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Abstract 

In the research group FNA x-ray analysis is an important tool to investigate the structure quality 
of magnetic nanostructures. The existing x-ray setup is extended, which gives the possibility to 
rotate the sample in three (instead of one) independent axes. The so called open Eulerian cradle is 
installed and used for the following x-ray measurements. 1) Film thickness fringes measurements 
on a Si(001)/1000Á Cu sample. These measurements are consistent with those taken using the 
solid-axis setup; the copper thickness was found to be 950 ± 20 Á using the cradle setup, and 
940 ± 20Á using the solid-axis setup. 2) Inclined planes mapping; it was found that the copper 
lattice in the Si(001)/1000Á Cu sample rotates 45° with respect to the Si(001) substrate, which 
is in agreement with reports in the literature. 3) Partial texture measurements; the used sample 
was found to be clearly single crystal, but it shows some elliptical distartion in the diffraction 
peaks of the (111) planes. This could be caused by the line souree or the less well defined (111) 
planes in the (001) sample. 4) Reciprocal space mapping; these measurements also show elliptical 
distartion on the (111) planes, possibly again caused by the less well defined (111) planes or by 
the fact that the sample surface normal and the incident- and diffracted beam are not coplanar. 
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Chapter 1 

Introduetion 

The main focus of the Physics of Nanostructures (FNA) Research Group at the Technica! Uni
versity in Eindhoven is to study the magnetism of ultrathin films and magnetic devices. A few 
main areasof interest include magnetic anisotropy, giant magneto-resistance and magnetic tunnel 
junctions. Some key variables in controlling and understanding the physics of thin films are the 
crystalline and interface quality and strain state of these films, for which X-ray diffraction is a 
valuable tool. In the past, the sample stage only had a solid-axis; that is, the sample could only 
be rotated about one axis. 

Consequently, only planes parallel to the film surface can 
be studied. Inclined lattice planes and texture, for example, 
could not be examined using this setup. Recently, the group 
received an open Eulerian eradie from Philips Natlab which 
is compatible to the current setup. The major advantage of 

Figure 1.1: solid-axis; one the eradie is that it allows the possibility to rotate samples in 
rotation axis three independent axes. The purpose of this apprenticeship 

for the group is to try new types of measurements with the open Eulerian eradie - measurements 
that were not possible with the solid-axis setup. 

The outline of the report is as follows: a) In chapter 2 a basic knowledge of x-ray is introduced 
such as discussions on how it is produced and what its characteristics are. Also a brief theory of 
diffraction is given. In chapter 3 the set up and alignment of the open Eulerian eradie are described 
in some details. 

Lastly, in chapter 4 experimental results on epitiaxial Si(001)/1000 
A Cu and Si(111)/1000 A Cu films are presented and dis
cussed. They include diffraction studies of out-of-plane and 
inclined-plane lattices of these copper films as well as access
ing their crystalline quality. It was found that the copper 
cubic lattice is 45° rotated with respect to that of the Si sub
strate. This is consistent with the results reported in the 
literature. 

1 

Figure 1.2: cradle; three ro
tation axes 
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Chapter 2 

Theory 

This chapter presents the basic physics of x-ray diffraction. We will first discuss how x-rays are 
produced and how undesirable parts of the x-ray spectrum can he filtered out. Bragg's law and 
the notion of temporal coherence will then he discussed because of their importance to materials 
characterizations. The physical origin of x-ray scattering will also he treated, and why some reflec
tions are forbidden. An important part will he about factors which play a role in the diffraction 
intensity. 

2.1 Production of x-rays 

X-ray is an electromagnetic radiation withits wavelength between 10-2 and 102 A. For diffraction 
in solid state materials, wavelengtbs in the range of approximately 0.5-2.5 A are used. This 
radiation can he produced when an electrically charged partiele of sufficient kinetic energy is 
rapidly decelerated. Electrons are usually used, which have been accelerated from a cathode to 
an anode. The voltage difference (x-ray tube voltage) is about 40 kV. When these electrons hit 
the anode ( or target), they are decelerated. Most of the kinetic energy of all the electrons striking 
the target is converted into heat and less than 1 % is transformed into x-rays. 

All electrons are not decelerated in the same way. Some of them loose all their energy on 
the first impact, which gives rise to a photon with maximum energy and therefore the shortest 
wavelength (Àmin = :.:s, with V the voltage difference between kathode and anode). Other 
electrons loose their energy on several different impacts. A collection of electrons therefore give 
rise to a continuous spectrum with a short wavelength limit. 

When the x-ray tube voltage is raised above a certain critical value, charaderistic of the 
target metal, sharp intensity peaks appear at certain wavelengths, superimposed on the continuous 
spectrum. They are called charaderistic lines, because on a further increase of the tube voltage 
they do not change their wavelength, but they increase their intensity relative to the continuous 
spectrum. For example, when a copper target is used with a tube voltage of 30 kV, the intensity of 
one of the charaderistic peaks relative to the continuous spectrum is about 90. The charaderistic 
lines arealso very narrow (about 0.001 A FWHM). 

These charaderistic lines are a signature of the target atoms. With sufficient kinetic energy, an 
incident electron can knock out an electron from anatomie shell, say the K-shell of a target atom. 
The atom is now in an excited state. Another electron of the same atom in a higher energy shell 
can fall into the vacancy of the K-shell, and thereby emits a photon. This emitted photon is an 
electromagnetic wave with a well defined wavelength. If the transition is from the M- to K- shell, 
the emitted photon is K/1 radiation. If the transition is from 1- to K- shell, it is Ka radiation. 
Since every shell is made of subshells (s, p, d, etc.), finer features of these charaderistic lines are 
observed. For a copper target the wavelengths, and their energy, of three most important lines 
are: 
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1.540562 Á 
1.544390 Á 
1.392218 Á 

8.047 keV 
8.031 keV 
8.908 keV 

CHAPTER 2. THEORY 

Ka1 is the most intense line, K/3 is the least intense line. Figure 2.1 shows the intensity of a 
Molybdenum target as a function of the radiated wavelengths [1]. 
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Figure 2.1: Schematic spectrum of Mo at a tube voltage of 35 kV. Line widths not to scale. At 
the right the Ka-: doublet is shown on an expandedwavelength scale. 

2.2 Filtering of x-rays 

As was mentioned insection 2.1, a copper target does not only produce Ka but also K/3 radiation. 
In most experiments, monochromatic radiation is desirable. Hence, it is important to filter out 
the K/3 lines (being less intense than the Ka lines). One way is to use a monochromator placed 
in front of the detector. Another alternative is to place a nickel filter directly behind the x-ray 
tube. This nickel filter absorbs the K/3 radiation much more readily than the Ka radiation. The 
filtering is based on electronk transitions within the nickel filter atoms. When the energy of an 
x-ray photon is sufficient toknockout an electron from for example the K-shell from nickel, then a 
photo-electron is created. This is called fluorescent radiation and is radiated out in all directions. 
X-ray photons with an energy different from the energy needed for fluorescent radiation are also 
partially absorbed, and this is material dependent. 

The thickness of a nickel filter also plays a role, because the thicker the filter is, the more intense 
the Ka line gets relative to K/3 line, but the absolute intensity of the Ka line also decreases. In 
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Figure 2.2: Schematic comparison of the spectra of copper radiation (a) before and (b) after 
passage through a nickel filter. The dashed line is the mass absorption coefficient of nickel. 
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practice it is found that a reduction in absolute intensity of the Ka line to about half its original 
value will decrease the relative intensity of K;3 to Ka from about ~ in the beam incident on the 
nickel filter, to about 560 in the beam transmitted by the nickel filter. The effect of absorption is 
shown in figure 2.2 [1]. 

2.3 Crystal structure 

A crystal can be described accurately by a lattice with a group of atoms attached to each lattice 
point. For example, silicon has a face centered cubic (fee) crystallattice with two atoms assigned 
toeach of the fee lattice points (see figure 2.3). 

The crystal structure of silicon is called the diamond struc
ture [2]. Every crystallattice can be described by three fun
damental vectors, which are necessarily independent and are 
aften orthogonal to each other. In figure 2 .4 the three vee
tors ct 1 , ct 2 and ct 3 are shown. Because Si has a cubic 
crystal system, the three veetors have the same magnitudes: 
1ct11 = lctzl = jct31 =a = 5.430 A. 

Crystal orientation is the orientation of crystal planes with 
respect to the crystal lattice. The orientation of a crystal 
plane can be indexed according to the Milier indices (hkl) [5]. 
If a Si crystal is said to be oriented in a (111) direction, the 
(111) planes of the crystal are normal to the specified direc-
tion. Some of the most important planes and their indices of Figure 2.3: The silicon crys-
a cubic crystal (like Si) are shown in figure 2.4 [2]. tal structure. 

The angle between atomie planes, denoted by the angle a, is important for x-ray diffraction 
studies. We will illustrate how the angle a between (210) and (IOO) planes of Si is calculated. 
The normalto a (210) planeis ä = (2, 1, 0), and the normalto a (IOO) planeis b = ( -1, 0, 0). The 
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(100) (200) 

(111) (100) 

Figure 2.4: Indices of important planes in a cubic crystal. The plane (200) is parallel to (100) 
and to (IOO). 

angle between the (210) and (IOO) can now be found by simplying taking the dot product 

(ä. b) 
cosa= --... -. 

läl·lbl 
(2.1) 

which gives a = 26.57°. 
Also of importance is the determination of the distance between equivalent planes of a crystal 

lattice. In a cubic crystal, the distance dhkl between equivalent planes can be calculated from the 
lattice parameter and the Miller index, using the relationship [5]: 

d - a 
hkl - Jh2 + k2 + [2 

(2.2) 

2.4 Bragg's law 

When a wave encounters a series of regularly spaeed obstacles that are capable of scattering waves 
and when the wavelength is comparable with or smaller than the spacing of those obstacles, it 
is possible to find diffracted beams in directions different from the incident beam. Furthermore, 
diffraction is a consequence of phase relationships between two or more waves that have been 
scattered. Because crystals are made of regularly spaeed planes and x-rays have wavelengtbs 
comparable with the lattice parameters, crystals will give rise to a diffraction pattern. An x-ray 
tube does notproduce highly coherent radiation inspace and time (like a laser does), but is able 
to achieve temporal coherence up to a certain degree. In section 2.6 this temporal coherence will 
be explained and it will be shown that this is enough for an interference pattem to occur. 

