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Abstract 

In the FNA research group an X-ray diffractometer is used to investigate thin film. 
An open Eulerian cradle was installed, replacing the existing solid-axis setup. The open 
Eulerian cradle allows the sample to be rotated about three independent axes instead of 
one axis. First it was investigated whether it is possible using the cradle to reproduce 
the measurements done using the solid-axis. It turned out, when the sample holder was 
improved, all the measurements could be reproduced. The impravement of the sample 
holder is the replacement of a clipping mechanism with a screwing mechanism to position 
the sample. Using the screwing mechanism the sample can be placed in the reference 
plane and in the center of the beam. Then it was investigated whether it is possible, 
using the new rotation axes of the cradle, to determine the texture of a film. This means 
distinguishing between a single-crystalline, poly-crystalline and a textured sample. This 
was done by performing texture measurements on a single-crystalline, a poly-crystalline 
and a textured sample. The results of a texture measurement are used to make a texture 
map. The texture maps showed distortions that were caused by the width of the X-ray 
beam. When the width of the beam was reduced by putting a vertical slit behind the 
horizontal divergence slit, the distortions were no longer visible. The texture maps of 
the single-crystalline sample and the poly-crystalline sample were as expected. A single
crystalline sample gives a texture map with peaks that can be identified, a poly-crystalline 
sample gives a more uniform texture map. The texture map of the textured sample was 
not as was expected. The texture map is uniform where a ring was expected. Soit was not 
possible to directly distinguish this textured sample from a poly-crystalline sample. This 
textured sample was probably not suitable for texture measurements because the surface 
was not perfectly flat. An additional 0-20 measurement was necessary which showed it is 
not poly-crystalline. This is indirect evidence the sample is textured. There are indications 
it is possible to detect a ring using a suitable textured sample. When this is the case it 
is possible to determine the texture of a sample directly using a texture measurement. So 
using the cradle, the texture of a sample can be determined. 
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Chapter 1 

Introduetion 

The interest of the Physics of Nanostructures (FNA) Research Group at the Eindhoven 
U niversity of Technology is in the area of magnetism of ultrathin films. A few areas of 
concentration are magnetic anisotropies, giant magneto-resistance, and magnetic tunnel 
junctions. Ultrathin films are grown by the group and good structural characterization is 
essential to the study of their properties. X-ray diffraction is a good and non-destructive 
tool to obtain information about the crystal structure of a sample. The existing solid-axis 
setup is replaced by the open Eulerian cradle, with the hope that new types of measurement 
could be performed, such as texture measurements. These texture measurements give the 
possibility to determine whether a film is poly-crystalline, textured, or single-crystalline. 
Because magnetic properties depend on the texture of the sample this information is par
ticularly important to the FNA group. It is also important to find out whether all the types 
of measurements that could be performed using the solid-axis setup can also be performed 
using the open Eulerian cradle. 

The outline of the report is as follows: In chapter 2, the theory of X-ray diffraction 
is explained in real and reciprocal points of view. In chapter 3, the experimental setup 
of the open Eulerian cradle is described. In chapter 4, the results of the different types 
of measurement on different samples are reported. Lastly, a brief summary of all the 
important results is presented in chapter 5. 
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Chapter 2 

Theory 

In this chapter the physics of X-rays and crystallography are briefly described. The in
teraction between X-rays and atoms in a crystal- which results in the diffraction of the 
X-rays- is then introduced. A more detailed analysis can be found in [1], [2] and [3]. 
The physics of diffraction will be presented in both real and redprocal space viewpoints. 
In some analyses the redprocal space approach provides a more natural interpretation of 
the experimental data. 

2.1 X-rays 

X-rays are a part of the electromagnetic spectrum whose wavelength lies between 10-2 

and 102 Á. X-rays are typically generated by shooting a beam of electrous on an anode 
target. The electrous are produced by a filament, and are accelerated by an electrastatic 
potential difference V between the filament and the target. The electrous bombard the 
anode with an energy Eet = e ·V where eis the electron charge. X-rays are emitted during 
the bombardment by two mechanisms. 

The first mechanism is photon emission by deceleration of the electrons. When an 
electron hits an atom of the anode it is decelerated and looses energy. This energy is 
released in the form of a photon. Some electrous loose all of their energy in one impact, a 
photon with the maximum energy Eez is then released. The relation between wavelength 
.\ and energy E is 

h·c 
À=

E 
(2.1) 

where h is Planck's constant and c is the speed of light. From this can be calculated that 
this photon with maximum energy has a minimal wavelength of 

h·c 
Àmin = E 

el 
(2.2) 

Most of the electrous loose their energy on several different impacts. On every impact they 
loose a fraction of their energy and release a photon with a wavelength greater than Àmin· 

This mechanism produces a continuous spectrum of radiation. 
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The second mechanism that produces X-rays is the following: If the acceleration voltage 
is high enough, the accelerated electrans have enough energy to knock out an electron from 
the inner shell of the anode atoms. The electron that is knocked out of the anode atom 
leaves a vacancy. When this vacancy is filled by an electron from another shell, a photon is 
emitted. When an electron from the L-shell fills a vacancy in the K-shell, a Ka photon is 
emitted. When an electron from the M-shell fills a vacancy intheK shell, a Kf3 photon is 
emitted. Sirree every shell consistsof sub-shells (s, p, d, ... ) with slightly different energy 
levels there are for example different Ka photons, namely Ka1 and Ka2 photons. These 
photons cause peaks in the X-ray spectrum at wavelengths that depend on the target 
materiaL For a capper target the wavelengths of the three most important peaks are given 
in table 2.1. 

Table 2.1: Wavelengths of different peaks in the X-ray spectrum of a capper target. 

Peak Wavelength 

Kal 1.5406 A 
Ka2 1.5444 A 
Kf3 1.3922 A 

The total spectrum, shown in fig. 2.1, is the sum of the continuous and the discrete 
spectrum produced by the two mechanisms. In X-ray diffraction experiments monochro
matic radiation is desirable. If a capper anode is used, most of the K f3 radiation and a 
part of the continuous spectrum can be filtered out using a nickel filter. The mass absorp
tion coefficient of nickel is shown in fig. 2.1. What is left Ka radiation with an average 
wavelength of 1.542 A. 

2.2 Crystals 

If the atoms in a solid state are regularly spaced, the solid state is called crystalline, if 
not the solid state is called amorphous. A crystalline solid state consists of one or more 
crystals. A crystal is constructed by the repetition of identical units. The repetition can 
be described in terms of a lattice. A lattice is a regular periadie array of lattice points p 
m space. These points are defined by: 

(2.3) 

Here u1,2,3 are integers and ä1,2,3 are the lattice veetors that span three dimensional space. 
The identical unit is called a basis. The basis can be a single atom, or many atoms. The 
crystal is formed by the addition of the basis to every lattice point. 

For example the sodium chloride, N aCl, structure is formed when a basis consisting of 
one Na+ and one cz- ion is added toa face centered cubic (fee) lattice. This structure is 
shown in fig. 2.2. 
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1.2 lA l.tî Uî 

Figure 2.1: Comparison of the spectra of copper radiation (a) before and (b) after passage 
through a nickel filter (schematic). The dashed line is the mass absorption coefficient of 
nickel. 

Another cubic structure is the zinebiende structure. Zinc selenide, ZnSe, has the 
zinebiende structure and is shown in fig. 2.2. The gray atoms represent the zinc atoms, 
the black atoms represent the selene atoms. 

The diamond structure is the same as the zinebiende structure with the only difference 
that the diamond structure has only one type of atom instead of two. Silicon has the 
diamond structure. 

Crystal plan es are indexed by Miller indices (hkl). The index contains three in te gers 
placed between brackets. A (hkl) plane intercepts the a1-axis at at/h, the a2-axis at a2/k 
and the a 3-axis at a3 jl. Here a1,2,3 is the length of a 1,2,3 . In fig. 2.3 the (111) and (001) 
planes are indicated. Notice that the (001) plane intercepts the a 1 and a2-axes at infinity. 

