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ABSTRACT

This paper describes in basic detail some of the techniques that can be used to study thin
films and surfaces. These are all in the X-ray region and cover reflectivity, diffraction from
polycrystalline films, textured films and single crystal films. Other effects such as
fluorescence and diffuse scattering are mentioned but not discussed in detail. Two
examples of the reflectivity from multilayers and the diffraction from iron oxide films are
discussed. The advantages of the synchrotron for these studies is stressed and the
experimental geometries that can be employed are described in detail. A brief bibliography
is provided at the end to accompany this part of the 1996 Frascati school.

INTRODUCTION

Synchrotron radiation was first discovered on the GEC electron synchrotron at
Schenectady New York in 1947. A bright light was noticed when the electrons in the
machine were accelerated around a bending magnet. This light became brighter when the
energy of the machine was raised and when the electrons were bent through tighter radii.
This method of energy loss by the electrons was just a nuisance for the high energy
physicists since it limited the maximum electron velocity that was obtainable for their
collision experiments. During the 1960s and early 1970s the potential of synchrotron
radiation for the study of matter was realised. Several experimental stations were built
around the world that were of a 'parasitic' nature. This terminology meant simply that the
accelerator was built for particle collision purposes and the production of synchrotron
light was of secondary importance. In those days the synchrotron experimenters had to use
whatever short intervals of beam that were available to them. Figure 1 shows Ken Lea
operating the first parasitic synchrotron beam line that operated at Daresbury. The source
was NINA the high energy accelerator.

By the late 1970s it was realised that synchrotron light could be an invaluable research
tool and.as such the world's first dedicated synchrotron light source was built at
Daresbury, England, and was completed with experimental beam lines in the early 1980s.
Since the new synchrotron radiation source (SRS) was designed to maximise the amount
of synchrotron radiation it was built with a small average radius of approximately 15m and
it fitted neatly inside the shield walls of the old accelerator that was designed for high
energy physics. There were approximately 20 users in the early days, this has now
expanded to over 3000. A similar pattern of expansion has been followed all over the
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Figure 1

The first synchrotron radiation beamline at Daresbury Laboratory. Ken Lea. one of the young
pioneers, is shown here refilling his liquid nitrogen vessel In those days there were just a few hours
of beam time per day available from the parasitic use if the source.
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world to the extent that there are now approximately 70 synchrotrons either planned or in
operation.

The industrial use of these machines has also grown very rapidly. Last year in Britain over
1 million pounds was received in industrially related contracts either to use or to develop
equipment for synchrotron radiation. Experimenters now come from all over the world to
use synchrotron light but it should be pointed out that this large expansion in use has only
come about in the last 10 to 15 years. Synchrotron radiation is therefore a comparatively
new tool in materials science. Synchrotron light is not confined to accelerators however,
one of the most beautiful displays of synchrotron light can be seen at the North or South
poles when atmospheric conditions are right. This visible light display is caused by
electrons being trapped in the intense magnetic field at the Earth's poles.

Synchrotron radiation is produced whenever a charged particle is accelerated or
decelerated. This energy loss mechanism works whatever the particle velocity, however it
is significantly enhanced if the particle is travelling close to the speed of light. Electrons or
positrons are usually used in synchrotrons for light generation as they are lighter and hence
easier to accelerate to velocities close to c. In addition at relativistic velocities the cone of
emitted light collapses into a very narrow beam in the forward direction. This gives
synchrotron light its very high collimation in the plane of the particle orbit. This is shown
in figure 2, at low velocities the radiation is weak and rather diffuse, when the particles
reach relativistic velocities the synchrotron light becomes collapsed into a narrow cone. It
is this property above all that gives synchrotron radiation such an advantage when
studying surfaces because the beam is naturally so well collimated.
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Figure 2

The radiation from a low energy charged particle is radiated into a wide fan of light, at relativistic
velocities this light cone becomes collapsed with an opening angle of 1/y
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There are a number of ways in which the synchrotron light can be produced in an
accelerator. The three most common ways are by conventional electromagnets,
superconducting electromagnets and a series of smaller permanent magnets arranged in an
array. The first of these cases is usually called a bending magnet since the electron or
positron is bent through a certain radius depending upon the machine design. The smaller
the radius of bend the higher the energy of light emitted. Tighter bends can be acheived by
higher magnetic fields which are in turn usually produced by superconducting magnets.
These devices can produce a very small bend radius and hence shift the energy maximum
of the light significantly higher. These devices can have a number of poles and are usually
referred to as 'wigglers' or wavelength shifters. The final type of magnet for the
production of synchrotron light is the so called 'undulator' Like a wiggler magnet it may
have a number of poles arranged in an alternating fashion, however in this case the ratio
between the gap between the poles and the period of the magnet structure along the
electron beam is such that constructive interference can occur and the spectral output can
be sharply peaked. There are several advantages for this type of source in that the power
output can be concentrated in exactly the region required and the vertical and horizontal
opening angles can be very small. In practice undulators have not been used extensively in
diffraction studies of powdered materials since their output has not been of a sufficiently
high energy. This is changing rapidly as technology develops better magnetic structures
with smaller gaps. The three types of magnet are shown schematically in figure 3 together
with the typical form of spectral output.
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Figure 3