Every crystal structure has two lattices associated with it, the crystal lattice as discussed in 
section 2.3, defined by ct 1 , ct 2 and ct 3 and the redprocal lattice, defined by 1 1 , 1 2 and 13. 
The two lattices are related by the definitions: 

Note that the denominator in these definitions is just the volume of a unit cell. 
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Now it is possible to characterize eertaio crystal planes in realand reciprocal space. Equivalent 
planes (hkl) with spacing dhkl in real space are characterized by the reciprocal lattice vector 
'-;:t --,+ ~ ....,.t '-;:t 
<i = h b 1 + k b 2 + l b 3 and dhkl = 27r /I <i 1-

The wavelength and direction of radiation cao also he characterized by a wavevector k, with 
its absolute value Ik I defined as 2;. By using the wave vector k the wavelengthand direction of 

the radiation is known. If the incident wave k is diffracted, the wavevector changes by ~ k, but 
the absolute value of k (Ik I) does oot change, because the x-rays scatter almost elasticcally. ~ k 
is called the scattering vector. ït' characterizes the scattered beam. Now k + ~ k = ït' and 
scattering occurs when the scattering vector equals a particular reciprocallattice vector: ~ k = G. 
This is also shown in figure 2.5 [2]. Because lkl = lk'l (elastic scattering),(k + G)2 = k2

, or 
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Figure 2.5: The points shown are redprocal lattice points. k is drawn in the direction of the 
incident beam, and k' is drawn in the direction of the diffracted beam. The angle () is the Bragg 
angle. 

2 k · G + G2 = 0. If G is a reciprocal space lattice vector, so is - G, and with this substitution 
the diffraction condition is: 

2k·G=G2
• 

This is one statement of Bragg's law for diffraction. Using lkl = 
tion 2.3, after some algebra, cao then he written in real space as 

2dsinB = nÀ. 

(2.3) 
2
; and dhkl = 27r/IGI equa-

(2.4) 

where (} is the angle between k and G or the angle between the incident beam and the crystal 
plane. n equals 1, 2, ... 

A more simple derivation of Bragg's law cao he made using some geometry arguments. Consider 
in figure 2.6 the two parallel planes A-A' and B-B', which have the Milier index (hkl) and are 
separated by a distance dhkl [5]. 

Now assume that a parallel, monochromatic and coherent beam of x-rays of wavelength À is 
incident on these two planes at an angle B. Two rays in this beam, labeled 1 and 2, are scattered 
by atoms P and Q. Constructive interference of the scattered rays 1' and 2' occurs also at an angle 
B to the planes, if the path length difference (i.e. SQ + QT) between the incident and diffracted 
beam is equal to a whole number (n) of wavelengths. This is the condition of diffraction, known 
as Bragg's law and formulated in equation 2.4. 

2.5 Scattering by electrons and atoms 

As already mentioned, x-ray is an electromagnetic wave, and cao therefore he characterized by 
an electric field whose strength varies sinusoidally with time. Since an electric field exerts a force 
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Figure 2.6: Diffraction of x-rays by planes of atoms 

on a charged particle, such as an electron or a nucleus, in this section the physical origin of x-ray 
scattering will be treated. 

The electric field of electromagnetic radiation can set an electron into oscillatory motion about 
its mean position. Because the electron is then accelerated and decelerated, it emits electro
magnetic radiation and is said to scatter x-rays, with the same wavelength and frequency as the 
incident beam. The scattered radiation is coherent with the incident radiation, since the phase 
change on scattering from an electron is >../2 [7]. Because this phase change is exactly the same 
for all electrans in a crystal, it does not affect the derivation of Bragg's law in section 2.4. 

There is another way in which electrans can scatter x-rays, and that is manifested in the 
Compton effect. This effect occurs whenever x-ray photons collide with loosly bound or free 
electrons. When this happens, the electron is knocked aside, and the photon is deviated through 
an angle 2(), relative to the original path. The photons energy after the callision is less than before, 
and therefore its wavelength is greater. This radiation is called Compton modified radiation. The 
wavelength change is given by the equation 

AÀ = 0.0486 · sin2 B. (2.5) 

Beside a greater wavelength of the radiation after the collision, this scattered radiation is inco
herent. Thus it cannot take part in the diffraction effects, but it has the undesirable effect of 
darkening diffraction patterns. 

Since the nucleus has a charge, it might be expected to take part in coherent scattering as 
well. But because the nucleus has an extremely large mass relative to an electron, it is not set 
into oscillation by an x-ray beam. Thus the net effect is, that coherent scattering by an atom is 
only due to the electrans contained in that atom. 

2.6 Temporal coherence 

If in the x-ray tube a target atom is excited several times, it can emit several consecutive wave 
packets [4]. These packets are generally far apart (compared with their duration) and are emitted 
randomly in time. The packets emitted by a single atom therefore bear no constant phase rela
tionship. Similarly, the waves from one atom bear no definite relation with the waves from any 
other atom. Therefore the complete x-ray beam is incoherent in space and time. But diffraction 
measurements require coherent radiation, and as will be shown below, temporal coherence of the 
x-ray beam is enough for an interference (or diffraction) pattem to occur. 
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Insection 2.1 it was mentioned that the characteristic spectrallines of an x-ray tube are very 
narrow. The FWHM is about 0.001 A. This is also shown in figure 2.1. This means that the 
x-ray beam is not completely monochromatic, and has a speetral width of AÀ, where AÀ « À. 
Now assume that the Ka1 peak of copper has a wavelength À with a speetral width of AÀ. Each 
infinitesimal wavelength interval within AÀ gives rise to its own interference pattem. All these 
wavelengtbs are assumed to be incoherent with one another. This means that if constructive 
interference occurs at a certain wavelength À, another wavelength À + AÀ can create destructive 
interference at the same optical path difference for both wavelengts. The optical path difference 
(OPD) in Bragg's law is 2dsinB. Mathematically this means that 

1 
n ·À= OPD = (n- 2) ·(À+ AÀ). 

If the right side of this equation is substracted from the left side it is found that 

1 
2 · (À + AÀ) = n · AÀ. 

Because AÀ «À and n ·À= OPD for constructive interference this leads to the approximation: 

À2 
OPD~ 2 ·AÀ=le (2.6) 

where le is defined as coherence length. If OPD = le (in other words, if À leads to constructive 
interference and À+ AÀ leads to destructive interference) no interference pattem can be seen, so 
OPD has to be less than le. 

Equation 2.6 can be rewritten in terms of frequency by using the relations v · À = c and 
Av / v = AÀ/ À. The coherence length is thus: 

c 
le= --. 

2·Av 

A coherence time te can be defined by 

1 
te= 2 · Av' 

SO that le = C • te. 
This result may be interpreted by suggesting that the wave packets emitted by the atoms have 

a duration about equal to te and a length of le. The phase will vary abruptly between one packet 
and another, so interference can be observed only when OPD is less than the length of a single 
wave packet. The radiation is said to be highly coherent when 

incoherent when OPD exceeds le and partially coherent for the remaining values of OPD. 

Because in x-ray diffraction measurements the wavelengthof the used radiation is about 1.5 A, and 
the FWHM of the spectralline is about 0.001 A,the coherence length le is about 2250 A. Because 
the lattice parameter of a crystal is a few A, this means that OP D « le, and an interference (or 
diffraction) pattem will occur. 

2. 7 Forbidden reflections 

In section 2.4 Bragg's law was derived. For any crystal, when the wavelength of the used radiation 
is known, the angles at which diffraction occurs can be calculated if the distance between equivalent 
planes dhkl is known. For example in silicon, the distance between the ( 400) planes is 1.3575 A, 
and if Ka1 radiation from a copper target is used, it is possible to measure a diffraction peak at 
an angle () = 34.57°. The distance between equivalent (200) planes is 2. 715 A, and if the same 
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radiation is used, it should he possible to measure a diffraction peak at an angle () = 16.48°. 
Nevertheless, this is not the actual situation, and therefore the (200) planes from silicon do not 
give a diffraction peak. This is the consequence of intermedia te planes ( actually the ( 400) planes), 
which cause destructive interference. To know in advance if a certain diffraction peak is to he 
expected, some structure-factor calculations can he clone [1]. 

If an x-ray beam is incident on a unit cell from a certain crystal, the amplitude of the scattered 
waves from each atom in the unit cell is given by fn, where 

f = amplitude of the wave scattered by an atom 
amplitude of the wave scattered by one electron 

and the subscript n is important if the unit cell is constructed by atoms of a different kind. The 
amplitude is relative to electrons, because they actually scatter the x-rays (see section 2.5). The 
phase of each wave is given by 

4> = 2n ·(hu+ kv+ lw) 

in terms of the hkl reflection considered and with uvw the coordinates of the atom. Here the 
assumption again is made, that the phase difference between all scattered rays is constant. A 
summation over all the N atoms of the unit cell gives the equation 

N 
D - ""'f . e21ri(hun+kvn+lwn) 
rhkl- ~ n · (2.7) 

1 

The structure factor Fis, in general, a complex number, and it expresses both the amplitude and 
phase of the resultant wave. This means that the absolute value of F is given by: 

IFI = amplitude o~ the wave scattered by all the atoms of a unit cell. 
amphtude of the wave scattered by one electron 

The intensity of the diffracted beam by all the atoms of the unit cell in a direction predicted by 
Bragg's law is proportional to IFI2 , and IFI 2 is obtained by multiplying the expression for F by 
its complex conjugate. 

An important point for structure-factor calculations is, that the structure factor is independent 
of the shape and size of the unit cell. This means that any BCC cell, whether the cell is cubic 
or tetragonal, will have the same missing reflections. The rules for present or absent reflections 
are summarized in table 2.1 [1]. The rules for BCC, FCC and diamond structure are derived in 
appendix A. 

Table 2.1: Present and absent reflections from different lattice structures 

Lattice structure 

BCC 
FCC 
diamond 

Reflections possibly present 

(h + k + 1) even 
h, k, and 1 unmixed 
h, k, and 1 unmixed 
(h + k + 1) =f 2 + 4 · n, n E No 

Reflections necessarily absent 

(h + k + 1) odd 
h, k, and 1 mixed 
h, k, and 1 mixed 
(h + k + 1) = 2 + 4 · n, n E No 

The term mixed in table 2.1 means that for example hand k are even and 1 is odd. In a FCC struc
ture this leads to necessarily absent reflections, so equivalent (210) planes will not give a diffraction 
peak. In a FCC structure equivalent (200) planes will appear in a diffraction measurement, but 
will not appear if the crystal has a diamond structure. 

