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To the older trees, because that’s from them that we came from but most importantly, to
the young trees, because to them belongs the future.

In my naive mind I like to think of knowledge dissemination as an old tree, with its roots
strongly and deeply set in the ground, and with its seeds gently taken by a lovely wind
that spreads them all around. Let the ground stick close to the old tree’s roots and let the
wind caress its branches, as long as possible. .. till new young trees grow up from the
ground and become stronger and stronger and can finally replace the old one.
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Preface

After the publication of the review “C. Lamberti, The use of synchrotron radiation techniques
in the characterization of strained semiconductor heterostructures and thin films, Surf. Sci.
Rep., 53 (2004) 1-197”, Elsevier contacted me for the coordination of a new book collecting
the most used characterization techniques for the investigation of semiconductor heterostruc-
tures and nanostructures. After an initial inertia from my part, I accepted the task. The
immediate enthusiastic replay of most of the contacted chapter coordinators has made my
work easier than expected. I would like to express my gratitude to all these colleagues, as well
as to all colleagues who have kindly acted as competent reviewers, as their hard work has
importantly helped the chapter coordinators and myself to improve the quality of the final
product. At the end of the task, looking to the final result, I am proud to count within the
chapter coordinators dear friends and eminent scientists that are in the top positions in the
ranking lists of the corresponding disciplines. I am even more proud to underline that, among
such list of eminent scientists, women play an important role, leading four chapters.

“Characterization of Semiconductor Heterostructures and Nanostructures” is structured in
chapters, each one devoted to a specific characterization technique used in the understanding
of the properties (structural, physical, chemical, electrical, etc.) of semiconductor quantum
wells and superlattices. A chapter is devoted to the ab initio modeling. The book has basically
a double aim. The first one lies on the educational ground. The book provides the basic
concept of each of the selected techniques with an approach understandable by master and
Ph.D. students in Physics, Chemistry, Material Science, Engineering, and Nanotechnology.
The second aim is to provide a selected set of examples from the recent literature of the TOP
results obtained with the specific technique in understanding the properties of semiconductor
heterostructures and nanostructures. Each chapter has consequently this double structure: a
first part devoted to explain the basic concepts, serving the largest possible audience, and a
second one to the discussion of the most peculiar and innovative examples, allowing the book
to have the longest possible shelf life. So students should not get frustrated if they find more
difficulties in the understanding of the second part of the chapters. My advice is to focus on
the first parts; they can always came back to the second parts in the ensuing years, when their
experience will be improved. Of course, the book is devoted also to the specialized commu-
nity of scientists working in the fields of design, growth, characterization, and testing of
heterostructures-based devices in both academic and industrial laboratories. Such readers
should skip the first parts of the chapters, focusing on the final ones.

On top of this, the book has a further and somewhat even more ambitious goal. In this
regard, the topic of quantum wells, wires, and dots should be seen as a pretext of applying top
level characterization techniques in understanding the structural, electronic, etc. properties of
matter at the nanometer (even sub-nanometer) scale. In this way, it is aimed to become a
reference book in the much broader, and extremely hot, field of Nanotechnology.
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Introduction: the interdisciplinary nature of
nanotechnology and its need to exploit frontier
characterization techniques

Carlo Lamberti

Department of Inorganic, Physical, and Materials Chemistry and NIS Centre
of Excellence, Universita di Torino, Via P. Giuria 7, 10125 Torino,
Italy and INSTM Centro di Riferimento, Torino, Italy

Abstract High-performance electronic and optoelectronic devices based on semiconductor
heterostructures are required to obtain increasingly strict and well-defined performances, needing a
detailed control, at the atomic level, of the structural composition of the buried interfaces. This goal
has been achieved by an improvement in the epitaxial growth techniques and by the parallel
use of increasingly sophisticated characterization techniques and of increasingly accurate ab
initio calculations. This chapter, introducing the book Characterization of Semi-conductor
Heterostructures and Nanostructures, is divided into five sections. In Section 1, the impact of
nanoscience and nanotechnology in our society is described, using the point of view of the articles,
the citations and the journals devoted to the field. The multidisciplinary nature of nanotechnology is
reported in Section 2, while the dynamic interplay among growth/synthesis techniques, theoretical
modeling, and characterization techniques in the design and improvement of semiconductor
heterostructure-based devices is discussed in Section 3. Section 4 reports the purposes of the book
and the layout of the chapters. Finally, in Section 5, the strength of combined experimental and
theoretical investigation of a selected nanomaterial is underlined by an example.

Keywords nanotechnology, nanoscience, heterostructures, nanostructures, characterization
techniques, ab initio calculations

1. The scientific and editorial blow up of nanotechnology
in the new millennium

The term nanotechnology refers to a branch of applied science and technology whose unifying theme
is the control of matter at the atomic and molecular scale, normally 1-100 nm (1 nm= 107 m),
and the fabrication of devices within that size range. The appeal in such approach lies in the
fact that the structural, physical, chemical, electronic, optical, etc. properties of nanometer-
dimensioned materials differ markedly from those of the corresponding bulk (unconfined)
materials. Nanotechnology, among the most advanced frontiers of Science, is certainly showing
the higher degree of multidisciplinarity, generated from the well-accorded interplay among
different fields such as materials science, applied physics, interface and colloid science, device
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physics, supramolecular chemistry, surface science, and engineering. Nanotechnology results from a
combined extension of such sciences into the nanoscale.

Scientists, politicians, media, and industries have much expectation concerning what
new science, technology, and application may result from these lines of research. Such
expectations have strongly stimulated the effort made in the previous years by university
and industrial laboratories in the field of nanoscience and nanotechnology. A simple way
to evaluate such effort is to look to the number of papers published per year that are found
using nanochemistry OR nanophysics OR nanotechnology OR nanoscience as search keys
(Fig. 1(a)), and to the number of citations that such papers have received (Fig. 1(b)). It is
evident that such simple and superficial statistical study is far to be comprehensive, as
most of the papers that actually report results in this field do not necessarily used one of
those four keywords. It is evident from the last row of Table 1 that the 32 journals
belonging to the Subject Category' named “Nanoscience & Nanotechnology” have published
8939 papers in 2006, while only 1125 have been found using those four keywords (Fig. 1(a)). So,
the data reported in Fig. 1 are not important as absolute values, which are underestimated by a
factor of about 10, but for the trend they are showing. It is evident that this trend shows an
impressive acceleration starting from the new millennium.

12007 (Ia) - I
1000 ) Number of published papers // %
800 / % %
600 / % é

|

400 - 7
| o
200 1 77 VO z%%

11990 1992 1994 1996 1998 2000 2002 2004 2006 QS
15,000 - (b) o '
D\ Number of citation received §
10,000 +
5000 | §
0 T T T r—— e LSS m T T g T g T T T
1990 1992 1994 1996 1998 2000 2002 2004 2006

Year
Fig. 1. (a) Number of paper published per year found using nanochemistry OR nanophysics OR
nanotechnology OR nanoscience as search keys. Spanned period 1990 to 2007; total number of papers
5788 source ISI web of science. (b) Number of citations received per year by the papers reviewed in
(a): total number of citations 59,747.