The three basic types of magnet are a) bending b) wiggler (superconducting) and c) undulator
The output of the bending or dipole magnet is similar in form to the superconducting wiggler, the
higher the magnetic field the higher the maximum photon energy. An example of a wiggler curve is
the smooth curve above, this is superimposed on the spectral output of an undulator showing the
sharp interference peaks.
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One of the most generally useful aspects of synchrotron radiation is that even after a
specific wavelength has been chosen and the already well collimated beam has been further
slit down to improve resolution there is still ample flux for most experiments. The
improvement in the raw X-ray fluxes over the years is illustrated in figure 4. Since the first
development of the X-ray tube only marginal improvements have been made by rotating
and better cooling of the anode target. Since the development of synchrotron sources
there has been an improvement of 12 orders of magnitude in brilliance as well as
significant gains in flux. Future generations of synchrotron sources offer even greater
gains and it may well be the case that when photon fluxes of 1017 or greater are incident
upon samples we may reach a practical upper limit due to sample heating.
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Figure 4

This diagram shows the intensity gains on X-ray sources this century, the significant gains have
come with the introduction of synchrotron radiation
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SURFACE STUDIES USING SYNCHROTRON RADIATION

There has been a very large scientific thrust in the last ten to fifteen years toward the study
of surfaces. There are many reasons for this, the properties of surfaces are fundamentally
different to that of the bulk because the local atomic environment is different on the
surface layer compared to the bulk. Studies of clean semiconductor material have shown
how thin epitaxial layers grow and form on surfaces. These types of study have been
facilitated by synchrotron sources since the intensity of scattering from monatomic layers
is very weak. The examples and techniques in this paper do not relate to the study of clean
semiconductor surfaces since that is a rather specialised area. This paper deals with the
general scattering that can be observed from surfaces and details the type of information
that can be gained from that scattering. In all cases the samples have undergone no special
treatment and are hence genuinely representative of the as synthesised material.

Surfaces are interesting from an academic point of view since their detailed study provides
unique difficulties. However the properties of surfaces are interesting for far more
compelling reasons since the structure of the surface affects fundamentally the way in
which the material reacts with its environment. So many examples in the field of catalysis,
hardening of machine tools, coatings for joints, treatments for corrosion resistance and the
chemical sensitivity of sensors depend crucially upon the surface structure.

Surface science has perhaps the widest range of techniques that can be used to study
materials. It is beyond the scope of this paper to describe all the photoemission and
fluorescence techniques, only the hard X-ray interaction with the surface will be discussed.
There are four basic types of interaction which depending upon sample geometry can all
happen simultaneously. These are:

• Interference

If the material has a layered structure that is within the penetration depth for X-rays there
is the possibility for constructive interference to take place and for a set or sets of fringes
to be produced.

• Diffraction

X-ray diffraction will occur from the surface if the material has long range order. For
example if it possesses a crystalline lattice as a single crystal or as a set of differently
oriented grains as in a metal.

• Fluorescence

If the incident X-ray photon has enough energy to excite and remove an electron from its
shell the subsequent recombination will give rise to fluorescence. This can be used to
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study the fine structure of absorption (EXAFS) or to study the specific positions of
impurities or absorbed atoms (Zheludeva et al ibid.)

• Diffuse scattering

Photons are also scattered from rough surfaces and by the thermal vibrations within the
material. This type of scattering is not associated with the crystalinity of the lattice and is
often called uncorrelated scattering.