Because all the samples used during this apprenticeship had a Si substrate with a FCC structure 
on top, there are no further reflection rules necessary. 
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2.8 Diffraction intensity 

A crystal is a repetition of the fundamental unit cell and it is therefore enough to consider the 
way in which the arrangement of atoms within a single unit cell affects the diffracted intensity 
[1]. As is mentioned insection 2.7, the intensity of a diffracted beam is proportional to JF!2 . By 
doing a structure-factor calculation, as performed for silicon in appendix A, the relative intensity 
of different diffraction peaks can be calculated. For example, according to equations A.8 and A.10 
from the structure-factor calculation, the intensity of a (422) peak should have twice the intensity 
of a (111) peak. In figure 2.7 the diffraction peaks from the equivalent (422) en (111) planes in 
silicon are shown. For both peaks a polycrystalline sample and Ka radiation from copper were 
used in an equal XRD setup. The double peak which can be clearly seen in figure 2.7 (b) is the 
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Figure 2.7: Diffraction peaks with the XRD configuration 40 kV, 30 mA, 1° div. slit, 0.1° rec. 
slit, step size 0.005°. (a) The (111) peak from Si and (b) the (422) peak from Si. 

diffraction of (422) planes by Ka1 and Ka2 radiation. In figure 2.7 (a) only a small bump can be 
seen. 

As can beseen in figure 2.7, the absolute intensity (in counts/s) of the (422) peak is certainly 
not just twice the absolute intensity of the (111) peak, but is actually a tenth of the intensity. 
This is the consequence of the fact that the intensity is not only a function of the structure-factor. 
Other factors playing an important role are treated in the next subsections. 

Polarization factor 

An x-ray tube produces an unpolarized beam (i.e. the transversal electric and magnetic oscilla
tions have no well defined direction), which has the unfortunate consequence, that the diffracted 
intensity is also a function of the diffraction angle. The diffracted intensity lp by an electron as a 
function of the incident intensity ! 0 is given by the Thomson equation [1] 

I =I. . K. (1 + cos
2 

20) 
P o r2 2 , (2.8) 

with K = 7.94 · 10-30m2 , r the distance to the scattering electron and 20 the angle between the 
incident and diffracted beam. During an experiment all terms in equation 2.8, except the term 
between brackets, the polarization factor, are constant and can therefore he omitted. 

This polarization factor is, beside the Lorentz factor which will be treated next, an important 
reason for the intensity to drop if the angle between diffracted and incident beam increases. For 
example, the intensity of the ( 422) peak (20 = 88.026°) in Si should be about half the intensity 
of the (111) peak (20 = 28.442°), when the influence of the structure-factor on the intensity were 
neglected. 
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Lorentz factor 

The factor which is most important for an explanation of intensity drop is the Lorentz factor. The 
Lorentz factor is a consequence of: 

1. the width of the incident beam, which gives rise the first proportionality term (sin0)- 1 

2. the FWHM of a diffraction peak, which will he explained in section 2.9, proportional to 
(coso)- 1 

3. the number of crystals (in a polycrystalline sample) oriented at or near the Bragg angle 0, 
which gives rise to the proportionality term cosO 

4. a geometrical factor proportional to (sin20)-1. 

All these terms are combined in the Lorentz factor: 

1 1 1 1 
Loe "' -- · -- · cosO · -- "' . 

sinO cosO sin20 sin20cos0 
(2.9) 

By using this Lorentz factor the intensity of one peak relative toanother can he calculated (1]. In 
combination with the polarization factor ~ (1 + 2cos220) equation 2.9 gives the Lorentz-polarization 
factor: 

Lo 
0 0 

= 1 + cos
2
20. 

P ' sin20 · cosO 
(2.10) 

To get a better impression how the Lorentz-polarization factor affects the relative intensities of 
diffraction peaks, values of this factor as a function of the angle 0 are plotted in figure 2.8. 
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Figure 2.8: The Lorentz-polarization factor. 

By using equation 2.10, the intensity of one diffraction peak can he calculated relative to 
another diffraction peak. For example in Si, if the intensity of the (111) peak (20 = 28.442°) is 
Io, then the intensity of the ( 422) peak (20 = 88.026°) is Lo44.0l3/ Lo14.221 · 10 = 0.095 · 10 . If the 
structure factor would he neglected, this Lorentz-polarization factor would explain the intensity of 
the (422) peak relative to the (111) peak in Si, as shown in figure 2.7. But, beside the structure
factor and the Lorentz-polarization factor, there are a few more factors which play a role in the 
relative intensities. 
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Absorption factor 

Absorption is independent of (} and decreases the intensities of all diffracted beams, and therefore 
does not affect the relative intensities of diffracted beams for a certain sample. This independenee 
of(} is due to exact balancing of two opposing effects [1]. When (} is small, the irradiated area 
of the sample is large, but the effective penetration depth is small. If (} increases, the irradiated 
area decreases and the effective penetration depth increases, and the net effect is that the effective 
radiated volume is constant and independent of B. The absorption factor is actually equal to 2~, 
where J.l is the linear absorption coefficient. 

In this context it is also important to consider the penetration depth in more detail, which is 
the fraction Gx of the total diffracted intensity which a surface layer of depth x contributes to the 
diffracted intensity. The fraction Gx is given by the equation 

(2.11) 

which shows that the effective depth of penetration decreases as (} decreases. 

Temperature factor 

So far the crystal has been considered as a collection of atoms located at fixed points in the lattice. 
Actually, atoms undergo thermal vibration about their mean positions, and the amplitude of this 
vibration increases as the temperature increases. For example in aluminium at room temperature, 
this vibration is about 6% of the dosest distance of the mean atom positions, and is therefore not 
negligible [1]. An increase of the temperature has three main effects: 

1. The unit cell expands, causing changes to the dhkl and therefore the Bragg angle. 

2. The intensity of the background scattering between lines increases and is called the thermal
diffuse scattering. The background increases with (} at a constant temperature. 

3. The intensities of the diffraction lines decrease. The intensity changes not only with tem
perature, but from different diffraction lines also the relative intensities change. If u is the 
average displacement of an atom from its mean position, the "thickness" of the planes in 
which the vibrating atoms lie is on the average 2u. This has the consequence that the 
diffracted beams are not as perfect as they are with fixed atoms (which actually never is 
the case). It becomes more imperfect as the temperature increases, because the ratio u/dhkl 

increases. Thus the intensity of a diffracted beam decreases as the temperature is raised, 
and for a constant temperature above 0 K, the thermal vibrations cause a greater decrease 
in diffracted intensities at high angles than at low angles (at high angles dhkl is small and 
therefore the ratio u/ dhkl is bigger). 

If the temperature factor e-2M is a number by which the calculated intensity has to be 
multiplied to allow for thermal vibrations, then e-2M decreases as (} increases. Among 
others Debye made some effort on calculating M, and approximately M can be given by 

(2.12) 

where (} is the Bragg angle, À is the used x-ray wavelength, and B is a function of the 
material ( actually a function of: u the average displacement of the atoms normal to the 
diffracting planes, h Planck's constant, T the absolute temperature, m the mass of the 
vibrating atom, k Boltzmann's constant, 8 the Debye charaderistic temperature and a 
function ifJ(x) = ~ J; ebd~, where x= 8/T). As an example, the temperature factor as a 
function of the Bragg angle for iron is shown in figure 2.9 [1]. 
Worth nothing is the fact that u is not a function of the temperature alone, but also depends 
on the elastic constants of the crystal. 
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Figure 2.9: Temperature factor e- 2
M of iron at 20° C as a function of (sinOj>..). 

As an example, in figure 2.10 the effect ofthe temperature factorand the thermal-diffuse scattering 
is shown [1]. In (a) an extremely hypothetical pattem (only three lines, equally spaced, equally 
strong, withno backround) for atoms at rest is displayed; in (b) the lines are decreased in intensity 
by e-2M, superimposed on a background of thermal diffuse scattering. 
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Figure 2.10: Effect of thermal vibration of the atoms on a powder pattern. Very schematic, see 
text. 

Multiplicity factor 

Important for powder diffraction or diffraction from polycrystalline samples (not for diffraction 
measurements on single crystals), is the probability that a set of equivalent planes is correctly 
oriented for reflection [1]. Because a cubic unit cell has only three planes ((100), (010) and (001)) 
from the {100} family and four planes ((111), (111), (1IT) and (lil)) from the {111} family, the 
probability that {111} planes are correctly oriented is ~ the probability that {100} planes will be 
correctly oriented. It follows that the intensity of the (111) reflection will be ~ that of the (100) 
reflection. 

2.9 Diffraction under nonideal conditions 

In the derivation of Bragg's law (see section 2.4) a few ideal conditions were assumed (although 
not mentioned specifically), namely a perfect crystal and an incident beam which is perfectly 
parallel and strictly monochromatic. That a beam is not monochromatic was already mentioned 
in section 2.1 and 2.2. In section 2.6 this is also used for the derivation of temporal coherence, 
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which is actually the consequence of destructive interference. And this destructive interference is 
just as much a consequence of the periodicity of the crystal as is constructive interference [1]. 

If the crystal doesn't have infinite thickness, and the path difference between rays scattered 
by the first two planes differs only sligthly from an integral number of wavelengths, it is possible 
that no destructive interference near the Bragg angle occurs. This means that very small crystals 
cause broadening of the diffracted beam, i.e. diffraction at angles near to the exact Bragg angle 
(thermal vibrations of atoms inside the crystal also cause line broadening, see section 2.8). The 
width of the diffraction line increases as the thickness of the crystal decreases. The thickness t of 
a crystal as a function of the FWHM B of a diffraction line (intensity vs. 20) can he given by the 
Scherrer formula [1]: 

t = 0.9À . 
BcosO 

(2.13) 

If a crystal is braken up into a number of tiny blocks (grains or mosaic structure), each slightly 
disoriented from another, this also causes some deviation from Bragg's law. 