In the case of a cubic lattice the distance d between subsequent (hkl) planes can be 
calculated using the equation 

(2.4) 

Here a is the length of al,2,3· 

A crystalline film can be single-crystalline, poly-crystalline or textured. In the case 
of single-crystalline film, it consists of one crystal. In the case of a poly-crystalline film, 
it consists of many single-crystalline grains, crystallites, that have a completely random 
orientation. A textured film also consists of many crystallites, only these crystallites are 
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Figure 2.2: Left: a unit cell of the NaCl structure. Right: a unit cell of the zinebiende 
structure 

ordered in one direction. This can best be illustrated using dice representing the crystallites 
as in fig. 2.4. A single-crystalline film is represented by one big dice because it consists of 
one big crystallite. A poly-crystalline film is represented by many dice that have completely 
random orientations because the film consists of many crystallites that have completely 
random orientations. A textured film is also represented by many dice that have random 
orientations only they all have the same number up. In this direction their orientation is 
ordered. Just like the crystallites in a textured film that are ordered in one direction. 

2.3 X-ray diffraction 

It is known that when an X-ray is incident on a crystal, in certain directions, diffracted 
beams can be detected. To explain this we need to understand the interaction between 
radiation and a crystal. 

X-rays are electromagnetic waves. This means they consist of an electric and a magnetic 
field that vary in space and time. When an electromagnetic wave is incident on an atom, 
the electric field sets the electrans in oscillatory motion. An oscillating electron emits 
electromagnetic waves in all directions. In this way the electrans scatter the incident 
beam. Nuclei do not take part in the scatter process because their mass is too big. 

When the X-rays are incident on a plane of atoms, with an arbitrary angle of incidence 
(), the rays scattering from all the electrans in the atoms only reinforce one another if they 
are in phase. This is the only case when the angle of diffraction is (). In other directions 
the scattered rays are out of phase and cancel each other. This allows a plane of atoms to 
be seen as a mirror reflecting a part of the incident beam. 

When the X-rays are incident on a crystal, consisting of many planes of atoms spaeed d 
apart, the beams reflected from subsequent planes of atoms interfere. In general all these 
beams will have a different phase and cancel each other and no diffraction will take place. 
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(111) (001) 
Figure 2.3: Left: the (111) plane indicated in the NaCl structure. Right: the (001) plane 
indicated in the Na Cl structure 

single crystal poly crystal textured 

Figure 2.4: Dice representing crystallites for different crystal types. 

Diffraction can only take place when all the beams are in phase. This is the case when 
the optical path difference between beams diffracted from subsequent planes is equal to a 
whole number of wavelengths. It can be calculated the optical path difference is equal to 
2dsin( B) as shown in fig 2.5. So diffraction can only take place when 

nÀ = 2dsin0 (2.5) 

This is known as Braggs law. 
Bragg's law shows that there is a maximum wavelength that can be used in diffraction 

experiments: À < 2d. Because the d spacing in crystals is in the order of Ángströms, 
electromagnetic waves with wavelengths of Ángströms have to be used, these are X-rays. 

Every crystal structure has some crystal planes that cannot generate a diffracted beam, 
even when Bragg's law is met. These are the so called forbidden reflections. A reflection is 
forbidden when it interferes destructively with reflections from other parts in the unit cell. 
Destructive interference is caused by phase differences. Whether a reflection is forbidden or 
not depends on the crystal structure and can be calculated by summing the contributions 
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diffracted beams 

incoming beams 

- ®- layer of atoms 

Figure 2.5: The optical path difference between beams diffracted from subsequent layers 
is 2d sin() 

to the diffracted beam coming from different parts of the unit cell. It can be calculated 
that every atom in the unit cell has a contribution with a phase of 21r(hun + kvn + lwn)· 
Where ( Un, Vn, wn) are the relative coordinates of atom n in the unit cell. The intensity of 
a contribution from atom n is fn and this only depends on the type of atom. The sum of 
the contributions to a reflection from a (hkl) plane is the structure factor FhkZ and can be 
calculated as follows: 

D _ '"""' f e21ri(hun+kvn+Zwn) 
rh~- ~ n · (2.6) 

unit cell 

If the crystal structure is known, the relative coordinates of all atoms in the unit cell are 
known and the (hkl) planes that have a forbidden reflection can be calculated. This is the 
case when the structure factor FhkZ is zero. 

For the N aCl-structure equation 2.6 gives: 
F = 0 when (hkl) is mixed,these are the forbidden reflections; 
F = 4(!Na +fez) when (hkl) is notmixed and h+k+l is even, these are allowed reflections; 
F = 4(!Na- fez) when (hkl) is notmixed and h+k+l is odd, these are allowed but weaker 
reflections sirree !Na -fez is small. 
With mixed is meant that h, k and 1 contain even and odd numbers. For example (100) is 
mixed ( contains odd and even numbers), ( 420) is not mixed ( contains only even numbers), 
(111) is also notmixed (contains only odd numbers). 

For the zincblende-structure equation 2.6 gives: 
F 2 = 16(!.§ +fin) when h+k+l is odd; 
F 2 = 16(fs- fzn) 2 when (h+k+l)/2 is odd; 
F 2 = 16(fs + fzn? when (h+k+l)/2 is even. 

For the diamond-structure equation 2.6 gives: 
F = 4J2fewhen h+k+l is odd; 
F = 0 when (h+k+l) /2 is odd; 
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F = 8fc when (h+k+l)/2 is even. 

2.4 Reciprocal space 

X-ray diffraction can be fully explained in real space as was clone in the previous section. 
But some measurements can be interpreted in a more natural way using reciprocal space. 

Reciprocal space, also known as Fourier space, is a mathematica! space. It is called 
reciprocal because distauces are measured in reciprocallength (length-1 ). The crystal and 
the X-ray beam can be represented in reciprocal space. This allows Bragg's law to be 
written in reciprocal space form. 

It is now explained how the crystal is represented in reciprocal space. The function 
n(x, y, z) describes the electron concentration n in a crystal as a function of x, y and z. This 
function is periodic in three dimensions. The fourier transform of n(x, y, z) is N(qx, qy, qz)· 
The function N(qx, qy, qz) is zero everywhere, except for a few points, where is is infinite. 
These points form the reciprocal lattice. This lattice can be described by the reciprocal 
lattice veetors b1 , b2 and b3 . The following relation exists between the lattice veetors a1,2,3 

and the reciprocallattice veetors b1,2,3: 

(2.7) 

It turns out that every crystal plane in real space with index (hkl) is represented by a 
reciprocal lattice point. The reciprocal lattice vector G, pointing from the origin to the 
reciprocal lattice point is defined by equation 

(2.8) 

A schematic representation of a cross section of reciprocal space is shown in fig 2.6, the 
different reciprocal lattice points are indicated. 

qz 

• • • • 
(202) (102) (102) (202) 

• • • • 
(201) (101) (101) (201) 

(200) (100) (100) (200) qx 

Figure 2.6: A schematic representation of a cross section of reciprocal space. The different 
reciprocal lattice points of a cubic lattice are indicated. 
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The incident X-ray beam is represented in reciprocal space by its wavevector k. The 
direction of the vector is the direction ofthe X-ray beam. The lengthof the vector depends 
on the wavelength by 

(2.9) 

The direction of kis from the souree to the sample. The wavevector of the diffracted X-ray 
beam is k'. The direction of k' is from the sample to the detector. The scattering vector 
.6.k can be constructed as in fig. 2. 7 and is defined by equation 

(2.10) 

• 
• 

• • detector 

• • 

I • • 
• 

souree 
k • sample 

• 
Figure 2.7: Schematic representation of reciprocal space. The dots represent reciprocal 
lattice points. The incident and diffracted beam are represented by k and k'. The scatter 
vector .6.k scans reciprocal space when the orientation of reciprocal lattice is changed 
relative to .6.k 

Now Bragg's law in reciprocal space form states: A diffracted beam is detected when 
the scattering vector .6.k equals a particular reciprocallattice vector G. This is summarized 
in the equation 

(2.11) 

2.5 Measurements 

When doing a diffraction measurement the position of the detector and the position of 
the X-ray souree can be changed, relative to the sample. This means the direction of the 
k and k' veetors changes relative to the reciprocal lattice. This causes the position of 
the scattering vector .6.k to change, relative to the reciprocal lattice points G. According 
to equation 2.11 the detected intensity will be high when the scattering vector is at a 
reciprocallattice point. In this way the scatter vector scans a cross section of reciprocal 
space for lattice points. A diffraction measurement gives an image of the lattice points in 
reciprocal space. This explains why diffraction measurements can be interpreted in a more 
natural way using the reciprocal viewpoint. 
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Insection 3.6 will be explained exactly how the angle of the detector and the orientation 
of the sample cause the position of the scattering vector to change relative to the reciprocal 
lattice. 

