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Abstract

High-resolution x-ray scattering has attracted intensive attention for both
fundamental research and industrial applications. Recently, the advance of
synchrotron radiation sources has dramatically improved x-ray intensities, brightness
and resolution, which has enhanced the ability of x-ray scattering studies. In spite of
weak scattering cross-sections, high-brilliance x-ray sources have made the studies of
surfaces and interfaces possible. In the last decade, many new x-ray techniques such
as glancing-incidence-x-ray-reflectometry, crystal-truncation-rod analysis and
reciprocal-space-mapping have been established and have had great success in
exploring the structure of various materials.

This thesis starts with a review of high-resolution x-ray scattering which covers both
the theoretical and the experimental backgrounds. Near perfect semiconducting thin
films are examined to demonstrate the abilities of high-resolution x-ray scattering.
Glancing incidence x-ray reflectometry was used to explore the interface
morphology of a Sig;Gego heterostructure grown with and without antimony acting
as a surfactant. The results demonstrate that the film is smoother when grown with a
sub-monolayer of the surfactant. Furthermore, due to the existence of the surfactant
during growth, abnormally strong scattering was found from the long-range coherent
conformal roughness.

YBa,Cu;0y thin film superconductors grown on various substrates from different
growers were studied. Using high-resolution x-ray scattering techniques, the sample
quality was measured using the position and the width of the Bragg reflections. By
analysing the reciprocal space maps, the surface parallel lattice parameters were also
determined.

One of the best samples, the YBa,Cu3Ox grown on SrTiOs by pulsed laser deposition
was studied further. The results suggest that an ultra-high-quality crystal with
thousands Angstrom vertical and microns horizontal correlation occupies nearly 95%
of volume. However, due to the interface roughness, the scattering from this crystal
can only be observed with low angle Bragg reflections and, therefore, is often
ignored. Because this type of film is the best single crystal high-T. superconductor it
will be the doorway to understanding high-T. superconductivity.
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1. Introduction 1

Chapter 1

Introduction

1.1 General introd uction

Thin films are widely employed in many areas. The existence of surfaces and
interfaces represent breaks in the otherwise infinite periodicity of the lattice, and so
they often exhibit properties different from those of the bulk'. However, these
properties are often dependent upon the quality of the thin film. Imperfections within
such thin films, such as surface and interface roughness, strain, defects, and grain
boundaries, are known to affect the optical, electrical and mechanical properties of
samples™’ 43678 Furthermore, the thickness of the thin film is essential for optimum
performance in many applications™'®. The understanding and control of the
imperfections of such films is one of the essential factors in fabricating materials
with desired properties. Therefore, studies of thin film structures, including the

morphology of surface and buried interfaces, are important in many fields of industry

and technology.

1.2 Review of experimental techniques for
surface/interface and thin film structure

analysis

Since the existence of surface, interface and the finite thickness that of thin films

provide an alteration of the properties of materials, studies of structural variation
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from bulk materials are crucial. Both the crystallographic and'chemical structures of
thin films are strongly linked to their bulk counterparts. Generally speaking, the
techniques for surface, interface and thin film structure studies can be classified into
direct and indirect measurements. The direct measurement techniques usually refer to
enhanced microscopy techniques which “visualise” the structures of small features of
material surfaces. Fine “probes” scan the surface of materials and detectors collect
signals simultaneously from the interaction between the probes and the samples. By

mapping the signal to the position of the probe, an image of the specimen is made.

To observe details of the sample, scattering experiments are also employed. The
probing beams, such as x-rays or electrons, are fired towards the specimen and a
certain volume of the specimen is illuminated. Due to the interaction between the
specimen atoms and the probing beams, elastic or inelastic scattering will occur and
then secondary radiation or particles are generated. By collecting the secondary
radiation, the structure of specimens can be determined. Unlike the direct
measurement, such probes do not “scan” on the sample surface. The use of scattering
techniques probes a large volume of the specimen, and the results are averaged
across the active region. However, by choosing special surface sensitive probes, such
as electron beams or a special geometry, such as grazing incidence, the active region
being probed can be restricted to surface or near-surface areas. Therefore, these
techniques can become surface-sensitive. Because these scattering techniques often
reveal the structure in wavevector, or reciprocal space rather than in direct space,
transformations have to be applied to the experimental data in order to determine the
crystal structure in direct space. Therefore, they are often referred to as indirect

measurements.

Some of the direct and indirect techniques employed frequently in surface, interface
and thin film structural studies are briefly reviewed in this chapter. We will
concentrate our attention on those techniques which provide information on the
atomic or crystallographic structure of thin films and surfaces/interfaces. There are
still many other techniques which have been widely employed to study the detail of

thin films which have been discussed comprehensively by Brundle et al."!
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1.2.1 Direct measurements

Scanning Electron Microscopy (SEM) '

Scanning electron microscopy (SEM) is one of the simplest methods for examining
the surface of materials'"'%. In SEM, an electron beam is focused into a fine probe
and subsequently scanned over a small area. As the beam interacts with the sample, it
induces secondary electrons which are then collected by a detector. In mapping the
signal intensity of the secondary electrons to the position of the probe, an image of
the sample surface within the scan area can be formed. The best lateral resolution is
about 1 nm, depending on the accelerating voltage of the electron beam. The probed
depth also depends on the accelerating voltage, ranging from a few nm to a few pm.
However, depth profiling is difficult using SEM. To avoid the charging problem of
the primary electrons, testing specimens have to be electrically conductive, or a thin
conducting film needs to be coated on the top of the sample. Furthermore, SEM
measurements can only be undertaken under high vacuum conditions. Nevertheless,
SEM is a widely employed technique of great utility. SEM was also employed to
determine the structure of YBa;Cu3Ox thin films'>'413, Particularly, noteworthy for
the latter chapter of this thesis is the use of SEM in determining the orientation of

multiphase in YBa;Cu30Ox thin films.

Transmission Electron Microscopy (TEM)

Another version of electron microscopy, widely employed in thin film structure
studies, is transmission electron microscopy (TEM). In TEM, a thin solid specimen
with a thickness of about 200 nm, or less, is bombarded with a highly focused,
monoenergetic electron beam. TEM be operated in two different modes: diffraction
and image. In diffraction mode, the detector is placed behind the sample and the
optical elements collect the electron transmission diffraction pattern of the
illuminated area. When TEM is operated in diffraction mode, it is similar to low-
energy electron diffraction (LEED) which will be briefly reviewed later. Because the
electron beam is highly focused, selected-area diffraction (SAD, sometimes referred

to as micro-diffraction) then becomes possible. When TEM is operated in image
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mode, a contrast image of the illuminated sample area is pro;luced. The contrast is
due to various effects such as the dislocation density, thickness inhomogeneous,
diffraction contrast, etc. The principle of this mode is similar to x-ray topography
except its probe is electrons instead of x-rays. Because of the highly focused and
highly monochromated electron beam, the lateral resolution can be as good as 2A
which is much better than SEM. Thus, atomic-scale imaging is possible. However,
like SEM, the samples need to be electrically conducting, or coated, and vacuum
system is needed. One of the most successful applications of TEM in thin film
structure determination is high-resolution cross-section transmission election
microscopy (HRXTEM) which can reveal details of the depth dependent atomic
structure. In HRXTEM, delicate sample preparation is needed in obtaining ultra-thin
cross-section specimens. The interface atomic structure of high—quality YBa,Cu;30

thin films were precisely determined by HRXTEM!'®!718,

X-ray Topography

X-ray topography is employed to image defects such as dislocations, precipitates,
fault planes and local blisters and cracks in near perfect samples including single
crystal and epitaxial films'"'*?°. An x-ray topograph is an image of diffracted
intensity across the test specimen. Contrast is created by local variations in the
intensity caused by changes in the diffraction conditions, and is seen frequently due
to the strain fields associated with defects. A topograph must be interpreted with the
dynamical theory (Dynamical theory will be reviewed in Chapter 2). Although the
lateral resolution of x-ray topography (~ 1 pm) is about 1000 times poorer than
TEM, much smaller strains (~ 10°) can be detected and larger sample areas (~ 1 — 10
cm) can be explored. Conventionally, the depth probed is about 1 pum thick. The
minimum probing thickness, however, can be reduced to about 0.1 pm by employing

grazing incidence geometry, to produce surface-sensitive topography.
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Scanning Tunnelling Microscopy (STM) and Atomic Force Microscopy (AFM or
Scanning Force Microscopy SFM)

Scanning tunnelling microscopy (STM) and its related offspring technique, atomic
force microscopy (AFM), are real-space imaging techniques, which can produce
topographic images of a surface with atomic resolution in all three
dimensions'"'>?'?2, The STM was first invented by Binnig and Rohrer in 1981%
who were awarded the Nobel Prize for Physics in 1986. In STM, a solid specimen in
air or vacuum is scanned by a sharp tip located within a few A of the surface. A
quantum-mechanical tunnelling current flows between those atoms on the surface
and those on the tip. The magnitude of the tunnelling current strongly depends on the
separation between the specimen surface and the tip. When the tip scans across the
sample surface, the surface morphology will be recorded by the variation of the
tunnelling current. On the other hand, the spécimen surface can also be mapped by
measuring the tiny feedback adjustment of the separation between the tip and the
surface so that the tunnelling current is able to remain constant. The resolution of
STM is typically 0.01A vertically and 1A laterally. Because STM measures the
tunnelling current, the samples can be either conductors or semiconductors. For
insulators, a conductive coating is required as for SEM, TEM, etc. In addition, the
results of STM are eXtremely sensitive to surface oxidation, which often changes the
surface conductivity. In AFM, instead of the tunnelling current, it is the atomic force
between the tip and the surface which is kept constant, and the movement of the tip
maps the surface. The resolution of AFM is typically about 0.1A vertically and a few
A laterally. AFM can be applied to all kinds of materials including liquids. It does
not require the sample surface to be electrically conductive, nor vacuum conditions.
Both STM and AFM are superior for surface morphology mapping, however, depth
profiling is not possible in either case. At an early stage of growth, the skew
dislocations of YBa,Cu3;O, thin films were reported by both STM and

4 7,2
AFMZ ,25,26,27, 8-
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1.2.2 Indirect measurem ents using electrons

Low Energy Electron Diffraction (LEED)

Low energy electron diffraction (LEED) is one of the most popular techniques in
examining the surface or near-surface structure of materials'>?""?°. The first LEED
experiment was performed by Davisson and Germer in 1927 to demonstrate the wave
nature of electrons®®. Low-energy electrons, with energy ranging from 10 to 1000
eV, are made incident on the specimen, at the surface normal direction and diffracted
according to Bragg’s law. A fluorescent screen is typically used to collect the
diffracted electrons. A Faraday cup or some modemn detectors can also be used to
increase the spatial resolution. Because the electrons interact strongly with materials,
their penetration depth is only a few atomic layers. As a 'resﬁlt, LEED is extremely
surface-sensitive. However, some difficulties arise in using the technique. Firstly,
because the samples are bombarded by electrons, only materials with reasonable
conductivity can be investigated. Insulators pose difficulties because of the charge
accumulated on the sample, preventing the incident beam from striking the surface,
and eventually removing the LEED pattern. Secondly, the use of LEED for
quantitative determinations of atomic positions on a surface is complicated by the
multiple scattering of the electron, which is highly sensitive to the scattering
geometry. The sample alignment has to be set precisely prior to LEED measurement.
The multiple scattering effects also require massive calculations for the analysis of
the results. Additionally, a high-sensitivity detector is essential for measuring the
weak reflections. LEED is widely used to determine surface crystallography and
microstructure, such as surface reconstruction. It can also be used to determine
surface cleanliness. However, the depth probed is generally less than 20A, which is

too short for exploring the buried interface in many cases.

Reflection High-Energy Electron Diffraction (RHEED)

In reflection high-energy electron diffraction (RHEED), a beam of high-energy
electrons (typically 5 — 50 keV) is accelerated towards the surface of a conducting or

semiconducting sample crystal. Unlike LEED, the primary electron beam strikes the
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sample surface at a grazing angle (~5 — 10°) and the scatte;ing is also at grazing
angle. This geometry is similar to grazing incidence x-ray diffraction (GIXD) which
will be reviewed later. Because the wavelength of the electrons is shorter than inter-
atomic spacing, the electron beam can be diffracted by the surface atoms according
to Bragg’s law and then a “streak-like” diffraction pattern can be observed. The
RHEED pattern directly reflects the structure of the sample surface such as the
surface symmetry, lattice constant, and degree of perfection. One of the major uses
of RHEED is to monitor crystal structure during film growth in ultrahigh vacuum.
The intensity oscillation as a function of film coverage is an indication of whether
the growth is two-dimensional or three-dimensional. The probing depth is 2 — 100 A
and the lateral resolution can be as good as a few nm. As with other electron-probing
techniques like LEED or SEM, high vacuum systems and c.onducting samples are
essential. RHEED has been used by several groups to determine the growth model of

YBa,;Cu30Oy thin films on various substrates>!~2.

1.2.3 Indirect measurem ents using x-rays

Generally speaking, x-ray scattering is a technique for bulk structural studies due to
its large penetration depth. In thin film applications, it is still able to provide useful
structure information on the films, since the structures o_f the films are often different
from that of the bulk and therefore the scattering from films and substrates can be
separated. Furthermore, because the actual penetration depth or extinction distance
depends on the scattering angle, depth profiles are possible to achieve by analysing
the details of the scattering profiles. Meanwhile, the scattering profiles also contain
information on sample asymmetry which are frequently related to film thickness and
perfection. The other way to achieve surface-sensitive x-ray scattering is by using
grazing incident geometry to limit the active volume to the near-surface area. Many
techniques which employ both elastic and inelastic x-ray scattering were developed

to reveal the surface, interface and thin film structure.
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Grazing-Incidence X-ray Reflectivity (GIXR)

One of the most powerful x-ray techniques to study the surface and interface
morphology is that of grazing incidence x-ray reflectivity (GIXR)® 334 By measuring
the reflectivity profiles near the surface total-reflection critical angle, the electron
density distribution along the surface normal direction can be revealed. Because
GIXR is effectively measuring the diffraction pattern of the zeroth order Bragg
reflection, this is not affected by the crystallographic structure. Instead, the variation
of the electron density near the surface and interface is probed by the GIXR
technique. The resolution obtainable with GIXR of roughness and thickness is
between 0.1 to 1A. However, because of its small scattering angle, and absorption of
the specimen, GIXR is not as sensitive to the deep buried interface as the surface. In
addition studies of the diffuse scattering away from the specular reflectivity streak
provide information on the lateral correlation of the roughness, for both the surface
and buried interface. Further details of the GIXR technique can be found in Chapter
4.

Reciprocal Space Mapping (RSM)

Within the kinematical approximation, the diffraction pattern is simply the Fourier
transform of the electron density distribution of the crystalline sample. By driving a
“probe” of the x-ray diffraction within reciprocal space, a diffraction intensity
distribution map can be made. The maps are known as reciprocal space maps
(RSM)35'36. By using high-resolution x-ray diffraction, two-dimensional (or three-
dimensional) - diffraction patterns can be collected to reveal the “true” lattice

structure. Further details of RSM techniques can be found in Chapters 3 and 5.
Crystal-Truncation-Rods (CTR)

For crystalline materials, because of the existence of crystal “terminations”, the
surface and interface, the symmetry along the surface normal direction is broken and,
consequently, the diffraction intensity profiles behave like a “rod” perpendicular to

the specimen surface in reciprocal space3?’38. This phenomenon is known as the
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crystal-truncation-rod (CTR). The principle§ of the CTR can‘ be understood within
kinematical theory, where the Fourier transform of a semi-infinite crystal shows
delta-functions in surface parallel directions and q"? decay tails at surface
perpendicular directions. When there is roughness on the surface or interface, Debye-
Waller-like factors associated with the root-mean-square roughness will appear in the
reflectivity and the CTR falls off more rapidly. On the other hand, when the
thickness of the crystal is finite, interference fringes will appear in the CTR profiles,
known as Laue finite size fringes or crystal-truncation-rod interference fringes. The
thickness of the film can be calculated directly by the frequency of these fringes.
Combining CTR measurements with conventional x-ray measurements such as 626
scans and rocking curves, the thin film structure including the surface and interface

roughness can be revealed. More details about CTR can be found in Chapter 6.
Grazing Incidence X-ray Diffraction (GIXD)

In order to explore the surface or near surface crystallographic structure, the
scattering from bulk has to be minimised. To achieve this reduction, grazing
incidence x-ray diffraction (GIXD) is employed®>*°. The GIXD technique studies the
surface Bragg reflections by limiting the incident or scattering grazing angles below,
or close to, the surface total reflection critical angles. As a result, the penetration
depth is minimised and the bulk is “unobserved” by x-rays. Therefore, GIXD is
rendered surface sensitive. The depth probed by GIXD is normally less than 100A.
Depth profiles of GIXD are possible by varying the grazing angle. Since the
scattering vectors of the GIXD are in the plane of the surface and the interatomic
separations of the surface layer are measured. GIXD is widely employed in exploring

. 41
the surface reconstruction phenomena.

X-ray Fluorescence (XRF)

When a specimen is irradiated by an x-ray beam, fluorescent x-rays are
emitted®>*?*. The spectrum of the fluorescent x-rays can be analysed by a
spectrometer or an energy dispersive detector''. By identifying the wavelength of the

fluoresce peaks, the chemical composition of the film can be determined. The peak
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intensities of the fluorescent spectrum provide the quantitati;/e information on the
specific composition. Although XRF is mainly a surface-insensitive technique, it is
still successfully used in determining the composition of single-layer or multilayer
films. The thicknesses of the layers are possible to obtain from XRF measurement by
considering the absorption of the x-ray as well as the active volume of a specific
composition. The total-reflection x-ray fluorescence (TXRF) is a variation of XRF,
by limiting the incident and scattered x-rays below the surface total reflection critical
angle. In this geometry, almost all the fluorescence comes from the near-surface
region (about 1 — 5 nm) rather than ~ 10pm in normal XRF. Because XRF is not
related to the crystal structure, it is not possible to obtain crystallographic
parameters. Furthermore, the analyses of the XRF spectrum will be complex if the
compositions of two or more layers are the same. In conclusion, the structural
information obtainable on thin film specimens revealed from XRF measurements is

limited.

X-ray Standing Waves (XSW)

According to the dynamical scattering theory, when x-ray diffraction occurs,
interference wave fields are established in the crystal as standing waves***>*€. The
movement of the interference wave fields is a function of the reflection angle. By
measuring the inelastic scattering from a crystal excited by the interference wave, the
real-space position relationship between the standing waves and the atoms can be
revealed. Because XSW consists of information from both elastic and inelastic
scattering, both the atomic positional parameters and the composition of the samples
can be determined. Since the availability of synchrotron x-ray and ultra-high-vacuum
for high-quality film growth, XSW has become one of the best surface analysis
techniques. Because of the large penetration depth of x-rays, it is also possible to
obtain information on buried interfaces. The best resolution of XSW is about 102A.
However, the technique finds only limited applications. Firstly, because | the
dynamical effects are important only for highly perfect single crystals and strong
Bragg reflections, XSW is not a generally applicable technique. Secondly, because

XSW occurs near Bragg reflections, periodicities larger than the unit cell can not be
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observed. The details of atomic structures at the YBa,;Cu3;Oy thin film interface were

reported by employing the XSW technique®’.

1.3 Outline of the th_esis

The aim of this thesis is to demonstrate the ability of high-resolution x-ray scattering
for examining surface, interface, and thin film structures. In particular important new
information has been found for the surface and interface structure of some

semiconducting and superconducting materials.

In Chapter 2, the elementary theories of x-ray scattering are briefly reviewed. It starts
from kinematical scattering theory, which assumes that the interaction between x-ray
photons and samples is weak. Therefore, multiple scattering and dispersion are
neglected. The kinematical approximation is justified in most cases, except the

scattering from large, perfect single crystals. In these exceptions, x-rays strongly |
interact with samples when the Bragg conditions are satisfied. The scattering can
only be explained by the use of dynamical theories which will also be reviewed in

Chapter 2.

Chapter 3 covers the various aspects of the experimental techniques which are
essential in performing x-ray scattering experiments. The principles of x-ray
generators, both conventional x-ray and synchrotron radiation sources, are presented.
The structure of diffractometers, which were used to perform the experiments, is also
discussed in detail. The effects of resolution from optical elements of the
diffractometer, such as monochromator, analyser or x-ray source dispersion, will be
presented qualitatively. Finally, various operations of the diffractometer recognised
as different scan modes will be demonstrated. The information revealed by the scans

will also be explained.

The surface and buried interface morphology of SixGei single quantum-well thin
films grown with and without antimony as surfactant were studied, and is presented
in Chapter 4. Grazing incidence x-ray reflectivities were used to explore the surface

and interface roughness structures. It was found that the existence of a surfactant
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improves both the surface and interface quality. These improvements include the
smaller root-mean-square roughness and the longer roughness correlation length.
Furthermore, the surfactants also enhance the vertical correlation between interfaces.

As a result, the roughness of the substrate surface is replicated to interfaces between

layers.

Chapter 5 presents studies of YBa,Cu;O; high temperature oxide thin film
superconductors grown on LaAlO; or SrTiOs substrates. Samples from various
sources using different deposition techniques were examined using high-resolution x-
ray scattering. Traditional scans such as rocking curves and 826 scans were used to
quantify the quality of the samples. With the help of two-dimensional reciprocal
space mapping, the microscopic crystal structures of the YBa;Cu30; thin film

samples were determined.

The YBa,Cu3O; thin film grown on the SrTiOj; substrate by laser ablation was found
to have much more complex structure and more detailed studies are presented in
Chapter 6. It was found that the YBa;Cu3O5 thin film starts from a thin layer of
mosaic epitaxial film on the substrate surface which is slightly mis-cut. Then, an
ultra-high-quality single crystal film forms along surface normal direction with
horizontal coherence length exceeding tens pm and coherent over whole thickness.
Some small mosaic grains with size of ~100A are randomly distributed within the
ultra-high-quality film. Due to the disorder at the interface, the Bragg reflections of
the single crystal YBa,Cu30; film can only be observed in particular cases. The
existence of the ultra-high-quality film has never been reported in numerous studies

in the literature.
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Chapter 2

Elementary Theory of X-ray Scattering

2.1 Introduction

Since 1912 when x-ray diffraction was first observed by Laue, Friedrich, Knipping,
and Bragg, x-ray scattering has become one of the most powerful and popular
techniques to explore the microstructure of materials. One of the most important
reasons for this is that x-ray scattering is generally non-destructive. The importance
of x-ray scattering is of benefit not only in pure science research but also in many

industrial applications.

In this chapter, the fundamental principles of x-ray scattering, both kinematical and
dynamical, will be reviewed briefly. The review starts with the kinematical theory
which has been successfully applied in describing the scattering by small, imperfect
crystals. In this case, the interaction between the x-rays and the crystal is weak.
Therefore the single scattering assumption is used and dispersion can be neglected.
This review chapter will first discuss the scattering from a single atom and the
extension to the calculation of the diffraction pattern. The concept of reciprocal (or
wavevector) space and the relationship between x-ray diffraction and Fourier

transforms will be also developed.

Furthermore, the development of the dynamical theory for the scattering from highly
perfect crystals will also be explained. It mainly follows the Ewald-von Laue

treatment. The interaction between the x-rays and the samples is the major difference
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between kinematical theory and dynamical theory. This revie\‘v will first discuss the
allowed wave vector of the crystal and the dispersion surface. To link the x-rays
propagating inside the crystal and the x-rays observed outside the crystal, boundary
conditions have to be considered. Two different approximations will be illustrated to
show how dynamical diffraction theory works. These are, the one-wave
approximation, for the case where no diffraction is excited and secondly, the two-
wave approximation, for the case that only one diffracted wave is excited and
interferes with the incident wave inside the crystal. Finally, the differences between

kinematical theory and dynamical theory will be summarised.

Further details about the both kinematical and dynamical theories can be found in

12,34
many references 343,

2.2 Kinematical theory

2.2.1 Scattering of x-rays by an atom and the atomic form
factor

In kinematical theory, the central assumption is that of single scattering, which
means that every x-ray photon only interacts with the sample crystal once. The
coherent scattering from different scattering centres gives rise to interference causing
the observed diffraction. We start our derivation with the scattering from a single

atom.