! Subject Categories are classes where journals are sorted according to the scientific topic of the published papers.
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Table 1

List of a selection of scientific journals belonging to the Subject Category named “Nanoscience &
Nanotechnology” sorted by publishing age. The last column refer to the aggregated values obtained by
the 32 journals together. Data reported in this line allow to evaluate the impact of the Subject Category
and to locate each single journal belonging to the category in a pondered ranking scale

Journal name Publisher Published ~ Papers Impact  Immediacy
since published factor index 2006"
in 2006 2006"
Nanotechnology ToP 1994 1042 3.037 0.534
J. Nanopart. Res. Kluwer first, now 1999 101 2.156 0.119
Springer

Nano Lett. ACS 2001 555 9.960 1.485

Lab Chip RSC 2001 190 5.821 1.111

Physica E Elsevier 2001 503 1.084 0.163

J. Nanosci. American Scientific 2001 586 2.194 0.309
Nanotechnol. Publishers

IEEE Trans. IEEE 2002 111 1.909 0.207
Nanotechnol.

Small Wiley-VCH 2005 210 6.024 1.152

Curr. Nanosci. Bentham Science 2005 33 2.080 0.242

Publ. Ltd

Nano Today Elsevier 2006 14 - 1.357

Nature Nature Publishing 2006 24 - 0.833
Nanotechnol. Group

ACS Nano ACS 2007 0 - -

Subject Category: - 2005 8939 2.459 0.400

32 journals

*The journal impact factor of year 2006 is the average number of times articles from the journal published in 2005
and 2004 have been cited in 2006. Journals published first in 2006 will have their first impact factor evaluation for
year 2007, usually divulgated in spring 2008.

®The journal immediacy index of year 2006 is the average number of times an article published in 2006 is cited in
2006. The journal immediacy index indicates how quickly articles in a journal are cited.

This scientific and technological phenomenon has been so significant that the most important
publishing companies have decided to create new journals specifically devoted to this topic (see
Table 1 for a selection). The Institute of Physics (IoP) has been the first publisher in this field,
founded in the early 1990s the journal Nanotechnology (impact factor 3.037), which has
published more than 4000 papers so far. This number makes Nanotechnology the most important
journal in the field in terms of published papers. In 1999 Kluwer Academic Publishers founded
the journal J. Nanopart. Res. Then, in 2001 appeared Nano Lett., from the American Chemical
Society (ACS), which probably represents today the most prestigious journal in the field,
with more than 2800 published papers and an impressive impact factor that, starting form
5.033 in 2002, progressively increased to almost 10 in 2006. Among the ACS journals, excluding
the review journals (Chem. Rev. and Accounts Chem. Res.), Nano Lett. has become the highest
impact factor journal, even exceeding the prestigious J. Am. Chem. Soc., first published in 1879.
In the same year 2001, the Elsevier journal Physica E changed its name into Physica E-Low-
Dimensional Systems & Nanostructures, while the Royal Society of Chemistry (RSC) launched
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the title Lab Chip (impact factor as high as 5.821) and also J. Nanosci. Nanotechnol. (impact
factor 2.194) appeared. An important impact factor (6.024) has been achieved by the title Small,
published by Wiley-VCH since 2005 (see Table 1). In 2006, Elsevier launched the title Nano
Today, while the prestigious Nature Publishing Group entered the business with the journal Nat
Nanotechnol. The success of Nano Lett. encouraged ACS to found a second title in the field:
ACSNANO, whose first articles appeared at the end of 2007.

The American Institute of Physics (AIP) and the American Physical Society (APS) adopted a
different strategy. Starting from 2000, they selected the most pertinent papers published on the
regular AIP and APS journals (Phys. Rev. Lett., Phys. Rev. A, Phys Rev. B, Appl. Phys. Lett,
J. Appl. Phys., etc.) in a web collection named Virtual Journal of Nanoscale Science & Technology
(http://www.vjnano.org/). Currently, more than 50 journals (see http://www.virtualjournals.org/
vjs/partpub.jsp for a complete list), including Science and Nature, joined this virtual journal.

In 2005 the ISI web of Science (http://scientific.thomson.com/products/wos/) has introduced a
new subject category (see footnote 1) named “Nanoscience & Nanotechnology.” Twenty-seven
journals joined that subject category that year, and they are 32 in 2006. Among them, we count
journals that already had a long history, like J. Vac. Sci. Technol. B (impact factor 1.597) started in
1983, or Scripta Materialia (impact factor 2.161), or Mater. Sci. Eng. A (impact factor 1.490), or
Microporous Mesoporous Mater. (impact factor 2.796), and devoted to zeolites and zeotypes that
are crystalline porous materials with regular empty cavities and cages in the nanometer and sub-
nanometer regime. The 32 journals belonging to the Subject Category ‘“Nanoscience &
Nanotechnology” in 2006 have 8939 edited papers, exhibit an aggregate impact factor of 2.459
and an aggregate immediacy index of 0.400 (see last row in Table 1). It is strange to note that the
Academic Press/Elsevier journal Superlattices Microstruct. did not join this new Subject Category.

From the data reported in Fig. 1 and Table 1, the tremendous editorial blowup of
nanoscience and nanotechnology in the past few years is evident. The editorial blowup
mirrors the efforts produced worldwide in the laboratories. This research is found with public
and private money and represents the expectation that the society has in respect to this new
branch of science.

2. Heterostructures and nanostructures: definition
and applications, from optoelectronics to catalysis

On a historical ground, the future born of nanotechnology was probably first foreseen by
physicist Richard Feynman at the American Physical Society meeting at Caltech on Decem-
ber 29, 1959, with his famous talk “There’s Plenty of Room at the Bottom.”

The first applications of nanotechnology were probably semiconductor heterostructures
and nanostructures, also defined as low-dimensional systems, i.e., systems that are confined in
one, two, or three spatial dimensions, resulting in 2D, 1D, and 0D systems, respectively [1-8].
In the fields of solid-state physics and optoelectronics, 2D, 1D, and 0D systems are usually
labeled as quantum wells, quantum wires, and quantum dots (or boxes), respectively.

