
https://research.tue.nl/en/studentTheses/fd4cdbf8-ca2e-41d8-b754-88659a31a289


Eindhoven University of Technology 
Department of Applied Physics 

Research Group Physics of Nanostructures 

X - Ray Diffraction 

Experiments with the 
open Eulerian eradie 

Maurice Janssen 

February, 2001 

Supervisors: Hans Dalderop, Jonathan Ha and Henk Swagten. 



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. 





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. 
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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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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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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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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 
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