Consider a plane x-ray wave with wave vector l_c: (IE'EZ%, where A is the

wavelength) incident upon an atom located at 7
E=E@*%D 2.1)

If the electron density of the atom is p(F), then the electric field amplitude of the

scattered x-ray at a distance R from the atom is

el 1
2

E@G,7)=FBy—— [e7 7 p(7)dF 2.2)

mc¢
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2

where the factor is known as the classical electron radius, which has the value

m6'2

of 2.817x10™" m. The momentum transfer vector, ¢, is defined as § = Ef -k,

whilst the atomic form factor, f(q), is defined as the Fourier transform of the

electron density of a single atom

f@= [p(F)e""dr 2.3)

atom

Figure 2.1 shows the vector relationship between the incident wave, the scattered

wave, and the momentum transfer vector involved in x-ray scattering.

IREST

Figure 2.1 The vector relationship between the incident wave (/;,- ), the scattered

wave (E ;) and the resulting momentum transfer vector (g) involved in x-ray

scattering where g = IE, —k,
By substituting Equation (2.3) into Equation (2.2) we can obtain
.. e 1 77
E(G,F)=E,—5—f(qe (2.4)
mc® R
By neglecting the constant factors, we can define the scattering amplitude, A(qg) as

A@@) = f(g)e"” : (2.5)
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The above calculation of the atomic form factors is based up;)n the assumption that
the wavelength of the x-ray used is much shorter than the absorption edge
wavelength of the atom. Under this assumption, the electrons of an atom are treated
as classical free electrons. However, the scattering power of a bound electron is
different from the scattering power of the free electron. Furthermore, the scattering
usually involves a phase shift. In practice, the atomic form factors should be of a

complex form and thus
f=f2+Af +inf" (2.6)

where Af’ and Af" are the real and imaginary parts of the dispersion correction.

However, when the wavelength of the x-ray is much shorter than the absorption

edges, Af’ and Af" are very small and hence negligible. The approximate values of

7%, Af’ and Af" for different elements can be found tabulated in the International

Tables for X-ray CrystallographyG.

2.2.2 Scattering of x-rays by a unit cell and the structure
factor

X-rays scattered from different atoms within a crystal interfere with each other and
thus diffraction occurs. For a crystal, which has a periodic structure, the first step in
calculating the diffraction pattern is to consider the diffraction from a single unit cell,

the building block of the crystal structure.

Under the single scattering assumption, the scattering amplitude of a crystal can be
obtained by summing up the scattering amplitudes of all the atoms embedded in it.

Because of the periodicity, Equation (2.5) can be written as

A@ =) (e
=Y 3 @ 27)

=Y F@e™
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Here, f,(q) is the atomic form factor of the j-th atom in a unit cell. R, is the
position vector of the unit cell containing the atom and 7, is the position vector of the

atom from the origin of the unit cell. The scattering amplitude of a unit cell, F(g), is

known as the structure factor and is defined as
F@) =) f(q)e"" 2.8)
j
Thus,

A@) = F(@)e™™

o (2.9)
=F(g)) ™™

The second term, Zei‘ﬁ” , depends only upon the “distribution” of the unit cells in

the crystal or the shape of the crystal, which will be discussed in the next section.

2.2.3 3D diffraction pattern of a crystal and reciprocal
space

Consider the case of a crystal with the shape of a parallelepiped with edges N;aj,

N,a, and Nias where aj, as, az are the lattice parameters. From Equation (2.7), the

scattering amplitude of this crystal can be written as

A@) =Y F(§)e™™
’ Ny=1N,-1N;-1 (2.10)

= F(q)z Z Z e"‘i'(”lal*'"zaz*":a;)

ny =0 ny=0 ny=0

A function Sy(x) can be defined as

N-1
SN (x) = Zexxn
n=0

ixN
ix

(2.11) |
l-e

1-e
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The squared modulus of Sy is

sinz(N%)

Sy =——24~ (2.12
e 0F = 34) )
Equation (2.10) thep becomes

A= F(@)Sy,(G-3)Sy,(d-@,)Sy,(q &) (2.13)

The diffraction intensity is proportional to the square modulus of the scattering

amplitude and thus

~\2 N = =\ i.a )
1=1JF@ ISy, @-@)[Sw,@-@) [, @ &)

s 2 N1 -._.1 . 2 Nz _.._.2 . 2 N3 _.'—’3
B (M2) g

=I|F| s — —
sin® _q~a1) sinz(———q'azj sin?| L%
2 2 2
where
> ) 1 (1+cos?20
I =1|—| =|—— 2.15
e . O(mcz] Rz( 2 J ( )

When N approaches infinity, the diffraction intensity is negligible everywhere except

when §-a is equal to zero or 27 times any integer.

g-a, =2mh
G-a, =2k (2.16)
G-a, =2nl

Here h, k and [ are called the Miller indices. Equation (2.16) is known as the Laue

condition, which is equivalent to the Bragg equation
2d'sin@ = n\ | 2.17) -

Let
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G = hb, + kb, + b, , (2.18)

where

b ooon_f2%%

1 = — — —~
a, -a, xa,

— a, xa

b, =2n——— (2.19)
a,-a, Xa,

bo=opf1X%

3 —- - —
a,-a, xXa,

From Equation (2.18), it is clear that § is the linear combination of vectors b, b,
and 53. Mathematically, we can define a vector space’, g-space, by using b, b, and

53 as the bases of the space. In other words, 51, 52 and 53 span the g-space. The

integer h, k and ! define a lattice system called the reciprocal lattice in g-space,
which represents the solutions for the Laue condition or the three-dimensional Bragg

equations. This g-space is commonly referred to as reciprocal space.

Figure 2.2 shows the Ewald construction of x-ray scattering in reciprocal space. S%

is the wave vector of an incident x-ray which points to the origin of reciprocal space,
O. A sphere of radius % centred at the initial end of x C, can be drawn.

Whenever the surface of the sphere passes through any lattice point, the Laue

conditions are fulfilled and scattering will be observed from that position. The wave

vector of the diffracted beam, %L’ is also predicted. This sphere is known as the

sphere of reflection or Ewald sphere. The Ewald sphere is the graphical
representation of the Laue conditions in reciprocal space, which is directly related to
the geometry of the scattering. On the other hand, the reciprocal lattice represents the
crystal structure in reciprocal space. Whenever they crossover at a point, a solution

for both conditions is found and scattering is observed.
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N7
T
VU TR

Figure 2.2 The Ewald construction of x-ray scattering in reciprocal space.

From Equation (2.14) it is clear that the diffraction intensity has a non-zero value at
non-integer A, k and /, when Ny, N; and N; are less than infinite. In other words, the
diffraction intensity is no longer only defined on the reciprocal lattice but also all
over reciprocal space. The intensity distribution around a certain reciprocal lattice

point is dependent upon N, which is related to the size and the shape of the crystal.

Consider the squared modulus of Sy in the case in which N approaches infinity
S P o
~ =\2
|SN(Q'aX = = = B S
sin? 22 sin?| -2
. 5 2 (2.20)

~ N? exp[—

Here, g’ is the vector difference from the nearest reciprocal lattice point,

c}’=c7—(hl3l +k52+153) 2.21)



2. Elementary Theory of X-ray Scattering 24

When ¢’ is sufficiently small, the modulus of the square of the sine function can be
approximated to a Gaussian function with the same maximum position and the same
integral area. With such an approximation, it can be shown that the width of the

diffracted intensity distribution is

B,, = A A (2.22)
“  Nacos® Lcos6
A more exact treatment gives
0.94%
B, = 2.23
* Lcos® (2:23)

where By is the full width of the reflection in radians and L (= Na) is the average
crystal grain size. Equation (2.23) is known as the Scherrer formula®. The constant in
the equation is strongly depend on the distribution of the grain size and shape and,
generally, varies from 0.89 to 0.94. The Scherrer formula allows the calculation of
the dimensions of the crystallographically coherent grains from the width of a Bragg

reflection. Thus, it is often used as a measurement of crystal quality.

Since the Bragg reflections have finite width, it is clear that the maximum intensity

from (2.14) is

L. = L|F|' NN, N, (2.24)

By rotating a crystal at a constant speed while measuring the reflected intensity, the

total energy of the reflection can be measured.

243 2 \? 2
E___&N A |F|2 e : 1+c.os 26 (2.25)
@0 2u mc 2sin 260

where, @ is the angular speed of the crystal, F, = I 4, is the power of the primary
beam, N = N,N,N, is the number of the unit cells in the crystal and y is the linear

absorption coefficient.
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2.2.4 Diffraction and th e Fourier transform‘

The complete structure of crystalline materials can be described by the electron
density distribution function in space, p(F ) Therefore, the scattering amplitude

according to Equation (2.3) can be generalised to
A@G) = [p(F)e™ dr (2.26)

Here, p(F ) is the electron density distribution of the whole crystal and the integral is
taken over all space. It is clearly that the calculation of the scattering amplitude is
exactly the Fourier transform of the electron density distribution. The result follows

that the inverse Fourier transform is applicable.
pF)= [A@e " dg (2.27)

As can be seen, by simply applying the inverse Fourier transform on the scattering
amplitude, the electron density distribution function or the structure of the crystal can
be solved. However, the scattering amplitude is a complex function and cannot be
measured in an experiment directly. Instead, the intensity distribution, the square
modulus of the scattering amplitude, is a measurable physical quantity. Because the
scattering intensity does not contain the phase information, it is impossible to solve

the crystal structure directly. This is known as the crystallographic phase problemg.

If p,(7) is the electron density distribution within the unit cell located at the origin,

the electron density distribution of the unit cell at R will be p, (F +R). Now let us

consider the scattering amplitude of a crystal. The electron density distribution of the

whole crystal is

p(f)=Zp,,(F+1?)
R
Ny =INy -1 N5 -1
= Z Z Zpu(i’+n,51 +n,a, +n353)

n,=0n,=0 ny=0

(2.28)

The scattering amplitude is the Fourier transform of the electron density distribution
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Aq)= [p(F)y™ dr
N, -IN, -1 N3 -1 B
- IZ 2 2P (F + na, + nyd, + n,a, e’ dr
n;=0n, =0 ny=0
Ny-IN; =1 N3-1 3
- Z Z Z Ipu (F + nla] + n221'2 +n3a3)eiQ”dF
N (2.29)

N -IN, —1 Ny -1

— Ipu (r !q rd—z Z Z iG-(n,@, +ny@, +n3d; )

n =0n,=0n;=0

—IN, -1 N3-1

— F(q)z Z Zelq (@, +n,d, +n3d;)
ny=0n,=0 n;=0
=F(3)G.G,G.
The last result is identical to the result of Equation (2.9)

According to the shift theorem’ of the Fourier transform, G,, G, and G, can be

written as

Nl

G, = 2TmA = J‘Z 5(, _ n]ayq
n —.0 n=0
Nyl N, -1 .

G, =Y e"m% = [ 5(F -nmak™ dF (2.30)
ny=0 n,=0
Ny-1 . N;-1 .

G =™ = [Y 8(F-nak" dr
ny=0 ny=0

It is clear that G,, G and G. are the Fourier transforms of the crystal lattice and only

relate to the size and the shape of the crystal.

In most cases, the effective scattering volume of the crystal in x and y directions is
limited by the coherence length of the x-ray soufce, the size over which the x-ray
radiation field is coherent. This coherence length varies with the x-ray source and is
often on the order of microns. The number of unit cells in the x and y directions, N,
and N; respectively, are very large. Therefore, G, and G is the reciprocal lattice with
§-functions at every lattice point along the x and y directions. The peak width of the

reflections along the x and y directions are virtually dominated by the instrument
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resolution function'®. However, it is generally not the case in the z direction. The

existence of the surface termination of the sample breaks the symmetry.

N1
. iG-nydy
G = Ze
ny=0
1—M% 1 1

iG-a, viep —
l-e iq'-a,

(2.31)

Here, we assume that N; is very large and the scattering concerned is very close to a

reciprocal lattice point. Therefore,

re L (2.32)

(@)

The scattering profile in the z direction is not a d-function. Instead, (g "? tails can be

I e

GC

found on either side of the reflection. It is clear that the diffraction shows a rod-shape

in three-dimensional reciprocal space. This phenomenon is known as the crystal

. 11,1
truncation rod' ">,
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Figure 2.3 The crystal truncation rods in reciprocal space.

0
¢
I

For a thin crystal, N; is finite and finite size oscillations will occur.

{22

2

(2.33)

The oscillation frequency is directly related to the thickness of the crystal. Further
discussion of this will be delayed until Chapter 6.

2.3 Dynamical theory

2.3.1 An introduction to the dynamical scattering theories

The derivation of the scattering theory, so far, has been based upon the assumption
that the interaction between the x-rays and the crystal is sufficiently weak. In this
case, the primary x-ray beam passes through the crystal with the velocity of light in
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free space, ¢, without any .loss of intensity, and is scattered b)" the scattering centres
just once. The scattering theory based on this kinematical approximation is justified
as long as we are considering small crystals and weak reflections. However, for large
and highly perfect crystals, kinematical theory is not able to explain the scattering
intensity profiles. Because the summation is over all scattered radiation from
individual scattering centres, the scattering amplitude diverges to infinity at strong
Bragg reflections for large perfect crystals. This is unphysical. The high reflectivity
also leads to considerable multiple reflections which satisfy the Laue condition
simultaneously. This is at variance with one of the assumptions of the kinematical
theory. Furthermore, considering the scattering mechanism, there will be dispersion
phenomena because the scattered x-rays have phase differences compared to the
primary beam and they will interfere with each other within the material. All the

above reasons require a more rigorous theory, dynamical theory.

The dynamical theory was first introduced by Darwin in 1914'*. Meanwhile, a
completely different but more general approach was presented independently by
Ewald in 1916-1917" and reformulated by von Laue in 1931'®. In this section, a

brief review of the Ewald-von Laue treatment will be performed.

The basic idea of the dynamical theory is that the interaction between the x-ray and
the material is no longer negligible. Therefore, it is important first to find out the
possible electromagnetic waves (x-rays) which are allowed propagation throughout
the crystal. According to von Laue’s theory, the lattice point of the crystal is
considered to be occupied by an electric dipole which can be excited and set into
oscillation by the radiation field of any electromagnetic wave passing through the
crystal. As the electric dipole oscillates, another photon will be emitted. The original
radiation and the scattered radiation will interact with each other and a new radiation
field is formed. Because of the periodicity, only some of the new radiation fields can
reach the resonance and propagate within the crystal. These are the allowed waves
within the crystal. In other words, the whole system must be dynamically self-
contained. The possible solutions of x-rays propagating inside the crystal form a

continuous surface in reciprocal space. This is called the dispersion surface. After
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determining the dispersion surface, the x-rays travelling inside and outside the crystal
can be identified by matching the surface boundary conditions and the dispersion

surface.

2.3.2 Allowed wave vectors within the crystal

One of the most important concepts in dynamical theory is the dispersion effect.
Because the scattering process occurs inside crystal, the interaction between x-rays
and the crystal plays an important role in the process. The x-rays with different
frequencies will have different speeds when they pass through the crystal and,
therefore, dispersion occurs. The first step in understanding dynamical theory is to

find out the allowed wave vectors with the same frequencies within the crystal.

The dielectric constant of a crystal can be written as

e
n=l-——p (2.34)

where e is the electric charge, m is the electron mass, v is the frequency of the x-ray

and p is the electron density distribution of the crystal. The second term in Equation

(2.33), ( ¢ 5 pj is of the order of 10°%. So m is just slightly less than unity.
my

Let E and D be the vectors representing the electric field and the electric

displacement, so
D=nE - (2.35)

The dielectric polarisation, P,is
47zP =(1-n)E = (1 - l)15 =¢D (2.36)
n

where ¢ is the polarisability of the medium.
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=P (2.37)
n myv

For cry‘stalline materials, because of the inherent periodicity, the polarisability, 4, can

be expanded as a Fourier series over the reciprocal lattice
¢ =0, expl-2m(R, -7) 239)
q
where the Fourier coefficients are

4, = [pexelen(R, -7 )7 (2:39)
Therefore,

e’ F(ﬁq)_ X F(R.q)

mv: vV __mczﬂ V (2.40)

g, =-

-

where F (Rq) is the structure factor for the reciprocal vector Rq .
When x-rays propagate through the crystal, Maxwell’s equations must be followed

| vzb—zlz—a;? =—Vx[V?<(¢D)] 2.41)

When a plane wave of x-rays with wave vector, I_{'O, passes through a crystal

according to Ewald’s theory'®, a large number of diffracted waves will be excited.

The scattered waves interfere with each other and form a wave-field inside the

crystal. The diffracted waves are associated with the reciprocal lattice
D=3 B, explmivi—2m(K, + R, )7}

=2, D, eXp{2m'vt —2mK,, - ;} (2.42)

where R is the reciprocal lattice vector and the summation is over all reciprocal

n

lattice. K, is the diffracted wave associated to R, and
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R-K+E | | (2.43)
By substituting Equation (2.38) into Equation (2.42)
B¢=3"> 4D, expleml - (K, + R, ) 7]
- ii@-zﬁn explmt-K,,, -7}
4

= Z Z ¢m_nDn exp{27ri[vt - Izm . F]} (249
= z (¢D)m exp{27z1'[vt -K,- F]}
where a new index number m=n+q is taken and
(¢D), =>4,..D, (2.45)

Let us substitute Equation (2.42) and Equation (2.44) into Equation (2.41)

V2 = 2 =
K,-—|D,=K D,
( m Czj m m ;¢m—n n[m] (246)

= (Km - koz )'[jm

where ﬁn[m] is the component of D, perpendicular to X,, and
(2.47)

Equation (2.46) shoWs the coupling between the incident and the scattering waves in
the crystal. There are infinite sets of non-trivial solutions to Equation (2.46). Each set
of solutions is known as a tie point. A tie point matches a set of allowed wave
vectors in the crystal. The loci of all tie points form a surface in reciprocal space,

which is known as the dispersion surface.
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2.3.3 Dispersion surface

The locus of the non-trivial solutions of Equation (2.46) forms the dispersion surface
in reciprocal space. The dispersion surface is a “constant energy” surface which is
similar to the “Fermi surface” in electron band theory of solids'’. In this section, the
dispersion surface for the one-wave approximation and the two-wave approximation

will be demonstrated.

2.3.3.1 One-wave approximation

When there is only one wave propagating in the crystal, Equation (2.45) becomes

2 2
Ky Kk D, = ¢,D, = 2¢,D, (2.48)

where
K,=k(+s,) (2.49)

A non-trivial solution of equation (2.43) is the dispersion condition

e’ 1 F(0)
—_— 2.50
met 2 V } ( )

K, = nk, =(1+-;-¢0)k0 =k0{1—

where # is the refraction index of the crystal.

Equation (2.50) shows the magnitude of the allowed wave vectors in the crystal
under the one-wave approximation. However, there is no limitation on the
propagating direction of the wave. Therefore, the dispersion surface is a spherical

surface with a radius Kj (as shown in Figure 2.4).
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~~

(2

(b)
Figure 2.4 (a) The dispersion surface in the one-wave approximation case and the
wave fields determined by the dispersion surface and the boundary condition. The

dash arrow represents the reflecting wave from bottom interface of the thin film
sample with finite thickness. (b) The waves in real space.

2.3.3.2 Two-wave approximation

When two waves, incident and diffracted waves, propagate in a crystal
simultaneously, they will interfere with each other. In this case, the two-wave

approximation is applied and equation (2.46) becomes

34
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{250Eo = ¢oDO[oj + ¢;’;’Dh[0] 2.51)

25;:[);. = ¢hDO[h] + ¢ODh[h]

{(¢o - 2~‘50)Do + ¢;CD;= =0 (2.52)

¢hCDO + (¢o -2¢, )Dh =0

Here, C is the polarisation factor: C =1 for o polarisation (D perpendicular to

scattering plane) and C = cos(26) for 7 polarisation ( D parallel to scattering plane).

For the non-trivial solution of equation (2.52)

(4 — 26, Xt - 26,) = C*y; = C*l[ | (2.53)

Equation (2.53) gives a dispersion surface which is shown in Figure 2.5. The
dispersion surface in this case consists of two spheres of radius nky centred at O (the
initial end of the incident wave vector) and H (the initial end of the diffracted wave
vector). However, non-linear behaviour around the crossovers occurs and small gaps

result. This phenomenon is similar to the band gap in electron band theories of solid..

Figure 2.5 The dispersion surface of the two-wave approximation case
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2.3.4 Boundary conditions

The dispersion surface shows all possible allowed waves in a crystal with the same
frequency or energy. When an x-ray is incident in a crystal, the incident wave vector
and the boundary condition determine which allowed wave vectors will be excited.
So far, we have assumed that the crystal is infinite and there ‘is no boundary.
However, this never exists in the real world. The x-ray is always incident outside the
crystal, injects energy into the crystal, and establishes the wave field inside the

crystal. The boundary condition determines the wave fields that survive in the

crystal. Because of the phase continuity at the surface, when a wave I_c.o outside the

crystal gives rise to a wave KO inside it, the phase velocities of the two related
waves parallel to the surface must be the same. That is to say, the component of the
two wave vectors k, and K, parallel to the surface must be equal. This is true for all

pairs of directly related waves inside and outside the crystal.

2.3.4.1 One-wave approximation

When no diffraction occurs inside the crystal, there is only the transmission wave

field established. Figure 2.4 shows that the construction of the wave fields in a semi-

infinite crystal under the one-wave approximation. Eo is the incident x-ray from

outside the crystal and 120 is the excited wave inside the crystal. By matching the

boundary condition, the relationship between the incident wave vector and refracted

wave vector is
k,cos@ = K,cosé' (2.54)

This result is an analogue of Snell’s law in optics.

2.3.4.2 Two-wave approximation
In most cases, all the diffracted waves are too far away from reciprocal lattice points
except one. So, there is only one diffracted wave excited. The transmitted and only

the diffracted waves propagate inside the crystal and the two-wave approximation is
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required. This is a much more important and realistic case. An incident wave £k,
from outside the crystal excites a transmitted wave 120 inside the crystal, and then

scattered to a diffracted wave K, . There are two different cases of the diffraction

geometry: the Laue case and the Bragg case (Figure 2.6). In the Laue case, the
diffracted beam is directed towards the crystal (transmission diffraction). However,
in the Bragg case, the diffracted beam is directed towards the crystal surface and
eventually escapes from the crystal (reflection diffraction). Throughout this thesis, all
the x-ray scattering experiments were taken in the Bragg case geometry. It will be

further discussed hereafter.

Figure 2.7 shows the construction of the diffraction of two-wave approximation

graphically. In the figure, O is the origin of the reciprocal space and H is the lattice

. . . . v
where the diffraction occurred. Two spheres with a radius of k=— are drawn
c

centred at O and H respectively and intersected at L, the Laue point, which is the
centre of Ewald sphere in kinematical theory. The sphere centre at O is known as the
incident circle (II in Figure 2.7(b)), which is the locus of the starting point of the
incident wave vector. The dispersion surface in this case is described by another two
spheres with smaller radius, K = nk, centred at O and H, where 7 is the refractive
index. Around the intersection L, the Lorentzian point, the dispersion surfaces show

non-linear behaviour and become two hyperbolas which centred at L,. We must note

that the radii of these hyperbolas are only the order of 10%%. In Figure 2.7, k (L,0)

is the incident wave vector which completely satisfies the Laue condition regardless

of dispersion. Let us consider another incident wave, I?O , with a small angular offset,

AO, form k and with a starting point at P on the incident circle, /1. Draw a line

which passes through P and is parallel to the surface normal direction n. This line

will intersect with the dispersion surface (DD) at a tie point 4. AO (I_fo) and AH

(IZ,,) are the transmission and diffraction wave inside the crystal. Because 4 is the
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intersection of the dispersion surface and the surface normal, IZO and I?h are the

solutions of the dispersion equations and satisfy the boundary conditions.

kn ky

(a)
A k;
h

% Q
K,
" - 3 /’_/j}_,
/ . o —”’__,—— ) /
4 % r\
4
(b)

Figure 2.6 (a) Laue case (transmission). (b) Bragg case (reflection)
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I
I
o E

(b)
Figure 2.7 The construction of the wave fields in two-wave approximation (Bragg
case) (a) in reciprocal space (b) the enlarged view around the Laue point (c) in real
space. The blue lines represent the incident and diffracting spheres, red lines
represent the dispersion surface and the green lines represent the surface and surface
normal.
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By changing A8, P moves on the incident circle. The tie poir}t, which stays on the
same surface normal with P, also moves on the dispersion surface. However, when P

is located between 7, and 7,, there is no intersection between the surface normal and

the dispersion surface. In other words, there is no real solution of the dispersion
equation which fulfils the boundary condition. Therefore, no wave can propagate
inside the crystal Which is excited by the incident wave. However, because the
energy must be conserved, it is clear that all the energy has been completely
reflected. This is thus a total reflection region. Therefore, dynamical theory predicts a
total reflection region on the rocking curve of a highly perfect crystal. The detailed

calculation gives intensity profiles similar to Figure 2.8 with a flat total reflection

platform and (A 6)? tails.

