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ABSTRACT 

This thesis describes the experimental methods employed for the study of thin 

films grown by Molecular Beam Epitaxy (MBE) or using deposition processes like e-

beam evaporation by x-ray diffraction and reflectivity. In chapter-1 I briefly describe the 

source and generation of x-rays and how they can be employed for the study. In chapter-2 

I deal with the physics of diffraction, the various laws that govern the phenomena and the 

factors affecting it. In the subsequent I deal with the three kinds of measurement namely 

powder diffi-action, High Angle x-ray Diffi-action (HAXRD) and finally the Glancing 

Incidence x-ray Reflectivity (GIXR). For each method I describe and illustrate the 

parameters that can be evaluated from the respective measurements. 

All the measurements have been done using X-PERT, an x-ray diffraction 

machine from Philips at Jack Maddox Laboratory- Texas Tech University. 
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CHAPTER 1 

INTRODUCTION 

X-rays were discovered by the famous scientist Roentgen in the year 1895 and in 

the year 1912 x-ray diffraction by crystals was established, by Sir L.Bragg and W.Bragg 

which provided a rather new method for the investigation of matter. Diffraction could 

read the internal structure and reveal the properties in the order of angstroms. 

1.1 Generation of x-rays 

X-rays are electromagnetic waves of very short wavelengths. They are produced 

when charged particles of sufficient kinetic energy are rapidly decelerated. Usually 

electrons are used for this purpose. The X-ray radiation is produced in a vacuum tube 

which contains the source of electrons in the form of a filament (heated cathode) and two 

electrodes using what is a very large potential on the order of a few tens of thousand volts 

is applied. As a consequence of which the electrons, which are generated, are accelerated 

towards the anode (the target). When these very fast moving electrons strike the target, 

they loose their entire kinetic energy. Most of this kinetic energy is converted into heat 

with less than 1 % getting converted into the useful X-rays. The X-rays coming off the 

target is a mixture of a different wavelengths and the variation in the intensity is found to 

be dependent on the tube voltage. 
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Figure 1.1. The X-ray spectrum of Mo as a fiinction of the voltage 

1.2. The continuous spectrum 

As can be observed in Figure 1.1, the spectrum comprises of both a continuous as 

well as a characteristic radiation. The continuous spectrum is due to the rapid 

deceleration of the electrons hitting the target (since any decelerating charge releases 

energy). This deceleration is not uniform as some of these electrons are stopped in a 

single impact while the others are deviated by the target. Those electrons, which are 

stopped in a single impact, give rise to photons of maximum energy or in other words, X-

rays of minimum wavelength. 



Mathematically 

ev = hS^^^ ( 1 . 1 ) 
max 

X , = X . = - ^ = — (1.2) 
swl mm y gv 

max 

^ . - ' - ^ (1.3) 

This is the equation relating the short wavelength limit as a function of applied 

voltage V. On the other hand when the electron is not stopped in a single impact but 

undergoes a glancing impact, which partially decreases its velocity, then only a fraction 

of, its energy is emitted and as a result the photon, which is eventually emitted, has a 

lesser energy than hS^^^ and thus has a greater wavelength, longer than A^^,. This 

contributes to the continuous spectrum. 

As the applied voltage is increased the number of photons emitted per second is 

increased and the energy per photon is also increased. The total X-ray energy emitted per 

second is proportional to the area under one of the curves, also depends on the atomic 

number Z of the target and on the tube current T'. 

1.3. The characteristic spectrum 

When the voltage of the X-ray tube is raised above a certain critical value 

characteristic of a particular material, sharp intensity maximum appears at certain 

wavelengths superimposed over the continuous spectrum. They are narrow and are 

characteristic of the target material. They in turn fall into several lines and are usually 



referred to as K, L, M, etc., in the order of increasing wavelengths and all of these lines 

together form the characteristic spectrum of the target. The origin of the characteristic 

spectrum lies in the atoms of the target. A pictorial representation of the generation of the 

characteristic x-ray radiation can be observed from Figure 1.2. 

Incident 
electron 

Ejected K-shell 
electron 

Scattered incident 
electron Hole in 

L-shell 

Figure 1.2. Pictorial representation of characteristic radiation. 

Consider an atom consisting of a central nucleus surrounded by electrons lying in 

various shells which can be designated as K, L, M, N, etc, which correspond to the 

various principal quantum numbers 1, 2, 3, etc. If one of the electrons bombarding the 

target has sufficient kinetic energy, it can knock an electron out of the K shell, leaving the 

atom in an exited high-energy state. One of these outer electrons immediately falls into 

the K shell, emitting energy in the process and the atom once again is in its normal 



energy state. The energy emitted is in the form of radiation of a definite wavelength and 

is the characteristic K- radiation. 

The K- shell valency can be filled by an electron from any one of the outer shells 

thus giving rise to a series of K lines; K^, Kp lines, for example, result from the filling of 

the K-shell from the electron transition from the L or the M shells. Hence K^ line is 

emitted when the electron jumps from the L shell to the K shell while Kp line is emitted 

when the electron jumps from the M shell to the K shell. This can be easily understood 

from the schematic diagram showing the electronic transition in Figure 1.3. 

Figure 1.3. Electronic transitions in an atom (schematic diagram). 

This also shows the need for the critical excitation voltage necessary for 

characteristic radiation. K radiation cannot be initiated unless the excitation voltage 

generates an electron so powerful that it can knock out a K shell electron from the atom 

of the target. Another factor to be noted is that the energy required for removing an L or 



M shell electron is less than that of a K shell electron. So the K characteristic radiation is 

always accompanied with an L and M radiation. 

For the purpose of the X-ray diffraction we use the K lines, and another important 

requirement is that we filter the radiation corresponding to other lines. This filtering can 

be achieved using filters as shown in the Figure 1.4. The effect of using a filter can be 

clearly observed in the filtering of the Kp radiation. The undesirable wavelengths can be 

suppressed by passing through an absorber or filter whose absorption edge lies just above 

the parasitic wavelength. 