BASIC THEORY

For X-rays the refractive index can be given by

27tmec
e

Where No is Avogadro's number, e is the charge on the electron, me is the electronic
mass, c is the velocity of light, Zj is the atomic number, Aj is the atomic mass, p is the
density, X is the wavelength, and \i is the absorption coefficient for X-rays. If typical value
are placed into this equation the value of n is slightly less than 1. This means that when a
beam of X-rays is incident upon a surface it will be transmitted and refracted towards the
upper surface. If the angle of incidence is sufficiently shallow total external reflection is
possible. The angle at which this occurs is given by

= -J2S
Where otc is the critical angle. The critical angle depends most crucially upon wavelength
and density. However the major reason for its usefulness in the study of surfaces is that
below the critical angle there is virtually no transmission, just an evanescent (dying out)
wave that penetrates for a very short distance into the sample. Above the critical angle the
penetration depth varies very rapidly as a function of the incident beam angle. This means
in practice that by changing the incident beam angle with respect to the sample the
penetration depth can be varied and chosen to make a study of the structure as a function
of depth. The penetration depth above the critical angle depends in some cases upon the
strength of the diffracted beam. If the crystal under study is very perfect and the sample is
held in near glancing incidence to the beam the multiple perfect crystal planes in the
correct diffraction position will produce a very strong diffracted beam and lower the
penetration depth in the sample. This is known as the dynamical case. In the case of a
polycrystalline thin film however the crystal perfection is not sufficient for very intense
diffracted beams to be produced, this is known as the kinematical case. In general the
dynamical theory applies to crystals with a high degree of perfection whereas the
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kinematical theory applies better to crystals with large mosaic blocks or polycrystalline
powders or thin films. The penetration depth of the X-ray beam into the sample is different
for the kinematical and dynamical cases, the two forms are given below

Kinematical penetration depth

tp =

Dynamical penetration depth

Where cpo and q>h are the angles made by the incident and exit beam to the surface of the
crystal respectively, X is the wavelength, \x(X) is the absorption coefficient, V is the unit
cell volume, R is the electron radius, Fh is the structure factor fro the reflection h. In
general the dynamical penetration depth is smaller than the kinematical depth, however at
very shallow angles there are exceptions which will not be discussed here.

The most useful feature for the study of surfaces is that the penetration depth is a function
of the beam to sample angle. This is so sensitive that a beam collimated to about 0.01° is
required if precise depth sensitivity is needed. On laboratory based X-ray sources this is
difficult since the beam is highly divergent. Recent developments in curved graded
multilayer structures will help considerably in this field but a synchrotron source already
has a beam vertically collimated to this order of magnitude. It is therefore an ideal source
for surface depth selection, the structure as a function of depth can be determined very
accurately from a parallel beam synchrotron source.

It is interesting to note that the multilayer materials which produce the focusing optics for
laboratory based sources were first studied and characterised by using synchrotron
radiation. Now the practical use of those multilayers is not only for laboratory based X-
ray sets but also in synchrotron optics.

EXPERIMENTAL GEOMETRIES

The experimental configuration for the surface analysis technique is defined by the need to
supply an incident beam close to the critical angle. This so called grazing incidence can
only be acheived in reflection. There are some limitations on the depth sensitivity since and
sample distortion or surface roughness can alter the penetration depth. Figure 5 shows the
synchrotron experimental arrangement on station 2.3 at Daresbury Laboratory. There are
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This figure shows schematically station 2.3. The beam enters from the synchrotron (left), passes
through a Si(l l l) monochromator, past some beam defining slits, onto the sample and the
reflectivity or diffi-action is measured by scanning the 29 axis. The multiple foil geometry is shown
above with the sample in glancing angle. The whole diffracted beam is integrated at all angles.
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several potential problems that can be overcome with this geometry. The sample angle
must be fixed at some shallow angle to the incident beam as shown. This is usually in the
region of a few tenths of a degree. For a fixed beam size the 'footprint' of the beam on the
sample will be defined. This illuminated area appears much wider if viewed at a high angle
than if viewed at lower 29. This would cause potentially very serious resolution problems
since diffracted peaks would have significantly different halfwidths at different angles. This
would range from a minimum at low 20 to a maximum at 90° to the sample surface and
then decreasing again with angles >90°. The parallel foil geometry overcomes this
difficulty because each pair of foils shown in the diffraction beam in figure 5 define a
constant angle at the sample. In the case of the 2.3 foils the angle is 0.06° which coincides
well with the expected halfwidth from most samples. Since the whole beam can be
integrated at all angles and the foils only detect reflected X-rays in a small well defined
angle the intensity and angular information are very accurate. If the sample is not flat
reflected beams will only be detected from the area of the surface that is in the correct
position. If the surface of the sample is rough or curved then the diffracted beams will be
detected though a different set of foils but still at the correct angle and intensity. The use
of the parallel foils makes the experiment sample displacement independent. It also
reduces the sensitivity to surface shape to the extent that samples with very irregular
shapes can be studies. Possibly the most extreme example of this was an antique bronze
donkey that was mounted in the beam in order to determine the structure of some surface
corrosion products. The combination of parallel beam geometry and multiple foils
provides an ideal way to study diffraction from surface layers. If an analyser crystal is
substituted instead of the foils in order to detect the diffracted beams a similar sample
displacement geometry can be obtained. In this case the flux is always reduced,
sometimes by more than an order of magnitude.