The integrated intensity can also be calculated by dynamical theory,

2 2 \? 2
Ezfo_Sle IF][ e j(l+cos 29] (2.55)

mc? 2sin28

N

Compared with Equation (2.25), it is clear that the integrated intensity is proportional

to |F | in dynamical theory but to IF [2 in kinematical theory.
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Figure 2.8 The theoretical rocking curve with and without absorption. (a) without
absorption. (b) with absorption.
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The above derivation assumes that there is no x-ray absorption in the crystal.
However, there is always some x-ray absorption. To retain the mathematics, it is

convenient to generalise the structure factors as complex.

2.4 Summary

In most real cases, the scattering cross-section of the x-ray is sufficient small so that
the kinematical approximation is valid. However, for highly perfect crystals, such as
a silicon single crystal, the reflectivity is so high that the kinematical approximation
is no longer correct. When a strong reflection occurs, the interaction between the x-
rays and the crystal become strong. The primary and diffracted beams interfere with
each other inside the crystal and dispersion occurs. The most important thing in this
process is the energy conservation which is completely neglected in the kinematical
theory. However, when the dispersion correction is very small (~10'6), the
kinematical and dynamical results are close enough .in many cases. Unlike
kinematical theory, dynamical theory is no longer based on the Fourier
transformation of the electron density. Therefore, it is possible to reveal the phase

information of the scattering.

In the early days of x-ray scattering, the dynamical theory was applied to explain the
abnormal reflection intensity and the extinction phenomena of high quality crystals
such as those of NaCl crystal. Because it was difficult to access high brilliance x-ray
source and high quality single crystals, there were very few applications which
needed dynamical theory. However, because of the availability of high brilliance x-
ray source, such as rotating anode x-ray generators or synchrotron radiation sources,
dynamical theory is not only active in basic science research but also in industrial
applications. High-resolution x-ray diffraction, x-ray topography, interferometry are
some of the new applications and can only be explained adequately by dynamical

theory.

In this chapter, the theoretical aspects of x-ray scattering were reviewed. The

instrumentation required will be presented in next chapter.
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Chapter 3

Experimental Techniques of X-ray
Scattering

3.1 Introduction

In the previous Chapter, the kinematical and dynamical theories of x-ray scattering
were succinctly reviewed. X-ray scattering is undoubtedly a powerful technique in
exploring the structure of materials. The aim of this chapter is to demonstrate how to
implement the theories in experiments. The general nature of the x-ray sources and
the diffractometers will be discussed in the next two sections. The principles of data
collection by diffractometers will be presented next. Then, various scan procedures
will be illustrated and discussed. Finally, two different diffractometers where the
experiments in this thesis were performed will be presented: the in-house CPEX
diffractometer, University of Durham, and Station 2.3, at the Synchrotron Radiation

Source, Daresbury Laboratory.

3.2 Production of x-rays

One factor in an x-ray diffraction experiment is the intensity of the x-ray source
employed. Conventional x-ray sources and newly-developed synchrotron radiation
sources are briefly reviewed in this section. Further details about x-ray sources can

. 4
be found in the references'>>*>.
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3.2.1 Conventional x-ray sources

Conventional x-ray generators produce x-rays through the interaction between
electrons and materials. There are two types of generators widely employed by this
method: a sealed x-ray tube and a rotating anode x-ray source. Figure 3.1 shows the
structure of a traditional x-ray tube which was invented by Coolidge in 1913. A
schematic drawing of the production of x-rays in a conventional x-ray tube is
illustrated in Figure 3.2. An x-ray tube consists of a tungsten filament cathode and a
water-cooled metal anode target. A high negative electric potential, about 30000 to
50000 volts, is applied between the filament and the target. The thermal electrons
produced by the heated filament are accelerated towards the metal target. When the
electrons hit the target, they transfer their energy and momentum to the target and
decelerate. The energy lost due to the deceleration is partially transferred into x-rays
forming a continuous spectrum. This radiation is called bremsstrahlung radiation, or,
by analogy with the visible spectrum, white radiation. Furthermore, when the high-
energy electrons pass through the target, the electrons of the target atoms in the inner
shell are ionised. Then, electrons in the outer shell will transit into the vacancy in the
inner shell and then other x-rays are emitted. Because the x-rays are generated
directly from the electron transition, their energy is only related to the energy gap of
the transition and their wavelength is discrete. Thus, when the voltage on an x-ray
tube exceeds a certain value, sharp intensity maxima will appear at certain
wavelength superimposed on the bremsstrahlung spectrum. These sharp intensity
maxima are known as the characteristic lines. A full spectrum, including the
bremsstrahlung radiation and the characteristic. lines, from the conventional x-ray

tube with a molybdenum target is shown in Figure 3.3.
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Figure 3.1 A schematic cross section drawing of a traditional X-ray tube'
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Figure 3.2 The accelerated electron beam is fired towards the target and emit x-rays
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Figure 3.3 The spectrum from a conventional x-ray tube with a molybdenum target.
The right panel shows the doublet of the K, rediation. '

Since the efficiency of an x-ray tube is less than 1% in producing x-rays, the
intensity generated from it is very low. One of the solutions to overcome this
problem is the use of rotating anode generator. The anode of this generator is rotated
continuously and a fresh part of the target metal is brought into the focal-spot area by
the rotation. In this way, the input power of the generator can be increased without
excessive heating and degradation of the anode. Figure 3.4 presents two different
designs which have been used successfully. The rotating anode generators can
operate at a power over ten times higher than that of conventional sealed tubes.
Additionally, because the anode is removable, it is easy to change to different targets
and achieve different wavelengths in different experiments. Moreover, because it is
possible to open the system to the atmosphere, it is easy to change the filament, if
necessary, and to clean the anode surface. However, one of the most difficult
problems for this type of generators is the maintenance of the vacuum system.
Because of the rotation of the anode and the ability to expose the system to the

atmosphere to change the anode and for its maintenance, a dynamical vacuum system
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must be used for a rotating anode generator. The dynamical vacuum system is far
more delicate than the static vacuum system of the sealed x-ray tube and is difficult
to maintain. Therefore, unless increased x-ray intensity is essential, sealed x-ray

tubes are still the economical choice.

electrons

X-TayS

electrons

Figure 3.4 Schematic drawings of the two different geometries of the rotating anode
of high-power x-ray generators1

3.2.2 Synchrotron radia tion sources

One of the major disadvantages of a conventional x-ray source is the low efficiency.
This disad{/antage is caused in two ways. Firstly, much of the electron energy is
converted to heat in the anode, instead of x-rays. Secondly, conventional generator
emits radiation isotropically with a large solid angle and, therefore, only a small
fraction of the x-rays produced is used. The employment of synchrotron radiation

improves this efficiency problem.

The discovery of synchrotron radiation was in the 1940’s. For decades, synchrotron
radiation had been treated as an unused, and largely unwanted, by-product of many
high-energy physics experiments. In the 1970’s, scientists began to employ this

radiation by constructing add-on facilities at some accelerators. The capability of
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these “parasitic” facilities was limited because their design ar‘}d scheduled operation
were compromised, as their primary use was dictated by high-energy physics
research. It was not until the 1980°s that specialised and dedicated sources of
synchrotron radiation were proposed and built throughout the world. Today, third
generation synchrotron radiation sources, such as the European Synchrotron
Radiation Facility (ESRF) in France and the Advanced Photon Source (APS) in
USA, are also available. The latest advances in design enables these third generation
generators to be super-machines with both high-brilliance and low-emittance. Figure

3.5 shows the development of the x-ray sources and their brilliance®.
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Figure 3.5 The development of x-ray sources”

Any synchrotron radiation source consists of three parts: a linear accelerator, a
booster and a storage ring. Electrons are generated and accelerated in the linear
accelerator, then, passed to the booster where their energy is raised again. Finally, the
electrons with a speed close to light speed are injected into the storage ring. The
storage ring is mainly a circular tube containing an ultra high vacuum. At the corners

of the storage ring, dipole magnets are used to provide a central force to bend the
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trajectory of the electrons and make the trajectory a stable polygonal orbital in the

storage ring. When the electron are deflected, x-rays will be emitted at a tangent to

the orbital with a small angular divergence of % (in radians), according to the

relativistic equation.

__E 3.1)

Figure 3.6 shows the synchrotron radiation x-ray fan generated by the high speed

electrons when they are deflected in the magnetic field.
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Figure 3.6 A schematic drawing of the x-ray fan from a synchrotron source’

Because the x-rays generated by the synchrotron radiation source are purely from the
relativistic properties of electrons, their energy comes from the lost energy when they
are deflected. This transform is almost 100% efficient, ensuring a much greater flux.
Furthermore, synchrotron radiation is highly collimated, which means that the beam
is much brighter and far more of the x-rays produced can be employed in

experiments even with small samples. Figure 3.7 shows an x-ray spectrurh generated
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by a synchrotron radiation source. It is a continuous spectrum with a critical

wavelength, A..

With monochromators and mirrors, the continuous spectrum provides the possibility
of tuning the wavelength for various experiments. This is another advantage of using
the synchrotron radiation sources which users are given a choice of x-ray wavelength

— important in experiments employing anomalous scattering.
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Figure 3.7 A typical x-ray spectrum generated by a synchrotron radiation source

All the experiments using synchrotron radiation source covered in this thesis were
performed at the Synchrotron Radiation Source (SRS), Daresbury Laboratory. Table

3.1 shows the some major parameters of the source’.
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Table 3.1 Parameters of the Synchrotron Radiation Source, Daresbury Laboratory

Electron energy Eo 2 GeV
Bending radius in dipoles  Rp 5.56 m
Dipole field . B 12T
Relativistic factor ¥ 3914

4 Overall radius R 1528 m
Orbit length Ly=2ztR 9 m
Characteristic energy E. 3.2KeV
Critical wavelength Ae 39A
Radio frequency (RF) v 500 MHz
Wavelength of RF c/v 600 mm

3.3 Structure of diffractometer

Apart from the x-ray source, the other determinate in x-ray scattering experiments is
the instrument to perform the experiments. In this section, the design and use of

diffractometers will be briefly reviewed.

3.3.1 Two-circle diffrac tometer

The two-circle x-ray diffractometer was first used by W.H. and W.L.Bragg in their
early work on the x-ray spectra and crystal structure. However, it was not widely
used until the 1940’s when commercial diffractometers became available. Nowadays,
diffractometers equipped with computer control system and advanced detectors are
widely available and have become a standard instrument in both research and

industrial laboratories.

Figure 3.8 shows the major elements of a two-circle diffractometer. The x-rays from
the source T are incident on a crystal C which may be set at any angle to the incident
beam, w, by rotating about an axis through O, the centre of the diffractometer. D is
an x-ray detector which can also be rotated about O. The detector is set to any

desired scattered angle 26 and measures the intensity of the x-ray scattered by the
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crystal. The diffractometer is directly based on Bragg’s law and hence can be used
for two entirely different purposes. One is to determine the structure of unknown
crystals by the use of a given fixed x-ray wavelength. By measuring the diffraction
pattern, or the scattering angles of Bragg reflections of the sample crystal, the
structure of the crystal can be revealed. Alternatively, one can use a known d-spacing
in a crystal to determine the wavelength of the incident x-rays. When a
diffractometer is used to determine the x-ray wavelength involved, it is also known

as a spectrometer.

Figure 3.8 The structure of the simplest x-ray diffractometer

One of the simple methods to find out where the diffraction maximum will occur is

to use Ewald’s construction. Figure 3.9 illustrates a reciprocal lattice (blue spots) of a

simple cubic system. X-rays with a wavevector IE, are incident on the crystal C, with

a glancing incident angle, @ and then diffracted with a wavevector %, and a

scattering angle 26. Here, G is the diffraction vector where g = k ; —12,. and S is the
Ewald sphere of the diffraction condition. Since § terminates at a lattice point, the

diffraction maximum occurs. The scattered angle 20 is directly related to the

magnitude of § and the glancing incident angle  is related to the direction of g.

Because 26 can not exceed 180°, it is obvious that the magnitude of 4 can not
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exceed a certain size. Consequently, it is not possible to have a § vector terminated

outside the /imit circle, L, which is a circle centred at the origin of reciprocal space

with radius 2%. Furthermore, for a large crystal with a flat surface, the incident

wave and diffracted wave are above the crystal. That is to say, both 26 and @ should
always be positive. Under these limitations, there are two forbidden regions, F, in
reciprocal space within which § can never end inside these regions. So, only those
lattice points within the limit circle but outside the forbidden regions are accessible
by the diffractometer.®

Figure 3.9 The reciprocal space and Ewald’s construction of the diffraction condition

3.3.2 Four-circle diffractometer

The diffractometer discussed earlier has only two rotation adjustments, 26 and w.
This is why it is normally referred as a rwo-circle diffractometer. Using this kind of
diffractometer, the diffraction vectors accessible are only those ones on the scattering
plane defined by the incident and scattering wave vectors. Therefore, only the

structure along the scattering plane can be solved. To obtain information outside the
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diffraction plane, more rotation adjustments are necessary to change the crystal
orientation and bring the diffraction vector desired into the scattering plane. In
principle, a three-circle diffractometer is sufficient to access any position in three-
dimensional reciprocal space. However, more circles are necessary to avoid the
limitation of a special diffraction geometry such as the forbidden regions. It is

therefore popular to use a four-circle diffractometer in single crystal x-ray studies.

A standard four-circle diffractometer is shown in Figure 3.10. Two extra circles, a
circle and a ¢ circle, are employed to change the orientation of the crystal, and thus
reveal the diffraction pattern on the other planes. The definition of the circles and
mathematical calculation of the operation can be found in the International Tables
for X-ray Crystallography’ and other references®’. The two extra circles on the
sample stage allow the user to select any lattice plane desired as the scattering plane.
For any diffraction vector, there are infinite sets of angular settings which can
achieve the desired vector. It is often possible to use some special geometry to avoid
the forbidden regions. Then, the only factor which limits the applicability of
diffractometer is the limit circle which is related to the wavelength of the x-ray
source. This is why the four-circle diffractometer is popular in single-crystal

diffraction.

There are diffractometers equipped with even more rotation adjustments for special
purposes. For example, in surface diffraction measurements, the incident glancing
angle and the scattering take-off angle must be fixed. In this case, a six-circle
diffractometer is necessary to achieve all the diffraction vectors under the extra
geometrical limitation. There are diffractometers with even more circles for special

experiments.

For the reason of simplification, the diffractometer referred to in the rest of this

chapter is a two-circle diffractometer unless specified.
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Incident
beam

Diffracted
beam

Figure 3.10 The structure of a standard four-circle diffractometer

3.4 The principles of diffraction pattern
collection by a diffractometer

When ignoring dynamical effects, the diffraction pattern is the Fourier transform of
the electron density distribution of the sample. Since the crystal structure is three-
dimensional, the reciprocal lattice is three-dimensional, too. Hence, by collecting the
diffraction pattern in three-dimensional reciprocal space, the structure of the sample,
especially the periodicity, can be determined. Practically, only the diffraction pattern
of the diffraction plane can be accessed directly using a diffractometer. However, by
rotating the crystal and changing the orientation of the diffraction plane, the three-
dimensional structure can be resolved. The aim of this section is to show how to
explore the reciprocal “plane” using a diffractometer. There is an excellent review

article about this topic by F ewster®.
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3.4.1 Reciprocal space mapping
As shown in Figure 3.9, any diffraction vector, g, in reciprocal space has a

corresponding set of angular settings (@,26).

q, = k[sinw +sin(26 —w)|= 2k sin(20)cos § 33)
q.=k '

[cos@ —cos(26 - )| = 2ksin(26)sin &

x =

where k=% and & =%—a} is the crystal offset angle from a symmetric
reflection.

By sequentially changing the angular setting, one-dimensional or two-dimensional
scans can be employed in collecting the diffraction pattern. The increment in the
reciprocal lattice unit, Ag, and Ag,, are directly related to the change of the angular

setting.

Aq, = k[coswAwm + cos(26 - w)A(26)- Aw)]

Ag, = k[— sinwA® + sin(20 - a))(A(ZB)— Aa))] G4

By scanning the circles of the diffractometer, an intensity map in reciprocal space
can be made, which is proportional to the diffraction pattern of the crystal. This is
known as a Reciprocal Space Map (RSM).

In principle, the RSM can provide all details of the diffraction pattern which is useful
for revealing the structure of the sample. However, the quality of the results is
strongly dependent on the resolution of the diffractometer. This will be discussed in

the next section.

3.4.2 Resolution function

3.4.2.1 The relationship between instrument configuration and resolution
function

Let us consider the situation in Figure 3.11, a single-axis diffractometer consists of
an isotropic x-ray generator without any beam conditioner; a detector receiving

signals from all directions; and a large perfect single crystal sample. Because the
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sample is a perfect single crystal, there is only a single x-ray‘beam with the correct
Bragg angle that can be diffracted and hence detected by the detector. However, no
matter what the Bragg angle is, there is always at least one x-ray beam which
satisfies the Bragg equation. The detector will receive the reflection from the crystal,
regardless the position of the detector. In other words, although the crystal structure
is “well defined” and, therefore, the Bragg angle should be accurately measured,
there is no way to determine the value of the Bragg angle usidg this diffractometer.
This diffractometer has no resolution. The resolution of a diffractometer, as a result,

is an essential fact in determining the details of the sample structure.

Source Detector

Sample

Figure 3.11 A simple single-axis diffractometer consists of an isotropic x-ray source
and a detector which is able to receive signal from all directions.

To measure the diffuse intensity distribution, it is crucial to understand the
resolution, or the volume of the sampling probe in reciprocal space, as a function of
diffraction geometry. This is the resolution function. The resolution function strongly
depends on the optical design of the instrument. In fact, the function is the
convolution integral of the resolution functions of each individual optical element,
such as monochromators and analysers. The general form of the resolution function

of a diffractometer with m monochromators and # analysers is'°

](Aa),AZG) = ‘]' o]‘J(A)”)F(a)RM, (eM, )RM2 (QM, ) Ry, (QM,,, )

—00 —00

Rs (95 )RA, (9/4, )‘RA2 (‘9A2 ) a RA,, (9,4, }z'ad/l

where, J(AX) is the spectrum of the x-ray source around the wavelength used, 1. a is

the angular divergence of the source and F() is the intensity profile as a function of
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a. 6, 5.4, is the angular deviation from the Bragg angle of the i-th optical element

(monochromator, sample or analyser) and R, s 4, (H(M.S, 2, ) is the angular resolution

of the element. In this section, a qualitative demonstration of the resolution function
will be presented. For reasons of simplicity, the demonstration will be restricted to a
double-axis diffractometer and a simple triple-axis diffractometer with (+1,-1,+1)

configuration.

3.4.2.2 The difference between double-axis and triple-axis diffractometers

At this point, we need to address the essential differences between double-axis
(double-crystal) and triple-axis (triple-crystal) diffractometers. Figure 3.13 and
Figure 3.12 show a double-axis diffractometer and a triple-axis diffractometer with
the same angular resolution. Under the correct angular setting, the point sources (S))
emit x-rays which pass through both diffractometers along the full lines and reach the
detectors. Let us consider the other point source S; next to S;. The x-rays emitted
from S, pass through both diffractometers along the dashed lines with the same
angular setting. In the double-axis instrument, the x-ray is obscured by one edge of
the slit. However, in the triple-axis diffractometer, the x-ray is reflected by the
analyser and detected by the detector. It is clear, as shown in Figure 3.14, that the slit
in double-axis diffractometer Selects the beams passing through it, regérdless the
direction of the beams. On the other hand, the direction of the beams is selected by
the analyser, regardless their position. In other terms, the slit is a “position sensitive”
optical element while the crystal analyser is a “direction sensitive” element.
Therefore, a triple-axis diffractometer is sensitive to the direction and energy of the
scattered x-ray beam and it probes directly a wavevector space (reciprocal space).
The double-axis diffractometer, however, is not only sensitive to the direction of the
scattering beams but is also sensitive to their position. The resolution of double-axis

diffractometer depends on both reciprocal space and direct space effects.
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Detector

Monochromator | \ /\

Sample

Figure 3.12 A double-axis diffractometer with the (+1,—1) configuration and using a
simple slit to limit the diffraction beam divergence. The slit size is set to obtain the
same angular divergence of the diffracted beam.

Monochromator

Detector

Sample

Figure 3.13 A triple-axis diffractometer with the (+1,-1,+1) configuration and using
a perfect single crystal as an analyser to limit the diffraction beam divergence

Detector

Figure 3.14 Three parallel x-rays are incident on a crystal and reflected towards a
detector. A slit is introduced to select the reflected beams according to the position of

the beam instead of the direction.

From the above discussion, it can be concluded that a triple-axis diffractometers are

better than the double-axis-ones. In fact, the resolution is even better when the
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number of reflections of monochromators and analysers is incyeased. For example, a
high-resolution four-crystal eight-reflection diffractometer shown in Figure 3.15 was

611 The diffractometer consists of a two-crystal four-reflection

built by Fewster
monochromator in (+1,-1,—1,+1) configuration and a three-reflection channel-cut
analyser in (+1,~1,+1) configuration. Using the combined advantages of the (+1,~1)
nondispersive and (+1,+1) dispersive geometry, the wavelength dispersive problem
is solved. With the help of the three-reflection analyser, the diffractometer has a near

“3-function” resolution probe in reciprocal space.

MONOCHROMATOR

SAMPLE

S\ ©

SOURCE

DETECTOR

ANALYSE@/" 20’
6,11

Figure 3.15 A high-resolution four-crystal eight-reflection diffractometer™"".

Despite the obvious benefits, increasing the resolution also implies a commensurate
reduction of the signal intensity. For imperfect samples, high-resolution instruments
are likely to reduce the signal of weak features thus rendering them impossible to
detect. Such features may be important in determining the structure. Consequently, it
is very important to reach a proper balance between the resolution and the signal
intensity. Hence, it is important to understand the effects on the resolution function

caused by the individual optical elements in the diffractometer.
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3.4.2.3 Resolution function of individual optical elements ,

As discussed, the volume of the probe is essential for x-ray scattering experiments
and it is closely related to the instruments employed. In this section, the resolution
function from the intrinsic imperfection of individual optical element will be

discussed below.

26, 26,

v

26,

Figure 3.16 The essential elements of a triple-axis diffractometer

(a) A8, : The angular spread on the incident beam

Let us assume that the incident x-rays are perfectly monochromatic, and the sample
and the analyser are both perfect crystals without any intrinsic diffraction width. The
x-rays are scattered into an angular range by the monochromator. Let us consider an
x-ray scattered by the monochromator with an angular deviation A, within the
angular range, as shown in Figure 3.17. To satisfy the Bragg condition, @ and 26

have to rotate until

Aw=A0,
A260 = A6,

Therefore, Aw=A20 and the locus of A8, spread in @/26 space is a straight line with

gradient 1 as shown in Figure 3.18.
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Figure 3.17 The effect of AG, spread.

A26

A6,

45°

A

Figure 3.18 The locus of AG,, spread in @/2 8 space

(b) A&, : The angular range through which the mosaic sample crystal can satisfy the

Bragg condition

A mosaic crystal always has lots of grains with slightly different orientations. Let us
consider the diffraction of a mosaic crystal on a diffractometer with monochromatic
x-ray source and perfect monochromator and analyser. Because the monochromator
and the analyser are all perfect crystals, and there is only single wavelength, only the
incident x-ray completely matching the Bragg condition will be diffracted at both the
monochromator and the analyser. To satisfy the Bragg condition of the sample, 26

needs to be exactly matched because the lattice parameter of the sample is fixed.
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However, @ can be rotated within a range where there is still scattering from some
grains, in which the Bragg condition is fulfilled. The locus of Aé; spread caused by
mosaic in @/28 space is therefore a straight line along the @ axis as shown in Figure

3.19.

A26

A

Figure 3.19 The locus of A6, spread in w/2 8 space
(c) AG, : The angular range through which the sample crystal can satisfy the Bragg
condition

A6, defines the acceptance angle of the detector system. Therefore, the locus of A,

spread is simply a straight line along 268 axis as shown in Figure 3.20.
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A

AG,

Figure 3.20 The locus of Ag, spread in w/26 space

(d) AZ : The wavelength spread of the incident beam

The locus of the spectral dispersion, A4, in triple-axis diffraction where @,26=0,1s

not straightforward and must be calculated.
We start with Bragg’s law,

A =2dsin6 3.5)
The differenfiation of which gives |

A0=A7/1tan9 (3.6)

So, the angular divergence after first crystal, the monochromator, is

AB =A7’1tan.9m (3.7)

m

The angular divergence of the second crystal, the sample, is similar to the one of
monochromator. However, the sample needs to rotate through the full range of the

angular divergence from monochromator.