A single-crystalline sample is represented in reciprocal space by a single reciprocal 
lattice. The reciprocal lattice is oriented in such a way that the reciprocal lattice points 
representing crystal planes parallel to the sample surface are on the qz-axis. For example 
a crystal with its (111) planes parallel to the sample surface is represented in reciprocal 
space with the (111) reciprocallattice point on the qz-axis. It is said the sample is oriented 
in the < 111 > direct ion. 

Every crystallite of a poly-crystalline sample is represented in reciprocal space by a 
reciprocal lattice. Because all these lattices are randomly oriented like the crystallites, 
every reciprocal lattice point is smeared out over a sphere. This gives a set of concentric 
spheres in reciprocal space, all these spheres have their center in the origin. 

In a textured film, every crystallite is represented in reciprocal space by a reciprocal 
lattice. Because these lattices are randomly oriented in one direction like the crystallites, 
every reciprocallattice point is smeared out over a ring. This gives a set of concentric rings 
in reciprocal space, all these rings are parallel to the qx-qy-plane and have their center on 
the qz-axis. 



Chapter 3 

Experimental setup 

The setup that was used for the experiments consists of an X-ray source, a goniometer, 
an open Eulerian cradle and a detector all placed in an experiment enelosure. These 
components will be described in this chapter. The procedure to align these components 
will be described in appendix A. 

3.1 Experiment Enelosure 

The experiment enelosure is shown in figure 3.1. Inside the experiment enelosure the 
diffraction experiments take place. To prevent the radiation from escaping, the experiment 
enelosure is shielded with lead plates at the sicles and at the back. In front there is a sliding 
door with lead glass. The experiment enelosure is on top of the control panel. 

3.2 X-ray tube 

In section 2.1 was explained that X-rays are produced when high energy electrans hit an 
anode target. This happens inside an X-ray tube. The X-rays exit the tube through four 
beryllium windows. There are different types of X-ray tube available. They differ in anode 
material and anode size. For the experiments the PW2773 Cu LFF (long fine focus) tube 
was always used. It has a copper anode with dimensions of 0.4mm x 12mm. The anode is 
in the horizontal plane and the tube has a takeoff angle of 6° from the horizontal plane. 
The anode acts as a line souree when the window parallel to the long side of the anode is 
used. The tube is cooled by a constant water flow. The tube is inside a tube shield. The 
tube shield contains a shutter that can be opened using the buttons on the control panel. 

3.3 Goniometer and Eulerian Cradle 

Because the X-ray tube is fixed to the fioor of the experiment enelosure the angle of the 
incident beam can only be changed by rotating the sample. Using the goniometer and 

11 
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Figure 3.1: A schematic picture of the experiment enelosure and the control panel. 

the Eulerian eradie the sample can be rotated a bout three axes. These are the axes W, 
n and <I> shown in fig. 3.2. The Eulerian eradie replaces the solid-axis setup that could 
rotate the sample only around the D-axis. The angles by which the sample is rotated 
are called '1/J for rotation around the W-axis, w for rotation around the D-axis and </J for 
rotation around the <P-axis. The cll-axis is always perpendicular to the W-axis, the W-axis 
is always perpendicular to the D-axis. But the angle between the cll-axis and the D-axis 
is (90°-'1/J). Using the new rotation possibilities of the eradie new types of measurement 
can be performed. It is hoped that with these new types of measurements the texture of a 
sample can be determined. This means it can be determined whether a sample is a single
crystalline, poly-crystalline or textured sample. It is also important that the measurements 
that could be performed using the solid-axis setup, can still be performed using the eradie 
set up. 

3.4 Detector 

The detector detects the intensity of the diffracted beam. The angle the detector makes 
with the incident beam is called 2() and can be varied. This angle is indicated in fig. 3.3. 
When the sample is rotated to a certain w angle, the angle of incidence relative to the 
sample surface is w. To detect a diffracted beam coming from planes parallel to the sample 
surface, the detector angle 2() has to be two times the angle w. 
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n 

Figure 3.2: Schematic view of the Eulerian cradle. The cradle has two motors to rotate the 
sample about the <P and the W-axes. The cradle is placed in the goniometer (not shown) 
that can rotate the cradle about the 0-axis. The direction of the beam, projected on the 
w-n plane, is in the positive w direction. 

3.5 Mounting the sample 

Befare a measurement can be clone the sample is mounted to the holder and the holder is 
placed in the cradle. The sample has to be mounted so that the top of the sample is in the 
plane of the three reference rods on the holder. The original way to mount a sample was 
the following. The sample was glued on a round perspex plate. This plate was put upside 
down on a glass plate. The holder was put over the plate and clipped between clipping 
rods on the holder. In this way the top of the sample is in the plane of the tops of the 
three reference rods as can be seen in fig. 3.4. When the glue is dry the holder can be put 
in the cradle and a measurement can be clone. 

There were two disadvantages to this way of mounting the sample. The first was that 
the sample was not always in the center of the holder and thus not in the center of the 
beam. The second disadvantage was that the plate could slip away when putting the holder 
in the cradle. When this happens the sample is no langer in the plane of the reference 
rods. 

The holder was modified as shown in fig 3.4. The new way to mount a sample is the 
following. The sample is put upside down on the glass plate. Glue is put on the blockon 
the holder. The holder is put upside down over the sample. The block is lowered onto the 
sample. When the glue is dry, the blockis fixed with the screw. The holder can be put in 
the cradle. This new methad assures the sample is in the center of the beam and in the 
plane of the reference rods. 

3.6 Reciprocal Space 

In section 2.5 it was explained that a diffraction measurement gives a cross section of the 
reciprocallattice points because the scattering vector scans reciprocal space. Now it will 
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Souree 

Figure 3.3: Schematic view of the solid-axis setup. The angles w and 2() are indicated 

. !~!~r~c.e. !?~ ....... ~am~ ............ ., .... . 

plate 

clipping 
rod 

• • • • 

reference rod 

screw 

Figure 3.4: Left: Schematic view of the old sample holder. Right: Schematic view of the 
new sample holder. 

be explained exactly how the angle of the detector (2()) and the orientation of the sample 
( w, 'ljJ and cp) cause the position of the scattering vector to change relative to the redprocal 
lattice. This will help to interpret the measurements. 

The scatter vector is constructed from k and k'. k is fixed, it has a constant length 
according to equation 2.9 and a constant direction, from souree to sample. ft also has a 
fixed length, but its direction, from sample to detector, can be changed by changing the 
angle of the detector 2(). The length can be constructed from the 2() angle as shown in fig. 
3.5. The result is: 

I SkI= 21 "k I sin (2()/2) (3.1) 

The other angles (w, 'ljJ and cp) can be used to change the orientation of the sample. If 
the orientation of the sample is changed, the orientation of the redprocallattice is changed 
in the same way. This can be seen in the relation between the lattice veetors a1,2,3 and 
redprocal lattice veetors b1,2,3 equation 2.7. Notice that the scatter vector tlk is fixed 
when 2() is fixed and the redprocal lattice is rotated when w, 'ljJ or cp change. In this way 
the scatter vector tlk can scan redprocal space. It is easier to explain what happens from 
the lattice point of view. In this view the lattice is fixed and the scatter vector tlk moves 
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Figure 3.5: The incident and diffracted beam represented in redprocal space by k and k'. 
The scatter vector ~k scans redprocal space 

through redprocal space. 
When 'I/J=Ü0 and w=20 /2, the scatter vector ~kis in the qz-direction. This means only 

reciprocallattice points on the qz-axis can be detected, in real space this means only planes 
parallel to the sample surface can be detected. 

