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Preface

Initially, the field of composite materials concerns essentially the aerospace industry
and other engineering applications. Due to their good mechanical characteristics in
terms of stiffness and strength coupled with mass-saving advantage and other attrac-
tive physico-chemical properties, their use is seen to be growing rapidly and now ex-
tends in a wide range of various fields among them: medicine and nanotechnology.
Some imaginable techniques towards the application of nanotechnology in medicine
have become realities, where significant progress has been made in recent years. Other
research studies including “innovative techniques” are still in their various stages of
development.

For instance, in orthopedic and stomatological applications, implants of repair and re-
construction of bones made of composite materials have been produced with similar
properties to the real bones. Some of these composite bone grafts are now implanted
in the skeletal system of human body. In addition, dental amalgams for dental fill-
ing used before to repair tooth structure using a mixture of mercury, silver and other
metals are now replaced by composite materials (ceramic and synthetic resin): a new
challenge in the field of aesthetic dentistry. Furthermore, important scientific advances
in the field of liposomes as drug carriers and medical stents using composite materials
were carried out successfully in various research laboratories. Their beneficial impact
on the human being will be proved in the coming years.

Much of the book focuses on advanced activities and results conducted within the field
of nanotechnology and related materials. These results are obtained using theoretical
and/or experimental methods. In addition, the confidence in the developed theories
is established by a simple comparison of results. The resulting discrepancy provides
information on tolerance data before undergoing rigorous qualification tests on the
material, process and product. On the other hand, the assessment and optimization of
material characteristics will lead to select the right and safe nano-material for use in
specific applications such as electronics, mechanics, optics, biology, chemistry, and so
on. Some examples, aiming to design and produce new devices, are presented in this
book. However, results are achieved when multidisciplinary approaches are involved.

But taking into account ethical and ecological considerations, researchers and scien-
tists involved with use of composite materials in medicine applications and/or nano-
technology are strongly encouraged to integrate health and environmental aspects in
the analysis and design of a new composite product development, providing then a
better assessment of health and environmental performances. In addition, adopting
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the strategy of ecodesign with the object to green products can also contribute to
the enhancement of human well-being and living conditions for present and future
generations.

Given the importance of the two key disciplines (i.e., medicine and nano-technology),
the material published in this book has been grouped into two main parts, for which
the 24 chapters composing the book have been divided into the following parts:

. Medicine, dental and pharmaceutical applications: research was focused on the
use of bio-composites for bone cancer treatments, bone grafts, artificial prostheses, to
replace or repair tissues in the human body (i.e., medical stents), dental fillers and pros-
thetic dentistry. Recent studies with liposomes (nano-spherical vesicles) as drug carri-
ers are presented.

. Nanocomposites for energy efficiency: investigations were undertaken on renew-
able energy techniques to achieve clean and high energy conversion efficiency using
photovotaic cells, solar cells, nanoparticles, nanowires, nanotubes, nanofibers and
nano-porous materials for hydrogen storage.

o Characterization and fabrication: studies were conducted on mechanical charac-
terization of plasma and coating to sustain stress and corrosion, to lock radiation and
on the production of nanocarbon materials.

With the collaboration of all authors in their best research work, I am very pleased
to have this opportunity to edit this important book, opening a new challenge in the
world of composite materials and the achieved advancements of specialists in their
respective areas of research in medicine and nanotechnology.

I'would like to thank the authors of the chapters of this book for their remarkable con-
tributions in their areas of expertise and I genuinely appreciate the resulting synergy
between theory and practice coming from all around the world. Without this rich vari-
ety of contributions, the existence of the Book titled “Advances in Composite Materials for
Medicine and Nanotechnology” would not have been possible.

I also wish to acknowledge the help given by InTech Open Access Publisher staff, in
particular Ivana Lorkovi¢ for her assistance and support.

January 2011
Dr Brahim Attaf

Marseille,
France
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Advances in Collagen/Hydroxyapatite
Composite Materials

Anton Ficai, Ecaterina Andronescu, Georgeta Voicu and Denisa Ficai
Politehnica University of Bucharest, Faculty of Applied Chemistry and Materials Science
Romania

1. Introduction

The annually necessary human bone grafts are in continuous grown due to the increasing of
fractals, congenital and non-congenital diseases. Based on statistical reports (Murugan and
Ramakrishna 2005), only in USA about 6.3 million fractures occur every year and about
550.000 of these require bone grafting. The most frequently fractures occur at the level of
hip, ankle, tibia and fibula. Due to the higher physical effort, the men are more exposed to
fracture than women (2.8% in the case of men comparing to 2.0% in the case of women). The
number of fractures increases year by year and consequently many researchers from
different research fields co-operate in order to develop new bone graft materials. Also, it is
important to mention that, in the present, the bone diseases are overlapped only by hearth
diseases.

The history of bone grafting is starting in 1913 when Dr. D.E. Robertson assays a piece of
cat’s bone and a piece of human bone for bone grafting into dogs (Gallie and Toronto 1914).
The microscopic analysis of implanted graft after 20 days shows that the space between graft
and living bone is filled with new cancellous bone. These early works made the premises for
the development of the bone grafts.

Due to the increasing of the necessarily bone grafts, autografts and allografts can not cover
the overall need of bone grafts. For compensate this gap, artificial (synthetic) grafts are
necessary and, consequently used. The use of synthetic grafts has some advantages versus
allografts, autografts and xenografts: the possibility to obtain unlimited number/quantity of
synthetic grafts, more safety use of artificial bone grafts without disease transmission risk,
pain limitation by elimination of some secondary surgical intervention.

The need of bone grafts materials lead to the synthesis of many kind of materials with
different properties. Function of the nature of these materials and the relation between these
grafts and the host tissue, these materials can be divided into 4 generations (Fig. 1).

The components of the first generation of bone grafting biomaterials have remarkable
mechanical properties but they are neither bioresorbable nor bioactive. More than, the use of
these kind of bone grafts have limited lifetime (usually less than 10-15 years) and need to be
extracted and replaced surgically. Some of the most representative biomaterials from the
first generation of bone grafting biomaterials are: the iron, cobalt, chromium, titan or their
alloys: steel (especially 316 L), cobalt or titan based alloys (Corces 2002; Corces and Garcia
2007) etc.
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Fig. 1. Biomaterials evolution in the field of bone grafting

The components of the second generation of bone grafting biomaterials are at least
bioresorbable or bioactive and they do not require to be replaced in time. The most
representative biomaterials from the second generation of bone grafting biomaterials are:
calcium phosphates (especially hydroxyapatite and tricalcium phosphate), the bioglasses
(Hench et al. 2004), alumina (Sedel et al. 1994); zirconia (Clarke et al. 2003) and the following
polymers: poly e-caprolactone (Olah et al. 2007), polyurethanes (Bonzani et al. 2007 ;
Guelcher et al. 2004) etc.

The components of the third generation of bone grafting biomaterials are both bioresorbable
and bioactive and have superior properties. It has to mention that these biomaterials present
higher specific properties than the first two generations of bone graft materials and short
time after implantation these materials are resorbed and in time, in the place of the bone
graft the new bone is formed. The properties of these (nano)composite materials is strongly
influenced by the nature of components, the composition and the morphology. That is why
many researchers tried to obtain not only compositional similitude with natural bones from
mineralogical and morphological point of view. The most representative biomaterials of the
third generation of bone grafting biomaterials are: (nano)hydroxyapatite/collagen (Wahl
and Czernuszka 2006), (nano)hydroxyapatite/collagen/hyaluronic acid (Bakos et al. 1999),
hydroxyapatite/poly-L-lactic acid (Kesenci et al. 2000), hydroxyapatite/chitosan (Wang and
Li 2007).

The fourth generation of bone grafting biomaterials is similar with the third generation
materials but improved by the presence of bonny cells, growth factors, bone morphogenetic
proteins etc.

One of the most important characteristic of bone grafts materials is the osteointegration. The
osteointegration (and also osteoconductivity) of the grafts is related to the degree of porosity
and pore size (applicable especially to the last three generation of bone grafting
biomaterials) (Develioglu et al. 2005). Based on the literature data and also based on the size
of osteoblasts (which vary up to 20-25 pm) (Chang et al. 2000; Develioglu et al. 2005;
Gauthier et al. 1998) the optimum pore size was found to be 50-550pm.

The natural bones contain mainly collagen and hydroxyapatite. That is the reason because
many researchers try to understand and obtain (nano)hydroxyapatite/collagen composite
for hard tissue repairing. The composition of bones varies function of many factors such as:
specie, sex, age, bone type, location etc.. The relative composition of bone is presented in the
Table 1, while the most important biomedical properties of the bones are presented in
Table2. The in vivo bone biosynthesis is controlled by many factors such as: BMP (bone
morphogenetic proteins) (Abe et al. 2000), transforming growth factors (Tashjian et al. 1985),
cytokines (de Vernejoul et al. 1993 ), hormones (Bollerslev et al. 1991 ; De Vernejoul et al.
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1990; Hock and Gera 1992), transcription factors (Cui et al. 2003; Ogawa et al. 2000),

adhesion molecules (Miyake et al. 1991) and so on.

Components wt %

Mineral phase

Hydroxyapatite 60-66

Carbonate

(mostly as carbonated hydroxyapatite) | ~4

Citrate ~09

Na+ ~07

Mg2+ ~05

Others Traces

Organic phase

Collagen 20-25

Non-collagenous proteins: 2-3

(osteocalcin, osteonectin, osteopontin,

sialoprotein, BMP)

Others: Traces

(polysaccharides, lipids, cytokines)

Water 8-9

Table 1. The composition of healthy bone
Cortical Cancellous
Property Bone Bone

Young's (Tensile) Modulus (GPa) 7-30 0.05-0.5
Compresive strength (MPa) 100-230 2-12
Flexural Strength (MPa) 50-150 10-20
Fracture toughness (MPa m'/2) 2-12 0.1
Strain to failure 1-3 5-7
Apparent density (g/cm3) 1.8-2.0 0.1-1.0
Surface area/volume ratio (mm2/mm3) | 2.5 20

Table 2. Biomechanical properties of healthy bone

Bone formation and remodelation is controlled by many factors: physical, chemical,
hormonal, growth factors, and anti-mineralization agents (Karsenty 2000; Karsenty et al.

2009; Wallach et al. 1989). The bone tissue piezoelectricity is the key element which assists
the bone formation, remodelation and growth, especially in the early stages of the bone
formation and. The piezoelectricity of the bone is due, among the rests, due to the bone
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tissue anisotropy. The main elements which induce the anisotropy of the collagen based
structures are: the anisotropy of the collagen molecules themselves and the anisotropy of
collagen fibrils and fibres as well as the oriented morphology of the fibrils and fibres
disposed in the isotropic extrafibrillar space (Hellmich et al. 2004).

Trying to obtain such composite with same composition and structure with the natural
bone, the researchers elaborated many synthesis methods (Wahl and Czernuszka 2006) such
as: in vitro collagen mineralization (Lawson and Czernuszka 1998), thermally - triggered
assembly of hydroxyapatite/collagen gels (Pederson et al. 2003), vacuum infiltration of
collagen into a ceramic matrix (Werner et al. 2002), enzymatic mineralization of collagen
sheets (Yamauchi et al. 2004), freeze drying and supercritical point drying (Pompe et al.
2001), biomimetic synthesis (Li and Chang 2008).

One of the most promising bone graft material seems to be the
collagen/nanohydroxyapatite composite (Li et al. 2006) due to its very good compositional
and structural similarity with natural bone (Yunoki et al. 2007; Yunoki et al. 2006). The role
of each component is not very well known. It is generally accepted that mineral phase,
mainly containing hydroxyapatite, provide toughness and rigidity while the organic matrix
provide tensile strength and flexibility of bone. In composite materials, collagen and
hydroxyapatite play the same roles as they play in natural bone.