AB, = —A]—?—(tanﬁm —tané,) (3.9)

s
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The negative sign is a consequence of the scattering geometry being opposite
between the monochromator and the analyser in the (+1,-1,+1) configuration. Then,

the angular divergence of the analyser can be calculated in'a similar way.

A8, =A—;(tan¢9m —2tané, +tand,) (3.9)

In terms of the setting angle w and 26,

Aw = A/I—/l(tanﬁm —tané),)

A (3.10)
A28 = T(tanem —2tan6, +tand,)

For identical monochromator and analyser, 6,,~60,, Equation (3.10) can then be

simplified as
A28 =2Aw

So the tilting angle for the wavelength dispersion streak is
-1 1 o
a = tan (—) =225
2

which is shown in Figure 3.22

A26

AL

22.5°

sA

Figure 3.21 The locus of A4 épread in @/260 space
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Because all the loci from individual sources will convolute together with each other,
all the streaks will be centred at every Bragg reflection. The resolution function can

be concluded as Figure 3.22. -

Figure 3.22 The locus of AG,, A&, AG, and AA spread in reciprocal space

3.5 One-dimension al x-ray scattered intensity
profiles

In principle, it is necessary to use reciprocal space mapping to get the two-
dimensional (or even three-dimensional) diffraction pattern, to expose the true crystal
structure. However, this is difficult to achieve and is very time consuming.
Furthermore, because of the periodicity, useful information is frequently localised
within small areas. In most conditions, it is possible to employ several one-
dimensional scans to retrieve partial information in every scan instead of time-
consuming reciprocal space mapping. Hence, it is vital to decide the proper
examinations to reveal the information desired. In this section, different one-
dimensional scans will be introduced. Their trace in reciprocal space and the

information revealed will be discussed below.
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3.5.1 &28scans

626 scans are one of the most frequently used scans. During the scans, the
increment of sample tilting angle, Aw, and the detector angle, A(26), are coupled
together with a 1:2 ratio, and the scan passes through the point of interest. Figure
3.23 and Figure 3.24 show two typical 826 scans around Bragg reflections. As
shown in the figures, the Ewald spheré of diffraction moves from the green circle to
the orange circle as the @ and the 26 angle vary during the scan. From Equation
(3.3), it is clear that 6 is a constant through a £-26 scan. In other words, the
diffraction vector, ¢, remains has the same direction but with a different magnitude.
This kind of scan is especially useful for on-axis scans (along the ¢, direction)
because they provide the information related to the periodicify perpendicular to the
sample surface. For example, the lattice parameter of different parts of the sample (a
layer structure or a multiphase crystal) can be measured from the peak of the
intensity profile of a 8-26 scan: The width and the line shape of the intensity profiles
also gives a measurement of the sample quality because these are directly related to
the uncertainty of the lattice parameters which is caused by residual strain or
disorder. As shown in Figure 3.23, the scan gives the intensity profile along the
surface perpendicular direction which contains information about the sample along

the z direction.

As shown in Figure 3.24, when a 8-26 scan is performed at an off-axis reflection, the
trace of the scan is not along any crystal axis. The meaning of the scan becomes very
confusing because there is no primitive periodicity in this direction. Hence, unless

there is a special reason, this scan will rarely be used for off-axis reflections.
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Figure 3.23 A 0-20 scan through an on-axis Bragg reflection. The Ewald sphere of
diffraction moves from the green circle to the orange circle when @ and 26 angle
varying during the scan.

Figure 3.24 A 0-20 scan through an off-axis Bragg reflection



3.Experimental techniques of x-ray scattering 70

3.5.2 Rocking curves

Another useful one-dimensional scan is a rocking curve. As Figure 3.25 illustrates,
during the scan, the 26 angle remains unchanged and only the glancing incident
angle, w, changes. In other words, the detector position is fixed and the diffraction
intensity is recorded while the crystal is rocking. Because the 28 angle is fixed, the
lattice parameter examined is also fixed. Therefore, the scan reveals the orientation
distribution of identical crystal grains within the sample. The intensity profile of a
rocking curve provides information on the mosaicity of the sample, which contains

important information about the crystal structure.

20

Figure 3.25 A typical rocking curve scan

Figure 3.26 shows the rocking curve scan of an on-axis Bragg reflection in reciprocal

space. According to equation (3.4), because 28 is fixed and A(26) vanishes, then

Aq, = -2ksinwAw

Ag, =0
The scan is along the g direction. For a perfect single crystal with no mosaicity, this
scan also indicates the periodicity along the surface parallel direction. Thus, the
rocking curve width is an indication of the grain size parallel to the crystal surface, or

the crystal quality along the surface parallel direction.

For a rocking curve of an off-axis Bragg reflection, the scan is along the tangential

direction which is not parallel to any crystal axis. Unlike the £-26 scan, the width of
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the profile still implies the mosaicity of the crystal because the mosaicity is not
directly related to any crystal axis. However, for crystal quality along the surface
parallel or ¢, direction of perfect crystal, the g, scan, not the rocking curve, should be
taken.

Aq.

Figure 3.26 A rocking curve scan trace in reciprocal space. The Ewald sphere moves
from the green circle to the orange circle during the scan.

3.5.3 Crystal-truncation-rod (CTR)

Because of the existence of the crystal surface terminations, crystal truncation rods
will appear at every Bragg reflection. For a crystal truncated along the x-y plane, the
CTR streak is along the z direction. In this situation, a 626 scan of an on-axis
reflection will give a profile of the CTR because it is along the z direction. For an
off-axis Bragg reflection, a ¢. scan, instead of a 8-26 scan, should be performed to
obtain the CTR profile. Figure 3.28 shows the construction of the CTR scan
associated with an off-axis Bragg reflection. The CTR profile contains information
on the surface morphology.
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When a sample crystal has a mis-cut angle, the CTR streaks are parallel to the
surface normal, which is not along any crystal axis. As shown in Figure 3.27, all the
CTR streaks associated with different Bragg reflections, both on-axis and off-axis
reflections, are parallel to each other. In this condition, to get the CTR profiles, it is
necessary to perform a one-dimensional scan in reciprocal space along the surface
normal direction. This is a scan with complex angular movement and can only be

easily visualised or understood in reciprocal space.

Further details of the information contained in CTRs will be discussed in Chapter 6.

3.5.4 Specular reflectivity

The specular reflectivity is the intensity profile along the surface normal direction
within the very small incidence angle region. Figure 3.29 illustrates a typical
specular reflectivity measurement. Technically speaking, the scan is simply a &-26
scan along the specular reflection ridge. The scan range of & (or w) angle is from
below the critical angle up to 2° or 3°. The total reflection critical angle is normally
between 0.2° to 0.4°, depending on the material and x-ray wavelength. Because the
specular reflectivity is a ridge-like profile with tiny width (normally a few mdeg), it
is important that the scan is on top of the ridge. To ensure this, rocking curve scans
are used to find the centre of the specular ridge prior taking any measurement.
Furthermore, the ridge actually consists of the specular reflection plus the diffuse
scattering, it is important to take the diffuse component off by subtracting the off-
specular reflectivity profile with an off-set angle next to the ridge out of the specular
ridge. In this way, the true profile consisting only of the specular component can be

obtained.
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crystallographic planes.

Figure 3.28 A CTR trace in reciprocal space of off-axis reflection
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Aag.

-

Figure 3.29 Specular reflectivity measurement trace in reciprocal space. The areas
below the pink line are the forbidden regions and the blue curves represent the
Yoneda wings.

The profile of the specular reflectivity gives the electron density profile of the sample
along the surface normal direction. Layer thickness and density of individual layers,
RMS roughness of both surface and interfaces can all be revealed by specular
reflectivity. Because specular reflectivity effectively measures the (000) Bragg
reflection, no information related to the lattice structure can be obtained.
Furthermore, because this is an on-axis scan, it is not possible to obtain any
information parallel to the surface. In order to get in-plane morphology, diffuse
scattering reflectivities and off-specular longitudinal scans should be taken. These

will be discussed further in the next section.

Further theoretical details of specular reflectivity will be discussed in Chapter 4.
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3.5.5 Diffuse scattering reflectivities an’d off-specular
longitudinal scans

For an ideal smooth surface, there is no diffuse scattering. The specular reflectivity
gives the RMS roughness of a rough sample surface. However, there is not enough
information in detf:rmining the mbrphology of a rough surface by using RMS
roughness alone. To get the morphology of the surface, diffuse scattering should also
be also examined. The roughness of the surface scatters the specular intensity to off-
specular directions and reduces the specular reflectivity. In general, the diffuse
scattering amplitude is the Fourier transform of the surface roughness structure.
Using a self-affine fractal to model the sample surface, the fractal dimension and the
correlation length of the surface can be determined by fitting the diffuse scattering
intensity. Therefore, the surface can be reconstructed by the obtained parameters via

both specular and diffuse reflectivity measurements.

There are two different ways to achieve the diffuse scattering profile: the diffuse
scattering scans and the off-specular longitudinal reflectivity scans. Figure 3.30
shows a typical diffuse scattering scan and an off-specular longitudinal scan. The
diffuse scattering scan is a rocking curve scan at a small incident angle within the
reflectivity region. As shown in Figure 3.30, this is also equivalent to a one-
dimensional scan along the surface parallel direction. The result of the scan will
consist of the specular ridge, the diffuse scattering and two Yoneda wings, which
appear at either the incident angle or the take-off angle matching the surface total
reflecting critical angle. The other approach is the off-specular longitudinal scan
which is simply 6-26 scan with an offset incident angle. The profile is similar to
specular reflectivity but with a different critical angle, which is related to the offset
angle. The scan profile consists purely of the diffuse scattering intensity. It is
possible to perform a series of diffuse scattering scans, or offset longitudinal scans,
or a combination of both scans to achieve the RMS of the reflectivity area. This will
certainly help when determining the true morphology of the surface. The reliability
of the surface morphology obtained by reflectivity strongly depends on whether the

mathematical modelling of the surface is correct. However, because of the
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individuality of sample surfaces caused by many uncontrollable factors such as
sample species, growth condition, preservation, contamination, etc., there is no
simple mathematical model which can be used to describe general surface
morphology. Even the fractal model is often inadequate for modelling some surfaces.
Therefore, unless the surface is well behaved, there is no benefit in performing such

a time-consuming mapping.

Further theoretical details of diffuse reflectivities will be discussed in Chapter 4.

Aq:

o

-

Figure 3.30 The traces of the diffuse scattering scan (green) and off-spacular
longitudinal scan (orange). The areas below the pink line are the forbidden regions
and the blue curves represent the Yoneda wings.

3.6 Diffractometers used in this thesis

There are two diffractometers which were used to perform the experiments in this
thesis: the CPEX in-house diffractometer, University of Durham and Station 2.3,
SRS, Daresbury Laboratory. The structure of these two diffractometers is presented

below.
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3.6.1 CPEX four-circle triple-axis diffractometer ---
University of Durham

Most of the pre-experiment measurements, and some experiments, were performed
using the triple-axis x-ray diffractometer, CPEX, at the University of Edinburgh
which was later moved to University of Durham in 1996. Figure 3.31 shows the
optical structure of CPEX system. The diffractometer is based on a Huber 430/440
four-circle goniometer. The diffractometer is equipped with a GEC Avionics GX21
rotating anode x-ray generator operating at 2.7 KW with a copper target. CuKaq;
radiation (A=1.540562A, AA=0.00058A) is employed for experiments. The
" monochromator and analyser are arranged in (+,—,%) configuration and define the
resolution of the diffractometer. Two different sets of crystals are used for

monochromator and analyser to give different resolutions for different experiments.

High-resolution mode: The (111) reflections of perfect germanium crystals are used

for both monochromator and analyser. These reflections have a Darwin width of

4.3x107 degrees.

Low-resolution mode: The (002) planes of pyrolytic graphite crystals are used as
both monochromator and analyser. These crystals have a mosaic structure with an

approximate Gaussian distribution of orientation and a mosaic spread about 0.4

degrees.

A proportional counter is used as the detector and the energy resolution is about
1.5KeV (FWHM) at 8KeV. The system is controlled by a PC computer with
PINCER software. Further details of the PINCER program will be introduced in the

next section.
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rotating anode 3
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Figure 3.31 A schematic drawing of the configuration of the CPEX diffractometer

More details about the CPEX system can be found in other references'>'>!,

3.6.2 Two-circle double -axis diffractometer --- Station 2.3,
Synchrotron Radiation Source, Daresbury

The major results of this thesis were taken using Station 2.3 at the Synchrotron
Radiation Source (SRS), Daresbury Laboratory. Figure 3.32 shows a schematic
drawing of the station. This station is situated 16m from the tangent point of a 1.2T
bending magnet. The x-ray spectrum of the station is shown in Figure 3.33. A water

cooled, double bounce, Si (111) monochromator is used to select the wavelength and

gives a dispersion, A% , of 2x107 at a wavelength of 1.4 A. The station is equipped

with a two-circle diffractometer for powder diffraction and glancing incident
reflection measurements. The sample axis @ and the detector axis 26 are optically
encoded and driven by DC servomotors via an intelligent data buffer and feedback
loop. The accuracy of the angular movement is 0.2 and 0.1 mdeg respectively.
Although no analyser stage is used in the diffractometer, high-resolution scattering is
achieved by a fine detector slit (100 um) and a large separation between the sample
and the detector (655 mum). In other words, the experiments performed at this station
are “pseudo-triple-axis” x-ray scattering. Further details of Station 2.3 can be found

in other references'>'%!7.
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Figure 3.32 A schematic drawing of the configuration of Station 2.3 at Daresbury
SRS
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Figure 3.33 The x-ray spectrum of Station 2.3, SRS

A PC computer is used to control the motor system and to collect the experimental
data through the PINCER program with PD macros on Station 2.3. PINCER
(Portable INstrument Control interpretER) is a computer program developed by M.
C. Miller of CCLRC, Daresbury, which was designed to control various motors and
other attached devices of diffractometers on Station 2.3 and other stations. The
CPEX system in Durham is also controlled by a special version of PINCER progfam.

The program is mainly an interpreter with many of the basic macro blocks. Users are
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allowed to build their own macros or group of operations up;)n existing macros. In
Station 2.3, PD macros are used to simplify the operation without touching the
PINCER code, which might require some programming. The program recognises a
few different pieces of equipment from various manufacturers which make it
possible to transfer the program to a different site. The latest version of PINCER
employed on Station 16.3, SRS, has another layer of program called a “virtual
motor” which enhances the portability and simplifies the operation. Further details

about PINCER can be found in the references'®!°.

3.7 Summary

This chapter briefly reviews the experimental techniques. The aspects of x-ray
sources and diffractometers, and the relationship between the diffractometer and
reciprocal space were examined. Moreover, the processes and the purposes of
various scans have also been highlighted. The details of two diffractometers

employed in this thesis were explained at the end.

The experimental techniques presented in this chapter will be verified in the
following three chapters. The surface and interface morphology of GeSi single
quantum-well semiconductors will be examined using x-ray reflectivity in the next
chapter. High-T, thin film superconductors will be studied using reciprocal space

mapping in chapter 5 and the crystal truncation rod interference measurements in

chapter 6.
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Chapter 4

A Grazing Incidence X-ray Scattering
Study of the Interface Morphology of
Ge,Si;x Single Quantum Well
Heterostructures with Antimony as a
Surfactant

4.1 Introduction

Grazing-incidence x-ray specular reflectivity was observed as early as 1923 when
Compton demonstrated the total external reflection of x-rays from the surface of a
solid'. In 1931, Kiessig reported that the intensity oscillation fringes were observed
in the reflectivity profiles of surface with a thin layerz. In the following 20 years,
only few studies were reported with little development. Until 1954, Parratt used
Fresnel’s equations recursively and successfully explained the reflectivities from '
layered systems3. In his paper, Parratt also demonstrated the use of reflectivity
measurements to study the copper surface. This was recognised as the first
application of reflectivity. The diffuse scattering was observed by Yoneda in 1963.
He reported two abnormal off-specular reflections in diffuse scattering reflectivity
profiles at small-angles, which are known as Yoneda wings®. In 1970’s, Croce and

Nevot expanded the discussion of x-ray reflectivity to introduce surface roughness
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5,6,7

into the calculation of specular reflectivity™’. They also suggested that the Yoneda

wings were caused by x-ray scattering from surface roughness.

By then, studies of glancing-incidence x-ray scattering were rare and ohly slowly
being developed. The experimental results achievable were severely limited by the
low brilliance of traditional x-ray sources’. In the 1980’s, dediéate synchrotron
radiation sources become widely available throughout the world®® which accelerated
the development of x-ray reflectivity. In 1988, Sinha et al. published an important
paper which purported to explain the behaviour of specular and diffuse reflectivities
from solid surfaces using both the Born Approximation (BA) and the Distorted-
Wave Born Approximation (DWBA)IO. The later approximation was first introduced
by Vineyard in 1982!'. The DWBA successfully describes the x-ray scattering close
to the total-external reflection region where the BA is inadequate. Sinha et al. also
employed the self-affine fractals to describe the surface, which had been developed
by Mandelbrot'?, and demonstrated how to extract the lateral statistical information
of surface roughness by analysing the diffuse scattering profiles. Further advance
was achieved in 1993 when Holy et al. demonstrated the possibility of using both
specular and diffuse reflectivities to reveal the roughness of individual interfaces of
uncorrelated multilayers13 and partially correlated systems”. Measurement of the
vertical correlation across interfaces in multilayer systems is essential in
understanding growth mechanisms. Nowadays, glahcing-incidence X-ray scattering is
one of the most pbwerful non-destructive techniques and is widely applied to the

study of the surface morphology of surface and buried interface structures.

The properties of crystalline Ge-Si alloys have been investigated for many years
because of the importance to the electronics industry. Depending on the composition,
the bandgap of the alloy varies from 1.1 to 0.7 eV which corresponds to wavelengths
from 1000 to 1500 A. This is a very useful range for bipolar devices, for discrete
opto-electronic devices and for integrated opto-electronics on silicon. However, due
to the large lattice mis-match between germanium and silicon (~ 4.2%), it is Qery

difficult to produce pseudomorphic epitaxial layers. Unlike lattice-matched III-V
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compound semiconductors such as AlyGaixAs, the growth of GeSiyx alloy on

germanium or silicon substrates developed very slowly with many difficulties.
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Figure 4.1 Bandgap of some important element and binary compound
semiconductors plotted against the lattice parameter at 300K."

When growing germanium epilayers on silicon substrates, the growth follows the
Stranski-Krastanov model (2D layer-by-layer growth followed by 3D 'islénding) to
relax the interface strain due to the lattice mis-rhatch. At the early stage of growth,
germanium atoms are found clustering and segregating on the top of the silicon
substrates'®!”. This problem also arises in the growth of Ge,Sii..-Si hetrostructures.
Interface segregation severely reduces the interface quality, which is strongly related
to the strain and electron transport properties of the hetrostructures'®. To overcome
this problem, Copel et al. demonstrated the possibility of improving the interface
morpholdgy by passivating the silicon surfaces with a monolayer of arsenic acting as
a surfactant (surface-active species) prior growth'>*. Antimony was also reported as
a surfactant in GexSij to growthmz. It was found that the absorption of surfactant
materials such as group V metals (Sb or As) can effectively passivate the dangling

bounds of the silicon surface and reduce the surface free energy in Ge/Si growth23'24.
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As a result, the growth model is changed to that of layer-by-iayer growth. Interface

segregation is suppréssed and sharp interfaces are formed.

In this chapter, the interface roughness of Ge,Si;.x-Si hetrostructures, grown with and
without an antimony surfactant, were studied by glancing-incidence x-ray scattering.
The results demonstrated that the surfactant efficiently improves the interface
morphology as regards the RMS roughness and as regards the roughness exponent

and correlation length. These results are being prepared for publication.

4.2 Experiment

4.2.1 Experimental details

Ge,Sijx single-quantum-well hetrostructure samples grown on Si (100) single
crystals were prepared by Molecular Beam Epitaxy (MBE) at the Institute of Physics,
Chinese Academy of Science, Beijing, People’s Republic of China, were studied by
glancing-incidence x-ray scattering. After growth of a 1000A silicon buffer layer, a
30A GeqSigo layer was grown on sample A (sample number 940302-2) with a
substrate temperature of 650°C. Then, the sample was capped by 300A of silicon.
Sample B (sample number 940302-1) was grown under identical conditions except a
0.75 monolayer of antimony was grown prior the growth of the Geo1Sio layer as a

surfactant. The details of the sample growth have been described elsewhere?>?%.

The samples were studied by glancing-incidence x-ray reflectivity at Station 2.3, at
the Synchrotron Radiation Source, Daresbury Laboratory, using synchrotron
radiation. Details of this station are given in Chapter 3 and in other references’ 2.
The wavelength was set to 1.200A to optimise the x-ray intensity. Using a 100pm
pre-sample slit and pre-detector slit, the angular resolution is on the order of 0.001°.
Glancing-Incidence-X-ray-Reflectivity (GIXR) of both specular and off-specular

scans was used to examine the samples. The theory of GIXR will be discussed later.

The Grazing Incidence X-Ray Scattering Software (GIXS) developed by Bede

Scientific Instruments®® was.employed to simulate the scattering results and used to



4. A Grazing Incidence X-ray Scattering Study of the Interface Morphology of Ge,Sijx ... : 87

fit to the experimental results thereby extracting the information on the interface

roughnesses of the samples.

4.2.2 Glancing-incidenc e x-ray reflectivities

4.2.2.1 Specular reflectivity of perfect flat surfaces and interfaces
At glancing incident geometry, the scattering can be modelled by optical theories

which neglect the crystal structure of the materials. This assumption is justified as

long as the interatomic distances are much smaller than % 00’ where A is the

wavelength of incident x-ray and @ is the incident angle. In this case, the refractive

index of a material is

n=1-6—-if _ 4.1
N,r.2p

S="A(Z+f 4.2
ez ) 42)
N2p . Apu,

A A A S A ot} 43

A 2nM 4r 4.3)

where N, is Avogadro’s number, r, is the classical electron radius. p, and M are the
density and the atomic mass of the material respectively. s is the linear absorption
coefficient of the material at wavelength A. The atomic scattering factor can be

written as
f=Z+f'+if" 4.4)

where Z is the atomic number of the material and f’ and f” are the real and
imaginary parts of the dispersion corrections. In the x-ray region, where the
wavelength is on the order of 1A, both § and S are small and have values about 10
and the refractive index, n, is just less than unity. As a result of Snell’s law, total

reflection occurs when the incident angle is smaller than the critical angle, 6., where

6, =26 A (4.5)
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Typical values for the critical angle range from 0.1° to 0:3°, depending on the
wavelength and the type of material. When the incident angle is below the critical
angle, the x-rays hardly penetrate into the material. However, above this critical
angle, penetration takes place and the reflectivity falls sharply. The amplitude of the

reflected wave for a perfect interface is governed by Fresnel’s laws.

Consider a system which many layers on top of a semi-infinite substrate, the electric
fields, E, of the incident and reflected waves follow the pattern in Figure 4.2. The
continuity of the tangential components of the electric fields across each interface

leads to Parratt’s recursive formula® for the reflection amplitudes, R

R, . .+r._ .
R.. =g | 2L 1N 4.6
j-Lj J-1 ( Rj,j+1 +1 ( )
where
2 Erj,j+l
R; ;. =a, (7};‘) 4.7
oy =222 (4.8)
St
inft
a, =exp[— /{ ’J (4.9)
and
;=67 -25,-2ip, (4.10)

In these equations, R;.;, is the reflection amplitude at the interface between the (j-1)-
th layer and j-th layer. r;.,; is the Fresnel coefficient at the interface with no
roughness and a; is the phase factor for half the thickness, of the j-th layer.

Because the substrate is assumed to be infinitely thick and, therefore, has no reflected
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wave in it, the recursive formula can be solved by starting at the substrate (layer N)

with R, y,, = 0. The reflectivity of the sample is

E"2
Ry, = (4.11)

and the reflected intensity is
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Figure 4.2 The electric fields in a multilayer structure.

4.2.2.2 Specular reflectivity of roughness surface and interface

The model established above is only valid for perfectly flat surfaces and interfaces.
Real surfaces and interfaces, however, always have some roughnesses. The effect of
roughness is to decrease the reflected intensity of the specular reflectivity profile and,

in most cases, scatters the energy to off-specular directions, such as diffuse
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scattering. The simplest way to model the rough interfaces is by separating the
interface to a series of flat lamellae with slightly different electron density

corresponding to the lateral averaging electron density of the rough interface at the

same height.