Another cause of devations from the Bragg angle, is strain [1]. In figure 2.11 the effect of uniform 
and nonuniform strain on the direction of x-ray diffraction is shown. In (a) the diffraction line at 
unstrained state is shown. If the spacing do becomes larger with uniform strain, the diffraction 
line shifts, as is shown in (b). If nonuniformstrain is applied, as is shown in (c), the diffraction 
line broadens. Uniform strain can, for example, he the consequence of a thin layer on top of a 
substrate crystal. 
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Figure 2.11: Effect of lattice strain on diffractionline width and position, see text. 
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Chapter 3 

Experimental setup 

3.1 X-ray diffractometer 

A schematic drawing of the x-ray diffractometer (XRD) setup is shown in figure 3.1. The x-ray 

Receiving slit 

Shutterand 
filter selection 

X-ray tube 

Figure 3.1: Schematic drawing of the used XRD setup, sideview 

tube (Philips PW2773/00) is basically a line souree on a horizontal plane. It has four ports, two of 
which are open along the line direction (providing point sources) , the other two are perpendicular 
to the line direction (providing line sourees). A schematic topview of the line souree inside the 
x-ray tube and the four perpendicular ports is shown in figure 3.2. In the solid-axis setup, one 
of the line sourees is used. The x-ray tube is not mechanically connected to the goniometer (not 
shown in figure 3.1). The goniometer (Philips PW 3020) has two independent motors for changing 
the angles w (which specifies the sample orientation) and 2() (which specifies the detector position) 
and is controlled by a computer with the suitable software (e.g., Phillips XPert Data Collector). 
The x-ray tube is cooled by a constant water flow of 4.5 dm3 /min. The tube voltage (10- 60 kV) 
and tube current (10- 60 mA) can be changed. In principle, the maximum power of 2200 W can 
be used without darnaging the x-ray tube. Normally the XRD is operated at 40 kV and 30 mA. 
It is not recommended that the user should use maximum allowed voltage and current (60 kV 
and 60 mA), although it is not prohibited by the hardware and software. The x-ray tube can be 
opened or closed by a shutter. A safety switch prevents the shutter to open, if the doors are not 
closed or not closed properly. 

The line-collimator behind the filter and shutter is not shown in figure 3.1. The collimator 
is made of vertical soller slits, which collimate the incident beam horizontally. This is shown 

17 
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Figure 3.2: Schematic topview of the x-ray tube. Also shown are the vertical seller slits for hori
zontal beam collimation and the filters (which are actually behind each shutter). The dimensions 
of different components are not proportional. The lines coming from the x-ray souree are examples 
of the produced x-rays. Only a part of the resulting x-ray beam is shown. 

in figure 3.2. By using a divergence slit directly behind this collimator, the beam is narrowed 
vertically (but not collimated in this direction). Different divergence slits can be used. Normally 
the 0.25°-slit is used for low angles, and the 1°-slit for high angles (28 > 10°). Additional slits of 

3
1
0 

o, 
1
1
2 °, 2° and 4 o are also available. 

In front of the detector it is also possible to place vertical soller slits for collimation. These 
were not used during this apprenticeship, because they lower the intensity by about 45% but only 
slightly narrow the width of the diffraction peaks at low angles (about 0.05° in 28). The receiving 
slit is placed in front of the detector, which lowers the intensity about 45% but increases the 
resolution at high angles. Normally, the 0.1 mm- slit is used for low-angle measurements, and the 
0.2 mm - slit for high-angle measurements. 

As was mentioned insection 2.2 it is possible to use a monochromator instead of a Ni filter to 
filter out the K/3 radiation. The configuration with a monochromator and without any filter has 
always been used with the solid-axis setup. But with the open Eulerian cradle, the monochromator 
could not be used because of some technica! alignment problems. Therefore all measurements were 
performed with a Ni filter directly behind the shutter. 

Although the line souree is ideal for the solid-axis setup, it is not most suited for the eradie 
setup. This is because it has the consequence that the intensity varies on rotating the sample in 
the '1/J direction which will bedescribed later. The point source, combined with a pipe-collimator, 
would be ideal for the eradie setup. However, this would result in changing much of the current 
setup. A decision is made to keep the line source, even though it is not ideal for the eradie setup 
(with the simple reason that the solid-axis setup is most frequently used at this time). The second 
consequence of the line souree is the fact that the focusing principle needed with a line souree isn't 
met exactly for the whole beam if the sample is rotated in the '1/J direction. In this case the x-ray 
beam doesn't exactly hit the sample in the center. In figure 3.3 the focusing geometry is shown. 

R s 

Figure 3.3: The focusing principle. S stands for x-ray souree and R stands for detector. 
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The XRD has a proportional detector (Philips PW1711/90) which can have a maximum count
rate of 106 countsfs. A higher count-rate would saturate the detector, diminish the lifetime of the 
detector and can create double diffraction peaks. 

3.2 Solid-axis setup and sample alignment 

In the solid-axis setup, a sample is mounted on a rectangular flat surface attached to a small rod 
as shown in figure 3.4. The sample is said to be aligned with the sample holder if its surface 
approximately parallel to the w-axis (see figure 3.5). A first-order alignment is clone with the help 
of a flat glass plate. This rod is then tightened by a screw to fix the position as shown in figure 3.4. 

(() 

Glass plate 

\ 

Sample 

Figure 3.4: Mounting the sample onto the sample holder for the solid-axis setup. The relative 
direction of the w-axis to the sample holder is shown on the right side. 

A schematic drawing of the different axes of rotation are shown in figure 3.5. As mentioned 
earlier, the solid-axis setup allows only one rotational degree of freedom, namely the w-axis as 
shown in the diagram (the w-axis is actually (mathematically) the negative w-axis. Throughout 
this report the w-axis will always be in the direction as shown in tigure 3.5). The w-axis is the 
axis normal to the plane formed by the souree and the detector at various positions which we 
shall call the souree-detector plane. The x-axis is antiparallel to the incident beam. The z-axis 
is perpendicular to the x-axis and is on the souree-detector plane. Note that from figure 3.5, it 
is clear that the souree-detector plane is spanned by the x- and z- axes which are fixed in the 
laboratory frame. 

z 

x 

Figure 3.5: Rotation possibility in the solid-axis setup. The different axes are explained in the 
text. The dark spot on the sample surface schematically represents how the incident beam at this 
point looks like. Spot size and sample size have been chosen arbitrarily and are not proportional. 
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To further align the sample mounted on the rod, a reflection peak is measured. Procedure 
for aligning the sample in the x-direction: the detector is first set at an angle 2() = 1.5°, 
and the sample is then rocked a bout w = 0. 75°. If the sample was perfectly aligned in the cru de 
alignment step, the reflection peak should he observed exactly at w = 0. 75°. If not, then the 
software for cantrolling the goniometer can correct for the difference which gives an offset to w. 
If the sample is rotated back to w = 0° after this alignment, its surface should he parallel to the 
incident x-ray beam, and hence to the x-axis shown in figure 3.5. 

3.3 Open Eulerian eradie and sample alignment 

The sample used in this setup is glued on a perspex plate, which gives a low background count-rate 
(about 500 counts/s). The perspex plate is set on a flat glass plate for alignment purpose (just 
like how the glass plate is also used in the solid-axis set up) . The mul ti purpose holder is then 
placed over the perspex plate as shown in figure 3.6. The perspex plate is fixed by the clipping 

Clipping rod 

Figure 3.6: Mounting the sample in the multipurpose holder for the Eulerian Cradle. The relative 
direction of the <f.>-axis to the sample holder is shown on the right side. 

rods1 . After the sample is fixed in the multipurpose bolder, it is placed to the open Eulerian 
eradie (which we shall eaU cradle, for short) by a spring loek. At this time, the sample may not 
he parallel to the w - x plane, but that can he corrected by a procedure which will he described 
below. 

To properly describe the different rotation possibilities the eradie possesses, it is necessary to 
introduce another reference frame that is attached to the multipurpose holder (and hence to the 
eradie). We shall call the coordinates of the reference frame the cradle coordinates. Figure 3. 7 
shows the axes of the eradie coordinates. Note that when the multipurpose holder is placed in the 
eradie without any misalignment correction, the 'Ij; and cjJ axes are parallel to the x- and z- axes, 
respectively. At this point, the sample may not he aligned. For example, the sample plane may 
not he parallel to the w- x plane. Also note that when the eradie is rotated about the 'lj;-axis, the 
c/J-axis is no langer parallel to the z-axis: The angle between the w- and c/J-axis always maintains 
90° - 'Ij;. Also, when the eradie is rotated about the w-axis, the c/J-axis changes toward the x-axis 
and the 'lj;-axis changes away from the x-axis. An extreme case occurs, when the sample is rotated 
to 'Ij; = 90°. As can he seen in figure 3. 7, the </>- and w-axis become the same. One rotation 
possibility is lost then. 

The crystal can he aligned in just the x-direction or in both x- and w- directions. 

1 At this point, the sample may be not at exactly the center of the cradle. This can create a problem if it is much 
off-centered (0.5 cm from the center) because the x-ray can totally miss the sample aftersome rotation about the 
rf>-axis. 
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Figure 3. 7: Rotation possibilities for the open Eulerian cradle. The different axes are explained 
in the text. The situation shown is with the sample perfectly aligned after being placed in the 
multipurpose holder (e.g., without any misalignment correction). 
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Procedure for aligning the sample only the in x-direction: The procedure for this is 
exactly the same as that used in the solid-axis setup. This may result in cf>- and '1/J- axis not being 
parallel to the z- and x-axis, respectively. 

Procedure for aligning the sample in both x- and w-directions: At first, it may seem 
reasonable to simply rotate the sample in the '1/J-direction to correct the sample misalignment in 
the w-direction. The problem is, we don't knowhow much correction is needed. One solution is to 
first measure the misalignment in the x-direction using the reileetion technique as before. Make 
a note of the offset angle but do not make any correction in the software at this time. Rotate 
the sample 90° in the 1>-direction and repeat the reileetion measurement. And this time, let the 
software correct for the misalignment in the x-direction. Then manually correct the misalignment 
in the w-direction by rotating about 'ljJ by the degree noted above. Perhaps it is worth mentioning 
that the sample is now about the 1>-axis 90° rotated from its original position. 

The set up does not allow the detector to rotate over 360°. The ranges of the detector and 
sample rotations are summarized below: 

1. The w-range is -3.255° to 73.175°, with a step size (and accuracy) of 0.005°. 

2. The 20-range is -6.510° to 146.345°, also with a step size of 0.005°. 

3. The cf>-range is 360°, with a step size of 0.01 o. 

4. The '1/J-range is -5.00° to 95°, with a step size of 0.01 o. 

5. Measurements in all directions can be performed with a step size between 0.005° and 0.635°. 

6. The time per step during a measurement has a range from 0.005 to 3333.35 seconds. 

3.4 Alignment of the XRD 

The alignment procedure which will be described can be used, if the XRD setup is already aligned 
for the solid-axis or the eradie setup. This procedure is useful if the setup is changed from the 
solid-axis to the eradie setup and vice versa. The Ni-filter, instead of the monochromator, is 
always used. This procedure is not relevant for the measurements performed, but is important if 
the XRD setup has to be changed from the solid-axis to the eradie or vice versa. 