By changing w, the scatter vector ~k will have an offset in the qx-direction of w- (20 /2). 
By changing '1/J, the scatter vector ~k will have an offset in the qy-direction of 'ljJ degrees. 

By changing cp, the scatter vector ~k will precess about the qz-axis. 



Chapter 4 

Measurements 

To investigate whether it is possible to determine the texture of a sample using the new 
cradle setup, texture measurements were made of three different samples. The samples 
are listed in table 4.1. Of the samples that were available in the FNA-group, samples 
were chosen for which different textures were expected. Sample V is expected to be poly
crystalline, samples I and II are expected to be single-crystalline, sample III is expected to 
be textured. The other samples were not used in texture measurements, they were used to 
check whether measurements that could be performed using the old solid-axis setup can 
also be performed using the new cradle setup. These measurements are: {}-2{} scan, w scan, 
mapping of a reciprocallattice point and fringes. 

In this chapter all these different types of measurement will be described, in both real 
and in reciprocal space viewpoint and the results are presented. 

Table 4.1: The compositions of the different samples that were used. 

Sample Composition 
I KCl(OOl) /PbS(590A) /EuS( 43A) /PbS(14A) /EuS(13A) /PbS(14A) 
II KCl(Oül) /PbS( 450Á) /EuS( 43Á) /PbS(7.4Á/EuS(13Á) /PbS(14Á) 
III Glass/ZnSe(1500Á) 
IV Si/W(lOOOÁ) 
V Compressed silicon powder 
VI Si(lll) 

4.1 {}-2{} scan 

A {}-2{} scan is one in which the detector angle 2() and the w angle of the sample are varied 
in a coupled way, so that 2()=2·w. When this is the case the detector can detect a beam 
diffracted by crystal planes parallel to the surface of the sample. Only these planes will 

16 
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be detected in a e-2{) scan. In a poly-crystalline sample every crystal plane is parallel 
to the sample surface in a few crystallites, so every plane will be detected unless it is a 
forbidden refiection. From the reciprocal space viewpoint, this coupled variation of w and 
2() of the respective sample and the detector is equivalent to measuring all the reciprocal 
lattice points along the qz-direction as indicated in fig. 4.5. Since for a poly-crystalline 
sample all the grains are randomly oriented, resulting in concentric reciprocal spheres, it 
is expected that all the allowed diffraction peaks are observed. First a e-2{) scan of sample 
V, a powderded silicon sample, was made. The result is shown in fig. 4.1. This was clone 
to check the alignment of the apparatus since the lattice constant a of a powder silicon is 
unstrained and exactly known to be 5.4301 A. All the peaks were identified. Notice that 
silicon has the diamond structure and no peaks that meet the condition (h+k+l)=2, 6, 10, 
... were observed as was predicted by the structure factor calculations insection 2.3. From 
this measurement can be calculated that a= 5.431 ± 0.001A. 
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Figure 4.1: e-2{) scan of sample V. The diffraction peaks are identified 

Fig. 4.2 shows the e-2{) scan from sample I, a PbS/EuS multilayer on a KCl substrate. 
Four major peaks are observed. They are identified to be the (002) and (004) peaks of 
the KCl substrate and the PbS buffer layer, as shown in the figure. The conesponding 
calculated lattice constants are 6.28 ± 0.03 A for the KCl and 5.95 ± 0.03 A for the 
PbS. Since the bulk PbS lattice constant is reported to be 5.94 A, it canthen be concluded 
that the buffer PbS layer is fully relaxed, as expected. From this measurement, it can 
safely said that the sample is not poly-crystalline. However, we still do not have sufficient 
information to determine whether it is a textured or single-crystalline film. 

Fig. 4.3 shows a {)-2{) scan of Sample III, a ZnSe film on a glass substrate. Only the 
(111) peak is observed. This means the sample is oriented in the <111> direction. It 
not expect the sample is single-crystalline because the ZnS film was grown an amorphous 
substrate which does not provide any template for in-plane ordering of the atoms. It is 
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Figure 4.2: e-2{} scan of sample I. The diffraction peaks of planes parallel to the sample 
surface are identified. The (001) peak is not detected, it is a forbidden reflection. 

therefore expected the sample is textured. This we will check experimentally by doing a 
texture measurement, as will be discussed later. 

4.2 w-scan (Rocking Curve) 

In an w scan, only w is varied, while all other angles are fixed. w scans are also known as 
rocking curves because the sample is rocked while the detector is held at a fixed position. 
The width of the peak is an indication of the crystal quality. A narrow peak indicates 
the sample is almost a perfect crystal. Thin films have a broader peak, because not being 
infinite is also an imperfection. From the redprocal space viewpoint, it would be as if we 
have a probe stationary at a point in redprocal space and the redprocal lattice is rocking 
around the probe. Alternatively, it can be said that the redprocal lattice is stationary and 
the probe is rocking about a redprocallattice point. 

It is worth mentioning that in contrast to the {}-2{} scan which probes only along the 
radial direction, the w-scan always probes the tangential direction as indicated in fig. 4.5. 
Hence, the two measurements ({}-2() and rocking curves) give complementary information 
about the redprocal structure of the film under investigation. 

A rocking curve was made of sample II, a PbS/EuS multilayer on a KCl substrate. The 
rocking curve corresponds to the (220) redprocal lattice point, the result is shown in fig. 
4.4. This was clone by keeping the angle of the detector 2() fixed at 53,46° while varying 
the w-angle of the detector. Sirree the (220) planeis not parallel to the sample surface, the 
'Ij; and cjJ angles have to be changed, how this is clone is explained in section 4.4. The full 
width half maximum (FWHM) of this rocking curve is 0.5°, which is quite reasonable for 
thin films. Note that the FWHM of the conesponding {}-2{} scans of the sample sample 
and redprocal lattice points give a comparable spreading. This seems to suggest that a 
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Figure 4.3: 0-20 scan of sample III. Only the (111) peak is detected. Notice the relatively 
high background intensity. 

shape of a typical mosaic piece in the sample is quite isotropic. This measurement shows 
it is possible to perform w scans using the eradie setup. 

4.3 Mapping of a Reciprocal Lattice Point 

A mapping of a redprocal lattice point can be accomplished by varying both 20 and w as 
follows: First, the angle w is fixed and the angle 20 is varied. Then the same procedure is 
repeated at a different value of w. From the redprocal point of view, this type of scan is 
equivalent to mapping out a cross sectional area of a redprocal space, as shown in fig. 4.5. 
The relationship between the varying angles (20 and w) and the redprocallattice vector 
if= qxx + qyy + qzz is 

qz = k(sinw +sin (20- w)) 

qx = k(cos (20- w)- cosw) 

( 4.1) 

(4.2) 

Several redprocal space mappings were made. First a mapping of the (111) redprocal 
lattice point was made of sample VI, a Si sample oriented in the <111> direction . The 
result is shown in fig. 4.6. This is a color map with each color assigned to a measured 
intensity. This sample was used because silicon substrate is almost a perfect crystal whose 
redprocallattice points are welllocalized. lts width is only due to the size of the sample, 
not the imperfections. Hence, any distartion in the mapping must be from the apparatus 
and not the sample. This measurement will give us a good indication of the instrumental 
errors. It is clear from fig. 4.6 that the mapping of the (111) redprocal point is nat a point 
but is spread in both qx and qz directions. The spread in the z-direction is dominated by the 
preserree of both Ka 1 and Ka2 radiation, as evident by the double stripes. A cross section 
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Figure 4.4: Rocking curve of the (220) planes of sample II. The full width half maximum 
is 0.5° 

along the qz-axis would result in the spectrum shown in fig. 2.1 b. With the difference that 
in the cross section along the qz-axis the Ka 1 and Ka2 peaks that are visible and in fig. 
2.1b the two peaks are indicated by one Ka peak. The double-stripe feature is not seen in 
the qx direction, here the spread is dominated by an other, unknown, effect. 