The mineral phase is deposited on the organic phase through electrostatic interactions
between the carboxyl groups from collagen and Ca2* from hydroxyapatite, but there is no
unison about the mineralization sites. Many researchers assert that hydroxyapatite is
deposited only onto the non-collagenous proteins and citrate anions (Rhee and Tanaka 1998)
while others assert that mineralization occurs also on the pure collagen (Lin et al. 2004;
Zhang et al. 2003). It is well known that materials properties are influenced not only by
composition but also by morphology. This is the reason because even for similar
composition of many bones their properties differ very much. Starting from these
hypothesis, scientists tried to improve or induce new properties of the COLL/HA composite
materials by addition of third component (or even more components) or by inducing
different morphology. The influence of the morphology can be easily marked out by
comparing the mechanical properties of compact and cancellous bone (Table 2) (Hench and
Wilson 1993).

Collagen mineralization occurs due to the interactions which appear between collagenous
structures and hydroxyapatite nanocrystals. In fact, these interactions occur between
carboxylate groups and Ca?* cations and can be illustrated as presented in Fig. 2. This
hypothesis is supported by FTIR data and was explained based on the spectral shifts of C-O
and C=0 bands in pure collagen and COLL/HA composites (Ficai et al. 2009a).

fP .fg + HA J’JD
—C,_ == —C. —= —C__ =
= 0 O CayFO,L0H
Carboxylate "mezomeric" stahilized
anion farmm carboxylate ion
I 11

Fig. 2. Mezomeric form stabilization of carboxylate group due to mineralization
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As a result of these interactions, hydroxyapatite particles are preferentially deposited onto
the collagenous support forming so-called nucleation centers. Once formed, the nucleation
centers increase and can lead even to the formation of a thin film. If the amount of deposited
HA is low enough, the mineralization centers can be visualized by scanning electron
microscopy (Fig. 3).

18-Jul-07 10002 WD13.2mm 15.0kV 5.0k 10um

Fig. 3. The SEM micrograph of mineralized collagen fibres

In order to obtain good bone substitutes, researchers have to understand the biosynthesis of
natural bone and to control some parameters such as composition, hydroxyapatite shape
and size, collagen fibrils and hydroxyapatite blade orientation.

The synthesis of COLL/HA composite materials with different porosity/density is very
important in order to obtain materials with tailored properties. COLL/HA composite
materials with tailored ceramic properties can be easily obtained by combining the
controlled air drying with freeze drying. The controlled air drying followed by freeze drying
can be easily used for the synthesis of COLL/HA composite materials with any
composition. In this scope, the wet composite materials are let, under controlled atmosphere
for certain time (controlled temperature and humidity) followed by a final drying, realized
by freeze drying. The use of mixed drying method (controlled air drying combined with
freeze drying) is technically easy to control and economically sustainable. The ceramic
properties of the COLL/HA composite materials can be easily controlled by the air drying
step conditions (especially drying time); the longer controlled air drying time lead to
composite materials with lower porosity and increasing density.

Scanning electron microscopy can be used for qualitative analysis of these materials
obtained by controlled air drying followed by freeze drying (Fig. 4). Analysing the SEM
images of the materials obtained by air drying (increasing drying time) followed by freeze
drying it is stand out a mile that the increasing air drying lead to denser materials.
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air drying Oh followed by freeze drying

air drying 48h followed by freeze drying

Sl e

Fig. 4. SEM images of COLL/HA composite materials obtained by controlled air drying (0,
48 and 199h) followed by freeze drying
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air drying time, h

g/cm3

dens

Fig. 5. Ceramic properties of the three series of COLL/HA composite materials versus air
drying time

It has to mention that during the air drying process, simultaneous with the water
evaporation the morpho-structural restructuring of the composite happened which leads to

more compact materials, the density of the COLL/HA composite materials being 0.15-
1.6g/cm? while the open porosity 25-95% (Fig. 5). As a general rule, the density of the
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composite materials increases with the increase of the air drying time. This method is very
useful because allow to tailor the ceramic properties of the materials without modify the
composition.

The orientation of collagen/hydroxyapatite composite is induced by the mutual interaction
between collagen and hydroxyapatite in aqueous solutions. For better orientation, it is
possible to use electric and / or magnetic field. Cunyou Wu and co-workers (Wu et al. 2007)
report unidirectional oriented hydroxyapatite/ collagen composite using 10 T magnetic field
starting from calcium containing collagen solution and phosphate solution at 37 °C. If
magnetic field is imposed, perpendicularly to the rotation axis, unidirectional oriented
collagen fibrils and hydroxyapatite crystals have obtained due to their magnetic
susceptibility anisotropy (Hellmich et al. 2004).

Due to the importance of these composite materials thousands of papers and many
comprehensive reviews are published yearly. Some of the most comprehensive reviews
about bones and bone grafts materials based on collagen and/or hydroxyapatite were
published in the last years by Cui at al (Cui et al. 2007), Dorozhkin (Dorozhkin 2009),
Murugan and Ramakrishna (Murugan and Ramakrishna 2005) and by Wahl and
Czernuszka (Wahl and Czernuszka 2006).

Some of the most recent advances in the field of COLL/HA composite materials are
systematically presented below.

2. The influence of organic and inorganic species on the COLL/HA composite
materials

Recent studies made by Ficai et al. (Ficai et al. 2010b; Ficai et al. 2010e) reveal the influences
of the PVA, denaturated collagen (hydrolysate collagen and ionic species on the
collagen/hydroxyapatite composite materials. These works are essential because neither in
vitro nor in vivo mineralization is readily understood, and the synthesis of materials that
mimic the characteristics of bone has not been previously accomplished.

The properties of COLL/HA composite materials can be tailored by addition of different
organic or inorganic components; well studied in the literature being that ions which
naturally occur in natural bone: citrate, fluoride, chloride, carbonate, magnesium or some
ions which accidentally occur in natural bones and, usual is responsible for different
diseases (Pb2*, Sr2* etc.).

The synthesis of complex COLL/HA composite materials which also contain PHA, collagen
hydrolysate or other ionic species than calcium and phosphate were synthesized by co-
precipitation of hydroxyapatite on collagenous matrices (Ficai et al. 2009b). The
mineralization process consisted of two successive stages. In the first stage, a Ca(OH),
suspension was added drop-wise and allowed to interact for 24 h. In the second stage, a
stoichiometric quantity of NaH»PO, solution was added drop-wise. The quantities of
collagen matrix and HA precursors were used at a ratio of 1:4. After the hydroxyapatite
precursors were added, the pH was adjusted to 9 using a solution of NaOH, in order to
assure brushite-free HA precipitation. During the synthesis and drying of the composite
material, the temperature was maintained at approximately 37 °C.

To study the effect of the citrate ions on the mineralization process, the collagen matrices
were dipped into a dilute citrate solution (5 %o) for 30 minutes and then mineralized as
presented above. Upon completion of this process, the resulting materials were analyzed.
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In this chapter, two collagenous matrices that contained 5% and 70% of the hydrolysate
were mineralized following the aforementioned procedure. The COLL/PVA and COLL-
PVA/HA hybrid materials were obtained starting from collagen gel and PVA solution, the
mixing ration being COLL:PVA = 1:2. the as obtained gel was than mineralized as presented
above.

In order to obtain fluoride-substituted hydroxyapatite, a modified mineralization method
was used. For this purpose, in the second stage of mineralization, a corresponding amount
of NaF was added to the phosphate solution to assure the transformation of
5%hydroxyapatite into fluoroapatite.

In order to design COLL/HA composite materials and to obtain a bone-like morphology, it
is important to understand the influence of each component on the morphology of the
material.

The influence of the collagen hydrolysate, PVA and ionic species were analyzed by XRD,
FTIR and SEM (-EDS) from the point of view of composition and morphology. The synthetic
conditions and characteristics of the resulting hydroxyapatite were strongly influenced by

the organic support.
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Fig. 6. XRD patterns of different collagen/hydroxyapatite-based composite materials:

A. mineralized cross-linked matrix (glutaraldehyde, 1%); B. mineralized cross-linked matrix
(glutaraldehyde, 1%), the mineralization occurs in the presence of F- (5 % (molar) reported to
HA); C. mineralized hydrolysate-enriched collagen matrix; and D. crystalline HA (ASTM 74-

5966)
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X-ray diffraction patterns (Fig. 6) were recorded in order to confirm the synthesis of
hydroxyapatite and for the qualitative estimation of preferred crystallization directions. In
the XRD diffraction pattern of citrate-enriched COLL/HA composite materials, no
difference was observed when compared to COLL/HA or COLL-PVA/HA (Ficai et al.
2010e). The diffraction patterns of citrate-enriched COLL/HA and COLL-PVA/HA are not
presented herein, as the results were similar to the diffractogram of pure COLL/HA
composite materials presented in Fig. 6A.

The results of the four diffractograms lead to the conclusion that the organic phase
composition and the presence of ionic species greatly influences the mineralization process.
From the comparison of the diffractograms displayed in Fig. 6A and C, it can be observed
that hydrolysate induced a preferred direction for the growth of HA [210] and that the other
crystalline phases exhibited approximately the same intensity.

The presence of F- had a strong influence on apatite crystallization (Fig. 6B). Among all of
the crystallization directions, only a few were characteristic of partially substituted apatite
(Cas(PO4)30H1+Fx) and were present at a relevant intensity: [121], [100], [210] and [222].
Additionally, no other fluoride salts could be identified from the diffractograms. The main
crystallization directions presented in crystalline HA (ASTM 74-5966) are presented in Fig.
6D.

Scanning electron microscopy was employed in order to study the morphology of the
composite materials.

SEM images were recorded at different magnifications as a function of the morphology of
each composite and the size of the deposited HA particle (Fig. 7). The morphology of the
hydroxyapatite varied and was dependent on the collagenous support and on the presence
of different ionic species.

In order to understand the influence of different collagen-based supports and ionic species
on the morphology of COLL/HA composite materials, all data were compared to the
morphology of pure COLL/HA composite materials (Fig. 7D).

After the mineralization of a pure collagen matrix, a homogenous HA deposition was
observed. In mineralized hydrolysate-enriched matrices, the morphology was dependent on
the hydrolysate content (Fig. 7A and B). An increase in the amount of hydrolysate induced a
higher content of fine acicular HA, which is unusual in pure collagen matrix mineralization.
The presence of F- during the deposition of HA onto the pure collagen matrix induced a thin
lamellar deposition (Fig. 7C). The lamellar HA had a mean size of 50x20x1 pm.

The presence of citrate ions induced a special kind of HA mineralization in the collagen
matrices (Fig. 7E and F). The deposited HA displayed a similar morphology to those
obtained in the presence of hydrolysate but at a different scale. Citrate ions appeared to
induce a greater amount of organization of HA into the acicular form, as compared to
hydrolysate. This finding is important because natural bones contain a small amount of
citrate. In this case, the rods of HA had a mean length of ~10 pum and a mean diameter of
less than 0.4 pm.

When PVA is present, the microstructure is strongly influenced for both COLL-PVA and
COLL-PVA/HA materials.

