Abstract
CHUGH, AMIT. Novel Nanostructured Thin Film Heterostructures: Growth, Nanoscale
Characterization and Properties (Under the direction of Prof. Jagdish Narayan).

During my graduate study, I have been involved in the growth of new nano heterostructures
grown by Pulsed Laser Deposition and by Laser MBE with the emphasis on understanding the
thin film growth process by a new paradigm of Domain Matching Epitaxy (DME) and to
integrate them on substrates like silicon, sapphire and new metallic substrates like Ni with
exciting technological applications.

The DME involves matching of integral multiples of lattice planes (diffracting as well as
nondiffracting) between the film and the substrate, and this matching could be different in
different directions. The idea of matching planes is derived from the basic fact that during thin
film growth lattice relaxation involves generation of dislocations whose Burgers vectors
correspond to missing or extra planes, rather than lattice constants. In the DME framework, the
conventional lattice matching epitaxy (LME) becomes a special case where matching of lattice
constants results from matching of lattice planes with a relatively small misfit of less than 7-8%.
In large lattice mismatch systems, epitaxial growth of thin films is possible by matching of
domains where integral multiples of lattice planes match across the interface.
The work done in my doctoral study is divided into two main segments, a) Growth of layered
nanostructures and b) growth of nanostructured composite thin films. The three systems studied
under the first segment are 1) Growth of epitaxial self-aligned insulating films on metals (Cu)

and its integration with Si (100). 2) Growth and integration of LSMO with Si (100). 3) Growth
of Si on Ni substrates (highly textured) with TiN as a buffer layer. The heterostructures studied
under the second part are 1) Role of Self-assembled Gold Nanodots in Improving the Electrical
and Optical Characteristics of Zinc Oxide Films and 2) Growth of high quality epitaxial ZnO-Pt
Nanocomposite and ZnO/Pt, Nanolayer Structures on Sapphire (0001).

The epitaxial growth of these heterostructures was carried out by Pulsed laser deposition and
laser MBE. The epitaxial relationships are given in each case are shown to be due to domain
matching epitaxy. X-Ray diffraction and Transmission Electron Microscopy studies confirm the
relationship between film and substrate. Also, electrical and optical measurements were done, in
order to study the change in these properties.
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Chapter 1 Introduction
To increase the functionality on silicon chip, high quality thin film heterostructures and
nanocomposites on silicon (100) substrates are needed. Thus the integration with silicon
is the key to incorporate various functionalities with silicon micro and the new emerging
nano electronics, smart perovskite based structures and devices. Also the incorporation of
these novel heterostructures is important with other substrates like sapphire and the new
metallic substrates. Sapphire is being constantly used these days for the manufacturing of
gallium nitride and zinc oxide based light emitting devices because of the same crystal
structure and being transparent while metallic substrates like textured nickel tapes are
being used in superconducting applications. Hence epitaxial growth of these
heterostructures and nanodots on different substrates is critical for novel and improved
solid state devices.

Al was widely used in IC metallization in the last three decades. However, it has high RC
time delay and serious electromigration, two major factors limiting its performance and
reliability. Cu has higher electrical conductivity and improved electromigration
performance compared to aluminum. Fast diffusion of copper in the substrate and
formation of deep level recombination center is the major disadvantage of Cu
metallization. To eliminate the copper diffusion in substrate, a layer of diffusion barrier
material which has less grain boundaries, no reaction with copper, good adhesion to Si,
SiO2, and electrical stability in high temperature is needed. For electronic device
fabrications, TiN has been widely used in semiconductor backend technology as a
diffusion barrier material due to its high stability, low resistivity, good adhesion, and easy
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processing. Another problem associated with copper is that it is readily oxidized to form
Cu2O and CuO phase at low temperature (below 200°C), and no self-protective oxide
layer forms to prevent Cu from further oxidation. CuO and Cu2O degrade the electrical
and mechanical properties of copper. The oxidization rate depends on copper surface
orientation as follows: (100), (111), and (110), where the (100) plane has the fast
oxidation rate. The lack of self-passivation makes a copper thin film susceptible to
oxidation during processing. Thus self-passivating and better diffusion barriers are
needed for Cu metallization.

The recent interest in magnetoresistance in doped perovskite manganates was initiated by
the discovery of a large room-temperature magnetoresistance in epitaxial thin films
grown on silicon. Thin films with large magnetoresistance at room temperature open up
new possibilities for applications in diverse areas of technology such as magnetic random
access memories and read heads for hard disk drives. Thin-film deposition technology for
complex oxide materials has seen rapid progress, thanks to the effort in the
commercialization of the high-temperature superconductors--a class of doped cuprate
perovskites with materials characteristics similar to those of the doped manganate
perovskites. Manganese perovskite oxides of R1−xAxMnO3 (RAMO; R: rare earth, A:
divalent alkaline earth metal like A = Ca, Sr, Ba) have been intensively investigated due
to their colossal magneto-resistance (CMR) phenomena and the rich phase diagram of
these materials, which includes such phenomena as charge-ordering and metal-insulator
(M-I) transitions. These oxides are ferromagnetic around a certain value of x
(concentration of divalent cations) and become metallic at temperatures below the Curie
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temperature, TC. The metallic conductivity and ferromagnetism in doped RAMO
manganites is explained in terms of a double-exchange (DE) between the spin-aligned
Mn3+ (d4, e1g t 23g , S = 2) and Mn4+ (d3, t 23g , S = 3/2) ions through oxygen ions. The strong
electron-phonon interactions due to the Jahn-Teller effect at the Mn3+ ions are greatly
involved in the M-I transitions in RAMO. Thus for any actual technological application it
is desirable to grow thin films of these materials and integrate with Si-based
microelectronic devices.

Rolling assisted biaxially textured substrates (RABiTS) technology has proven to be very
promising for the fabrication of high-Tc superconductors coated conductors. The RABiTS
process involves thermomechanical biaxial texturing of a metal or alloy (resulting in long
metal tapes) followed by epitaxial deposition of the buffer layers and the superconductor.
In order to match lattice parameters and minimize any chemical interaction between the
metal substrate and the top film, epitaxial buffer layers are necessary. The main purpose
of the buffer layers is to provide a continuous, smooth, and chemically inert surface for
the growth of the top film while transferring the biaxial texture from the substrate to the
grown film layer. Buffer layers also serve an important purpose in preventing metal
diffusion from the substrate into the grown film and in acting as oxygen diffusion barriers
to avoid undesirable substrate oxidation. An interesting field of research is the integration
of the existing RaBiTS technology to that of the silicon technology. Thus, if high quality
silicon can be grown on these metal substrates using different buffer layers like TiN then
the low cost, high performance metallic substrates can be integrated with silicon micro
electronics.
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For optical light-emitting diodes, zinc oxide has become one of the hottest research areas
recently along with III-nitrides. Zinc oxide (ZnO) is a wide band gap semiconductor with
a direct bandgap of 3.3 eV and a large exciton binding energy of 60meV, which makes it
ideal for the development of high brightness UV light sources and transparent electronics.
In order to attain devices such as ultraviolet light emitters/detectors or field effect
transistors with acceptable characteristics, high quality ohmic contacts with low specific
contact resistance are necessary. In addition, ZnO films are being considered for ohmic
contacts to GaN because of its high electrical conductivity and matching band gap with
GaN (Eg = 3.44eV). Therefore, one of the most challenging issues in ZnO-related
research is to increase the electrical conductivity of ZnO without compromising its
optical characteristics. It has been realized that any effort to increase the conductivity of
ZnO by doping or by creating oxygen deficiencies always results in the deterioration of
the optical efficiency of the film. These dopants and vacancies create defect levels, and
hence a significant reduction in the band edge photoluminescence peak is observed along
with a very broad green band in the photoluminescence spectrum.

Based on all the above exciting technological applications for materials grown on
different substrates like silicon, sapphire and nickel, there is an urgent need to study the
material property structure correlations for these thin films, engineer the thin film
heterostructures and further improve their properties for particular applications.

Some major technical challenges exist for most of these materials. In most of the above
heterostructures, there is a large lattice misfit between the substrate and the film. For e.g.,
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titanium nitride with lattice parameter a = 4.24 Ǻ has a large lattice mismatch with both
silicon (aSi = 5.43 Ǻ) and nickel (aNi = 3.52 Ǻ) and even wurtzitic ZnO (a = 3.252 Ǻ, c =
5.213 Ǻ) has a large lattice misfit with sapphire (a = 4.758 Ǻ, c = 12.991 Ǻ). In order to
grow these large lattice misfit heterostructures epitaxially, domain matching epitaxy is
explored (DME). The DME involves matching of integral multiple of lattice planes
across the film-substrate interface, instead of matching the lattice constants in
conventional lattice matching epitaxy. Thus with this, most of the strain is relieved
quickly within a couple of monolayers, so that the misfit strain can be engineered and
confined near the interface. Also, the nature of dislocations (specifically lattice planes
and Burgers vectors) within the DME framework is dictated largely by geometrical
constraints of the growth process; this is in contrast to the process in low-misfit systems,
where the Burgers vectors and the planes of the dislocations generated via deformation
are normal slip vectors.
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Innovative nanostructures for new properties and applications

Keeping in mind the above technological applications and challenges, the work done in
my doctoral study is divided into two main segments, a) Growth of layered
nanostructures and b) growth of nanostructured composite thin films. In this work, we
tried to integrate i) layered nano-heterostructures on silicon, sapphire and nickel
substrates and ii) growth of nano composite heterostructures on sapphire substrates
Figure 1-1 shows the distribution of my research study among various chapters in this
thesis.

I. Layered Nanostructures
i. A novel technique for making self-encapsulated and self-aligned copper films.

By co-depositing Mg along with Cu on TiN/Si and annealing it in a controlled
oxygen atmosphere, results in self-aligned passivating MgO, both on top of
copper and also between Cu and TiN, where it acts as an additional diffusion
barrier layer to TiN.
ii. Integration of single crystal La0.7Sr0.3MnO3 films with Si(001).

Here we grow epitaxial LSMO on silicon with multilayered buffer films of
STO, MgO and TiN. The properties of LSMO were explored in detail by TEM
and electrical resistivity measurements.
iii. Growth of Si by Pulsed Laser Deposition on Biaxial textured Ni substrates.

The growth of silicon on Ni was done by laser MBE using TiN as a buffer layer.
The growth conditions were based on the growths of Si on Si and Si on TiN/Si.
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II. Composite Nanostructures
i. Role of Self-assembled Gold Nanodots in Improving the Electrical and
Optical Characteristics of Zinc Oxide Films.

Here the emphasis was based on improving the electrical properties of zinc
oxide, without much compromising the optical properties. Au was deposited
along with ZnO and is uniformly distributed in the zinc oxide matrix as nanodots.
ii. Growth of high quality epitaxial ZnO-Pt Nanocomposite and ZnO/Pt,
Nanolayer Structures on Sapphire (0001).

The effort over was to increase the conductivity of zinc oxide films by
incorporating Pt during the grown. Also, the nature of DME is explored to
determine the orientation relationships between the Pt and sapphire and also
between Pt and zinc oxide.
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Figure 1-1 Schematic representation of my research study
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Chapter 2 Materials Background
2.1 Mechanism of Epitaxial Growth
2.1.1 Epitaxy Theory and Lattice Matching Epitaxy
Epitaxial growth of thin films and control of defects in thin film heterostructures are key
considerations for the next-generation microelectronic, optical and magnetic devices [13]. As device feature sizes are getting smaller, a single dislocation is liable to control the
device performance. In the well-established lattice-matching-epitaxy, where the lattice
misfit is small, less than 7-8%, the film grows pseudomorphically up to a certain
thickness (critical thickness) before it becomes energetically favorable for the film to
contain dislocations [4,5]. In this case, the dislocations are generated at the surface and
then they glide to the interface. The Burgers vectors and planes of the dislocations are
dictated by the slip vectors and glide planes of the crystal structure of the film [6]. On
the other hand, if the dislocations are generated at the edge of islands during threedimensional growth, the geometrical constraints determine the Burgers vectors of the
dislocations which lie in the film-substrate interface.

For example, during three-

dimensional growth of germanium on silicon, it was found that 90° dislocations with
a/2<110> Burgers vectors were created at the edge of germanium islands lying in the
(001) film-substrate interface [7]. The conventional wisdom suggested that the lattice
matching epitaxy during thin film growth is possible as long as the lattice misfit between
the film and the substrate is less than 7-8%. Smaller lattice misfit leads to smaller
interfacial energy and coherent epitaxy is formed. Above this misfit, it was surmised that
the film will grow textured or largely polycrystalline [4,5].
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Epitaxy is a term used to describe an extended single-crystal film formation on top of a
crystalline substrate [8, 12]. While homoepitaxy refers to the film formation on top of the
same material, heteroepitaxy refers to the films grown on substrates composed of a
different material. When the epilayer and the substrate materials are identical or have
same or almost-same lattice constants, there are no strained interfacial bonds, because
lattice parameters match perfectly. Such structures are called lattice-matched epitaxial
heterstructures, as shown in Figure 2-1a. The deposition of epilayer atoms onto the
substrate surface allows them to easily locate the potential minima corresponding to the
substrate lattice sites, presuming that the adatoms have sufficient energy (i. e. growth
temperature is high enough) to move to the nearest energy minimum. Usually in
heteroepitaxial structures, the lattice parameters are different, and hence depending on the
mismatch, the film can grow onto the substrate either coherently, called coherently
strained lattice – mismatched heterosepitaxy (or strained-layer epitaxy) as shown in

Figure 2-1b or incoherently called relaxed lattice mismatched heteroepitaxy as shown in
Figure 2-1c.

Figure 2-1 Schematic illustration of (a) lattice matched heteroepitaxy; (b)coherently
strained lattice- matched heteroepitaxy; (c) relaxed lattice-mismatched heteroepitaxy.
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In the strained layer epitaxy, atoms in the film are constrained to the substrate interatomic
spacing in the plane of interface despite the difference in the film and substrate lattice
parameters. Thus significant elastic strain energy is stored in the structure. For example,
accommodation of a lattice mismatch of only 1% in a coherent strained film, produces a
stress field about 2 GPa (at shear modulus 5 x 1010 Pa, and Poison ratio 0.33 ) [9]. For a
given lattice mismatch the elastic strain energy in the initially coherent film increases
linearly with the film thickness. When the strain energy is sufficiently large, at a “critical
thickness”, the strain at the interface is relieved via the formation of misfit dislocations
and this is called relaxed lattice mismatch mechanism of epitaxy. In heterostructures with
a very large lattice mismatch (>10%) such as, TiN on Si with lattice misfit 24.6%, the
strain in the film is so large at the very initial stages that the film can not grow coherently
from the beginning. In such case the epitaxial growth is achieved via formation of
domains when naf = (n±1)as, where the af and as are the film and the substrate lattice
parameters, respectively, and n is an integer [13]. The coherency between the film and
the substrate is preserved within the domain, while there is a cross-grid of misfit
dislocations separating the domains. The mechanism of domain epitaxial growth in very
high- mismatched systems is discussed in 2.1.5.

2.1.2 Growth Morphology
In practice epitaxy builds up according to one of the three distinct “growth modes”
[8,14,15], as shown in Figure 2-2: (a) nucleation of three-dimensional clusters (islands)
on the plane surface of a substrate, or Volmer-Weber three dimensional growth mode; (b)
layer-by- layer, or Frank-van der Merve two-dimensional growth mode (FM) and (c)
formation of three-dimensional clusters (islands) on two-dimensional thin uniform layer,
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or Stranski- Krastanov growth mode. Bauer [16] has demonstrated that relative surface
energies play an important role in determining which growth mode occurs at the
thermodynamic equilibrium. If the deposited material has larger surface energy than the
substrate, the three-dimensional or island structure is favored; otherwise the film tends to
grow in layer-by- layer mode. Recent studies based on continuum elasticity approach
predict that layer-by- layer growth is never the equilibrium morphology, but rather it is a
metastable with respect to island formation. Three dimensional islands form when the
epilayer-epilayer interactions are much stronger than epilayer-substrate interactions.
Experimental studies support these considerations for systems with known surface energy
values.

Figure 2-2 Basic nucleation modes. (a) Three dimensional island growth; (b) Two
dimensional full-mono-layer growth; (3) Two dimensional full-mono-layer growth
followed by island growth mode.
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2.1.3 Relaxation of strained epilayers
As mentioned earlier, beyond a “critical thickness” dc the coherently strained film relaxes
via generation of misfit dislocations. The critical thickness of epilayer is related to the
balance between the relief of the coherent strain energy and the extra energy associated
with the lattice distortions produced by misfit dislocations. Different theories apply
different approaches for critical thickness determination. Earliest models by Frank and
van der Merve [17,18] showed that : (1) if the misfit f does not exceed critical value of
strain εc, a thin overlayer will grow coherently with the substrate; (2) even if the strain in
the overlayer |ε| > εc , the overlayer will be strained with the substrate except that a
periodic array of localized regions called misfit dislocations will form; and (3) with the
increase of the film thickness the film accumulates elastic strain energy so that above the
critical thickness, misfit dislocations form to relieve the strain. Thus, according to van der
Merve’s criterion, critical thickness is the thickness at which the energy of the coherently
strained state becomes equal to the energy of the fully relaxed state. Matthews and
Blakeslee criterion [19,20] is based on the energy minimum condition dE(dc, n)/dn = 0,
n→ 0 , where E is the total energy of the structure and it is a function of the thickness of

the film d and the dislocation density n. Ichimura and Narayan pointed out that the
difference between the two criteria can be very large [21]. In addition to the critical
thickness as the main issue in misfit strain accommodation process, the mechanisms
involving generation of dislocations, including their nature, nucleation, motion and
interactions is of increased scientific and applied interest. The mechanisms which control
dislocation generation are different in low and large lattice mismatch systems. In systems
with low mismatch (<2%), the generation of dislocation is nucleation limited because of
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the high energy barrier for nucleation. The misfit is accommodated first by formation of
60° dislocations from the surface, which glide half loops to the interface, and eventually
recombine at the interface to form 90° misfit dislocation. In high-mismatch systems
(>2%), the energy barrier for nucleation is low and hence the generation of dislocation is
a glide limited process [22-25].

2.1.4 Atomic Structure
The interest in the atomic structure of defects, and in particular of dislocations in
semiconductors, is driven by the fact that defects influence the properties of electronic
devices. The positions of atoms in a core region of a dislocation determine the electron
distribution and hence their electronic properties. Also, the atomic structure and energetic
of dislocations can be used to predict reactions and growth directions of dislocations. In
the atomistic modeling, the atomic structures of dislocations are obtained by minimizing
the bond distortions and the number of dangling bonds, using energy minimization
procedures [26], which include: (1) choice of atomic cell with appropriate size and
boundary conditions; (2) choice of an appropriate potential to calculate the energy of the
cell; and (3) minimization of the cell energy by moving every atom sequentially in the
direction of force calculated by interatomic potentials. Thus, understanding the principle
mechanisms which control epitaxy on atomic level, the experimental characterization and
control of epitaxial growth, and the ability to monitor the chemical and structural
properties of the surfaces and heterostructures allows metastable phases and strainedlayer heterostructures to be grown. Superlattices introduce new periodicities which
determine the electronic structure of subbands originating from the superlattice potential.
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This subband structures determine the transport, optical, magnetic and other properties of
materials.

2.1.5 Domain Matching Epitaxy [27]
In domain matching epitaxy, the matching of lattice planes is considered, which could be
different in different directions of the film-substrate interface. The misfit is
accommodated by matching of integral multiples of lattice planes, and there is one extra
half-plane (dislocation) corresponding to each domain. The misfit can range from being
very small to very large. In the small misfit regime, the DME reduces to LME where
matching of the same planes or lattice constants is considered with a misfit typically less
that 7-8%. If the misfit falls in between the perfect matching ratios of planes, then the
size of the domain can vary in a systematic way to accommodate the additional misfit.
In the conventional lattice matching epitaxy (LME), the initial or unrelaxed misfit strain
is (εc) is given by εc = af / as -1, where af and as are lattice constant of the film and the
substrate, respectively. In LME, the εc is less than 7 to 8% which is relaxed by the
introduction of dislocations beyond the critical thickness during thin film growth. In the
domain matching epitaxy, the matching of lattice planes of the film (df) with that of the
substrate (ds) is considered with similar crystal symmetry. This is schematically shown in
Figure 2-3.

15

Figure 2-3 Schematic illustration of two categories of relaxed lattice mismatched
heteroepitaxy (a) relaxation happened after critical thickness; (b) relaxation happened at
the interface (domain matching epitaxy).

In DME, the film and the substrate planes could be quite different as long as they
maintain the crystal symmetry. The LME, on the other hand, involves the matching of the
same planes between the film and the substrate. In DME, the initial misfit strain
(ε = df / ds –1) could be very large, but this can be relaxed by matching of m planes of the
film with n of the substrate. This matching of integral multiples of lattice planes leaves a
residual strain of εr given by
εr = (mdf /nds –1 )……………………………..(1)

where m and n are simple integers. In the case of a perfect matching mdf = nds, and the
residual strain εr is zero. If εr is finite, then two domains may alternate with a certain
frequency to provide for a perfect matching according to,
(m+α)df = (n+α)ds……………………………….(2)

where α is the frequency factor, for example, if α = 0.5, then m/n and (m+1)/ (n+1)
domains alternate with an equal frequency.
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Assuming df > ds, we have n>m.
Therefore,
n - m = 1 or f(m)……….…………………………….(3)

The difference between n and m could be 1 or some function of m. In Fig. 2-4, n -m = 1
for ε = 0 –50% and n – m = f(m) for ε = 50 to 100%.

From equations (1) through (3), we can derive,
(m + α ) ε =1 or f(m) ……………………………….(4)

The equation (4) governs the domain epitaxy, as plotted in Fig. 2-4. Fig. 2-4 shows a
general plot of misfit percent strain as a function of ratio of film/substrate lattice
constants of major planes matching across the interface. It should be noted that a 45°
rotation in some cubic systems and a 30° rotation in certain hexagonal systems are part of
the domain matching concept involving the matching of major planes between the film
and the substrate. The plot in Fig. 2-4 provides a unified view of lattice matching and
domain matching epitaxy with misfit strain ranging from 2-90% (50% corresponding to
1/2 matching). If the domain matching is not perfect, epitaxy occurs by accommodating
the additional misfit by changing the domain size, controlled by the parameter α . In this
framework, it is important to realize that the nature of dislocations remains the same, only
their periodicity changes.
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Figure 2-4 Unified plot of strain versus film-substrate planar spacing ratio.

2.1.5.1

TiN/Si(100) System

Epitaxial growth of TiN on silicon substrate represents a major milestone for nextgeneration semiconductor devices for direct ohmic contacts as well as for discussion
barriers in copper metallization. However, with a misfit of over 22% for cube-on-cube
TiN (a = 4.24 Ǻ) epitaxy over silicon (a = 5.43 Ǻ), it is beyond the critical strain (7-8%)
of conventional lattice matching. Fig. 2-5 shows a detailed high-resolution cross-section
TEM micrograph, where the 3/4 and 4/5 domains alternate. The micrograph was taken in
the <110> zone axis of Si and TiN, it is interesting to note the matching of {111} extra
half planes in silicon as well as TiN. The nature of dislocations can be established
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directly from the high-resolution TEM micrographs. The Burgers vector of the
dislocations is determined to be a/2 <110> lying in {111} planes. The two sets of a/2
<110> dislocations combine at the interface to produce a/2 <110> dislocations lying in
the {001} interface. This dislocation reaction can be described as: a/2[101](11 1 ) +
a/2[011](111) Æ a/2[110](001). In some cases, the dislocations do not combine and
create an extended core structure associated with the pair of dislocations. The formation
of a/2<110> dislocations in {111} plane in TiN with a sodium chloride structure
represents a significant finding. The TiN having a sodium chloride structure has {110}
slip planes with a/2 <110> Burgers vectors. These new dislocations or slip systems may
impact mechanical and physical properties of TiN films or materials of sodium chloride
structure, in a significant way.