The second redprocal space map is of sample I, the PbS/EuS multilayer on a KCl 
substrate. Fig. 4.7 shows a reciprocal space map of the (002) lattice point of PbS. Note 
that the spread in this reciprocallattice point of PbS (in both qx and qz directions) is much 
larger than that in sample VI. Hence, it is reasonable to conclude that the spreading is 
due to the quality of the film. Fig. 4. 7 shows a redprocal mapping of the same sample, 
sample I. Now the 2(} and wangles were set to detect the (002) reciprocal point of the KCl 
substrate. It should be mentioned that an additional filter was used in measuring the KCl 
lattice point to avoid saturating the detector. This is why no trace of the PbS reciprocal 
point is present in the mapping of the KCl sample. On the other hand it is possible that 
the spread in the qz-direction of the PbS lattice point is a trace of the KCl substrate lattice 
point, which has a much higher intensity if no filter is used. 

The two redprocal space maps, shown in fig. 4.7, are cross-sections of redprocal space 
in the qx-qz-plane. By rotating the sample 90° about the <P-axis, a cross-section of redprocal 
space in the qy-qz-plane can be scanned. This was dorre for sample I. The scans of the qy
qz-plane was, as expected, similar to the scans of the qx-qz-plane. So it can be concluded 
mapping of a reciprocal lattice point is possible using the cradle. The eradie gives the 
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Figure 4.5: A schematic picture of a cross section of reciprocal space, the dots represent 
reciprocal lattice points. The parts of reciprocal space that are scanned for reciprocal 
lattice points using a B-28-scan and an w-scan are indicated by the arrows. The part of 
reciprocal space that is scanned in a mapping of a reciprocal lattice point is indicated by 
the gray surface. 
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Figure 4.6: Reciprocal space map of the (111) reciprocallattice point of sample VI 
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Figure 4. 7: Reciprocal space map of the (002) reciprocal lattice points of left: PbS , right: 
KCl of sample I 

extra possibility to scan t he qy-qz-plane compared to the solid-axis that can only scan the 
qz-ax1s. 

4.4 çb-scan 

A 4>-scan is a scan in which only the <P angle is varied. The angle of the detector 2() and 
the other angels of the sample ( w and 'Ij;) are fix ed. A <t>-scan can not be performed using 
the old solid axis setup, because using this setup the sample can not be rotated about the 
<I>-axis. A <t>-scan can be used to detect crystal planes that are not parallel to t he sample 
surface. The e-2e-scan of sample I (fig 4. 2) showed the (111) planes are not parallel to 
the sample surface, and that the (002) and (004) planes are. To detect the (111) planes in 
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Figure 4.8: The part of redprocal space scanned using a cjJ scan 

sample I a c/J-scan was used. It can be calculated the angle between the (111) and (002) 
planes is 54.7°. This is why the 'Ij; angle has to be set to 54.7°. The spadng between the 
(111) planes of PbS is known to be 3.429 Á. The corresponding w angle is 12,98°. The 
angle of the detector 2() is set, as usual, to twice this value. Then cjJ is varied from oo to 
360°. It is expected not only the (111) planeis detected in this c/J-scan, but all the (±1±11) 
planes will be detected as they co me into the right orientation every 90°. This is exactly 
what the scan shows in fig. 4.9. 

From reciprocal viewpoint, putting the detector at the right 2() angle is setting the 
scatter vector, that scans redprocal space, to the right length to scan the (111) redprocal 
lattice point. Setting w to half the 2() angle puts the scatter vector on the qz-axis. By 
setting the 'Ij; to 54.7°, the scatter vector is at an angle of 54.7° to the qz-axis. This is 
needed to detect the ( 111) redprocal lattice point. Wh en 'Ij; is varied from oo to 360°, the 
scatter vector precesses about the qz-axis and scans a circle in redprocal space as indicated 
in fig. 4.8. On this circle the (111) redprocallattice point lies. All the (±1±11) redprocal 
lattice points lie on this circle so four peaks are expected. This was observed as shown in 
fig. 4.9. 

From this scan it can be concluded that the PbS film in the sample is single-crystalline. 

4.5 Texture mapping 

As said, the new cradle setup allows for a new type of measurement that can be used to 
determine the texture of a sample. This type of measurement is a texture mapping. A 
texture mapping consists of a series of c/J scans at different values of 'Ij;. So the intensity is 
measured for every combination of 'Ij; and c/J, while 2() and w are kept to a constant angle 
corresponding toa spadng of certain crystal planes. So in a texture mapping measurement 
a crystal plane is chosen to focus on. A crystal plane has to be chosen that is not parallel 
to the surface and it has to have a high intensity. In redprocal space a texture mapping 
gives a series of circles which lie on the surface of a sphere. So a texture map gives a cross 
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Figure 4.9: cjJ scan of sample I shows the {111} peaks of PbS 

section of reciprocal space along a part of the surface of a sphere shown in fig. 4.10. This 
cross section is plotted as a color map because it is two dimensional. It is plotted as a pole 
figure, 'ljJ is the radial coordinate, cjJ is the angular coordinate. 

Three different samples were used to investigate whether it is possible to distinguish 
between the different textures using a texture measurement. Of the following samples 
texture measurements were made. Sample I, the PbS/EuS multilayer on a KCl substrate, 
this sample is expected to be single-crystalline. Sample III, a ZnSe film on a glass substrate, 
this sample is expected to be textured. Sample V, a compressed Si powder sample, this 
sample is expected to be poly-crystalline . 

• • • • • • 
• ..tl········· ·········, .. _ • .. .. • • 

(222)······ •••• •• (222) . ...... . . -·..... . . / . . . . \ . 
Figure 4.10: Schematic picture of a cross-section of reciprocal space. The circle is a cross
section of the sphere that is scanned in a texture mapping 



CHAPTER 4. MEASUREMENTS 25 

First a texture map was made of sample V. This sample is made of compressed Si 
powder. It is expected to be poly-crystalline because it consists of many crystallites that 
have a random orientation. The 0-20 measurement of this sample already showed that it 
is a poly-crystalline sample. In the texture measurement intensity of the diffracted beam 
is detected for every combination of 'ljJ and qy. The w and 20 angles were set to match the 
spacing between the { 111} planes of Si which is 3.14 A. The result is shown in fig. 4.11. 
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Figure 4.11: Texture map of the { 111} plan es of sample V, a poly-crystalline Si sample. 

It can be seen the detected intensity decreases with increasing '1/J. The intensity does 
not depend on qy. The 'ljJ dependenee can be explained by the amount of beam hitting the 
sample. When 'ljJ is increased, less of the beam hits the sample so less intensity is detected. 
Apart from this effect the texture map is uniform. This is exactly what is expected in 
a poly-crystalline sample because for any combination of 'ljJ and qy, there will be some 
crystallites that have the proper orientation to diffract the beam towards the detector. Or 
it can be explained in reciprocal space. The reciprocal lattice points of a poly-crystalline 
sample are smeared out over spheres. The texture map scans the sphere corresponding to 
the smeared out (111) lattice point of Si. This results in a uniform texture map. 