P2 P2

R
Y

P2

Figure 4.3 Model of rough interface for specular reflectivities. The real rough
interface (left) can be modelled by a series of lamellae (right) with the same electron
density profile (centre).

The most popular and realistic model of the electron density profile for rough

interface is the Gaussian distribution,

plz)= —\/T:r_—_.—o—;exp[— (2—2‘0—2;—)2-} (4.13)

where, zp is the average interface height, and o is the root-mean-square (RMS)

roughness
By using the Born approximation, an exponential damping factor is introduced into

the Fresnel coefficient,

Y =te exp(—%o'}._l’szjz) 4.14)

J

where, r, is the Fresnel coefficient in ideal case and @ is the momentum transfer

vector



4. A Grazing Incidence X-ray Scattering Study of the Interface Morphology of GeSi;« ... 9]

Q=2ksin0=i§sin0 , (4.15)

As the Born approximation is invalid for calculating the reflectivity close to the total-
external reflection critical angle, the Distorted Wave Born Approximation (DWBA)

must be used. The Fresnel coefficient is corrected as

_ _1 2
Fiaj =T exP( 20-1,j QJQJ'-I)

- f .16
=[§j—:—+%}exp (—%G/—l,jZQij—l) 10

4.2.2.3 Diffuse scattering and self-affine surface/interface

By laterally averaging the electron density of rough surfaces/interfaces, the specular
reﬂectivity can be calculated simply. However, because of the averaging, the two-
dimensional interface structure was neglected except the RMS roughnéss. To reveal
the true morphology of the interface, diffuse scattering has to be fitted

simultaneously.

Self-affine fractals are widely used to describe the rough surface and have achieved
remarkable success'?. Unlike self-similar fractals with isotropic scaling behaviour,

the self-affine fractal has an anisotropic scale transformation”.
z(x)~bz(bx) (4.17)

Here, z is the height of the surface/interface and o is the roughness exponent. The
self-affine function is rescaled in a different way horizontally and vertically. The

height difference correlation function follows a power law,
g(x.7)=([z(R)- z(O)F ) = 4R* (4.18)

where R =+ X2 +Y? is the separation of the observation points.

Sinha et al.'° extended this concept and introduced a more realistic form of the height

difference correlation function with cut-off
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g(x,¥)= g(R); 262{1 —exp(— (%)z'h]] ' | (4.19)

where o is the RMS roughness of the surface/interface which shows the “width” of
the interface. 4 is the fractal exponent which varies between 0 and 1, and is a
measurement of how jagged or smooth a rough interface is: A~1 denotes the
interface is very smooth and ~#~0 denotes a very jagged interface. £ is the lateral
correlation length of the roughness. The equation shows self-affine fractal behaviour

for R <<¢&, but saturates to a special RMS roughness for R>>&. As a result, &

gives a cut-off length between the regimes of self-affinity and saturation.
The height-height correlation function is

c(x,7)=(z(x,Y)-2(0,0))

=g’ - % g(Xx,Y) (4.20)

ol

‘We define the power spectrum

do 1
Slq)=———— 421
@) dQ szzLxLy (421)

do . . . . . . . .
where =2 is the differential cross section, N is the scattering particle density and b

is the scattering length which is the Thompson scattering length of the electron

(b =3chz) for x-ray scattering experiments. The product L.L, is the area of
illumination on the sample surface.

From the Born approximation, the power spectrum can be calculated'®

S(a)= e [[axayerctne ) 4.22)
q [}

z
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We further define
Flg,,R)=e% ™" _1 (4.23)

and note that when R—w, F—0. The power spectrum can be separated into a

specular and a diffuse part.
S(q) = Sspec (q)+ Sdlﬂ’ (q) (424)
where
472'2 -g.%a?
Spel@)=_™ 5(x)s(y) (4.25)
and
27t e
Sur(@)= q’i e [ dRRF(g,, R)J,(q,. R) (4.26)

J/x) is the Bessel function.

The delta functions in equation (4.25) show that the specular part of scattering forms

a very sharp ridge along the z direction which is the surface normal direction.

The power spectrum of the diffuse scattering in (4.26) was derived from the Bom
approximation which is not correct at small angles. To obtain the correct form of the

differential cross section, the Distorted Wave Born Approximation should be

applied.
2
do |ko2 (1 -n’ 1 2 2
Ul = | IR I 4.

oo -74] 0. T I

S (qt)'—_ 5 dXdY[qu:l[ clx.r) l] ei(q,X+q,r)

t

z

(4.28)
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When the incident, or take-off, angle of the scattering matches the critical angle of

the material, the differential cross section will reach a local maximum because either

|T(kl) or |T(k2)| reaches its local maximum. At this moment, the diffuse scattering

will shows a peak which is the Yoneda wing.

4.2.2.4 Correlated and Un-correlated roughness in a multilayer system
For a multilayer system, the scattering from different interfaces interfere with each

other. The height-height correlation function should be modified as

C,r (X, 1)=(2,(0,0)z, (X.Y))

2h
2 VX7 +7? (4.29)

where z(X,Y) is the height of the /-th interface of the system from the average
location of the interface at the co-ordinate (X,Y). 4 is the fractal exponent of the
system and & is its correlation length. To simplify the calculation, the surface and all
interfaces were assumed to have similar fractal morphology which can be described

by single set of fractal parameters.

The RMS roughness can be separated into two parts: uncorrelated roughness and

correlated roughness.
o 1,1'2 = (0'1 ),. (0'1')., Sy + (0'1 )c (O' I )c (4.30)

(6). and (oy. is the uncorrelated and correlated roughness of I-th interface

respectively. §,, is the Kronecker delta function. The correlated roughness are

replicated from layer to layer so they can interfere with each other. However, the
uncorrelated roughness is not replicated. Under these definitions, the RMS roughness
of /-th interface is

0'12 = (0'1),,2 + (Gl)cz (4.31)
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Figure 4.4 Model of (a) uncorrelated and (b) partially correlated interface roughness.

4.3 Experimental Results

4.3.1 Sample A: Si/Geg1Sig.o/Si grown without surfactant

Figure 4.5 shows the specular reflectivity profile of sample A which was grown
without ahy surfactant. The best fit of the simulation, by the GIXS program, gave the
surface and interface roughness parameters shown in Table 4.1. The Geo.1Sipo layef
was found to be thicker than the growth prediction of 304, and with a lower density
(p=0.93py) and the interface roughnesses above and below this layer are large (104).
This is evidence that the layer is suffering from interface segregation and inter-
diffusion. An oxide layer of 36A was found on the top of the sample with very low
density and high surface roughness which might be due to large dislocation density
or even amorphous material. Because of the large roughness on the surface, the

reflectivity drops very fast. At 6> 1.0°, the reflectivity is close to the background,

which causes a poor fit.
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Table 4.1 The structure parameters of each layer of the best ﬁt\from GIXS simulation

Materials Density’' Thickness Roughness
SiO, 0.58+0.02 36x1 A 28+0.5 A
Si 1.00+0.02 2981 A 12+0.5 A
Geg,Sig 0.93+0.02 49+1 A 10£1.0 A
- Si 1.00+0.02 Substrate 10£2.0 A
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Figure 4.5 The specular reflectivity profile from sample A and the best fit of the
simulation with the parameters shown in Table 4.1.

The transverse scan of this sample (Figure 4.6) was taken by performing a rocking-
curve scan when 28 was set to be 1.60°. The best fit of the simulation result gave the
lateral correlation length and the fractal exponent of the surface/interfaces shown in
Table 4.2. Figure 4.7 shows the longitudinal scan which was taken by performing an
@-26 coupled scan with an offset angle 5~+0.1° added to @ angle. To achieve an
adequate fit, the roughnesses had to be correlated with each other. The simulation
result is also shown in Figure 4.7.The fits of transverse and offset longitudinal scans
are found to be much poorer than specular reflectivity. This is possibly due to. the

over-simplified roughness model in the simulation. The surface and interface
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Table 4.2 The surface/interface parameters fpr self-affine fractal model

Lateral correlation length Fractal exponent

2800+300 A 0.45%0.05

10°

10"

Normalised Intensity

102

o (°)
Figure 4.6 The transverse diffuse scan profile at 26=1.6° and the best fit of the
simulation with the interfaces parameters given in both Table 4.1 and Table 4.2.

Normalised Intensity
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Figure 4.7 The longitudinal scan with offset angle 5=+0.1° and the best fit of the
simulation.
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The fits of transverse and offset longitudinal scans are to be fémd much poorer than
the specular reflectivity. This is possibly due to the over-simplified roughness model

in the simulation. This will be discussed further later.

4.3.2 Sample B: Si/Ge(;Siyo/Si grown with antimony as a
surfactant

Figure 4.8 shows the specular reflectivity profile of sample B which was grown with
a 0.75 mono-layer of antimony on the substrate prior to the GegSig9 alloy growth.
The reflectivity showed that the intensity contrast of the fringes was far more
pronounced at all angles than the corresponding sample A (Figure 4.5). The best fit
of the GIXS simulation gave the surface and interface roughnesses as given in Table
4.3. The GegSioo layer was found to be closer to the growers estimated thickness of
30A (32A) and the density was very close to unity (0=0.98py). All of the interface
roughnesses were found to be much smaller than the corresponding values for
sample A. These facts demonstrate that the surfactant is efficiently smoothing the
interface roughness. The low-density surface oxidation layer is also found with
similar thickness and density as the one in sample A. However, the surface roughness

is much smaller.

Table 4.3 The structure parameters of each layer of the best fit

Materials Density Thickness Roughness

SiO, 0.64+0.02 32¢1 A 8.5+0.5A
Si 1.00+0.02 2961 A 5+0.5A
Geo.1Siog 0.98+0.02 3241 A 6+1.0A

Si 1.00£0.02 Substrate 4+3.0A
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Figure 4.8 The specular reflectivity profile from sample A and the best fit of the
simulation with the parameters shown in Table 4.3.

The transverse scan (Figure 4.9) was taken with 26=1.66°. The specular “ridge” is
unclear and a huge diffuse scattering component was observed. The best fit of the
simulation result gave an enormous lateral correlation length and a larger fractal
exponent which are given in Table 4.4. This result shows that the effect of the
surfactant is to not only to reduce the interface RMS roughness but also to smooth
the interface. Generally speaking, the correlation length is the distance between
successive crossings of the surface profile through some set level (for example, the
zeroset of the average surface) regardless of the high-frequency fluctuation®>>. It is
clear that the interfaces grown with surfactant become smooth at very small length

scale but comparatively rough at a micron length scale.

Table 4.4 The surface/interface parameters for self-affine fractal model

Lateral correlation length Fractal exponent

20000+2000 A 0.58+0.05




4. A Grazing Incidence X-ray Scattering Study of the Interface Morphology of Ge.Si . ... 100

-

10° ¢
10"
z E 3
g [ 1
2 10 /' \
§ /(/./ | < E
e -1 L .’/.\\ o"-“ B j
g 10 (A ™ \\
Pojme et e o, ot
2 2 [+f ) ".\K;‘t::ﬁ" 5'- |
102 &/ S
i
10° 7 !

0 0.5 1.0 1.5

o (°)

Figure 4.9 The transverse diffuse scan profile at 26=1.6° and the best fit of the
simulation with the interfaces parameters in both Table 4.3 and Table 4.4.
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Figure 4.10 The longitudinal scans with offset angle =0° (specular reflectivity), 0.1°
and 0.2°. The best fits of the simulations are also shown.

The longitudinal scans with offset angles 0.1° and 0.2° are shown in Figure 4.10. The
specular reflectivity is also shown in the same figure for comparison. Kiessig fringes
are clearly observed in both the specular and off-specular directions, with the same
frequency, which shows that the interface roughnesses are replicated over layers and

strongly correlated with each other. The best fits of the longitudinal scans are
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presented in the Figure. The adequate fit confirms the structure parameters are

substantially correct.

4.4 Discussion and Conclusion

The glancing-incidence x-ray scattering results reveal the completely different
interface morphology of GeSi heterostructures grown with and without surfactant.
When grown with 0.75 monolayer Sb prior to thin film growth, the roughnesses of
the interfaces are dramatically reduced and the density of the GegSio layer is found
to be close to unity. This is the direct evidence that the existence of surfactant
effectively suppresses the segregation and the inter-diffusion on the interface and

helps to form sharper interfaces.

When fitting the transverse or offset longitudinal scan profiles, we found that it is
very difficult to reach perfect fits. This could be due to the individuality of the
interfaces. In the simulation, the vertical correlation length is assumed to be large
and, therefore, the lateral correlation length and the fractal exponent are set to be
identical for all interfaces. When the vertical correlation is short, each interface
should have individual parameters. At least, this is obvious that the surface of
oxidation layer should have different morphology from other interface because of the
different growth mechanism. In Figure 4.6, for example, the small shoulder on both
side of the specular ridge suggests that part of the film might have longer lateral
correlation length than others. However, this will dramatically increase the

calculation time and it is impossible to resolve the structure within reasonable time.

By comparing our results to the ones reported by Cui et al. on GeSi superlatticesze,

the magnitude of roughnesses and their exponents are close. However, the lateral
correlation length is much larger in our samples, both grown with and without a
surfactant. Perhaps, the smaller correlation length of superlattices is due to the
averaging of non-identical interfaces. In other words, the vertical correlation might

not be as good as that they expected.
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The surfactant also changes the interface morphology. Thé existence of the Sb

surfactant gives a micron-size correlation length and a larger fractal exponent which

suggest the interface is very smooth at small lengthscale.
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Chapter 5

High-Resolution X-ray Scattering
Studies of YBa,Cu3;(Q-_ s Thin Film
High-T, Superconductors

5.1 Introduction

The discovery of high-T, superconductivity in the late 1980’s redirected the interest
of much scientific research. After a decade’s study, however, its nature is still
undetermined. One of the major problems encountered was the complexity of the
materials. This complexity often caused specimens to be extremely sensitive to small
variations in their composition with resultant effects on their quality, making the
fabrication of high-T. superconductors problematic. Therefore, it is important to
control the fabrication processes to ensure the properties of the material are
mentioned. A proper testing technique, such as high-resolution x-ray scattering, is

the first step to understanding and controlling of the fabrication process.

In this chapter, routine testing using high-resolution x-ray scattering will be
performed on various YBa,Cu307.5 thin films. The results give an overall indication
on the quality of the samples. This measurement is widely employed in determining

the sample structure.
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5.2 High-T, thin film superconductors

5.2.1 Superconductivity

Superconductivity was first discovered by a Dutch physicist, H. Kamerlingh-Onnes,
in 1911, three years after he first liquefied helium. When Onnes tried to measure the
electrical resistance of mercury at very low temperatures, he found that the resistance
of pure mercury fell below 10° Q (the experimental detection limit at that time) for
temperatures below 4.15 K. Afterwards, new superconducting materials including
pure elements and alloys were discovered. The highest superconducting transition
temperature (T.), until the recent discovery of high temperature superconductors, was

Nb;Ge with T=23.2 K'.

One of the most important aspects about superconductivity is absence of resistivity.
When a material is in superconducting state, the DC electric resistance is zero. The
resistance is so low that it is impossible to measure it using Ohm’s law, or by
current-voltage measurement. File and Mills studied the decay of the current in a
superconducting solenoid and concluded that the decay time of this supercurrent is

not less than 100,000 yearsz.

Another important phenomenon related to superconductivity is the Meissner effect.
When a specimen is cooled down to its transition temperature and becomes
superconducting, any constant, but not too strong, magnetic field will be forced out
of it. This effect was first observed and reported in 1933 by two German physicists,
W. Meissner and R. Ochsenfeld®. When external magnetic fields are applied to a
superconducting sample, supercurrents are induced in a thin layer under the sample
surface. The supercurrents screen the interior of the sample against external fields.
Therefore, the fields decay with depth exponentially with a characteristic length,
known as the London penetration depth, named after F. London and H. London who
first gave the theoretical explanation of the Meissner effect in 1935%. In 1950, L. D.

Landau and V. L. Ginzburg gave a more general theory of superconductivity.
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By then, the London equations and the _Landau-Ginzburg‘ equations were both
phenomenological equations. In 1957, a successful quantum theory of
superconductivity, which explained the mechanism of superconductivity, was given
by three American physicists, J. Bardeen, L. Cooper, and J. R. Schrieffer’. This
theory is now generally referred to as the BCS theory. In this theory, it is assumed
that the electron pairs bound by the electron-phonon interaction carry the
supercurrent and an energy gap between the normal and superconducting states is
then created. The paired electrons are known as Cooper pairs since the idea was
suggested by Cooper. The mean distance between coupled electrons in a pair is
called the correlation length. Table 5.1 shows the superconducting transition
temperature (T.), London penetration depth (1) and coherence length (§) of some
superconductors. The BCS theory has been well accepted in explaining conventional

superconductivity (T, below ~30K).

Table 5.1 Superconducting‘transition temperature (T;), London penetration depth ()
and coherence length (£) of various superconductors’

Materials T. (K) MA) EA)

Sn 3.72 420 1800

Pb 7.20 390 820

Nb 9.25 500 390

Nb;Sn 18 650 30
Nb;Ge 23.2 900 30
YBa,Cu;0,.5 (a-b) 89 260 34
YBa,Cu;055 (€) 89 1250 7

5.2.2 YBa,Cu;0 high-T. superconductors

Since 1930, the element niobium and its compounds dominated the field of
superconductivity for the next 56 years. These materials have not only the highest T
values but also have high critical magnetic fields. In 1986, there was a dramatic
breakthrough when J. G. Bednorz and K. A. Muller discovered a new class of so-
called high-temperature superconducting substances®. They found that La,Ba,CuOy
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had a T. of about 35 K for x~0.15. They described their samples as “metallic,
oxygen-deficient, perovskite-like mixed-valence copper compounds”. This discovery
made a new record of the highest T. and initiated the “Copper Oxide Era of

superconductivity” L

After the discovery by Bednorz and Mullers, new superconducting compounds were
quickly found one after another and the highest T of the new superconductors
- climbed ever higher. In 1987, Chu et al.” reported their discovery of YBa;Cu3O7.s
with T~92 K. This was another important breakthrough because it was the first time
that the superconducting transition temperature (Tc) was higher than 77 K, the
boiling temperature of liquid nitrogen. This would have profound consequences on
the economics of employing superconducting materials. In 1988, BiSrCaCuO
compounds were found with T~110 K by many different groups. The T of
TIBaCaCuO compounds were found to be even higher, about 120-125 K.
Researchers continue to look for new high-T. superconducting materials with higher

transition temperatures.

The compound YBa;Cu30;, sometimes refers to as the 123 compound, has an
orthorhombic or tetragonal structure as shown in Figure 5.1. Its unit cell can be
derived from the perovskite structure ABO; by tripling one cell axis concurrent with
the cation ordering —Y-Ba-Ba—Y-Ba—Ba— on an A site (hence the name “trip-le
perovskite” structure) and by removing three (out of nine) oxygen atoms. Oxygen
deficiency is often found in YBa;Cu30; and therefore the compounds are written as
YBa,Cu307.5. For 0<6<0.6, YBa;Cu3O7.5 is orthorhombic and supefconducting at
low temperature, and for 0.6<8<1, it is tetragonal. The T also depends on the oxygen
deficiency and the highest T of these compounds is about 90 K when 0<8<0.2. The
structural data for YBa;Cu3Og9; is listed in Table 5.289.

Figure 5.2 shows the diffraction pattern of YBa;Cu3Os; along a-b plane and the
major diffraction maxima are listed in Table 5.3. The diffraction pattern of
YBa;Cu3;O069; was calculated using the commercial Cerius programlo with the

structural data of Table 5.2.



5. High-Resolution X-ray Scattering Studies of YBa,CusO_s Thin Film ... 109

d
R
U
O
[

8118

Figure 5.1 A c-oriented YBa;Cu307 unit cell and a SrTiO; substrate unit cell. The
dotted lines show how the YBa,Cu3O- film epitaxial grows on a typical perovskite
substrate such as SrTiO;.
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Table 5.2 Structure data for YBazCu30¢.9,°

Space group : Pmmm (No. 47) ~95K

Lattice parameters :

a=3.8177A b=3.8836A c=11.6827A

110

a=B=y=90°
Element Wyckoff X y z Debye Occupancy
position Waller
factor
i (1h) 0.5 0.5 0.5 0.49 1.00
Ba (2t) 0.5 0.5 0.1844 0.64 1.00
Cu(l) (1a) 0 0 0 0.51 1.00
Cu(2) (2q) 0 0 0.3552 0.52 1.00
o 2q) 0 0 0.1588 0.75 1.00
0Q2) (2s) 0.5 0 0.3779 0.62 1.00
03 (2r) 0 0.5 0.3780 0.64 1.00
0@ (le) 0 0.5 0 1.12 0.91
S TR TR W W— S M-
,,,‘,:, - ,,,,.:, .‘l_,u A.."_, - ‘ ’ :
ot _ ‘ ', , b ,, : ,,,,,
‘. ‘ - ” <’: ,A_“. ,,,,,, ..:' ,,,,,, .:,,
+—+—+ .
- — — — — - .

Figure 5.2 The x-ray diffraction pattern (a-b plane) of YBa;Cu3Og9; from the Cerius
simulation'®. The size of the spots is proportional to the integrated intensity of the
Bragg reflections.
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Table 5.3 The major diffraction maxima of YBa;Cu3Os9; obtained from a Cerius

simulation. The on-axis reflections (along [001] direction) are highlighted.

h k 1 d-spacing 20 Integrated Intensity
2 0 0 1.9089 47.598 42121.4 98.40%
1 .0 3 2.7262 32.825 322914 75.44%
0.0 6. (46607 238412 "5570%
4 0 O 107.620 17642.6 41.22%
2 0 6 68.818 16586.7 38.75%
0

79.107 16383.5 38.27%
e L T T T AN

4 0 6 0.8570 128.003 8806.70 - 20..57%

1 0 8 1.3640 68.769 7140.05 16.68%
1 0 9 1.2290 77.624 6931.83 16.19%
2 0 5 1.4783 62.809 6485.14 15.15%
2 0 11 09281 112.191 6014.69 14.05%
1 0 10 L1171 87.184 5299.40 12.38%
3 0 9 0.9087 115.914 4689.33 10.96%
3 0 8 0.959%4 106.811 4464.30 10.43%
1 0 13 0.8748 123.421 3921.18 9.16%

3 0 10 0.8606 127.029 3737.24 8.73%

2 0 7 75.623 3222.08 7.53%
4 0 5 121.336 3076.80 7.19%

4 0 7 0.8285 136.780 1846.18 431%
1 0 4 2.3197 38.788 1829.14 4.27%
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0 0. 81716613 413
0 0. 104596 | 176371, 412%
2 0 10 0.9965 101.252 1706.55 3.99%
2 0 9 1.0734 91.715 1693.31 3.96%
2 0 12 0.8673 125.287 1505.58 3.52%
2 VO 3 1.7140 53.411 1347.31 3.15%

1 0 7 1.5292 60.491 1205.48 2.82%

1 0 0 3.8177 23.280 1161.54 2.71%
4 0 3 0.9270 112.393 1149.39 2.69%

3 0 0 1.2726 74.500 1050.15 2.45%

3 0 2 1.2434 76.558 987.78 2.31%

3 0 4 1.1666 82.639 907.841 2.12%

1 0 6 1.7345 52.729 823.246 1.92%

3 0 6 1.0652 92.623 822.807 1.92%

3 0 7 1.0120 99.137 777.207 1.82%

1o © © o o o

109.476
50.242
109.723
57.642
87.142

78.7597

271.900

231.609
154.779
140.831
114.921

0.64%
0.54%
0.36%
0.33%
0.27%

o © o o o o b

1.8839
0.9072
1.1598
3.6289
1.2651

. 0.9513

45.475

48.269
116.22
83.23
24.51
75.017
108.143

18.1570
15.2812
9.51361
3.68249
3.17492

2.15504

0.18%

0.04%

0.04%
0.02%
0.01%
0.01%
0.01%
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Like conventional (low T¢) superconductors, most experiment:al results have showed
that the charge carriers in high-T. superconductors are pairing electrons. According
to the BCS theory, the attractive electron-pairing interaction is due to electron-
phonon coupling. In the high-T. superconductors, however, the electron-phonon-
coupling interaction is not strong enough to account for the high transition
temperatures. So far, the mechanism of high temperature superconductivity is still

unclear.