A first check on the position of the incident beam on the sample, can be performed be placing 
a fluorescent plate in the solid-axis or the cradle. By using 40 kV and 40 mA, the position of the 
incident beam can be seen on the fluorescent plate. If the beam is a few millimeters off the middle, 
the height of the goniometer has to be changed. This is possible by turning two screws, but to be 
able to change between the solid-axis and the eradie setup in a reasonable simple way, only the 
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right screw (SR) is turned (not more than a half turn).The effect of this height variation is shown 
in figure 3.8. If the beam hits the fluorescent plate approximately in the middle, the alignment 

detector 

I X-ray tube 

Figure 3.8: The fust effect of turning the right screw (SR) on the height of goniometer, and there
fore the height of the w-axis and the detector position. The effect in this drawing is exaggerated. 
The right screw needs to be turned only a fraction of a complete turn. 

procedure described below can he used. 

Detector alignment 

First the position of the detector relative to the incident beam has to be checked. Bebind the 
collimator the t 0 

divergence slit has to be placed. The solid-axis or the eradie has to be removed, 
and in the front of the detector only a 0.1 mm receiving slit should be placed (no soller slits). To 
make sure the detector does not go into saturation, a thin brass foil (about 0.3 mm) is used in 
front of the detector. The x-ray tube voltage ( 40 kV when possible, because of the characteristic 
peaks) and current must then be set up to give a count-rate in the detector about 105 countsfs. 
An example of a 20-scan performed is shown in figure 3.9 (a). The relative 20 position of the 
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28 (degrees) 2e (degrees) 

(a) (b) 

Figure 3.9: 28 scan to check the relative detector position (a) and 28 scan to check the sample 
position with the single knife (b). 

detector is about the middle of the broad peak in figure 3.9. The maximum of this peak is 10 . 

Now a so called single knife, see figure 3.10, has to be placed in the solid-axis or the eradie 
(for the solid-axis this piece exists, for the eradie it can he made by gluing a tungsten rod (all 
slits are made of tungsten) onto the perspex plate). If the top of the single knife is exactly in the 
middle of the x-ray beam, then the intensity of the transmitted beam (10 /2) is exactly half the 
intensity of the incident beam (10 ). If another 20-scan is performed with a single knife placed in 
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Figure 3.10: The effect of a single knife (a) and a double knife (b) on the transmitted beam. 
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the solid-axis or cradle, the 20 position in figure 3.9 (b) were the intensity is 10 /2 should he at the 
same 20 position as the middle of the peak in figure 3.9 (a). 

If the positions from figures 3.9 (a) and (b) do not match, the position of the goniometer relative 
to the x-ray tube has to he changed. This is possible by turning the right screw (SR), as shown 
in figure 3.8. 

Turning the right screw doesn't only change the height of the goniometer, but also the direction 
of the incident beam. This is shown in figure 3.11. This change of direction of the incident beam 
is the consequence of the used collimator, which is also connected to the goniometer. Because 

Collimator 

detector~~~-:_~~---

Figure 3.11: The second effect of turning the right screw. The direction of the incident beam 
changes. The effect in this drawing is not proportional the the instrument sizes. 

these two effects add up, one should carefully turn the right screw (about a half turn). After this, 
both 20-scans described above have to he repeated, until both 20 positions are the same. 

If so, then the incident beam, the sample position and the detector are aligned. The optimal 
detector position is at the half height of the rising side in figure 3.9 (b). 

It is possible that the 20 position is notzero (this can also heseen in figure 3.9). This can he 
solved by changing the application offset of the software. A new zero position can then he defined. 

If the position of the goniometer relative to the x-ray tube is not changed, in other words if the 
sample height is not correct, this also has a consequence for the measured diffraction augles [3]. 
The shift in the diffraction angle ( 0) can he calculated using 

S _ R · ~(20) 
- 2 · cos(O) ' 

(3.1) 

where S is the z-translation of the sample, R the radius of the goniometer and ~20 the shifted 
detector position. For example, if the z-translation of the sample is -0.5 mm, the diameter of the 
goniometer is 15 cm, and the Bragg angle of interest is 14.221 o, then the detector will measure a 
diffraction peak at 20 = 28.435° instead of 28.442°. The shift in diffraction peaks, as a consequence 
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of the non-ideal height of the sample is therefore negligible (if the sample is mounted in the 
multipurpose holderit might happen that is positioned a little too low (± 0.5 mm), but apparently 
that doesn't affect the measurements). 

Alignment of w 

When the detector is at its optimal position, the next step is to check where the actual w = 0 
position is. Therefore the single knife has to he removed, and a double knife, see figure 3.10, has 
to he placed in the solid-axis or in the cradle. Again, for the solid-axis this piece exists, for the 
eradie it can he made by gluing two tungsten rods at opposing sicles of the perspex plate. Both 
rods have to he approximately parallel to the w-axis. 

An w-scan has to he performed now. An example of such a scan is shown in figure 3.12. The 
zero w position is at the top of the peak in figure 3.12. Again it is possible that w position is not 
zero. This can also he solved by changing the application offset. 

1 
8 

-0.1 0.0 0.1 0.2 
ro (degrees) 

Figure 3.12: w-scan to check the optima! w position. 



Chapter 4 

Measurements 

The objective of this apprenticeship is to explore different measurements with the open Eulerian 
cradle. This chapter describes and discusses the measurements we did during this period. 

A typical sample used in this study has a rectangular shape of dimension 1.2 cm by 0.4 cm. 
The sample can have different physical orientations relative to the detector and incident beam 
because of the size difference in different directions. In figure 4.1 two possible orientations are 
shown. The coordinates are defined as before in sections 3.2 and 3.3. The sample is said to be 

Z,<p Z,<p 

X,\jf 

(!) 

(a} 

Figure 4.1: Two possible sample orientations:(a) parallel sample orientation, (b) perpendicular 
sample orientation. 

parallel oriented if the long side of the sample is parallel to the x-axis. If the sample is said to 
be oriented perpendicular, the long side is perpendicular to the x-axis. In this work, both sample 
orientations are used in all measurements. 

It may be worth mentioning that in all the measurements, the copper Ka radiation is used. 
K,B radiation is filtered out by the nickel sheet. Hence, all Bragg angle calculations assume a Ka 
wavelengthof 1.542 Á. Also, in all the measurements (except for the fringes measurements), no 
attempts to align the sample were made. The reason is simply that there are no additional degrees 
of freedom to rotate the sample about the 'Ij;- and cp- axes without affecting the alignment. In the 
fringes measurements in which no variation of 'Ij; and cp angles are needed, the sample is aligned 
in the x-direction by the reflection technique, although in retrospect the sample could also have 
been corrected in the w-direction as well. 

4.1 Film thickness fringes measurements 

Before this apprenticeship, all film thickness fringes measurements were made using the solid-axis 
setup. Therefore we wanted to see if it would also be possible to measure the thickness of thin 
films with the cradle. The observation of thickness fringes is due to constructive and destructive 
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interference of the reflected x-rays set up by the substrate/film and filmfair interfaces. The 
interference is observed by varying the incident beam angle and hence varying the path difference 
in the reflected beams. A more detailed treatment of the theory can he found in [6]. Specifically, 
fringes measurements are performed by aligning the sample to the x-axis, positioning the detector 
at 2() = 1.5°, and rotating the sample about the w-axis from 0.5° to 10°. 

Although many samples were measured, only the result of one sample (M991005) is reported 
here because all the others show similar behavior. The sample (M991005) is a 1000 Á copper film 
grown on a Si(OOl) substrate in the molecular beam epitaxy (MBE) system of the FNA research 
group. The silicon substrate was first dipped in HF acid to remove the native silicon oxide and was 
then quickly transferred to the loadlock and subsequently to the main chamber of the MBE system 
to avoid any unwanted silicide formation. The growth temperature of the copper film is 50°C. 
The sample was first measured using the solid-axis setup. The results are shown in figure 4.2. The 
measurements were performed with the long side of the sample either parallel or perpendicular 
to the beam direction. The fringe periods found in both measurements are the same (within the 
measurement error) and are about 0.083° ± 0.002°. Using the simulation program GIXA, the 
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Figure 4.2: Fringes measurements on Si(OOl)/1000 A Cu with the solid-axis setup. The mea
surements are performed with two sample orientations. 

thickness of the copper film can he calculated. The measurements performed with the solid-axis 
setup result in a copper film thickness of 940 ± 20Á. 

The samesample was also measured using the eradie setup. The results are shown in figure 4.3. 
Again, two measurements were performed: one with the long side of the sample parallel to the 
beam direction, the other perpendicular to the beam direction. The fringe periods are about the 
same in the parallel and perpendicular alignments and are found to he 0.084 o ± 0.002°. The copper 
film thickness is calculated to he 950 ± 20 Á which is the same (within the experimental error) as 
that measured using the solid-axis setup. 

Fringes measurements with both setups show that as far as thickness measurements are con
cerned, the sample can he oriented in either direction, but the different directions result in different 
measured intensities. The reason is simply that the amount of radiation the sample is exposed to 
is different in the two cases and hence gives rise to differences in the count-rates. 

As already mentioned earlier, the XRD is not ideal at this stage for the eradie setup. Also, 
because the clipping rods can he shifted in the multipurpose holder (see section 3.3), it is possible 
(and likely) that the sample is not perfectly positioned in the middle of the cradle. Therefore, it is 
possible that the irradiated sample surface on rotating the sample in the eradie setup from parallel 
to perpendicular increases (as can he seen in figure 4.3), and hence gives a higher count-rate. 

In other measurements performed, we also noticed that it is possible that the incident beam 
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Figure 4.3: Fringe-measurements on Si(OOl)/1000 A Cu with the eradie setup. 

does not irradiate the sample surface at all, even when the sample is oriented parallel. One should 
notice this when trying to measure fringes. When no refiection peak can be seen on aligning the 
sample (this is the first step for fringes measurements), the sample has to be repositioned inside 
the cradle. 