The next two texture maps were made of sample I. This sample has a KCl substrate 
with a PbS/ EuS multilayer. The amount of EuS is very small compared to the PbS. Both 
the substrate and the multilayer are expected to be single-crystalline. In the first texture 
map the w and 20 angles were set to match the spacing between the { 111} planes of PbS 
which is 3.43 A. The result is shown in fig . 4.12. The four peaks that were visible in the 
qy-scan of fig. 4.9 are also visible in the texture map at the same positions. The peaks are 
labelled. Some rings are visible in the scan, but their intensity is very weak compared to 
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Figure 4.12: Texture map of the { 111} plan es of the single-crystalline PbS film of sample 
I. 

lntensity 
(counts/s) 

45000 
15000 
5000 
1800 

600 
200 

60 
20 

0 

Figure 4.13: Texture map of the {222} planes of the single-crystalline KCl substrate of 
sample I. The {222} planes of the substrate are detected at the same cjJ and 'Ij; angles as 
the { 111} plan es of the PbS film . Small peaks from other plan es are also visible. 
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the peaks. The rings are caused by some randomness in the PbS layer. As 'ljJ is between 70° 
and 90°, there are three distortions (at oo, 120° and 240°). These are caused by the three 
reference rods moving through the beam if 'ljJ is over 70°. The rods catch the part of the 
beam that would have missed the sample. They cause some extra background scattering. 
From reciprocal viewpoint, part of a sphere in reciprocal space is scanned. On this sphere 
lie the {111} reciprocallattice points of PbS. Using this reciprocal viewpoint it is easier to 
predict which reciprocal lattice points will appear in the texture map and where they will 
appear. 

In the second texture map of sample I the w and 2() angles were set to match the spacing 
between the {222} planes of KCl which is 1.81 A. It is important that the orientation of the 
sample is not changed by remounting the sample or rotating the holder in the cradle. This 
would change the orientation of the texture map of the substrate relative to the texture 
map of the film. The relative orientation of the texture maps gives information about the 
relative orientation of substrate and film. The result is shown in fig. 4.13. The distortions 
at the rim can be explained by the reference rods as in the previous scan. The four spots 
with the highest intensity are located at the same place as the {111} peaks of PbS. These 
are the peaks from the {222} planes of KCl with a spacing of 1.81 A. Because they appear 
at the same cjJ angle as the PbS spots we know the PbS layer is oriented in the same way 
as the KCl substrate. There arealso other spots visible on the texture map. These are the 
{311} planes of PbS with a spacing of 1.79 A. They appear because the spacing of 1.79 
A is close to the 1.81 A that was focussed on. The {320} planes of PbS with a spacing 
of 1. 7 4 A are also visible, but they are very weak. 

From the reciprocal viewpoint it can be said the {311} and {320} reciprocal lattice 
points of PbS lie close to the sphere that was scanned trough the {222} reciprocallattice 
points of KCl as can beseen in fig. 4.10. There are twelve {311} spots, and four {320} 
spots, they are labelled in the figure. When using the reciprocal viewpoint it is easy to 
predict the position of all the spots relative to the position of the {222} spots. All the 
spots are exactly where they were expected relative to the {222} spots. 

In fig. 4.14 texture map is shown of sample III, the ZnSe film on glass. The ZnSe film 
is expected to be textured because it was grown on glass which is amorphous. The w and 
2() angles were set to match the spacing between the {220} planes of ZnSe which is 3,43 
A. Two big peaks with low intensity at c/J=170° and '!/J=350° appear in the texture map. 
These fake peaks are not caused by a beam diffracted from a crystal plane, they are due 
to the size of the beam. The area of the sample that is hit by the beam is a rectangular 
spot. When the rectangular sample is rotated through the rectangular spot the amount 
of sample that is hit by the beam varies. When the long sicles of the sample and spot are 
parallel the maximum amount of sample is hit by the beam and a maximum intensity is 
detected. This results in the fake peaks. To prevent this, it is possible to use a vertical 
slit behind the horizontal divergence slit. In this way the rectangular beam is reduced to 
a spot. By doing this the amount of beam received by the sample is independent of its 
orientation and no fake peaks will appear. 

This problem is caused by the use of a line souree with a horizontal slit in measurements 
where 'ljJ and cjJ are varied. It is better to use a point souree with a pipe collimator for these 
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measurements. It is possible to use a point souree with a pipe collimator in our setup by 
placing the goniometer including cradle and detector in front of the point souree window. 
For measurements in which 'ljJ and cjJ are not varied it is better to use a line souree with 
a horizontal slit. It is not an option to switch between line and point souree by rnaving 
the goniometer each time a different type of measurement is performed, because it is a lot 
of work to move and align the goniometer. It is possible to have two goniometers, one in 
front of each window, but it is too expensive to buy a new goniometer. Using the vertical 
slit is easy to switch between measurements by removing the slit and it is cheap. 

A second texture map was made of sample 111, the ZnSe film on glass. The w and 20 
angles were again set to match the spacing between the {220} planes of ZnSe which is 3,43 
Á. Only now the vertical slit was used behind the horizontal slit. The result is shown in fig. 
4.15. As expected the fake peaks are not visible. No {220} peaks are visible as expected in 
a textured sample. It is expected that in a textured sample the {220} peaks are smeared 
out over a ring of high intensity at 'I/J=35°. This ring is also not visible so it can not directly 
be said the film is textured. From this texture map can be concluded that the sample is not 
single-crystalline. From the 0-20 measurement of sample 111 it could be concluded that the 
sample is not poly-crystalline because it is oriented in the < 111 > direction. So indirectly 
it can be said the sample is textured because it is not single-crystalline or poly-crystalline. 

A texture map of the same sample but of a different crystal plane was made. This 
texture map is not shown. It gave similar results, no ring was visible. The reason for 
the absence of the ring is probably it is to weak to detect. The ring is weak because of 
two reasons. Firstly the ring consist of peaks smeared out over all cjJ values. Secondly the 
ring can be smeared out in the 'ljJ direction because the glass substrate is not flat on a 
macroscopie level. 

It was said sample 111 is not single-crystalline because no {220} peaks were detected 
at 'ljJ = 35°. Sample 111 is oriented in the < 111 > direction. To check if it is possible to 
detect {220} planes in a sample that is oriented in the <111> direction a texture map was 
made of the {220} planes of sample Vl. Sample VI is a Si sample that is oriented in the 
<111> direction. In fig. 4.16 the texture map is shown of sample Vl. The three peaks 
were visible where they were expected. Soit is possible to detect {220} planes in a sample 
that is oriented in the <111> direction. 

As expected three spots appeared 120° apart. In redprocal space it is easier to explain 
why in a cubic lattice a threefold symmetry appears. This is because a sample that is 
oriented in the <111> direction has, by definition, its (111) reciprocallattice point on the 
Qz-axis. When a part of a sphere through the (220) redprocallattice point is scanned, the 
(202) and (002) redprocal lattice points will also be on the sphere. The points have the 
same angle 'ljJ but their angles cjJ are 120° apart. 

4.6 Fringes 

A fringes measurement can be used to determine film properties like film thickness and 
surface roughness. This type of measurement could be performed using the solid-axis 
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Figure 4.14: Texture map of the {220} planes of ZnSe in sample III using line source. 
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Figure 4.15: Texture map of the {220} planes of ZnSe in sample III using a vertical slit 
behind the horizontal divergence slit. This creates a "point" source. 
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Figure 4.16: Texture map of the {220} planes of sample IV, a Si sample oriented in the 
< 111 > direction. 

setup. It is important that this type of measurement can still be performed using the 
new eradie setup. In fig. 4.17 a fringes measurement is shown. A fringes measurement 
is a {}-2{} measurement at low 2() angles from 0.5° to 5°. At these low angles, the X-rays 
reflect from the surface. In a fringes measurement reflection is important, not diffraction. 
That is why this type of measurement cannot be explained in reciprocal space. Fringes 
are caused by constructive and destructive interference between X-rays reflecting from the 
film-air interface and the substrate-film interface. If the substrate and the film have the 
same refractive index there will be no reflection from the substrate-film interface and no 
fringes can be measured. The thinner the film, the langer the period of the fringes. 