However, the interest in low-dimensional systems is not restricted to the fields of solid-
state physics [1,7,9-12], interface physics [13—17], and optoelectronics [7,18-21], but exam-
ples of application of confined systems can be found also in several fields such as metallurgy
[22,23], chemistry [24-54], catalysis [55-65], photocatalysis [66—73], and drug delivery
[74-81]. All these systems are generally labeled as nanostructures as the confinement usually
lies in the nanometer scale. The ultimate frontier in nanotechnology, the single molecule
device, has been reached recently [82—88].
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Emblematic among the fields mentioned so far is the case of catalysis. Catalysis is the science
that is aimed to increase the speed and the selectivity of a given chemical reaction. A catalyst is a
species that allows to reduce the activation barrier of a chemical reaction, and remains unchanged
at the end of the process. Two examples of nanostructured catalysts will now be given. The first
one concerns gold. Gold in bulk is known to be chemically inert and gold jewels have been passed
on through millenaries, still keeping a perfect conservation. However, when gold is small enough,
with particle diameters below 10nm, it turns out to be surprisingly active for many chemical
reactions [89-92], for instance, CO oxidation and propylene epoxidation. As a second example,
we will mention zeolites and zeotypes: a new class of materials that, starting from the late 1970s,
entered aggressively in the market of catalysts used in industrial plants. Zeolites are nanoporous
crystalline alumosilicates constituted by corner-sharing [TO,] tetrahedra, where [TO,4] represents
a silicon or an aluminum atom. The introduction of a trivalent AI(III) atom in a [TO,4] unit
(substituting the tetravalent Si(IV) atom) induces a net negative charge to zeolitic framework,
which must be compensated by the presence of charge-balancing extra-framework cations. Such
cations act as Lewis acid centers, being electron acceptors, but when they are protons, the zeolite
becomes a Brgnsted solid acid (i.e., a proton donor). Starting from the basic constituents, the
framework of any zeolite will be realized by progressively connecting two adjacent [TO,4] units by
sharing an oxygen atom, which thus becomes “bridged” between the two T atoms (T-O-T).

The remarkably great flexibility of the T-O-T angle (from ~100° up to 180°) allows to
realize, using the unique [TO,4] unit as the sole building block, an impressive large number of
different zeolites that results in crystalline aluminosilicates with ordered empty cavities in the
0.5-1.5 nm (Fig. 2) range hosting catalytic metal centers or proton donor centers
[24,25,27,93-96]. Such materials act as nanoreactors as the chemical reactions occur inside
their cavities. The pore opening and the dimension of the internal cavities discriminate the

\

4\09 it/ \\

BN

Fig. 2. Sticks representation of four different nanostructurated zeolitic frameworks: mordenite (MOR),
ZSM-5 (MFI), B (BEA) and Y (FAU). Light gray the tetrahedral coordinated Si or Al atoms; dark gray O
atoms. Extra-framework charge-balancing counterions, playing the role of active catalytic centers, are
represented as spheres.
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reactant molecules that reach the catalytic centers and the product molecules formed. There-
fore, we are dealing with shape-selective catalysts, which represent the best artificial attempt
to simulate the enzymes created in the nature. Only recently, the scientists involved in the
field of catalysis have explicitly used the word “nano” in their articles and books [65], but it
is evident that people working in the field of catalysis studied nanoscience since decades.

3. Dynamic interplay among growth/synthesis techniques,
theoretical modeling, and characterization techniques
in the design and improvement of semiconductor
heterostructure-based devices

Great efforts have been made in improving the preparation methods (epitaxial growth [97-113],
etching/regrowing [5,114,115], self-organized growth [116-118], Langmuir-Blodgett films
[26-27,119,120], nanolithography [50,121-123], scanning tunneling microscopy (STM) tip-
assisted deposition [113], surfactant assemblies as supramolecular templates [124], bottom-up
self-assembly approaches [50,113,125—-131], intrazeolite encapsulation [24,25,27,28,50,132—-134],

— (i) Theoretical
simulation

i

(i) Nanomaterial
synthesis

(iva) l (iiia)

(iii) Structural
characterization: is the N
synthesized material

conform to the project?

Y l(iiib)

(iv) Optical, electrical,

N electronic characterization: are
the properties of the material
conform to the project?

Y l(ivb)

END of the
process

Fig. 3. Flow chart schematizing the strictly interconnected interplay among theoretical calculations (i),
synthesis/growth techniques (ii) and characterization techniques (iii and iv) in the improvements in the
realization of nanostructures with desired performances.
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etc.) of low-dimensional systems to optimize the size control of the confinement regions and of the
confined systems, to guarantee a spatial homogeneity, and to optimize the preparation reproduci-
bility. Parallelly, important theoretical efforts have been made to predict the properties of
low-dimensional systems, and relevant progresses have been achieved in their characterization
[21,123,135-143].

Improvements in the realization of nanostructures can be realized by a strict interplay
among the progress achieved on these three grounds, as basically schematized in the flow
chart in Fig. 3 and described in the following. (i) theoretical calculations predict the physical
properties of a given nanostructure; (ii) the preparation techniques try to realize it;
(iii) structural characterization techniques check whether the actually realized nanostructure
corresponds to the desired one or not; (iiia) if not, the preparation conditions have to be
optimized and step (ii) has to be repeated; (iiib) if yes, then optical, electrical, electronic,
chemical reactivity, etc. properties are checked to verify whether the desired nanostructure
has actually the foreseen properties (iv); (iva) if not, then the level of theory used in step (i)
has to be improved and the game has to restart again from the beginning; (ivb) if yes, then end
of the process. Point (ivb) represents the final point of the scientific work and the future of the
device lies now on an engineering/economical level where the production rate, the realization
costs, and the demand of the device are the main driving forces. Of course, the interplay often
moves in the opposite direction, i.e., theoretical models help in the interpretation of the
previously not understood (or wrongly interpreted) experimental results.

4. Purposes of the book and chapters layout

The book is structured in chapters, each one devoted to a specific characterization technique
used in the understanding of the properties (structural, physical, chemical, electrical, etc.) of
semiconductor quantum wells, superlattices, and nanostructures in general. A chapter is
devoted to the ab initio modeling. Basically, the book has two aims. The first one deals
with the educational point of view. The first part of each chapter provides the basic concept of
each of the selected techniques with an approach understandable by Master and PhD students
in Physics, Chemistry, Material Science, Engineering, and Nanotechnology. The second aim
is to provide a selected set of examples from the recent literature of the latest results obtained
with the specific technique in understanding the properties of semiconductor heterostructures
and nanostructures. Each chapter has this dual structure: a first part devoted to explain the
basic concepts, providing the larger possible audience, and a second one to the discussion of
the most peculiar and innovative examples, allowing the book to have the longer possible
shelf life. Of course, the book is devoted to the specialized subset of scientists working in the
field design, growth, characterization, and testing of heterostructure-based devices based in
both academic and industrial laboratories. But the final goal is somewhat more ambitious, and
in this regard, the topic of quantum wells, wires, and dots should be seen as a pretext of
applying top level characterization techniques in understanding the structural, electronic, etc.
properties of matter at the nanometer (even sub-nanometer) scale. In this way, it is aimed to
become a reference book in the much broader, and extremely hot, field of nanotechnology.
Besides growth and synthesis techniques, step (ii) for which we refer the reader to specified
books and reviews articles [5,24-28,50,97,110-112,116-120, 122,124,125,127,131,144-149],
the remaining three fundamental steps of the flow chart reported in Fig. 3 have been considered
in the book. Chapter 2, coordinated by Maria Peressi (University of Trieste, Italy), is devoted to
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the study of structural and electronic properties of semiconductor heterostructures and
nanostructures by ab initio calculations (step (i) in Fig. 3).