4.2 In-plane lattice constauts 

It would have been of great interest to the FNA research group if in-plane lattice constants could 
be measured using the cradle. Unfortunately, this is currently not possible. To do this type of 
measurements, the x-ray beam must come at a glazing angle (say a~ 0.5°) and the detector must 
be placed at the conesponding angle 2a. To measure in-plane lattice constants, the sample has 
to be rotated from 7/J = 0° to 7/J = 90°. As was already mentioned in section 3.3, when the sample 
is rotated to 7/J = 90°, the cp- and w-axis coincide. As aresult the incident x-ray beam is parallel 
to the sample surface, and consequently, no diffraction is observed. 

A possible salution for this problem would be to rotate the sample by an angle a about the 
z-axis, and at the sametime move the detector to an angle 2a away from the xz-plane (the souree
detector plane). This is shown in tigure 4.4. More specifically, a rotation angle a can he given 
to the setup by rotating the sample to w = 90° (at this point the cp- and x-axis coincide) and 
7/J = 90°- a. Unfortunately, the position of the detector cannot he accurately controlled (it must 
be clone manually), if moved to an angle 2a away from the souree-detector plane. Hence, such an 
experiment would be difficult to perfarm at this time, although it is theoretically possible. 

Another salution is to measure both out-of-plane and inclined lattice planes distances. With 
a simple algebra, the in-plane component of the lattice can be determined. One way to measure 
inclined lattice planes distances is described next. 

4.3 Inclined lattice planes 

In the solid-axis setup it is not possible to measure the lattice distance between inclined planes 
such as (111) planes in a monocrystalline (001) film, because there is no possibility to rotate 
the sample about the 7/J- and cp- directions. In the eradie setup, these rotations are possible and 
herree the sample can be oriented to satisfy the Bragg law. It may be worth mentioning again 
that no attempts were made to align the sample befare the measurements because this type of 
measurement fundamentally affects the alignment. 
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Figure 4.4: A possible solution for performing in-plane measurements. The rotation angles are 
exaggerated and not proportional. The fixed detector position is shown by the dotted block. The 
necessary but in our setup inaccurately controllable detector position is shown by the black block. 

Measuring {111) planes in a {001) sample 

To measure the (111) planes in a (001) sample, the sample must fi.rst be tilted at 54.74° about 
the tf>-axis because that is the angle between the (111) and (001) planes1 . Then after positioning 
the sample and the detector at the Bragg angles for the (111) diffraction planes, the sample is 
rotated about the cjJ-direction to collect all the (111) planes tilted at 54.74° with respect to the 
film plane. In section 4.4, the diffraction of all the (111) planes tilted at angles between 0° and 
70° are collected. 

Figure 4.5 shows the diffraction peaks of the inclined (111) copper planes of Si(001)/1000Á Cu 
film (that is, sample M991005). In this measurement, the sample is rotated to tf> = 54.74°, 
w = 21.65° and 2() = 43.30° to satisfy the Bragg condition. The copper lattice constant (d = 
3.610Á) used in calculating the Bragg angles was assumed to be its bulk value. Four diffraction 
peaks are observed because there are four sets of such (111) inclined planes in a (001) film. Further, 
note that they are 90° apart because the copper lattice is cubic. The (111) peaks in figure 4.5 
appear at the angles cl> = go, ggo, 189° and 279° ± 0.5°. The absolute values of these angles are 
arbitrary depending on how the sample was mounted. At the left and right side of the diffraction 
peaks at cl> = ggo and 279° very small increases in the diffraction intensity are seen. These are 
probably the consequence of other (not the (111) copper planes) lattice planes in the copper film 
or the silicon substrate. The used settings are 1 o divergence slit, 0.2 mm - receiving slit, 40 kV 
and 30 mA. 

The substrate of M991005 is (001) silicon, and the (111) planes from silicon can therefore also 
be measured at a Bragg angle of 14.22°. This is shown in figure 4.6. The used settings are 1 o div. 
slit, 0.2 mm - rec. slit, 40 kV and 30 mA. The (111) peaks in figure 4.6 appear at the angles cl>= 
54°, 144°, 234° and 324° ±0.2°. This means, that the (111) planes from copper are exactly 45° 
rotated relative to the (111) planes from silicon. 

This 45° copper lattice rotation can be explained by consiclering the different lattice parameters 
from silicon (5.43 Á)and copper (3.61 Á). Because the lattice parameters have a 50 % ( (5.43 -
3.61)/(3.61)) mismatch, it is not energetically favorable to have the (010) copper planes parallel to 
the (010) plan es of silicon. But if the (010) copper planes are 45° rotated relative to the (010) silicon 
planes, the lattice parameter mismatch is greatly reduced to 6.4% ( (~ · 5.43 · ,;2- 3.61)/(3.61) ). 
This is also shown in figure 4.7. 

In figures 4.5 and 4.6 it can beseen that the diffraction intensities from the (111) lattice planes 
in copper areabout 9000 counts/s, where the intensities from the (111) lattice planes in the silicon 
substrate are about 100,000 counts/s. The lower diffraction intensity from the copper planes is 

1 In genera!, augles between crystallographic planes of a cubic lattice can be calculated using equation 2.2. 



4.3. INCLINED LATTICE PLANES 

10000 

8000 

-!'! 
6000 

.'!! 
c 
:J 
0 
u 4000 

2000 

0 
0 90 180 270 360 

q> (degrees) 

Figure 4.5: Four diffraction peaks from the {111) copper lattice planes in Si{OOl)/1000 A Cu, 
grown at a temperature of 50°C. 
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Figure 4.6: Four diffraction peaks from the (111) silicon lattice planes in the Si(001)/1000 A Cu 
sample. 
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the consequence of smaller thickness of the film compared with the silicon substrate. The factors 
which contribute to the absolute diffraction intensities are discussed in chapter 2. 

Because the thin copper film is grown on a relatively thick substrate, the background intensity 
is relatively large, as can be seen in figure 4.5. If the (111) planes are measured in the silicon 
substrate, the x-rays easily penetrate the copper film, and the background measured is caused by 
the perspex plate on which the sample is glued. 

As was already mentioned at the beginning of this chapter, the samples have a rectangular 
shape. This has the consequence that on rotating the sample about the cj>-axis, the irradiated 
area changes, and therefore the reflected intensity (and of course also the diffracted intensity) 
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Figure 4. 7: Explanation of the 45° rotation of the copper lattice relative to the silicon lattice. 
The dotted lines show the different (010) and (100) lattice planes in the silicon substrate. 

varies. This not only influences the absolute diffraction intensities, but also makes the background 
reflection fluctuate, which will be shown later on. 

Other planes in a {001) sample 

Of course it is also possible to measure other then the (111) lattice planes in a (001) sample. In 
figure 4.8 the (220) planes of capper in M991005 are measured at a Bragg angle of 37.056°. The 
sample is tilted to 7/J = 45°, because the angle between (100) and (220) planes is 45°. The used 
settings are 1° div. slit, 0.2 mm- rec. slit, 40 kV and 40 mA. As is shown in figure 4.8 (a), not 
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Figure 4.8: (a) Four diffraction peaks from the (220) copper lattice planes, and eight diffraction 
peaks from the silicon substrate, in the Si(OOl)/1000 A Cu sample. (b) The same measurement 
on a (100) single crystal silicon sample. 

only capper planes are measured at this angle, but also some silicon planes. From figure 4.8 (b) 
it becomes clear why these additional peaks in 4.8 (a) are caused by silicon. In 4.8 (b) the same 
measurement is performed on a (001) silicon sample. Of course the capper peaks do not appear 
now, but this clearly demonstrates that the additional peaks are caused by silicon. When a new 
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sample is mounted in the cradle, as is clone to compare the measurements shown in figure 4.8, the 
c/J orientation is not known. Therefore, if a c/J scan is performed on a sample, it can be compared 
with other cjJ-scans, by redefining the zero position of the new sample. 

The difference in intensity of the different silicon diffraction peaks in figure 4.8 (b), relative to 
those in 4.8 (a) can be caused by a difference in alignment, a difference in sample position (exactly 
in the middle of the eradie or not), a difference in the direction of lattice planes inside the sample 
and the absence of the copper film (if the copper film is present, then the x-rays have to pass 1000 
Á, before they can reach the silicon substrate). The background intensities have already been 
discussed before. 

In figure 4.9 another measurement on M991005 for the (311) lattice planes is shown, at a Bragg 
angle of 44.965°. The sample is tilted to 'ljJ = 25.24°, and the used settings are 1 o div. slit, 0.2 
mm- rec. slit, 40 kV and 40 mA. Because the intensity of the diffraction peaks is low relative to 
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Figure 4.9: Four diffraction peaks from the (311) copper lattice planes in the Si(OOl)/1000 A Cu 
sample. 

the background, the effect of reileetion of x-rays by the sample surface can be clearly seen. The 
background shows a maximum at 55° and 236°, and a minimum at 170° and 343°. This can also 
beseen in figure 4.8. This effect is caused by the shape of the sample, which is irradiated more or 
less at different physical orientations. 

Measurements on sample M991005 for the (222) lattice planes are shown in appendix B. 

Different growth temperatures 

Measurements are also performed on another (001) sample (M991004). This sample was grown 
at 22 oe (M991005 was grown at 50 oe), and was grown on a silicon substrate, also with a 1000 
Á copper film on top. The measurement for the (111) lattice planes is shown in figure 4.10. The 
used settings are 1 o div. slit, 0.2 mm- rec. slit, 40 kV and 40 mA. The measurement on M991005, 
with a tube current of 30 mA, for the (111) lattice planes is shown in figure 4.5. The difference 
between figures 4.5 and 4.10 is clearly the absolute diffraction intensity. The M991005 sample 
(that is, the sample grown at 50°) shows sharper peaks (e.g., the full-width-at-half maximum 
FWHM of M991005 and M991004 are 4° and 7°, respectively) and lower background than the 
sample M991004 (grown at 22°). 