Figure 2-5 a) High-resolution cross-section in <110> direction from the TiN/Si(100)
system, showing domain matching of TiN with silicon. Here the frequency factor (α =
0.5) for 4/3 and 4/5 domains. The a/2<110> misfit dislocations lie in {111} planes in
both TiN and silicon; (b) corresponding <110> TiN/Si diffraction pattern.
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2.1.5.2

Domain Epitaxy of ZnO and III-nitrides on α-Al203 (0001)

There is a growing interest in growing high quality thin films of ZnO and its alloys for
light emitting diodes (LEDs) and laser diodes (LEDs) applications. The bandgap of ZnO
can be tuned by alloying with MgO (8.0 eV, upshift) or with CdO (1.9 eV, downshift).
The ZnO can be also used as a template for III-nitride growth separately as well as on
sapphire substrates. Therefore, the growth of high quality ZnO (having wurtzite
hexagonal structure, a = 3.252 Ǻ, c = 5.213 Ǻ) on a practical substrate such as sapphire (a
= 4.758 Ǻ, c = 12.991 Ǻ) presents a major challenge. The growth of systems with such a
large misfit is possible only with domain matching epitaxy, where the misfit can be
accommodated the matching of planes.

By Pulsed Laser Epitaxy, high quality epitaxial ZnO films were grown on sapphire. The
epitaxial relations are ZnO [0110] || Sapphire [2110] and ZnO (0001) || sapphire (0001).

This in-plane orientation relation corresponds to a 30° rotation of ZnO basal planes with
respect to sapphire substrate, which is similar to the epitaxial growth characteristics of
AlN and GaN on sapphire (Figure 2-6c). Under these conditions, approximately 18% of
the lattice mismatch across the interface is accommodated via domain matching epitaxy
where 6 units of the film match with 7 of the substrate, which is shown in Figure 2-6a
and b.

.

20

(b)
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(c)

Figure 2-6 a) High resolution TEM cross-sectional image of the ZnO film near the
film/substrate interface (shown by black arrows). The terminating planes corresponding
to the misfit dislocations are indicated by white arrows. b) Fourier filtered image using
opposite ZnO (0110) || Sapphire (2110) reflexes showing the match of the corresponding
planes. Misfit dislocations at the interface are indicated. Numbers in the bottom of the
picture correspond to the number of planes between the misfit dislocations. Note that
every 7th or 6th (2110) plane of sapphire terminates at the interface. c) Schematic of
arrangement of atoms in the basal plane of ZnO and sapphire.

From Above discussion, one can conclude that, according to domain matching epitaxy,
the possibility for high lattice mismatch system to grow epitaxially increased. More and
more new material systems which have large lattice mismatch could be realized by
domain matching theory and further benefit the development of new structures and
devices. By matching integral multiples of major planes between the film and the
substrate, it is possible to grow films with small as well as large misfits. The systematic
variations in domain sizes are created to accommodate misfits that fall between the
integral multiples. As the domain size changes, the nature of the dislocations remains the
same. For large misfit strains, the critical thickness is less than one to two monolayers, so
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dislocations corresponding to full lattice relaxation are generated at or within a
monolayer of the interface; and the remainder of the film can be grown virtually strain
and misfit-dislocation free. Thus, the DME concept can be used to engineer and confine
misfit strains near the interface, and films with larger misfits can be grown with a fewer
number of defects in the active regions, compared to the films with smaller misfits grown
by LME. One of the purposes of this work is to grow and study different new
heterostructures (MgO/Cu/MgO/TiN/Si, LSMO/STO/TiN/Si, Si/TiN/Ni, ZnO-Au and
ZnO-Pt/Sapphire) by using domain matching epitaxy.
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2.2 Titanium Nitride
2.2.1 Crystal Structure of TiN
For the last twenty years, TiN has been extensively studied due to its successful use in a
variety of thin film applications. For example, the high hardness of TiN makes it a
particularly useful material for increasing the wear resistance of high speed steel cutting
tools, punches, and metal forming tools. In addition the good corrosion and erosion
resistance of TiN, its relative inertness, high sublimation temperature and optical and
electronic properties have resulted in TiN coatings being considered for use as diffusion
barriers in microelectronic devices, cosmetic gold-colored surfaces, and wavelength
selective transparent optical films.
The interesting properties are related to its structure and bonding characteristics. TiN has
a cubic NaCl-type crystal structure with a lattice constant of 4.24 Å and a vacancy defect
structure that is stable over a wide composition range (0.6<N/Ti<1.16). The schematic
diagram of its structure is shown in Figure 2-7.

Figure 2-7 Schematic diagram of crystal structure of TiN (Titanium Nitride) NaCl
structure, lattice spacing: a = 4.240 Å.
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2.2.2 Electrical properties of TiN
The distribution of charge between the atoms in a solid determines the nature of the
chemical bonding. The corresponding electronic states are fundamental importance for
the properties of a solid. The electronic states directly involved in the bonding are in an
ordered solid described by the band structure, E (k), and are commonly referred to as
valence and conduction-band states. The band structure describes the distribution of these
states in energy and momentum space and also provides a means for understanding the
electronic properties on a microscopic level. In band-structure calculation an infinite
crystal having translation symmetry determined by the crystal lattice is assumed and the
band structure describes the bulk electron states. However, presence of the surface, or of
vacancies, breaks the assumed symmetry and may result in charge rearrangements giving
rise to specific surface or vacancy electron states [1-3].

2.2.3 Electronic states involved in the bonding
The band structure calculations of the first and second row of transition metal nitrides can
be based on the APW (Augmented Plane Wave) or LAPW (linear APW) methods [3].
TiN band structure has been studied by several groups and band structures of transitionmetal- nitrides are fairly similar. Figure 2-8 shows the band structures of TiN calculated
by APW method. It is characterized by an energetically low- lying band, which 20 is
derived from nonmetal 2s states. Separated by an energy gap from the nonmetal 2s band,
three overlapping bands are found, which originate from the state Γ labeled Γ15.

These bands can be derived from the 2p states of nonmetal atom but contain also a
significant contribution of states with d-symmetry. The amount of hybridization varies
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from compound to compound. The next five bands, which originate at Γ25 and Γ

12

are

predominantly derived from transition metal d-states, but exhibit also some p character.
The highest-lying bands represent a mixture of states with different symmetries,
originating from both constituents [4].

Figure 2-8 Band structure of TiN calculated using the APW method (Ref. 12).

2.2.4 TiN and TiN-based alloys for hard-coatings
TiN has been widely used as hard-coating material due to several important
characteristics:
(1) High thin film uniformity: TiN coating conforms uniformly to the substrate. No
buildup occurs on corners (unlike plating operations) and coating "throws" well into
features.
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(2) High hardness: Hardness is larger than 2000 kg/mm in Knoop or Vickers
Microhardness measurements. Values of 2500-3000 are typical for TiN thin film and it is
higher than hard chrome or carbide material.
(3) Good adhesion: The coating forms a metallurgical bond to the substrate that will not
flake, blister, chip or peel.
(4) Low coefficient of friction: TiN generally provides relatively low friction against
steels, carbides, TiN, ceramics, platings, etc. The coefficient of friction is a system
property, not a material property. It depends on many factors such as material, countermaterial, lubrication, environment temperature, speed, loading force, surface finish,
surface finish of the counter-material, and type of motion (reciprocating, rotating). The
published values have a large variation from 0.50 to 0.90. A typical value is 0.65 for TiN
against steel.
(5) Non-stick TiN is an excellent non-stick surface against most other materials.
From above discussions, it is obvious to see the reasons that why the titanium nitride
(TiN), has served as the most practical and economical protective coating. TiN exhibits a
metallic character with golden color and high hardness, high temperature stability, and
abrasion resistance. The golden color can be further adjusted by doping with zirconium.
However, the TiN gets oxidized above 500°C to form a rutile-structure which limits its
applications in high speed cutting tools [5,6].

2.2.5 Diffusion property of TiN and diffusion barrier applications
Diffusion measurements in the nitrides are usually difficult to perform due to they have
very high melting points and suitable radioactive tracers are often missing. Furthermore,
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many of these nitride materials are non-stoichiometric and may contain impurities or
lattice point defects depending on the variation of PVD process. All of these features can
have a large influence on the diffusivity of the metal or nitrogen species in the nitride.
The diffusion behavior in nitrides (and carbides) which included the U-N, Pu-N, Si-N,
Al-N systems has been reviewed by Matzke in 1992 [7]. The complete collection of
diffusion data for carbides, nitrides, hydrides and borides was presented by Matzke and
Rondinella in 1999 [8]. Most PVD reactive processes employ low-energy ion irradiation
to modify thin film microstructure and composition during growth. However, ion
bombardment can also result in potentially detrimental effects such as point defect
generation, noble gas incorporation and excess nitrogen composition. Thus, a nitride far
from thermodynamic equilibrium will be formed giving rise to different driving forces for
diffusion in films. This section considers self-diffusion of metals especially Al and Cu in
TiN.

2.2.5.1

Metal Diffusion in TiN

Activation energies for metal diffusion are generally higher for the metal compared to the
nitrogen in a given nitride. The metal self-diffusion is via a vacancy mechanism on the
metal sublattice [9-14].
A. Cu and Al diffusion through TiN

The diffusivity of Cu in polycrystalline TiN films by grain boundary diffusion has been
measured by several groups [9, 10] (see Table 2-1). For example, the diffusion length is 1
nm for annealing at 600°C for 10 min (quartz-tube furnace in flowing Ar 1% H2). The
diffusivity for porous TiN films or films with oxidized grain boundaries is four orders of
magnitude higher 10.Grain boundary diffusion of Cu through TiN has an activation
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energy of 4.43 eV. Al/TiN/Si system has been shown to be stable at annealing
temperatures up to 500-600°C for 30 min (quartz-tube furnace in flowing Ar 1% H2). For
low-density TiN films, Si and Al interdiffusion has been reported, presumably along
intergranular voids or oxidized grain boundaries. Hultman et al. [15] investigated the
thermal stability of Al/dense-polycrystalline-TiN and Al/single-crystal- TiN interfaces
and found similar reaction paths and product formation in the two cases. Extensive
penetration of Ti into the Al layer, resulting in the formation of a series of Al- Ti
intermetalic phases was observed with essentially no diffusion of Al into TiN. Since Ti is
the mobile species, which aggressively penetrates Al, newly developed metastable NaClstructure (Ti, Al) N alloys, provide a much improved barrier behavior. Petrov et al. [16]
thus showed that the extent of interfacial reactions during annealing at 600°C for 150 min
was decreased by a factor of 4 by the substitution of Ti 0.8Al 0.2N barrier layers for TiN.
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Table 2-1. Different metal diffusion in TiN (Reference 9)

System

mechanism

Do (cm2s-1)

Eo (eV )

Temperature(ºC)

2.6

830-875

4.5

885-930

9x107

4.43

608-700

3x10-14

0.3

300-550

2.5x10-14

0.3

400-900

1.4x10-11

0.48

200-600

V in AlN

0.3

2.9

1300-1550

Ti in AlN

4x1017

8.3

1280-1400

Nb in AlN

13

3.9

400-1600

Ti in TiN/NbN interdiffusion

Cu in TiN

Grain boundary
diffusion

Al in TiN

Grain boundary or
surface diffusion

Si in TiN

Grain boundary or
surface diffusion

Fe in TiN

Grain boundary or
surface diffusion

Epitaxial growth of TiN films has been reported on various substrates such as Si (001)
[17] GaAs (110) [18], and different SiC polytypes [19]. The readiness of single crystal
preparation provides for useful model systems in the studies of contacts and diffusion
barriers to various crystalline substrates.

For the advanced VLSI techno logy, the Cu/TaN/Si metallization scheme has recently
been introduced commercially. A thin layer of TaN is effective in preventing Cu diffuses
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into the Si up to at least 600°C [20]. The barrier failure is usually understood as grain
boundary diffusion of Cu through the TaN film. The resistivity of TaN is reported to be
relatively low (150 µΩ-cm). Ta2N barriers exhibit interfacial reaction with Si substrate,
whereas TaN is nonreactive at 700°C [21].
B. TiN diffusion barrier in IC technology [22]

TiN has been widely used in semiconductor back-ending technology as a diffusion barrier
and interconnect material due to its high stability, low resistivity, good adhesion, and
easy processing. Back-ending technology refers to the interconnect layers, contacts, vias
and dielectric layers that wire the active devices into specific circuit configurations. A
schematic diagram showing these components in a typical integrated circuit structure is
shown in Figure 2-9. The relative importance of back-end structures has greatly increased
in recent years because the circuit delays associate with interconnects have not kept pace
with the faster device speeds provided by scaled technologies. Thus much effort has been
devoted to improving back-end technology. Interconnects include local and global.
Basically, local interconnects are the first, or lowest, level of interconnects. They usually
connect gates, sources, and drains in MOS technology, and emitters, bases, and collectors
in bipolar technology. In MOS technology a local interconnect, polycrystalline Si, also
serve as the gate electrode materials. Silicide gates and silicide sources/drain regions and
materials such as TiN and W can also act as local interconnects. Local interconnects can
tolerate higher resistivities than global interconnects since they are not very long. And
they must be able to withstand higher processing temperatures because they are deposited
earlier in the process flow than global interconnects. While for global interconnects,
mostly made of Al right now, are generally all the interconnect levels above the local
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interconnect level. Because they cover much longer distance, they are always low
resistivity metal.

Figure 2-9 Schematic cross-section of back-end structure, showing interconnects,
contacts, and vias, separated by dielectric layers. (Reference 22)

C. Al interconnect problems and TiN solution [22]

The main problem for Al interconnect is that thermal stability of Al and significant
solubility of Si in Al. 500°C the solubility of Si in Al is about 1 atomic percent. That
means that pure Al in contact with Si will attend to absorb the Si from the substrate up to
its solubility level at that temperature. And the diffusion of Si in Al is very high, so Al is
acting like a sink for Si. Then this will create Si voids in remaining Si, which can be
quickly filled by overlaying Al. If Al penetrates uniformly into the substrate, typical
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processing conditions and contact/interconnect dimensions would result in about 0.20.3µm of penetration. However the situation is even worse than that. When Al reduces
native oxide, it does so non-uniformly. Al penetrates in localized spots. So Al “spikes”
will occur in Si substrate, penetrating in excess 1 µm. Figure 2-10 illustrates the
formation of Al “spikes” into Si action region.

Figure 2-10 Si-Al contact region showing spiking of Al into Si active region. This is due
to Si diffusion into Al to satisfy the solubility requirement, with Al filling the resulting
voids in the Si substrate. (Reference 22)

For this problem, diffusion barrier provides answer. The diffusion barriers need to be a
barrier for diffusion between Si and Al at processing temperature (up to 450-500°C).
They also need to be thermally stable and low stress. That means the thermal expansion
needs to be close to Si (2.6x10-6 °C-1). They have to adhere well to Si and Al, as well as
SiO2. TiN can be used as a diffusion barrier to alleviate the above problems. TiN thin
films are usually fine-grained structures with grain size below 10nm. Diffusion through
them is very low and making them impermeable to silicon and most other species. TiN
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thin films are chemical stable and chemically inert with most other layers. The electrical
resistivity of TiN is low enough for use as both a contact material and local interconnect.
And TiN is usually used in a bilayer structure with TiN on top of Ti, with Ti usually
reacted to form TiSi2 to form better contact. The best properties of these two layers are
utilized: the good adhesion and low resistivity of Ti or TiSi2, and the good barrier
property of TiN. This is accomplished without much more processing, since TiN can be
easily deposited immediately after Ti, just by adding nitrogen in the sputter deposition
chamber. Or TiN can form after annealing Ti in nitrogen. Another reason for TiN
interconnect is to minimize the electromigration of Al. The electromigration is a strong
function of the grain texture. The closer all the grains are to a single (111) orientation in
vertical direction (closed packed planes), the less electromigration occurs. The grain
texture of Al is very good on TiN because TiN takes on a pseudogranular structure,
continuing the TiN structure to Al interface. Therefore, TiN can reduce the Al
electromigration by introducing grain boundaries perpendicular to the current flow. TiN
can also be used as a barrier between W and Al layers in semiconductor devices.
D. From Al to Cu interconnects

In order to improve interconnect speed, the delay time τL has to be kept from increasing
too much as the device dimension is scaled down. From equation 1, we can see that if the
metal interconnect height H, width W, space Lx, and oxide thickness Xox are smaller, the
delay time increases.
⎛

1
1 ⎞
⎟⎟ …………………………(1)
+
HX
WL
ox
x ⎠
⎝

τ L = 0.89 K I K ox ε 0 ρL2 ⎜⎜
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Where, ρ is the resistivity of interconnect, L, W and H are the interconnect length, width,
and height respectively, KI is added to empirically account for fringing fields and other
interconnects above and below the line in multilayer in interconnect systems. Kox and Xox
are the oxide dielectric constant and oxide thickness, respectively. One way to keep the
metal thickness H constant is to minimize the reduction in resistivity while shrinking the
lateral dimensions. This does slow down the increase in RC delay as the lateral
dimensions are scaled. However if the thickness is kept constant, while the lateral
dimensions are scaled, the aspect ratios of the features increase making the deposition
and etching more difficult. Another option is to actually increase the height, width, and
spacing of those interconnects where the major delays occur. These could be the longest
lines and would probably be the higher levels of interconnects. Such scheme is
commonly used today, with the higher level interconnects kept thicker and wider. But
disadvantage of that reverse scaling is fewer metal lines can be fabricated on any level
where the line widths and spacing are larger. Other choice could be replacing SiO2 with
lower dielectric constants materials. But the main problems are those materials tend to
evaporate or melt when heated and crack easily when subjected to stress. The most
popular trend is replacing Al with lower resistivity materials. Three materials include
silver, gold, and copper. Silver has corrosion problems and poor Electromigration
resistance, and gold has just marginally lower resistivity than Al and contamination
problem. Cu has low resistivity, 1.72 µΩ-cm versus 2.7 µΩ-cm for Al. Additionally, Cu
has much better electromigration resistance than Al. Higher electromigration resistance
also allows for circuit operation at higher current densities in the interconnects, resulting
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in potentially faster circuit speed. For these reasons, many manufactures have been
developing the new processes that use Cu as interconnect materials [23].

2.2.6 Synthesis and processing of TiN films
TiN thin films have been deposited by PVD and CVD generally speaking. In PVD,
sputtering is commonly used in device fabrications. It is often produced by sputtering a
Ti metal target in a nitrogen-containing atmosphere. Sputtering can produce good
stoichiometry control and purity control and resistivity of sputtered film is as low as
30-40 µΩ-cm [24-27]. But problem is the conformal coverage. The sputtered diffusion
barriers are very thin at the bottom corners of via holes and failure may occur here.
Improvements in step coverage of sputtered TiN are achieved by perforated metal masks
or ionized metal plasma deposition in current IC production. At the same time extensive
exploration of CVD techniques has been carried out over last 15 years. The oldest way is
using TiCl4 as precursor with ammonia and nitrogen as oxidants. The resulting films have
good conformality and resistivity is around few hundred µΩ-cm. TDMAT and TDEAT
are the other precursors used in TiN CVD processing [28]. These deposition techniques
produce conformal films but they are polycrystalline with high values of resistivity.

First epitaxial TiN growth was reported in 1984 by reactive magnetron sputtering on
MgO substrate [27]. The lattice matching and close crystal structure between MgO and
TiN facilitated the epitaxial growth. In this paper, Johansson and coworkers also reported
the resistivity is as low as 18 µΩ-cm, which proved the single crystal TiN could have
much lower resistivity than polycrystalline TiN. The first epitaxial growth of TiN on Si
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substrate was reported by Narayan et al. at 1992 [29]. The large lattice mismatch between
TiN and Si lattice was resolved by domain matching epitaxy theory and discussed in
detail this in section 2.1.5.1. In this thesis, chapter 4 and 5 discussed the crystalline TiN
thin film grown by PLD in detail. In these chapters, TiN is used not only as a diffusion
barrier material, but also provides a good template to grow many oxide films, like MgO,
STO and YBCO. The TEM study of the large lattice mismatch of TiN and Si clearly
proved the domain matching epitaxy by observation of ordered misfit dislocation
arranged along the interface. PLD deposited TiN thin films have several advantages. i)
Good stoichiometry and low impurities. Non-equilibrium processing of PLD can preserve
the target concentration into the film concentration. ii) Better step coverage because of
energetic species. iii) Relatively low temperature processing.
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2.3 Magnesium Oxide
2.3.1 Properties of MgO
Magnesium oxide (MgO) is a widely used material for the applications of catalysis,
microelectronics and electrochemistry. It is also widely used as substrate and buffer
material for thin film growth in the field of materials science and engineering. Although
MgO is usually considered as a wide bandgap semiconductor, it is close to an ideal
insulating ionic solid since its valence band is determined by the strong potential of ionic
core [1]. The physical and chemical properties of MgO are summarized in Table 2-2.
MgO has a sodium chloride (NaCl) structure with the lattice constant of 4.216 Å as
shown in Figure 2-11. The structure of MgO can be described as a fcc lattice of O2- ions
with Mg2+ ions occupying all the octahedral holes, or vice versa. Since the interaction
between O and Mg is characterized by the ionic nature, the material has a very large
bandgap about 8 eV and is transparent in a wide spectral range from 300 nm to 6000 nm.
As an ionic solid, MgO has a very high melting point of 2800 °C. With these features,
MgO has been widely used as the substrate material for the thin films growth processes in
the present micro-electronic and opto-electronic devices. Numerous materials can be
grown epitaxially on MgO substrates. These materials include metal [2], metal-composite
nanoparticles [3], phosphors [4], ferromagnetic materials (nitrides [5], oxides [6]),
electro-optic (or ferroelectric) materials (SBN [7], SBT [8], BTO [9]), semiconductor
oxides [10-11], optical storage materials [12], superconductive materials [13], etc. MgO
is also a good gate-dielectric for GaN-based MOS diodes [14-15].
MgO has also been used as a buffer layer for developing heterostructures. Most of
research works in this field are based on the fact that there is a good epitaxial
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compatibility between TiN and MgO, since both the epitaxial growths of TiN thin films
on MgO substrates [16] and MgO thin films on TiN substrates [17] had been realized. It
is well known that TiN is a very important metallic material in the Si-based electronics
due to its unique diffusion and mechanical properties [18]. One of most attractive aspects
of TiN is that TiN thin films can be epitaxially developed on Si substrates with high
quality [19]. This paves a road to integrate other interesting oxide materials to Si
substrate with TiN and MgO as buffer layers. Such heterostructures have been realized
for different systems. One of the most successful examples is the synthesis of
PZT/YBCO/STO/MgO/TiN/Si(100) heterostructures by combining domain and lattice
matching epitaxial growths [20] in which five epitaxial layers had been grown on Si
(001) substrates by using TiN and MgO as the first two buffer layers. Other
heterostructures developed by integrating oxides on Si substrates with TiN and MgO as
buffer layers [21-23]. In later chapters, I will be talking in detail about various
heterostructures grown with MgO as a buffer layer and also it acts as both passivating
layer and additional diffusion barrier.