The experimental investigation of structural properties (step (iii) in Fig. 3) is provided in
the following chapters: Chapter 4 discussing X-ray diffraction (XRD) (coordinated by
Claudio Ferrari, IMEM-CNR, Parma, Italy); Chapter 5 presenting transmission electron
microscopy (TEM) (coordinated by Laura Lazzarini IMEM-CNR, Parma, Italy); Chapter 9
introducing extended X-ray absorption fine structure (EXAFS) (authored by Federico Boscherini,
University of Bologna, Italy); Chapter 10 dealing with surface-sensitive X-ray techniques and
anomalous scattering (coordinated by Till Metzger, ESRF, Grenoble, France); and Chapter 11
treating the coupled crystallographic and spectroscopic diffraction anomalous fine structure
(DAFS) technique (coordinated by Maria Grazia Proietti, CSIC-Universidad de Zaragoza,
Spain and by Hubert Renevier, CEA Grenoble, France).

The characterization of the nanostructures properties (step (iv) in Fig. 3), is explained
in the following chapters: Chapter 3 for the electrical properties of nanostructures
(coordinated by Anna Cavallini, University of Bologna, Italy); the methods for investigat-
ing the radiative recombination channels of semiconductor nanostructures are discussed in
Chapter 6 (coordinated by Stefano Sanguinetti, Universita Milano II, Italy) and in
Chapter 7 (coordinated by Giancarlo Salviati, IMEM-CNR, Parma, Italy) that are devoted
to photoluminescence and cathodoluminescence spectroscopies, respectively; phonons in
nanostructures are described in Chapter 10 (authored by Daniel Wolverson, University of
Bath, UK), describing Raman spectroscopy; the band discontinuities in semiconductor
heterojunctions are explained in Chapter 12 (authored by Giorgio Margaritondo, EPFL,
Lausanne, Switzerland), where photoelectron spectroscopies are introduced; and last but
not the least, Chapter 13 (coordinated by Andre Stesmans, University of Leuven, Belgium)
deals with the characterization of interfaces and nanolayers in semiconductor
heterostructures by means of electron spin spectroscopy.

By moving from bulk materials down to 2D-, 1D-, and OD-confined heterostructures,
the volume (and thus the number of atoms) forming the active regions in nanostructured
devices is reduced by order of magnitudes. This means that the understanding of the
structural properties of such nanostructures often requires high photon flux techniques
like those exploiting synchrotron radiation sources [150-152]. In fact, synchrotron
radiation has distinct advantages as a photon source, notably high brilliance and con-
tinuous energy spectrum; by using the latter characteristic atomic selectivity can be
obtained and this is of fundamental help to investigate the structural environment of
atoms present only in a few angstroms (A) thick interface layers of heterostructures. The
third-generation synchrotron radiation sources have allowed to reach the limit of
measuring a monolayer of material, corresponding to about 10'* atoms/cm”. Chapters
9-12 describe synchrotron radiation techniques.

5. A key example of multidisciplinarity in nanotechnology: the
atomically defined —-O-Ti—-O-T-0- quantum wires guested
in ETS-10 titanosilicate

The last section of this chapter is devoted do briefly describe an example of a nanoporous

titanosilicate material that, as zeotype, belongs to the class of materials for catalysis. It has
however become rather famous for its nanostructured nature.
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Titanium dioxide colloids have attracted tremendous interest because of their potential
utility in photocatalytic [153—-157], photovoltaic [158,159], and battery [160] applications;
moreover, they exhibit nonlinear optical properties [161]. Also heteroepitaxial technique has
been used to grow TiO, films (see e.g., Refs [162,163]). These interests have strongly
encouraged the study of TiO, nanoparticles [154,156,157,164—174]. Among all these studies,
we mention the studies of Anpo et al., who combined UV-Vis diffuse reflectance spectroscopy,
photoluminescence, X-ray absorption near-edge structure (XANES), and EXAFS to investigate
TiO, nanoclusters hosted inside zeolite Y [156,157]. A blue shift of the energy gap of the TiO,
particle hosted inside the zeolite, with respect to bulk titania, has been observed. These studies
represent examples of semiconductor quantum dots hosted inside the ordered nanovoids of
zeotype materials, acting as inverse template agents. We focus now the attention on the
different case of semiconductor nanowires already present inside the zeolitic framework. The
two great advantages in obtaining the semiconductor quantum wire directly during the synthesis
as part of the framework, with respect to postsynthesis encapsulation inside the voids, are the
elimination of the risks of (i) the formation of a bulk semiconductor segregated phase outside
the zeolitic crystals and (ii) an incomplete filling of the voids, which could result in inhomo-
geneity of the size confinement.

Engelhard titanosilicate ETS-10 is a microporous crystalline material belonging to the
family of Ti-substituted silicates [175]. Owing to the high degree of disorder, and also due
to the presence of two polymorphs, a straightforward structural determination from XRD
was not possible; and Anderson et al. have solved the structure using combined high-
resolution TEM, XRD, solid-state NMR, and molecular modeling techniques [176-178].
They proposed a model where the ETS-10 framework is composed of corner-sharing
[SiO4] tetrahedra and [TiOg] octahedra (Fig. 4(a)) linked through bridging oxygen atoms,
forming 12-membered rings, which give rise to two sets of perpendicular channels having an
elliptical cross-section 7.6 x 49 A (Fig. 4(c)). One of the most important characteristics of
ETS-10 is that the [TiOg] octahedra are linked together with formation of linear ...—O-Ti—
O-Ti—O-Ti—-O-. .. chains (see Fig. 4(b)). Each Ti atom is also linked, in the perpendicular
plane, to four Si atoms through oxygen bridges [176-178] resulting in the 3D structure
shown in Fig. 4(c).

As bulk TiO, is a wide band gap semiconductor [179], E, = 3.02 eV for rutile (see gray curve
in Fig. 4(d)) and 3.18 eV for anatase, the presence of an atomically defined . . . —O-Ti—-O-Ti—O-
Ti-O-... chains, embedded inside a highly insulating siliceous matrix, E,(SiO,) ~ 9eV [180],
implies that ETS-10 can be considered as a 1D quantum wire of atomic definition. This
observation was first in 1997 [33], proving that the confinement of electrons and holes inside
the .. .—O-Ti-O-Ti—O-Ti—O-. .. wires resulted in a blue shift of the energy gap (£, =4.03 eV,
evaluated at the inflection point of the black spectrum in Fig. 4(d)) of (£, =0.85 and 1.01¢eV,
when computed from anatase or from rutile, respectively. The experimental blue shift was
comparable with that predicted by the simple model of a particle confined along the two directions
(xy, in Fig. 4(b)) inside an infinite potential barrier:

h2

AEy =1

=0.84 eV (1)

where £ is the Planck constant (6.6256 x 107*J s), 1~ 2me is the reduced effective mass of the
electron—hole pairs along the wire direction, and d ~ 6.7 A is the wire diameter. Equation (1) has
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Fig. 4. The framework structure of ETS-10 showing chains of corner-sharing [TiO¢] octahedra which
run along two perpendicular directions, and which are isolated by corner-sharing [SiO4] tetrahedra: (a)
single element of the chain; (b) single chain; (c) three-dimensional view. For clarity, extraframework
(charge-balancing) cations are omitted. Ti (black), O (dark gray), Si (light gray). Part (d) reports the
DRS UV-VIS spectrum of ETS-10 (black curve, reported from [33]) compared with that of rutile bulk
(gray curve). The shape of this spectrum reflect the DOS of the unoccupied valence states. The blue shift
of the band gap (AE), with respect to bulk TiOs, is also evidenced.