This lowering of the absolute diffraction intensity, and broadening of the FWHM can also be 
seen if figures 4.8 and 4.11 are compared. The measurement on M991005 (shown in figure 4.8) is 
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Figure 4.10: Four diffraction peaks from the (111) copper lattice planes in the Si(001)/1000 A 
Cu sample, grown at at temperature of 22°C. 

performed with 40 kV and 40 mA, the same measurement on M991004 (shown in figure 4.11) is 
performed with 50 kV and 40 mA. Both measurements are performed with a 1 o div. slit and a 
0.2 mm - rec. slit. These observations suggest that the former has a better crystalinity, possibly 
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Figure 4.11: Four diffraction peaks from the (220) copper lattice planes, and eight diffraction 
peaks from the silicon substrate, in the Si(001)/1000 A Cu sample. 

resulting from the fact that the depositing copper atoms were more mobile due to the availability 
of the thermal energy. 
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{400) planes in a (111) sample 

Of course ~scans can also be performed on (111) samples. An example of such a measurements is 
shown in figure 4.12, which is performed on a (111) single crystal silicon. The Bragg angle used is 
69 .13°, to measure the (400) lattice planes. The used settings are 1° div. slit , 0.2 mm- rec. slit, 
40 kV and 30 mA. The reason a (111) sample only gives three diffraction peaks , where in contrast 
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Figure 4.12: Three diffraction peaks from the (400) silicon lattice planes in a (111) single crystal 
silicon sample. 

(100) samples give four diffraction peaks , can be given by consiclering the crystal structure in 
detail. If (111) lattice planes are measured in a (100) sample, then in fact the (111) , (I11), (Til) 
and (lil) (four different) planes are measured. But if (400) planes are measured in a (111) sample, 
then in fact the (400), (040) and (004) (only three different) planes are measured. The same has 
been explained in section 2.8 as the multiplicity factor. In figure 4. 13 three different (100) planes 
and a (111) plane are shown. 

Figure 4.13: The (111) plane of a sample is colored gray. The three (100) planes are ABCD, 
AEFB, and BFGC. 
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Note that no e- 2e scans were performed on these samples. In retrospect, they should have been 
clone. Then, we would have been able to calculate exactly the distance between the inclined lattice 
planes . With the knowledge of a out-of-plane lattice constant (which of course can be found easily, 
even with the solid-axis setup), the in-plane lattice constant can be exactly determined, as has 
been mentioned in section 4.2. 

4.4 Partial texture measurements 

Another sample charaderistic we can measure with the cradle, and not with the solid-axis , is the 
texture of a sample. A texture sample is one inside which the crystal grains are partially random 
oriented. For example, by a (111) texture film , it is meant that the (111) planes of all the crystal 
grains (mosaic blocks) in the film are oriented along the (111) direction, but it does not mean that 
the film is single-crystal; the grains can still be random in the film plane. Hence, it is of interest 
to have a way to access whether a film is truly single-crystalline or merely textured. 

A full texture measurement would require setting the sample and detector for all Bragg angles 
and tilting the sample for full access to all film planes. In this report, we only performed a partial 
texture measurement. It is partial because only one set of Bragg conditions was used (e.g., only 
the diffraction from the (111) planes was collected). More specifically, the procedure starts by first 
setting the sample and detector at Bragg angles for the lattice planes of interests. Then scans in 
the 4> and 'ljJ directions are performed. The partial texture measurement performed on M991005 
for the (111) copper planes is shown in figure 4.14. Because the sample is rotated over different 4> 
and 'ljJ angles, it is not possible to align the sample in any direction. The used settings are 1° div. 

Figure 4.14: Partial texture measurement for {111) copper planes in Si(001)/1000 A Cu, at a 
Bragg angle of 21.65° . 

slit, 0.2 mm - rec. slit , 40 kV and 30 mA. 
In figure 4.14 the four diffraction peaks from the (111) copper lattice planes can be seen. 

From these peaks it can not only be concluded that this sample is a single crystal , but also that 
diffraction peaks have a certain spread in both the <P-direction , as shown in for example figure 4.5, 
as the '1/J-direction. This is to be expected from section 4.3, because at Bragg angles from copper, 
also silicon peaks can be seen (see for example figure 4.8) . Actually, the measurement shown in 
figure 4.5 is a part of a texture measurement at a single tilting angle 'ljJ = 54.74° (because the 
angle between (001) and (111) is 54.74°). 
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The spread which the diffraction peaks have in the 4>- and 'f/1-direction is not symmetrie. The 
diffraction peaks are actually elliptical. A possible cause for the asymmetry in the 4>- and 'f/1-
direction may he the use of a line souree instead of a point source, and hence the change in shape 
and orientation ofthe spot when "P increases. The incident beam covers (when '1/J increases) a larger 
area, which causes defocusing of the diffracted beam, and may result in diffraction patterns at 
different tiltingangles ('1/J). This also results in the increase of the FWHM of diffraction patterns 
at larger tilting angles. The elliptical shaped diffraction peaks are not caused by the way the 
sample is mounted, because it was randomly mounted in the eradie and all the diffraction peaks 
are similar. Another cause for the distortion may he the fact that the (111) planes in the (001) 
sample are less well defined. 

In figure 4.14 the background count-rate is not constant, because some brighter and darker 
areas appear in the plot. This is the consequence of the rectangular shape of the sample, which 
has already been discussed in section 4.3. Around the angles <P = 45° and 135° the background 
reileetion has a maximum. At this point the sample was oriented perpendicular (see figure 4.1 (b)). 
The background reileetion is not exactly symmetrie, which is probably caused by the misalignment 
fortheeradie setup (the setup is aligned for the solid-axis setup). 

Figure 4.14 clearly shows that the sample is a single crystal (and not a texture film) because 
only four (111) diffraction peaks appear in this (001) sample. If the sample were polycrystalline one 
could expect not only more diffraetion peaks on the circle at '1/J = 54.7 4 o, but also some diffraetion 
peaks at other '1/J angles. The more diffraction peaks one sees, the more mosaic structure the 
sample has. 

In partial texture measurements one should also he aware of diffraction peaks from the used 
substrate. If a texture measurement had been performed on the same sample, but the sample and 
detector rotated to the correct Bragg angles for the (220) copper lattice planes (w = 37.056° and 
20 = 74.112°), diffraction peaks from the copper as well as the silicon substrate would appear. 
This can also he seen in figure 4.11. 

If the measured sample were not a single crystal, then more diffraetion peaks could he seen. 
Unfortunately, no polycrystalline copper samples were available for measurements. 

4.5 Redprocal space mapping 

Unlike the partial texture measurements that were described in the previous section, the angles 
<P and '1/J are fixed at all time in the redprocal space mapping measurements. A reciprocallattice 
point can he mapped by performing 0-20 scans at various sample offsets described by the angle 
fJ (see figure 4.15b). Hence, not only can the spread of diffraction peaks he measured in real 
space, it is also possible to map a part of the redprocal space. A knowledge of this area and its 
dependenee on the optical elements used in the experiment can he used to give a quantitative 
description of an x-ray measurement (6]. A non-zero divergence of the primary beam, its non-zero 
speetral width and a non-zero angular width of the acceptance of the detector system smear out 
the reciprocal-space distribution of the scattered intensity. The distribution in redprocal space 
(the reciprocal-space-map) is a description of the scattered intensity. 

The scattered intensity from a sample can he expressed as a funetion of the scattering vector 

(4.1) 

if the incident beam is described by its wave vector kb and the scattered beam by its wave vector 
1 (see also section 2.4). Strictly speaking, this description is applicable only if the waveveetors 1 
and kb and the surface-normal Tt lie in the same plane, called the scattering plane. If the </J-axis is 
parallel to the outward surface-normal (which is the case if the sample surface is aligned with the 
x-axis and the w-axis), and hence the xz-plane (source-deteetor plane) is parallel to the scattering 
plane, then the coordinates of the scattering vector Q are 

Qz = K · (sinai + sina1 ), 
Qx = K · (cosa1- cosai). 

(4.2) 
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These formulae conneet the coordinates Q x, Q z of redprocal space with the angular coordinates 
ai, af in direct space measured with respect to the sample surface, where K = \11: = 1~~~2 Á - 1

. 

On the goniometer (see chapter 3) the rotation of the sample is denoted by w, and the rotation of 
the detector by 20. These angles are related to ai and a 1 by 

w =ai 20 =ai+ a,. 

In figure 4.15 the different angles, waveveetors and scattering veetors are shown. 
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Figure 4.15: In (a) the situation is shown when a; and af are equal. Q is equal to Qz, and Qx 
is zero. In (b) the situation is shown when the angles a; and af are not equal. In this situation 
Qx is not zero anymore, because Qz is always parallel to the surface normal n. 

To make a redprocal space map, several 0-20-scans are performed around the Bragg angles by 
varying the sample offset angle (3. When no offset is given to the sample ((3 = 0), the measurement 
is performed at Qx = 0, parallel to Qz, because ai and a1 are equal (see equation 4.2 and 
figure 4.15 (a)) and increased during the measurement. When the sample is given certain positive 
offsets (3, these are measurements at a small negative values of Qx, because ai and a, are not 
equal then. This is shown in figure 4.15 (b). The same negative offsets are measurements at the 
same positive values of Qx. 

All measurements are performed with a maximal offset f3 of 6°, because then the diffraction 
intensity drops to almost the background intensity. The angles over which the sample and detector 
rotate depend on the width of the diffraction peak. For redprocal mapping only the peak itself 
is important. These measurements are performed with a maximum sample rotation of 3°, and 
maximum detector rotation of 6°. 

As is mentioned above, the sample should be aligned with both the x-axis and the w-axis. How 
this is clone is described in section 3.3. 

In figure 4.16 a redprocal map is shown from the (200) lattice planes (Bragg angle 25.215°) 
from the capper film on the M991005 sample, without any sample alignment in the x- or w
direction. The used settings are 1 o div. slit, 0.2 mm - rec. slit, 40 kV and 40 mA. What can 
be clearly seen in figure 4.16 is that the center of the peak is not at Qx = 0. This is probably 
the consequence of misalignment, because alignment in the x-direction defines a new Qx. This 
measurement should theoretically result in Qz/K = 0.852 (Bragg angle 25.215°). This is in 
agreement with the experimental result. 
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Figure 4.16: Reciprocal map of the (200) planes of the capper film on Si(001)/1000 A Cu. The 
sample is not aligned. 
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If the sample is aligned in the x-direction (and in the w-direction), then the middle of the peak 
appears at Qx = 0. This is shown in figure 4.17, which shows a reciprocal map of the (111) lattice 
planes (Bragg angle 21.65°) from the copper film on the M991005 sample. The same settings 
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Figure 4.17: Reciprocal map of the (111) planes of the capper film on Si(001)/1000 A Cu. Both 
the x- and the w direction are now aligned. 

are used for figures 4.16 and figure 4.17. The second measurement, shown in figure 4.17 should 
theoretically result in Q./K = 0.734 (Bragg angle 21.650°) . 