The scanning electron microscopy has a decisive significance for the complete
characterization of such materials. Therefore, the SEM images were recorded at different
magnifications on all COLL-PVA/HA materials (with the component ratio of 1:2:0-blank,
non-mineralised sample and 1:2:3-mineralised sample obtained by freeze drying and
controlled drying).
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Fig. 7. SEM images of different collagen and hydroxyapatite composite materials: A.
composite obtained by mineralization of a collagen-hydrolysate matrix (5% of hydrolysate);
B. composite obtained by mineralization of a collagen-hydrolysate matrix (70% of
hydrolysate); C. composite obtained by mineralization of a pure collagen matrix (the
mineralization was achieved in the presence of F- (5%-molar reported to HA); D.
mineralized (pure) collagen matrix; E, F. composite obtained by mineralization of a
collagen-citrate matrix (citrate less than 2%)
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The SEM images have given some morphological information about the four materials. Fig.
8a, b and Fig. 9a, b show the morphology of the two materials obtained by controlled drying
in air at 30°C; they are stratified but compact materials. Fig. 8c, f and Fig. 9¢c, f show the
morphology of the freeze dried composite materials; such materials exhibiting stratified but
porous morphologies. Based on the SEM images, the freeze dried COLL-PVA/HA 1:2:0
hybrid material has the mean distance of 60-120pm between the sheets while for the freeze
dried COLL-PVA/HA 1:2:3 composite, the hybrid material has the mean distance of 40-
70pm between the sheets.

Fig. 8. SEM images of the COLL-PVA hybrid materials (weight ratio of 1:2) obtained by (a
and b) controlled drying and (c-f) freeze drying

In fact, the two morphologies are similar, the compact materials resulted from the
continuous remodelling and restructuring until it becomes compact; if the freeze drying is
used, once the materials are frozen the restructuring is blocked and the materials retain their
initial high porosity.

For both compositions, the controlled air drying at 30°C has led to parallel layers bounded
each other by fibres of different diameters (from less than 1Tum up to 10pm).
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A higher magnification (Fig. 9f, for instance) has revealed the very good homogeneity and
compatibility of the three components practically, no free HA agglomerates being visible.

23-Nov-09 10003 WD26.0mm 25.0kV x100 500um

Fig. 9. SEM images of the COLL-PVA/HA hybrid composite materials (weight ratio of
1:2:3) obtained by (a and b) controlled drying and (c-f) freeze drying

The osteointegration of the bone graft materials is induced, among the rests, by the porosity.
The density, porosity and absorption (Table 1) were measured by the Arthur method. In all
cases three replicates were done, the experimental error being less than 1-2%. The results are
in very good agreement with the SEM observation. The highest porosities correspond to the
freeze dried materials and have reached about 80 and 90%. For the materials obtained by
controlled drying at 30°C in air, the porosity was less than 20%. The xylene absorption is
proportional with the porosity while the density is in inverse proportion. The presence of
HA has induced the density increase and a decrease in the porosity and xylene absorption.
Hybrid materials with intermediary properties were obtained by a mixed drying method
which involves controlled drying followed by freeze drying (not presented in this paper).
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Sample ]?Zi;?, Por(O)/osity, Absoz/option,
COLL-PVA 1:2, freeze drying 0.10 92.7 90.0
COLL-PVA 1:2, controlled drying 0.75 19.3 19.0
COLL-PVA/HA 1:2:3, freeze drying 0.44 79.2 78.9
COLL-PVA/HA 1:2:3, controlled drying 0.88 13.7 13.0

Table 3. Ceramic properties of the COLL-PVA 1:2 (wt) hybrid materials and COLL-
PVA/HA 1:2:3 (wt) composite materials

In order to understand the influence of citrate ions on the morphology of acicular and non-
acicular zones, the EDS spectra of these two zones were recorded (Fig. 10). The results
indicated that the ratio of Ca to P differed between these two zones, where the Ca:P ratio
was 1.6 (similar to stoichiometric HA) in the non-acicular zone (Fig. 10A) and 1.1 in the
acicular zone (Fig. 10B). The acicular zone occurs due to a higher content of Na* and citrate.
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Fig. 10. EDS spectra of a) a non-acicular and b) an acicular reach zone

Infrared spectroscopy (Fig. 11) is an efficient tool for the investigation of organic-inorganic
interactions. The differences in morphology may be explained by these strong interactions
and are evidenced in the shift of peaks or in peaks duplications. In order to understand
organic-inorganic interactions, the IR spectrum of a pure collagen matrix was recorded (Fig.
11A). The most important peaks in the pure matrix were the amide peaks (Chang and
Tanaka 2002; Ficai et al. 2009b). After collagen matrix mineralization with HA precursors,
the main amide peak of pure collagen (1630 cm1) was shifted to a higher wave number for
the COLL/HA composite (1650 cm-), while the phosphate peaks appeared at 1030, 609 and
564 cm-! (Fig. 11B).

The infrared spectrum of the mineralized hydrolysate-enriched collagen matrix (Fig. 11C)
was characterized by the duplication of each main collagen peak and led to the
differentiation of the phosphate peak and the appearance of a shoulder at about 1110 cm-1.
These results can be explained by the degree of condensation between collagen and collagen
hydrolysate, which induces interactions of varying strength between mineral and organic
components. As reported in the literature (Silva et al. 2001), the degradation of collagen
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leads to a decrease in the absorption band at 1240 cm. In composites obtained with

hydrolysate, this band being less intense than that in pure collagen.
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Fig. 11. FTIR spectra of: A. a collagen matrix (cross-linked with glutaraldehyde, 1%); B. a
mineralized cross-linked collagen matrix (glutaraldehyde, 1%); C. a mineralized
hydrolysate-enriched collagen matrix; and D. a mineralized cross-linked collagen matrix
achieved in the presence of F- (5 % (molar) reported to HA)

When the mineralization of the collagen matrix occurs in the presence of fluoride, the
collagen peaks were not shifted (compared to the COLL\HA composite), but the phosphate
peaks of HA were split due to the partial substitution of hydroxyl groups with fluoride (Fig.

11D).

3. The synthesis of COLL/HA composite materials with oriented structure

In this field of orientation some works were published in the last 5 years. The synthesis of
COLL/HA composite materials with oriented structure can be induced by self-assembly,
electric field orientation or by using a high magnetic field (Wu et al. 2007), best results being
reported by self-assembly (Ficai et al. 2010c) and pulsed electric field orientation (Ficai et al.
2010a). The magnetic field orientation is possible due to the magnetic anisotropy of the

hydroxyapatite (Wu et al. 2007).

3.1 Self-assembling of COLL/HA composite materials
The self-assembly is one of the most easy to realize orientation which not imply any external
influences but require slow drying at pH=6.9-9 which can easily induce denaturation of the

collagen.

The synthesis of COLL/HA composite materials by self-assembling consists by two
successive stages but have some particularities. In the first stage, the collagen gel is treated
with the desired amount of Ca(OH), suspension, drop-wise and magnetically stirred for 24
h and let to interact. In the second stage, the stoichiometric quantity of HsPO, solution was
added also dropwise. Ca(OH), was used in order to assure the necessary basic pH. During
the first stage of mineralization the pH was maintained at pH = 9 by addition of HCI.
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The ratio of collagen, Ca(OH), and H3PO, was so chosen that the final ratio of COLL:HA to
be 20:80 (wt) and at the end of synthesis the concentration of collagen to became 1.66%.
After the H3PO, solution is added, the pH was adjusted at about 9 using NaOH solution, in
order to assure pure HA precipitation. During the synthesis and drying of the composite
material, the temperature was kept at ~37 OC.
pH 9 was choose based on two characteristics of the collagen molecules:

a. at pH= 6.9-8 the collagen molecules are in an extended conformation (length of

collagen molecule 180-200 nm) and,

b. the fibrillogenesis is increasing in the range of 6.6-9.2.
The main processes which occur during the synthesis are represented in Fig. 12. The
collagen molecules have different conformation, function of the pH can be linear (at pH>9)
or crimpy (for pH< 7); at intermediate pH the collagen molecules being crimpy but with a
more pronounced linear aspect. In order to be sure that collagen molecules are in elongated
form (linear) the working pH was set at 9.

a c)

—
e
pH —

u mineralization ,u mineralization

Fig. 12. Specific processes occurred in solution during the self-assembly of COLL/HA
composite materials

Function of the mineralization pH, we can obtain different morphologies (Fig. 12b and d). If
the pH increases, the crimpy structure of collagen molecules from gel and also from
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composite can be modified into the elongated one. If the drying time is slowly enough, these
linear (elongated) collagen molecules can self-assembly and form cylindrical fibrils and
fibres (Fig. 12e), otherwise they will form fibrils and fibres, growth tri-dimensional, with
crimpy collagen molecules (for pH< 7) or with linear collagen molecules (for pH = 9). The
structure presented in Fig. 12b can be transformed into the structure presented in Fig. 12d
by increasing of pH at an adequate value. In this case, the pH must be higher than in case of
transformation of the structure illustrated in Fig. 12a into the structure presented in Fig. 12¢,
probably due to the interaction between HA and collagen.

The self-assembling process was characterized especially by XRD and SEM.

XRD was used to point out the mineralization process. The XRD spectrum, in Fig. 13, shows
the formation of HA.
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Fig. 13. XRD pattern of COLL/HA composite material (a) before sodium chloride removal
and (b) after sodium chloride removal

In the case of COLL/HA composite obtained by self-assembly comparing with the HA
obtained by precipitation, the X-ray diffraction pattern exhibit a much higher intensity for
the 2 1 1 peak reported to the intensity of the other peaks characteristic to HA. This result
can be attributed to a preferential growth of the HA crystals in the 2 1 1 direction due to the
collagen influence. As it can see, the composite material also contains NaCl (Fig. 13a). The
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removal of NaCl can be easily made by washing the composite materials with distilled
water, following the next procedure: after drying, the COLL/HA composite material with
uniaxial orientation of the constitutive fibres is crosslinked with glutaraldehyde, washed
with plenty of water and dried. Following this procedure, the chloride was completely
removed (Fig. 13b) without altering the mineral phase, especially from the point of view of
crystallinity and preferential crystallization direction.

The self-assembling structure of collagen molecules and hydroxyapatite particles can be
proved by SEM (Fig. 14). The samples were analyzed in perpendicular and parallel section
reported to mineralized collagen fibres, in order to study the formation and the orientation
of collagen fibrils and fibres. The sodium chloride removal not alters the composite
morphology; the SEM images recorded before and after sodium chloride removal being
similar. Whatever the analysis section, the recorded SEM images show the formation of
collagen fibrils and fibres, which are mineralized with HA.

Fig. 14. The SEM images of collagen/hydroxyapatite composite materials, recorded at
different magnification; (a) parallel view with the fibres, (b-c) perpendicular view with the
fibres, (d) high resolution SEM at 80,000% magnification

The SEM image presented in Fig. 14a is recorded in a fibres perpendicular section. This
image shows a homogenous arrangement of the fibres. Fig. 14b and c are recorded in a
fibres parallel profile and shows, at different magnification the stratified structure of the
composite materials, the fibrils and fibres being organized in layers. It can also observe
highly oriented fibres and fibres bundle. The homogenous arrangement can be evidentiated
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also in fibres parallel profile. Analyzing the rupture profile, it can be observed a shift
between the rupture point, comparing different neighbor adjacent layers. In Fig. 14c,
recorded at higher magnification, it can better observe the mineral deposition. It can
conclude, that at the end of collagen fibres, the HA density is higher. At broken, the rupture
seems to follow the highly mineralized zone of interfibrilar gap which exist at the end of
two successive fibres. Finally, at a much higher magnification (Fig. 14d) the SEM images of
fibres” end allow the estimation of the dimensions of HA, these particles being in the
nanometric range. At high magnification from SEM image, it can be seen that the
dimensions of the HA crystals are in the nanometric range (4-40 nm), with an elongated
morphology. These results are in good agreement with the observation reporting to natural
HA from the natural bone.

The SEM images obtained at different magnification, in the rupture, on parallel and
perpendicular direction of collagen fibres, are showing a homogenous microstructure, with
fibres organized in layers, with high orientation. Taking also in consideration the way in
which the rupture took place, and also the fact that we have a high concentration of HA
grains in the rupture points we might conclude that the COLL/HA composite material
synthesized has a very similar structure with that of the natural long bone, that have been
obtained through auto-assembling process.