been written by considering the potential outside the wire infinite and neglecting the exciton
binding energy. Both approximations are well acceptable as the E, of the host SiO, matrix
(=9 ¢eV) is much greater than that of TiO, (= 3 eV), and because of the high dielectric constant
of TiO, (e ~180 [179]): this implies that the exciton binding energy is in the meV range [181].
The oversimplified model that is behind Eq. (1) already gives a qualitative agreement between
the predicted energy shift (AE, = 0.84 ¢V) and the experimental ones (AE, = 0.85 or 1.01 eV).
Subsequently, the band structure of the ...—-O-Ti—-O-Ti-O-Ti-O-... quantum wires
embedded inside ETS-10 has been computed by ab initio periodic models [37,45].

Recently, Yilmaz et al. [182] reported original /-V experiment on a similar titanosilicate
(ETS-4), also characterized by ...—O-Ti—-O-Ti—-O-Ti—O-. .. linear chins, reporting a non-
linear behavior at higher bias voltages. The nonohmic /-V behavior has been explained in
terms of space—charge-limited effect due to the fact that the conduction occurs inside an
atomically defined ...—-O-Ti—O-Ti—O-Ti—-O-. .. quantum wire embedded in an highly insu-
lating SiO, crystalline hosting matrix.

Till now, one of the most promising application of ETS-10 and ETS-4 materials is in the
field of photocatalysis [69,71,183]. The combination of a wide band gap semiconducting
oxide with a 3D 12-membered ring microporous framework offers many potential advantages
in photocatalysis such as excellent diffusion of reactant molecules, trapping and, in particular,
shape selectivity. In the perfect structure, these quantum wires are surrounded by an envelope
of SiO4 groups. These wires are characterized by full (O-based: 2p) valence and empty
(Ti-based: 3d,, and 3d,.) conduction bands [37,45], separated by a band gap of about
4.03 eV, which is slightly higher than that of TiO, (3.2 eV) due to confinement effects.
They can act as an antenna-like system able to collect the light and to form electron—hole
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pairs in the -O-Ti—O-Ti- chain. Like in TiO,, these pairs can recombine or diffuse toward
the wire, to its end, originating a photocatalytic activity. In a perfect crystal, this happens
where the wires emerge on the external surface, but in the real material this can happen also at
internal defects (Ti vacancies). In the cited works [69,183], it has been demonstrated that
there are three main features of the degradation process: (i) the photocatalytic active sites are
titanols located on the external surfaces where the —O-Ti—O-Ti- chain emerge, exposing a
surface Ti—OH titanol group; (ii) the fundamental role in determining the shape selectivity is
played by the channels and channel mouth shape; (iii) both activity and selectivity can be
improved by controlled defect production [69]. As a high selectivity toward the photodegra-
dation of large aromatic molecules has been observed, it has been concluded that molecules
entering the pore system were protected from photodegradation, which occurred on the
external surface. The ETS-10 thus displays a peculiar inverse shape selectivity. The inter-
pretation that the active photocatalytic centers are Ti—-OH species at defective sites agrees
well with the parallel studies by the Howe’s group [184,185], who have shown how a highly
defective proton exchanged sample of ETS-10 was much more active for the gas-phase photo-
oxidation of ethylene than a well-crystalline as-synthesized sample. The local structure of the
actually involved Ti—OH sites and the photochemical mechanism are however still a matter of
debate.

ETS-10 has presented a severe problem for the characterization techniques. It has already
been shown how its structure has been solved by only combining high-resolution TEM, XRD,
solid-state  NMR, and molecular modeling techniques [176-178]. Also the EXAFS
characterization of this material was far from being straightforward. EXAFS spectroscopy
(see Chapter 9) is an important tool for the characterization of new materials, particularly
when an important degree of disorder in the structure prevents the straightforward use of
diffraction techniques, as was the case for ETS-10 [177]. In the first EXAFS results on
ETS-10, Davis et al. [186] performed a single scattering study treating all the first shell
oxygen as equivalent and finding an averaged Ti—O distance of 2.00 & 0.01 A. Subsequently,
Sankar et al. [187] presented a local model for the Ti environment able to reproduce the whole
EXAFS signal, i.e., up to the second Ti and Si shells, whose contributions appear up to about
3.6AinR space. This model is based on the presence of four equivalent Ti—O-Si contributions,
perpendicular to the —Ti—O-Ti—O- chain (characterized by an unique Ti—O distance of 2.02 A),
and two unequivalent Ti—O contributions along the chain, characterized by significantly
different first shell Ti—O distances of 1.71 and 2.11 A [187]. The presence of a short and a
long Ti-O distance along the —Ti—-O-Ti—O- chain is not present in the model proposed by
Wang and Jacobson [188] based on single-crystal diffraction, or in the computational results of
Sankar himself, based on a periodic atomistic approach [187], or in those of Damin et al. [45]
based on a periodic ab initio method. In all the cases, two equivalent axial Ti—O distances are
found at 1.872 A (by Wang and Jacobson [188]), at 1.88 A (by Damin et al. [45]) and at 1.90 A
(atomistic approach by Sankar et al. [187]). Prestipino et al. [189] have been able to analyze
EXAFS and XANES spectra of ETS-10 starting from the periodic ab initio investigation by
Damin et al. [45], and with the single-crystal data (collected on a single polymorph) by Wang
and Jacobson [188].

The example of ETS-10 titanosilicate, chosen to conclude this chapter, is emblematic and
tells us that when the structure and the properties of a nanostructured materials become highly
complex, the synergic use of different structural and nonstructural characterization techniques
properly supported by ad hoc, ab initio simulations becomes a must to fully understand and
exploit the synthesized nanomaterial.