Both figures show that the spread of the reciprocal space maps are not circular, but elliptical. 
In figure 4.16 the asymmetry could be caused by the misalignment of the sample in the x- and 
w-direction. But in figure 4.17, where the sample has been aligned in both the w- and the x-
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direction, the reciprocal space map of the (lll) copper planes is still not circular. It is elliptical 
shaped, which is probably caused by the fact that the surface normal is not parallel to the xz-plane, 
because the sample has been tilted about the '1/J-axis. Because we also see the elliptical distartion 
in the partial texture measurements, the less well defined (lll) planes in this (001) sample may 
also cause this elliptical shaped reciprocal space point. 

The elliptical shaped is probably not caused by the sample itself, because the reciprocal space 
map is shaped symmetrically and not randomly. Again, another reciprocal space map with the 
sample mounted differently in the cradle may exclude the sample as a cause for the elliptical 
shaped diffraction peaks. 



Chapter 5 

Conclusions and recommandations 

The purpose of this apprenticeship was to find out what the different possibilities are with this 
open Eulerian cradle. The most important conclusions are summarized here. 

• The XRD system is not optimized for the eradie setup, because a line souree instead of a 
point souree is used. The main reason for this that in doing so would require a complete 
re-alignment of the x-ray tube position and source. This seems to he a bit drastic and a 
dedsion was made to work with the current x-ray tube position. This decision can affect the 
measurements. 

• The absolute intensity of the x-ray diffraction and the background showsome variation in dif
ferent physical orientations (e.g., the sample long direction can he paralleland perpendicular 
to the incident beam). 

• Fringes measurements using the eradie setup are consistent with those using the solid-axis 
setup. For example, the copper thickness in sample M991005 was found to he 950 ± 20Á 
using the eradie and 940 ± 20Á using the solid-axis. 

• One of the objectives was to measure in-plane lattice constants. This is certainly not possible 
with the solid-axis. Although direct measurement of the in-plane lattice constant is also not 
possible with the eradie setup, because the detector always rotates in the xz-plane (the 
souree-detector plane), an indirect method can he used such as by measuring both the out
of-plane and inclined plane lattice distances. 

• With the eradie it is possible to measure inclined lattice planes in a single crystal. From the 
performed measurements on a Si(OOl)/1000 Á Cu sample it has been shown that the (111) 
planes from copper are exactly 45° rotated relative to the (111) planes from silicon. 

• The temperature at which the samples have been grown affects the FWHM and the absolute 
intensity of the diffraction peaks in a measurement on the inclined lattice planes. 

• It is also possible with the eradie to perform (partial) texture measurements, but again it is 
not possible to align the sample. These measurements can he used to study polycrystalline 
and single crystal samples. The observed elliptical shaped diffraction peaks may he caused 
by the line souree or the less well defined (111) planes, but are probably not caused by the 
sample itself. 

• Because it is possible to align the sample in two directions (the x- and w-direction), redprocal 
space maps can he made with the eradie setup. This is also possible with the solid-axis, but 
then the sample cannot he aligned to the w-axis. The sample misalignment or tilting may 
cause the shape of the redprocal space map deform and the center of the redprocal space 
to shift to another Qx position. The less well defined (111) planes may also play a role. 
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Some suggestions for the future are: 

• Instanation the eradie in the setup not only makes it possible to perfarm the necessary 
fringes measurements, but also adds possibilities for additional measurements. 

• All measurements performed with the eradie setup, which cannot (correctly) be performed 
with the solid-axis, might give better results when a point souree is used, instead of a line 
source, because the intensity would not change on rotating the sample (we don't expect 
different results from redprocal space mapsusinga line or point source). But a point souree 
could give a intensity-loss too large for fringes measurements. One possibility then could be 
to use a second goniometer. In that case one of them can be used for the solid-axis setup 
with a line souree for fringes measurements, and the other one can be used for the eradie 
setup with a point source. 

• The elliptical distartion in the partial texture measurements and the redprocal space map
ping needs more research the find the actual cause. Possible causes may be the line souree 
insteadof the point souree or the less well defined (111) planes in the used (001) sample. 

• 3D redprocal space mapping may even give more information about the samples. The Qy 
component can be measured by tilting the sample about the 1P-axis. 



Appendix A 

Struct ure-factor calculations 

In this appendix the structure-factors for BCC, FCC and diamond structure are derived [1]. 

A.l Structure-factor calculation for BCC 

A BCC structure has 2 atoms per unit cell at: 

(uvw) = (000) ( !..!.!) 
2 2 2 

When these coordinates are used in equation 2.7, it is possibie to calcuiate the structure-factor 
for BCC: 

F = f. ( e27ri· o + e2rri·( ~+~+~)) 

{:::=::} F = f . ( e2rri· o + erri·(h+k+l)) 
(A.1) 

The sum of the three indices (h + k + I) is aiways an integer, and therefore equation A.1Ieads to 
the set of refiection ruies for a BCC structure: 

-0} ;: 
0 

when (h + k + I) = odd, 

- 2· f } ;: 4 . p when (h + k +I) =even. 
(A.2) 

It follows from equation A.2, that in BCC refiections wil! possibiy be present if (h + k + I) = 
even and that refiections are necessariiy absent in BCC if (h + k + I) = odd. 

A.2 Structure-factor calculation for FCC 

A FCC structure has 4 atoms per unit cell at: 

(uvw) = (000) 

When these coordinates are used in equation 2. 7, it is possibie to calcuiate the structure-factor 
for FCC: 

F = f . ( e2rri· 0 + e2rri·( ~+~) + e2rri·( ~+~) + e27ri·( ~+~)) 

{:::=::} F = f . ( 1 + erri·(h+k) + erri·(h+l) + erri·(k+l)) 
(A.3) 

When h, k, and I are unmixed, then all three sums (h + k), (h + I), and (k + I) are even 
integers, and each exponentiai has the vaiue 1. When h, k, and I are mixed, the sum of the three 
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exponentials is -1, whether two of the indices are odd and one even, or two even and one odd. As 
a consequence, equation A.3 leads to the set of reflection rules for a FCC structure: 

: ~ } for mixed indices, 

= 4 . j } r . d . d" = 16 . ! 2 10r unmtxe m tees. 
(A.4) 

It follows from equation A.4, that in FCC reflections will possibly be present if h, k, and l are 
unmixed, and that reflections are necessarily absent in FCC if h, k, and l are mixed. 

A.3 Structure-factor calculation for silicon 

As is mentioned in section 2.3 Silicon has a diamond structure. This diamond structure actually 
is a FCC structure with 4 additional atoms per unit cell. A diamond structure therefore has 8 
atoms per unit cell at: 

(uvw) = (ooo) (Ho) (~o~) (OH) 

(.!.!..!.) (.!.H) (E!!) (Hl) 
444 444 444 444 

These coordinates can be used in equation 2. 7, and by using this equation it is possible to calculate 
the structure-factor for Silicon: 

F = f. (èrri· o + e211"i·(~+~) + e271'i·(~+4) + e271'i·(~+4) + .. ·) 

(- .. + e2rri·(~+{+t) + e2rri·(~+.?f+~) + e211'i·(~+t+~) + e271'i·(~+.?f+t)) 

~ F = f. ( 1 + e11'i·(h+k) + e71'i·(h+t) + e71'i·(k+t) + .. ·) 

(- .. + e-9-·(h+k+l) + e'?·(h+3k+3t) + e-'?·(3h+k+3l) + e-'?·(3h+3k+l)) (A.S) 

~ F = f . ( 1 + e11'i·(h+k) + e71'i·(h+t) + e71'i·(k+t) + .. ·) 

(- .. + e-9-·(h+k+l) . ( 1 + e71'i·(k+t) + e71'i·(h+t) + e11'i·(h+k))) 

A 
~ F= f·A· (1+e'?·(h+k+t)). 

To calculate the intensity of the diffracted beam IFI 2, this equation can be evaluated without 
multiplication by the complex conjugate since the sum of the three indices (h + k + l) is always 
an integer. 

If h, k, and l are mixed then A = 0, and if the three indices are unmixed A = 4 (see also 
equation A.4. This gives the first reflection rule for Silicon: 

: ~ } for mixed indices. (A.6) 

This means for example, that a (100) reflection is not possible, but according to this rule a (200) 
reflection is. But as will be shown, a (200) reflection is not allowed either, according to another 
reflection rule. 

If the sum of the three indices (h + k + l) is even, equation A.5 transfarms into: 

.!d.tl! 
F=A·(1+(-1) 2 ). 

This leads, tagether with equation A.6, to the second set of reflection rules: 

IFI2 = 0 

IFI 2 = 64· p 

if (h + k + l) = even = 2 + 4 · n and unmixed } 
with n E No 

if (h + k + l) =even :j;2 + 4 · n and unmixed 

(A.7) 

(A.8) 
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This means that for example the (200) and (110) reflections are not possible, but the (400) and 
(220) are possibly present. 

If the sum of the three indices (h + k + l) is odd, equation A.5 transfarms into: 

F =A· ( 1 +i· ( -1) h±kt-
1

) 

(A.9) 

==? IFI2 = A2 . (1 ±i) . (1 =F i) . p = 2. A2 . p. 
This leads, tagether with equation A.6, to the third set of reflections rules: 

if (h + k + l) = odd and mixed 
(A.lO) 

IFI2 = 32 · P if (h + k + l) = odd and unmixed 

This means that for example the (100) (which was already known from equation A.6) and (210) 
reflections are not possible, but the (111) and (311) are possibly present. 

From equations A.8 and A.10 the reflection rules for Silicon are summarized in table A.l. 

Table A.l: Present and absent reflections from diamond 

Reflections possibly present Reflections necessarily absent 

h, k, and l unmixed h, k, and l mixed 
(h + k + l) -1- 2 + 4 · n, n E No (h + k + l) = 2 + 4 · n, n E No 
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Figure B.l: (a) Four diffraction peaks from the (222) copper lattice planes in the (001) sample 
M991005. The four additional peaks are caused by the silicon substrate, which can beseen in (b). 
In (b) the same measurement is performed on a (100) single crystal silicon sample. The Bragg 
angle is 47.57°, the sample is tilted to 1(; = 54.74°. The used settings are 1° div. slit, 0.2 mm
rec. slit, 40 kV and 40 mA. 
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