± 0.0033 

60° -0.0263 ± 0.0319 -0.0038 ± 0.0070 

120° -0.0136 ± 0.0147 -0.0106 ± 0.0027 

180° -0.0175 ± 0.0123 -O.Olll ± 0.0049 

240° -0.0134 ± 0.0196 -0.0198 ± 0.0025 

3000 -0.0058 ± 0.0280 -0.0132 ± 0.0056 

Azimuth Slope of Grpllf - Sin2 1J1 for sample deposited at 500°C 
angle <p 1st diffraction peak at _( 11l} 2nd diffraction .J>.eak at12201 
0° -0.0106 ± 0.0079 -0.0104 ± 0.0044 

60° -0.0155 ± 0.0084 -0.0074 ± 0.0045 

1200 -0.0203 ± 0.0064 -0.0099 ± 0.0131 

1800 -0.0219 ± 0.01l9 -0.0147 ± 0.0058 

2400 -0.0275 ± 0.0098 -0.0057 ±0.0054 

3000 -0.0238 ± 0.0078 -0.0012 ± 0.0022 

Table -B: Infonnation obtained from the slope in a-Si:H layer for samples deposited at 
300°C and 500 °e using direct PDP peak position 

Azimuth Slope of Grpllf - Sin21J1 from PDP for sample deposited at 300°C 
angle <p 1st PDP peak at (1111 2nd PDP peak at 12201 
0° 0.0484 ±O.0215 -0.0002 ±0.0138 

60° 0.0320 ± 0.0399 -0.0021 ± 0.0114 

120° 0.0194 ±0.0489 0.0040 ± 0.0187 

180° 0.0156 ±0.0264 -0.0059 ± 0.0147 

240° 0.0288 ±0.0188 -0.0020 ±0.0199 

300° 0.0041 ±0.0184 -0.0101 ±0.0180 

Azimuth Slope of Grpllf - Sin21J1 from PDP for sample deposited at 500°C 
angle <p 1st PDF peak at (111) 2nd PDF peak at (220) 
0° -0.0402 ±0.0274 -0.0014 ±0.0094 

60° -0.0399 ±0.0224 0.0005 ±0.0121 

120° -0.0367 ±0.0191 -0.01l ±0.0154 

180° -0.0463 ±0.0149 -0.009l ±0.0162 

240° -0.0084 ±0.0059 -0.0178 ± 0.0177 

300° -0.0543 ±0.0219 -0.0144 ± 0.0124 
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