Figure 2-11 Schematic diagram for NaCl type crystal structure of MgO.
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Table 2-2 Optical, Physical and Chemical properties of MgO
Optical

Transmission Range

0.3 to 6 microns

Refractive Index

1.7085 at 2 microns

Reflection Loss

12.8% at 2 microns (2 surfaces)

Absorption Coefficient

0.05 cm-1 at 5.5µm

Bandgap (eV)

Eg =7.9

Exciton binding energy (meV) Eb= 161
Physical

Density

3.58 g/cc

Melting Point

2800°C

Thermal Conductivity

42 Wm-1K-1 at 273K

Thermal Expansion

10.8 x 10-6/K at 273K

Hardness

Knoop 692 with 600g

Specific Heat Capacity

877 J Kgm-1K-1

Dielectric Constant

9.65 at 1MHz

Youngs Modulus (E)

249 GPa

Shear Modulus (G)

155 GPa

Bulk Modulus (K)

155 GPa

Elastic Coefficient

C11 = 294 C12 = 93 C44 = 155

Apparent Elastic Limit

138 MPa (20,000psi)

Poisson Ratio

0.18
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Chemical

Solubility

0.00062g/100g water

Molecular Weight

40.32

Class/Structure

Cubic FCC, NaCl, Fm3m, (100) cleavage

Table from: http://www.crystran.co.uk/mgodata.htm
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2.4 CMR based Manganites, La1-xSrxMnO3
The discovery of high-temperature superconductivity in cuprates has strongly renewed
the interest in magnetic oxides. Since the mid-1990s, investigations have been performed
on new low-dimensional magnetic oxides such as the spin-Peierls compound CuGeO3
[1], the two-dimensional frustrated magnet CaV4O9 [2], and the ladder compounds
(Sr,Ca)14Cu25O41 [3]. However, a large part of the recent studies has been devoted to the
mixed-valence manganese oxides exhibiting a metal–insulator transition accompanied by
so-called colossal magnetoresistance (CMR) effects [4–7]. These oxides have a rich and
complex physics related to the large importance of electron-lattice and electron– electron
interactions. Their structural, magnetic and transport properties are intrically related. In
addition, the CMR effects and the occurrence of metallic phases with a fully spinpolarized conduction band are promising for potential applications. For that, it is
necessary to master the growth of high quality thin films with well controlled tailored
properties. Progress in the growth of epitaxial thin films opens the way to all oxide or
oxide-metal devices [8].

Historically, the mixed-valence perovskites La1−xMxMnO3 (M = Ca, Sr, Ba) were studied
in the fifties, both experimentally [9,10] and theoretically [11–14]. The experiments
performed on polycrystalline samples showed antiferromagnetic (AF) insulating behavior
at low and high x values and ferromagnetic (F) metallic behavior in a certain range of
concentrations centered around x ≈ 1/3. This striking behavior was early explained by the
theory of double-exchange (DE) [11–14]. Since 1993, an enormous amount of work was
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devoted to the mixed-valence oxides, mainly to the manganites RE1−xMxMnO3 (RE = rare
earth, M = Ca, Sr, Ba, Pb) with three-dimensional perovskite type structure.

2.4.1 Important physical features of CMR manganites
1. Crystallographic structure

The structure of the RE1−xMxMnO3 oxides is close to that of the cubic perovskite (Figure
2-12 and 2-13). The large sized RE trivalent ions and M divalent ions occupy the A-site
with 12-fold oxygen coordination. The smaller Mn ions in the mixed-valence state Mn3+ Mn4+ are located at the centre of an oxygen octahedron, the B-site with 6-fold
coordination. For the stoichiometric oxide, the proportions of Mn ions in the valence
states 3+ and 4+ are respectively, 1 − x and x. The structure of the manganites is
governed by the tolerance factor t = (rA + rO)/√2(rB + rO). The perovskite structure is
stable for 0.89 < t < 1.02, t = 1 corresponding to the perfect cubic closely packed
structure. Generally, t differs appreciably from 1 and the manganites have, at least at low
temperature, a lower rhombohedral symmetry or orthorhombic structure.

Figure 2-12 Schematic view of the cubic perovskite structure.
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Figure 2-13 The ideal cubic perovskite structure; the empty sphere: O, the filled sphere:
M, and the hatched sphere: A. (Reference 14)
2. Electronic structure

For an isolated 3d ion, five degenerated orbital states are available to the 3d electrons
with l = 2. In a crystal, the degeneracy is partly lifted by the crystal field. The five d
orbitals are split by a cubic crystal field into three t2g orbitals and two eg orbitals. For the
MnO6 octahedron, the splitting between the lowest t2g level and the highest eg level is
∆~ 1.5 eV (Figure 2-14). For the Mn3+ and Mn4+ ions, the intra-atomic correlations

ensure parallel alignment of the electron spins (first Hund’s rule); the corresponding
exchange energy of about 2.5 eV being larger than the crystal field splitting ∆, Mn3+ is
3d4, t2g3↑ eg↑ with S = 2 whereas Mn4+ is 3d3, t2g3↑ with S = 3/2 . Their respective
magnetic moments are 4µB and 3µB, neglecting the small orbital contribution.
In a crystal field of symmetry lower than cubic, the degeneracy of the eg and t2g levels is
lifted, as shown in the Figure 2-14 for an axial elongation of the oxygen octahedron.
Although the energy of Mn4+ remains unchanged by such a distortion, the energy of Mn3+
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is lowered. Thus, Mn3+ has a marked tendency to distort its octahedral environment in
contrast toMn4+. This Jahn–Teller distortion is rather effective in the lightly doped
manganites, i.e. with a large concentration, 1 − x, of Mn3+ ions; the Jahn–Teller
distortions are not independent from one Mn3+ site to another (cooperative Jahn–Teller
effect. On increasing the Mn4+ content, the Jahn–Teller distortions are reduced and the
stabilization of the 3z2 − r2 eg orbital becomes less effective. Nevertheless, in a large
number of manganites, the eg orbitals of two types, 3z2−r2 and x2−y2 are not occupied by
the eg electrons of Mn3+ at random and an orbital order is achieved.

Figure 2-14 Energy levels and orbitals of Mn4+ and Mn3+ in a crystal field of octahedral
symmetry and with axial elongation.
3. Exchange interactions

The magnetic properties of the manganites are governed by exchange interactions
between the Mn ion spins. These interactions are relatively large between two Mn spins
separated by an oxygen atom and are controlled by the overlap between the Mn d-orbitals
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and the O p-orbitals. The corresponding superexchange interactions depend on the orbital
configuration following the rules of Goodenough–Kanamori. Generally, for Mn4+–O
Mn4+, the interaction is AF, whereas for Mn3+–O–Mn3+ it may be ferro- or AF [14], such
as in LaMnO3 where both F and AF interactions coexist

A peculiar and interesting case is that of Mn3+–O–Mn4+, for which the Mn ions can
exchange their valence by a simultaneous jump of the eg electron of Mn3+ on the O porbital and from the O p-orbital to the empty eg orbital of Mn4+. This mechanism of DE
originally proposed by Zener [11] ensures a strong ferromagnetic-type interaction. As
shown by Anderson and Hasegawa [12], the probability of the eg electron transfer from
Mn3+ to neighboring Mn4+ is t0 = cos (θ/2), θ being the angle between the Mn spins, in
the case of strong Hund coupling (Figure 2-15). The process of electron transfer lifts the
degeneracy of the configurations Mn3+–O– Mn4+ and Mn4+–O–Mn3+ leading to two
energy levels Et=0 ± t0 cos(θ/2). The energy gain of the parallel spin configuration, θ = 0,
which maximizes t, with respect to the antiparallel one, θ = π, reveals the ferromagnetic
character of the DE interaction. However, the DE angular dependence of cos (θ/2) is
quite different from cos(θ) of the usual exchange interaction. This different angular
dependence in conjunction with the competition between DE ferromagnetism and
superexchange antiferromagnetism is at the origin of the complex magnetic phase
diagram of manganites versus the doping level, x. In particular, canted AF phases at small
x were predicted early on by de Gennes [13]. They result from the energy gain of first-

order in the canting angle for DE which overcomes the energy increase of second-order
in the canting angle for the AF superexchange.
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Ferromagnetic metallic (FM) phases with high Curie temperature, TC, are required for
potential applications. In the first approximation, one can neglect the Mn3+–Mn3+
interaction since it is either F or AF depending of the orbital configuration and both F and
AF interactions currently coexist in the same compound such as in LaMnO3. Then,
supposing the Mn4+–Mn4+AF superexchange and Mn3+–Mn4+ F DE interaction to be of
same magnitude, the mean field approximation leads to TC ~ 2x(1 − x) − x2, which is
maximum for x = 1/3. The fact that the FM phases are generally found around x = 1/3 in
manganites is in agreement with this crude model.

Figure 2-15 Schematic view of the DE mechanism.

4. Metal–insulator transition and CMR

The simple manganites with strong DE, such as La1−xMxMnO3 (M = Ca, Sr, Ba) with
x ≈ 1/3, exhibit a transition from a high temperature paramagnetic (P) semi-conducting or

insulating (I) phase to a low temperature FM phase. An example is given in Figure 2-16
for a La0.825Sr0.175MnO3 single crystal.
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In the P phase, the electrical resistivity generally exhibits strong temperature dependence.
Different ρ(T ) laws have been used in fitting experimental data, the most popular ones
being: (i) simple thermal activation law ρ = ρ∞ exp(E0/kBT ), with a typical gap value of
about 0.1 eV; (ii) hopping of adiabatic polarons ρ ~ T exp(E0/kBT ); (iii) Mott variable
range- hopping (VRH), ρ = ρ∞ exp[(T0/T )1/4]. Each of these laws have some physical
origins, which are respectively: (i) the existence of a pseudogap at the Fermi level in the
P phase [15]; (ii) the local lattice distortion accompanying the moving charge carrier
(Jahn–Teller polaron); (iii) the localization of the charge carriers by the magnetic disorder
[17]. In a restricted range of temperature, it is practically impossible to discriminate
between these different ρ(T ) laws. At low T, the spontaneous alignment of the Mn spins
below the Curie temperature, TC, allows a delocalization of the eg electrons, leading to a
low resistivity FM phase with ρ ≈ ρo + aT 2 for T ≤ TC. This alignment of the Mn spins
can be induced for T ≥ TC, or reinforced for T ≤ TC, by applying an external magnetic
field. The maximum effect is obtained close to TC (Figure 2-16) since the initial magnetic
susceptibility diverges as T → TC. Thus, these manganites have a rather large negative
magnetoresistance, the so-called CMR, which peaks at about TC. This phenomenon,
initially reported in Nd0.5Pb0.5MnO3 [4], has been later observed in a rather large number
of manganites. In general, since the resistivity of the P phase strongly increases on
decreasing T, whereas that of the FM phase decreases, the CMR is larger and larger as TC
is smaller and smaller, at least for a given doping level. For instance, a resistance ratio R
(0) / R (6T) > 103 was observed in a thin film of La0.67Ca0.33MnO3 with TC ≈ 80K [7],
whereas in a film of same composition with TC = 260K this ratio is only of about 4 [18].
Similarly, a strong CMR increase is observed in polycrystalline samples of
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(La1−xYx)0.7Ca0.3MnO3, in which TC is decreased by increasing the yttrium concentration x
[19].

Figure 2-16 Resistivity in zero field and in a 8 T applied field versus temperature, of a
single crystal of La0.825Sr0.175MnO3. In inset, magnetoresistance ratio versus temperature.
The array indicates the Curie temperature, TC (Reference 16).

A first interpretation of CMR was based on the DE model in which the Mn lattice bears
localized S = 3/2 spins, resulting from the three t2g electrons, and the mobile eg electrons
have a transfer integral, t, between two neighboring Mn ions, t = t0 cos(θ/2) where θ is the
angle between the 3/2 spins of the Mn neighbors [12]. A detailed MR calculation [20]
taking into account DE and Hund’s coupling has shown an explicit dependence of the
resistivity, ρ, on the magnetization, M, by the simple expression, ρ/ρo = 1 − C(M/Msat)2, at
small relative magnetization M/Msat values. For a strong Hund’s coupling, JH >> t, C ≈ 4,
whereas C = 1 in the weak coupling limit. This relation between resistivity and
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magnetization is in good agreement with the experimental data on La

0.825Sr 0.175MnO3

[21]. The dependence of ρ with magnetization can also be interpreted in the VRH model
that includes a decrease of the localization potential on increasing M/Msat. The
experimental data for a thin film of La

0.7Ca 0.3MnO3

were satisfactorily fitted to the

magnetization dependent VRH law ln(ρ/ρ∞) = [T0(1 − (M/Msat)2)/T ]1/4 [17]. However,
these models do not take into account the electron phonon interaction which is proved to
be important in Mn perovskites, for instance from the large isotopic effect observed on TC
and on transport properties by substitution of

18

O to

16

O [22, 23]. Theoretical models

including electron– phonon coupling have been proposed [24].
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2.5 Crystal Structure and Native Defects of ZnO
2.5.1 Crystal Structure of Zinc Oxide1
Zinc oxide has a hexagonal wurtzite structure as shown in Figure 2-17.

Wurtzite

structure is one of the most common crystal structures of semiconductors.

Other

semiconductors that crystallize in wurtzite include nitrides (GaN, AlN, BN), II-VI
semiconductors (ZnS, CdS, ZnSe, CdSe, ZnTe, CdTe), SiC, and InAs, etc. ZnO has a
hexagonal close-packed (hcp) Bravais lattice as shown in Figure 2-18.

The structure of ZnO can be considered to be composed of two interpenetrating hcp
sublattices of cation (Zn) and anion (O) displaced by the length of cation-anion bond in
the c-direction. The lattice constants of ZnO hexagonal unit cell are a=3.250 Å and
c=5.206 Å [2]. Since ZnO is a two-element compound with different ion radii, the c/a
ratio for ZnO hcp unit cell is 1.60, which is a little smaller than the ideal value of 1.633 of
hcp structure. The number of the nearest neighbors in wurtzite is four. Each O (or Zn)
ion is tetrahedrally surrounded by four Zn (or O) ions. Furthermore each ion also has
twelve next-nearest neighbors of the same type of ions. The O-Zn distance of the nearest
neighbors is 1.992 Å in the direction parallel to the c-axis of the hexagonal unit cell and
1.973 Å in the other three directions of the tetrahedral arrangement [3]. The tetrahedral
arrangement of the nearest neighbors indicates the covalent bond between the Zn and O
atoms.

The covalent radii of Zn and O were reported to be 1.31 Å and 0.66 Å,

respectively [4].
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Figure 2-17 Wurtzite structure of ZnO

Figure 2-18 Hexagonal closed packed structure of ZnO.

ZnO is an-isotropic crystal with the symmetry of point group of C6v (or 6mm). Group
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C6v is the point group of the hexagonal wurtzite structure, which includes rotations by
±60°, ±120°, and ±180° around the hexagonal axis and two sets of three equivalent
mirror planes that are parallel to the hexagonal axis.

2.5.2 Native Defects in Zinc Oxide
Under the common preparation conditions, excess zinc is always found in ZnO. Due to
this zinc excess, ZnO is a non-stoichiometric compound and an n-type semiconductor.
The point defects in ZnO can be zinc interstitials or oxygen vacancies. However, it is not
clear yet that whether zinc interstitial or oxygen vacancy is the dominant defects [1]. In
general, two types of thermally formed point defects can be distinguished in ion crystals,
i.e. Schottky defects and Frenkel defects. The dominant defect type can be predicted from
the radii of cations and anions. Schottky defects are dominating in the crystals with
nearly equal radii of cations and anions. These defects appear as pair-wise vacancies of
cations and anions. Frenkel defects are dominating defects if one ion radius is distinctly
smaller than the other one. These defects appear as pair-wise interstitials and vacancies of
-2

2+

the smaller ions. The ionic radius is 1.32 Å for O ion and 0.74 Å for Zn ion [4]. If we
consider ZnO as an ionic crystal, Frenkel disorder in the zinc sub-lattice seems to be
2+

preferred since the radius of Zn

-2

is much smaller than that of O . However, the nearest

neighbors in ZnO are tetrahedrally coordinated. This is a characteristic of a covalent
bond. The covalent radii of zinc and oxygen are 1.31 Å and 0.66 Å, respectively. So if
ZnO is treated as a covalent compound; Frenkel disorder in the oxygen sublattices is
preferred. The ionicity of ZnO was found to be about 50-60%, which corresponds to an
effective ionic charge of 1 to 1.2 [4,5]. As a result, the dominating defects in ZnO can not
be figured out from the consideration of ionic and covalent radii.
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Although it is believed that the stoichiometric deviation of excess zinc is reasonable for
the n-type conductivity, there were no consistent results of experimental investigations
about the type and concentrations of defects. The difficulty of quantitative determination
of stoichiometric deviation is to maintain the homogeneity of defect concentration
throughout the sample. Equilibrium between the sample and the vapor phase is a faster
process compared to the homogenization of the defect concentration that is controlled by
a slow bulk diffusion process. The experimental methods and results of quantitative
determination of excess zinc were reviewed by G. Neumann [6].
In the literature, point defects such as Zn interstitial, Zn and O vacancies in ZnO are
referred to the native lattice defects of the material. Based on the numerous studies of
electrical and optical properties of ZnO and of diffusion processes, Kroger was able to
estimate the location of the energy levels of native defects in ZnO [7]. These energy
levels are shown schematically in Figure 2-19. In the figure, VZn’ and VZn’’ represent Zn
×

vacancies with effective charges of –q and –2q, respectively. The symbols of Zni and
*

Zni are the Zn interstitials with effective charges of zero and +q, respectively. The O
×

*

vacancies are indicated by VO and VO with neutral charge and effective charge +q. The
locations of these energy levels were given by referring either to the bottom of the
conduction band or to the top of the valence band. The intrinsic bandgap in the figure is
-3

given by Ei = 3.2-10 T (eV). This value is smaller than the value of about 3.4 eV (at RT)
indicated by later measurements.
The activation energy for the two acceptor levels of VZn’ and VZn’’ as a function of
-4

-3

temperature T are given by Ea1=0.7-2×10 T (eV) and Ea2=2.8-10 T (eV), respectively.
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The binding energies of the two Zn-interstitial donor levels are Eb1=0.05 eV and Eb2=0.5-4

1.5×10 T (eV). For O vacancy, the binding energies of the two donor levels are given by
-4

Ec1=0.05 eV and Ec2=2-6×10 T (eV).

Figure 2-19 Electronic energy levels of native defects in ZnO (Reference 7).

2.5.3 Energy Band Structure and Optical Properties of ZnO
Band Structure of Zinc Oxide

For semiconductors, the energy of single free carrier is described by the band structure
E(k), which is the function of quasi-momentum k that is determined by the periodic
boundary conditions. Naturally, properties of the band structure are determined by the
symmetric properties of the semiconductor crystal and the chemical binding of the
constituting elements. The symmetric properties of band structure can be qualitatively
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understood by assuming the lattice periodic parts of the Bloch functions are still related to
atomic orbitals of the constituting elements [8]. This assumption is fulfilled for
compounds with rather strong ionic contribution to the binding such as the Cu-halides or
the II-VI compounds, but only to a minor degree for the III-V compounds with
homeopolar binding [8,9]. However the correct symmetries of the lowest conduction
band and the upper valence bands can be determined with this approach for all the three
classes of semiconductors. Based on the atomic orbitals, the conduction bands are
mainly constituted by the first unoccupied s-levels that are generally from the cations,
such as the 4s levels of Zn in ZnO and the 4s levels of Cu and Cl in CuCl. The
corresponding valence bands are formed by the highest occupied levels, which are, in the
most cases, the p-levels of the anions such as 3p-level of Cl and 2p-levels of O.

ZnO has the wurtzite structure with the symmetry of the point group of C6v (6mm). C6v
has six nonequivalent irreducible representations that correspond to the six classes of its
elements. These nonequivalent representations are usually labeled as Γ1 (A1), Γ2 (A2),
Γ3 (B1), Γ4 (B2), Γ5 (E1), and Γ6 (E2), in which the first four representations have the
dimension of one and the last two are two-dimensional. If the spin of electrons is
considered, the “double group” must be applied. In case of C6v, the double group gives
three additional irreducible representations with dimensions of two, labeled as Γ7, Γ8,
and Γ9. The character table and basis functions of the point group C6v are shown in the
Table 2-3 with the additional irreducible representations of the double group.
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Table 2-3 Character table of the point group C6v (6mm). Below E2 or Γ6 are the
additional irreducible representations of the double group.

The band structure of ZnO near the Γ point of the Brillouin zone is shown schematically
in Figure 2-20. The lowest conduction band arising from the 4s levels of the Zn cations
has twofold degenerate and Γ7-symmetry. The uppermost valence bands are formed by
the 2p-levels of O anions with some admixture of lower-lying d-levels [10]. The sixfold
anion level is split by the uniaxial crystal field of the hexagonal wurtzite structure and by
the spin-orbit coupling into three degenerate valence bands, labeled A, B and C from
higher to lower energies [8]. A, B and C valence bands have symmetries Γ7, Γ9 and Γ7,
respectively.

The symmetries of the upper two valence bands of ZnO are reversed compared to those
of other II-VI semiconductors (such as CdS) that have symmetries in the order of Γ9, Γ7
and Γ7, respectively. This is from the fact that ZnO has a negative spin-orbit coupling.
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Figure 2-20 The schematic band structure of ZnO near the Γ point of the Brillouin zone.

The band structure of ZnO had been calculated with the KKR [11] and pseudo-potential
method [12]. Photoemission measurements [13] and UPS measurements [14] essentially
confirmed these results. The results of pseudo-potential band calculation are shown in
Figure 2-21. The names of the points and lines of high symmetry in the first Brillouin
zone for hexagonal wurtzite type structure are indicated in Figure 2-22.

D.M. Kolb reviewed the typical features of the band structure of ZnO [15]: (a) The
lowest conduction band is free-electron-like so that no structure is found in the optical
measurements immediately above the fundamental absorption edge.

(b) The p-like

conduction bands is starting at about 14 eV above the top of the valence band. (c) The
valence band is broad with 5 eV width. (d) The d-band is just below the valence band
with half width of 1.6 eV. This is considerably broader than the other II-VI
semiconductor and is from the mixing of d-band and valence band states.
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.

Figure 2-21 Calculated energy bands of hexagonal ZnO. The dashed line at 7.8 eV is the
vacuum level. (from Powell et al. Phys. Rev. B6, 3056(1972).

Figure 2-22 First Brillouin zone of hexagonal wurtzite structure.
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2.6

Properties of Substrate materials

In this section, we will be discussing the general properties of some of the materials used
as substrates in various growth processes in this thesis work. These materials include
silicon, Ni-RaBiTS and sapphire.

2.6.1 Silicon
Silicon is a group VI element semiconductor. At present, most of the commercial
electronic devices are based on silicon. The development of modern semiconductor
industry leads to very matured techniques for producing and processing high-quality
silicon wafers. Besides being used extensively in semiconductor industries, silicon is
also widely used in the scientific researches, either as subjects aimed to the generation of
new silicon-based devices or as substrate materials for developing other new functional
materials. Silicon is widely used as substrates in thin-film growth processes for several
reasons [1]:
a. The material is much cheaper compared to other single-crystalline materials (i.e.
MgO, sapphire, STO etc.).
b. Large size silicon wafers can be obtained commercially with low cost and can be cut
to any size to fit the requirements of deposition processes.
c. It is highly desired to integrate semiconductor thin films with silicon substrates. In
this case, most of the advantages of modern semiconductor industries can be used in
the later device development.
d. Modern semiconductor industry can provide low-cost silicon wafers with various
properties required by customers.
Silicon has a diamond-crystal structure (see Figure 2-23) with lattice constant of 5.431 Å.
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The temperature dependence of lattice constant for high-purity silicon can be
approximated as [2] α (T) = 5.4304 +1.8138x10-5 (T-298.15K) +1.542x10-9 (T298.15K)2. Silicon is an indirect semiconductor with a bandgap of 1.124 eV at room

temperature (Figure 2-24) is and is 1.17 eV at 0K [3]. The temperature dependence of the
bandgap on temperature is given by Eg = 1.17 - 4.73·10-4·T2/ (T+636) eV.