5.2.3 Superconducting thin films

Soon after the discovery of superconducting behaviour above liquid-nitrogen
temperature in YBa;Cu3O75, the growth of this material in thin film form was
reported. Generally speaking, due to the highly anisotropic structure and the very
short coherence length of the oxide superconductors, superconducting properties of
thin film samples is normally superior to that of polycrystalline bulk samples.
However, there are problems that make the growth of good-quality, reproducible thin
films difficult. The composition of high-T, materials is complex. All high-T,
compounds consist of at least four elements that must be deposited within close
tolerance of the correct ratio in order to obtain optimised films. The role of oxygen is
critical in determining the superconductivity. However, The control of most of the
deposition techniques is difficult. Furthermore, the structure of high-T,
superconducting material is highly anisotropic. As a result, the crystallographic

alignment in the film is critical, and that makes the growth unpredictable.

One of the most important factors to obtain good quality films is the substrate.
Several different materials such as SrTiO;, LaAlO3;, MgO, and yttria-stablised ZrO;
(YSZ), etc. were reported as the substrates of high quality YBa;Cu3O7. thin
films'"'2. In this chapter, the structure of YBa;Cu3O7.5 thin films on SrTiO; and

LaAlO; substrates from various growers will be examined in this chapter.

SrTiO; was one of the first materials which was successfully used as a substrate for

YBa,Cu307.5 thin films. It has a cubic perovskite structure as shown in Figure 5.1. Its
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lattice constant is a=3.905A which gives a lattice mismatch 44 = 12.0%,

-Abi=+0.7% and ﬁ‘c£=+0.1%12’13. Because of the small lattice mismatch, SrTiO; is

able to support high quality YBa;Cu3Oys thin films with Tex90K and J~10° A/em®
at 77K. However, the prohibitively large dielectric constant of this material, (=277
at room temperaturelz) makes microwave applications impossible. In addition,
although single crystal SrTiO; is ready available, large sized crystals are unavailable
which severely limits research and applications. For these reasons, other alternatives
must be found. Figure 5.3 shows the diffraction pattern of a YBa;Cu307.5—SrTiO;
thin film. The diffraction patterns from both YBa;Cu30.5 and SrTiO3 are convoluted
together. In this chapter, the Miller indexes of the SrTiO3 substrates are used as a

reference of reciprocal space because of its well-defined lattice.

Like SrTiO;, LaAlO; also offers only a small lattice mismatch with YBa;CuzO7.5. At
room temperature, the primitive unit cell is rhombohedral'>'*. It is possible to relate
the rhombohedral primitive unit cell to a monoclinic unit cell containing eight
molecules. Because S ~ 90°¢, the monoclinic unit cell is very close to cubic and the
pseudocubic primitive unit cell has been used to index the Bragg reflection for
consistency with SrTiOs. The relationship between different unit cell systems and
their lattice parameters is shown in Figure 5.4 and Table 5.4. The dielectric constant
of LaAlO; is 24 which make LaAlO; more suitable as a substrate for microwave
applications. However, a second-order rhombohedral-cubic phase transition occurs at
520°C which leads to substrate twinning'>'®. Because the transition temperature is
within the film-processing regime, it is impossible to avoid the phase transition and
the substrates are always twinned. The dielectric properties of the twinning substrates
vary from point to point in the manner that can not be controlled or predicted.
Therefore, the fabrication of complex microwave devices is not yet possible. Even

so, twinning has not prevented the growth of high-quality films with high T¢ (=90K)
and J. (~ 5x10° A/cm? at 77K).
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Figure 5.3 The diffraction pattern of a YBa;Cu307.5~SrTiO; sample in reciprocal
space. The Bragg reflections from both YBa,Cu3;0+.5 (blue dots) and SrTiO; (red
dots) are shown. The reciprocal space is indexed by the SrTiOj3 substrate system.

Figure 5.4 Three different definitions of the LaAlO; unit cell. The detail of cell
parameters are presented in Table 5.4.
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Table 5.4 Various definition of LaAlOj; unit cell and their cell parameters

Unit cell type Lattice # of mole. Draw
parameters in a unit colour in
cell Figure 5.4
primitive a=5.357A 1 blue
rhombohedral a=60°6’
monoclinic a=7.580A 8 green
B=90°5'
pseudocubic a= 3.790A 1 red

5.3 Experiments

Various YBa,Cu307.5 thin film superconductors grown on LaAlO; and SrTiO;
substrates were studied by high-resolution x-ray scattering and the results are
presented in this section. The samples were grown by various growers using either
pulsed laser deposition or sputtering deposition. The x-ray scattering experiments
were performed at the University of Edinburgh using the CPEX diffractometer

system, details of which were given in Chapter 3.

5.3.1 YBa,Cu;0,.5-LaAl10; samples — Institute of Physics,
Chinese Academy of Science, Beijing

5.3.1.1 Sample descriptions

YBa;Cuz07.5 thin film superconductors were grown on LaAlO; (LAO) by pulsed
laser ablation in the Institute of Physics, Chinese Academy of Science, Beijing,
China. An XeCl excimer laser with a wavelength 308 nm was employed for sample
growth. The pulse width and the energy density of the laser were set to be 40ns and
3-5 J/cm’. Before the deposition, 600 mTorr oxygen was passed through the
deposition chamber and the flux remained constant during the whole process. The
temperature of the substrate surface was maintained at 770°C through the deposition.

The substrates used were commercial LaAlOs single crystal wafers which had been
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mechanically polished already and had been chemically cle;med prior to the film
deposition. Two samples were produced with different thicknesses which were
estimated to be 3000A (sample L3000) and 1000A (sample L1000). Both samples
have a sharp superconducting transition temperature Tc~90K and a critical current
density, J;, in the range of 4.0-6.5 x10® A/cm®. Details of the sample growth can be

found elsewhere'’.

5.3.1.2 Results and discussions

A reciprocal space map around the (002), Bragg reflection from the L3000 sample is
shown in Figure 5.5 using a logarithmic intensity contour plot. Two peaks are clearly
observed in this map: the intense (002), substrate. reflection and a weaker peak at
(0,0,1.944) which is the (006); reflection from the YBaZCu3O7-5 film. This indicates
that the YBCO film is well crystallised with a ¢ lattice axis approximately parallel to
the c lattice axis of the LAO substrate. The tilt angle between the YBCO film lattice
and the LAO substrate axis is about 0.045°. To estimate the quality of the film, the
longitudinal (6-26) and transverse (rocking curve) scans of the (005); Bragg
reflection were measured and are shown in Figure 5.6. Figure 5.6(a) presents the &
260 scan profile. The maximum position gives the c lattice parameter to be
11.686+0.002A and the FWHM of the peak gives the vertical grain size of the
YBCO to be 1031+12A (obtained using the Sherrer formula). The FWHM of the
rocking curve of the (005), (Figure 5.6(b)) gives a mosaic spread width of
0.378+0.005° which is the average tilting angle of the grain boundaries. These results
suggest that the film is highly oriented with excellent quality. In Figure 5.5, it is
found that the (002); reflection of the LAO substrate is split into two peaks. The
splitting comes from the twinning structure associated with the cubic-thombohedral

phase transition at 520°C'*',
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Figure 5.5 Reciprocal space map around the (002); Bragg reflection of the L3000

sample.
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Figure 5.6 (a) Longitudinal scan and (b) rocking curve of the (005)y Bragg reflection
of the L3000 sample '

Figure 5.7 shows the 8-26 scan profile of the (002); and the (006), reflections of the
sample L3000. As previously reported in similar samples by Li et al.'® and Cox et
al.'’® , an extra peak around the (200); Bragg reflection from a/b oriented grains is
found in the 820 scan profile between (006),and (002);. This indicates a mixture of

¢ oriented film with a/b oriented grains. In sample L3000, there is no evidence of this

peak on the 8-20 scan.

Part of the sample was sent for SEM measurement to reveal the surface morphology
and a SEM photograph is shown in Figure 5.8. To reveal the surface morphology of
the YBa,Cu307.5~LaAlO; samples, scanning electron microscopy (SEM) was also
employed. The SEM experiments utilised a Cambridge S250 SEM operating at 5-10
KV accelerating voltage at the Department of Electrical Engineering, University of
Edinburgh. Surprisingly, some of rectangular a/b grains were observed on the surface
as reported by Carim et al.?%. The a/b oriented grains cover about 3% of the surface.
The existence of the a/b oriented grains should be observed by x-ray scattering if 3%
of the total volume were occupied by them. The inconsistency between the results of
x-ray scattering and SEM indicates that the a/b oriented grains are concentrated close

to the sample surface and only a very few grains can be found inside the film. This

will be discussed further later.
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Figure 5.7 The 6-26 scan profile of the (002); and the (006), reflections of sample
L3000 and a bare LAO substrate prior film growth.

The other noticeable feature in Figure 5.7 is the asymmetry of the (002), reflection.
To seek an explanation for the asymmetry, the same 6-26 scan was measured on a
bare LAO substrate prior to film growth. The results show great consistency with
YBCO-LAO sample which indicates that the asymmetry is not related to the film
growth. One of the possible reasons for the asymmetry is the mechanical polishing
prior to film growth. Chemical etching of any damaged surface is therefore

recommended.

Figure 5.9 shows the reciprocal space map around the (303), asymmetric Bragg
reflection. The low-resolution mode (graphite monochromator and analyser) was
used in this measurement to obtain reasonable intensity. Three peaks are observed in
this plot which are recognised to be the (303); of the LAO substrate and the (309),
and (039)s of twined YBCO thin film. The detailed linear scan in reciprocal space
which through of the peak maxima of both the (309),and (039),reflections is shown
in Figure 5.10. From the measurement of the peak positions, the in-plane lattice
parameters can be calculated as a=3.83+0.0/A and =3.90+0.01A.
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grains observed on the surface are circled.

Figure 5.11 shows the reciprocal space map of the L1000 sample around the (002);
Bragg reflection. The plot is found similar to the one of the L3000 shown in Figure
5.5. However, there are two significant differences between them. First, the (006),
YBCO thin film reflection is much wider and weaker. The lattice parameter of the
YBCO thin film is calculated to be 11.694+0.002A which is slightly larger than the
one of the sample L3000. The quality of the film as determined by the FWHM of the
(005); reflection has a grain size of 835+12A and a mosaic spread width of
0.760+0.005°. Secondly, there is no tilting angle between the YBCO film and the
LAO substrate. These results suggest that, in comparison to the L3000 sample, the
L1000 thin film is epitaxial to the LAO substrate but with more dislocation and

defects.
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Figure 5.9 Reciprocal space map around the (303), Bragg reflection of the L3000
sample. The blue line shows the scan trance through the (309)s and (039)r and the

profile is shown in Figure 5.10.
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Figure 5.10 The transverse scan along the (309), and (039); reflections of the L3000

sample.
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Figure 5.11 Reciprocal space map around the (002)s Bragg reflection of the L1000
sample.

As in the L3000 sample, there is no evidence for the existence of a/b oriented grain
in the L1000 sample from the x-ray scattering profile. However, the surface
morphology of the L1000 sample is different from the one of L3000 sample. Figure
5.12 shows the SEM of the surface of the L1000 sample. It is clear that rectangular
a/b grains are not to be found on the surface. ‘As reported by Nieh et al.?! and Bhatt et
al.?2, the density of a/b grains is a function of the film thickness, or depth. At the
initial stage of film growth, all the film is ¢ oriented. As the film gets thicker and
thicker, a/b grains occur and mix with the ¢ oriented grains. Our results are certainly

agree with this.
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Figure 5.12 The SEM surface micrograph of the L1000 sample.

Figure 5.13 shows a reciprocal space map of the (303), reflection of the L1000
sample. This plot is similar to the one of the L3000 sample in Figure 5.9. The (309),
and (039); reflections are much weaker this time, but still clear. The linear transverse
scan through these reflections is shown in Figure 5.14. The lattice parameter of
YBCO thin film was measured to be a=3.84+0.0/A and »=3.89+0.01A. These
results are close to the ones for the L3000 sample. However, the difference between
a and b is smaller which suggests that the film lattice is strained by the cubic LAO
substrate caused by epitaxial growth. All the experimental results of L3000 and
L1000 YBCO-LAO thin films are summarised in Table 5.5.
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Figure 5.13 Reciprocal space map around the (303); Bragg reflection of the L1000
sample. The blue line shows the scan trance shown in Figure 5.14.
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Figure 5.14 The transverse scan through the (309) and (039), reflections of the

L1000 sample.
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Table 5.5 The derived parameters of the L3000 and L1000 samples obtained by x-ray
scattering

L3000 L1000
Thickness 3000A 1000A
c 4 11.686+0.002A 11.694+0.002A
Grain size 1031£12A 835+12A
Mosaic spread width 0.378+0.005° 0.760+0.005°
a 3.83%0.01A 3.840.01A
b 3.90+0.01A 3.89+0.01A

5.3.2 YBa,Cu;0,5-LaAlO; and SrTiO; samples —
Cambridge IRC (sputtering)

5.3.2.1 Sample descriptions

A series of YBayCu3O7.5 samples grown on SrTiOs or LaAlOs; substrates with
various thicknesses by the DC sputtering deposition technique were grown by the
sputtering deposition group, IRC Cambridge. During film growth, the oxygen
pressure was 260 Pa and the substrate temperature was 780°C. The details of the

deposition equipment can be found in reference 3,

5.3.2.2 Results and discussions

Table 5.6 lists all the samples from Cambridge IRC using DC sputtering deposition
techniques. The c lattice parameter was calculated from the 26 value of the (005),
Bragg reflection. The grain size is derived from the FWHM of the 6-26 scan of the
(005); reflection using the Sherrer formula. This grain size directly relates to the
reliability of the c lattice parameter. The mosaic spread width is determined by the
FWHM of the rocking curve through the (005), reflection. This measurement directly
reflects the average tilting angle between different grains. All these examinations are

standard procedures in the determination of films quality.
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Table 5.6 List of thickness of the YBa;Cu307.5~SrTiO3 and LaAlO; samples grown
by DC sputtering deposition

Sample #  Substrate _ Thickness(A)  ¢(A)  Grainsize (A)  Mosaic width (°)

6720-3 LAO 1000 11.680 589.8 0.489
6734-1 LAO 2000 11.682 1056.3 0.149
7805-2 STO 500 11.697 369.6 0.352
7806-2 STO 1000 11.671° 1081.1 0.236
7808-2 STO 1500 11.688 979.9 0.249
7799-2 STO 2000 11.699 1145.0 0.134

From the experimental results, no obvious evidence is obtained which suggests that
the lattice parameter and the film thickness are dependent upon each other. In fact,
the variation of the lattice parameter is less than +0.15% regardless of the substrate
material. This suggests that the growth is controlled well. According to Jorgensen’s
report’, all samples we examined have 6 < 0.2 and T close to 90K. Figure 5.15

shows the temperature dependence of the resistively of YBCO-STO samples.
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Figure 5.15 The temperature dependence of the resistivity of YBCO-STO samples
(provide by Dr R. E. Somekh of Cambridge IRC)

Table 5.6 also gives the quality of YBCO films quantitatively by measuring the grain
size and the mosaic spread width. The results show that the grain size and the mosaic

width are dependent: the larger the grain size is, the smaller the mosaic width and,
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therefore, the better quality the film is. For thin samples (6';20-3 and 7805-2), the
film quality is very poor. As the film thickness increases, the grain size increases as
well. However, after the thickness has reached 10004, the grain size seems saturated
for YBCO-STO films. The results lead to the following conclusion. The YBCO film
grows epitaxially with a large strain and a lot of defects at an early stage. Therefore,
the quality of the film with a small thickness is poor. However, after a certain critical
thickness, the film is relaxed and behaves like a single crystal. Beyond this critical
thickness, the film is relaxed from the substrate and the quality is independent on its
thickness. In the YBCO-STO system, the critical thickness is between 500A and
1000A.. For YBCO-LAO case, the critical thickness is between 1000A and 2000A.

5.4 Conclusions

For the examination of the microstructure, x-ray scattering is an excellent and quick
non-destructive technique. In this chapter, I have demonstrated the ability of high-
resolution x-ray scattering studies in the quality determination of YBCO high-T
superconducting thin films. YBCO thin films grown on STO and LAO substrates by
either laser ablation or DC sputtering were examined and their qualities were
measured quantitatively. The results suggest that the YBCO films are grown
epitaxially at an early stage. The strain between the film lattice and substrate lattice
induces defects. Therefore, the grain size is small and mosaic spread is large, which
directly reflects the poor quality of thinner films. As the thickness increases, the
films are relaxed from the substrates and they behave like highly oriented
polycrystalline films. The critical thickness of the relaxation depends on the lattice
mismatch and varies from one substrate to another. The measurement of the YBCO
lattice parameter shows considerable uniformity, which suggests that the growth
processes are well controlled. Therefore, the quality of the films seems to be limited

by the intrinsic properties of the materials.

During the experiments, the structure of the specimen is determined by measuring
just a few Bragg reflections. Although this demonstrates the efficiency of x-ray

scattering, many features are ignored because of the incomplete measurement. In the
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next chapter, one of the best YBCO-STO samples will be fully studied by x-ray

scattering and new and important features are revealed in the sample.

10

11

12

15

C.P.Poole, H.A Farach, and R.J.Creswick, Superconductivity (Academic Press,
1995)

J.File, and R.G.Mills, Phys. Rev. Lett. 10, 93 (1963)

W.Meissner, and R.Ochsenfeld, Naturwissenschaft 21, 787 (1933)
F.London, and H.London, Proc. Roy. Soc. (London) A 141,71 (1935)

J Bardeen, L.N.Cooper, and J.R.Schrieffer, Phys. Rev. 108, 1175 (1957)
J.G.Bednorz, and K.A.Muller, Z. Phys. B 64, 189 (1986)

C.W.Chu, J.Bechtold, L.Gao, P.H.Hor, Z.J.Huang, R.L.Meng, Y.Y.Sun,
Y.Q.Wang, and Y.Y.Xue, Phys. Rev. Lett. 60, 941 (1988)

J.D.Jorgensen, B.W.Veal, A.P.Paulikas, L.J.Nowicki, G.W.Crabtree, H.Claus, and
W .K.Kwok, Phys. Rev. B 41, 1863 (1990)

K.Yvon, and M.Francois, Z. Phys. B 76, 413 (1989)

E.K.Hollmann, O.G.Vendik, A.G.Zaitsev, and B.T.Melekh, Supercond. Sci.
Technol. 7, 609 (1994)

J.M.Phillips, J. Appl. Phys. 79, 1829 (1996)

R.W.G.Wyckoff, Crystal Structure, Vol.2 (Interscience Publishers, John Wiley &
Sons, 1964)

S.Geller, and V.B.Bala, Acta Cryst. 9, 1019 (1956)

H.Fay, and C.D.Brandle, J. Phys. Chem. Solids, Suppl. 1, 51 (1967)



5. High-Resolution X-ray Scattering Studies of YBa;Cu3;0;.5 Thin Film ... 130

16 H.M.O’Bryan, P.K.Gallagher, G.W.Berkétresser, and C.D.Brandle, J. Mater. Res.
5, 183 (1990)

7 Q.X.Su, S.F.Xu, D.F.Cui, HB.Lu, Y.J.Tian, Y.Z.Zhang, ZH.Chen, L.Li, and
G.Z.Yang, Morden Phys. Lett. B 6, 477 (1992)

18 CR.Li, Z.H.Mai, P.D.Hatton, and C.H.Du, Acta Phys. Sinica 42, 1479 (1993)

19 U.].Cox, J.Crain, P.D.Hatton, G.S.Green, and D.Y.Dai, J. Appl. Phys. 75, 7966
(1994)

20 A H.Carim, S.N.Basu, and R.E.Muenchausen, Appl. Phys. Lett. 58, 871 (1991)

2l C.W.Nieh, L.Anthony, J.Y Josefowicz, and F.G.Kajenbrink, Appl. Phys. Lett. 56,
2138 (1990)

22 D Bhatt, S.N.Basu, A.C.Westerheim, and A.C.Anderson, Physica C 222, 283
(1994)

23 R E.Somekh, and Z.H.Barber, J. Phys. E: Sci. Instrum. 21, 1029 (1988)



6. Observation of an Ultra-High-Quality YBa,Cu30;.s Thin Film on SrTiO; Substrate 131

Chapter 6

Observation of an Ultra-High-Quality
YBa,Cu;0-_s Thin Film on SrTiO;
Substrate

6.1 Introduction

The ability to understand and control the morphology of high-T. oxide thin film
superconductors is important both for technological applications and for fundamental
studies. To explore the structure of thin films, especially the buried interfaces,
grazing incidence x-ray reflectivity (GIXR) has been employed most frequently, and
it has achieved great success with semiconducting epitaxial thin films'***, Recently,
GIXR has been applied to the study of surface and interface structures of high-T, thin
film superconductors and reasonable results have been obtained>®”*’, For example,
Asami et al.” and Ichinose et al.’ have both applied GIXR to ultra-thin YBa;Cu3Ox
(YBCO) thin films. They measured the surface and interface roughness and proposed
film growth models for different substrates such as SrTiO3; (STO) and MgO. Gau et
al.® have applied GIXR and grazing incidence x-ray diffraction (GIXD) to study the
layer structure of YBCO thin films. Their results show that a mosaic layer, a
tetragonal layer, an orthorhombic layer and a surface contamination layer are
sequentially stacked above the substrate. All of these reports demonstrate that GIXR
is a useful technique for studying thin film structure and its growth mechanism.
However, GIXR is sensitive only to the electron density depth profile of the film but
not to the crystallographic structure. In this case, the low-angle specular reflectivity
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profiles of GIXR from a strained crystal and amorphous layer will be the same if
their electron densify distributions are identical. Unless "other complementary
techniques are performed, GIXR gives only the electron density structure along the

surface normal direction.

An other x-ray scattering technique available for this type of study is on-axis crystal-
truncation-rod (CTR) analysis, sometimes referred as high-angle specular
reflectivity'®'". Unlike GIXR, the on-axis x-ray scattering intensity profiles near
Bragg reflections are extremely sensitive to the lattice distortion, crystal thickness,
the surface, and the interface roughness morphology. Terashma, Kamigaki and their
colleagues have published a series of reports which have routinely used the Laue
finite size fringes of the CTR profiles to precisely determine the thickness of various
YBCO samples grown by activated reactive evaporation depositionlz’B’M. Along
with reflection high-energy electron diffraction (RHEED) analyses, the critical
thickness of the strain relaxation was measured to within the resolution of single unit
cell. Nakamura et al. took a similar approach to the study of the interface roughness
of GdBa;Cu;07.5 thin films on STO substrates grown by magnetron sputtering15 .
They used the frequency of the Laue fringes of the finite size crystal to calculate the
thickness. The uncertainty of the thickness was interpreted as the roughness of the
films. Their results demonstrated the ability of applying the CTR analyses to study
the film thickness and the surface and interface roughness. Amongst all of these
reports, hoWever, the CTR profiles have not been properly analysed. Because of
over-simplification of the CTR calculation, only the thickness of the film could be
resolved by simply measuring the frequency of the Laue fringes. However, further
mformatlon such as the strain field of the lattice can be accessed by properly fitting
the profiles. Nevertheless, due to the relatively poor crystal quality, strong x-ray
absorption and the existence of interfacial disorder, it is more problematic to study
thicker superconducting films using either GIXR or CTR techniques. So far, no study
has been reported on YBCO thin films with thickness over 500A to date. This limit is
substantially below that of commercial high-T. superconducting thin films used in

microwave and other applications.
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In this chapter, a YBCO thin film with a thickness of about 1800A grown on a STO
substrate was studied' by high—resolution x-ray scattering. GIXR was first used to
study the depth profile and determine the thickness of the film. An amorphous
surface oxidation layer was found on top of the film. Traditional x-ray diffraction
techniques including 626 scans, rocking curves and reciprocal space mapping, were
then applied to examine the crystallographic structure of the sample. The low-index
Bragg reflections were found to have very different features from the high index
ones. Three different components, which come from the epitaxial YBCO buffer
layer, ultra-high-quality YBCO film and mosaic YBCO inclusions were observed.

The details of each component were studied in detail and are described below.

6.2 Experiment

6.2.1 Experimental details

The YBCO thin film was grown on (001) SrTiO3 (STO) substrates by off-axis pulsed
laser ablation at the Interdisciplinary Research Centre in Superconductivity,
University of Cambridge. A KrF laser with a wavelength 248nm was employed for
the film growth, and the energy density was about 1.5 J/cm?. During the deposition,
the oxygen pressure was maintained at 0.3 mbar and the temperature of the SrTiO3
substrate was 780°C. After growth, the samples were cooled to room temperature
under 1 atm oxygen flow. The superconducting transition temperature of the sample
was measured to be about 88K and the critical current was over 10° A/cm’ at 77K.
The film is eptaxially grown on the substrate with Cf16 parallel to surface normal (c-
oriented) or ¢; axis. The other two axes (arand by) are lying on the surface plane and
parallel to the substrate axes (g and b;). The lattice parameters of the bulk crystals

are shown in Table 6.1. The sample studied has a thickness of about 1800A.