The multiple foil geometry makes significant demands upon the engineering since the foils
must be flat to better than 10% of their 0.02mm spacing. Since there are inevitably small
distortions and areas of roughness in the foils the transmission is never exactly equal along
each foil. This gives a fine structure which is negligible when a wide beam is being
integrated but is not if a narrow beam is used. This is the case when the sample reflectivity
is being measured and as a consequence a more simple slit assembly has to be used.
Reflectivity scans give information about surface roughness and layer homogeneity,
usually the scans only cover a few degrees at low angle and as such are not intensity
limited as the diffraction experiments are. The essential experimental requirements for
glancing angle reflectivity studies are accurate goniometry. The circles need to be encoded
to better than a millidegree, a well calibrated 20 zero position and a detector with a very
high dynamic range. If these features are present then both reflectivity and diffraction
studies can be undertaken There are several laboratory based systems that have been
carefully engineered to give this precision and perform glancing angle studies but the
synchrotron offers all these geometric features together with wavelength selection and no
significant penalty in incident flux for the extra collimation. This is a very significant
advantage for the diffraction experiments.
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Figure 7

Cnostat attaches to station 2.3 readv for data collection
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Figure 9

RF heater showing the induction coils, sample holder (black) and rotation mechanism (shaft)
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Glancing angle experiments can also be undertaken at high or low temperatures,
equipment for this is illustrated in figures 6, 7, 8 and 9. Figures 6 and 7 show the new low
temperature cell that can achieve a base of 15K and allow very low angle beams onto the
sample. Figures 8 and 9 show the new induction RF heater that has a maximum
temperature of 2000K and can allow glancing angle studies. The sample can be rotated
even at high temperatures and has been designed to simulated industrial thin film synthesis
and a wide variety of other processes.

EXAMPLES

The technique of X-ray glancing angle reflectivity is applicable to a very wide range of
materials. If it is applied to a simple non layered structure like silicon the form of the
scattering is very simple. At very low angles below the critical angle total external
reflection occurs and the intensity of scattering is level until the critical angle is reached.
At that point the scattering rapidly drops off by 5 orders of magnitude or more, the lower
threshold being determined by the signal to noise ratio of the instrument. This rate of drop
is strongly dependant upon the specimen roughness. The rougher the surface the more
rapidly the scattering drops off. However there will not be any fringes since there is no
layered structure present. When layered structures are present such as the Si/SiGe
multilayer with a repeat distance of 170 nm (figure 10 after Bowen and Wormington 1993
Adv. in X-ray Anal.) interference fringes can be observed. At the simplest level the main
peaks can be used to determine the basic repeat of the multilayer. Extra information is
contained in the fine detail which gives information about the layer homogeneity,
periodicity and layer interdiffusion. In order to extract this information the observed data
has to be modelled using Fresnel theory. This is more time consuming but provides very
useful information about a wide variety of materials. The reflectivity technique depends
only upon the electron density distribution within the penetration depth of the incident X-
ray beam. It can therefore be used on amorphous, polycrystalline, single crystal or liquid
samples. It provides a rapid and effective way of measuring surface roughness, layer
spacing, homogeneity and interface diffusion. It does not provide any information about
detailed atomic structure, for that a higher angle X-ray diffraction scan is required where
the multiple foils are more effective than a simple slit.

Figure 10 2000 '000 6000 8000 10000

Example of the fringe interference pattern from a multilayer. Data were collected on station 2.3 at
Daresbury (after Bowen and Wormington, Adv. x-ray Anal. 1993, 36,171)
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An example of an X-ray diffraction spectrum collected in near grazing incidence at
Daresbury a few years ago is shown in figure 11 (Huang, Adv. X-ray Anal. 1990, 33, 91).
This diagram shows a surface of iron oxide collected at two sample angles. The steeper of
the two angles (8°) was a long way from the critical angle and as such the penetration
depth was sufficient to penetrate through the surface layer. The shallower angle at 0.12°
was strongly surface sensitive and shows quite clearly the presence of a Fe2O3 on the film
surface and y Fe2O3 in the bulk. Another advantage of synchrotron radiation is that a
wavelength can be chosen to avoid iron fluorescence. In this case the wavelength was 1.83
A, the synchrotron study showed the presence of the a phase for the first 25-50 A of the
layer. In this way a detailed picture of the surface structure was constructed. This study
was originally undertaken at Stanford University Synchrotron and subsequently at
Daresbury Laboratory.