Figure 2-23 Schematic diagram for the Diamond cubic crystal structure of Silicon.

Figure 2-24 Band structure of Si at 300 K.
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The diffusion coefficients for the elements that are mostly concerned in this work are
listed in Table 2-4. These elements include Al, N, O, Ti, Mg, and Zn.

Table 2-4 Diffusion coefficients of impurities in Si. Parameters in the table occur in the
equation D=D0exp[Q/kBT].

Element

D0 (cm2/s)

Q (eV)

Temperature Range (°C)

Ala

8.69

3.39

1060-1240

Nb

0.87

3.29

1100-1200

Oc

0.13

2.53

500-1400

Tid

0.015

1.8

950-1200

Zne

3x10-6

0.40

1100-1300

a. H.J. Schulz, European semiconductor device research conference, 1986.
b. P.V. Pavlov et al. Phys. Status Solidi (a) 35, 11(1976).
c. J.C. Mikkelsen jr. Mater. Res. Soc. Symp. Proc. 59, 19(1986).
d. D. Mathiot and S. Hocine, 15. Int. Conf. Defects in Semiconductor, Budapest 1988.
e. K. Graff, Semiconductor Silicon 1986.
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2.6.2 Sapphire (α-Al2O3)
Aluminum oxide occurs in several different modifications.

The most stable one is

α- Al2O3 (sapphire). Sapphire has a corundum structure as shown in Figure 2-25. The
Bravais lattice of sapphire is hexagonal close-packed (hcp) structure with lattice
constants of a=4.75 Å and c=13 Å [4]. In the corundum structure of sapphire, Al atoms
occupy two thirds of the octahedral interstitial voids of each successive hcp packed layer
of oxygen atoms. Sapphire has large bandgap of 9.7 eV, which enables the material to
transmit light over a broad wavelength range from 150 nm to 5000 nm. Sapphire has a
melting point of is 2040 °C, and it has extremely high chemical stability even at high
temperatures. Sapphire is also one of the strongest and hardest materials available. The
hardness of sapphire on the Mohs scale is 9, compared to 10 for diamond. It also has
excellent abrasion resistance and exceptional thermal shock properties.

Figure 2-25 The corundum structure of sapphire (α- Al2O3).

With these unique properties, sapphire has various applications in the areas of optics,
laser, semiconductors, optoelectronics, industry and military. Sapphire is also widely
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used as substrate material in thin film growth processes. The hexagonal structure of
sapphire makes the material to be the top one choice of substrates for the other hcp
materials such as GaN, AlN and ZnO, etc. The large bandgap of sapphire makes optical
characterization of the thin films developed on it to be carried out without disturbing. The
high chemical stability can effectively reduce the interface reaction between the thin film
and sapphire substrate so that thin films can be grown with high crystalline quality. Up to
now, many different materials have been grown in form of thin films on sapphire, such as
ZnO [5,6], MgZnO [7], GaN [8], AlN [9], CuInS2 [10], YBCO [11], and LiNb1–xTaxO3
[12] , etc. The physical, thermal, electrical and mechanical properties of sapphire are
listed in Table 2-5.
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Table 2-5 Properties of sapphire.

PROPERTIES OF SAPPHIRE
PHYSICAL
THERMAL
Chemical formula

Al2O3

Crystal structure

Hexagonal system
(rhombohedral)
a = 4.758 Å , c =
12.991 Å

Unit cell dimension

Density
Hardness
Melting point
Boiling point

3.98 g cm-3
9 mohs, 1525-2000
Knoop
2040 °C
2980 °C

MECHANICAL
Tensile strength
Flexural strength
Young's modulus

40,000-60,000 psi
(design criterion)
70,000-130,000 psi
(design criterion)
50 x 106 psi
55 x 106 psi

Compressive
modulus
Flexural modulus

52 x 106 psi

Rigidity modulus

21.5 x 106 psi

Volumetric modulus
of elasticity (bulk
modulus)
Poisson's ratio

35 x 106 psi

Thermal
conductivity

Thermal
expansion
coefficient

0.065 cal cm-1 s-1
°C-1
8.40 x 10-6 °C-1

Specific heat at
25 °C

0.10 cal g-1

Heat capacity at
25 °C

18.6 cal °C-1 mol-1

ELECTRICAL
Volume
resistivity
Dielectric
strength
Dielectric
constant
E perpendicular
to c- axis
E parallel to caxis
Dissipation
factor, tan delta

1014 Ohm-cm

480,000 V cm-1

9.4
11.5
10-4

0.29

Data taken from http://www.crystalsystems.com/proptable.html
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2.6.3 Biaxially Textured Nickel
The formation of preferred orientations in metals through cold-working has been studied
since the early 1920s; several books and reviews have been written on the subject
[13].Advances within the last decade in understanding and representing orientations in
three dimensions have allowed for significant understanding of deformation and
annealing textures. Texture representation in Euler space [14,15] and Frank–Rodrigues
[16] space is now commonly used to understand, predict, and develop preferred
orientation in metals and intermetallics. A recent overview article summarizes the
development and application of biaxially textured metal or alloy substrates for the
epitaxial growth of superconductors [17]

In the RABiTS process, a metal or alloy is biaxially textured in long lengths by the
processes of rolling and annealing [18,19]. Substrates of interest for this application
include cubic metals and fcc or bcc alloys. While bcc metals such as iron-based alloys
could potentially be used, fcc metals and alloys (e.g., Ni- and Cu-based alloys) are of
primary interest for this application. The cube texture, corresponding to the orientation
{100} <100>, consists of a cube plane parallel to the plane of the sheet and a cube edge
parallel to the rolling direction. This is a unique texture, since it can be extremely well
defined, unlike any other primary recrystallization texture in metals. Figure 2-26 shows
the C-DIC image taken from an optical microscope, in which the large textured grains of
Ni-RaBiTS are seen. The typical grain size of these is ~ 40µm. Obtaining substrates with
surfaces adequate for film growth without the need for a cumbersome polishing step is
important for scale-up to long tape lengths. By controlling the surface condition of the
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work rolls that apply pressure to the substrate, it is possible to obtain substrates with
surfaces as smooth as those obtained by mechanical and chemical polishing. Average line
scans in a 50µm x 50µm region indicate a rms roughness of ~10 nm [20]. Subsequent
annealing of the substrates in a wide temperature range results in the formation of a sharp
{100}<100> cube texture. Typical samples have x-ray ω (out-of-plane) and φ (in-plane)
scans with a full-width at half-maximum (FWHM) of 5–7°. Depending upon the starting
material, the impurity level, and the deformation schedule, the cube texture of Ni, for
example, can be made stable up to temperatures near its melting point [21].

Figure 2-26 C-DIC (Central differential interference contrast) image of Ni-RaBiTS
grains. All the grains are of <100>(100) typed.

75

Figure 2-27 Dark Field image of the Ni grains taken from Axio Imager. Also seen are the
rolling marks.

2.6.3.1

Fabrication of RABiTS-Based Alloy Substrates

In the RABiTS process, a thin metal foil is formed from the starting material by multiple
rolling steps. This process is essentially identical to conventional metal rolling and has
very little restriction on the width and length of the substrate material. The energy put
into the material by the deformation later helps the foil develop its texture. Either a
powder-metallurgy approach or vacuum melting can be used to make the starting alloy
material. Special attention is paid to maintaining the cleanliness of the material, as
contamination can cause defects on the surface. The texture is fully developed when the
foil is annealed at temperatures in the range of 1000–1400°C. This anneal is done at
reducing conditions to avoid oxide formation at the surface. Figure 2-27 shows the Dark
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Field image taken by Axio Imager (optical microscope), in which the rolling marks from
the rolling are evident.
Several physical characteristics of the substrates are of interest for the commercial
application of the conductors. The first is the yield strength in the annealed state with the
fully developed cube texture. Measurements are typically made with the tensile stress
aligned along the [100] crystallographic direction. A value of 150 MPa is acceptable for a
large number of applications. However, for a wider range of applications, such as motors
and generators, a yield strength of over 200 MPa is desired, and preferably over 250
MPa. The second physical attribute is the magnetism of the substrate. A magnetic
substrate contributes to ac losses during application in ac fields. It has been shown that
even minor alloying additions to Ni greatly reduce the ferromagnetism in the substrate
[20-25]. An important point to mention is that ac losses from a magnetic substrate depend
on the defect density in the substrate. Losses are an extrinsic feature, while the Curie
temperature is an intrinsic property of the substrate; similarly, the critical current
density—an extrinsic property of the superconductor— depends upon defects, while the
superconducting transition temperature is an intrinsic property. Hence, the presence of a
low amount of alloying element and the defect density present in the substrate that has
been handled after the final high temperature texture anneal will contribute to ac losses in
a magnetic substrate. Table 2-6 shows the yield strength (stress applied along the [100]
crystallographic direction) and measured Curie temperatures of various cube-textured
binary and ternary substrates
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Table 2-6 shows the yield strength (stress applied along the [100] crystallographic
direction) and measured Curie temperatures of various cube-textured binary and ternary
substrates.
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Chapter 3 Experimental Techniques
3.1 Pulsed Laser Deposition
One of the newer techniques for depositing thin films makes use of the interaction of the
laser beams with materials surfaces. Lasers were used in assorted applications involving
materials processing (e.g. welding, drilling) and surface modifications (e.g., annealing,
hardening) before techniques were developed to capitalize on them as a heat source for
the flash evaporation of thin films. Early experiments with laser-evaporation sources in
the 1970s culminated in the successful deposition of stoichiometric, mixed-oxide films,
in particular, fueled much of this activity, which continues virtually undiminished to the
present day [1,2].
The high spatial coherence achieved with lasers permits extreme focusing and directional
irradiation at high energy densities. The monochromaticity of laser light, together with its
tenability, opens up the possibility of highly selective narrow-band excitation. Controlled
pulsed excitation offers high temporal resolution and often makes it possible to overcome
competing dissipative mechanisms with the particular system under investigation. The
combination of all of these properties offers a wide and versatile range of quite different
applications. Material processing with laser takes advantages of virtually all of the
characteristics of laser light. The light energy density and directionality achieved with
lasers permits strongly localized heat- and photo-treatment of materials with a spatial
resolution of better than its wavelength. The monochromaticity of laser light allows for
control of depth of heat treatment or selective, nonthermal citation either within the
surface of the material or within the molecules of the surrounding medium-simply by
changing the laser wavelength.
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PLD is receiving much interest because of its unique interesting features. Among these
features:
1) Conceptually, it could be used to grow a thin film out of any material, regardless of

its melting point.
2) The stoichiometry of the grown film is highly preserved [3].
3) The high energy of the ablated particles may have beneficial effects on the film

properties. Each type of the different emitted species has an energy distribution,
depending on the nature of its particles. Generally, the average energy increases with
increasing the laser fluence. The energy could range from < 0.1 eV for neutrals
thermally desorbed at low fluences to several hundred electron volts for ions emitted
at high fluences. Also, lower surface temperatures are required as the plume energy is
pretty high [4, 5, 6].
4) It could be easily modified to grow multicomponent/multilayer films [7].
5) Most importantly, it consists of periods of high deposition rates (on the ms down to

the ns time scales) followed by periods of no deposition (on the second scale),
allowing for surface relaxation and, hence, enhancement of the film morphology [8].

The pulsed laser deposition process is schematically depicted in Figure 3-1. In its
simplest configuration, a high power laser situated outside the vacuum deposition
chamber is focused by means of external lenses onto the target surface, which serves as
the evaporation source. Most nonmetallic materials are evaporated; exhibit a strong
absorption in the ultraviolet spectral range between 200 and 400 nm.
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The lasers that had already been used in the PLD technique included ruby laser [9-12]
CO2 gas laser [13-15], Nd-YAG laser [16-19], Nd-glass laser [20-22] and excimer lasers
[23-27], etc. However, due to its unique characteristics, excimer laser has become the
number one choice in the PLD system. Excimer laser is a gas laser operated in the UV
range [2]. It is also a pulsed laser with the repetition rate up to several hundreds hertz and
a common pulse width of 25 nanoseconds. Depending on the gas used, the operating
wavelength of excimer laser can be changed from 157 nm for F2 to 351 nm for XeF.
Table 3-1 lists the wavelengths for the commercial excimer laser systems. Compared to
other commercial lasers excimer laser also has an output energy as high as 1 J/pulse. The
higher output energy and the short operating wavelength make excimer laser the ideal
one for PLD systems since most of the materials used for the deposition have strong
absorption in range of 200 nm to 400 nm.
Table 3-1 Operating wavelengths for the excimer laser with different gases.
Excimer

Wavelength (nm)

F2

157

ArF

193

KrCl

222

KrF

248

XeCl

308

XeF

351
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Figure 3-1 Schematic diagram of the Pulsed Laser Deposition system.

In a PLD chamber, the evaporated material is deposited onto a substrate placed parallel to
the target at distance of 3-5cm in high vacuum (1x10-7 Torr in a regular PLD to 1x10-11
Torr in Laser MBE). The substrate temperature can be varied from room temperature to
800ºC. The film quality depends on various parameters such as substrate temperature,
laser energy density, pulse repetition rate, pressure in the chamber, and substrate-target
geometry. The decoupling of the vacuum hardware and the evaporation power source
makes this technique so flexible that it is easily adaptable to different operational modes
without the constrains imposed by the use of internally powered evaporation sources like
the Pulsed Electron Deposition. Film growth can be carried out in a reactive environment
containing any kind of gas with or without plasma excitation. It can also be operated in
conjunction with other types of evaporation sources in a hybrid approach [28].
85

In a PLD setup, usually a multi-target assembly is used. In our PLD setup, we can load
four targets into the vacuum chamber at the same time. Thus, incorporation of a multitarget assembly gives another advantage of PLD technique, by which in situ multilayer
structures can be developed, without even breaking the vacuum.

3.1.1 Mechanism of Laser Ablation [29]
In order to understand basic physical principle of PLD further, during each of the
nanosecond laser pulse, laser-target interaction can be divided into three stages shown
schematically in Figure 3-2. Depending on the type of interaction of the laser beam with
the target there are three separate regimes: (i) interaction of the laser beam with the target
materials resulting in evaporation of the surface layers, (ii) interaction of the evaporated
material with the incident laser beam resulting in isothermal plasma formation and
expansion, and (iii) anisotropic adiabatic expansion of the plasma and subsequent
deposition. The first two regimes start with the laser pulse and continue through laser
pulse duration. The third regime starts after the termination of the laser pulse [29].

Figure 3-2 Schematic representation of the stages of laser target interactions during
short pulse high power laser interaction with a solid.
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(i) Interaction of the laser beam with the target

Intense heating of the surface layers by high-power nanosecond laser pulses results in
melting and evaporation of the surface layers. The heating rate, melting and evaporation
during pulsed laser irradiation depend on: (i) laser parameters-pulse energy density E,
pulse duration τ, wavelength λ and shape of the laser pulse and (ii) materials properties
like reflectivity, absorption coefficient, heat capacity, density, thermal conductivity, etc.
The free carrier (hole) collisions provide the mechanism for the absorption of the phonon
energy in the bulk surface. The heating and melting effects of pulsed laser irradiation on
materials constitute a three dimensional heat flow problem. In nanosecond laser
processing, the thermal diffusion distances are short, and the dimensions of the laser
beam-large compared to the melt depth. Hence, the thermal gradients parallel to the
interface are many orders of magnitude less than the thermal gradients perpendicular to
the interface. This makes the problem for heat flow during PLD one dimensional
governed by:

ρ i (T )C p (T )

∂T ( x, t ) ⎞
∂Ti ( x, t )
∂ ⎛
⎜ K i (T ) i
⎟ + I 0 (t ){1 − R (T )}e − a (T ) x -----------------(1)
=
⎜
∂T
∂T ⎝
∂x ⎟⎠

Where x refers to the direction perpendicular to the plane of the sample and t refers to the
time. The subscripts i=1, 2 refer to the solid and liquid phase respectively. The terms
ρi(T) and Cp(T) are respectively the temperature dependent density and thermal heat

capacity per unit mass of the target material. R(T) and a(T) are the temperature dependent
reflectivity and absorption coefficient of the material corresponding to laser wavelength.
The term I0(t) is the time dependent incident laser intensity striking the surface which
depends on the intensity and shape of the laser pulse. The term Ki refers to thermal
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conductivities of the solid and liquid phases at the interface. The last term on the right
hand side of the equation (1) is the heat generation term. Accurate numerical solution to
this equation by finite difference method gives the evaporation characteristics of the
pulsed laser irradiated materials. Using this method, the thermal histories of the laserirradiated materials can be predicted. Thus the effects of the variations in the pulse
energy density E, pulse duration t, and substrate temperature T on the maximum melt
depths, solidification velocities and surface temperatures can be computed.

Although the presence of a moving surface formed as a result of melting or evaporation,
and time dependent optical and material properties make it difficult the analytical
solution, simple energy balance considerations can be taken into account to assess the
effects of interaction of the laser irradiation with the materials. By using energy balance
method the amount of material evaporated per pulse can be calculated. The energy
deposited by the laser beam on the target is equal to the energy needed to vaporize the
surface layers plus losses due to the thermal conduction by the substrate and the
absorption by the plasma. The energy threshold Eth represents the minimum energy above
which appreciable evaporation is observed. Since the losses in plasma and substrate
change with pulse energy density, Eth varies with energy density too. Thus the heat
balance equation is given by:
∆x i =

(1 − R )( E − Eth )
……………………………………(2)
∆H + C v ∆ T

where ∆xi, R, ∆H, Cv and ∆T are the evaporated thickness, reflectivity, latent heat,
volume heat capacity, and the maximum temperature rise, respectively. This equation is
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valid for conditions where the thermal diffusion distance

2 Dτ is larger then the

absorption length, or attenuation distance of the laser beam in the target material (1/at). In
the above expression, D is the thermal diffusivity of the target, and t is the larger pulse
duration. In equation 2 the energy threshold depends on laser wavelength, pulse duration,
plasma losses, and the thermal and optical properties of the material.

(ii) Interaction of the laser beam with evaporated materials

The interaction of the high-power laser beam with the bulk target materials leads to very
high temperature (>2000K), resulting in emission of positive ions and electrons from the
free surface. The emission of electrons and positive ions from a solid surface exhibits an
exponential increase with temperature. The thermionic emission of positive ions can be
calculated by Langmuir-Saha equation:
i+ i0 = ( g + g 0 ) exp[(φ − 1)κT ] ……………………………….(3)

where i+ and

i0 represent positive and neutral ion fluxes leaving the surface at

temperature T. g+ and g0 are the statistical weights of the ionic and neutral states, φ is the
electron work function, and I is the ionization potential of the materials. The fraction of
ionized species increases with the temperature since I>φ . Although the surface
temperature of the target is close to boiling point, higher temperatures can be induced in
the evaporated plasma by the interaction of the laser beam with it. The penetration and
absorption of the laser beam by the plasma depend on the electron- ion density,
temperature, and the laser wavelength. The penetration or reflection of the incident laser
beam depends on the plasma frequency:νp= 8.9x103ne0.5, where ne is the electron
concentration in the plasma. The plasma frequency should be lower than the laser
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frequency for the laser energy to be transmitted or absorbed. For example, for XeCl2
excimer-laser wavelength λ =308 nm the laser frequency is 9.74x1014 sec with critical
electron density for reflection given by ne=1.2x1022/cm3.
The material evaporated from the hot target is further heated by absorption of laser
radiation. Although the laser evaporation for deposition of thin films occurs at much
lower temperatures, the plasma temperatures are of the order of 104K. Different
mechanisms become important in the ionization of the ionization of the laser generated
species: impact ionization, photo ionization, thermal ionization and electronic excitation.
The primary absorption mechanism for plasma is the electron-ion collisions. The
absorption occurs primarily by a process, which involves absorption of a photon by free
electron. The absorption coefficient ap of the plasma is given by:

αp = 3.69x108(z3ni2/T0.5ν3) [1-exp (-hν/kT)]……………………..(4)
where Z, ni, and T are the average charge, ion density, and temperature of the plasma,
reflectively, and h, k, and ν are the Plank constant, Boltzman constant, and frequency of
the laser light respectively. The term [1-exp (-hν/kT)] in equation (4) represents the
losses due to stimulated emission. For KrF excimer laser (λ=248nm), the exponential
term becomes unity for T<<40,000K and can be approximately by hν/kT for
T>>40,000K. The absorption term shows a T-0.5 dependence for low temperature
(T<<40,000K for λ=248nm, T<<40,000K for λ=1.06µm) and T-1.5 for high temperatures.
As it is seen, the heating of the evaporated materials depends on the concentration of the
ionized species, plasma temperature, wavelength, plasma temperature, wavelength, pulse
duration, etc. Also the particle density in the plasma depends on the degree of ionization,
evaporation rate, and the plasma expansion velocities.
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Figure 3-3 Schematic diagram representing the different phases present during
irradiation of a laser on a bulk target: (A) unaffected bulk target, (B) evaporated target
materials, (C) dense plasma absorbing the laser radiation, and (D) expanding plasma
transparent to the laser beam. (Reference 29)

Because of the high expansion velocities of the leading plasma edge, the electron and ion
densities decrease very rapidly with time. This makes the plasma transparent to the laser
beam for larger distances away from the target surface. The inner edge of the plasma in a
thin region close to the surface of the target it constantly absorbing laser radiation due to
the constant augmentation of the plasma with evaporated particles. A schematic diagram
of the laser interaction with the plasma target is shown in Figure 3-3. The diagram shows
that four separate regions can be distinguished during the laser pulse. These are: (1)
unaffected bulk target, (2) evaporating target surface, (3) area near the surface of the
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target absorbing the laser beam, (4) rapidly expanding outer edge which is transparent to
the laser beam. A dynamic equilibrium exists between (i) the plasma absorption and (ii)
the rapid transfer of thermal energy into kinetic energy. These are two mechanisms
controlling the isothermal temperature of the plasma. The initial dimensions of the
plasma are of the order of a millimeter in the transverse direction, while they are less than
1µm in the perpendicular direction. During the isothermal regime and assuming an initial
expansion velocity of 105-106 cm/sec, the perpendicular dimension of the plasma is in the
order of 10-100µm at the end of a 30nsec laser pulse. The rapid plasma expansion in
vacuum results from the large density gradients. The plasma absorbing the laser energy
can be simulated as a HT-HP gas which is initially confined in small dimensions and is
suddenly allowed to expand in a vacuum. The equations of gas dynamics governing the
expansion of the plasma consist of the equation of continuity and the equation of motion.
The velocity, density, and the pressure profiles in the plasma are shown schematically in
Figure 3-4. It shows that the density is maximum while the minimum at the inner edge of
the plasma. The plasma density and the pressure gradients are monotonically decreasing
from the surface of the target while the velocity increases linearly. In the initial stages of
expansion the acceleration is very high when the expansion velocities are low. When the
expansion velocities increase, the acceleration starts to diminish and ultimately becomes
zero, resulting in the elongated plasma shape.
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Figure 3-4 Schematic profile showing the density (n), pressure (P), and velocity (v)
gradients in the plasma in x direction, perpendicular to the target surface. The density
and plasma pressure are monotonically decreasing from the target surface, while the
velocity increases linearly. (Ref. 29)

(iii) Adiabatic plasma expansion and film deposition

After the termination of the laser pulse in vacuum there is no additional input of particles
from the target into the plasma because there is no absorption of laser energy. Thus an
adiabatic expansion occurs with a thermodynamic relation given by:

T[X (t) Y (t) Z (t)]γ-1 = const …………………………………(5)
where γ corresponds to the ratio of the specific heat capacities at constant pressure Cp
and volume Cv. During the adiabatic regime, the thermal energy is converted to kinetic
energy with the plasma achieving extremely high expansion velocities. The temperature
drop is slow because (1) the cooling due to expansion is balanced by energy regained
from recombination processes by ions, and (2) the plasma expands in one direction. The
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initial dimensions of the plasma are much larger in the transverse direction. The initial
dimensions of the plasma are much larger in the transverse direction. The initial
dimensions of the plasma are much larger in the transverse directions (y and z) which are
in the order of millimeter, while in perpendicular direction (x) is in the order of 20100µm. In the adiabatic expansion regime the velocity of the plasma increases in the
direction of the smallest dimension.
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3.2 Characterization Methods of Thin Films
Thin films in this study are characterized on the basis of their crystal structure, chemical
composition, optical, and electrical properties. In this section, the various characterization
methods used are reviewed briefly. These techniques include X-Ray diffraction (XRD)
Transmission Electron Microscopy for structural characterization, Four Point Resistivity
method for Electrical Characterization, RHEED for in-situ characterization during the
growth and absorption spectra, and photoluminescence spectra for the optical
characterization.