The fringes measurement in fig. 4.17 is from sample IV. This sample has a silicon 
substrate with a tungsten film of unknown thickness. Using a simulation program it can 
be found that the film is 1000± 20 A thick. The broad asciilation that can be seen on top 
of the fringes is probably due to a thin oxide film that has formed on top of the tungsten 
film. In this measurement the cradle setup was used. Similar results were obtained using 
the old solid-axis setup. So fringes measurements can still be clone using the new cradle 
set up. 
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Figure 4.17: Fringes measurement on sample IV 



Chapter 5 

Conclusions and recommendations 

All the types of measurement that can be performed using the solid-axis setup can also be 
performed using the new cradle setup. 

A new holder that is used to mount the sample was developed. Using the new holder 
the sample is always in the reference plane and in the center of the beam. 

A cheap and easy methad was found to switch between a line souree and a point souree 
by means of a vertical slit placed behind the horizontal divergence slit. A line souree 
is necessary for a fringes measurement. For a texture measurement a line souree gives 
distortions, so it is often better to use a point souree there. 

After these improvements to the cradle setup it is possible to use the cradle setup to 
distinguish between poly-crystalline, single-crystalline and textured film using a texture 
measurement. 

For the textured sample that was used, the evidence for its texture was indirect. It 
could be investigated whether it is possible to detect a ring in the texture measurement 
and directly conclude the sample is textured. 

Although all X-ray diffraction experiments can be explained in real space, it is same
times easier to see a diffraction experiment as a cross section (line or surface) through 
redprocal space. For example in a texture measurement of a single-crystalline sample 
where the spots can more easily be identified using the redprocal viewpoint. 
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Appendix A 

Alignment 

After instaHing the cradle, the eradie has to be aligned to the goniometer. The alignment 
procedure is described in this appendix. This procedure can also be foliowed when checking 
the alignment. 

A.l Sample and detector alignment 

When perfectly aligned there are four points in one line, the center of the beam. These 
points shown in fig. A.1 are: 
1 the source; 
2 the center of the divergence slit; 
3 the top of the sample; 
4 the center of the receiving slit when the detector is positioned at oo. 

First, the points 1, 2 and 3 must be aligned, when this is done it is easy to put point 
4 on the line. Points 2 and 3 are rigidly connected to the goniometer. In order to place 
point 1 on the line connecting 2 and 3, the right screw at the bottorn of the goniometer 
can be turned. This is shown in fig. A.1 as SR. 

To have a crude indication of the alignment a fluorescent screen was used. This fluores
cent screen was mounted as if it were a sample, it is important that the screen is mounted 
in the center. It is put at a low w angle of 10°, the other angles 'Ij; and cjJ are zero. The 1 o 

divergence slit is used to have as much radiation on the screen as possible. When it is dark 
enough the light emitted by the screen can be seen as a rectangular area. By varying the w 
angle, the size and intensity of the rectangular area can be varied. When the rectangular 
area is not in the center of the screen this can be adjusted using the right screw of the 
goniometer. When the beam is too low, the beam hits the screen to much to the right. 
Then the right side of the goniometer has to be raised by turning the right screw clockwise 
as can be seen in fig. A.1. When the beam is too high, the beam hits the screen too 
much to the left. Then the right side of the goniometer has to be lowered by turning the 
right screw counter clockwise as can be seen in fig. A.1. To fine tune the alignment the 
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fluorescent screen is removed and the 0.25° divergence slit is used. This 0.25° divergence 
slit is used in fringes measurements for which alignment is most important, that is why 
this slit is also used in the alignment procedure. The scatter slit and the soller slits in front 
of the detector are removed and the 0.1 o receiving slit is used. In front of the receiving slit 
a filter made of severallayers of copper tape is used to prevent saturation of the detector. 

First a 20-scan from -2° to +2° is made without a sample. The detector moves from 
-2° to the +2°. This scan is shown as asolid line in fig. A.2. The width of the peak 
depends on the width of the divergence slit. Now a tungsten rod is used as a sample and 
it is placed perpendicular to the beam. It is important the top of the rod is in the plane 
of the reference rods. This can be checked by putting the holder upside down on the glass 
plate and see if there are any openings between the rod and the glass plate. The same 
20-scan from -2° to +2° is repeated with the rod. IJ the top of the rad (point 3) is in line 
with point 1 and 2, the rad will intercept exactly half of the beam. This scan is shown as a 
dotted line in figure A.2. 

In general at the first scan there will not be a perfect alignment and the rod will 
intercept more or less than half of the beam. 

When more than half of the beam is intercepted, the right side of the goniometer is too 
low. The beam path is shown in figure A.l. This misalignment can be adjusted by turning 
the right screw clockwise. This will raise the right si de of the goniometer. 

When less than half of the beam is intercepted, the right side of the goniometer is too 
high. The beam path is shown in figure A.l. This misalignment can be adjusted by turning 
the right screw counter clockwise. This willlower the right si de of the goniometer. 

After an adjustment the procedure has to be repeated to see if half the beam is inter
cepted by the rod if further adjustments are necessary to align points 1, 2 and 3. 

Only when points 1, 2 and 3 are on one line, point 4 can be placed on the same line. Fig. 
A.2 shows a scan made with points 1, 2 and 3 aligned because half the beam is intercepted, 
but it is not intercepted at oo but at xo. This is because point 4 has an offset of xo from 
the line. In order to place point 4 on the line, the application offsets in the software have 
to be changed. This can be dorre by putting the detector at position 20=X0

, all the other 
angles must be set to zero. Go to X'pert Data Colector /utilities/ application Offsets and 
press the "Set new=O"-button and "OK"-button. From now on the software will use xo 
as the zero position. The points 1, 2, 3 and 4 are on one line. Notice that the application 
offsets are user dependent, so each user has to put in the application offsets. 

c ~ 
fift~~::: '> 

Figure A.l: Schematic view of the cradle setup. Left: when it is aligned. Center: when 
the right side of the goniometer is too high, the beam is too high. Right: when the right 
si de of the goniometer is too low, the beam is too low. 
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Figure A.2: The solid graph is a scan without tungsten rod, the dotted graph is a scan 
with tungsten rod. When aligned the rod intercepts half of the beam at 28=0. 

A.2 w alignment 

Next the w angle is aligned. Using the solid-axis setup a tool for w alignment is available, 
called double knife. This tool cannot be used to align the cradle setup. A new alignment 
procedure was used. A very flat, single-crystalline sample, a piece of Si-wafer is mounted. 
The detector is put at a position of 28=1.5°. An w-scan was made with a range of 1 o 

round w=O. 75°. At these low angles the Si sample behaves as a mirror for the X-rays. If 
w was aligned perfectly, the detector would detect a high intensity of reflected X-ray when 
w=O. 75°. If this peak is not at w=O. 75° it is possible there is an offset in the cradle that 
has to be compensated using the application offsets. It is also possible the sample is not 
mounted perfectly. To eliminate this last error the sample is rotated 180° about the <P-axis 
and the w-scan is repeated. If the average of the peak position of the two w-scans is taken, 
the error of mounting the sample imperfectly is averaged out. If the average peak position 
is called Y 0

, the offset that has to be compensated is Y0 -0.75°. This is dorre by putting w 
at yo -0.75° ( the other angles at 0°) and pressing the "Set new=O"-button in application 
offsets as described above. 