7 Axis

Fig. 15. Straight line projection onto the three dimensions and visualization of the three
angles formed between the projections and the three dimensions

The orientation degree can be quantified function of the deviation angle of each collagen
fibers from the direction of the applied electric field. The orientation degree of mineralized
collagen fibers is highly influenced by magnification; with the increasing magnification the
orientation degree increase. At a magnification of 1000x the average of deviation degree is
less than 5% while the orientation degree is more than 95%. The average fiber deviation and
also the orientation degree of collagen fibers can be quantified based on the following
equations:

_ N
D(%) = @.ZDAi

and the OD(%) = 100-D
N & 9
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where, N is the number of fibers; DA; — correspond to deviation angle of each fiber; D (%)
correspond to the average deviation of the fibers toward the applied electric field and
OD(%) correspond to the orientation degree.

Obviously the orientation is difficult to quantify and only a few methods permit this kind of
measurements (and usually these are indirect methods); the orientation will be quantify
based on the SEM images.

Hydroxyapatite was obtained by co-precipitation in the presence of collagen gel. In fact,
starting from collagen gel and hydroxyapatite precursors, in certain conditions, due to the
interactions between collagen, hydroxyapatite and water it was obtained self-assembled,
highly oriented composite materials. It can note that, many authors published a lot of papers
dealing with COLL/HA composite materials which start from collagen gel and calcium
hydroxide and ortophosphoric acid as precursors, but due to the inadequate processing
conditions they do not obtained the uniaxial orientation of the constitutive fibres.

In aqueous solution the collagen molecules and hydroxyapatite precursors have the capacity
to induce synthetic bone formation by self-assembling. The obtained composite material is
more similar with compact bones morphology; the recorded analysis being very similar
with these bones.

Very important is that we also propose a new way to estimate the average deviation of
fibres and we determined it, assuming a 2D model. The average deviation is 2.54+0.2%
which means that the degree of orientation is 97.46+0.2%.

3.2 Electric field orientation of COLL/HA composite materials

Also, orientation can occur due to different external factors (magnetic or electric fields),
most efficient and easy to realize being the electric field orientation. The electric field
orientation occur really fast (less than 1h) at low electric field (<1V/cm), the best electric
field being the pulsatory electric filed. The magnetic orientation can be realized but require
very high magnetic field (10T). First time in the literature, the degree of orientation was
mathematically quantified using a very simple equation, based on the SEM images.

The synthesis of COLL/HA composite materials via electric field orientation is realized in
similar conditions with the mention that, before drying different kinds of electric fields are
applied. By short, the collagen mineralization was conducted in two stages, in order to
mimic the in vivo osteosynthesis. First stage is the calcium deposition onto the collagen that
takes 24 h. The second stage consists in phosphate addition leading to hydroxyapatite
precipitation (Ficai et al. 2009a). After 24 h, at 37°C and pH=9-10, the mineralization can be
considered completed and the orientation process can be initiated.

For orientation purpose of the mineralized collagen gel, there were considered two types of
electric field: pulsatory field (0.93 V/cm) and superposed field (direct field -0.67 V/cm and
pulsatory field -0.93 V/cm). In order to be able to compare the obtained results, all the
samples were obtained in similar hollow mold with the dimensions of WxLxH=2x3x2 cm3;
if electric field is applied, the electrodes are fixed in the hollow mold at 3 cm distance.

The mineralized collagen gel is maintained for 1 h in the desired electric field. After that, the
samples were introduced in the freeze drier and frozen at -35°C. The freezing of the material
is compulsory, in order to preserve the obtained structure. After freezing, the electrodes can
be removed and the freeze drying process is started.

When no electric field is applied, the collagen molecules dipoles are randomly disposed,
without any orientation. If an electric field is imposed, the collagen dipoles are becoming
oriented, due to the interaction between collagen and the electric field (Fig. 16).
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The electric field is obtained with a “home-made” device, consisting in two different electric
generators, each with its own role. One is responsible for the direct current, while the other
for the pulsatory current generation. These two generators can work separately, at a
maximum potential of 30 V.

The SEM micrographs (Fig. 17) show relevant difference between the samples obtained in
the presence and respectively in the absence of electric field. If different types of electric
field are applied, different degrees of orientation are achieved. Fig. 17a, d show the
microstructure of collagen/hydroxyapatite composite material obtained without electric
field, Fig. 17b, e show the microstructure of collagen/ hydroxyapatite composite material,
obtained by orientation in a pulsatory electric field and Fig. 17c, f show the microstructure
of the composite material obtained in a combined (superposed) electric field.

100um; 500x 100um;  500x

Fig. 17. SEM images of coll/HA composite: a, d) control - no electric field is applied; b, e)
pulsatory electric field is applied, 0,93 V/cm, frequency =1 Hz; ¢, f) superposed electric
field: 0,67 V/cm direct electric field and 0,93 V/cm and 1Hz pulsatory electric field

The mineralization process of collagen gels leads to composite materials with a structure
similar to that of spongy bone (Fig. 17a, d), without any orientation of the collagen fibers. If
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a pulsatory electric field is applied the collagen molecules and fibril are becoming oriented
and the structure became more compact (Fig. 17b, e), like compact bone. The superposed
electric field induces an intermediary degree of orientation of the composite material (Fig.
17¢c, f). The presence of the direct electric field induces not only orientation but also
migration processes of the collagen molecules and due to the collision with the collagen
molecules or hydroxyapatite particle the orientation degree will be worse comparing with
pure pulsatory electric field.

If a combined electric field is applied, the influence of the electric field on the microstructure
of samples is not that evident, the structure exhibiting a very low degree of orientation (Fig.
17¢, £).

It is well known that the natural osteogenesis is assisted by the collagen piezoelectricity.
Briefly, the piezoelectricity can be defined as the translation of the mechanical stress into
electric field (Ferreira et al. 2008; Noris-Suarez et al. 2007). The osteogenesis is a very
complex process which consists of continuous collagen deposition and mineralization.
Piezoelectricity influence not only the mineralization process but, due to the electrical
surface charge induced by the mechanical stimuli, also the collagen deposition is assisted.
The electric field produced by piezoelectricity is similar with the pulsatory electric field (the
frequency of the pulsatory electric field being of less than 5-10 Hz) and due to this similarity
the results are the same: in the cortical bone the microstructure is orientated (these bones are
exposed to mechanical stress) as well as in the case of in vitro, pulsatory electric field
assisted COLL/HA composite materials synthesis.

4. The synthesis of COLL/HA composite materials by “layer by layer” method

The LbL deposition of hydroxyapatite (HA) onto a collagen matrix involves HA synthesis
on the collagen matrix starting from electrically charged support. (Ficai et al. 2009c).

The mineralization process was performed directly on the collagen matrix starting from
Ca(OH); suspension and NaHPOy solution. In all cases, the collagen matrices weighed
between 0.06 and 0.07 g in order to obtain reproducible depositions. The precursors were
prepared in order to obtain a 0.026 M Ca(OH)2 suspension and a 0.015 M NaH;PO, solution.
Nine pieces of collagen matrix of similar mass were used for the mineralization process.

The layer by layer method is schematically represented in Fig. 18.

The mineralization process was performed as follows. In the first stage, the collagen
matrices were bound on a stainless steel net and immersed into the mechanically stirred
Ca(OH), suspension for 20 minutes. In the second step, the matrices were immersed in the
phosphate solution for 10 minutes. When the matrices were immersed in the phosphate
solution, hydroxyapatite precipitation occurred due to the retained Ca2* ions. Between the
two immersions, the matrices were allowed to stay exposed to air for 5 minutes to allow for
water draining.

The mineralization process can be analyzed by SEM, FTIR and ATD-TG.

Scanning electron microscopy images were recorded in order to study the mineralization,
the morphology and the porosity of the obtained deposition products.

The recorded SEM (Fig. 19) images revealed that better mineralization occurred when a
larger number of hydroxyapatite layers were deposited. The increased number of HA layers
led to an increased amount of deposited HA. When studying different composites with an
increasing number of deposited HA layers, we can conclude that the composite materials
have become denser, due to the filling of the matrix holes with HA.
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Fig. 18. Schematically representation of layer by layer deposition method

LbL1: 1000x LbL3: 1000x

SE 29-0ct-08 10003 WD29.0mm 25.0kV x1.0k 50um SE 29-0ct-08 10003 WD30.7mm 25.0kV x1.0k 50um

= LbLS5: 1000x e | LbL5: 3500x

SE 29-0ct-08 10003 WD31.3mm 25.0kV x1.0k 50um

Fig. 19. SEM images of layer by layer mineralized collagen matrix: 1, 3, 5 layers of HA
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The amount of deposited HA is dependent on the mineralization process, and particularly
on the citrate ions present within the collagenous materials. The amount of HA is seen to be
directly proportional to the number of deposited HA layers.

At higher SEM resolutions, the size of HA agglomerates was determined. The typical size of
the HA agglomerates increases with the number of layers from less than 100 nm for the
composite obtained by LbL1 up to several micrometers in the case of composite obtained by
LbL5.

Infrared spectroscopy (Fig. 20) confirmed the composite structure of the obtained materials.
IR analysis also confirmed the increasing amount of deposited HA by showing increasing
PO? to carbonyl group peak intensity ratios with increasing numbers of HA layers. For

visual quantification of the mineralization process, the IR spectra of collagen matrix and
mineralised matrices were worked up to obtain the same intensity of the carbonyl peaks
(1637 cm™1) without modifying the peak ratios. In this case, it can be assumed that the ratio
between the intensity of HA peaks for each multilayered composites is proportional to the
ratio of the deposited HA amounts.
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Fig. 20. FT-IR spectra of pure and mineralized collagen matrix with 1 and 3 layers of HA

When the collagenous matrix is immersed for 24 h into Ca(OH), suspension and than into
NaH,POj solution, about 32% of HA is deposited onto the matrix (Fig. 21, dotted line). The
same results were obtained when alternately immersing the matrix three or four times into a
Ca(OH); suspension (for 20 min) and a NaH>POj solution (for 10 min).

The amount of deposited HA was determined by gravimetric analysis by measuring the
initial mass of collagen matrices and the mass of the dried mineralised matrices. The amount
of deposited HA is quite linear with respect to the number of deposited layers. This
relationship was quantified and the root-mean-square deviation was found to be 0.9857.

The layer by layer deposition method was successfully applied in order to increase the
amount of mineral phase that is deposited on the collagen matrix. The root-mean-square-
deviation is very close to 1, meaning highly linear layer growth was observed for even six
HA layers.
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Fig. 21. Gravimetric variation of deposited HA with the number of deposited layers

The classical mineralization method conducted by dipping a collagen matrix in Ca(OH),
suspension for 24 h followed by dipping the collagen matrix in NaH>PO, solution for a
further 24 h can be improved by using the LbL deposition method. Deposition of six HA
layers obtained by alternately soaking in a Ca(OH), suspension for 20 min and then in a
NaH2PO#4 solution for 10 min resulted in a 12% increase in HA deposition. Extrapolating
from the obtained results, it can be estimated that for a collagen matrix, such as the ones
used in these experiments, one would need to deposit about 14 layers of HA to obtain a
composite material similar to whale bone, while antler bone composition can be obtained if
seven HA layers are deposited.

The obtained composite materials can be assumed to be hydroxyapatite matrices reinforced
with mineralized collagen fibers as they have a structure very similar to the bone structure
suggested by Hellmich et al. (Hellmich et al. 2004).

The good linearity of the quantity of deposited HA with respect to the number of layers is
due to interactions occurring not only between collagen and HA, but also between
deposited HA and Ca?* ions.