3.2.1 X-ray Diffraction [1,2]
X-ray diffraction is one of the most important nondestructive experimental techniques
used to address issues related to the crystal structure of solids, including lattice constant,
identification of unknown materials, orientation of single crystals, preferred orientations
of thin films, defects, stress, etc. Basic mechanism of X-ray analysis is based on that,
when a parallel and monochromatic X-ray beam with a wavelength λ and angle of
incidence θ is diffracted by a set of planes, oriented in specific directions, there are sharp
peaks corresponding to the spacing between the planes d, when the conditions of the
Bragg’s law are satisfied:

2d sinθ = nλ……………………….………………(1)

These peaks are characteristic to the material and the crystal structure. The crystal
structure of a specific material determines the diffraction pattern, and in particular the
shape and size of the unit cell determine the relative intensities of these lines. In the

97

structural analysis by using X-ray of known wavelength λ, and measuring θ, we can
determine the spacing d of various planes in the crystal.
The relative intensity of the diffracted beam can be written as

I = Fklm

2

⎛ 1 − cos 2 ν
p⎜⎜ 2
⎝ sin θ cos θ

⎞
⎟⎟ …………………………………(2)
⎠

In this equation, the whole term in the brackets is called Lorentz polarization factor.
Factor p is the so-called multiplicity factor and it represents the relative proportion of the
planes contributing for the same reflection. F is called the structure factor of the crystal,
which represents the complex amplitude of the electromagnetic field scattered by one unit
cell of the crystal. Structure factor has the general expression of the form

N

Fklm = ∑ f n exp{2πi (hx n + ky n + lz n } …………………………….(3)
n −1

where rn is the coordinate of nth atom in the unit cell, and fn is the atomic scattering
factor. Structure factor F is related to the symmetric properties of the unit cell and can be
calculated for any specific lattice.
The common experimental methods of XRD include X-ray diffractometer, Laue method,
rotating-crystal method, moving-film method, and powder method. X-ray diffractometer
is widely used for the characterization of thin films, which is also used in this work.

There are three kinds of measurement strategies for detecting the intensity of diffracted
x- ray beam in diffractometer method:
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1. Fixed crystal and fixed detector.
2. Moving crystal and fixed detector, in which the crystal is rotated slowly through its
reflecting range about the detector axis (ω scan), while the detector is stationary at the
appropriate 2θ angle.
3. Moving crystal and moving detector, in which the crystal and detector are suitably
coupled for each reflection, and both rotate through the diffractometer axis (ω, 2θ
scan). Figure 3-5 shows the schematic diagram of X-Ray 2θ scan

Figure 3-5 Schematic diagram of X-ray 2θ scan.
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3.2.2 Transmission Electron Microscopy [3-5]
3.2.2.1

Introduction

The investigation of the morphology, structure, and local chemistry of metals, ceramics,
and minerals is an important aspect of contemporary materials science. The transmission
electron microscope is an analytical tool that allows detailed micro-structural
examination through high-resolution and high-magnification imaging. It also enables the
investigation of crystal structures, orientations and chemical compositions in phases,
precipitates and contaminants through diffraction pattern, x-ray, and electron-energy
analysis.
Magnifications of up to 500,000x and detail resolution below 1 nm are achieved
routinely. Quantitative and qualitative elemental analysis can be provided from features
smaller than 30 nm. For crystals with interplanar spacing greater than 0.12 nm, crystal
structure, symmetry and orientation can be determined. A TEM is able to image the
atomic arrangement of a single crystal and to identify the Burgers vector for a
dislocation. Structural examination of defects, including stacking faults, interstitial,
precipitates and vacancies is possible.
Advantages

•

TEM is the only technique that will allow the determination of the Burgers vector.

•

TEM can also provide atomic scale resolution (2 Å).

Disadvantages

•

TEM is an expensive.

•

Some materials are sensitive to electron beam radiation, resulting in a loss of
crystallinity and mass.
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•

Sample preparation is very time consuming, sample dimension small (3 mm
diameter, less than 100 µm thick.)

•

Electron beam damage and safety: the combination of high-kV beams with
intense electron sources means that there are available means by which we can
destroy any sample. At the same time comes the danger that should never be
forgotton, that of exposing ourselves to ionizing radiation.

3.2.2.2

Principle of the TEM

The TEM is an electron-optical microscope that uses electromagnetic lenses to focus and
direct an electron beam. Data is collected from the beam after it passes through the
sample. The reason for using an electron beam instead of a light beam is that electrons
have a shorter wavelength than photons. Resolution and magnification of a microscope
are related to the wavelength and the energy of the radiation. In general, the shorter the
wavelength, the better the resolution.
The source radiation is generated using an electron gun. The resulting beam of electrons
is focused into a tight, coherent beam by multiple electromagnetic lenses and apertures.
The lens system is designed to eliminate stray electrons as well as to control and focus
the electron beam. The corrected beam is focused on the sample. Various techniques are
then used to collect data from the electrons that have passed through the sample. For
example, image data can be collected by means of a fluorescent screen that is hit by the
electron beam. The resulting image may be recorded on photographic film or with a CCD
camera linked to a computer.
Form de Broglie’s ideas of the wave-particle duality, the wavelength λ of a particle has
the following relationship with its momentum p
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λ= h/p………………………………………………..(1)
where h is the Planck’s constant. So λ can be expressed in terms of the accelerating
voltage V of the electron microscope as

λ=

h
2m0 eV

……………………………………………………………(2)

where m0 is the rest mass of electron and e is the electron charge. For 100 kV
accelerating voltage, the wavelength can be as small as 0.039 Å. If the classical Raleigh
criterion for image resolution δ

δ=

0.61λ

β

…………………………………………………………………………(3)

is used, the resolution of TEM is extremely small. In fact, the resolution of TEM is
limited by the equipment defects. The main defects are the spherical aberration,
chromatic aberration, and stigmatism.
Apparatus
A TEM usually operates at 10-6 Torr in the column and 10-7 Torr in the electron gun
chamber. Fig 3-6 shows the important parts of a TEM. A TEM has two essential
components. One is the illumination system, which takes the electrons from the electron
gun and transfers them to the specimen with either a broad beam or a focused beam. The
other one is the image system composed of apertures, magnetic lens and screen. Image
system takes the electrons that are scattered form the specimen and forms the final image
or diffraction patterns.
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Figure 3-6 Schematic view of the TEM column

3.2.2.3

Image and Diffraction Mode

The complete optical system of the TEM is shown in Fig 3-7. The objective lens
simultaneously generates the diffraction pattern and the first intermediate image. Note
that the ray paths are identical until the intermediate lens, where the field strengths are
changed, depending on the desired operation mode (Image of Diffraction). The field
strengths can be changed by setting the focal lengths (the distance from the lens to the ray

103

crossover). A higher field strength (shorter focal length) is used for imaging, whereas a
weaker field strength (longer focal length) is used for diffraction.

Figure 3-7 The two basic operations of the TEM imaging system involves a) projecting
the image onto the screen and b) projecting the diffraction pattern on the viewing screen.
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3.2.2.4

Beam Tilt and Beam Shift

Figure 3-8 Magnetic fields used for Beam Shift and Beam Tilt.
An electron beam passing a homogeneous magnetic field perpendicularly is deflected
from its original axis (A). The total deflection angle θ (theta) is called Beam Tilt (B). A
combination of two beam tilts in opposite direction results in a Beam Shift. The total
beam shift distance is determined by the distance of the beam tilt coils (C). A
perpendicular combination of two beam tilt coils allows for simultaneous deflection in
two planes (D) (Figure 3-8).

3.2.2.5

Correction of Astigmatism

Unlike conventional glass lenses, which only appear asymmetric (showing astigmatism)
for off-axis object points, electron lenses are truly asymmetric. They show astigmatism
for all object points. The following schematic diagrams show how this can be corrected
by means of a stigmator (see Figure 3-9). An astigmatic electron lens behaves like the
combination of a spherical and a cylindrical lens. Instead of one point focus, it forms two
line foci perpendicular to each other. A cylindrical lens acts as an astigmatism corrector
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with its axis at a right angle to the inherent defect of the astigmatic lens. It brings the rays
to a common focus.

Figure 3-9 a) Schematic diagram showing presence of stigmatism as the two line foci are
at different positions, b) correction of the stigmation by insertion of second cylindrical
lens.

3.2.2.6

TEM Sample

TEM can image and analyze successfully a wide range of solid materials, such as metals,
ceramics, minerals, polymers as well as specially prepared organic and biological
materials. Specimens for examination by transmission electron microscopy must
ultimately meet only two requirements:
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1. They must be thin enough for electrons to penetrate without excessive energy

loss.
2. They must be representative of the sample in structure and composition: that is,

reaction products in the form of artifacts and contamination as well as secondary
deformation and heat treatment are to be avoided.
For penetration of a 200 kV electron beam, a typical metal, ceramic, or semiconductor
specimen must be less than 100 nm thick. However, the specimen usually is required to
represent the unaltered bulk material in terms of structure, chemistry, and content of
defects. If one also wishes this specimen to have large amounts of electron-transparent
thin area, be flat and unbent, and be rugged enough to be easily handled, the task of
making such a specimen from an arbitrary material is very difficult. Some specimens
such as thin films may be examined directly with very little specimen preparation.
Sample Preparation

The following grid (Fig. 3-10)gives an overview over different steps required during
sample preparation:
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Figure 3-10 Flowchart showing, different steps required in TEM sample preparation.
The wide variety of possible materials is reflected in the three distinguished ways to
prepare the sample.
a) Powder Samples

These are generally prepared by suspension in a liquid. The suspension is dropped onto a
mounting grid disperses the powder across it. The solvent, which is unreactive with the
sample material evaporates and leaves the powder ready for investigation. Methanol and
Acetone are two such solvents commonly used
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b) Ultra-microtomy

This is used to be a standard thin-sectioning technique in biology, but is now a very
useful sample preparation technique for the TEM. Preparation by Ultra-microtomy means
cutting thin pieces of a specimen with the aid of a diamond knife. These shaves are
already thin enough to be electron-transparent and don't require additional preparation. It
is often used when the material is too hard, or when the damage of the sample may occur
with other final thinning methods.
c) Mechanical Preparation

All the samples analyzed by TEM in this study were made by mechanical grinding and
polishing followed by Ion Milling. This can take anywhere between 2 and 10 hours (e.g.
Si and Sapphire respectively) and usually involves a combination of the following steps
(Figure 3-11):
1. Bulk material is reduced to a disc of 3 mm diameter by sanding, cutting, electro-

thinning, crushing or repeated cleaving
2. One way of achieving the electron-transparent thickness of 5 µm is ion-milling at

a low angle (2° to 6°) to create a transparent area with a centered hole in the
specimen. The hole is used for reference.
3. The preparation of a transparent area on the edge of a specimen by polishing it at

a slight (less than 5°) angle is called wedge polishing and is a very common
method.
4. Dimpling is another common preparation technique. The sample is pre-thinned to

30-50 µm and a bowl-shaped dimple is polished in the center. Ion-milling is
required to finish the sample including the reference hole.
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5. Other methods to prepare thin enough samples are chemical polishing and electro-

polishing.

Figure 3-11 Schematic diagram showing step by step procedure for mechanically
thinning down a wafer.

3.2.2.7

Imaging Techniques

The central idea in imaging is using differences between the electrons after they
interacted with the sample in form of contrast images. Three imaging methods have been
developed:
1. Bright Field
2. Dark Field
3. High-Resolution Imaging
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Figure 3-12 Ray diagram showing the selection of BF or DF image on the back focal
plane.

3.2.2.7.1

Bright Field and Dark Field images

Bright-Field/Dark-Field Imaging Bright-field imaging is commonly used for examination
of most microstructural imaging. In order to examine samples in bright-field, the
objective aperture must be inserted. The objective aperture is a metal plate with holes of
various sizes machined into it. The aperture is inserted into the back focal plane, the same
plane at which the diffracted image is formed. The back focal plane is located just below
the sample and objective lens (see Figure 3-12). When the aperture is inserted, it only
allows the electrons in the transmitted beam to pass and contribute to the resulting brightfield image. Dark-field images occur when the objective aperture is positioned off-axis
from the transmitted beam in order to allow only a diffracted beam to pass. In order to
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minimize the effects of lens aberrations, the diffracted beam is deflected along the optic
axis.

Figure 3-13 Ray diagrams showing how the objective lens/aperture are used in
combination to produce a) a BF Image from the direct beam, b) a displaced-aperture DF
image formed with a specific off-axis scattered beam and , c) a CDF image where the
incident beam is tilted so that the scattered beam remains on axis.
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3.2.2.7.1.1

Bright Field

When an incident electron beam strikes a sample, some of the electrons pass directly
through while others may undergo slight inelastic scattering from the transmitted beam.
Contrast in an image is created by differences in scattering. By inserting an aperture in
the back focal plane, an image can be produced with these transmitted electrons. The
resulting image is known as a bright field image. Bright field images are commonly used
to examine micro-structural related features (see Figure 3-13a).
3.2.2.7.1.2

Dark Field

If a sample is crystalline, many of the electrons will undergo elastic scattering from the
various (hkl) planes. This scattering produces many diffracted beams. If any one of these
diffracted beams is allowed to pass through the objective aperture, an image can be
obtained. This image is known as a dark field image. Quite often, in order to reduce
spherical aberration and astigmatism and to improve overall image resolution, the
diffracted beam will be deflected such that it lies parallel the optic axis of the microscope.
This type of image is said to be a centered dark field image. Dark field images are
particularly useful in examining micro-structural detail in a single crystalline phase (see
Figure 3-13b and c).
3.2.2.7.1.3

High-Resolution Imaging

An atomic resolution image is formed by the "phase contrast" technique, which exploits
the differences in phase among the various electron beams scattered by the sample in
order to produce contrast. Image contrast is defined in terms of the difference in intensity
(∆I) between the two adjacent areas. TEM image contrast comes from the scattering of
the incident electron beam by the specimen. Since the change of the electron wave can be
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either in amplitude or in phase, two types of contrasts can be distinguished: amplitude
contrast and phase contrast. In most cases, both types of the contrast can contribute to an
image. There are two principal amplitude contrasts, one is mass-thickness contrast and
the other one is diffraction contrast. Mass-thickness contrast occurs due to the incoherent
elastic scattering of electrons. This type of contrast is important if non-crystalline sample
is observed. Diffraction contrast occurs due to the coherent elastic scattering at Bragg
angles. BF and DF imaging are the two basic ways to form amplitude-contrast images.3
Phase contrast is very sensitive to many factors such as small change in thickness,
orientation, scattering factor of specimen and variations in the focus of the objective lens.
This sensitivity is also the reason that phase contrast can be used to image the atomic
structure of thin specimens. To form phase-contrast image, one needs to select more than
one beam. Generally, the higher the resolution of image is required, the more beams need
to be collected. Figure 3-14 shows a high resolution image taken along <110> zone axis
from cross-section Si-Ge/Si sample.
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Figure 3-14 HRTEM micrograph along <110> zone axis from Si-Ge/Si interface. A clean
interface between the two is clearly evident.
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3.2.3 Reflection high-energy electron diffraction (RHEED)

Reflection high-energy electron diffraction (RHEED or R-HEED)is a technique for
surface structural analysis that is remarkably simple to implement, requiring at the
minimum only an electron gun, a phosphor screen, and a clean surface. Its interpretation,
however, is complicated by an unusually asymmetric scattering geometry and by the
necessity of accounting for multiple scattering processes. First performed by Nishikawa
and Kikuchi (1928) at nearly the same time as the discovery of electron diffraction by
Davison and Germer (1927), RHEED has assumed modern importance because of its
compatibility with the methods of vapor deposition used for the epitaxial growth of thin
films.

Because of its small penetration depth, owing to the interaction between incident
electrons and atoms, RHEED is primarily sensitive to the atomic structure of the first few
planes of a crystal lattice. Diffraction from a structure periodic in only two dimensions
therefore underlies the observed pattern, and the positions of the elastically scattered
beams can be computed from single-scattering expressions. Nonetheless, because the
elastic scattering is comparable to the inelastic scattering, multiple scattering processes
are also crucial, and these must be included to obtain the correct intensity [6, 7]

3.2.3.1

The RHEED geometry

An incident beam directed at a low angle to the surface – has a very strong effect on both
the diffraction and its interpretation. For example, atomic steps can produce large
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changes in both the measured intensity and the shape of the diffracted beams when the
important atomic separations are parallel to the incident beam direction; in contrast, the
role of atomic structure in the diffracted intensity is primarily determined by the atomic
separations perpendicular to the beam direction. Both of these phenomena result from the
low glancing angle of incidence. The extent of these sensitivities, the importance of
multiple scattering, the shape of the diffraction pattern, and the salient features of
calculation are all determined by the combination of a small glancing incident angle and
the conservation of parallel momentum.

The concept of RHEED is quite simple as shown in Fig. 3-15. An accelerated electron
beam (10 – 100 keV) is incident on the surface with a glancing angle (2-4°) and is
reflected. The high energy of the electrons results in an increase in their penetration
depth, but because of the glancing angle of incidence, a few atomic layers are only
probed. This is the reason of the high surface sensitivity of the RHEED. Upon reflection,
electrons diffract, forming a diffraction pattern that depends on the structure and the
morphology of the probed surface [6, 7].
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Figure 3-15 An illustration of the fundamentals of RHEED. The inset shows two kinds of
reflection: transmission-reflection diffraction scattering by three-dimensional crystalline
island (above) and surface scattering from flat surface (below).

Most surfaces are not perfectly flat; hence, the diffraction pattern is produced by
transmission through the surface roughness (asperities); see the upper inset of Fig. 3-15.
Despite the popularity of RHEED, there is no complete formal theory for it. However, a
number of simplified kinematical approaches have been introduced that are useful for
understanding the basic idea of RHEED. They are sufficient for the determination of the
unit cell dimension, crystal orientation and the crystal shape. The lack of a formal theory
is the reason behind the debate over the interpretation of RHEED results [8].

3.2.3.2

Theory

The simplest theory to describe RHEED is the “geometric theory” [1], in which
diffraction of a plane wave (of wavevector k) by a single crystal is assumed. No
interaction mechanism is taken into account in this treatment. Because of its simplicity,
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this theory is widely used for experimental calculations. In this theory, diffraction results
when the Laue condition is satisfied, i.e.,
k’-k0 = G……………………………………………(1)
where k’ and k0 are the wave vectors for the diffracted and the incident beams
respectively and G is the reciprocal-lattice vector. In the special case of elastic scattering,
|k’| = |k0|. This condition is satisfied by an infinite number of k’ vectors pointing in all
directions, which is the origin of the so-called Ewald sphere. An Ewald sphere is a sphere
that has its origin as the origin of the k0 and a radius k0|.. Hence, the Laue condition may
be re-formalized as “diffraction occurs for all k’ connecting the origin of the sphere and a
reciprocal-lattice point” [6,9]. The magnitude of the wavevector is given by the
relativistic expression

2π

1
⎛ qV ⎞
k0 =
=
2m0 qV + ⎜
⎟
λ h
⎝ c ⎠

2

………………………………………..(2)

where m0 is the electron rest mass, q is its charge and V is the accelerating potential.
Expression (2) sometimes is written as

λ=

h
⎛ qV ⎞
2m0 qV + ⎜
⎟
⎝ c ⎠

2

≅

12.3
V (1 + 1.95 x10 −6 V )

…………………………………(3)

where λ is measured in Å and V is in volts.
The above theory is good for the basic understanding of RHEED; however, it does not
give any description about the mechanisms involved in forming the diffraction.
Therefore, a more advanced theory has been introduced [6,10], in which interaction
between the incident wave and the scatterer is treated quantum-mechanically by solving
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the Schrödinger equation for the wavefunction of the scattered wave, ψ(r), given an
effective potential U(r);
∇ 2 + U (r ) + k 0 )ψ (r ) = 0 ………………………………………………..(4)
2

Using Green’s method, the above equation could be written as
|r − r '|

ψ (r ) = e

ik 0 • r

1 e ik
U (r ' )ψ (r ')d r ' …………………………………….(5)
−
4π ∫ | r − r ' |

The first term in the above equation represents the incident plane wave, while the second
represents the scattered wave. In RHEED experiments, one is interested in the value of

ψ(r) evaluated at large distances compared to the dimensions of the scatterer, i.e.,
|r-r’| ≈ r, hence equation (5) could be written as

ψ (r ) = e

i k 0 •r

e ik 'r −i k '•r '
−
e
U (r ' )ψ (r ')d r ' ……………………………..(6)
4π ∫

So, the scattering amplitude has the form
f (k ) = −

1
e −i k '• r 'U (r ' )ψ (r ')d r ' ………………………………………(7)
∫
4π

The scattering current scattered into a solid angle dΩ in direction θ,φ per unit current
density in the incident wave is given by
I(θ,φ) dΩ = |f(θ,φ)|dΩ………………………………………….(8)
To discover the intensity distribution in the diffraction pattern, the effective potential
should be assumed and the scattering amplitude integral should be evaluated.
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The so-called “kinematic theory” evolves when the Born approximation is used, i.e. the
wave function inside the crystal is assumed to be that of the incident wave or

ψ(r’) = eik0r’. In this case, equation (7) is written as
f (K ) = −

1
e −i K '• r 'U (r ' )d r ' …………………………………………(9)
∫
4π

with K = k’ – k0. In other words, the scattering amplitude is the Fourier transform of the
scattering potential. A number of theoretical calculations have been made to calculate the
scattering amplitude, assuming functional forms for U(r) that take into account the
periodicity of the crystal lattice. The main problem with the kinematical treatment is the
oversimplified assumption that the wave function at the scatterer equals that of the
incident plane wave, since this assumption overlooks the mutual interaction between the
crystal and the incident electron beam.
A more elaborated theory, “dynamical theory,” has been introduced to deal with the
diffraction problem without the oversimplification of the kinematical theory. For electron
scattering from a crystal, the wave within the crystal may be represented by a sum of
plane waves
N

ψ (r ' ) = ∑ψ (r ' )e ik •r ' ………………………………………………….(10)
l

l =0

Substituting (10) into (7) and using the Laue condition, kl - k0 = 2πl, the scattering
amplitude could be written as
N

f (k ) = ∑
l =0

1
fl (Kl ) = −
4π

N

∑ ∫ψ
l =0

l

( r ' )e −i ( k ' − k0 −2πl )•r 'U ( r ' ) dr ' ……(11)
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Again in order to find the scattering amplitude, the integrals in equation (11) have to be
solved. This difficulty is the reason why dynamical theory is seldom used for analyzing
RHEED data.