In the X-ray tube employed for the study of semiconductor epitaxial layers, the 

target material used was copper and in the characteristic spectra we have 3 K lines which 

are predominantly of greater intensity compared to the other radiation, namely AT ,̂, K^^ 

and Kp. One of the interesting feature of the characteristic lines are that they are very 

intense and at the same time are very narrow, typically 0.001 A. The existence of this 

sharp K^ is what makes X-ray diffraction possible. 
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Figure 1.4. Filtering of undesired wavelengths with the use of an absorber. 
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CHAPTER 2 

THEORY OF X-RAY DIFFRACTION 

2.1. The response of a crystal to a plane wave 

Whenever radiation strikes a material it undergoes both scattering as well as 

absorption. Of both, scattering is the most observed phenomena. It can be explained that 

when a highly collimated wave strikes a crystalline plane, each scattering point be it an 

electron, nucleus of the atom, atom or the entire lattice act as a source of spherical waves 

whose wavelength lie on spheres centered on the scattering points. The amplitudes of all 

waves add up to zero in most of the directions with the exception of a few angles where 

the intensity is high, together with this happening if the wavelengths of the wave being 

scattered is comparable to that of the lattice spacing then we observe the phenomena of 

diffraction. In short diffi-action can be termed as a scattering phenomena. 

To have a complete understanding of these phenomena a complete understanding 

of why and how it occurs, what are the factors, which affect it, and on what principles or 

fundamentals this phenomena is based. In this chapter I discuss the theory behind x-ray 

diffraction namely the scattering of x-rays (in fact the basic idea is the same for any 

electromagnetic radiation with its wavelength comparable to that of the lattice parameter 

of the crystal being analyzed) by the various scattering points in a crystal namely the 

electron, atom and the crystal lattice itself 
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2.2. Scattering by an electron 

An X-ray beam is an electromagnetic radiation and like any other electromagnetic 

radiation is characterized by an electrical field and a magnetic field perpendicular to each 

other while the propagation of the beam is in a direction perpendicular to both the beams, 

with an amplitude, which varies sinusoidal with time. 

wavelength 

propagation 
direction 

Figure 2.1. Propagation of the electromagnetic wave with the electric field and the 
magnetic field mutually perpendicular 

As can be observed from Figure. 2.1, the electrical field is sinusoidal. Moreover 

the electrical field exerts a force on a charged particle, which in the present case is an 

electron. Hence the oscillating electrical field of an X-ray beam will set any electron it 

encounters into an oscillating motion about its mean position. As an accelerating or 

decelerating charged particle emits an electromagnetic wave, and as in the present 



context is the electron, which has been set into oscillation by an x-ray beam, is 

continuously accelerating or decelerating during its motion and therefore emits an 

electromagnetic wave. Here the electron is said to scatter x-rays and the scattered beam is 

simply the energy radiated by the electron under the action of the incident beam. 

The scattered wave is coherent with the incident wave as it has the same 

frequency and wavelength as the incident wave. Although the x-rays are scattered in all 

the directions, the scattered intensity however depends on the angle of scattering which 

was given by J. J. Thompson (equation -1), gives the intensity in terms of the charge of 

the electron 'e' coulombs 'c', mass 'm' kilograms and at a distance 'r' meters from the 

center of the atom. 

I = / . ( f^) ' ( -4T) '5 '« '« = ̂ c ^Sin'a (2.1) 
AK m r r 

where /^ = intensity of the incident beam, 

/i„ = 4;rxl0"' m Kg C"', 

K = Constant, 

a = Angle between the scattering direction and the direction of acceleration of 

the electron. 
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Figure 2.2. Coherent scattering of x-rays by single electron 

In Figure 2.2, E is the electric vector emanating from the x-ray source, which has 

components, E and E^ along the corresponding directions. Such that 

E' =E'+E ' 
z y 

(2.2) 

If the electron is moving along the direction OX and encounters an electron at O, 

then the scattered intensity at the point P in the 'xz' plane where the point P is such that 

OP is inclined at an angle of 20 with the incident X-ray beam is given by 

, , , , k . l + Cos'2^. 
Ip=Ipy+Ipz = I o ^ [ ] (2.3) 

Value of K= 7.94x10 -30 

The value of - ^ = 7.94x10 ^̂  in the forward direction as a distance of 1 cm from the 

/„ 
electron. 

Observations from Thompson's scattering expression due to an electron 

a. The intensity of the scattering beam is a very small fraction of the incident beam. 

b. The scattered intensity decreases as the inverse square of the distance from the 

scattering electron. 
c. The scattered beam is stronger in the forward direction than in any other direction. 

11 



2.3. Compton effect 

It is yet another way in which an electron can scatter X-rays, which occurs when 

the X-rays encounter any loosely bound or free electrons (easily explained by considering 

x-rays as particles - quanta or photons). When such a photon strikes a loosely boimd 

electron the collision is elastic one and the electron as well as the photon are knocked 

aside (Figure 2.3), as such, because of the impact the X-ray photon looses some energy 

and the deflected or scattered x-ray photon has a lesser energy or greater wavelength. 

i^^\ Before Impact 

O > 

After Impact 

Figure 2.3. Interaction of x-rays with loosely bound electrons - Compton effect 

The magnitude of the change in the wavelength is given by the expression 

AA = ̂ 2 - ;ii = 0.04865'm'6>. (2.4) 

The radiation so scattered is called Compton modified radiation. Apart from the 

wavelength being increased, an important feature of this effect is that its phase bears no 

relation with the phase of the incident beam. Compton modified scattering cannot be 

prevented and it has the undesirable effect of increasing the background of diffraction 

pattems. 
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2.4. Bragg law and the direction of the diffracted beam 

Diffraction x-rays from the atom of the crystal can be visualized in two different aspects : 

1. Diffraction in a single plane, 

2. Diffraction in different planes. 

As seen in Figure 2.4, there is diffraction of the x-rays, which make an angle of 

6 with the plane considering the first case, diffraction from the atoms in a single plane. 

The rays 1 and la after striking the atoms of the crystal are scattered in different direction 

but the reinforcement of the two rays takes place only when the both the scattered 

radiations are in the same phase, which occurs only when the scattered angle is also 

6 (which ensures that both the scattered radiations are in the same phase). So also all the 

scattered rays from all the atoms in the same plane are parallel to the ray V and so 

contribute to the diffracted beam. The same explanation is valid for all the diffraction for 

all the atoms in the same plane at the particular diffraction angle. 

13 



plane normal \a',2€t' 

Figure 2.4. Diffraction of x-rays by a crystal 

Considering the rays striking the atoms in 2 neighboring planes 

The path difference between then is given by 

ML + LN =d̂  sin6' + d' sin6> = 2 d' sin6> (2.5) 

Here d' is the distance between the adjacent planes. 