A.3 'ljJ alignment 

There was no existing procedure for 'ljJ alignment. Three different methods were tried. All 
these methods can be used for 'ljJ alignment, but all of these methods only have an accuracy 
of 0.1 o. It is not necessary to align 'ljJ more accurately because a small error in 'ljJ has no 
influence on the measurements. The first method uses the 28-scans that were described in 
section A.l. When aligning the sample and detector, 28 scans were made using a tungsten 
rod. This is the dotted line shown in fig. A.2. The flankwhere the detector comes out of 
the shade of the rod has a certain steepness. The steepness of this flank depends on the 
'ljJ alignment. When 'ljJ is misaligned the flank is not steep because the rod is not parallel 
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to the beam. The amount of beam blocked by the rod gradually decreases as the detector 
moves up. When 'Ij; is aligned the rod is parallel to the beam. This results in a steep flank 
because the amount of beam blocked by the rod sharply decreases as the detector moves 
up. This is used in 'Ij; alignment. Several 2() scans were made using a tungsten rod. Each 
time with a different value of 'Ij;. The 'Ij; value that gives the steepest flank is taken as 
'l/J=0° value. This can be clone using the application offsets as described in detector sample 
alignment. 

In the second method the same 2B-scans were used, only now a vertical slit is placed 
behind the divergence slit. This vertical slit is not placed in the center but in such a 
way the beam hits one end of the rod in the first 2B-scan and the other end of the rod 
in the second 2B-scan. These two scans are made for different 'Ij; values. When the two 
scans completely overlap both sicles of the rod are at the same hight, this means the rod is 
horizontal and 'l/J=0°. Notice that it is not possible to average out mounting errors as was 
clone in the w alignment. 

The third method does not use the rod, it uses the mirror peak of a Si-sample, just like 
in the w alignment. Only now 2() and w are kept constant, 2() is 1.5° and w is 0.75°. A 
'lj;-scan is made. The highest intensity is detected when 'l/J=Ü0

• 



Appendix B 

Creating Texture maps 

A texture map is constructed from many 1> scans, each at a different 'ljJ value. How to create 
a texture map from these scans is now described. The fi.rst step is making the texture 
measurement using X'pert software. The second step is exporting the measurement from 
X'pert software to Origin. The third step is making the texture map in Origin. 

B.l Texture measurement 

To perfarm a texture measurement, a new measurement program has to be created. In 
X'pert Data Collector choose: File-New Program ... -Program type: Texture measure
ments-OK. In the "Prepare texture measurement" screen that now appears the 2() angle 
can be set to the correct value (this depends on the spacing you want to focus on). The w 
angle will go automatically to 2()/2 when the measurement starts. Now press the "edit ... "
button. In the "Prepare pole figure" screen that appears the stepsizes, the time per step 
and the start and end angles can be adjusted. Normally the 1>-stepsize is set to 0.5°, the 
'1/J-stepsize is set to 1.0°. The best time per step depends on the detected intensity. For 
high intensity a step time of 0.1 s is enough, for low intensity (thin film) a step time of 5 
s or more is best. Total time is also displayed. 

lt is VERY IMPORTANT the 'ljJ end angle is not set too high. Forsome 
combinations of wand 'ljJ a COLLISION can occur between the eradie and the 
divergence slit holder. During a measurement w is fixed and the 'ljJ is increased. A 
crash can occur when 'ljJ is increased. After the measurement the cradle returns to its rest 
position by FIRST changing w and THEN setting 'ljJ to zero. So it is also possible that a 
crash occurs after the measurement when the cradle returns to its rest position. To check 
if a callision will occur when a certain 'ljJ end angle is used, the cradle has to walk through 
the different combinations of w and 'ljJ that will occur during measurement and during the 
return to rest position. This can be dorre by changing the position bit by bit and checking 
each time if there is enough space between cradle and divergence slit holder. 

In the "Prepare texture measurement" screen press OK, close the "Prepare texture 
measurement" screen. "Do you want to save the changes?" appears, press "yes". The 

37 



APPENDIX B. CREATING TEXTURE MAPS 38 

measurement program can now be saved. 
Before you run the program go online and make sure the application offsets are correct 

(20=0.475, w=0.140, 1)!=-0.50, </>=0.00). To run the program in X'pert Data Collector go 
to Measure-Program ... -list programs of type: texture measurements. Piek the saved 
measurement program from the list. In the "start" screen the name of the measurement 
has to be filled in, for example "texmeas". After that the measurement starts an a series 
of phi scans will be made at different 'Ij! values . When the measurement has finished the 
different </>-scans are saved "texmeasOOl", "texmeas002", "texmeas003" , etc. 

B.2 From X'pert to Origin 

In X'pert Graphics and Identify choose: File-New Graph ... -Pattern type: phi-scan. 
Open "texmeas001". Choose: Insert-Scan ... and select "texmeas002" until "texmeas091" 
(the last one) by using shift and clicking to the left of the text. By pressing OK, all the 
</>-scans are inserted and appear in the graph ( this may take some time). To export all the 
scans into one ASCI file choose: File-Print ... The "print" screen will open. Deselect hard 
copy of graphand select all the (91) textual report boxes by hand. Press OK, destination: 
Text file, OK. In the "save report as" screen choose a name for the text file for example 
texmeas.txt and press OK. The scans are now being exported to the text file texmeas.txt 
( this may take some time). 

In Origin choose: File-Import-single ASCI... Find the texmeas. txt file (change "files 
of type" from *.dat to *. txt) and press "Open". The text file cantairring all the scans is 
now imported in Origin. There are two columns: "Phi" and "counts" (Right click on the 
top of the column, choose properties to change "column name" and "plot designation"). 
One scan takes up 360/0.5+4=724 rows (0.5 is the <P stepsize, there are 4 rows cantairring 
header information). There are 90/1+1=91 scans(90 is the 'Ij! end angle, the first 1 is the 
'Ij! stepsize, the second 1 is there because the first scan is at 0°) 

B.3 Making the texture map 

The following columns exist: "Phi" and "counts". To make a texture map extra columns 
need to be inserted: "row number", "Psi", "x" and "y". (Right click on the top of the col
umn, choose insert). Give "x", "y" and "counts" plot designation X,Y and Z respectively. 

Fill column "row number" with row numbers (Right click on the top of the "row num
ber" column, choose: Fill column with-row numbers). 

The column values in the "Psi" column can be set to the right value using the following 
equation: 

col(Psi) = round(col(rownumber)/724- 0.5, 0) (B.1) 

The number 724 is the number of rows one scan accupies ( this depends on the <P stepsize 
as explained in the previous section). This equation must be divided by the 'Ij! stepsize, 
this is /1 and can be left out if if 'Ij! stepsize=1 o. (This equation can be added to the "Psi" 
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column: Right click on the top of the "Psi" column, choose: set column values ... Fill in the 
equation and press OK. It takes some time to calculate the column values) 

The following equation must be added to the "x" column: 

col(x) = col(Psi) * cos(col(Phi)) (B.2) 

The following equation must be added to the "y" column: 

col(y) = col(Psi) * sin(col(Phi)) (B.3) 

Now the texture map can be plotted. Select the columns "x" and "y", choose: plot-scatter. 
A graph with black squares appears. Using: format-Plot ... , the "plot detail" screen is 
opened. The shape and size of the squares is changed to circles size 5. The symbol color is 
changed to: color mapping- col(counts). Press OK. Now the color ofthe circle depends on 
the corresponding value in the column "counts". Using: format-Layer ... -size/speed-, 
the size of the map can be set to 15x15 cm (to make it a circle), the "worksheet data, 
maximum points per curve" can be set to 3000 (to see more points). Press OK. The axes 
can be hidden and using: graph-new color scale, a color scale can be inserted. The scale 
can be adjusted in the "plot detail" screen using: format-Plot ... -color map. To see 
both high peaks and small details it is best to use a logarithmic scale (for example the 
values 10, 30, 90, 270, 810, ... counts/s can be used in the level column). Press OK. To 
see all the data points choose: File-print preview. The graph can be printed on a color 
printer (printing in the econofast-mode saves ink and time and gives the best result). The 
graph can also be exported to different file formats using: File-export page. To export to 
encapsulated post script ( eps) format it is better to use: File-print, select a post script 
printer (HP LaserJet 5P /5MP PostScript). In properties select, postscipt output format: 
Encapsulated PostScript. Press OK. Select the "print to file" box. The page will now be 
printed to a eps file, for example texmeas.eps. 
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