122

3.2.4 Electrical Measurement (Resistivity)

Four-Point Probe measurement [11,12,13]

It is the most common method for measuring semiconductor resistivity. The purpose of
the 4-point probe is to measure the resistivity of any semiconductor material. It can
measure either bulk or thin film specimen. Experimental setups for both of the cases are
same, but the expressions are different. The 4-point probe setup usually consists of four
equally spaced tungsten metal tips with finite radius. Each tip is supported by springs on
the other end to minimize sample damage during probing. The four metal tips are part of
an auto-mechanical stage which travels up and down during measurements. A high
impedance current source is used to supply current through the outer two probes; a
voltmeter measures the voltage across the inner two probes (See Figure 3-16) to
determine the sample resistivity. Typical probe spacing s is about 1 mm.

Figure 3-16 Schematic of 4-point probe configuration
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Bulk sample

It is assumed that the metal tip is infinitesimal and samples are semi- infinite in lateral
dimension. For bulk samples where the sample thickness t >> s, the probe spacing, we
assume a spherical protrusion of current emanating from the outer probe tips. The
differential resistance is:

We carry out the integration between the inner probe tips (where the voltage is
measured):

where probe spacing is uniformly s. Due to the superposition of current at the outer two
tips, R = V/2I. Thus, we arrive at the expression for bulk resistivity:

Thin film

For a very thin layer (thickness t << s), we get current rings instead of spheres. Therefore,
the expression for the area A=2πxt. The derivation is as follows:
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Consequently, for R = V/2I, the sheet resistivity for a thin sheet is:

Note that this expression is independent of the probe spacing s. Furthermore, this latter
expression is frequently used for characterization semiconductor layers, such as a
diffused N+ region in a p-type substrate. In general, the sheet resistivity can be expressed
as: Rs=k (V/I) where the factor k is a geometric factor. In the case of a semi-infinite thin
sheet, k = 4.53, which is just π/ln2 from the derivation. The factor k will be different for
non- ideal samples.
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3.2.5 Optical Characterization of Thin Films

To study the properties of solids, we need a variety of experimental probes, among which
techniques using electromagnetic radiation are the most fruitful ones [14]. The widely
used methods of optical characterization include absorption (from infrared to ultraviolet
range), photoluminescence, and Raman spectroscopy.

3.2.5.1

Absorption and Absorption Spectrum

When an incident light beam reaches a medium, part of the beam will be reflected by the
medium, part of the beam will be transmitted through the medium, and the rest of the
beam will be absorbed. Absorption of photons arises due to the transition of the electrons
from lower energy levels to the higher energy levels. The absorption ability of a mater is
measured by its absorption coefficient. Absorption coefficient α for a uniform medium
can be defined in terms of the intensity change of a monochromatic light beam in unit
distance that the beam traveled in the medium (see Fig.3-17 ),
dI (λ )
= −α (λ ) I (λ ) ……………………………………………….(1)
dx
So the beam intensity as a function of the distance x can be written as

I (λ ) = I 0 e −α ( λ ) x ………………………………………………..(2)
In classical electromagnetic theory [14], absorption coefficient is related to the imaginary
part of the complex index of refraction nc=n-ik with

α=

4πν
…………………………………………………………(3)
c
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where ν is the frequency of the light. The imaginary part of the complex index of
refraction, k is also called the extinction coefficient. In fact equation (3) is often used as
the definition of absorption coefficient [12,14-15]. From equation (2), an important
quantity called penetration depth can be defined as δ=1/α. δ is the distance over which the
intensity of the light beam falls to 1/e of the initial value. Penetration depth is useful to
estimate how far the light beam penetrates into a medium.

Figure 3-17 Light of intensity Io incident upon a sample of thickness t undergoes a loss in
intensity upon passing through the sample. The intensity measured after passing through
a sample of thickness d is I.

Absorption coefficient is a function of frequency (or wavelength). The variation of
absorption coefficient with wavelength is called the absorption spectrum of the medium.
The absorption spectrum can be obtained by measuring the transmission spectrum or by
measuring the reflectance spectrum. Which method to be used depends on the sample to
be measured. For transmission measurement, the sample should have a regular shape and
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suitable value of αd so that the transmitted light is strong enough for the detector.
Reflectance measurements are usually performed for powder samples or for the samples
with large value of αd (d is thickness).

If the reflection is negligible, the transmittivity T(λ) is equal to the ratio of the intensity
of the transmission beam to that of the incident beam,
T (λ ) =

I (λ )
……………………………………………………….(10)
I 0 (λ )

From equation (8), we have
⎛ I (λ ) ⎞
⎟⎟ = ln T (λ ) = −αd ……………………………………………..(11)
ln⎜⎜
⎝ I 0 (λ ) ⎠

where d is the thickness of the sample. If d is known, the absorption coefficient can be
obtained.

Figure 3-18 Optical system arrange of Hitachi A3031 visible-uv spectrometer.
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An absorption spectrometer (or transmission spectrometer) is generally composed of one
(or two) monochromator, a continuous light source, and a photomultiplier. Fig. 3-18
shows the optical system arrangement of the absorption spectrometer used in this work.
The spectrometer is equipped with two continuous light sources i) W lamp for measuring
transmittivity in the visible range (from 1000 nm to 320 nm) and ii) a deuterium lamp for
the measurement in ultraviolet range (from 320 nm to 200 nm). Light beam is first split
into a monochromatic one by the pre-monochromator, and then is incident onto the
sample. A main monochromator is also installed in order to increase the measurement
resolution. After the transmitted beam passes through the main monochromator, its
intensity is measured by the photomultiplier and recorded by the computer. It should be
noticed that reflectivity is not always negligible and the contribution from reflection is
also added into the final data. The data obtained from absorption spectrometer is not the
absorption coefficient, but its product with the sample thickness d. To obtain the value of
absorption coefficient, d must be known.

3.2.5.2

Photoluminescence and Photoluminescence–Excitation

Spectroscopy
Luminescence refers to all types of light emission appearing as a consequence of some
external excitation, except incandescent emission. Depending on the way by which
sample is excited, luminescence is classified as photoluminescence (PL) with light
excitation, cathodluminescence with electron-beam excitation, electroluminescence with
electric field as excitation source, and chemoluminescence etc. Luminescence (or photon
emission) of semiconductors is the direct results of electron transition from upper energy
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levels to lower energy levels. The information about the electronic structure of
semiconductor could be obtained from the analysis of luminescence spectra [16]

Two types of spectra can be distinguished upon PL measurements – photoluminescence
spectrum and photoluminescence-excitation (PLE) spectrum. Photoluminescence
spectrum refers to the variation of luminescence intensity as a function of wavelength (or
photon energy), while photoluminescence-excitation spectrum is measured by monitoring
the variation of luminescence intensity at fixed wavelength (or photon energy) as a
function of the wavelength (or photon energy) of the excitation source. PL spectrum
provides us the information about the structure of energy levels in the sample. PLE
spectrum tells the information about the energy transformation among the energy levels
in the sample. PLE spectrum is “somehow” related to the absorption spectrum, but the
relationship between them is not one-to-one correspondence. From absorption spectrum,
we can obtain the information about which kind of energy levels are excited by the
incident light beam. PLE spectrum tells if these excitations can induce the photon
emission at the desired wavelength.
To measure photoluminescence spectrum, two essential equipments are necessary. One is
spectrometer with photo-electro-transfer device; the other one is light-excitation source.
Various light sources can be used as excitation source in PL measurement from lasers to
lamps. For PLE measurement, a wavelength-adjustable excitation source is necessary.
Fig. 3-19 shows the optical system arrangement of Hitachi F2500 fluorescence
spectrophotometer. Xe lamp is used as the excitation source in this spectrometer. The
excitation grating (acts as a monochromator) is used to select the desired wavelength for
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the excitation beam. The excitation wavelength can be varied from 220 nm to 800 nm.
Light emission from the sample is first diffracted by the diffraction grating. The
diffracted emission beam is then sent to the photomultiplier through the exit slit and
finally recorded by the computer. PLE spectrum can be also measured with this
spectrometer. To do so, the emission-diffraction grating has to be fixed at the desired
position. The variation of excitation wavelength is achieved by rotating the excitation
diffraction grating.

Figure

3-19

Optical

system

arrangement

of

Hitachi

F2500

fluorescence

spectrophotometer.
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Chapter 4 A novel technique for making selfencapsulated and self-aligned copper films
4.1 Abstract
Here we present a method to grow self-aligned epitaxial MgO/Cu/MgO films on silicon
substrates by Pulsed Laser Deposition (PLD) technique. A thin layer of Cu/Mg (Mg 5%)
is deposited using a PLD over Si (100) specimens, followed by annealing at 500°C in a
controlled oxygen environment resulting in the segregation of Mg on either side of the
copper film. Mg on the upper side of copper reacts with ambient oxygen and on the lower
side with the adsorbed oxygen in the substrate to form layers of MgO. High-resolution
transmission electron microscopy (HRTEM) measurements showed thin layers of MgO
formed on either side of the copper films. The lower MgO layer acts as a diffusion barrier
and inhibits the diffusion of Cu into the system while the upper MgO layer acts as a
passivating layer and protects copper against oxidation. This approach can also be used to
grow high quality epitaxial YBa2Cu3O7-δ films with MgO acting as a buffer for the
superconducting device applications.
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4.2 Introduction
Demand for improved performance in integrated circuits has lead to the integration of an
increasing number of semiconductor devices on chips of decreasing size. This has been
achieved largely by scaling down the device feature size, while increasing the number of
interconnect layers. As a result, the topography has become more complicated with each
successive device generation. In addition, as metal line widths enter into the sub-halfmicron regime, device speed is expected to be limited by the interconnect performance
[1-3]. The current metallization material Al suffers from poor step coverage, poor
electromigration resistance, stress migration and stress resistance. As a result current
interconnect schemes, which are based on Al alloy metallization, have become
performance limiting.

The continuing drive for achieving higher performance of integrated circuit devices
necessitates newer and improved interconnecting materials. Copper has received
considerable attention [4-6] as a potential interconnection material in advanced
metallization technology due to its outstanding electromigration resistance (exhibited
resistance to electromigration above current densities of 106 A/cm2) and lower bulk
resistivity (1.6 µΩ cm) [4,7] as compared to aluminum. As a result, copper based
interconnects possess the ability to operate at higher frequencies and are not limited by
current densities. However, the use of copper as an interconnect also has certain
limitations. Copper has not been considered for application in silicon-integrated circuits
because of its ability to rapidly diffuse into silicon and degrade the semiconductor
devices. This degradation is caused by acceptor levels in the middle of the Si bandgap
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with respect to valence edge, which provide traps and recombination centers for charge
carriers [8]. To overcome these undesirable effects of copper, development of advanced
diffusion barriers is required. Another problem that needs to be addressed includes the
oxidation of the exposed Cu surface at high temperatures. Thus it requires the growth of a
passivating layer to protect it from an oxidizing ambient. Due to recent developments of
copper passivation methods and diffusion barrier materials, it has become feasible to use
copper interconnects [9-16]. In this chapter, we present a method to grow simultaneously
a self-aligned diffusion barrier and a passivating layer for copper interconnects. In this
method, thin layers of MgO are formed above and below the copper interconnects, which
acts as passivating and diffusion barrier layers, respectively. Figure 4-1 shows this in the
schematic diagram, where MgO is formed both on the top as well as between TiN and
Cu.

4.3 Experimental Details
Thin-film deposition was performed in a multi-target stainless-steel laser deposition
chamber evacuated by a turbo-molecular pump to a base pressure of 1x10-8 Torr.
Radiation from a KrF excimer laser (Lambda Physik 210, λ=248 nm) [17] was used for
the ablation of TiN and Cu-Mg targets. The stoichiometric hot pressed TiN was obtained
from CERAC Inc. and Cu-Mg (5 at. % Mg) was deposited by placing Magnesium chips
on copper. These targets were mounted on a rotating multi-target polygon assembly,
which were ablated using focused laser beam. The energy density of the beam was ~2-3
Jcm-2 at 45° angle of incidence. The target was held parallel to (100) silicon substrate and
4.5 cm away from it. The films were deposited at a repetition rate of 10 Hz for 10 min.
Before deposition, the silicon (100) substrates were cleaned to remove the surface oxide
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layer using 5% HF solution. In this study, epitaxial TiN barrier layers of 60-70 nm
thickness were deposited at optimized conditions with substrate temperature of 650 °C
and a base pressure of 5x10-7 Torr [18,19]. In case of Cu deposition, the substrate was
maintained at room temperature. After deposition, the films were annealed in a vacuum
furnace for 30 minutes at 500°C in 10-mTorr oxygen ambient. The multilayered
structure, thus obtained, was analyzed by X-Ray Diffraction (XRD) using a Rigaku x-ray
diffractometer with Cu Kα radiation and a Ni filter. The microstructure characterization
of these films was carried out by high-resolution transmission electron microscopy
(HRTEM) JEOL-2010F analytical electron microscope with point-to-point resolution of
0.18 nm. Electrical resistivity measurements were performed in a closed cycle
refrigerator in the temperature range of 12-300 K using a conventional four-point probe
technique. The samples for the TEM were prepared using conventional sample
preparation techniques including mechanical polishing and dimpling, Ar+ ion milling at
6.5 and 2 kV at the final stage.

4.4 Results and Discussions
Figure 4-2 shows the XRD pattern of the as deposited multi-layered structure as well as
the final structure after annealing. The effect of annealing is apparent from the two XRD
plots with the presence of enhanced (200) Cu peak and an appearance of MgO peak in the
plot of the annealed sample. All of these four peaks are aligned with (400) silicon
diffraction, suggesting the epitaxial growth of these films on Si (100). The nature of these
films was studied by HRTEM to elucidate the details of the epitaxial growth and
interfacial features to understand the growth processes. Figure 4-3 shows a lowmagnification cross-section TEM micrograph of the annealed sample along the <110>-
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zone axis of the Si substrate. Four distinct layers can clearly be seen. As a result of zcontrast and EELS measurements these layers were identified as TiN, MgO, Cu and
MgO. High-resolution <110> cross-section image of the final structure is shown in
Figure 4-4 and the epitaxial nature of all the films is clearly delineated. Figure 4-5 shows
the HRTEM micrograph containing the TiN/Si interface with <110> normal to the
specimen. The interface between the TiN and (100) silicon interface was found to be
smooth and free from any perceptible interdiffusion. The selected area diffraction (SAD)
pattern of the TiN/Si interface (shown as inset) contains diffraction spots of TiN and Si,
which are aligned, in all three axes indicating an epitaxial growth via domain matching
epitaxy. In the domain matching, four lattice constants/planes of TiN matches with three
of silicon [19,20].
It is important to note that the basic lattice parameters of Cu (a = 3.62 Å) and that of
MgO (a= 4.21 Å) deviate quite strongly for the lattice matching epitaxy. The lattice misfit
[f1 = (b-a)/a, where a and b are the lattice parameters of the substrate and the film,
respectively] for cube-on-cube structure is 16.3 % (considering MgO to be the film and
Cu to be the underlying substrate). Epitaxial growth of such large lattice misfit system is
described in terms of domain matching epitaxy20. The dimensions of the domain become
the repeat distance across which lattice matching is maintained. In each domain, ‘‘n’’
lattice parameters in the substrate match with ‘‘m’’ in the epilayer, where, m and n are
simple integers. In this case, for cubic systems, a residual domain mismatch is given by fd
= (mdf-nds) / nds, where df and ds are the matching planes across the film-substrate
interface. In case of Cu and MgO, it’s the {111} planes. The lattice mismatch strain f1
may be large but the strain associated with the domain given by fd is very small. This
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decrease in strain is primarily responsible for epitaxial growth. In case of MgO epitaxy
on Cu, the 7 {111} or {200} planes are matching with 6 {111} or {200} planes of Cu
yielding a domain misfit (fd) of -0.34 %. Thus domain matching epitaxy provides the
possible mechanism for epitaxial growth in these systems with large-lattice mismatch.

During the annealing treatment, Mg segregates preferentially near the Cu surface and the
surface layer becomes progressively denser. This surface segregation of Mg is due to the
lower surface energy of Mg and its high reactivity with oxygen, which favors preferential
oxidation of Mg over Cu. Figure 4-6, shows the Free Energy (∆G°) variation of Mg and
Cu with temperature [21]. It’s clear from this, that at all the temperatures; ∆G° for the
formation of MgO is more negative than that of Copper Oxide. Formation of the top
MgO layer is followed by a substantial segregation of Mg at the TiN/Cu interface, which
then gets oxidized. This has been observed by Li and Mayer [22] also that, Mg gets
oxidized at the interface because of the absorbed oxygen in the substrate. Thickness of
both, top as well as bottom, MgO layers is ~100Å. The formation of interfacial MgO
provides enhanced diffusion barrier properties of TiN in the system.

We studied the diffusion barrier characteristics of this structure by annealing it at several
temperatures in the temperature range 500-900 °C in a vacuum furnace. We did not
observe any trace of copper in silicon till 800 °C. However for annealing temperature
above 800 °C, EELS measurements showed a slight diffusion of copper into the
substrate. For a comparison we also performed similar annealing experiments on
Cu/TiN/Si structures. In this case even annealing at 600°C caused significant copper
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diffusion into the silicon. In our sample, thin MgO layer, at the interface of copper and
silicon acts as an additional diffusion barrier and provides much improved resistance to
copper diffusion into the substrate.
MgO on the top of copper passivates it against the oxidation from ambient atmosphere.
Furthermore, for improved performance in next generation cryoelectronics applications it
is desirable to have interconnect materials with high conductivity and small variation
with temperature. Though pure copper interconnects have high conductivity but they also
have high value of temperature coefficient of resistivity, as a result when temperature
goes down, the interconnect resistance also decreases which affects the time constants of
various devices and hence hampers the proper functionality of the devices. In our case,
self-aligned passivated copper interconnects have higher conductivity than Al and smaller
temperature coefficient of resistivity than Cu and Al. In Table 4-1 we compare the
experimentally determined values of room temperature, electrical resistivity and
temperature coefficient of resistivity of passivated Cu layers with the corresponding
values of bare copper and aluminum films. It can be seen that our passivated copper
layers have higher conductivity compared to aluminum and at the same time smaller
temperature coefficient of resistivity (TCR) compared to both copper and aluminum.

4.5 Conclusion
In conclusion, we have developed a novel method to make a self-aligned passivated
copper interconnects for ULSI applications using Cu-Mg deposition followed by
controlled oxidation. These interconnects are found to have high conductivity and small
temperature coefficient of resistivity. A thin MgO (~100Å) layer at the bottom of copper
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avoids its diffusion into the substrate while a thin MgO layer at the top of copper
interconnects passivates it against oxidation. The XRD and TEM results revealed that
self-aligned MgO is epitaxial with following epitaxial relationship: <100>MgO ||
<100>Cu || <100>MgO || <100>TiN || <100>Si, i.e, cube on cube. The domain matching
epitaxy provides a mechanism for epitaxial growth of self-aligned copper contacts.
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Figure 4-1 Schematic diagram showing the formation of MgO, both on the top as well as
in between TiN and copper.
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Figure 4-2 X-Ray diffraction from (a) as deposited Cu-Mg/TiN/Si and (b) Cu-Mg/TiN/Si
structure obtained after annealing.
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Figure 4-3 The cross-section TEM image of the annealed sample along the (011) zone
axis of the Si substrate.
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Figure 4-4 High Resolution TEM micrograph showing the self-aligned epitaxial nature of
the TiN/MgO/Cu/MgO.
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Figure 4-5 High Resolution TEM micrograph from <110> cross-section showing {111}
planes from silicon substrates and TiN film along with its selective area diffraction
pattern in the inset.

147

Figure 4-6 Free Energy variation with temperature for the oxides of Cu, Al and Mg.
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Table 4-1 Room temperature electrical resistivity ( ρ ) and temperature coefficient of
resistivity

1 dρ
of Cu, Al and passivated Cu interconnects.
ρ dT

ρ ( µΩ − cm)

1 ⎛ ∂ρ ⎞
-1
⎜ ⎟ (K )
ρ ⎝ ∂T ⎠

Cu

1.6

3.80 x 10-3

Al

2.8

3.40 x 10-3

Passivated Cu

2.45

2.94 x 10-4

149

Chapter 5 Integration of single crystal La0.7Sr0.3MnO3
films with Si(001)
5.1 Abstract
We have successfully deposited an epitaxial layer of La2/3Sr1/3MnO3 on Si by using a
multilayered thin film buffer medium. Buffer medium consists of TiN, MgO and SrTiO3.
This combination of layers was motivated by the fact that TiN grows epitaxially on Si
substrates by domain matching epitaxy; four lattice constants of TiN match well with
three of Si. TiN has good lattice matching with MgO, which in turn has good lattice
matching with SrTiO3 and La2/3Sr1/3MnO3. Thin film deposition was performed in a
multitarget pulsed laser deposition system where TiN, MgO, SrTiO3 and La2/3Sr1/3MnO3
were ablated one after the other using a KrF excimer laser. The deposition of TiN was
performed in vacuum (2 x 10-7 Torr) and the substrate temperature was 580°C. MgO was
deposited at 0.05 mTorr oxygen pressures at 600°C. For SrTiO3 deposition, substrate
temperature was 750°C and oxygen pressure was 1 mTorr. La2/3Sr1/3MnO3 was deposited
at 720°C with oxygen pressure of 250 mTorr. The films were characterized using x-ray
diffraction, transmission electron microscopy and electrical resistivity measurements. We
found that the properties of these La2/3Sr1/3MnO3 films are comparable to the properties
of La2/3Sr1/3MnO3 films grown on conventional oxide substrates.
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5.2 Introduction
The physical properties of transition metal oxides have been currently the object of many
investigations, since the discovery in 1986, of superconductivity at high temperature in
cuprates. In these chemically complex materials, the electronic configuration of the
transition elements, varies with its valency and is susceptible to adopt various spin states
As a result, strongly correlated electron interactions are generated, leading to complex
magnetic and metal-insulator transitions. In this respect, magnetic oxides, containing
transition elements such as manganese, cobalt or ruthenium exhibit most fascinating
properties [1-7].
One of the most famous classes of magnetic oxides concerns the manganites with the
perovskite structure (Fig. 5-1a), which exhibit colossal magnetoresistance (CMR)
properties. In these oxides of generic formula Ln1-xAxMnO3 (A = Ca, Sr, Ba) double
exchange phenomena take place, which require a hopping of charge carriers from a Mn3+
to a Mn4+ ion through an oxygen atom. This effect generates a ferromagnetic metallic
state at low temperature, and a metal-insulator transition versus temperature, which
coincides with a ferromagnetic to paramagnetic (or antiferromagnetic) transition, Tc ≈ Tp
(Fig. 5-1b). The latter are also coupled with a structural transition, implying the
disappearance of the static Jahn-Teller distortion due to Mn3+, in the ferromagnetic state.
As a consequence, at the vicinity of the Curie Temperature TC a large magnetoresistance
can be obtained: the resistance of these materials can be decreased by several orders of
magnitude by an external magnetic field of some teslas. A part of these manganites, those
which contain smaller A cation (Ca2+), exhibit a more complex physical behavior, due to
orbital and charge ordering phenomena. In these oxides, the manganese octahedra are
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occupied by Mn3+ and Mn4+ species in an ordered way, forming stripes of Mn3+distorted
octahedra due to Jahn-Teller effect, which alternate with stripes of quasi-regular Mn4+
octahedra. The physics of the latter compounds is then governed by the competition
between ferromagnetism and charge/orbital ordering, i.e. the orbital-charge ordered state
which is antiferromagnetic and insulating transforms to a metallic ferromagnetic state on
the application of a sufficiently high magnetic field, leading also to CMR effect. In these
materials, orbital-charge ordering can be destroyed by doping the manganese sites with
magnetic cations such as chromium or ruthenium, which by magnetic coupling with
adjacent manganese induce ferromagnetism and metallicity, so that spectacular
modifications of the magnetic phase diagrams of these systems are obtained. In this way,
insulator-metal transitions can be induced and CMR effects are enhanced under much
lower magnetic fields.
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Figure 5-1 The CMR perovskite manganites Ln1-xAxMnO3: (a) The perovskite structure
built up of corner-sharing MnO6 octahedra forming cages where Ln3+ and A2+ cations
are located (b) Ferromagnetic to paramagnetic transition, and (c) corresponding
insulator to metal transition (H = 0 zero field) and field effect upon resistivity (H = 5T)
observed in Pr0.7Ca0.25Sr0.05MnO3[7].