Hence the rays scattered from the neighboring planes would be in phase only if the path 

difference is an integral product of the wavelength. 

i.e., «/l = 2 d' sin^ (2.6) 

The above relation is known as the Bragg's law and it is the condition, which 

needs to be satisfied in order that diffraction occurs. 

From the Bragg law, we can conclude that for different values of n; 1,2,3, etc., 

there is diffraction from different planes and they correspond to the different orders of 

diffraction, when the condition in equation (2.6) is satisfied the rays scattered by all the 
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atoms in the crystal are in phase and contribute to the final intensity. Although there is 

scattering in different directions, the scattered radiation has a different phase difference 

and so there is no reinforcement in the different directions. 

2.5. Direction of diffracted radiation 

Summarizing, diffraction occurs only in a particular direction, the direction of 

which is governed by Bragg law, given by equation (2.6). 

The distance between the lattice planes, the lattice parameter for a cubic crystal 

for any crystalline plane is given by equation (2.7) 

1 h'+k'+l' ^^'^^ 

a' 

From equation (2.6) and (2.7) we have 

Sin'0 = 
^ A' 

V " " ' 4a' 
\{h'+k'+l') (2.8) 

Equation (2.8) dictates the values of the angle 9 for which diffraction would 

occur, given the wavelength of the x-rays, the lattice parameter of the crystal, the Bragg 

angle (the angle at which diffraction occurs, is unique for each crystalline plane) can be 

easily determined. This analogy can be applied to all the crystal types. 
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2.6. Scattering by an atom 

An atom is made up of a number of electrons and so each electron in the atom 

scatters the radiation according to Thompson's relation defined in equation (2.1) (the 

nucleus cannot participate in the scattering phenomena as it is heavy and cannot be made 

to vibrate), and from Thompson's expression, the intensity of the scattered radiation is 

inversely proportional to the mass, so for all practical considerations we can say that the 

scattering by an atom is because of the electrons which make up the atom. 

The only deviation from the theory of the scattering between that of an atom and 

an electron is that the amplitude of the scattered wave is not an algebraic sum of all the 

amplitude of that scattered by a single electron. The fact that the electrons being situated 

at different positions in an atom, introduces a different value of phase shift in the 

scattered x-ray from different electrons. A quantity/, termed the atomic scattering factor 

is used to describe the efficiency of scattering of a given atom in a given direction, which 

is defined as 

r:_ amplitude of the wave scattered by an atom 
amplitude of the wave scattered by one electron 

The factors, which affect the scattering by an atom, are the angle of incidence of 

the x-rays, or the angle at which the rays strike each individual electron. The greater this 

angle the smaller is the value of / and vice versa. Moreover the shorter the wavelength 

the smaller would be the value of / . 

The scattering just discussed above is the coherent scattering, which is the only 

radiation capable of getting diffracted. On the other hand there is also the incoherent 
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radiation, which is the Compton radiation, because of the collision with the loosely bound 

electrons. 

2.7. Scattering by an unit cell and a lattice 

When rays fall on a part of the crystal the scattering is not only due to a single 

atom, but also rather because of a group of atoms which forms a part of the crystal. If 

these atoms are arranged in an orderly fashion, then the coherently scattered radiation 

from all the atoms undergo reinforcement in some directions and are cancelled in the 

other directions, producing diffraction beams. 

Evaluation of the resultant intensity is done with the assumption that the Bragg 

law is valid. As a crystal is a regular repetition of the flindamental unit cell it would be 

simple to consider the way in which the arrangement of the atoms in a single unit cell 

affects the diffracted intensity. The phenomena resembles to the scattering by an atom 

where the phase differences occur in the waves due to the scattering by individual atoms, 

also in the same way the wave scattered by the atoms are not in the same phase except 

only in the forward directions. The phase difference to be determined depends upon the 

arrangement of the atoms. The above problem can further be simplified by evaluating the 

phase difference between waves scattered by atom at the origin and another atom whose 

position is as shown in Figure 2.5. Here atom A is at the origin and the diffraction occurs 

from the (h k I) planes shown as heavy lines in the diagram. 
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As the Bragg law is satisfied for this reflection (S^.y is the path difference). Here 

the two diffracted waves V & 2' are out of phase because of the different distances 

traversed by the two waves. 

The corresponding path difference is given by 

S^^y = MCN = 2d,j^iSin0 = A (2.10) 

U - j c ^ 

Figure 2.5. Effect of atomic positions on the phase difference between the diffracted 
beams. 

a From the definition of miller indices AC=— = d^^ 
h 

(2.11) 

Also 
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Syy=RBS = = —7 A. (2 12) 
AC a/ ^^-^^^ 

/h 

Expressing the path difference in terms of phase difference -

Phase difference <^yr ~ ~ri2^) . (2.13) 

, _ l/rhx 
Hence ryv = 27thu . (2.14) 

(Assuming that the fractional coordinates are given by w = —) 
a 

Applying the same analogy to three dimensions, we have 

(l)yy = 2n{hu + kv-\-lw). (2.i5) 

(assuming the fractional coordinates —, —,— correspond to M,V, w). 

a b c 

This is a general relation, which can be applied to any unit cell of any shape. In 

case the atoms A and B are of different shape then the two diffracted waves differ both in 

phase and amplitude, the amplitude being purely governed by the individual scattering 

factors of the individual atoms. 

Now the problem of the evaluation of the scattering by a unit cell has been 

transformed to that of addition of waves differing in phase and amplitude. In order to 

determine the resultant wave and working with the wave equations simpler the wave 

equations can also be expressed in the complex exponential form as 

Ae"'' = A(Cos(p + iSin(/>). (2.16) 

and the complex intensity given by 
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1= Ae''^*Ae-'' = A' (2.17) 

The amplitude can be expressed by the individual scattering factor (f) of the atom 

J</> Ae'' = fe 27ri{hu + kv + lw) 
(2.18) 

In order to determine the overall intensity all the intensities scattered by the 

individual atoms needs to be added. The resultant wave formed by the addition of the 

scattered waves from each atom is termed as the structure factor. Mathematically, it can 

be expressed as in equation (2.19). 

(a) 

Figure 2.6. Vectorial representation of the structure factor evaluation 

F = f,e'^ + f,e''^ + f,e''> + = ^ f^e''^ = I f/"'^""^'-^"'^ (̂ .19) 

where F is the structure factor. 
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2.8. Factors affecting the diffracted beam intensity 

The factors effecting the diffracted beam intensity and a brief description is as 

follows: 

a. Structure factor, 

b. Polarization factor, 

c. Lorentz factor, 

d. Multiplicity factor, 

e. Temperature factor, 

f Absorption factor. 