From the parameters that influence the deposition of HA, we can distinguish three main
categories: support dependent, solution/suspension dependent and processing parameters.
While the first two categories have been extensively studied and can be quantified, the third
category is very difficult to be quantified.

Under similar mineralization conditions, the amount of deposited HA is greater in the
presence of citrate ions, but the LbL method applied to a pure collagen matrix can increase
the amount of deposited HA even more than in the case of one layer deposition (24+24 h)
onto citrate enriched collagen matrices.

5. The synthesis of complex COLL/HA+Fe;0, composite materials

Magnetite is a mineral with multiple roles in both medical (Ito et al. 2005; Mornet et al. 2006;
Zhang and Misra 2007) and non-medical applications (Ficai et al. 2010d; Ju and Bian 2006).
The addition of magnetic nanoparticles (especially magnetite nanoparticles) induces new
properties to the COLL/HA composite materials (Andronescu et al. 2010). The bone
regenerative effects are due to the presence of COLL/HA while the anti-tumoral effects are
due to the presence of magnetite which can produce hyperthermia when an electromagnetic
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field is applied. These systems, even at low magnetite concentration (5%) can be used for
curative purpose because can generate the necessary hyperthermia and consequently induce
tumoral cell apoptosis. It is important to mention that the presence of magnetite even at low
concentration (1-2%) may induce hyperthermia but, in order to be useful for medical
applications (hyperthermia - cancer treatment) at least 5% of magnetite is required. One of
the most important advantage of the use of magnetite based composite materials is that
hyperthermia can be activated only when is necessary and consequently the side effects is
limited comparing with chemotherapy, for instance. As a matter of course these materials
will be improved by the addition of other antitumoral agents such as silver or gold
nanoparticles, cytostatics or other drugs for pain managements.

6. Conclusions

Collagen/hydroxyapatite composite materials are the most similar synthetic grafts with
bone from many points of view, bone being composed from collagen and hydroxyapatite as
main components and few percent of other components.

The morphology and subsequent the properties of the composite materials is strongly
influenced by the presence of different components, even when they are present in small
proportions. The reason that perfect bone graft materials have not been successfully
synthesized is due to the limited number of components used in the synthesis of bone graft
materials, which typically include only collagen and hydroxyapatite or carbonated apatite.

It is worth to mention that all commercially available collagen forms can be converted into
COLL/HA composite materials with dense or spongious microstructure. If collagen gel can
be easily converted in dense or spongious materials by a proper choice of the drying
method, collagen

Collagen gel Collagen fibres Collagen matrix

s

Dense structrures [€~

Spongious structrures

Similar with compact bone Similar with spongy bone

Fig. 22. The influence of collagen form on the composite materials microstructure

Based on the presented results, it can be concluded that the presence of additional
components (which are usually found in natural bone in small concentrations) is of
significant importance. For instance, the presence of fluoride induces a higher crystallinity
in the deposited mineral phase. The morphology of the apatite phase was found to be
lamellar by SEM, where visible pores were not observed, even at relatively high
magnification.
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The shape of the mineral phase of the composite material obtained by in wvitro co-
precipitation in the presence of fluoride is biomimetic and similar to the mineral phase of
natural bone. The main difference between the mineral phases of bone and composite
materials obtained in the presence of F- is the size of the crystal. In order to obtain natural-
sized crystals in the mineral phase, crystallization inhibitors may be used. Under these
conditions, we expect to reduce the size of the crystals.

Not only the presence of different components can induce morpho-structural modifications
but also the synthesis route. For instance, the proper, applied electric or magnetic field or
the drying method corroborated with ionic strength and pH lead to the formation of highly
oriented COLL/HA composite materials. The synthesis of COLL/HA composite materials
with oriented morphology of the mineralized collagen fibrils and fibres is an essential step
to obtain bone grafts of the long bones. The orientation degree, based on SEM images, was
of great importance and allows the quantification of the orientation. Based on the existing
data, best orientation can achieve with self-assembling, the mean orientation degree being of
~97%.
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1. Introduction

The goal of tissue engineering is to synthesise substitutes that mimic the natural
environment to help guide the growth of new functional biological tissue in vitro or in vivo.
Tissue engineering relies heavily on the use of porous 3D scaffolds to provide a supportive
environment for the regeneration of tissues and organs, acting primarily as a template for de
novo tissue formation. However, new advances in fabrication technologies and composite
materials are facilitating the rapid development of many novel composites that are
beginning to play a more active role in directing the regenerative process. It has been long
recognised that the combination of two or more characteristically-distinct materials can
often yield composite materials that possess many of the constituent materials mechanical
and biological advantages with few of their disadvantages. When applied to regenerative
medicine, these new composite materials are beginning to show real potential as bioactive,
biodegradable substitute materials, capable of facilitating rapid orthopaedic tissue
regeneration, while degrading in parallel with the advancing tissue repair process. These
idealised tissue regenerative aids could finally offer clinicians the potential to completely
regenerate damaged orthopaedic tissue, leaving no evidence that the tissue was ever
damaged in the first instance.

At a simplistic level, biological tissues consist of cells, signalling mechanisms and
extracellular matrix (ECM). Tissue engineering technologies are based on this biological
triad and consist of (i) the scaffold that holds the cells together to create the tissue’s physical
form, (ii) the cells that create the tissue, and (iii) the biological signalling mechanisms (such
as growth factors or bioreactors) that direct the cells to express the desired tissue phenotype
(Figure 1). In native tissues, cells are held within an ECM which guides development and
directs regeneration of the tissue. The ECM serves to organise cells in space and provides
them with environmental signals to direct cellular behaviour. Consequently, the ECM is
responsible for two of the three components in this tissue engineering triad, highlighting the
critical role that this extracellular environment plays on tissue formation. What is becoming
increasingly evident is that the combination of biomaterials into novel composite scaffolds
can result in an engineered biomimicry of this extracellular environment that provide all the
environmental cues to promote rapid development of de novo tissue. Consequently, these
composites can be designed to act not only as carriers and supporting structures for the
associated cells but to play a more active role in the initiation and development of the repair
tissue.
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Fig. 1. The tissue engineering triad; factors that need to be considered when designing a
suitable structure for tissue engineering applications

2. Scaffold requirements

Traditionally, scaffolds designed for tissue engineering attempted to meet a small number of
common requirements that would allow them to be used safely for the in vitro production
of engineered tissue or alternatively for in vivo implantation as regenerative aids. These
included (i) providing an environment conducive to the facilitation of desirable cell-matrix
interactions (e.g. cellular infiltration, attachment, proliferation and differentiation), (ii)
support nutrient and waste product transport and encourage the movement of biochemical
signals throughout the structure/matrix, facilitating long-term cellular survival and
proliferation, (iii) biodegrade at an appropriate rate in parallel with the body’s own natural
healing process (i.e. supporting the healing phase while in tandem ensuring that the scaffold
does not act as a barrier to the regenerative process, and (iv) to be bioinert and provoke a
minimal inflammatory or immunological response as a result of its implantation or
population with cells.
When designing or evaluating a scaffold for applications in tissue regeneration, there are a
number of scaffold architectural, compositional and physical characteristics that have a
deterministic influence on these four overlying tissue engineering scaffold requirements;
1. Biocompatibility
The word biocompatibility was mentioned for the first time in peer-review journals and
meetings in 1970 by R] Hegyeli and CA Homsy (Homsy et al., 1970). The definition of
biocompatibility is “the ability of a material to perform with an appropriate host
response in a specific application” and is a critical criterion for scaffold design. Not only
must the scaffold material itself be biocompatible, but so too must its degradation
products in vivo. It must not elicit toxic or injurious responses within biological systems
once implanted or at any point throughout the degradation of the material in vivo. This
characteristic alone rules out many synthetic or man-made materials as suitable
components of tissue engineering matrices.
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2.

Biodegradability

Biodegradability refers to the ability of the physiological environment to breakdown or
degrade an implanted material. Biodegradation is a critical characteristic of materials
that are designed to regenerate tissue, as opposed to acting simply as inert substitutes
for the native tissue. The overall goal of cutting edge regenerative tissue engineering
therapies is to act as “smart” biomaterials by supporting the initial healing processes
while also beginning to degrade in parallel with the advancing production of newly
formed tissue matrix, ideally with no evidence of implantation once sufficient tissue
regeneration has occurred, negating the need for subsequent clinical interventions to
remove the implant from the body.

Bulk Mechanical Properties

The scaffold should provide an environment that is capable of surviving the
implantation process and surgical manipulation required as part of the clinical
procedure. It is widely believed that these materials must possess adequate mechanical
integrity to survive the normal physiological loading environment at the site of
implantation but this is currently an area of contention within the field. Traditional
tissue engineering scaffolds prioritise a mechanically-competent scaffold, capable of
supporting load bearing immediately upon implantation. Unfortunately, the
characteristics of host tissue-like mechanical strength and the levels of porosity,
permeability and pore interconnectivity, necessary for long-term scaffold in vitro and in
vivo viability, are incompatible from a biomaterials perspective. Consequently current
scaffolds are utilising cutting-edge advancements in composite biomaterials technology
in an attempt to balance provision of bulk mechanical properties suitable for
implantation and cellular support while retaining a material porosity high enough to
encourage cell infiltration via diffusion throughout the scaffold.

Substrate Stiffness

Substrate mechanical properties of tissue engineering scaffolds plays a critical role in
controlling and regulating a number of factors involved in directing cellular activity
(Engler et al., 2006). Recent unpublished work from our laboratory has demonstrated
that collagen-based scaffolds with a bulk stiffness of approximately 4 kPa exhibit
increased cell attachment, proliferation and migration compared to less stiff scaffolds.
Interestingly, recent studies have investigated the bulk and localised mechanical
properties of highly porous scaffolds (Harley et al., 2007) and shown that the nature of
high porosity structures means that their bulk mechanical properties are dramatically
different to the mechanical properties of the individual struts within the open foam
network. As a result, the substrate stiffness that a cell ‘feels” while attached to one or
multiple struts within the porous scaffold can be significantly higher than that
predicted by bulk assessment of the material. Based on their study, it was estimated
that the substrate stiffness experienced by a cell attached to a pore within a highly
porous scaffold exhibiting a bulk stiffness of approximately 4 kPa would be of the order
of approximately 50 to 100 MPa. Therefore, the effect of local substrate stiffness in a
three-dimensional environment such as a porous tissue engineering scaffold is still an
area that requires significant future investigation.

Pore Size and Pore Size Distribution

Pore size (Figure 2) is cell type specific (Murphy et al., 2010) and is arguably the most
critical factor in the design of a tissue engineering scaffold optimised for a repair or
regeneration of a specific tissue type. Pore size has a dramatic effect on cell seeding
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efficiency within the scaffold (O’'Brien et al., 2005) which can result in improved in vitro
performance. If scaffold pore size is too small, cells are unable to rapidly infiltrate into
the scaffold centre or homogenously populate the matrix. Densification of cells around
the matrix periphery occurs, acting as a barrier to further cell infiltration and leading to
avascular necrosis within the scaffold centre (Phelps 2010, Ko 2007). Some investigators
argue that having larger pores in the centre of an implant can help to support
vascularisation of the implant when grafted onto a patient. It is believed that increased
pore size with increasing depth is desirable (Mc Kegney et al., 2001). On the other hand,
pores that are too big result in a significantly reduced specific surface area within the
construct (Byrne et al., 2008).