12 Carlo Lamberti

References

[1] L.L. Chang, L. Esaki and R. Tsu, Appl. Phys. Lett., 24 (1974) 593.
[2] H. Sakaki, L.L. Chang, R. Ludeke et al., Appl. Phys. Lett., 31 (1977) 211.
[3] L.L. Chang and L. Esaki, Surf. Sci., 98 (1980) 70.
[4] L. Esaki, IEEE J. Quantum Electron., 22 (1986) 1611.
[5] R. Notzel and K.H. Ploog, Adv. Mater., 5 (1993) 22.
[6] J. Faist, F. Capasso, D.L. Sivco et al., Science, 264 (1994) 553.
[7] P. Bhattacharya, III-V Quantum Wells and Superlattices, INSPEC: London, 1996.
[8] G. Scamarcio, F. Capasso, C. Sirtori et al., Science, 276 (1997) 773.
[9] L. Esaki and L.L. Chang, Phys. Rev. Lett., 33 (1994) 495.
[10] L. Esaki, Nanostructured Mater., 12 (1999) 1.
[11] A. Wacker, Phys. Rep., 357 (2002) 1.
[12] T. Chakraborty and V.M. Apalkov, Adv. Phys., 52 (2003) 455.
[13] R.S. Bauer and G. Margaritondo, Phys. Today, 40 (1987) 27.
[14] F. Capasso and G. Margaritondo, Heterojunction Band Discontinuities: Physics and Device
Applications, North-Holland: Amsterdam, 1987.
[15] G. Margaritondo, Electronic Structure of Semiconductor Heterojunctions, Kluwer: Dordrecht, 1988.
[16] G. Margaritondo, Prog. Surf. Sci., 46 (1994) 275.
[17] G. Margaritondo, Prog. Surf. Sci., 56 (1997) 311.
[18] R. Cingolani and K. Ploog, Adv. Phys., 40 (1991) 535.
[19] G. Khitrova, H.M. Gibbs, F. Jahnke et al., Rev. Mod. Phys., 71 (1999) 1591.
[20] F. Rossi and T. Kuhn, Rev. Mod. Phys., 74 (2002) 895.
[21] C. Lamberti, Surf. Sci. Rep., 53 (2004) 1.
[22] A. Pundt, Adv. Eng. Mater., 6 (2004) 11.
[23] D.V. Louzguine-Lugin and A. Inoue, J. Nanosci. Nanotechnol., 5 (2005) 999.
[24] G.A. Ozin and C. Gil, Chem. Rev., 89 (1989) 1749.
[25] G.A. Ozin, A. Kuperman and A. Stein, Angew. Chem. Int. Ed. Engl., 28 (1989) 359.
[26] J.M. Lehn, Angew. Chem. Int. Ed. Engl., 29 (1990) 1304.
[27] G.A. Ozin, Adv. Mater., 4 (1992) 612.
[28] G.A. Ozin and S. Ozkar, Chem. Mater., 4 (1992) 511.
[29] N. Sabbatini, M. Guardigli and J.M. Lehn, Coord. Chem. Rev., 123 (1993) 201.
[30] J.P. Sauvage, J.P. Collin, J.C. Chambron et al., Chem. Rev., 94 (1994) 993.
[31] V. Balzani, A. Juris, M. Venturi et al., Chem. Rev., 96 (1996) 759.
[32] B. Hasenknopf, J.M. Lehn, B.O. Kneisel et al., Angew. Chem. Int. Ed. Engl., 35 (1996) 1838.
[33] E. Borello, C. Lamberti, S. Bordiga et al., Appl. Phys. Lett., 71 (1997) 2319.
[34] V. Balzani, S. Campagna, G. Denti et al., Accounts Chem. Res., 31 (1998) 26.
[35] P.R. Ashton, V. Balzani, J. Becher et al., J. Am. Chem. Soc., 121 (1999) 3951.
[36] A.K. Cheetham, G. Ferey and T. Loiseau, Angew. Chem. Int. Ed. Engl., 38 (1999) 3268.
[37] S. Bordiga, G.T. Palomino, A. Zecchina et al., J. Chem. Phys., 112 (2000) 3859.
[38] V. Balzani, A. Credi, F.M. Raymo and J.F. Stoddart, Angew. Chem. Int. Ed. Engl., 39 (2000) 3349.
[39] A. Caneschi, D. Gatteschi, N. Lalioti et al., Angew. Chem. Int. Ed. Engl., 40 (2001) 1760.
[40] G. Ferey, Chem. Mater., 13 (2001) 3084.
[41] B.L. Chen, M. Eddaoudi, S.T. Hyde et al., Science, 291 (2001) 1021.
[42] M. Eddaoudi, J. Kim, N. Rosi, et al., Science, 295 (2002) 469.
[43] J.M. Lehn, Science, 295 (2002) 2400.
[44] N.L. Rosi, J. Eckert, M. Eddaoudi et al., Science, 300 (2003) 1127.
[45] A. Damin, F.X. Llabrés i Xamena, C. Lamberti et al., J. Phys. Chem. B, 108 (2004) 1328.
[46] S. Bordiga, C. Lamberti, G. Ricchiardi et al., Chem. Commun. (2004) 2300.
[47] 1.D. Badjic, V. Balzani, A. Credi et al., Science, 303 (2004) 1845.
[48] C. Altavilla, E. Ciliberto, D. Gatteschi and C. Sangregorio, Adv. Mater., 17 (2005) 1084.



Introduction 13

[49] V. Balzani, Small, 1 (2005) 278.

[50] G.A. Ozin and A. Arsenault, Nanochemistry: A Chemical Approach to Nanomaterials, Royal
Society of Chemistry: Cambridge, 2005.

[51] A. Zecchina, S. Bordiga, J.G. Vitillo et al., J. Am. Chem. Soc., 127 (2005) 6361.

[52] C. Prestipino, L. Regli, J.G. Vitillo et al., Chem. Mater., 18 (2006) 1337.

[53] J. Hafizovic, M. Bjorgen, U. Olsbye et al., J. Am. Chem. Soc., 129 (2007) 3612.

[54] V. Balzani, A. Credi and M. Venturi, Nano Today, 2 (2007) 18.

[55] M. Sasaki, M. Osada, N. Sugimoto et al., Microporous Mesoporous Mater., 21 (1998) 597.

[56] P. Van Der Voort, P.I. Ravikovitch, K.P. De Jong et al., Chem. Commun. (2002) 1010.

[57] P. Schwerdtfeger, Angew. Chem. Int. Ed. Engl., 42 (2003) 1892.

[58] A. Zampieri, P. Colombo, G.T.P. Mabande et al., Adv. Mater., 16 (2004) 819.

[59] T.A.R. Nijjhuis, T. Visser and B.M. Weckhuysen, Angew. Chem. Int. Ed. Engl., 44 (2005) 1115.

[60] J.A. van Bokhoven, C. Louis, J.T. Miller et al., Angew. Chem. Int. Ed. Engl., 45 (2006) 4651.

[61] J.G. Mesu, T. Visser, A.M. Beale et al., Chem. Eur. J., 12 (2006) 7167.

[62] K.C. Szeto, K.P. Lillerud, M. Tilset et al., J. Phys. Chem. B, 110 (2006) 21509.

[63] K.C. Szeto, C. Prestipino, C. Lamberti et al., Chem. Mater., 19 (2007) 211.

[64] N. Weiher, A.M. Beesley, N. Tsapatsaris et al., J. Am. Chem. Soc., 129 (2007) 2240.

[65] A. Zecchina, E. Groppo and S. Bordiga, Chem.-Eur. J., 13 (2007) 2440.

[66] J.A. Byrne, A. Davidson, P.S.M. Dunlop and B.R. Eggins, J. Photochem. Photobiol. A-Chem.,
148 (2002) 365.

[67] Z.G. Zou, J.H. Ye and H. Arakawa, J. Phys. Chem. B, 106 (2002) 13098.