2.8.1. Structure factor 

As has been derived earlier the structure factor for a crystalline plane (h k I) given 

by 

n 

F = y\ j-^^^^iihu+kv+lw) ^ Amplitude scattered by all the atoms in a unit cell 

1 AmpHtude scattered by a single electron 

The structure factor is independent of the shape of the unit cell. For instance any 

body-centered cell will have missing reflections for the plane with (h + k + 1) equal to an 

odd number irrespective of the cell being cubic, tetragonal or orthorhombic. The structure 

factor contains the information about the types (f) and locations (u v w) of the atoms 

within the unit cell. 
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2.8.2. Polarization factor 

The polarization factor P arises from the fact that an electron does not scatter 

along its direction of vibration. In another direction the electron radiates with intensity 

proportional to Sin^a . Assuming that the incident beam is unpolarized, the polarization 

factor is given by 

P = 
l + Cos^2e (2.21) 

oscillation direction 
of the electron 

X-ray beam 
> electron 

beanili 

scattering component 
of incident beam ± 

Figure 2.7. Effect of polarization factor on the intensity of diffracted beam 

2.8.3. Lorentz factor 

Trigonometric factors also affect the resultant intensity. While making an omega 

scan (the detector angle is fixed while the sample is rotated around the Bragg angle), the 

resultant curve is a gaussian with the peak value of the intensity at the Bragg angle. 

However the width of the curve can be attributed to the fact that there is a resultant 

intensity even at angles slightly deviating from the Bragg angle. The area under this 

curve is termed the integrated intensity, which is found to be proportional to the inverse 
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of Sin2e . The effect of Lorentz factor is to reduce the effective intensity. Lorentz factor 

coupled with the polarization factor is collectively termed as Lorentz polarization factor 

given by 

l + Cos^'e 

SSin^eCose (2.22) 

2.8.4. Absorption factor 

Apart from the diffracted and the scattered intensities a part of the incident 

radiation is absorbed, absorption factor A, is the factor by which the final intensity needs 

to be multiplied so as to accommodate the loss due to absorption. 

2.8.5 Temperature factor 

Contrary to the assumption that the atoms occupy fixed positions in a lattice, the 

atoms are in a state of constant thermal vibration about their mean positions even at 

absolute zero, moreover the amplitude of thermal vibration increases with temperature. 

The increase in the temperature has the following consequences; 

• There is an expansion in the unit cell, there by changing the value of interplanar 

spacing 'd', and as a result the 2^ positions changes. 

• The intensity of diffraction lines decreases. 

• The intensity of the background scattering between the lines increases. 

The temperature factor is given by 

t -
BSin^d 

M ^ e ^ . (2.23) 
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where B is the thermal factor is related to the mean square displacement of atomic 

vibration given by B= 8;r̂ M ̂ . This correction is incorporated into the scattering factor. 

2.8.6. Multiplicitv factor 

The multiplicity factor arises from the fact that there are many different 

crystalline planes in a crystal, which have the same value of d (lattice spacing) and F 

(structure factor) value. This relative proportion of planes contributing to the same 

reflection enters the intensity equation as a quantity p, the multiplicity factor, which may 

be defined as the number of different planes in a form having the same spacing. 
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CHAPTER 3 

POWDER DIFFRACTION METHOD 

3.1. Principle of Powder diffraction 

X-ray diffraction method is one of the convenient methods to identify an 

unknown specimen. Every crystalline or polycrystalline substance gives a pattern and the 

same substance always produces the same pattern and also in a mixture of substances, 

each of the constituents produces its characteristic pattern independently of the others. 

Hence when the diffraction pattern produced by the unknown sample is compared with 

the repository of the standard x-ray diffraction pattems the identity of the sample or the 

constituents of the sample is determined whatever the case might be (i.e., a single 

unknown sample or a mixture comprising of different materials). The method involves 

taking a powder sample of the unknown material and making a wide-angle scan. This 

method of analysis is termed powder diffraction method. 

3.2. Advantages of powder diffraction 

The advantages offered by the powder diffraction method can be listed as follows 

1. The powder diffraction pattem of a crystalline or polycrystalline material is 

determined by the exact atomic arrangement in a material and it can be rightly 

termed as the fingerprint of the material. 

2. Each substance in a mixture produces its own characteristic diffraction pattem 

independent of the others. 
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3. Only a small amount of the material is required in order to obtain the powder 

diffraction pattem of the sample. 

4. X-ray diffraction pattems indicate the state in which the substance exists for e.g. 

as a pure element or a mechanical mixture or a compound. This offers a greater 

advantage over the conventional chemical analysis methods, which usually 

determines only the chemical constituents of the sample rather than its phases. 

The identification of the unknown specimen begins with the recording of the x-

ray diffraction pattem. Following are the precautions, which should be taken while the 

pattem is recorded 

I. The sample in the powder form should have near by the same grain size to give a 

good x-ray diffraction pattem. 

II. The grains in the powder sample should not have any preferred orientation. 

III. The wavelength employed to record the diffraction pattems and that employed in 

the standard diffraction pattems used for comparison must be the same. 

3.3. Analysis of an unknown sample 

The method of analysis involves the following steps 

i. Making a wide angular range scan so as to obtain the diffraction peaks relating to 

all the major lattice planes, 

ii. The major intense peaks are selected and later compared with the reference 

powder diffraction pattems; an exact match both in intensity and angular positions 

reveals the identity of the sample. 
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The above-mentioned technique was employed in the analysis of a sample 

(crystalline sample) an ore of iron, to check for its crystalline form (hematite or magnetite 

etc.). The identification process involved the following steps: 

1. Obtaining the powder diffraction pattem of hematite 

a. JCPDS (Joint Committee On Powder Diffraction Data Standards) 

b. Computer simulation of the diffraction pattem: for the computer simulation, 

"Carine Crystallography" software was employed. From the knowledge of the 

lattice parameters and the crystalline form, the unit cell of hematite was simulated 

(Figure 3.1) and from which the diffraction pattem was simulated (Figure 3.2). 

The diffraction pattem in Figure 3.2 resembles the diffraction pattem obtained 

fi"om a powdered sample of hematite. The angular position of the diffraction 

peaks satisfies the Bragg condition. The intensity of the peak holds a direct 

correspondence to the occurrence of the crystalline planes in the sample. 