Fig. 2. SEM micrograph of a scaffold defining its pore structure. Wessels et al., 2008; S. Afr. j.
sci. vol.104 no.11-12 Nov/Dec 2008

Cells interact with the pore substrate via ligands, chemical binding sites naturally
associated with extracellular materials such as collagen. The availability of these ligands
for promoting cell binding is directly related to the specific surface area, which is
related to mean pore size. Consequently, pore size must be sufficiently large to provide
the ideal ligand density to allow binding of a critical proportion of cells to occur. While
the mean pore size is critical, the distribution of pore size range around this mean also
plays an important role. Given that pore size is cell type specific, tissue engineering
scaffolds with heterogeneous pore size distribution provide an environment with
heterogeneous optimisation of the structure. Local ligand densities will differ
substantially throughout the matrix, as will the ability of cells to infiltrate and attach
throughout the construct. Therefore, development of a homogenous structure with
predictable cell adhesion, proliferation and differentiation characteristics requires a
high degree of pore size homogeneity throughout and this is a characteristic offered by
only a limited number of construct manufacturing processes. Figure 2 is an example of
a porous structure of a collagen-based scaffold. An ideal scaffold is one which is open
and has an interconnected pore network and a high degree of porosity (>90%), as it is
easy for the scaffold to interact and integrate with the host (Freyman et al.,, 2001).
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Clearly the optimisation of pore size is a critical design characteristic to allow
optimisation, and consequently in vitro and in vivo performance, and the integration of
cells within the developing extracellular matrix.
6. Porosity, Pore Interconnectivity and Permeability

Porosity is defined as the percentage of void space in a solid and its importance in
tissue engineering scaffolds cannot be overstated. The degree of porosity in a scaffold
with a given mean pore size will have a direct effect on the interconnectivity of the
porous architecture and consequently the permeability/fluid mobility within the
scaffold. These characteristics play an important role not only on the amount and rate of
cell and fluid infiltration into the constructs but also facilitate the transport of nutrient
and waste products throughout the cell-seeded construct, as well as construct
vascularisation (Kuboki et al., 1998), for the duration of de novo tissue formation. These
properties not only encourage complete tissue formation within the construct but also
support the integration and mechanical interlocking of the implant. A scaffold which
possesses an open and interconnected pore network, coupled with a high degree of
porosity (>90 %) is ideal for cellular interaction and de novo tissue integration with the
existing host tissue (Freyman et al., 2001).

3. Scaffold biomaterials for orthopaedic tissue regeneration

The first generation of biomaterials specifically designed for implantation into the human
body appeared around the 1960s and 1970s. This first generation was characterised by
attempting to “achieve a suitable combination of physical properties to match those of the
replaced tissue with a minimal toxic response in the host” (Hench, 1980). These materials
were designed primarily around the principal of bio-inertness i.e. the idea of causing as little
disruption to the physiological environment while facilitating a primarily structural role.
Fuelled by the initial success of many of these devices, the field rapidly began to focus on
improving on the concept of bio-inertness and began to aspire to creating biomaterials that
exhibited a degree of bioactivity i.e. to elicit a positive and controlled response within the
implanted physiological macro-environment that would aid the healing or regenerative
process. It was at this point that a large move towards the use of ceramic based materials
occurred.

3.1 Ceramics

Ceramics (inorganic, non metallic materials) include the calcium phosphates, bioglasses and
glass-ceramics (Hench, 1998). Bioceramics can be further classified as being osteoconductive
(supporting bone growth) or osteoinductive (stimulating bone growth). While
osteoconductivity is common to all types of bioceramics, relatively few are osteoinductive, a
property that although extremely coveted, is not fully understood or easily replicated in
synthetic materials (Barrere et al, 2008). The calcium phosphate based bioceramics,
bioglasses and glass-ceramics are commonly used as scaffolds for bone tissue engineering as
they have a compositional similarity to the mineral phase of bone (Hing et al., 2005).
Hydroxyapatite (HA) and tri-calcium phosphate (TCP) are two of the most commonly used
calcium phosphate bioceramics in tissue engineering applications. TCP is commonly used as
the basis of biodegradable scaffolds due to its relatively rapid degradation rate (Ducheyne et
al.,, 1993) and its osteoconductivity. HA, the mineral that occurs naturally in bone tissue, has
also been used extensively as a tissue engineering scaffold material due to its
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osteoinductivity. It is typically used for coating biomedical implants to induce bone
regeneration, allowing the implant to integrate with the surrounding tissue. While HA was
originally popular for use as a scaffold for tissue engineering, it is non-resorbable in bulk
form which has limited its popularity as a bone graft substitute material (Figure 3). However,
recent work on micro- and nano-sized particles has led to a paradigm shift regarding the
degradability of this material and has re-ignited interest in this ceramic as a critical
component of tissue engineering composite scaffolds optimised for bone tissue regeneration.
Ceramic materials offer a facilitative environment to bone forming cells, offering mechanical
support that promotes mineralisation in the hope of achieving stability equal to the normal
anatomical tissue. Synthetic calcium phosphates have been popular for a number of
different applications, ranging from a simple coating layer on prosthetic devices (Klein et al.,
1993) to being the implantable device itself, as porous bone graft substitutes in the repair or
augmentation of bony defects. Many of these devices have been used clinically with some
degree of success and are still widely used as bony void fillers. However, their clinical
applications have been limited because of their brittleness and difficulty of shaping for
implantation (Wang et al., 2003), low porosity and long term mechanical integrity issues
(Bohner, 2010). Difficulties also exist in controlling the degradation rate of ceramics so as to
ensure optimal resorption (Tancred et al., 1998). Although HA is a primary constituent of
bone and might seem ideal as a bone graft substitute, problems include a slow degradation
rate (Marcacci et al., 2007), poor mechanical properties and new bone formed in a porous
HA network cannot sustain the mechanical loading needed for remodelling (Wang et al.
2003).

3.2 Synthetic polymers

Due to the numerous drawbacks of ceramic-based biomaterials, significant advances were
made towards the development and use of bioresorbable second generation materials. These
materials are polymeric-based and include many different biocompatible and bioresorbable
materials, such as PLA and PGA scaffolds for use as implantable devices (Athanasiou et al.,
1998). Polymeric-based biomaterials have a number of advantages such as high mechanical
strength and biodegradability. Their mechanical, physical and biological properties can be
tailored to give a wide range of properties that are desirable for bone tissue regeneration. In
addition, their degradation rates can be controlled, as can their degradation by-products
(Hennick and Van Nostrum, 2002). Among the many biodegradable synthetic polymers
used for tissue engineering applications, there are numerous reports on the use of polylactic
acid (PLA), polyglycolic acid (PGA) and their copolymers poly (DLlactic- co-glycolic acid)
(PLGA), which are approved by the US Food and Drug Administration (FDA). These
polymers degrade by hydrolytic mechanisms and are commonly used because their
degradation products can be removed from the body as carbon dioxide and water.
Unfortunately, they are also associated with a number of problems, ranging from issues
involving device rejection and resisting adequate resorption to promote vascularisation and
ingrowth of new bone. Localised lowering of pH within the region of degradation can result
in inflammatory responses. While these materials showed some promise, it is clearly evident
from the lack of synthetic polymer-based products currently in use clinically as bone graft
substitutes that synthetic polymers alone simply do not provide a sufficient degree of long-
term biocompatibility or performance required for the clinically-successful regeneration of
bone tissue.
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Fig. 3. Porous HA implant used to fill bony void but no resorption after 2.5 years (Cancedda
et al., 2007)

Polymeric materials however do offer a number of significant advantages over ceramics
from a composite scaffold point of view. Biodegradable polymers can be used to encapsulate
biologics and/or growth factors and can be designed to control the release kinetics of these
substances via tailored polymer degradation properties for specific tissue regenerative
applications. This ability presents a range of potentially controllable processes including cell
growth, tissue regeneration and host response that can be influenced by developing suitable
biopolymers (Hutmacher, 2000) for incorporation into novel composite materials.
Appropriate selection and development of certain synthetic polymers for applications
involving controlled biologic or growth factor release kinetics can be further advanced by
the incorporation of ‘surface eroding polymers’, which biodegrade only at their surfaces.
Poly(anhydrides), poly(orthoesthers) and polyphosphazene exhibit this property and offer
numerous advantages over bulk degradation polymers (Rezwan et al., 2006).

3.3 Natural polymers

Natural polymers offer a number of significant advantages over synthetically-derived
polymers due to their biocompatible, biodegradable and bioactive nature. By using
materials that form the basic building blocks of organic systems, host response due to
immunocompatibility issues can be drastically, and sometimes completely, reduced. This
approach also ensures that these materials are easily biodegradable via the body’s own
metabolic processes and that the resulting degradation by-products are non-toxic and can be
easily assimilated or expelled from the tissue. Alternatively, natural polymers can usually be
crosslinked using a number of means including physical or chemical crosslinking
techniques. Physical crosslinking methods include UV radiation and dehydrothermal
treatments, whilst cross-linking agents such as glutaraldehyde and carbodiimides (EDAC)
can be used to produce chemically cross-linked natural polymers, allowing a customised
degradation rate for different regenerative applications. This makes them ideal biomaterials
for developing scaffolds with tailored biodegradation rates that can match the formation of
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de novo tissue. Natural polymers used in bone tissue engineering include alginate, chitosan,
fibrin, silk, glycosaminoglycans and collagen. Most natural polymers are biocompatible,
degradable, and readily solubilised in physiological fluid (with exception of chitosan which
is soluble under mild acidic conditions) (Seeherman and Wozney, 2005). This simple
biomimetic approach means they can more closely mimic the natural extracellular matrix of
tissues and can play a bioactive role in substrate cell interactions, such as promoting cell
adhesion and proliferation.

Alginate and chitosan are two natural polysaccharides that are not found within the human
body but due to their structural similarity to the glycosaminoglycans (GAGs), they have
been the focus of a significant body of scientific work evaluating their applications in
regenerative medicine (Terada et al., 2005; Chenite et al., 2000). While these materials are
attractive due to their low toxicity and biocompatibility, there are significant issues with a
lack of load bearing ability (Suh and Matthew, 2000) which has limited their clinical
applications as single phase materials but chitosan still plays a major role as a composite
component, due to its flocculating and chelating properties (Zhang et al., 2010) and its role
in composite mechanical stabilisation (Jiang et al., 2006). Structural proteins such as fibrin
have also been used in tissue engineering applications. Fibrin can be used as a natural
wound healing material, and is most commonly used clinically as a sealant or adhesive.
However, fibrin has very poor mechanical properties, degrades rapidly in vivo and cannot
withstand physiological loading long-term when implanted into orthopaedic defects
(Barrere et al., 2008). In spite of this, fibrin hydrogels have been used in muscle (Cummings
et al., 2004) and cartilage tissue engineering (Hunter et al., 2004) in vitro. Silk has also been
utilized as a tissue engineering scaffold for stem cell osteogenic differentiation of MSCs
(Meinel et al., 2006). Silk as a biomaterial combines slow biodegradability, excellent
mechanical properties, and biocompatibility Native silk fibers are some of the strongest
natural fibers known, rival synthetic materials such as Kevlar in terms of tensile strength
(Cuniff et al., 1994) and have been used as suture materials for over 20 years (Vepari and
Kaplan, 2007). Silk scaffolds have previously been shown to support tissue engineering of
bone in vitro (Altman et al., 2003). Glycosaminoglycans are found in the natural
extracellular matrix of tissues i.e. skin, bone, and blood vessels and are a form of
proteoglycan; organic polymers that are found in cells and that are a major component of
the natural ECM. Given the importance of GAGs in stimulating normal tissue growth, the
use of GAGs as components of a scaffold for tissue engineering appears to be a logical
approach for scaffold development. Glycosaminoglycans (GAGs) are long, unbranched
polysaccharides that do not elicit an immune response and have been used extensively for
tissue engineering applications and can be copolymerized with collagen to increase the
stiffness and toughness and decrease its degradation rate.