For any actual technological application it is desirable to grow thin films of these
materials and integrate with Si-based microelectronic devices. But because of the large
lattice mismatch and chemical reaction between the film and silicon substrate it is not
possible to directly grow thin films of these materials on silicon. Recently we have
succeeded in growing giant magnetoresistive manganites on silicon using a thin multi-
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layered buffer medium. The multilayered thin buffer layer consists of TiN, MgO, and
SrTiO3 (STO) layers. The selection of this combination of multilayered buffers was
inspired by the following facts: (a) TiN can be grown epitaxially on silicon substrates by
domain matching epitaxy [8] ; four lattice constants of TiN match with three of Silicon
(b) TiN has good lattice match with MgO, which in turn, has good lattice match with
SrTiO3 and LSMO. (iii) TiN also provides a good diffusion barrier.

5.3 Experimental Details
Thin film depositions were performed in a multitarget pulsed laser deposition chamber
with a KrF excimer laser (Lambda Physik 210, λ=248 nm). TiN, MgO, SrTiO3 and
LSMO targets were ablated sequentially using a rotating target holder in the same run
without breaking the vacuum. The deposition of TiN was carried out at 600 °C in vacuum
(2×10–7 Torr) for 8 minutes. After TiN, MgO was deposited for 10 min at 600 °C. The
initial 30 second deposition of MgO layer was carried out in vacuum to prevent the
oxidation of TiN layer. Subsequently, an oxygen pressure of 2×10–5 Torr was maintained
during the rest of MgO deposition. For SrTiO3 deposition, substrate temperature was
raised to 700 °C and oxygen pressure to 1×10–3 Torr. For La0.7Sr0.3MnO3 deposition, the
oxygen pressure was 2×10–1 Torr and substrate temperature was 750 °C. The energy
density and repetition rate of the laser beam used were 1.5-3 J/cm2 and 10 Hz. The films
were structurally characterized using transmission electron microscopy (TEM), and x-ray
diffraction (XRD) measurements. The electrical resistivity measurements were performed
in the temperature range 15-325 K by four-point-probe method.
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5.4 Results and Discussions
In Fig. 5-2 shows the XRD pattern of LSMO/SrTiO3/MgO/TiN multilayer structure on Si
(001) substrate. It is clear from this figure that all the layers show preferential orientation
(001) parallel to Si (001) substrate, suggesting the epitaxial growth of the multilayered
structure. In the 2θ range of 20-80 we observed only (001) and (002) reflections of
LSMO and STO and (002) lines of MgO and TiN in addition to a sharp line of Si (004)
planes. From the XRD data we estimated the in plane lattice parameter to be 3.88 Å
which is slightly higher than the pseudocubic lattice parameter apseudo=3.86 Å for the bulk
sample. This increase in the lattice parameter suggests the presence of tensile strain in the
film.

Figure 5-2 X-ray diffraction pattern of LSMO/STO/MgO/TiN/Si structure.
Fig. 5-3 shows a cross-sectional image of LSMO/SrTiO3/MgO/TiN/Si structure along
<110> direction of silicon. The growth of uniform layers of LSMO, SrTiO3, MgO and
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TiN can be clearly seen. It is clear from this figure that all the interfaces are atomically
sharp with no evidence of any significant inter-diffusion. The average thickness of
various layers measured from the cross sectional transmission electron micrograph were:
LSMO ≈ 100 nm, SrTiO3 ≈ 50 nm, MgO ≈ 40 nm, TiN ≈ 20 nm. The selected area
diffraction pattern of LSMO/SrTiO3/MgO/TiN/Si structure along <110> direction is
shown in Fig. 5-4. All the diffraction spots are well aligned in all the three directions,
suggesting that all the layers in the structure are epitaxial. We also tried to deposit
La0.7Sr0.3MnO3 on Si (001) directly and by using only TiN and MgO buffer layers. We
found that the films on silicon were polycrystalline with small amount of impurity phase
due to interfacial reaction between silicon and La0.7Sr0.3MnO3. Films with TiN and MgO
buffer layer were single phase but textured with a single axis alignment.

Figure 5-3 Cross-sectional image of LSMO/STO/MgO/TiN/Si structure along <110>
direction.
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Figure 5-4 Selected area diffraction pattern of LSMO/STO/MgO/TiN/Si structure along
<110> direction.
In Fig. 5-5 we have shown the electrical resistivity of epitaxial La0.7Sr0.3MnO3 in the
temperature range 15-325 K. Epitaxial La0.7Sr0.3MnO3 undergoes a metal-insulator
transition with a peak in electrical resistivity at Tp≈305K. Above this temperature it
shows a negative temperature coefficient of resistivity (TCR) and below it a positive
TCR. This temperature is about 17% lower than the corresponding temperature [10]
(Tp≈360K) where bulk La0.7Sr0.3MnO3 undergoes a metal-insulator transition. The
decrease in the value of Tp in manganite films, compared to bulk materials, has been
observed by several other groups also [11, 12]. We believe that this decrease in Tp is a
consequence of the tensile strain present in the film.
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Figure 5-5 Electrical resistivity versus temperature for epitaxial La0.7Sr0.3MnO3 film.

Another interesting feature of the electrical resistivity data is a slight upturn in electrical
resistivity at low temperature (see inset of Fig. 5-5) with a minimum at Tmin≈ 80 K. The
low temperature minimum in electrical resistivity has been observed previously also by
several groups in polycrystalline bulk as well as thin films and has been attributed either
to extrinsic scattering from grain boundaries or to the enhanced electron-electron
interaction[4,5,8,9]due to intrinsic disorder in the system. Since the films investigated
here are single crystals we believe that the observed low temperature minimum in the
electrical resistivity is due to the presence of electron-electron interactions in the
material.
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Because of the enhanced electron-electron interactions, the electrical resistivity of
disordered metals follows the relation [11] ρ(T) = ρ(0)-a√T, where ρ(0) is the residual
resistivity and ‘a’ is a positive constant. At higher temperatures, in addition to e-e
interactions, the usual inelastic scattering contributions also become significant and
electrical resistivity follows the relation ρ(T)=ρ(0)-a√T+bTP. We found that below Tmin
our electrical resistivity data fits very well in the above expression (see Fig. 5-6) again
suggesting the presence of enhanced electron-electron interactions in the system.

Figure 5-6 Low temperature electrical resistivity data and fit to the expression

ρ(T)=ρ(0)-a√T+bTP. Points represent experimental data and line represents the fit.
Excellent quality of fit can clearly be seen. Best fit parameters are ρ(0)=0.4106(2) mΩcm; a=0.0352(1) mΩ-cm/K0.5; P=1.9(1) and b=1.2×10-5 mΩ-cm/KP.
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5.5 Conclusions
We have succeeded in growing and integrating single crystal La0.7Sr0.3MnO3 films on Si
by using TiN/MgO/SrTiO3 buffer layers grown by domain epitaxy. The selection of this
buffer layer was motivated by the concept of domain matching epitaxy between TiN and
silicon, where three lattice constants of silicon match very well with four of TiN. In order
to dilute the lattice mismatch between LSMO and TiN, intermediate layers of MgO and
SrTiO3 were used. Our X-ray diffraction and transmission electron microscopy
investigations showed these films to be single phase and epitaxial. Electrical resistivity of
these films shows a peak at Tp≈ 305K corresponding to a Metal-insulator transition.
Analysis of low temperature electrical data suggests the presence of enhanced electronelectron interaction in the material.
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Chapter 6 Growth of Si by Pulsed Laser Deposition on
Biaxial textured Ni substrates
6.1 Abstract
We have deposited epitaxial silicon on rolling assisted biaxially textured Ni substrates
(Ni-RaBiTS). The films on these metallic substrates were grown by Pulsed laser
deposition (Laser MBE). The RaBiTS technique uses standard thermo-mechanical
processing to obtain long lengths of flexible, biaxially oriented substrates with smooth
surfaces. The strong biaxial texture of the metal is conferred to the top Silicon layer by
the deposition of intermediate Titanium Nitride layer that serve both as a chemical and a
structural buffer. The growth parameters for the deposition of Si on TiN/Ni were based
on the growth conditions of Si/Si and Si/TiN/Si. The silicon films were deposited at
temperatures ranging between 500-550°C. The structure was analyzed by in situ RHEED,
X-Ray diffraction and transmission electron microscopy. Presence of stacking faults and
twin boundaries were also seen in the final structure of the deposited Si. Thus here, we
tried to integrate the silicon technology with the low cost, high performance metallic
substrates.
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6.2 Introduction
Recently, rolling assisted biaxially textured substrates (RABiTS) technology has proven
to be very promising for the fabrication of high-Tc superconductors coated conductors.
[1,2] In this process, sharply biaxially textured Ni substrates are prepared by thermo
mechanical treatments, upon which biaxially textured buffer layers and high- Tc
superconducting films can be epitxially grown. A key issue for superconducting
applications is the growth of an oxide/buffer layer on the substrate that prevents diffusion
of Ni into the superconducting coating during the high temperature processing and also
transfers the biaxial texture of the substrate to the superconductor. Also, because epitaxial
growth of buffer layers normally requires elevated temperatures and oxidizing
environments, unfavorably oriented NiO reaction layers may form on the Ni substrates
[3]. To overcome this problem, buffer layers are usually grown under conditions that
reduce NiO [3]. Thus the main purpose of the buffer layers is to provide continuous,
smooth, and chemically stable surface for the growth of the top layer. To achieve this,
buffer layers need to epitaxial to the substrate, that is, they have to nucleate and grow in
the same biaxial texture dictated by the RaBiTS metal foil <100>(100). Buffer layers also
serve an important purpose in preventing metal diffusion from the substrate into the top
film. Infact, we did see the formation of Ni3Si if the grown TiN buffer layer is
polycrystalline or has some cracks, where Ni diffuses through those grain boundaries or
cracks and reacts with Si. For this purpose, it is very important that the buffer layers are
matched in both lattice constants and coefficient of thermal expansion to the substrate.
Thus the choice of TiN as a buffer layer is governed by a) can be easily grown on Ni by
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Domain Matching Epitaxy [4], b) acts as a good diffusion barrier [5,6], and c) since, TiN
can be grown on Si epitaxially, so Si can grown on Ni using TiN as a buffer layer [7].

Growth of Si on Ni with TiN buffer was based on the growth parameters used for the
growth on Si/Si (homoepitaxy) and Si/TiN/Si (heteroepitaxy). The Si/Si growth was
carried out in our regular PLD chamber, where base vacuum is of the order of 1x10-8 Torr
while for the other two growths, Laser MBE setup was used, where we can achieve
vacuum ≥ 1x10-10 Torr. Also, the depositing in ultra high vacuum, minimizes the
possibility of formation of NiO on Ni RaBiTS.

6.3 Experimental Details
The epitaxial layers studied here were grown using a multitarget Pulsed Laser Deposition
system using a KrF Excimer laser (Lambda Physik 210, λ =/248 nm, 2-10 Hz). The laser
beam was focused to obtain an energy density of approximately 2-8 J cm-2 at a 45° angle
of incidence. For the Si on Si substrates, the target used was the ½” thick CZ grown
silicon wafer. Since Si has a high reflectivity, these targets were made rough by grinding
on the SiC paper. The laser energy used was about 5-7 Jcm-2 with a base vacuum of 10x-8
Torr and with a substrate temperature of 550°C. The repetition rate was 2 Hz for the first
two minutes and was then increased to 5 Hz for the remaining of the growth. The low
repetition rate was used to minimized the splashing of Si and there by preventing big
chunks or particulates. For the Si/TiN/Si growth, titanium nitride ablation was done by
using a stoichiometric hot pressed TiN target pellet (Cerac, Inc.) at a repetition rate of
10Hz and laser energy of 2 Jcm-2 at 650°C with a base vacuum of 1x10-9 Torr. The
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growth conditions for the silicon were same as for the first case. For the growth of Si on
Ni-RaBiTS, with TiN as a buffer, the growth was continuously monitored by RHEED.
The Ni-RaBiTS used as substrates we prepared by powder metallurgy technique,
followed by rolling and annealing resulting in <100> (100) texture (see section in
chapter 2 for details). These substrates were 15 mm x 10 mm long and 50 µm thick and

since they are so thin and flexible, are alloyed with 3% W for strengthening. The growth
conditions for the TiN deposition are same as the growth on TiN on silicon. But for the
case of Si growth, initial few monolayers are deposited at 2 Hz at about 700°C and then
the remaining of the growth was done with temperatures with 525-550°C at 7 Hz with the
laser energy being 7-8 Jcm-2. Since contamination on the substrate would interfere with
the registry of the atoms of the deposited layer, a basic requirement of epitaxy is an
atomically clean surface prior to deposition. Therefore, the silicon substrates were
cleaned prior to insertion in the vacuum chamber by ultrasonically degreasing in acetone
for 5 min, and then in methanol for another 5 min, followed by oxide removal in 10% HF
solution for 2 min while nickel substrates were ultrasonically cleaned only by methanol.

6.4 Results and Discussions
During pulsed laser ablation (PLA) of Si, micrometer sized particulates are often
generated as the energies are very high (7-8 Jcm-2) to overcome the high reflectivity of
the single crystal Si target, compare to other polycrystalline targets like TiN, ZnO, etc (23Jcm-2) [6,8]. Therefore, understanding the underlying mechanisms of particulate
generation in Si ablation process is critical for PLA related applications like controlling
the Si ablation during PLD.
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There are many discussions in the literature on the mechanism of particulate generation
during laser ablation. For years, it has been commonly accepted that subsurface
superheating is the main cause for particulate formation [9,10]. According to the
subsurface superheating theory, the surface reaches the boiling temperature under laser
irradiation and surface vaporization occurs. Due to the loss of the latent heat of
vaporization at the surface, the temperature at the subsurface region is higher than that at
the surface. The pressure beneath the surface is also higher, and thus explosion takes
place. Miotello and Kelly [11] and Kelly and Miotello [12] pointed out that the maximum
temperature difference between the subsurface region and the surface was negligible
when appropriate thermal boundary conditions were used, therefore, the argument of the
subsurface superheating was not valid. Alternatively, they introduced the explosive
vaporization mechanism for the laser ablation process. According to Miotello and Kelly,
when the laser fluence is sufficiently high and the pulse length is sufficiently short, the
temperature of the specimen could be raised to well above its boiling temperature. At a
temperature of 0.90Tc (Tc is the thermodynamic critical temperature), homogeneous
bubble nucleation occurs. The surface undergoes a rapid transition from superheated
liquid to a mixture of vapor and liquid droplets, which erupt from the heated surface. Fig.
6-1 shows the schematic of explosive boiling during laser ablation [13].

Hence careful ablation of Si is very important during the film growth to avoid or
minimize particulates formation. Also, during Si deposition on TiN/Si, the initial few
monolayers were deposited at a higher temperature of 700°C along with low ablation
rate. This is because; so that the incoming Si species on to the substrate have sufficient
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mobility and can adhere to it. The growth of initial few monolayers was monitored
continuously through RHEED and it

Figure 6-1 Schematic of the explosive boiling during laser ablation of Silicon (Reference
13).

Figure 6-2 X-Ray pattern from Si/Si, showing only (400) Si reflection.
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Figure 6-2 shows the X-Ray diffraction pattern (Intensity vs θ) of the Si grown on Si
(100). Here only one peak is evident at 2θ = 69.13° and is indexed as (400) Si. Thus the
grown Si is completely epitaxial to the silicon substrate.

50 nm

b)

Figure 6-3 a)Low Magnification TEM cross-section image from Si/Si interface along
with the SAD diffraction pattern from the interface (b).
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Both low magnification and high resolution TEM microscopy was carried out on these
samples in order to study the interface. Figure 6-3a) and b) shows the low magnification
image of the Si/Si interface and the corresponding SAD pattern along <110> direction.
This shows that the {111} planes of the film and the substrate are well aligned. This is
also confirmed by doing high resolution TEM and Figure 6-4 shows the corresponding
image along <110> zone axis, which clearly shows the alignment along all three axes or
epitaxial growth of Si on Si.

Figure 6-4 High resolution TEM image from Si/Si along [ 110 ] direction and b) Fast
Fourier diffraction pattern from the interface.
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Figure 6-5 shows the X-ray diffraction pattern from Si grown on TiN/Si. Here only the
peaks corresponding to (200) TiN and (400) Si are present. Also, the second order (400)
TiN is present at 93.17°. Both (200) and (400) TiN are aligned with (400) reflection of Si,
suggesting that both Si and TiN have grown epitaxially on silicon substrate having Si
[100] || TiN {100] || Si [100]

Figure 6-5 X-Ray diffraction pattern from the Si/TiN/Si (100)
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Figure 6-6 a)High resolution TEM micrograph along [ 110 ] direction, showing the Si film
grown on TiN, b)the Fast Fourier diffraction pattern from the interface shows that the
films are aligned in all directions.
To study the in-plane alignment of Si and Tii films with respect to the silicon substrate
and the epitaxial relationships, cross section TEM specimens were examined. The TiN/Si
(100) interface is similar to as we got earlier (section , previous chapter). Figure 6-6 a)
shows the <110> XTEM of Si (film)/TiN interface, containing both Si and TiN lattice
planes. It shows that parallel lattice fringes of {111} Si and {111}TiN extend up to the
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interface. The dislocations associated with extra half planes terminating at interfaces are
clearly observed at both the TiN/Si (substrate) and Si(film)/TiN interfaces. Also shown in
Figure 6-6 is the Fast Fourier <110> zone-axis diffraction pattern from the Si (film)/TiN
interface, which contains both Si and TiN diffraction spots. The alignment of all the
diffraction spots is clearly evident, which is in complete agreement with the highresolution image shown in Figure 6-6 a).

Figure 6-7 Reflection high energy electron diffraction pattern from the grown Si film on
TiN/Ni. [40keV, <110>]

Figure 6-7 shows the RHEED pattern [40keV, <110>] from the Si film grown on TiN/Ni.
The pattern indicates that the growth is epitaxial on TiN but mostly 3 D or island type as
the RHEED pattern is spotty rather than streaky. This was the first indication during the
growth of Si by carefully tuning the growth parameters (high energy to overcome high
reflectivity of Si, low repletion rate and high temperature during initial few minutes to
control the particulates emission from the Si target).
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Figure 6-8 TEM micrograph along <110> zone-axis showing Si/TiN/Ni heterostructure.
We did both cross-section and plan view transmission electron microscopy to study the
silicon film grown on Ni-RaBiTS. Since these Ni substrates were very thin (50 µm), it
was hard to do the make the sample sufficiently thin for cross-sectional microsopy. The
XTEM samples were made by sandwiching the Ni samples in between two silicon pieces
and then followed on to regular grinding and milling. But still, it was difficult to make
them thin enough to study the TiN/Ni and Si/TiN interface. So, for the orientation
relationships, we did detailed plan view microscopy as plan view samples were relatively
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easy to prepare. Figure 6-8 shows the low magnification image of Si/TiN/Ni along <110>
zone. Here both grown Si and TiN can be clearly seen with sharp interface between Si
and TiN and TiN and Ni. Figure 6-9a) shows the planar high resolution transmission
electron micrograph along <100> direction showing the {220} cross lattice of the top
silicon layer. Figure 6-9b) shows the corresponding diffraction pattern from the Si film
only. In order to investigate the nature of the grown between the top Si layer and TiN and
Ni substrate, we prepared a plan view specimen containing all these layers. Figure 6-10
shows the selective area diffraction pattern from this area in which all these layers are
visible. An interesting thing to note from this diffraction is that there is a rotation of 45°
between the Si (film) and TiN, while the growth of TiN on Ni is that of cube on cube.
The epitaxial relationship between Si(film), TiN and Ni are: Si <100> || TiN <100> || Ni
<100>, Si {220}|| TiN {200} || Ni {200}and Si {400}|| TiN {200} || Ni {200}.
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Figure 6-9 a). HR plan view TEM micrograph for the top Si layer along <100> zone axis
and b) Fast Fourier diffraction pattern along <100> zone.

Figure 6-10 Selective area diffraction pattern from the <100> zone axis showing the 45°
rotation between the Si (film) and TiN.
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Figure 6-11 shows the cross-section HRTEM images of only the silicon films grown on
TiN/Ni. As seen, these films were not completely free of defects. As mentioned earlier,
that the growth of Si was that of island type (RHEED figure), there were both twins and
stacking boundaries, of which twinning were the predominant defects. Fig. 6-11a) shows
the presence of twin boundary in the grown silicon layer and the corresponding Fast
Fourier diffraction pattern from the twin is shown in Fig. 6-11b), where the additional
{111} Si spots can be clearly seen. Fig. 6-11c) shows the HRTEM micrograph of once
such stacking fault present and the corresponding FFT diffraction pattern (Fig. 6-11d)),
showing presence of streaks along {111} silicon planes.

Figure 6-11 a) Presence of twin boundaries in the grown silicon film b)FFT diffraction
pattern showing additional {111} reflection, corresponding to twinning;c) HRTEM image
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of the silicon film, showing the presence of stacking faults and d)the FFT diffraction
pattern showing the presence of streaks along one set of {111} planes.

6.5 Conclusions
We have grown epitaxial crystalline silicon films on Ni-RaBiTS (textured substrates,
<100>(100)) substrates by pulsed laser depositions. The epitaxial grown mechanism of
this system was explored by also studying the Si/Si homoepitaxy and Si/TiN/Si
heteroepitaxy. The epitaxial relationship between Si(film), TiN and Ni were found to be:
Si <100> || TiN <100> || Ni <100>, Si {220}|| TiN {200} || Ni {200}and Si {400}|| TiN
{200} || Ni {200} and this corresponds to the 45° rotation between the silicon film and
the TiN grown on Nickel. The silicon film also contained twin boundaries (predominant
ones) and stacking faults as the film growth was that of island type. Thus if we can
control the silicon growth and make it defect free, then its possible to integrate silicon
technology with the low cost, high performance metallic substrates.
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Chapter 7 Role of Self-assembled Gold Nanodots in
Improving the Electrical and Optical Characteristics of
Zinc Oxide Films
7.1 Abstract
We have studied the effect of embedding nanocrystalline Au particles on the electrical
and optical characteristics of ZnO films. Au-embedded epitaxial ZnO films were
deposited on (0001) sapphire substrates with a pulsed laser deposition technique. The
crystalline quality of both the ZnO matrix and Au nanoparticles was investigated by XRay diffraction and transmission electron microscopy. Composite films were
characterized by photoluminescence, optical absorption, and low-temperature electrical
resistivity measurements. Photoluminescence spectra of theses films showed a sharp
excitonic peak at 3.22 ± 0.05 eV without any signature of green band emission. Electrical
resistivity measurements showed these films to be highly conducting, with a room
temperature resistivity of 3.4 ± 0.2 mΩ-cm.
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7.2 Introduction
Zinc oxide (ZnO) is a wide-gap II-VI semiconductor, which is a promising new material
for blue or ultra violet (UV)-emitting devices, similar to other wide-gap semiconductors
such as GaN or ZnSe and thus is attracting significant attention in the scientific
community [1-3]. It has a band gap of 3.27 eV at 300 K, which is very close to the band
gap of 3.44 eV for GaN [4]. However; it has a higher exciton binding energy of 60 meV,
compared with 25 meV for GaN. A high exciton binding energy results in less trapping of
carriers, and therefore higher luminescent efficiencies are expected. In addition, ZnO
films are being considered for ohmic contacts to GaN because of its high electrical
conductivity and matching band gap with GaN. Therefore, one of the most challenging
issues in ZnO related research is to increase the electrical conductivity of ZnO without
compromising its optical characteristics [5–8]. It has been realized that any effort to
increase the conductivity of ZnO by doping or by creating oxygen deficiencies always
results in the deterioration of the optical efficiency of the film [5, 6, 9]. These dopants
and vacancies create defect levels, and hence a significant reduction in the band edge
photoluminescence peak is observed along with a very broad green band in the
photoluminescence spectrum [10, 11].