A close correspondence between the pattems obtained from the two sources confirmed 

the authenticity of the reference data. 

1. But as the sample was in the crystalline form (contrary to the powder form usually 

employed for the analysis) wide angular scans were carried out about the different 

faces of the crystal and the so obtained peaks were compared with the reference 

data obtained above (Figure 3.3). 

A very close correspondence in the intensity as well as the position of the 

diffraction peaks confirmed that the crystal was indeed hematite. 
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Another powder sample (an oxide of iron) that was in the powder form was 

analyzed and the long angular range scan, revealed peaks (Figure 3.4), which did not 

match with those in the reference data, which proved that the powder sample was not 

hematite. 

Figure 3.1. Stmcture of hematite crystal, simulated using Carine Crystallography from 
the known values of crystalline stmcture and lattice parameters 
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CHAPTER 4 

ANALYSIS OF EPITAXL\L LAYERS 

High angle X-ray diffraction is a versatile tool in order to evaluate and analyze 

epitaxial grown layers. This chapter is devoted for the study of some of the methods used 

to characterize the epitaxial grown films. 

4.1. Thickness of a layer 

The thickness of a layer can be determined on the basis of the interference fringes. 

It is based on the interference of the diffi-acted beam from the changes in the x-ray 

refractive index. There are two general methods or approaches in determination of the 

thickness. 

1. High angle diffraction, 

2. Reflectometry. 

The basic differences between the two methods described above are that 

reflectometry deals with diffraction at (0 0 0) planes, which is in the direction of the 

incident beam. Where as the high angle diffractometry deals with the diffraction at other 

accessible (h k 1) reflections. The diffraction method is discussed below while the other 

method is described in other chapters. 

The strong interference between the different boundaries of refractive index gives rise 

to interference fringes as shown in the figure. Labeling the interference friends as ni, n2, 
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n3...the characteristic length L can be described from the Bragg equation, which can be 

expressed as 

ILSinco^ =n^X & 2LSinco2 =112^ (4.1) 

where 

L is the characteristic length or the thickness of the layer, 

«,, «2 Order of the interference fringes, 

0)^, CO2 Angles corresponding to the interference fringes, 

X = the wavelength of x-rays employed. 

From which the thickness of the interference fringes can be determined by the 

expression, ^ - liSinco.-Sinco^) • (4.2) 

4.2. Determination of the composition of a layer of AlxGaj.xN 

As has been already discussed earlier, the position of the x-ray diffraction peaks is 

a function of the lattice parameters and the peak position depends only on the lattice 

parameter. If for instance the lattice parameter of compound of type AB, AC the 

diffi-action peak position for any (h k I) reflection will have the angular position of lying 

intermediate to that of AB and AC. 

Using a linear relation termed the Vegard's law the composition of the compound 

can be determined. As show in the XRD pattem corresponding to a layer of AIN, GaN 

and AlGaN. 
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AIGaN(35.1677) 

Composi t ion is 46.27 % of AI 

AIN(36.0397) 

Figure 4.1. The composition of AlxGai-xN is 46.27% of Al 

4.3. Evaluation of the lattice parameter of a compound 

The lattice parameter of the compound is again given by the application of the 

Vegard's law. Considering the same example of AlxGa^xN grown over sapphire (Figure 

4.1). 

From the known lattice parameters of AIN and GaN using the same interpolation 

method, and a graph plotted between the peak position and the lattice parameters gives 

the exact lattice parameter of the compound. 

Lattice parameter of AIN : a^ 

Lattice parameter of GaN : â  
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Hence the lattice parameter of Al^_fia^N: a, is given by 

a, = x(a^-a^)+ a^ (4.3) 

B 

GaN (34.505,3.186) 

AlGaN 
(35.1677,3.154) 

AIN 
(36.0397,3.112) 

Figure 4.2. The lattice parameter for AlxGa^xN in the above figure is 3.154 
angstroms for 46.27% of Al. 

4.4. Calculation of dislocation density 

The full width at half maximum (FWHM) of an omega-rocking curve depends on 

the crystal being examined and gives a tme picture of the crystalline perfection of the 

layer being examined. The presence of dislocations tend to broaden the omega rocking 

curve in two different ways: 

1. The dislocations produce a rotation of the crystalline lattice there by broadening 

the rocking curve. 

2. A strain field in which the Bragg angle is not uniform surrounds the dislocations. 
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The cumulative FWHM measured can be expressed as a sum of the total 

contribution of the following factors and can be represented by the following equation 

Pi {hkl) = pl {hkl) + p] {hkl) + Pl {hkl) + Pl {hkl) + p^ {hkl). (4. 4) 

where 

Pl{hkl) the experimental value of the FWHM of the omega rocking curve, 

Pi {hkl) the intrinsic rocking curve width of the crystal being analyzed, 

p] {hkl) the intrinsic rocking curve width for the monochromator employed. 

Pi {hkl) the rocking curve broadening due to the angular rotation at dislocations, 

Pi {hkl) the rocking curve broadening due to the strain surrounding the dislocations. 

Pi {hkl) the rocking curve broadening due to the curvature of the crystal specimen. 

Intrinsic rocking curve widths are approximated to the order of a few arc seconds 

and can therefore be neglected (for GaAs (0 0 2) reflection the intrinsic rocking curve 

width is ~ 0.5 arc second and for GaAs (115) reflection it is 3.5 arc seconds). 

The monochromator usually employed is Ge (2 2 0), which contributes to the 

rocking curve broadening of approximately 12 arc second. 

The broadening due to dislocations is given by the expression 

Pl{hkl) = 27r\n2*b'D. (4.5) 

where 

b is the length of the burgers vector at the particular (h k I) plane and 

D is the dislocation density. 

The strain broadening due to the dislocations is given by 
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Pl{hkl) = [d.\n2{r,)]X^R'e. (4.6) 

where si depends upon the type of dislocations being measured. 

For instance symmetrical reflections give a measure of the threading dislocations, 

hence in a symmetrical reflection the measure of this value gives information about the 

value of threading dislocations where the expression for the broadening is given by 

Pl{hkl) = 0.0906'Z)|ln(2xlO-'c/«VD tan'0 (4.7) 

In fact this value of broadening caused by the strain due to the threading 

dislocations has a very negligible effect on the FWHM measured for symmetrical scans 

and can hence be neglected. 

Rocking curve broadening due to the curvature of the specimen is given by 

A^(''«) = " % . , i „ . , ) . (4.8) 

where 

W is the width of the x-ray beam and 

r radius of curvature. 