Hyaluronic acid is one of the largest GAG components found in the natural extracellular
matrix of all soft tissues and synovial fluid of joints (Drury and Mooney, 2003) and has been
used in tissue engineering applications due to its role in structural organisation of the ECM
components. However, its use has been limited due to rapid dissolution in water and fast
biodegradation in biological environments. However, it can be chemically modified to
produce a more hydrophobic molecule, thus reducing its solubility in water. Hyaluronic
acid is a major component of cartilage matrix and is a viscoelastic material that forms
random coils which entangle with each other at low concentrations and at high
concentrations contains a very high viscosity dependant on shear stress making it pseudo-



Composite Scaffolds for Orthopaedic Regenerative Medicine 41

plastic. Chondrocytes in cartilage have a high affinity for Hyaluronic acid via CD44
receptors and RHAMM (Lisignoli, 2001) and consequently it plays a more important role in
cartilage tissue engineering constructs.

Scaffolds fabricated from type I collagen and a glycosaminoglycan have been used to study
cell migration and contraction in vitro (Sethi et al., 2002) as well as to induce regeneration
of the skin, conjunctiva, and peripheral nerves in vivo (Harley et al., 2004; Yannas, 2001).
Collagen as a scaffold material is ideal as it possesses all the biological prerequisite for
successful implantation such as biocompatibility, immunogenicity, cell adhesion and
proliferation (Murphy et al., 2010; Byrne et al., 2008; Berry et al., 2004; O’Brien et al., 2005).
Collagen is the most abundant ECM protein in the human body and is readily isolated and
purified from various animal species by enzyme treatment. Since collagen type I is the
main organic component that in human bone tissue and it is the substrate on which bone
mineralisation occurs during osteogenesis, collagen has been extensively used as the
material of choice in nearly all commercial orthobiologic bone tissue engineering
applications currently used clinically in the repair and regeneration of bone tissue. Two of
the biggest advantages of using collagen-based scaffolds for tissue engineering applications
are that (i) they provide an extremely attractive substrate for cell adhesion and
proliferation and (ii) collagen scaffolds do not alter the phenotype of seeded cells. Another
significant attribute is the recent FDA approval and clinical success of collagen-based
scaffolds used for skin and nerve regeneration (Yannas, 2001). However, despite the
excellent biocompatibility, collagen, like all other natural polymers, is insufficient
mechanically for orthopaedic applications and this has limited its use in load-bearing bone
tissue defects.

4. Composite scaffolds for bone tissue regeneration

4.1 Synthetic polymer and ceramic composites

As a result of the problems associated with the use of single phase synthetic scaffolds,
advances in the development and fabrication of composite scaffolds offered new materials
using a combination of synthetic polymeric and ceramic phases. The development of these
synthetically-based composites was believed to facilitate the development of biomaterials
with all of the advantages of these single phase materials with none of their disadvantages.
In spite of these efforts, these second generation bone graft substitutes have enjoyed limited
clinical success (Ratcliffe, 2008) and simply do not possess all of the prerequisite
characteristics of an ideal bone graft substitute (biocompatible, bioresorbable,
osteoconductive, osteoinductive, structurally similar to bone, easy to use and cost-effective).
The inability of synthetic materials to respond or adapt to changing physiological conditions
means that they will always represent a compromise when used in the repair or
regeneration of human tissue. As a result, this second generation of biomaterials have not
been able to act as a viable clinical alternative to the gold standard, autogenous bone.
Numerous innovative synthetic polymer-ceramic composites have been developed with
porosities high enough to ensure cell infiltration and an environment potentially conducive
to osteogenesis. While some have shown evidence of osteoinductivity when implanted into
ectopic bone formation models (Barbieri et al., 2010), in in vitro conditions (Li et al 2010);
and evidence of potent bioactivity (Deplaine et al., 2010), only a handful of these materials
have been evaluated in large pre-clinical bone tissue defects.
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4.2 Natural polymer and ceramic composites

The combination of natural polymers with a reinforcing and bioactive ceramic phase has
shown significant promise over the last decade with a number of these composites
progressing to widespread clinical use (Lee and Goodman, 2009; Carter et al., 2009; Kitchel,
2006; Muschler et al., 2005; Scabbia and Trombelli, 2004). While these materials fulfil many
of the requirements of synthetic bone void fillers, none have shown conclusive clinical
evidence of being a superior alternative to the clinical gold standard of autogenous bone.
Such an ideal bone graft substitute must be capable of promoting rapid osteogenesis in vivo,
encourage de novo bone formation and remodelling of the defect to restore anatomical
normality and mechanical integrity, and biodegrade at the same rate as the progressing
tissue regeneration process. Recent advances in composite biomaterials have led to a
paradigm shift in this area towards the development and use of biomimetic composite
scaffolds for orthopaedic regenerative medicine. Biomimicry, both in terms of composite
composition and fabrication process may provide a compromise between the competing
mechanical and the biological prerequisites needed to rapidly promote healing of bone
tissue defects (Gleeson et al., 2010). The use of materials found naturally to occur within the
human body allows the implantation of materials that are easily integrated, processed and
degraded by the body. These materials form part of the normal “building blocks” of the
human system and offer extremely favourable biological interactions. Advances in the
processing and composite engineering of new composite materials comprised of these
naturally-occurring materials offer exciting possibilities for not only meeting a compromise
between the mechanical and biological prerequisites for implantation and bioactivity, but
also for directing and controlling the chemical, biological and mechanical events that occur
during the regenerative process.

There are a large number of natural materials currently used as the components of
composite scaffolds for orthopaedic regenerative medicine. While there are many different
materials used to promote bone tissue repair, bone’s native composition of predominantly
type I collagen and hydroxyapatite makes these materials an obvious choice as the basis for
a composite biomaterial capable of supporting and promoting the bone regenerative process
(Dawson et al. 2008). Recent studies have shown that the interaction between osteoblasts
and PLLA scaffolds can be improved by the application of a collagen-HA coating (Jiashen et
al., 2010) clearly demonstrating the potential of a composite material composed of only
collagen and hydroxyapatite for use as a bioactive bone graft. These composite scaffolds
were traditionally fabricated using a number of different techniques involving some form of
pre-processing step, with the scaffold architecture subsequently formed via a number of
distinct processes, all of which possess numerous advantages and disadvantages
(particulate leaching methods, phase separation, lyophilisation, foaming, emulsion
templating, and solid free form (SFF) fabrication).

Current advances in composite fabrication have been driven by the desire to replicate the
hierarchical scale of the naturally-occurring tissues. Bone is composed of mineralised
tropocollagen molecules, arranged in a distinct quarter stagger arrangement, with
nanometre-sized hydroxyapatite crystal intimately associated with these fibrils. The nature
of these nanohydroxyapatite particles endows them with a number of distinct regenerative
advantages relative to the micron-sized particles and this has been a driving factor in the
move towards the hypothesis that biomimetic scaffolds fabricated using biomimetic
processes may allow the development of composite scaffolds optimised to promote rapid
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osteogenesis in vivo. As a result, many recent studies have utilised biocompatible or
bioactive dispersants, such as chitosan (Zhang et al., 2010b) or biomimetic fabrication
methods for the in situ mineralisation of collagen-HA scaffolds during the fabrication
process (Zhang et al., 2010a; Xu et al., 2010; Yoshida et al.,2010; Kikuchi et al., 2004).

One of the earliest attempts to combine biologically-occurring composite constituents with
biomimetic fabrication processes to form a bone graft substitute material was carried out by
Kikuchi (Kikuchi et al., 2004). This approach involved a self-organisation mechanism
designed to synthesis a bone-like collagen/hydroxyapatite nanocomposite material for use
as a bone tissue engineering scaffold. There are many motivating factors that support the
use of nano HA, most critically increased in vivo resorption rate, increased osteoblast
adhesion and proliferation and increased bone formation in vivo. By using a self-
organisation mechanism that involves the in situ mineralisation of a collagen solution,
Kikuchi and colleagues were able to develop a collagen/HA composite that exhibited bone-
like orientation of nano-sized hydroxyapatite crystals, aligned along the length of the
collagen fibrils. However, although in vitro and preliminary in vivo data were promising,
their application to orthopaedic regenerative medicine remains to be elucidated. In addition,
control and regulation of this process and the resulting nature of the fabricated HA can be
difficult with implications on the purity and crystallinity of the resulting mineral phase.
Given that HA crystallinity and purity plays a significant role in promoting bone tissue
formation in vivo (Zhang et al., 2010a; ter Brugge et al., 2002), the ability to produce pure
collagen-HA scaffolds of high purity and crystallinity is desirable from a tissue engineering
perspective.

However, a significant flaw that exists in the biomimetic fabrication approach is the
assumption that an ideal optimised bone graft substitute material must mimic the
composition and structure of the final bone tissue. This postulation does not consider that a
truly biomimetic composite scaffold for orthopaedic regenerative therapies must match the
idealised environment that supports the earliest stages of osteogenesis. This presents the
biggest current challenge within the field of composite scaffolds for orthopaedic
regenerative medicine, namely to develop a composite material that meets the multitude of
prerequisite characteristics necessary to induce, promote and support the process of
osteogenesis. Such a composite scaffold must (i) be highly porous to facilitate rapid and
complete cellular infiltration once implanted (ii) provide surfaces and an environment that
encourages cellular adhesion and proliferation (iii) be highly permeable to facilitate the
exchange of nutrients and waste products throughout the scaffolds and preventing
avascular necrosis (iv) be sufficiently strong to withstand surgical manipulation and the
implantation procedure (v) exhibit a high degree of pore interconnectivity (vi) must be
osteoconductive and ideally osteoinductive (vii) biodegradable, biocompatible and bioactive
and (viii) possess an optimised pore size and pore size distribution to facilitate homogenous
mineralisation of the composite scaffold in vitro and in vivo.

Many of the tradition methods for fabricating scaffolds for tissue engineering are not ideal
for the development of highly biocompatible scaffolds with the prerequisite pore network,
porosity and pore interconnectivity characteristics that are increasingly being recognised as
determining factors in the long-term in vivo viability of tissue engineering construct.
Problems associated with these techniques include, but are not limited to, poor control over
internal architecture and a limited range of pore sizes, residual solvent and residual
porogens, porosity limits of about 70% and highly heterogeneous nature of the pore
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structure, limitations the development of photopolymerisable and biocompatible,
biodegradable liquid polymer materials, high processing temperatures, use of toxic organic
solvents and lack of mechanical strength. In addition, one of the major barriers to the
successful development of a collagen-HA scaffold using these techniques is the difficulty in
achieving a homogenous distribution of the HA throughout polymer-based matrices
(Supova, 2009), an issue that can have a significant effect on a collagen-HA biomaterial’s in
vivo vascularisation and production of newly formed bone tissue (Lyons et al., (2010); Zhang
et al. (2010a)). Recent attempts to overcome this issue have employed additional naturally-
derived dispersants in an attempt to achieve a homogenous dispersion of the osteoinductive
HA particles throughout the fabricated matrix (Zhang et al., 2010b) but radiological results
do not provide evidence of the ability of these scaffolds to heal critically-sized bone defects.
Freeze-drying is a process which can potentially solve many of these composite scaffold
fabrication issues and is ideally suited to organic biomaterials such as collagen. This
technology has a number of distinct advantages with regard to the production of high
porosity, highly interconnected, homogenous biological constructs. Currently, our Tissue
Engineering Laboratory produces a range of highly porous collagen-based scaffolds,
using a constant cooling lyophilisation process, with specific applications including bone
and cartilage tissue repair (Murphy et al., 2010, Farrell et al., 2009). These scaffolds have
been optimised for bone tissue healing and have recently been shown to provide ideal
substrates for supporting the process of osteo- and chondro-genesis in vitro (Farrell et al.,
2006). Our laboratory’s approach has involved the optimisation of these collagen-based
scaffolds in terms of composition (Tierney et al., 2009), cross linking density (Haugh et al.,
2009) and pore architecture (Murphy et al., 2010) for use in bone tissue engineering
applications.