[68] T.T.Y. Tan, M. Zaw, D. Beydoun and R. Amal, J. Nanopart. Res., 4 (2002) 541.

[69] F.X. Llabrés i Xamena, P. Calza, C. Lamberti et al., J. Am. Chem. Soc., 125 (2003) 2264.

[70] S. Takabayashi, R. Nakamura and Y. Nakato, J. Photochem. Photobiol. A-Chem., 166 (2004) 107.

[71] S. Usseglio, P. Calza, A. Damin et al., Chem. Mater., 18 (2006) 3412.

[72] S. Usseglio, A. Damin, D. Scarano et al., J. Am. Chem. Soc., 129 (2007) 2822.

[73] B. Muktha, G. Madras, T.N.G. Row et al., J. Phys. Chem. B, 111 (2007) 7994.

[74] C. Allen, D. Maysinger and A. Eisenberg, Colloid Surf. B-Biointerfaces, 16 (1999) 3.

[75] H. Kawaguchi, Prog. Polym. Sci., 25 (2000) 1171.

[76] A. Rosler, G.W.M. Vandermeulen and H.A. Klok, Adv. Drug Deliv. Rev., 53 (2001) 95.

[77] L.G. Loscertales, A. Barrero, I. Guerrero et al., Science, 295 (2002) 1695.

[78] R. Gasparac, P. Kohli, M.O. Mota et al., Nano Lett., 4 (2004) 513.

[79] D. Moinard-Checot, Y. Chevalier, S. Briancon et al., J. Nanosci. Nanotechnol., 6 (2006) 2664.

[80] S. Moritake, S. Taira, Y. Ichiyanagi et al., J. Nanosci. Nanotechnol., 7 (2007) 937.

[81] B. Xiao, P.S. Wheatley, X.B. Zhao et al., J. Am. Chem. Soc., 129 (2007) 1203.

[82] S.J. Tans, A.R.M. Verschueren and C. Dekker, Nature, 393 (1998) 49.

[83] J.K. Gimzewski and C. Joachim, Science, 283 (1999) 1683.

[84] M.C. Hersam, N.P. Guisinger and J.W. Lyding, Nanotechnology, 11 (2000) 70.

[85] J.H. Schon, H. Meng and Z. Bao, Nature, 413 (2001) 713.

[86] M. Cavallini, F. Biscarini, J. Gomez-Segura et al., Nano Lett., 3 (2003) 1527.

[87] S.W. Hla and K.H. Rieder, Annu. Rev. Phys. Chem., 54 (2003) 307.

[88] A. Bruckbauer, D.J. Zhou, L.M. Ying et al., J. Am. Chem. Soc., 125 (2003) 9834.

[89] J.D. Aiken and R.G. Finke, J. Mol. Catal. A-Chem., 145 (1999) 1.

[90] M. Haruta and M. Date, Appl. Catal. A-Gen., 222 (2001) 427.

[91] R.M. Crooks, M.Q. Zhao, L. Sun et al., Accounts Chem. Res., 34 (2001) 181.

[92] M.C. Daniel and D. Astruc, Chem. Rev., 104 (2004) 293.

[93] M.E. Davis and R.F. Lobo, Chem. Mater., 4 (1992) 756.

[94] B. Notari, Adv. Catal., 41 (1996) 253.

[95] D. Barthomeuf, Catal. Rev. Sci. Eng., 38 (1996) 521.

[96] S. Kitagawa and M. Kondo, Bull. Chem. Soc. Jpn., 71 (1998) 1739.

[97] K. Ploog, Angew. Chem. Int. Ed. Engl., 27 (1988) 593.



14 Carlo Lamberti

[98] T. Wang, E.H. Reihlen, H.R. Jen and G.B. Stringfellow, J. Appl. Phys., 66 (1989) 5376.
[99] M. Ozeki, N. Ohtsuka, Y. Sakuma and K. Kodama, J. Cryst. Growth, 107 (1991) 102.

[100] J. Hergeth, D. Griitzmacher, F. Reinhardt and P. Balk, J. Cryst. Growth, 107 (1991) 537.

[101] A. Antolini, P.J. Bradley, C. Cacciatore et al., J. Electron. Mater., 21 (1992) 233.

[102] F. Genova, A. Antolini, L. Francesio et al., J. Cryst. Growth, 120 (1992) 333.

[103] A. Antolini, L. Francesio, L. Gastaldi et al., J. Cryst. Growth, 127 (1993) 189.

[104] K. Streubel, J. Wallin, G. Landgren et al., J. Cryst. Growth, 143 (1994) 7.

[105] M. Heuken, J. Cryst. Growth, 146 (1995) 570.

[106] C.T. Hsu, Thin Solid Films, 335 (1998) 284.

[107] Y. Luo, D. Slater, M. Han et al., Langmuir, 14 (1998) 1493.

[108] N. Georgiev and T. Mozume, Appl. Phys. Lett., 75 (1999) 2371.

[109] P.B. Joyce, T.J. Krzyzewski, G.R. Bell et al., Phys. Rev. B, 62 (2000) 10891.

[110] P. Masri, Surf. Sci. Rep., 48 (2002) 1.

[111] T. Kingetsu and M. Yamamoto, Surf. Sci. Rep., 45 (2002) 79.

[112] J.R. Arthur, Surf. Sci., 500 (2002) 189.

[113] J. Shen and J. Kirschenr, Surf. Sci., 500 (2002) 300.

[114] R. Notzel, N.N. Ledentsov, L. Daweritz et al., Phys. Rev. B, 45 (1992) 3507.

[115] E. Kapon, Proc. IEEE, 80 (1992) 398.

[116] S. Mann and G.A. Ozin, Nature, 382 (1996) 313.

[117] V.A. Shchukin and D. Bimberg, Rev. Mod. Phys., 71 (1999) 1125.

[118] K. Acobi, Prog. Surf. Sci., 71 (2003) 185.

[119] J. Roncali, Chem. Rev., 92 (1992) 711.

[120] A. Ulman, Chem. Rev., 96 (1996) 1533.

[121] T.H. Fang, C.I. Weng and J.G. Chang, Nanotechnology, 11 (2000) 181.

[122] D. Wouters and U.S. Schubert, Angew. Chem.-Int. Ed, 43 (2004) 2480.

[123] J. Loos, Adv. Mater., 17 (2005) 1821.

[124] H. Yang, N. Coombs and G.A. Ozin, Nature, 386 (1997) 692.

[125] R.P. Andres, T. Bein, M. Dorogi et al., Science, 272 (1996) 1323.

[126] O. Dag, G.A. Ozin, H. Yang et al., Adv. Mater., 11 (1999) 474.

[127] V.A. Shchukin and D. Bimberg, Rev. Mod. Phys., 71 (1999) 1125.

[128] P. Politi, G. Grenet, A. Marty et al., Phys. Rep.-Rev. Sec. Phys. Lett., 324 (2000) 271.

[129] N.N. Ledentsov, M. Grundmann, F. Heinrichsdorff et al., IEEE J. Sel. Top. Quantum Electron.,

6 (2000) 439.