Here also the curve broadening introduced by the curvature of the crystal is 

negligible. Hence taking into account all the above factors we can comprehend that the 

dislocations broaden the rocking curve. And the density of dislocations can be indirectly 

measured by the accurate measurement of the FWHM of the omega-rocking curve as 

^^Pl{hkl) Pl{hkl) 
(4.36^') (4.366')' 
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A point to be noted is that the FWHM of an omega-rocking curve is not affected 

by the thickness of the layer being measured; it is just a fabrication of the dislocations. 

Only the intensity of the rocking curve is affected by the thickness of the rocking curve. 

In Figure 4.3, the omega rocking curves of GaN grown on two different substrates 

(sapphire and SiC) is shown. The dislocations arise because of the lattice mismatch and 

as the lattice mismatch between the epitaxial layer and the substrate is less in case of SiC 

(3.4%) the density of dislocations should also be less. This is clearly evident by the 

smaller value of the FWHM in case of GaN/SiC. The densities of dislocations measured 

in each case are: 

Dislocation density in GaN/ Sapphire= 2.348 * 10' dislocations /sq-cm; 

Dislocation density in GaN/ SiC = 3.6 * 10̂  dislocations/sqcm. 
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Figure 4.3. Effect of the substrates on the half width of the XRD rocking curves 

4.5. Evaluation of the lattice mismatch 

The mismatch occurs due to the difference in the lattice parameter of the layer and 

the substrate. This mismatch gives rise to stress in the material and leads to dislocations 

in the epitaxial layer. The value of mismatch is given by the expression 

a. 
(4.10) 

where a,,a^ are the lattice parameters of the layer and substrate, respectively. 
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For the growth of nitrides a variety of substrates had been employed, however 

because of a large difference in the lattice parameter of the substrate and the epitaxial 

layer, there is a mismatch, which varies from substrate to substrate. 

The dislocations result in the broadening of the rocking curve and the half width 

of the rocking curve is illustrative of the difference in the dislocation density. As an 

example 3 sample substrates were considered. Si, Sapphire and SiC, the corresponding 

lattice mismatches for a layer of GaN on each of the substrates was 17, 13 and 3.4%), 

respectively. As can be seen from the Figure 4.3, the half width in case of SiC is the least, 

corroborafing the earlier discussion, as the lattice mismatch in that case is the least. 

4.6. Lattice parameter measurement 

X-ray methods can be used for the precise determination of the lattice parameters 

with high accuracy. An exact value of the lattice parameter enables an accurate 

determination of the stress and strain in the epitaxially grown layers and it would help 

determining the effect of stress and strain on the optical and electrical parameters of the 

devices. 

Attempts were made to measure the lattice parameters of Si and we wish to apply 

the same technique to GaN and other compound semiconductor layers. (Currently the 

study has been hindered because of the low intensity of the x-ray source because of 

which a thicker layer of the layer was necessary.) 

We followed the method devised by Fewster. The various factors, which affect 

the actual angle measured, are listed below 
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a. Refraction, 

b. Lorentz polarization factor, 

c. Diffraction plane tilt errors, 

d. Accurate peak determination, 

e. Absorption, 

f The integrity of the gear wheel, 

g. Wavelength employed. 

The correction employed for the various effects are described as follows 

4.6.1 Refraction correction 

The correction is the most significant and important parameter for the accurate 

parameter determination and is to be included in all single crystal reflection 

measurements. The peak shift is given by the expression 

A(26>) = S[cot{9 -a) + cot(6> + a) + tan 6>]. (4.11) 

where a is the angle between the crystalline plane to the diffraction plane 

S is related to the refi-active index by the relation, 

5 = l-n = (^'ey^^^^)^(Z, + AfM- (412) 

Where, Z,. = atomic number of the element 'i', 

/ . = Dispersive component or the scattering factor, 

Â ,.= The number of atoms per unit volume. 
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4.6.2 Lorentz and polarization correction 

The Lorentz factor depends to the angular range over which the reciprocal lattice 

point interacts with the surface of the Ewald sphere. The peak shift A(2(9) fi-om an 

equivalent finite width given by: 

A(2g) = (^)cot (2g)[ l - (^^ ' " ' f^ )]. (4,13) 
2 1 + cos 2^ 

For the current study, the diffraction widths are very narrow and hence the shifts 

are negligible. 

4.6.3 Diffracting plane shift error 

This is the error associated with the diffraction vector not being in the plane of the 

diffractometer, producing a shift in the 2 6 value measured, and is given by 

A(26>) = -x^ tan6'cos' a , (4.14) 

where, 

a is the angle between the crystalline plane and the diffraction plane normal, 

X is the angle between the diffraction plane normal and the diffractometer plane. 

The tilt error can be avoided by a careful adjustment and alignment of the sample. 

4.6.4 The accuracv in determining the peak position 

From Bragg law we have, 

— = -cot^*A^ (4.15) 
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which defines the accuracy of determining the distance between the crystalline 

planes as well as the lattice parameters. This accuracy in tum depends on the accuracy of 

the diffractometer. The current diffractometer used has an accuracy of 0.001 of a degree, 

which is sufficient for the accurate parameter measurement. 

4.6.5 Absorption 

The absorption changes the shape of the profile and displaces the position of the 

centroid with respect to the actual peak center. However this factor is less than a fraction 

of an arc second. Hence in our study, the effect of absorption has been neglected. 

4.6.6 Experimental procedure. 

The measurement has been performed using a Philips diffractometer employing 

an analyzer crystal. However the value obtained is effected by two other experimental 

parameters: 

a. The integrity of the gear wheel, 

b. The wavelength of the CuKa radiation employed. 

The present diffractometer has an accuracy of thousandth part of a degree 

moreover the measurement was repeated and the average value of the measured angle 

was taken which gives a fairly accurate value of the angle. 

The monochromator employed was a four crystal Ge monochromator using the 

220 reflections, which separates other wavelengths fi-om the principle CuKa^, which is 

employed for the x-ray analysis. 
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After an accurate value of 2(9 is determined, Bragg law is employed for the 

determination of the lattice parameter 

1 h'+k'+l' ,^^ , . , 
-JY- i • (The relation between any crystalline plane and the lattice 
d a 

parameter for a cubic structure). 