This technique cannot be undertaken if there is a great deal of preferred orientation in the
film since the conditions for diffraction do not occur a long way from the Bragg position.
However if there is a near random distribution of crystallites in the film the technique can
be applied. For well oriented films and single crystals the sample has to be rotated about
90° so that the plane normal is in the plane of the synchrotron. An extra axis is necessary
for the whole diffractometer to be rotated by a few degrees in order to achieve the desired
glancing angle on the sample and then the 2G axis can be moved to the Bragg position.
This is the geometry used in all the semiconductor surface measurements but it does not
allow for liquids to be studied. That is the purpose of a new diffraction station at
Daresbury that is capable of bringing the synchrotron beam down onto the surface of an
uncovered liquid sample.
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Figure 11

Two diffraction patterns of iron oxide near and far from the glancing angle. The scans show the
surface sensitivity of the technique and the presence of the a phase on the surface
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STRESS STRAIN ANALYSIS

The analysis of stresses and strains in materials has always been of crucial importance in
the chemical, physical and engineering industries. Since the use of neutrons became
widespread this radiation was preferred for analysing residual stresses in materials
because of the excellent penetrating power of the neutron beams. Samples of high density
of the order of centimetres can easily be studied allowing the compression and tensional
stresses to be mapped in objects as large as sections of railway lines. X-rays can usually
penetrate dense materials such as steel to only a few microns. The depth of penetration for
X-rays varies as a function of the angle of incidence as explained before. The larger the
angle of incidence the deeper the penetration however this penetration depth can also be
increased by increasing the energy of the incident photons. Even at X-ray energies of the
order of 40 keV penetration depths in dense material such as steel is still not large enough
to make the probe anything other than a surface technique. Unless light materials such as
aluminium are being studied the X-ray technique is confined to surface measurements,
however this has been used to excellent effect as a complimentary tool with neutron
diffraction. The two radiation technique provides a complete map of the stresses in the
bulk and at the surface of a material.

A practical example of the utilisation of this technique is shown in figure 12(a), here the
X-ray beam is incident upon a constant velocity joint. The interest here is to map out the
stress pattern in the machined sections of the product. The multiple foil assembly can be
seen at the top, the CV joint is mounted on a jig to position it accurately in the beam and
an optical telescope is used to check on the sample position. In this geometry only very
high angle reflections could be measured since the sample cuts out lower angle reflections.
Two reflections are shown in Figure 12(b), these show reflections from the steel substrate
at two distances up the groove of a machined channel. Differences in angle and halfwidth
indicate the presence of increasing stress as a function of distance away from the machined
edge in the sample. The technique has enough control and sensitivity to be applied to
industrial problems and is now being applied to even more diverse applications in the
aviation and semiconductor industry where such measurements provide a very important
element of the processing technology.

Stresses and strains can also be mapped out by using the so called sin2\|/ technique.
Different planes within the thin film are subject to different stresses. This manifests itself as
a change in lattice parameter for that group of crystallites. If the sample angle is rotated
until those crystallites are in the reflecting position then their lattice parameters can be
measured. In this way specific group of crystallites can be measured from within the bulk
and a strain map can be constructed for the material. The synchrotron radiation parallel
beam technique make this particularly easy since the sample rotation can be completely de-
coupled from the detector axis.

SUMMARY

Synchrotron radiation is a comparatively new tool in surface science and yet has made
rapid inroads into the study and solution of real problems. Its use is still to be fully
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Figure 12
(a)
This shows the alignment of an irregular object in the beam. In this case a CV joint has been
mounted
(b)
Two high angle reflections measured at different distances along a CV channel showing the
difference in the strain pattern



appreciated by most research groups and companies, the general perception is one of
large facilities and 'big science'. This is certainly untrue, synchrotrons provide an
extension to ordinary laboratory investigations and have a very rapid turn around of
researchers. Daresbury Laboratory has over 3000 users world wide and this figure is
typical for well established synchrotrons.

The use of the synchrotron extends the range and complexity of the materials that can be
studied. Surface X-ray diffraction can be applied to polycrystalline, textured and single
crystals, X-ray reflectivity can give valuable complementary information about surface
roughness, homogeneity and layer spacing. The use of fluorescence although not discussed
in this paper if coupled with reflectivity measurements allow impurities to be located at
very low concentrations. In addition by measuring diffuse scattering information about the
uncorrelated effects can be obtained.

The information gained from these studies combined with information from a very wide
range of spectroscopic measurements helps to build a more complete model of the
surfaces of real materials.
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