Here we report that both the electrical as well as optical characteristics of ZnO can be
improved by carefully embedding nanosized epitaxial Au particles in it. We have shown
that ZnO-Au epitaxial composite films exhibit higher electrical conductivity and
negligible green band emission in photoluminescence spectra. The choice of Au in this
system was inspired by the facts that (i) Au has negligible solubility, therefore, it does not
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affect the chemical composition of the host ZnO matrix and it grows epitaxially within
the ZnO matrix; (ii) Au has virtually no affinity for oxygen and hence retains its high
conductivity, which results in overall enhancement in electrical conductivity of the
composite film; and finally (iii) the most important reason for this selection was that for
gold, plasmon resonance occurs at around 520 nm [12] which lies near the green band
emission regime of ZnO. In the case of an assembly of nanosized metal particles with a
size distribution, the plasmon resonance occurs over a range of frequencies. The exact
value of this resonance frequency range is determined by the dielectric properties of the
matrix and size distribution of nanoparticles. By carefully tailoring the size distribution of
Au nanodots it is possible to extend the plasmon resonance spectrum to the whole green
band emission regime. Under this condition the green light radiation originating from the
midgap impurity states of ZnO can be suppressed by Au nanodots, leaving behind pure
excitonic emission of ZnO.

7.3 Experimental Details
Nanocrystalline Au dots were embedded in a ZnO matrix with the use of a KrF excimer
laser. High-purity Au and ZnO targets were alternately ablated by arranging the targets in
a special geometrical configuration (see Fig. 7-1). In this configuration, a small strip of
Au was glued to a circular pallet of ZnO and a pulsed laser beam was made to hit this
assembly at 45° from the normal. The whole assembly was rotated with a motor, which
results in alternate abalation of ZnO and Au targets. Key parameters for controlling the
size of Au nanodots and distribution were (a) relative times of ablation of Au and ZnO
(i.e., the relative areas of ablation of these targets) and (b) energy density and repetition
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rate of the laser beam. These deposition parameters were carefully controlled to get the
desired size and distribution of Au particles.

Figure 7-1 Geometrical arrangement of ZnO and Au targets for depositing ZnO-Au
composite films.

Films with optimum electrical and optical performance were prepared by using the
following combination of deposition parameters: relative area of ablation of Au and
ZnO =1:4, laser energy density ~1.5 J/cm2, repetition rate 10-15 Hz. All of the films were
deposited on the (0001) plane of sapphire at 650 °C under oxygen ambient of 1x10-4 torr.
Under these conditions the deposition rate of the ZnO-Au composite film was about
10 nm/min. Chemical composition, size distribution, and microstructure of the nanodots
and the surrounding matrix were determined by using cross-sectional scanning
transmission electron microscopy with atomic number (Z) sensitive contrast (STEM-Z).
Photoluminescence

measurements

were

performed

with

a

Hitachi

F-2500

spectrophotometer. The electrical resistivity of these films was measured by a four-point
probe method in the temperature range 12–300 K, with a Kiethely Current source (model
220) and a nanovoltmeter (model 182).
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7.4 Results and Discussions
Figure 7-2 shows the X-ray diffraction pattern of a ZnO-Au composite film grown on a
sapphire substrate. In the 2θ range (20°–80°) we observed only the peaks corresponding
to the (0002) and (0004) planes of ZnO, the (0006) plane of sapphire, and the (111) plane
of Au. In Figure 7-3 shows a cross-sectional transmission electron microscopy (TEM)
image of the composite film. Uniformly distributed nanodots can clearly be seen. These
nanodots are almost spherical in shape, with a radius of ~2–6 nm, and are distributed in
the matrix with an average spacing of ~ 4–12 nm. A high resolution TEM image of one
typical Au nanodot is shown in Fig. 7-4a). These Au nanodots grow epitaxially within the
ZnO matrix via domain-matching epitaxy [13], where integral multiples of lattice planes
match across the Au/ZnO interface. The corresponding Fast Fourier diffraction pattern
(Fig. 7-4b) from the <2 11 0> cross-section of ZnO-Au shows the epitaxial relation of
[2110]ZnO || [011]Au || [ 0110 ]Sapphire with planes (0002)ZnO || (111)Au || (0006)Sapphire. Under
these conditions, {110} of Au (d{110}Au = 2.88 Ǻ )matches with that of { 0110 } of ZnO (
d{ 0110 }ZnO = 2.814 Ǻ), leading to a misfit of only 2.3 %. Also for the ZnO/Sapphire, the

interface is fairly sharp with the matching of 5 or 6 planes of (2 11 0) ZnO with 6 or 7
( 3030 ) planes of sapphire, where the c-plane of ZnO rotates by 30° in the basal plane of
sapphire [14].
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Figure 7-2 X-Ray diffraction pattern from the composite film. Here we observe only the
peaks corresponding to (0002) and (0004) planes of ZnO, the (0006) of sapphire and
(111) plane of Au.

Figure 7-3 TEM micrograph showing the uniformly distributed Au nanodots in ZnO
matrix. These nanodots are almost spherical in shape, with a radius of about 2-6 nm and
are distributed in the matrix with an average spacing of ~ 4-10 nm.
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Figure 7-4 a) High resolution TEM micrograph of one typical Au nanodot in ZnO matrix
along with its FFT diffraction pattern (b).

In Fig. 7-5 we have shown the transmission and absorption spectra of a ZnO-Au
composite film. Apart from the band-edge absorption of ZnO at ~375±5 nm, we also
observed a broad absorption peak corresponding to the plasmon resonance spectrum of
gold nanodots. The shape and position of this broad absorption peak were found to be a
function of particle size and its distribution. For the distribution of Au particles as shown
in Figure 7-3, plasmon absorption peak lies in the wavelength range of 450– 600 nm,
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with a maximum at 522 nm. Because of this absorption peak the intensity of any greenband emission originating from the defect levels of ZnO is expected to be strongly
damped. In Fig. 7-6a) we show the room-temperature photoluminescence of ZnO-Au
composite films. This spectrum shows only one sharp peak at ~385±5 nm. For a
comparison, we have also shown the photoluminescence spectrum of ZnO films prepared
under exactly the same conditions (Fig. 7-6b). The presence of a broad-green-band
emission peak for bare ZnO film and its complete disappearance in the ZnO-Au
composite film are clearly demonstrated.

Figure 7-5 Transmission and absorption spectra of a ZnO-Au composite film.
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Figure 7-6 a) Photoluminescence spectra of a ZnO-Au composite film. b)
Photoluminescence spectra of a ZnO film prepared under exactly the same conditions as
the composite film.

Fig. 7-7a) shows the variation of electrical resistivity of the ZnO-Au composite with
temperature. At room temperature the electrical resistivity is 3.4 mΩ-cm, and it increases
with decreasing temperature. In the inset of this figure we have shown a plot of ln ρ vs.
1/T. This graph exhibits a sharp change in the slope of ln ρ vs. 1/T at around 150 K. This
suggests that the system exhibits two different values of excitation energies at low and
high temperatures. The slope of ln ρ vs. 1/T at low temperature corresponds to an
excitation energy of ~0.2 meV, whereas that at higher temperature (T~ 150 K)
corresponds to an excitation energy of ~1 meV. It is interesting to note that these energies
are much smaller than usually observed in ZnO systems, even with very shallow donor
levels. For comparison we also measured the electrical resistivity of a bare ZnO film
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prepared under exactly the same conditions (see Fig. 7-7b). This film exhibits activation
energy of ~40 meV, which is in good agreement with previous reports [14]. The
extremely low values of activation energies for composite films suggest that the simple
activated conduction mechanism cannot account for the observed behavior of electrical
resistivity. However, the fact that at lower temperatures the estimated activation energy is
smaller suggests that in this temperature regime electrostatic charging of nanodots
provides another channel of electrical conduction [15].

Figure 7-7 a) Electrical resistivity vs temperature for a ZnO-Au composite film. Inset
shows the plot of ln ρ vs. 1/T. b) Electrical resistivity vs. temperature for a pure ZnO film.
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7.5 Conclusions
In conclusion, we have presented a new approach to embedding nano-sized Au particles
in epitaxial ZnO films via a pulsed laser deposition technique. It has been shown that Au
particles can suppress the green-band emission of ZnO via the process of energy transfer
from defect levels to the surface plasmon of Au. These ZnO-Au films exhibit very high
electrical conductivity with a room-temperature resistivity of 3.4 ±0.2 mΩ-cm and a
sharp excitonic peak at 3.22 ± 0.05 eV without any green-band emission. Growth of
highly conducting ZnO-Au composite films with improved optical characteristics is an
important step in the fast-emerging optoelectronics industry.
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Chapter 8 Growth of high quality epitaxial ZnO-Pt
Nanocomposite and ZnO/Pt, Nanolayer Structures on
Sapphire (0001)
8.1 Abstract
Here we report the growth of epitaxial ZnO-Pt composite and ZnO-Pt layered structures on
sapphire (0001) substrate by using pulsed laser deposition (PLD) technique. Heteroepitaxial
growth of these structures was accomplished by using domain-matching epitaxy. The
heterostructures were characterized using X-ray diffraction, high-resolution transmission electron
microscopy, optical transmittance, photoluminescence and electrical resistivity measurements. Xray diffraction and TEM experiments revealed the epitaxial nature of these structures, the
orientation relationship being: Pt {111} || ZnO {0001} || Sapphire {0001} with a rotation of 30°
between the Pt and sapphire and no rotation between ZnO and Pt.. Electrical and optical
measurements showed that these heterostructures exhibit very high electrical conductivity and at
the same time possess quite interesting optical transmittance spectra and exhibit room
temperature photoluminescence characteristics.
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8.2 Introduction
Zinc oxide (ZnO) is a wide band gap semiconductor, which is currently being use in UV

light emitters, varistors, spin functional devices, piezoelectric transducers, chemical and
gas sensors, transport electronics and surface acoustic waveguide devices. It has a direct
bandgap of 3.3 eV and a large exciton binding energy of 60meV, which makes it ideal for
the development of high brightness UV light sources and transparent electronics [1-8]. In
order to attain devices such as ultraviolet light emitters/detectors or field effect transistors
with acceptable characteristics, high quality ohmic contacts with low specific contact
resistance are necessary. In addition, ZnO films are being considered for ohmic contacts
to GaN because of its high electrical conductivity and matching band gap with GaN (Eg:
3.44eV) [7,8]. Therefore, one of the most challenging issues in ZnO-related research is to
increase the electrical conductivity of ZnO without compromising its optical
characteristics [9-12]. It has been realized that any effort to increase the conductivity of
ZnO by doping or by creating oxygen deficiencies always results in the deterioration of
the optical efficiency of the film. These dopants and vacancies create defect levels, and
hence a significant reduction in the band edge photoluminescence peak is observed along
with a very broad green band in the photoluminescence spectrum [9,10,13-15].

The wurtzite structure of zinc oxide is the same as the GaN layer, and its lattice constant
almost matches that of the GaN layer. In addition to having the same crystal structure and
a close lattice match, ZnO also exhibits optical properties similar to those of GaN [16].
Therefore, ZnO in contact with a GaN layer would be seen to be a promising transparent
material. In this study, we present a method for making highly conducting ZnO-Pt
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nanodots on sapphire (0001) and this composite ZnO film can be used as an Ohmic
contact to GaN. By carefully incorporating nanosize epitaxial Pt particles in ZnO, both
the electrical as well as optical characteristics of ZnO can be improved. The choice of Pt
in this system was inspired by the facts that a) Pt has negligible solubility, therefore, it
does not affect the chemical composition of the host ZnO matrix and it grows epitaxially
within the ZnO matrix; b) Pt has virtually no affinity for oxygen and hence retains its
high conductivity, which results in overall enhancement in electrical conductivity of the
composite film; and c) unlike Au, Pt has low reflectivity throughout the visible region,
which lets out more light and enhances LED efficiency. Also, we report the formation of
epitaxial ZnO/Pt heterostructures on Sapphire (0001) where the sheet resistance of this
structure is greatly reduced compared to ZnO grown under the same conditions. The
epitaxial layers of metals like Pt and Au can be combined with diluted magnetic
semiconductors to find use in novel spintronic applications. Infact our group is currently
working on Mn and Co-doped ZnO grown along with Pt on sapphire.

8.3 Experimental Details
The epitaxial layers studied here were grown on c-plane of sapphire substrates using a
multitarget Pulsed Laser Deposition system using a KrF Excimer laser (Lambda Physik
210, λ =/248 nm, 10 Hz). The laser beam was focused to obtain an energy density of
approximately 2-3 J cm-2 at a 45° angle of incidence. For the ZnO/Pt layered structure,
initially Pt was deposited at 100°C on sapphire for 2 minutes. This was followed by ZnO
growth at 650°C for 15 min. The base vacuum under both the depositions was better than
1x10-7 Torr. For the growth of ZnO-Pt composite structure, nanocrystalline Pt in a ZnO
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matrix with the use of same excimer laser. High-purity Pt and ZnO targets were
alternately ablated by arranging the targets in a special geometrical configuration. During
this growth, the oxygen partial pressure was maintained at 1x10-5 Torr. In this
configuration, a small strip of Pt was glued to the ZnO target and a pulsed laser beam was
made to hit this assembly at 45° from the normal (see Fig 8-1a). The whole assembly was
rotated with a motor, which results in alternate ablation of ZnO and Pt targets. A
schematic of both the heterostructures is shown in Fig. 8-1b). The crystal structure of
these films was determined by x-ray diffraction (XRD) using a Rigaku x-ray
diffractometer with Cu Kα radiation and a Ni filter. Microstructural characterization of
these films was performed by transmission electron microscopy (TEM) using a JEOL
2010 TEM, with a point-to-point resolution of 0.18 nm. Electrical resistivity
measurements were performed using a four-point probe technique in a temperature range
of 10-300 K. Optical Absorption/ transmission and photoluminescence measurements
were carried out using Hitachi spectrophotometer.
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ZnO

Pt

ZnO
Pt

Sapphire

Sapphire

Figure 8-1 a) Schematic diagram of ZnO and Pt targets for depositing Pt nanodots in
ZnO matrix. b) Schematic of ZnO-Pt composite and ZnO/Pt nano-layered
heterostructures.

8.4 Results and Discussions
ZnO/Pt /Sapphire

Figure 8-2 shows the X-ray diffraction pattern of a ZnO-Pt composite film grown on a
sapphire substrate. In the 2θ range (20°–100°) we observed only the peaks corresponding
to the (0002) and (0004) planes of ZnO, the (0006) plane of sapphire, and the (111) plane
of Pt. The pattern indicates the complete alignment of the film with the substrate having
ZnO (0002) || Pt (111) || α- Al2O3 (0006). In order to further investigate the in-plane
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epitaxial relationship of these films with the substrate, we did a detailed cross-section
high-resolution transmission electron microscopy. Fig 8-3 shows a low magnification
image of the ZnO/Pt/Sapphire heterostructure in [ 0110 ] zone of sapphire. The thickness
of the intermittent Pt layer is about 8 nm. Also, it can be clearly seen that there is no
interfacial reaction at the interfaces.

Figure 8-2 X-Ray Diffraction Pattern from ZnO/Pt heterostructure on Sapphire (0001).

Figure 8-3 Low Magnification TEM cross-section image of the ZnO/Pt heterostructure
on sapphire.
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Fig 8-4 shows the corresponding high-resolution micrograph in the same zone axis along
with the Fast Fourier diffraction pattern from the intermediate Pt layer. The in-plane
epitaxial relationship in these heterostructures was found to be [2 11 0]ZnO || [011]Pt ||
[ 0110 ]Sapphire. This orientation relationship implies a 30° rotation of Pt (111) plane on
basal (0001) plane of Sapphire [17] and there is no rotation between ZnO and Pt. Under
these conditions, d{112} of platinum (1.6 Å) match with

a Sap
3

or {2110} of sapphire

(1.526 Å), leading to only 0.9 % misfit. In the case of Pt/ZnO epitaxy, {220} planes of Pt
match with { 0110 } planes of zinc oxide. These results also show that the corresponding
lattice planes of ZnO, Pt and Sapphire are perfectly aligned to each other and the
interface is fairly sharp.

The electrical resistivity measurements were done in order to determine the sheet
resistance of this heterostructure. The measurements were done using the Four Point
probe method and the resistance was found to be 380Ω at room temperature which is
lower than the pure ZnO grown under the same conditions [17] (Fig. 8-5). The excitonic
character of the films is also apparent in the photoluminescence spectra. Room
temperature photoluminescence showed a peak corresponding to only band edge
emission of ZnO, i.e. at 380 nm (Fig. 8-6).
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Figure 8-4 a) High-resolution TEM cross section of ZnO/Pt

on Sapphire showing

epitaxial growth of Pt by domain matching epitaxy with a 30° rotation in the Sapphire
basal (0001) plane. The epitaxial relationships for ZnO/Pt/Sapphire are Pt {111} || ZnO
{0001} || Sapphire {0001} and Pt <110> || Sapphire <01 1 0> || ZnO <2 11 0>. b)
Corresponding Fast Fourier Diffraction pattern from the intermediate Pt layer in [011]
zone.
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Figure 8-5 Sheet Resistance for the epitaxial ZnO/Pt heterostructure grown on Sapphire
vs. temperature (20-300K).

Figure 8-6 Room temperature photoluminescence from the ZnO/Pt heterostructure
showing only the band-edge emission corresponding to ZnO.
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ZnO-Pt/Sapphire Composite Film

Fig. 8-7 shows the X-ray diffraction pattern of a ZnO-Pt composite film grown on a
sapphire substrate. In the 2θ range (20°–100°) we observed only the peaks corresponding
to the (0002) and (0004) planes of ZnO and the (111) plane of Pt. All these peaks are
aligned with (000l) sapphire (0006, 00012) diffraction, suggesting that they have grown
epitaxially. The low-magnification < 0110 > cross-section TEM image of epitaxial ZnOPt/Sapphire (0001) in Fig. 8-8 shows the film quality from a large area of the film. Here
uniformly distributed Pt nanodots can clearly be seen. These nanodots are almost
spherical in shape, with a diameter of 4–6 nm, and are distributed in the matrix with an
average spacing of 5–15 nm.

Figure 8-7 X-Ray diffraction plot of ZnO-Pt nano dots.
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Figure 8-8 Cross-section TEM micrograph showing the uniformly distributed Pt
nanodots in ZnO matrix on sapphire (0001).
A high-resolution TEM image of two such Pt nanodots is shown in Fig. 8-9a. These Pt
nanodots grow epitaxially within the ZnO matrix via domain-matching epitaxy
(reference), where integral multiples of lattice planes match across the Pt/ZnO interface.
The interface between the Pt and ZnO is very sharp, suggesting no interfacial reaction
between the two. The corresponding Fast Fourier diffraction pattern (Fig. 8-9b) from the
<2 11 0> cross-section of ZnO-Pt shows the epitaxial relation of [2 11 0]ZnO || [011]Pt ||
[ 0110 ]Sapphire with planes (0002)ZnO || (111)Pt || (0006)Sapphire. The epitaxial relationships
between ZnO and Pt are similar to those we found for the case of layered growth of ZnO
on Pt. Also for the ZnO/Sapphire, the interface is fairly sharp with the matching of 5 or 6
planes of (2110) ZnO with 6 or 7 ( 3030 ) planes of sapphire, where the c-plane of ZnO
rotates by 30° in the basal plane of sapphire [18,19].
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(0002)ZnO
(111)Pt

Figure 8-9 a) High resolution TEM cross-section image of Pt Nano Dots embedded in
ZnO matrix. The epitaxial relationships for ZnO-Pt are Pt {111} || ZnO {0001} and Pt
<110> || ZnO <2 11 0> b) Corresponding Fast Fourier diffraction pattern confirming the
above epitaxial relationships from both Pt and ZnO : (111) plane of Pt matches with
(0002) plane of ZnO.

Here also we did the electrical resistivity measurements in order to determine the
variation of resistivity with temperature (Fig. 8-10). The room temperature resistivity of
this composite film is about 14.5 mΩ-cm and it increases with decreasing temperature
[17]. This room temperature resistivity of the composite structure is much lower than the
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pure ZnO grown under the same conditions (ρZnO = 150 mΩ-cm)(reference). In the inset
of this figure we have shown a plot of ln ρ vs. 1/T. This graph exhibits a sharp change in
the slope of ln ρ vs. 1/T at around 90 K. This suggests that the system exhibits two
different values of excitation energies at low and high temperatures. The slope of ln ρ vs.
1/T at low temperature corresponds to an excitation energy of 0.02 meV, whereas that at
higher temperature corresponds to an excitation energy of 0.54 meV. It is interesting to
note that these energies are much smaller than usually observed in ZnO systems, even
with very shallow donor levels. For comparison we also measured the electrical
resistivity of a bare ZnO film prepared under exactly the same conditions. This film
exhibits an activation energy of 40 meV, which is in good agreement with previous
reports [17,20]. The extremely low values of activation energies for composite films
suggest that the simple activated conduction mechanism cannot account for the observed
behavior of electrical resistivity. However, the fact that at lower temperatures the
estimated activation energy is smaller suggests that in this temperature regime
electrostatic charging of nanodots provides another channel of electrical conduction [21].
In Fig. 8-11, we have shown the transmission spectra of ZnO-Pt composite film and is
fairly transparent (55-60 %) in the visible region.
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Figure 8-10 a) Electrical resistivity vs temperature for a ZnO-Pt composite film. Inset
shows the plot of ln ρ vs. 1/T.
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Figure 8-11 Transmission spectra from the ZnO-Pt composite film.

8.5 Conclusions
In conclusion, single crystal ZnO/Pt and ZnO-Pt heterostructures have been grown on
sapphire (0001) by Pulsed Laser Deposition. Both the structures are completely epitaxial
with a fixed relationship of [2110]ZnO || [011]Pt || [ 0110 ]Sapphire with planes (0002)ZnO ||
(111)Pt || (0006)Sapphire. Also, the sheet resistance and resistivity of the respective
structures is much lower than the corresponding ZnO grown under the same conditions
and thus are highly conducting. The ZnO/Pt heterostructure shows an excitonic peak at
about 3.2 eV (380 nm) while the ZnO-Pt composite structure is about 60 % transparent in
the visible region. Thus, the growth of highly conducting ZnO/Pt and ZnO-Pt films with
improved optical characteristics is an important step with many applications in the fast-
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emerging spintronics (Dilute Magnetic Semiconductors) and optoelectronics industry
respectively.
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