«A = 2 d' Sin 0 (Bragg law) 

(4.16) 

(4.17) 

Combining equations 4.16 and 4.17, we can express the lattice parameter in terms of 

known parameters as 

.2 , 7,2 , 7 2 \ 12 
2 {h'+k'+r)Af 

a = —'— 
4sin'6> 

(4.18) 

Table 4.1 shows the lattice parameter evaluated for different values of reflections 
for Si (HI). 

REFLECTION 

Si(OOO) 
Primary Beam 

Si(lll) 

Si(333) 

Si(115) 

2^..„,,(cieg) 

-0.1931±6xl0"' 

25.2514±6xl0~' 

94.7551±6xl0"' 

94.7584 + 6x10"' 

A2<9* 
(degree) 

-0.00347 

-0.00124 

-0.0033 

A 2 ^ _ , , 
(degree) 

28.4410 + 8.5x10"' 

94.9470 ±8.5x10"' 

94.9482 ±8.5x10"' 

angstroms 

5.43l07±3.2xl0"' 

5.43105±7xl0-' 

5.43100±7xl0"' 

* is the correction is evaluated according to equation listed in the refraction 

correction where S^^ = 7.431 x 10" 
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4.7. Superlattices and multilayers 

Superlattices are multi-layered thin films, prepared by altemately depositing two 

elements using vacuum deposition or sputtering techniques. A wide spectrum of elements 

and compounds are suitable for deposition into superlattice stmctures, and the range of 

properties displayed by the resulting superstmctures is greatly dependent upon the 

properties of both individual lattices as well as the interaction between them and the 

thickness of the individual layers. Hence a characterization of a superlattice involves the 

determination of: 

1. The period of the super lattice, 

2. Lattice parameter of the super lattice. 

The diffraction from a superlattice gives rise to a crystalline peak also termed as 

the zero order peaks along with a slight modulation on either side of the zero order 

superiattice peak. These modulations or the satellite peaks are entirely dependent on the 

period of the superlattice. The period of the superiattice affects the electrical as well as 

the optical parameters of the device. For instance, in our lab, we were trying to grow 

LED's on the deep blue region for which the thickness of the barrier (AIN) was required 

to be 1.25 nm and that of the barrier (AlGaN) was to be 0.5 nm. An increase in the period 

of the superiattice was found to give a red shift. Hence an accurate determination of the 

period of superlattice gives a proper understanding of the device characteristics. 

The period of the superiattice is given by 

2{Sincoi-Sinct)2) 
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where 

«, and «2are the orders of the superiattice peaks, while co^ &CO2 are the angular positions 

of the satellite peaks. 

Note: this is the same expression used to calculate the thickness of a layer. 

GaN(17.11) 
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10N 
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CO 

c 
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Figure 4.4. X-ray diffraction measurement made in a long scan ( by George Seryogin), 
shows a superlattice grown on sapphire with a buffer layer of thick GaN {\.2/jm ) and a 
thin AIN layer. The period for this sample was evaluated to be 14.149 A. 

46 



The position of the zero order superlattice peak depends on the average 

concentration of the superlattice layer. This depends upon the concentration of the 

constituents in the entire superlattice. The composition of the zero order superlattice peak 

as well as the lattice parameter of the superlattice follows the same method as it a single 

alloy layer of the compound semiconductor. 
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CHAPTER 5 

GRAZING INCIDENCE X-RAY REFLECTIVITY 

5.1 Introduction 

In the recent years thin and ultra thin layer materials ranging from a few tens of 

angstroms to hundreds of angstroms as well as thin multi layers are being increasingly 

employed to make the state of art devices. Although high-resolution x-ray techniques are 

available, measurements on such thin films using them are complicated because of the 

relatively large penetration of x-rays leading to very poor surface to substrate scattering 

ratio. This limits their use for the study of thin layers. The surface sensitivity can be 

sufficiently enhanced when the x-ray beam meets the surface at a glancing angle for 

which total extemal reflection occurs and an evanescent wave propagating parallel to the 

surface is created. A typical glancing incidence geometry can be seen in Figure 5.1. 

-•x 

Figure 5.1. Glancing angle geometry 

When x-rays impinge on a flat material under a small glancing angle, a large 

variety of physical phenomena can occur, such as total reflection interference fringes 
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from a layer on a substrate. As the penetration depth of the x-rays change fi-om the 

micrometer to the nanometer regime and if the critical angle for total reflection is passed, 

x-ray measurements in the glancing incidence region can yield information about the 

upper layers of a flat specimen, and the techniques which make use of this phenomena 

are x-ray reflectivity, glancing incidence x-ray photoelectron spectroscopy (GIXS), 

glancing incidence x-ray diffraction (GIXD), and glancing incidence x-ray florescence 

(GIXF). These techniques are generally referred as glancing incidence x-ray analysis 

(GIXA).In this present work I would be discussing the phenomena of x-ray reflectivity. 

The equation of a plane wave can be written as 

17 — J7 J.i{ki.r-cot)] 
^ -^o^ (5.1) 

with wave vector A:,, impinging on a sharp interface which separates two different media 

(for a single crystal surface and vacuum as in Figure 5.1). The angle of incidence L>,is 

measured fi-om the plane of the surface. Under grazing angle conditions, the incoming 

wave splits into a reflected (wave vector k^) and a refracted one and also a diffracted 

wave (wave vector k^) under the Bragg condition for a lattice plane nearly perpendicular 

to the surface. 

5.2. Reflection of x-rays at grazing incidence 

The refractive index is the flindamental property, which govems the propagation 

of any wave in any medium, and in the x-ray range it is defined as 

n = \-5-iP\ (5.2) 
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with the dispersive term 

and the absorptive term given by 

where N^: Avagadros number; 

A; : Classical electron radius; 

X : The wavelength of x-rays; 

p : Mass density; 

Z : Atomic number; 

/ ' , / " : The real and imaginary part of the dispersion correction. 

The real part n, l-<^, is related to the phase lag of the propagating wave, while the 

imaginary part p corresponds to the decrease of the wave amplitude, S and p are small 

positive quantities of the order 10"̂  and 10"^, respectively, and hence the value of 

refractive index, n is slightly less than 1 and the transmitted wave will be refracted from 

the normal according to Snell's law : 

«, COSD. =«2C0SL>, . (5.5) 

50 



«. =1 

• > Y 

t 
Z 

Figure 5.2. Reflection and refraction of x-rays from a plane boundary 

In Figure 5.2, i and t correspond to the incident beam and the transmitted beam 

respectively. Also as the refractive index is less than unity total extemal reflection from a 

smooth surface is possible. 