Table 6.1 The lattice parameters of the bulk YBCO and STO crystals

Material Structure a b c
Thin film YBa,Cu;0;5 Orthorhombic 3.82A 3.89A  11.68A
Substrate SrTiO; Cubic 3.905A  3905A 3.905A
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The x-ray scattering experiments were performed using Station 2.3 at the Daresbury
Laboratory, Synchrotron Radiation Source. The equipment configuration was
described in Chapter 3. The wavelength was chosen to be 1.200A to maximise the x-

ray intensity. The beam size and the pre-detector silt were both set as 100um. Under

these conditions, the angular resolution is on the order of 0.001°.

6.2.2 On-axis . crystal-truncation-rod profiles of single
crystal films with inhomogeneous strain field

The scattering amplitude of a thin film system can be calculated as
. N_l .
A= 4, Je—'(q-r)wr:dr - Aoze—(hlq:-u)zn 6.1)
r n=0

Here, we assume that the z direction is parallel to the surface normal. The origin of
the z-axis is put at the interface between the film and the substrate with positive z
upwards. We also assume that the x and y directions are completely independent
from the z direction and the summations along x and y are treated as a constant, and
included in the normalisation factor, 4y. So, the calculation is simplified to a one-
dimensional problem. N is the number of unit cells within the film along the z

direction. g, is the momentum transfer vector which is defined as

1. .
q,=2—sinfd=lc
A (6.2)
where A is the x-ray wavelength, and € is the scattering angle. The momentum
transfer vector can also be represented in reciprocal space unit as / times the

reciprocal lattice parameter, ¢ . Finally, 4 is the absorption coefficient which is

associated with the linear absorption coefficient, 14

H
siné

For a film with an associated strain field, this can be modelled by assuming a small

displacement is added to the position of the unit cell

2,=2,,+nA,c, =nc,(1+A,) (6.3)
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Where z ,,¢ is the position of the n-th unit cell without a strain field and nA,co is a
small additional strain field displacement. The lattice parameter of the »-th unit cell

can then be described as
cn)=z,-z,  ~c,(1+4,) (6.4)

Here, we assume the strain field is small, and varies slowly and smoothly with z. So,

the strain field can be changed to a continuous form.
Alz)=A, (6.5)
where z =nc,

The scattering amplitude of the strained system becomes
N-1 . N-1 .
A= 4, Z o~ 29—z, 4, Z e-(2m1~#)"(1+A,.) (6.6)
n=0 n=0

The scattered intensity is the square modulus of the scattering amplitude,

2

6.7)

10)=|AQY =

N-1
Ao e—(Zm’l—y)n(HA,,)

In fitting the experiment results, the scattered intensity has been assumed to be of the

following form

N-1 2

Z e—(2m’i—,u)n(l+A,,)

n=0

I()=1,R (6.8)

where Ij is the normalisation factor and R is the factor due to the roughnessz,

. ot
_U"z smz(‘l. °

2 ) =e—a',,zsin2(7d) (69)

in Equation (6.9), o is the variance of the Poisson random variables used to model
the random surface crystalline roughness”. For the reflection close to the Bragg

reflection, oj, is directly related to the surface roughness, ¢
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2 - " (6.10)

By minimising least square of the deviation, 12 , the function of the strain field of the

film can be determined.

2

Zz - Z log(lexp )_ log(lcal)

(6.11)
log(Z,,,, )+ log(L,)
The thickness of the film can also be calculated precisely by
N-1 N-1
H=Yc,=Y cl+4,) (6.12)
n=0 n=0

6.3 Results and dis cussion

6.3.1 Grazing Incidence X-ray Reflectivity (GIXR)
measurements ‘

Graziﬁg incidence x-ray reflectivity has long been used for analysing the crystal
structure near the surface of semiconducting materials"*® and high-T. oxide
superconducting thin films'>"*'*!* Figure 6.1(a) shows the GIXR measurement of
the YBCO-STO sample. Keissig fringes are observed at 8~ 0.55°, which ‘are due to
the interference between the surface and the interface scattering. Using the distorted-
wave born approximation (DWBA)3 , the best fit of GIXR result gives a structure of
the film as depicted in Figure 6.1(b). The film thickness was found to be 1930+10A.

A thin layer of lower density (p=0.95- p,) was also found on the top of the film

with a thickness of 78+1A and a large surface roughness (o= 27x1A). This layer is
probably an oxidation layer with a high dislocation density. The existence of such an

818 The transverse

oxidation layer has also been observed previously in some reports
scan at &= 0.62° is shown in Figure 6.2. This shows simply the specular ridge and
two Yoneda wings. No evidence of any correlation between the surface and the

interface was found.
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Figure 6.1 (a) The GIXR result of the YBCO-STO sample (b) structure model used
for the best fit.
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Figure 6.2 The transverse scan at = 0.62°.

6.3.2 High-resolution x-r ay diffraction measurements

The on-axis Bragg reflections of the YBCO thin film were observed as high as the
(0,0,16) reflection, which indicates that the film is highly oriented. Figure 6.3 shows
the peak profiles of the (005) Bragg reflection. Because of the strong intensity -and
reasonable 26 angle, the FWHM of this peak are generally utilised for quantitatively
determining the quality of the films. Figure 6.3(a) shows the reciprocal space map of
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the (005) Bragg reflection. Figure 6.3(b) and Figure 6.3(c) are the longitudinal (6-26)
scan and the transverse (rocking curve) scan through the' centre of the Bragg
reflection and their best fits using Lorentzian profiles. From the rocking curve, the
mosaic width of the YBCO thin film is 0.115° which shows the excellent quality of
the film. This result is much better than the other samples that we have published

separately'®.

To characterise the lattice parameter of the YBCO in detail, the positions and the
widths of the Bragg reflections were measured, and are shown in Figure 6.4. Figure
6.4(a) shows the dependence of the Bragg angle on the diffraction order, /, from
(005) to (0,0,16). The best fit to Bragg’s law gives a c lattice parameter of
11.696+0.001A. The average size of the crystal grains along the surface normal
direction is given by fitting the dependence of the FWHM of the 6-28 scans (Figure
6.4(b)) with Sherrer’s formula?®?!

0.941

A, =
%" LcosO (6.13)

The broadening of the 8-26 scan due to the residual strain is also considered in the

fitting

A, =2%tang
c (6.14)

The fitting result gives a grain size of 106.7+3.8A and the residual strain, Ac , of
c

10~°, which shows no residual strain in the YBCO grain. These results are close to

the values reported by Argunova et al.”!
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Figure 6.3 The peak profile of the (005) Bragg reflection of the YBCO thin film. (a)
The associated reciprocal-space-map. The contours levels are 0.9, 1, 1, 1, &, 5,

-+ of the peak intensity. (b) the 626 scan and (c) the rocking curve. The Lorentzian

profile is employed in both fits.
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Figure 6.4 (a) the Bragg angles and (b) the FWHM for the (00/) YBCO Bragg
reflections (/ =5 - 16).

Figure 6.5 presents the FWHM of rocking curve vs. Bragg angle of the (00/)
reflections. The angular spread is mainly contributed by two factors: the lateral grain
size and the mosaicity (the orientation distribution of grains). The peak breadth
caused by lateral grain size in reciprocal space is roughly inversely proportional to

the grain size and the angular spread can be expressed as

A A

9

= 6.15
® g, 2Wsiné (15)
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where W is the average lateral grain size. The angular spread caused by the mosaicity
depends only on the orientation distribution function of the-grains. Therefore, the
angular width is a constant. As shown in Figure 6.5, the best fit gives the lateral grain
size to be 2459+10A and the mosaic spread angle to be 0.053+0.005°. These results
represent that the excellent quality of this sample in comparison to those examined in

Chapter 5 and elsewhere®!"?.
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Figure 6.5 Rocking curve width vs. Bragg angle

It must be mentioned, however, that the low index Bragg reflections (/=1,2) showed
a completely different profile in both longitudinal and transverse directions which are
much more complex and contain more detailed information about the crystal

structure. These will be discussed further in later.

Figure 6.6 shows the reciprocal space map of the (002) STO and the (006) YBCO
Bragg reflections. In this semi-log contour intensity map, it was found that the sharp
(002) STO reflection and broad (006) YBCO are not in the same crystallographic
direction. This indicates the lattice planes of YBCO and STO are not parallel. From
the shift, the wedge angle was measured to be ~0.2°. The streak associated with the
(002) STO reflection is the monochromator streak which demonstrates the superior

quality of the STO substrate.
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Figure 6.6 The reciprocal space map of the (002) STO and the (006) YBCO Bragg
reflections.

6.3.3 Low index Bragg reflections and the observation of
the ultra-high-quality single crystal YBCO thin film

The low-index Bragg reflections of the YBCO film, such as (001) and (002), were
demonstrated to show rather complicated profiles. Figure 6.7 shows the full range 6
28 scan from €= 0.2° to 4° along the surface normal direction. The specular GIXR
profile is clear below &= 1° with Keissig interference fringes. An additional peak
was found at 6 ~ 2.95° with many associated satellites which was recognised to be
the YBCO (001) Bragg reflection. A reciprocal space map around the (001) Bragg
reflection is shown in Figure 6.8. In addition, as shown in Figure 6.10, a similar
reflection with satellites was also observed at 8 = 5.89° consistent with the YBCO
(002) Bragg reflection. These reflections are associated with a lattice parameter, ¢ of
about 11.69A, which is the lattice parameter of the YBCO crystal derived by the
high-order reflections in Section 6.3.2. The satellites of the YBCO Bragg reflections
are caused by Laue finite size fringes from the CTR (or high-angle reflectivities) and
the frequency of these fringes gives the thickness of the film, around 1800A. The
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same Laue fringes have been reported on YBCO thin films with thickness far less

than 500A but have never been observed on thicker films'*!>. -

To reveal the film structure in detail, least square fitting was applied on the (002)
reflection. The film thickness was first estimated to be 1800A by using the frequency
of the Laue fringes. Then, the diffraction profile was generated. By tuning the scaling
factor and the roughness of the film, reduced the error, #°, between the experimental
results and the calculation. The best fit obtained is shown in Figure 6.10. 7 is

defined as

2 _. 1 log(lexp )— log(lcal )lz
= 2. iogll. )+ logllLy) (616

According to the kinematical theory, the scattered intensity is proportional to the

multiplication of the square modulus of the geometry factor, ]G(q]2 , and the square

modulus of the structure factor IF (q)|2.

I(q) = |F(gX'|Gla) | (6.17)

In most cases, the scattering intensity is only appreciable near where the Bragg
condition is fulfilled. In other words, G(g) has none-zero value only when ¢ is very
close to the reciprocal lattice point. Under this condition, because the structure factor
was varied slowly in comparison to the geometry factor. It is assumed that the
structure factor is approximately constant and is combined into the scaling constant
when analysing the intensity profile of a single Bragg reflection. However, because
of the complexity of the YBCO unit cell, and the large lattice parameter, the unit-cell
structure factor varies severely over the angular range of the CTR profiles. Figure 6.9
shows the variation of structure factor of YBCO crystal. The positions of the red
lines are the (001) and the (002) Bragg reflections and the green shadowed areas are
the angular range within which the CTR profiles were taken.
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Figure 6.7 The specular reflection profile. An extra reflection was found at 6+2.95° with lots of related satellites. This peak was

found to be the (001) Bragg reflection from the ultra-high-quality YBCO crystal. The existence of the satellites shows the quality of
the crystal is perfectly coherent over a large volume.
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Figure 6.8 The reciprocal-space-map of the (001) Bragg reflection used to
demonstrate the Laue fringes are on the specular reflection ridge.
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During the fitting, a linear intensify background was assumed, and the resolution of
the diffractometer was set‘to 0.001° 2%, 1t is noticed that the iﬁtensity contrast of the
satellites is not asymmetrically distributed Aaround the central Bragg reflection, as
clearly observed in the data. To explain the asymmetry, an exponential strain field
was considered. Figure 6.11(a) shows the diffraction profile from a film with
exponential strain close to the interface as presented in Figure 6.11(b). The strain

field can be described by
¢, =c(1+A-€™) (6.18)

where ¢, is the lattice parameter of the n-th unit cell from the film surface. A is the

. . In2 . . . P
magnitude of the strain and & =—— is the relaxation distance of the strain. Similar
n
%

strain fields have been observed in many semiconductor thin films?**>*®. Gusso et al.
theoretically calculated the strain in epitaxial YBCO thin films and concluded that
the interfacial strain in (001) oriented thin films is the smallest. The incorporation of
a small strain field close to the interface causes the intensity contrast of the Laue
fringes to be much stronger on the low angle side of the central Bragg reflection,
which is observed in the experimental data. Similar results were observed by He et
al. in GalnP/GaAs superlat’tice25 . To confirm the location of the strain, a simulation
profile from a film with a strain field with the same parameters but close to the
surface is shown in Figure 6.12. The intensity contrast of the Laue fringes is then
stronger on the high angle side. This result suggests the existence of a strain field
near the interface, and this strain field could be caused by the lattice mismatch
between the YBCO film and the STO substrate. However, the average profile does
still not fitting well. The only way to achieve a better fit is to add an extra weak and
broad reflection as shown in Figure 6.13. Because the peak is buried beneath the
CTR profile, it is very difficult to estimate the parameters describing it, these are the
position, width, and intensity which define the lattice parameter and direct space size.
The source of this peak is still unclear. However, since the scattering angle is slightly
higher than the (002) Bragg reflection, which implies a shorter lattice parameter, it is
likely that the extra peak comes from a strained interface layer. The parameters of the

best fit in Figure 6.13 are listed in Table 6.2. Similar extra weak reflections were also
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observed in other YBCO-STO samples but the parameters describing them varied
from sample to sample. This observation indicates that the weak reflection might be
caused by a distorted YBCO crystal which is strongly dependent on the small

variation due to uncontrollable sample preparation or experimental conditions.

Figure 6.14 shows the 8-28 scan of the (002) Bragg reflection of the same sample
obtained using the in-house CPEX system (Chapter 3). Because of the use of a
conventional rotating-anode x-ray source, the interference fringes can only be
observed up to fourth order. By using a synchrotron radiation source, as shown in
Figure 6.10, the fringes can be observed up to tenth order which makes our studies
much more accurate. The synchrotron radiation provides an intense source of highly
collimated x-rays allowing for high-resolution measurement of even weak features
situated around low index Bragg reflections. Furthermore, as the film thickness
increase so the angular separation of the satellites decreases. The high-resolution and
high-intensity obtainable using synchrotron radiation is required for the observation

of strains in micron thick films.

The rocking curve measurements of the (001) and (002) Bragg reflections at 6 ~
2.95° and @ ~ 5.89° respectively were performed. Figure 6.15 shows the rocking
curve of the (002) YBCO Bragg reflection. The best fit of the profile consists of
three distinct peaks: a strong Lorentzian peak with resolution-limited width along the
direction of the GIXR specular ridge (peak I), a weak reflection along the direction
of YBCO high-order Bragg reflections (peak II) and another even weaker one along
the direction of STO lattice axis (peak IIT). Table 6.3 lists the parameters of these
reflections including amplitude, position, width and the integrated intensity. The
same result is also observed near the (001) YBCO Bragg reflection. Because peak II
is along the same direction with those high-index Bragg reflections, it indicates that
they are from the same mosaic YBCO grains. As a result, the FWHM of the (001)
and (002) Bragg reflections in Figure 6.5 are obtained by measuring the FWHM

from the best fit of this component.
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Figure 6.9 The variation of the squared structure factor for a YBCO crystal (a) in
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Figure 6.10 The best fit of the 6-26 scan of the (002) Bragg reflection. No strain is
assumed in this fit. The blue dots/line is the experimental data corrected by the
structure factor variation. The red line is the best fitting result. The grey and green
lines are the true diffraction profile and the background intensity respectively.
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Figure 6.11 (a) the best fit from the sample with a strain field close to the interface.
The blue dots/line is the experiment data. The red line is the best fit. The grey and
green lines are the true CTR profile and the linear intensity background. (b) the
bottom strain field as revealed by the parameters obtained from the fit shown above.
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Figure 6.12 Simulation results of the (002) Bragg reflection profiles with the strain
close to the interface (red line) and close to the surface (green line) using identical
parameters. The simulation from the surface-strain sample has been divided by a
factor of 10.
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Figure 6.13 The best fit with an interface strain field and an extra layer (a)
logarithmic scale and (b) linear scale (enlarged). The blue dots/line is the
experimental data. The red line is the best fit. The grey, light blue and the green lines

are the true CTR profile, the weak extra reflection and the linear intensity
background respectively.
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Table 6.2 The best fitting parameters obtamed from the 6-260 scan around the (002)
Bragg reflection

Thickness - H 1801+1A

Penetration depth £ 6000A

Roughness c 27+2A

Strain magnitude A=2  0.041£0.01%

N c

Relaxation distance ny, 6+1 layers
. 2

Scattering angle of extra reflection 0y, 5.96+0.05°

FWHM of the extra reflection Bexira 0.1+0.05°

Error x 0.2058
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Figure 6.14 The CTR profile of the (002) Bragg reflection of the same YBCO-STO
sample using CPEX system.

The resolution-limited peak indicates that part of the YBCO thin film is highly
coherent along the surface parallel direction and the c-axis of the component is
parallel to surface/interface normal. Their width indicates that the coherence leﬁgth
of these components is compatible with the coherence length of the x-ray source, on

the order of a few microns: It is also found that the Laue finite size fringes are
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associated with this peak, indicating that the film is highly perfect in all three
dimensions. Similar features, in which both short-range and long-range correlation

27,28,29,30,31,32,33 Reimer et al

coexisting in a film, has been reported by many groups
found two different components with different correlation lengths in niobium thin
films grown on sapphire substrates®®. The lateral correlation length of the high
quality film was to be 29000A and coupled to the substrates while the broad
reflections come from some “bulk like” portion. However, this two-component
phenomenon is only observed in “out-of plane” reflections (along the Q. direction),
not in the “in-plane” reflections (using GIXD experiments). They concluded that “the
narrow component of the out-of-plane (110) peak is due to the parallel alignment of
the (110) planes over a much larger length scale than the position correlation of the

230 The Laue finite size fringes were not observed

Nb atoms within the (110) planes
in this report. Gibaud et al. also reported the two-component mixture phase in
niobium thin films grown on sapphire®’. The lateral correlation of the high quality

film is measured to be 65000A. In their model, the surface/interface roughness was

.2
considered by multiplying the Laue function, —Slfl—z(—(—nx)z, with the roughness factor,
sin”{x

exp(— qzaz) 10 However, the results showed that there was no roughness in their

sample. They found that the high quality films were coupled with the sapphire
substrates and that the large correlation length (65000A) was related to the size of the
surface terrace. They also examined the broad reflection and found the profiles were
consistent with the Lorentzian square peak shape. Therefore, they concluded that
“the broad diffuse transverse peak arises from deviations of the niobium planes away

»32_ Miceli et al. employed a different model to study the

from their average structure
two-component phase in ErAs/GaAs thin films*. They adopted the partial correlated
roughness model for superlattice material from the GIXR analysis. Like the
correlated roughness in superlattices, the surface roughness of the substrate replicates
through the lattice plane in high-quality single-crystal films or interfaces of a

superlattice. The scattering cross section is automatically separated into specular and
diffuse components. The roughness factor is now exp(—Q*c?) which suppresses the

intensity of the CTR ridge. This result is different from the one of Gibaud et al.

because it is the reduced wave vector, q, used in their roughness factor. The variation
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of the roughness factor directly leads to a conclusion that “the sharp feature is not

"2 The existence of the roughness also

observed at high-order Bragg reflections
affects the diffuse component because the energy in specular reflection is scattered
into the diffuse component. In the report by Reimer et al., they reported that the
volume of the high-quality film is estimated to be about 10% of the total volume.
This is arguable since the effect of roughness was not included, which reduces the
observed intensity of the reflections from the high-quality films. The volume fraction

of high-quality film would thus be much higher than 10%.

Figure 6.16 shows the intensity decay of the sharp component of the (001) and (002)
reflections and their best fit. The intensity is normalised by the integrated intensity of
components II because peak II comes from mosaic grains which are not affected
from the roughness. The fit indicates that the ratio between the integrated intensity of
peak I and the integrated intensity of peak II is about 3.5:0.2. This is obtained by
extrapolation of the intensities to & = 0°, to avoid the effects of roughness which will
cause the intensity of peak I to reduce quickly. Since the integrated intensity of
different components is proportional to their volume, the results indicate that the
ultra-high-quality YBCO film caused by the sharp reflection occupies nearly 95% of
the thin film volume. Nevertheless, due to the roughness effect, the reflection
intensity reduces very fast which prevents the observation of this ultra-high-quality
film at higher angles. The scattering from this ultra-high-quality film can not be
observed around the (003) Bragg reflection because of the presence of intense
scattering from the (001) substrate Bragg reflection. For YBCO, the structure of the
(004) reflection is extremely small rendering observation impossible. For higher
angles, the intensity reduction caused by the high roughness precludes observation
and only the broad component (peak II) is observed. Thus, the peaks associated with
this ultra high quality phase are only observable at the (001) and (002) reflection.
The roughness causing the intensity decay is measured to be about 11A. Because of
the few measurement results, the fit is very unreliable. However, the RMS roughness
is close to the lattice parameter of YBCO crystal surface which suggests that the film
is grown on YBCO and the surface disorder terrace of YBCO the layer is replicated
to this ultra-high-quality YBCO film.
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Figure 6.15 The rocking curve of the (002) YBCO Bragg reflection. The blue dots
represent the experimental data. The red line is the best fitting result. The pink, light

blue, grey lines are the three peaks observed labelled by I, II and IIl. A linear
background was assumed in the fit and represented by the green line.
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Table 6.3 The best fit parameters of the (002) Bragg reflection rocking curve.

Amplitude ()  Position (4;) FWHM Integrated intensity

Peakl  9.212 5.888° 0.0059°  0.0852
PeakII  1.093 5.870° 0.1428°  0.1904
Peak III  0.096 5.689° 0.3526°  0.0411
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Figure 6.16 The diffracted intensity of the ultra-high-quality YBCO thin film.

The third peak of YBCO thin film observed, as shown in Figure 6.15 on the low
angle shoulder of peak II is much weaker than the previous two peaks. Its reciprocal
space vector is along the substrate lattice axis, which suggests that the film is
epitaxial to the substrate. The larger width suggests poor quality or an extremely thin
layer. It can be concluded that a thin layer of mosaic epitaxial film is grown firstly
above the STO substrate as a buffer layer. It is likely that this peak is associated with
the weak broad peak found in the 620 scans around the (002) reflection. The
parameters obtained from both scans profiles are different, probably because of the
large error associated with fitting such a broad weak peak close to other strong
reflections. The ultra-high-quality film (peak I) is grown afterwards, together with
some mosaic inclusions (peak II). From the variation of the thickness derived from
different measurements shown in Table 6.4, the thickness of this YBCO buffer layer
is a few hundred A or less. Slight inconsistency is found in that the film thickness is
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different in the low angle reflectivity measurement than that from the Bragg
reflection scans. For Bragg reflections with different order, those of lower order the
low order reflection is much tolerant to the uncertainty of the lattice parameter, or the
crystalline quality. Therefore, the thickness measured from low index Bragg
reflections is larger. As the GIXR, because it measures the (000) Bragg reflection
and is completely insensitive to the crystal structure, the thickness measured from
GIXR is the largest. The same argument is applicable for roughness measurements’ .
A schematic drawing of the intensity distribution within low angle regime is shown

in Figure 6.17. q,, g, and q,;, are the directions of different diffraction maxima
observed in Figure 6.15 denoted as peak I, IT and III. For YBCO Bragg reflections of
order 3 and after, only peak II can be found and no evidence of Laue fringes. The

angle between g, and ¢, is 0.018° which is the surface terrace angle of the ultra-
high-quality YBCO thin film. The angle between ¢, and g, is 0.199° which is the

surface mis-cut angle of the STO substrate and this is consistent with the results of

Section 6.3.2.

The evidence for the existence of the ultra-high-quality YBCO film has also been
found in some YBCO-STO samples grown by DC sputtering deposition. However,
they have never been observed at the YBCO thin film grown on LaAlO; or yittra
stabilised zirconia (YSZ) substrates regardless of their growth techniques. This
suggests the formation of the ultra-high—quality single crystal YBCO thin film is
highly related to the lattice miss-match between the YBCO thin film and the

substrates.