[130] D. Bimberg and N. Ledentsov, J. Phys.: Condens. Matter, 15 (2003) R1063.

[131] P. Bhattacharya, S. Ghosh and A.D. Stiff-Roberts, Annu. Rev. Mater. Res., 34 (2004) 1.

[132] T. Bein, ACS Symp. Ser., 499 (1992) 274.

[133] O. Dag, A. Kuperman and G.A. Ozin, Adv. Mater., 6 (1994) 147.

[134] K. Moller and T. Bein, Chem. Mater., 10 (1998) 2950.

[135] D. Griitzmacher, R. Mayer, M. Zachau et al., J. Cryst. Growth, 93 (1988) 382.

[136] D. Griitzmacher, J. Cryst. Growth, 107 (1991) 520.

[137] R.G. Vansilfhout, J.F. Vanderveen, S. Ferrer and C. Norris, Surf. Sci., 264 (1992) 281.

[138] S.H. Tolbert and A.P. Alivisatos, Annu. Rev. Phys. Chem., 46 (1995) 595.

[139] V.H. Etgens, R.M. RibeiroTeixeira, P.M. Mors et al., Europhys. Lett., 36 (1996) 271.

[140] D.P. Woodruff, Surf. Sci., 500 (2002) 147.

[141] S. Ferrer and Y. Petroff, Surf. Sci., 500 (2002) 605.

[142] C.T. Williams and D.A. Beattie, Surf. Sci., 500 (2002) 545.

[143] C.J. Hirschmugl, Surf. Sci., 500 (2002) 577.

[144] P. Jensen, Rev. Mod. Phys., 71 (1999) 1695.

[145] A.N. Shipway, E. Katz and I. Willner, Chem. Phys. Chem., 1 (2000) 18.

[146] Y.N. Xia, P.D. Yang, Y.G. Sun et al., Adv. Mater., 15 (2003) 353.

[147] M. Law, J. Goldberger and P.D. Yang, Annu. Rev. Mater. Res., 34 (2004) 83.



Introduction 15

[148] J. Stangl, V. Holy and G. Bauer, Rev. Mod. Phys., 76 (2004) 725.

[149] J.V. Barth, G. Costantini and K. Kern, Nature, 437 (2005) 671.

[150] G. Margaritondo, Introduction to Synchrotron Radiation, Oxford: New York, 1988.

[151] G. Margaritondo, Rivista Del Nuovo Cimento, 18 (1995) 1.

[152] G. Margaritondo, Surf. Rev. Lett., 7 (2000) 379.

[153] A.L. Linsebigler, G.Q. Lu and J.T. Yates, Chem. Rev., 95 (1995) 735.

[154] M. Anpo, N. Aikawa, Y. Kubokawa et al., J. Phys. Chem., 89 (1985) 5017.

[155] H. Yamashita, Y. Ichihashi, M. Harada et al., J. Catal., 158 (1996) 97.

[156] H. Yamashita, Y. Ichihashi, M. Anpo et al., J. Phys. Chem., 100 (1996) 16041.

[157] M. Anpo, H. Yamashita, Y. Ichihashi et al., J. Phys. Chem. B, 101 (1997) 2632.

[158] Y.I. Kim, S.W. Keller, J.S. Krueger et al., J. Phys. Chem. B, 101 (1997) 2491.

[159] P.V. Kamat, Chem. Rev., 93 (1993) 267.

[160] S.Y. Huang, L. Kavan, I. Exnar and M. Gratzel, J. Electrochem. Soc., 142 (1995) L142.

[161] R.F. Khairutdinov, Uspekhi Khimii, 67 (1998) 125.

[162] D.R. Burgess, P.A.M. Hotsenpiller, T.J. Anderson and J.L. Hohman, J. Cryst. Growth, 166 (1996)
763.

[163] P.A. Morris Hotsenpiller, G.A. Wilson, A. Roshko et al., J. Cryst. Growth, 166 (1996) 779.

[164] D. Duonghong, J. Ramsden and M. Graetzel, J. Am. Chem. Soc., 104 (1982) 2977.

[165] R.F. Howe and M. Gratzel, J. Phys. Chem., 89 (1985) 4495.

[166] I. Bedja and P.V. Kamat, J. Phys. Chem., 99 (1995) 9182.

[167] B.I. Lemon and J.T. Hupp, J. Phys. Chem., 100 (1996) 14578.

[168] N. Serpone, D. Lawless, R. Khairutdinov and E. Pelizzetti, J. Phys. Chem., 99 (1995) 16655.

[169] E. Joselevich and I. Willner, J. Phys. Chem., 98 (1994) 7628.

[170] C. Kormann, D.W. Bahnemann and M.R. Hoffmann, J. Phys. Chem., 92 (1988) 5196.

[171] L. Kavan, T. Stoto, M. Gratzel et al., J. Phys. Chem., 97 (1993) 9493.

[172] W.Y. Choi, A. Termin and M.R. Hoffmann, J. Phys. Chem., 98 (1994) 13669.

[173] M. Anpo, T. Shima, S. Kodama and Y. Kubokawa, J. Phys. Chem., 91 (1987) 4305.

[174] N. Serpone, D. Lawless and R. Khairutdinov, J. Phys. Chem., 99 (1995) 16646.

[175] M. Kuznicki US patent, 4853202, 1989.

[176] M.W. Anderson, O. Terasaki, T. Ohsuna et al., Nature, 367 (1994) 347.

[177] M.W. Anderson, O. Terasaki, T. Ohsuna et al., Philos. Mag. B, 71 (1995) 813.

[178] T. Ohsuna, O. Terasaki, D. Watanabe et al., Stud. Surf. Sci. Catal., 84 (1994) 413.

[179] F.A. Grant, Rev. Mod. Phys., 31 (1959) 646.

[180] S.M. Sze, Physics of Semiconductor Devices, John Wiley and Sons: New York, 1981.

[181] J. Pascual, J. Camassel and H. Mathieu, Phys. Rev. B, 18 (1978) 5606.

[182] B. Yilmaz, A. Sacco and J.D. Deng, Appl. Phys. Lett., 90 (2007) Art. No. 152101.

[183] P. Calza, C. Paze, E. Pelizzetti and A. Zecchina, Chem. Commun., (2001) 2130.

[184] R.F. Howe and Y.K. Krisnandi, Chem. Commun. (2001) 1588.

[185] Y.K. Krisnandi, P.D. Southon, A.A. Adesina and R.F. Howe, Int. J. Photoenergy, 5 (2003) 131.

[186] R.J. Davis, Z. Liu, J.E. Tabora and W.S. Wieland, Catal. Lett., 34 (1995) 101.

[187] G. Sankar, R.G. Bell, J.M. Thomas et al., J. Phys. Chem., 100 (1996) 449.

[188] X.Q. Wang and A.J. Jacobson, Chem. Commun. (1999) 973.

[189] C. Prestipino, P.L. Solari and C. Lamberti, J. Phys. Chem. B, 109 (2005) 13132.