The value of critical angle is given by 

cosL>̂  =«2 (Neglectingabsorption P) (5.6) 

which on simplification leads to the following expression 

v^ = yJ2S2 ~ •Jp{Z + / ' )X (Trigonometric series expansion). (5.7) 

As the second medium is absorbing, Snell's law can be written as 

2 2 2 (5.8) 

The internal angle u, is imaginary for t;,. < u^, which implies that the amplitude of 

the transmitted wave drops of exponentially according to equation (5.9). 

£,(r')OC e 
[i.Rc{Kf)yU-z/zQ] 

(5.9) 

where ẑ  is the damping constant, given by. 

V2 z„=^[^m-2sJ^^-(vf-2SA (5.10) 
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As the wave propagates, from the optically less denser medium propagating 

parallel to the surface and for angles less than u^ the amplitude of the evanescent wave 

decays at a short distance into the solid in the order of angstroms (~ 50 A). This fact 

makes the grazing incidence x-ray techniques surface sensitive since the signal originates 

from a short distance from the surface. Also increasing the angle of incidence providing 

precise information of the electron density depth profile can carefully control the 

penetration depth of the wave into the bulk. 

«2 

Figure 5.3. x-ray reflection from grazing incidence from a layer of thickness d on a 
substrate (n2<n3) 

Considering the case when the incident angle D, of the incoming wave exceeds the 

critical angle u^ for the layer, the reflected wave would show oscillations as a function of 

Ui due the interferences of waves reflected from the top and bottom surfaces of the layer. 

A simple reflectivity curve with the salient points is shown in Figure 5.4. 
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Figure 5.4. Shown above is a grazing incidence x-ray reflectivity curve of Hf020ver Si. 
Also shown are various salient parts of the reflectivity curve. 

As seen in Figure 5.4 the oscillations are due to the finite thickness of the layer 

and the frequency of oscillations depends on the thickness of the layer. With the increase 

in the thickness, the number of interference oscillations increase and their period 

decrease, while the amplitude of these interference fiinges depends on the refractive 

index difference between the two surfaces. The interfacial roughness and its correlation 

with from interface to interface in single layer as well as multilayer thin film devices 

influence their optical, electrical, magnetic, mechanical and super-conducting properties. 

It is because grazing angle x-ray reflectivity reveals a lot of information about the nature 
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of interfaces, the thickness of films it is an important tool in the analysis of single layers 

or mulfi layer thin films. 

5.3. Applications of x-ray specular reflectivity 

X-ray Reflectometry can be used for gathering a wealth of information from thin 

films. It can be used for the determination of 

1. Surface and interface roughness (this technique is very sensitive to vertical 

surface roughness). 

2. Layer thickness of single layers and multilayers. 

3. Surface density gradients and layer density. 

4. Measuring the atomic scattering factors (if all the other parameters are known). 

A very important feature of x-ray reflectivity technique is that it is not sensitive to 

crystal stmctures, dislocations and defects, so it can be used for probing single crystals, 

polycrystalline samples, amorphous samples and even liquid materials. This is because 

the signal depends only on the electron density of the studied material. It also suffers 

from a serious limitation that it cannot distinguish between interface roughness and 

interface grading, both of which have almost the same effect on the reflectivity curve. 
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5.4. Methods of analysis-evaluation of thickness and roughness 

from single and multilayers 

In principle, there are two techniques to determine the parameters from the 

grazing incidence measurements on thin films and multilayer stmctures. 

The first method is based on the summation of the individual reflections and 

transmitions from each interface calculated from Fresnel equations for single thin films 

(usually many of the commercial programs use the Fresnel equations recursively or by 

using a matrix method). The other method is based on the dynamical theory, in which 

equations of the incident and scattered waves are used to evaluate the multilayer 

parameters from the value of the measured reflectivity. 

In curve fitting, the most common method employed to analyze the x-ray 

reflectivity; the calculated reflectivity of a modeled stmcture is fitted with the 

experimental curve thus yielding the value of thickness and roughness. Different types of 

curve fitting methods can be used to arrive at the closest value of the layer parameters, 

which has the least possible error with the experimental curve. 

The reflectivity curve shown below was obtained from Al/Si02 with 5 periods. 

The simulated curve was obtained using Philips Gixa software program, which employs 

the curve fitting method and proceeds by decreasing the chi square error, by changing the 

parameters of the sample. 
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Ai/SiO^: 5 SL 
Experimental curve 
Simulated curve 

Thickness Roughness 

Al 83.3 A° 13.8 A° 

SiO, 104.3 A° 

substrate-SiO. 

20.3 A' 

4.00 A" 

I 10N 
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Figure 5.5. Thickness and roughness evaluation by curve fitting a multilayer sample 
of Al/SiOiwith 5 periods. 

Although the curve fitting method might be simple, the calculations become 

tedious and more time consuming when the number of layers becomes large. 

The Fourier analysis method is initiated by subtraction of the mean reflectivity 

from the measured reflectivity. After normalization the oscillation component is 

extracted. The films refractive index is used for angular correction. Fourier 

transformation is carried about to obtain the film thickness from the oscillation 

periodicity. This method is simple and allows the determination of the film thickness with 

high precision. 
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Figure 5.6. Reflectivity curve for 100 A thick Hf02 over silicon 
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Figure 5.7. Fast Fourier transform of the reflectivity curve in Figure 5.6. 
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5.5. Evaluation of the film density 

As mentioned earlier grazing incidence x-ray reflectivity can be employed to 

determine the density of films grown. X-ray reflectivity was employed to determine the 

density of the Low dielectric constant materials grown. 

The procedure is described briefly. 

As mentioned above the refractive index for x-rays in any medium is less than 

unity, and when the rays traveling from air strikes the surface of the film surface, for a 

particular angle, termed the critical angle of the medium, the x-rays are totally reflected, 

as can be clearly seen from the diagram shown in Figure 5.8. 

Totally 
Reflected 
Rays 

Critical ray 

Figure 5.8. Critical angle and total extemal reflection 

The critical angle is a characteristic of the material and is entirely dependent on 

the electron density of the material. Hence a careftil determination of the critical angle 

enables the evaluation of the electron density of the material. 

An approximate expression relation the critical angle and the electron density is 

given by 

B,={pr,?}l7tr (5.11) 
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where 

0^ The critical angle for the material, 

q The electron density or the number of electrons per unit volume of the material, 

/ The x-ray wavelength employed, 

r Classical electron radius = 2.818 fm. 
e 
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