Table 6.4 The thickness of the YBCO thin film according to x-ray scattering
measurement of Bragg reflections of different order

Reflection index (000) (001) (002)
Measurement GIXR Laue fringes Laue fringes
Thickness 1930A 1836A 18014
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Figure 6.17 The schematic drawing of the reciprocal space map within the low angle
regime. The Bragg reflections from the YBCO thin film and the STO substrate are
represents by the contours. The pink arrow, denoted as ¢, , is the direction of the

surface and interface normal. The bold pink line shows the whole specular ridge (or
CTR). The solid dots indicate the reflection maxima of the (000), (the surface total
reflection), (001); and (002); reflections. The empty dots represent the Keissig
fringes and Laue fringes which relate to the thickness of the film. Blue contour
maxima along direction g, represent the YBCO Bragg reflection from the mosaic
component of the film. The green arrow, denoted as g, , represents the crystal axis of
the STO substrate. The green contours on ¢, represent the Bragg reflection of the

YBCO buffer layer and the black contours represent the (001); reflection.
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6.4 Conclusion and further work

A schematic drawing of the crystal structure of the YBCO-STO thin film is shown in
Figure 6.18. At the early stage of growth, because of the small lattice mis-match
between YBCO and STO, a thin epitaxial YBCO layer (green layer) with a high
dislocation density is formed. The thickness of this layer can be estimated by the
difference of the thickness measured by GIXR and CTR and it is at most a few
hundred A thick. The large peak width of the Bragg reflections and inconsistency of
the thickness derived from various Bragg reflections suggest that the crystal quality
and orientation within this layer might be depth dependent. The major film consists
of two different parts. Nearly 95% volume of the YBCO film is composed of the
ultra-high-quality YBCO crystal (red layer) with a micron-size lateral correlation
length and completely correlated vertically. This film is virtually a high-quality
single crystal but has never been reported before principally because the correlated
roughness cause the intensity of the Bragg reflections to reduce quickly with
scattering angle. Thus, it can only be observed around the lowest angle reflections
((001) and (002) reflections). The second part of the YBCO film, with ~5% volume,
consists of mosaic YBCO inclusion grains (blue cluster) with grain size of ~100A
vertically and ~2500A laterally which randomly distribute within the ultra-high-
quality YBCO film. On top of the YBCO film, a disordered oxidation layer (orange
layer) is formed and was found in the GIXR measurements. There is no evidence to

indicate that this oxidation layer is crystalline.

Surprisingly, the results of this experiment suggest that only ~5% volume of the
YBCO film can be explored by measuring the high-order Bragg reflections, which is
often the routine characterisation procedure. The true information concerning nearly
95% volume of the film is to be found only in the low index Bragg reflections.
Although it is reasonable to assume that if the quality of YBCO inclusions is good
then the quality of single crystal films is also good, it is difficult to find the
relationship between its properties and this ill-defined crystal quality indicator.



Figure 6.18 The schematic drawing of the crystal structure of the YBCO-STO thin film. The lines represent the lattice planes and the
colours represent different crystal structure regime. black: STO substrate; green: YBCO buffer layer; red: ultra-high-quality YBCO
film; blue: mosaic YBCO inclusion; brown: disordered surface oxidation layer.
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Similar results of co-existence of the long-range and short-range order in thin film

27,28,29,30,31,32,33,

systems have been reported in many papers 3435 However, it has never

been reported previously in high-T. sﬁperconductors. There are two major
difficulties which obscure the observation. Firstly, this phenomenon only occurs in
perfect epitaxial films, which are not always been available in high-T,
superconductors. As mentioned before, we have only observed this phenomenon in
the YBCO-STO system. Secondly, the observation of this phenomenon strongly
depends on the roughness of the interface and the lattice planes. This is generally not
a big problem for semiconducting syste:ms”’zg’zg’%3 5. However, for system with large
roughness, such as the high-T. superconductors, it is difficult to measure the
diffraction intensity because the Debye-Waller like decay factor reduces the scattered
intensity very fast. Even in our YBCO-STO sample, which is one of the best samples

obtainable, the reflection from the ultra-high-quality film can 6nly be observed at the
(001) and (002) reflections.

Although this is only the first observation of ultra-high-quality YBCO thin film, it is
obvious that the ultra-high-quality YBCO film should dominate the
superconductivity rather than the mosaic inclusion. There might be some direct link
between the structural parameters of this ultra-high-quality film and the
superconductivity. Therefore, low-index Bragg reflection profiles need to be
considered carefully on examining the quality of near perfect high-T. thin film
superconductors. Because this type of film is the best single crystal high-T¢
superconductor, it will be the doorway to understanding high-T. superconductivity. It
is indeed possible that the very much higher critical currents obtainable with thin
film maybe related to the presence of such high quality films, which is not obtainable
in the bulk material. Furthermore, the control of the fabrication of this type of film

will also help to advance industrial applications.
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energy density of the laser was about 3-5 J/cm?
and the spot size of the beam was 3 mm?. The
surface temperature of the substrate was maintained
at 770°C during the deposition process. The sub-
strate—target distance was 40 mm. Before starting
the deposition, 600 mTorr oxygen was passed through
the chamber and the flux remained constant during
the whole process. The substrate used were commer-
cial LaAlO; wafers which have been mechanically
polished already and have been chemically cleaned
prior to the film deposition. Both samples have a
sharp superconducting transition temperature around
90 K and a critical current density, J_, in the range
of 4.0-6.5 X 10° A /cm?.

X-ray measurements were carried out on a four-
circle diffractometer based on a Huber 430/440
goniometer with Cu K, radiation. The incident
and diffracted radiation were collimated by reflec-
tions from high-quality germanium (111) crystals
which give an in-plane resolution of 5 X 107> nm™".
Reciprocal space maps around the substrate (002)
reciprocal lattice point (RLP) and rocking curves
through both the substrate and the film RLPs were
recorded.

3. Results and discussion

Fig. 1 shows a two-dimensional isointensity con-
tour map around the substrate (002) RLP measured
from sample 1. Two distinct reflection peaks are
clearly observed, i.e. an intense substrate (002) re-
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Fig. 1. The isointensity contour map of the X-ray scattering
intensity around the substrate (002) reciprocal-lattice point of
sample 1.
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Fig. 2. The X-ray triple-axis diffraction rocking curve of sample 1
through the superconducting film (006) reciprocal-lattice point.

flection and a weaker reflection at (0 0 1.944) corre-
sponding to the (006) reflection of the thin film.
Similar results were observed around other recipro-
cal-lattice points. It is already known that the feature
of a RLP contains the information of the crystal
defects [6,7]. We noticed that the substrate (002)
RLP is asymmetrical in the direction of the surface
normal which, in general, is an indication that the
substrate contains a gradually changed lattice plane
spacing. The thin-film (006) RLP is broadened along
the [100] direction suggesting that the film has a
mosaic-like structure containing a lot of crystal grains
with random orientation. As mentioned in Section 1,
high-angle grain boundaries will degrade the elec-
tronic performance of the films and therefore we
wish to reduce it. For this sample, the mean grain-
boundary angle can be roughly estimated from the
full width at half maximum (FWHM) of the rocking
curve shown in Fig. 2 to be less than 0.3° It is a bit
larger compared with the value reported by Chu et
al. [8], but may be caused by ignoring the broadening
effect of a thinner film and by the reason discussed
below. Even so, this value is still much smaller than
that reported by Cukanskas et al. [9].

Fig. 3 shows a measured (002) reciprocal-space
map of sample 2. The broadening of the substrate
RLP in the [001] direction and the broadening of the
film (006) RLP in the [100)] direction are similar to
that of sample 1, whereas the substrate RLP, con-
trary to sample 1, has split into two peaks, which
indicates that the substrate is twinned. Such a twin
structure has been known to be generated during a
cubic—rhombohedral phase transition of LaAlO, at
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Fig. 3. The isointensity contour map of the X-ray scattering
intensity around the substrate (002) reciprocal-lattice point of
sample 2.

520°C [10]. 1t is also clear from the map that there
exists a misorientation between the film and the
substrate (indicated by the off-set of the film RLP
with respect to that of the substrate). The rocking
curves through the substrate and the film RLPs are
shown in Figs. 4 and 5, respectively. The substrate
rocking curve contains two peaks separated by 0.18°
which is caused by the twinning structure. The film
rocking curve, contrary to Fig. 2 of sample 1, is
obviously asymmetrical due to the overlapping of the
two peaks caused by the epitaxial growth of the film
on the twinned substrate. The FWHM of this rocking
curve is about 0.36° indicating that the mean grain-
boundary angle for this sample is better than 0.18°.
In Fig. 1, the substrate RLP is also a bit broadened
along the [100] direction indicating a possible small-
angle twin structure. This also causes the film rock-
ing curve to be broadened and, consequently, the
grain-boundary angle to be estimated a bit larger.
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Fig. 4. The X-ray triple-axis diffraction rocking curve of sample 2
through the substrate (002) reciprocal-lattice point.

4000 e
3500
3000
2500
2000
1500
1000 ; .

500 - o

0

LR S B B B

L AAE) LAALIRAALS LARRN LAL:

Intensity

T
Y PESTI PR SUTTI FUSTU ARUTI CNATUNACT

7T

el . 3
IS s B VIS U SR SE NN S SN 0 S U0 S N W A | P i o o

22.5 23 23.5 24
Theta (degrees)

Fig. 5. The X-ray triple-axis diffraction rocking curve of sample 2
through the superconducting film (006) reciprocal-lattice point.

By comparison with our previous studies on
YBCO thin films grown on SrTiO; and LaAlO,
substrates by DC magnetron sputtering [11,12], where
a third peak arising from a/b oriented grains was
observed between the substrate (002) RLP and the
film (006) RLP, we found that there is no evidence
showing the existence of the a/b-oriented grains in
both samples studied in this work. To clarify this, a
one-dimensional longitudinal scan about substrate
(002) RLP of sample 2 was performed and the result
is shown in Fig. 6. No distinguishable peak from
a/b oriented grains can be observed as previously
found at (0 0 1.9745) [11]. The possibility that the
asymmetry of the substrate peak is caused by the
existence of some a/b oriented grains can also be
excluded by the corresponding scan of the LaAlO,
substrate prior to the film deposition as shown in
Fig. 7, which is exactly the same as the substrate
peak in Fig. 6. The asymmetry of this peak is then an
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Fig. 6. The longitudinal scan profile about the substrate (002)
reciprocal-lattice point of sample 2.
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Fig. 7. The longitudinal scan profile about the (002) reciprocal-
lattice point of the LaAlO; wafer without YBCO film having been
deposited. ‘

(

indication that considerable strains exist on the sub-
strate surface caused by, the mechanical polishing.
Our result is inconsistent with Carim et al. who
reported that for PLD deposited YBCO films there
were only a few a/b oriented grains if the film
thickness is under 400 nm [13]. However, some other
studies showed that both ¢ and a/b oriented grains
may coexist in even thinner PLD deposited films on
SrTiO, substrates [14-16]. Meanwhile, many studies
on YBCO thin films deposited on LaAlO; and/or
SrTiO, substrates by a'DC magnetron sputtering
technique demonstrated that the films are usually
mixtures of ¢ and a/b oriented grains [1 1,12,17,18).
Due to the lack of strain analysis in these works, we
cannot exclude the possibility that the formation of
nearly pure c¢ oriented YBCO films on LaAlO,
substrates is caused by the surface strain enhanced
epitaxial. In other words, it seems more difficult for
a/b oriented YBCO grains to nucleate on the sur-
face of a LaAlO; substrate than on a SrTiO; sub-
strate because there is a larger difference between
the c-axis length of the YBCO unit cell and three
times of the LaAlO, substrate lattice constant (about
0.3% for SrTiO, and 2.8% for LaAlO,, respectively).
The surface strain on the LaAlO, substrates enlarged
this difference and probably resulted in the absence
of a/b oriented grains in the films.

4. Conclusion

High-resolution X-ray reciprocal-space mapping
has been used to study the YBCO thin films de-
posited on LaAlO, substrates by a pulsed laser depo-

sition technique. We found that there are nearly no
a/b oriented grains in the films, while the substrate
suffers from a considerable surface strain. We doubt
that the substrate surface strain played an important
role in the formation of the highly c¢ oriented films,
but further experimental confirmations are required.
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The morphology of YBayCu3zO7 high-T. superconducting thin films grown on
LaAlO3 substrates by pulsed laser deposition method have been studied by high resolu-
tion x-ray scattering and scanning electron microscopy. The results demonstrated that
the thin films are almost complete c-oriented crystallised and twin in a-b plane, which
is due to the orthorhombic structure. However, there are some a/b-oriented grains in
the surface region of the thicker films. The interfacial strain were found in both the
thin films and the substrates. The strain in the films, which is due to the lattice mis-
match between the film and substrate, increases the dislocation density and makes the
surface-parallel coherent length shorter. In the other hand, the strain in the substrates,
which due to the mechanical polishing prior the growth, induces the inhomogeneous
distortion on the substrates.

PACS. 61.50.Jr — Crystal morphology and orientation.
PACS. 68.60-p — Physical properties of thin films, nonelectronic.
PACS. 74.76.Bz — High-T, cuprate films.

Highly oriented thin-film high-T. superconductors have been reported with improved
superconducting properties than bulk materials. Amongst different superconducting ma-
terial, YBayCu30- (YBCO) thin films grown on LaAlOz (LAO) substrates by a variety
of techniques such as pulsed laser ablation, sputtering, chemical co-evaporation, etc. have
been intensely studied because they are excellent for microwave applications. It have been
found that the superconductivity of the superconducting thin films is strongly related to
their morphology and structure such as the film orientations, crystallising quality, grain
boundaries and film/substrate interface. In this paper, a detail structural characterisation
of YBCO-LAO thin film superconductors grown by pulsed laser deposition (PLD) method
was reported and it shows that this technique can be used to fabricate high quality super-
conducting thin films.

YBCO-LAO thin film superconductors were grown by PLD method in the Institute
of Physics, Chinese Academy of Science, Beijing, China. An XeCl excimer laser (308 nm,

! Refereed version of the contributed paper presented at the 1995 Taiwan International Conference
on Superconductivity, August 8-11, 1995, Hualien, Taiwan, R.O.C.

621 © 1996 THE PHYSICAL SOCIETY
OF THE REPUBLIC OF CHINA



622 MORPHOLOGY AND INTERFACE STRUCTURE OF PULSED LASER --- VOL. 34

40 ns) was employed for sample growth. The energy density of the laser was 3-5 J/cm?.
During the deposition, the temperature of the substrate surface was maintained at
770 °C and the oxygen pressure was 600 mTorr. The substrates used were commercial LAO
wafers which have been mechanically polished already and have been chemically cleaned
prior to the film deposition. Two samples were produced with different thickness which are
estimated 3000 A(sample 1) and 1000 A (sample 2) respectively. Both samples have a sharp
superconducting transition temperature around 7, = 90K and a critical current density,
Je, in the range of 4.0-6.5 x 1064/cm?. The detail of the deposition process can be found
in previous paper [1,2].

The samples were then investigated by high resolution triple-crystal x-ray diffraction
(XRD). The diffractometer is based on a four-circle goniometer which mounted on a rotating
anode x-ray generator operating at 2.7 KW with a copper target. CuK,; radiation
(A = 1.54051 A, AX = 0.00058 A) was employed in XRD experiments. Two different
resolution modes were used by change both the monochromator and analyer. Pyrolytic
graphite crystals were used in low resolution mode and the resolution is about 2 x 10__2;&"1.
In high resolution mode, perfect germanium crystals were employed and the resolution
was approximately 2 x 10-4A~1 [3]. To obtain the surface morphology, the samples were
also analysed by scanning electron microscopy (SEM). The SEM measurements utilised a
Cambridge S250 SEM operating at 5 — 10KV accelerating voltage.

The observation of the scattered x-ray intensity around the LAO (002); reciprocal
lattice point (The subscripts of the coordinate indicate the index system. ”s” means the
substrate system which follow the pseudo-cubic system. ”f” means the thin film system.) of
sample 1 is shown in Fig. 1. Two peaks are clearly observed: the intense (002), reflection
and a weaker peak at (0,0,1.944) which comes from the (006); reflection from the films.
From this figure, it is easy to find that the film is well crystallised. The Full-Width-
Half-Maxima (FWHM) of (006); reflection both along surface-parallel and surface-normal
directions from both sample 1 and 2 are shown in Table I. The associated coherent-length
are also calculated which is closely related to the dislocation density or "grain size” in the
direction (The term ”grain size” is used in powder diffraction for nearly spherical grains.

TABLE I. The quality factors of YBayCu307-LaAlO3 thin films. Where RLU means the
Reciprocal Lattice Unit.

Surface normal Surface parallel
Sample # Thickness FWHM Coherent FWHM Coherent
(X) (RLU) Length(&) (RLU)  Length(A)
#1 3000 0.0044 807 + 69 0.0123 289+ 9

#2 1000 0.0101 352+ 13 0.0239 1494+ 3
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The isointensity contour plot of the x-ray scattering intensity around the (002) substrate
reciprocal lattice point of sample 1 showing the additional scattering centred around
(0 0 1.944) which is the (006) Bragg peak from the YBa;CuzO7 thin film. The contour
levels have been chosen to accentuate the weaker features.

The longitudinal scan around the (002) substrate reflection from the sample 1. The simu-
lation which involves a strain field existing in the substrate is also included.

3.04

T T T T

T
2.90 295
<h00>

The SEM surface micrograph of sample 1. The large majority of the crystallites are c-axis
oriented, but a few (circled) are a/b-oriented grains.

The isointensity contour map of the x-ray scattering intensity around the (303) substrate
reciprocal lattice point of sample 1, showing two weaker reflections centred at (2.964 02.926)
and (2.914 0 2.926) which are the (309) and (039) Bragg peaks from the YBa;Cu3O7 thin
film.
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However, YBCO grains are an-isotropic. For this reason, ”coherent length” are used in
this paper, rather than ”grain size”.). The results present that the thicker film has better
quality. This might be due to larger dislocation density around the interface area which
is caused by the interfacial strain. Shorter coherent length along surface parallel direction
presents that the films have denser defects on the surface direction although the surface
normal direction is much better epitaxied.

The one-dimensional longitudinal scan about (002), is shown in Fig. 2 under semi-log
plot. Both the (002); substrate and the (006); thin-film reflection peaks are still clearly
observed. However, there is not any significant indication of the scattering which comes
from a/b-oriented grains as found previously at (0,0,1.9745) [4]. To verify the absence of
a/b-oriented crystallites, we examined the surface morphology of the samples with SEM.
Fig. 3 shows the surface micrograph of sample 1. It is composed primarily of c-oriented
grains but there are also a few rectangular elongated grains which are a/b-oriented. These
grains (examples of which are circled in Fig. 3) comprise about 3% area of the surface.
Simulations of the x-ray scattering using such an orientational ratio strongly suggests that
they would be observable in our experiments. We, therefore, conclude that the proportion
of the a/b-oriented grains is far less buried within the thin-film but that they preferentially
exist at the surface. The other SEM result of sample 2 presents a clear surface without
a/b-oriented grains. This is the other evidence that the a/b-oriented grains only exist far
away from interface.

Another noticeable feature in Fig. 2 is that the asymmetry peak shape of the substrate
peak with an extended tail at lower !in the (00/) direction. Initially, we investigated whether
the asymmetry could be caused by interference effects between the substrate reflection and
an a/b-oriented thin film reflection. This was examined by computer simulations which were
performed based on crystal truncation rod scattering expressions [5]. All such attempts
provided a poor fit to the observed data and hence we confirm that there is no evidence
for an appreciable number of the a/b-oriented grains. However, the simulation results
suggest, surprisingly, that a modification of the substrate lattice parameter was required,
which was consistent with interfacial strain. To investigate the interfacial strain, a bare
substrate crystal which had been polished prior to thin film deposition was studied. Again,
the asymmetric profiles were observed around all reflections which could be modelled by
a strained layer of substrate which exponentially increased the lattice parameter from the
bulk value (co = 3.78 A) at about 3000 Aunder the surface to a larger value (¢’ = 3.82 A) on
the surface. Such surface damage is presumably caused by the mechanical polishing damage
of the substrate prior to growth which is used to produce an optically smooth surface. The
observed increase of the lattice parameter close to the substrate surface is consistent with
an increased dislocation density caused by mechanical polishing. A kinematical simulation
result of the scattering expected from 3000 Athick sample with a similar interfacial strain
in the uppermost layers of the substrate is shown with the experimental data in Fig. 2. The
simulation correctly models the asymmetry and provides a close fit to the data around the
Bragg reflections. The Bragg reflections themselves are not accurately modelled because of
dynamical effects which are not modelled in our kinematical simulation.

In addition to the morphology, x-ray scattering can also provide information on the
structure of the film. Fig. 4 shows a 2-dimensional x-ray scattering map around the (303),
reflection. In this map, three peaks are clearly observed, the intense (303); reflection and
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two weaker peaks at (2.9635, 0, 2.9256) and (2.9138, 0, 2.9256) which are due to (309); and
(039)s reflections respectively. The separation of thése two peaks indicates that the films
have orthorhombic structure and twinned. The lattice parameters are determined which
a; = 3.822 A, by = 3.887 Aand ¢; = 11.622 A. In comparison with the bulk YBCO lattice
parameter values [6], the differences are below 0.02% in a, b and 0.5% in ¢ (A, = 0.020%,
Ay =0.001% and A, = 0.495%).

We have examined the morphology of YBCO thin films grown on LAO substrates
by PLD method. The YBCO thin films were found orthorhombic structure and twinned.
The lattice parameters were measured and found close to bulk values. The XRD and SEM
results present that the YBCO films are almost complete c-oriented with some a/b-grains
concentrated in the surface region of the thicker film. The phenomenon is related to the
accumulation of the stress of the lattice mismatch between the film and the substrate. This
is also the reason why the error of the ¢ lattice parameter of YBCO is larger than that
of a or b. The interfacial strain is found in both thin films and substrate. The shorter
coherent length along the surface-parallel  direction indicate that there are more defects
which are due to the interface sheer strain. The inhomogeneously strained interface region
within the substrate surface was found in simulation of the x-ray scattering. This is a very
surprising result because other reports have found strain fields in the thin films but not
in the substrates. The increase of the lattice parameter of the strained substrate effects
a reduced lattice mismatch which could results in improved morphological quality of the
films. We believe that this strain is due to mechanical polishing of the substrate prior to
thin films growth.

We are grateful to H. Vass for his excellent technical assistance throughout and to
Xu Shifa for the sample growth. Partial financial support for our programme was obtained
from the Engineering and Physical Sciences Research Council, the Royal Society and the
Chinese Academy of Sciences.
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Crystal structures of ten Ba;_;K;BiOj single crystals (BKBO), grown by the an-
odic electrocrystallization process, were analysed to compare with previous studies on
sintered powder samples. Results show that BKBO prepared in this way exhibit the
same crystal symmetry of space group Pm3m for a wide range of x-values (0.39 to 0.66)
and also indicates that there are solubility distrbutions both for potassium and oxy-
gen. Oxygen deficiency lowers the superconducting transition temperature T,. Electron
density maps, calculated from room temperature X-ray diffraction data, do not show
conspicuous difference between superconducting and nonsuperconducting samples.

PACS. 74.70-b - Superconducting materials.

PACS. 74.62.Bf - Effects of material synthesis, crystal structure, and chemical compo-
sition.

PACS. 61.10-i - X-ray diffraction and scattering.

Sleight [1] discovered in 1975 that BaPb;_;Bi;O03-, (BPBO) exhibits superconduc-
tivity with a transition temperature near 12 K. In 1981 Wu et al. [2] revealed that the
superconducting phenomenon exists in some range of the doped Pb content, and the high-
est T, appears at the metal-semiconductor transition point.

Partially inspired by the research on BPBO, Bednorz and Miiller [3] discovered a
new superconductor La-Ba-Cu-O with T, close to 35 K in 1986. This achievement gave a
* big boost to the superconductivity research. By calculating the electron band structure,
Mattheiss et al. [4] suggested in 1988 that doping impurity atoms into BaBiO3 may raise
its T.. Immediately, Cava’s et al. [5] grew a highly pure phase of Ba;_.K,BiO3 (x=0.4)
with an onset 7, near 30 K. :

Previous investigations [6-8] of BKBO showed that its structure depends on the
content of doped potassium atom . Using neutron diffraction technique, Pei et al. [9]

! Refereed version of the contributed paper presented at the 1995 Taiwan International Conference
on Superconductivity, August 8-11, 1995, Hualien, Taiwan, R.O.C.
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