Case study: Highly porous collagen hydroxyapatite scaffolds for bone tissue repair

We have recently developed the ability to combine our highly porous, optimised collagen
scaffolds with an osteoinductive HA phase in an effort to improve their osteogenic potential
and provide the prerequisite mechanical integrity to promote rapid in situ bone tissue
regeneration (Gleeson et al., 2010) (Figure 4). By combining the two primary constituents of
human bone tissue, namely type 1 collagen and high purity, highly crystalline
hydroxyapatite particles using a novel mixing process (WO200896334A2), a highly porous
composite tissue engineering scaffold with a high degree of pore interconnectivity,
improved mechanical strength, permeability and cellular bioactivity was developed,
overcoming traditional HA dispersion problems and exhibiting a homogenous distribution
of the osteoinductive HA phase. The combination of the extremely biocompatible and
biodegradable collagen scaffold with an osteoinductive mineral component (Barrere et al.,
2003) provides an ideal mechanical and biological environment to facilitate cell recruitment
and maintain pore structure in order to promote healing.

By optimising these compliant and highly porous collagen-hydroxyapatite scaffolds to
promote mineralisation upon implantation (Hutmacher et al., 2000), these materials have the
potential to rapidly produce de novo bone tissue with a load bearing capacity within the
newly mineralised bone tissue graft. These scaffolds possess all the ideal prerequisite
characteristics of a biodegradable scaffold optimised for bone tissue regeneration, are
comprised only of bone’s natural constituent materials, and have demonstrate their ability
to promote osteogenesis in vitro and in vivo repair of critical-sized bone defects (Figure 4).
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These highly porous collagen hydroxyapatite scaffolds have also been used pre-clinically in
the repair of critical-sized segmental bone defects in long bones and show a rapid return to
anatomical normality (as evident by formation of a continuous marrow cavity through the
regenerated segmental defect), as well as evidence of de novo tissue remodelling and rapid
restoration of load bearing ability after only 6 weeks implantation (unpublished data). These
materials appear to demonstrate real potential as a bone graft substitute materials, capable
of facilitating and promoting osteogenesis in vivo.
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Fig. 4. MicroCT slice of representative level of mineralisation within rat calvarial defect
centre showing defect boundary edges in (a) empty defect group, (b) collagen HA scaffold
group after 28 days implantation. Almost complete defect bridging was observed in the
collagen HA group, with mineralisation level comparable to surrounding native calvarial
bone tissue (Gleeson et al., 2009)

5. Scaffold biomaterials for osteochondral tissue regeneration

Articular cartilage is a highly specialised tissue found covering the surfaces of the bony ends
of all synovial joints in the human body. Its function is to lubricate joint movement and
absorb small shock impacts within a joint. Articular cartilage is primarily composed of 70-
80% water, 15% collagens (80% of which is type II collagen) and 5% cells. In synovial joints,
the overlying lubricating articular cartilage is attached to the bone via a specialised tissue
unit, known as osteochonderal tissue. The structure and composition of osteochondral tissue
is made up of a number of distinct but seamlessly integrated layers which vary in
composition and structure according to their function and this serves to transfer mechanical
forces at articulating surface down to the stiffer underlying subchondral bone via an
intermediate tidemark layer, known as articular calcified cartilage. Cartilage is significantly
different to bone from a regenerative point of view as it has a low regenerative capacity and
damage to this tissue is irreparable and almost inevitably leads to the development of
osteoarthritis (OA) within a joint and the eventual replacement (Arthroplasty) of the
affected joint. Traditionally, the inherent lack of a natural regenerative capacity meant that
autografting, allografting and joint replacement therapies offered the best potential
outcomes for patients but recent advances in composite scaffolds are offering new
regenerative possibilities.
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Tissue engineering via in situ tissue regeneration may provide the prospect of regenerating
cartilage and osteochondral tissue using a combination of an optimised tissue engineering
scaffold and a source of potent progenitor cells used because of their ability to differentiate
into a specific cell type and provide a source of extracellular matrix. This approach to
cartilage and osteochondral repair is based on creating access to the most abundant source
of nearby progenitor cells which reside in the underlying bone marrow. It is believed that
this multi-tissue approach has the potential to offer improved restoration of the entire
osteochondral unit and may potentially be more successful than simply trying to regenerate
the avascular and largely non-regenerative mature articular cartilage tissue alone.

There are a number of critical factors that must be taken into consideration when designing
tissue engineering scaffolds optimised for osteochondral repair via in situ tissue
regeneration (Frenkel and Caesare, 2003). An ideal osteochondral graft substitute must (i) be
biocompatible, (ii) provide adequate mechanical properties to withstand the implantation
procedure and the subsequent mechanical and hydrodynamic loading within the joint, (iii)
possess sufficiently high levels of porosity to allow ingrowth of host tissue and/or seeded
cells, (iv) be retained at the site of implantation (Beris, 2005), (v) support and direct
regeneration of the two predominant tissue types, namely bone and cartilage (Hutmacher,
2000) to ensure overlying repair cartilage is adequately supported, (vi) be optimised for cell
attachment to favour colonisation by native cells (Coutts et al., 2001), (vii) promote
integration with the existing tissues (Beris, 2005).

Composition is elementary in creating biologically active materials that can induce synthesis
of new tissue in vitro and in vivo. As with bone graft substitutes, there exists a wide array of
materials that have been used in an attempt to produce an optimised osteochondral graft
substitute. Synthetic polymers have been widely used for tissue engineering. Polymers such
as polylactide (PLA), polyglycolide (PGA) and their copolymers (poly(D,L-lactide-co-
glycolide) are commonly used due to their degradability and US Food and Drug
Administration (FDA) approval for clinical use. They have been investigated as scaffolds for
cartilage tissue engineering since the early 1990s (Vacanti et al., 1991) and have formed
cartilage-like tissue with good mechanical properties (Ma and Langer, 1999). The major
advantages of the synthetic polymers include a wide range of tailored structural properties
and the lack of disease transmission. PLA scaffolds have shown some promise in vivo but
de novo tissue was found to be biochemically inferior to native cartilage tissue (Dounchis et
al., 2000). PLA and PLA co-polymer composites have also been investigated for use in
cartilage tissue repair (Niederauer et al., 2000) and shown evidence of hyaline cartilage and
good bony restoration. However, there are many disadvantages with these materials,
predominantly associated with the biological interactions that take place between the host
and these synthetic materials over time and ultimately the translation of these synthetic
polymer-based constructs into human clinical applications has not been seen due to
concerns about their ability to illicit foreign body host responses and concerns of localized
and systemic effects due to their toxic degradation by-products in vivo (Stoop, 2008)
Scaffolds developed using components of the ECM are generally more favourable than
artificial polymers due to their ability to regulate cell function through specific cell-matrix
interactions through ligand-integrin associations. Fibrin has been used extensively in the
development of tissue engineered constructs for cartilage tissue engineering but the
biochemical and morphologic features were not consistent with those of normal articular
cartilage and exogenous fibrin may trigger an immune response (Kawabe and Yoshinao,
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1991). Currently the use of fibrin is primarily limited clinically to securing perichondrial
scaffold grafts. Agarose is another material that has been used for cartilage repair but does
not resorb well and has been shown to elicit a foreign body giant cell response in vivo
(Rahfoth et al., 1998). Alginate as a matrix for supporting chondrogenesis show improved
biological performance seen histologically but resulting repair has been shown to be
biochemically distinct form native tissue (Dausse et al., 2003).

Collagens and polysaccharides are the most commonly used components of the ECM in
Tissue Engineering (TE). The ability of these materials to be fabricated into highly porous
scaffolds allows enhanced diffusion of culture medium as well as an even distribution of
ligands present for cell association and cellular migration (Murphy et al., 2010). The use of
natural materials in TE reduces the risk of having products of wear and degradation that
may elicit host tissue immune response. Collagen is commonly used in TE due to its
abundance and ubiquitous nature which allows cellular biocompatibility. From a
biomimetic point of view, osteochondral graft substitutes based on collagen and
proteoglycans may facilitate the development of natural substrates capable of directing and
regulating the chondrogenic process. Collagen-based matrices have been shown in a
number of studies to be capable of maintaining a differentiated phenotype of chondrocytes
and promoting appropriate proteoglycan synthesis in vitro (Wakitani et al.,, 1994). In
combination with seeded chondrocytes and a standard microfracture technique, collagen-
based scaffolds have been shown to be capable of regenerating hyaline-like cartilage tissue
in an ovine model (Dorotka et al., 2004). This has also been seen in rabbit model where
chondrocytes in collagen fibers induced a hyaline-like repair that was biochemically and
mechanically similar to native tissue after 6 months (Frenkel et al., 1997) but hyaline-like
tissue formation has long been accepted as only a temporary solution (Buckwalter and
Mankin, 1998). In addition, integration with the existing host tissue in studies using single
phase collagen type I scaffolds has been notably disappointing (Wakitani et al., 1998; Frenkel
et al, 1997) Alternatively, collagen type II, a primary component in native articular
cartilage, has been shown to promote a more chondrocytic phenotype when used as an in
vitro substrate for chondrogenesis results in increase DNA and GAG content, compared to
collagen type I-based scaffolds when seeded with chondrocytes while type I matrices show
a more fibroblastic phenotype (Nehrer et al., 1997). Type II collagen has also been shown to
provide chondroinductive signalling resulting in chondrogenic differentiation of adipose
tissue-derived stem cells (Lu et al., 2010) and when combine with type I collagen and GAG,
these scaffolds have outperformed ACI repair in pre-clinical trials (Breinan et al., 2001)
Hyaluronic acid (HyA), abundant in the synovial fluid and ECM, plays an important role in
structural organisation of the ECM components, maintenance of ECM space, transport of
ions and nutrients, and maintenance of tissue hydrodynamics. Studies have shown that
HyA addition in collagen scaffolds has resulted in a change of the matrix stiffness,
fibrillogenesis and matrix viscoelasticity (Tang et al., 2007). Hence, the addition of HyA in
collagen scaffolds initiates biophysical cues that influence cell response. The properties and
roles of hyaluronic acid are however dependant on its molecular weight. Low molecular
weight hyaluronic acid has been shown to induce angiogenesis whereas high molecular
weight hyaluronic acid is more chondroinductive in vivo (Loken et al., 2008). A number of
commercial scaffolds are currently available and are based predominantly on Hyaluronic
acid and have shown very positive short term results. Hyalograft C (Fidia Advanced
Biomaterials) is a 3-dimensional engineered scaffold made of Hyaff 11, the benzyl ester of
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hyaluronic acid and has been used in clinical studies and has resulted in over 95% of
patients returning with normal or nearly normal cartilage after arthroscopic examination
after 4 years with another study showing no statistical significant between patients receiving
ACI and Hyalograft C (Grigolo et al., 2005). Hyaluronic acid has been used in combination
with Chondroitin sulphate and gelatin, forming tri-copolymer scaffolds and used to
investigate in vitro chondrogenesis using porcine chondrocytes. These scaffold show
excellent results, with even distribution of chondrocytes, evidence of newly secreted ECM
and collagen type II, and good phenotype retention for up to 5 weeks (Chang et al., 2003).
While many of these materials possess the basic requirements of biocompatibility and can be
manipulated so as to provide adequate mechanical support, porosity, cell attachment and
retention at the site of implantation, the regeneration of osteochondral tissue requires a
multiplicity of biological and biochemical functions that are difficult to provide when using
only a single phase material. Indeed, the possibility of a single phase scaffold promoting
both chondro- and osteo-genesis and replicating the natural anatomical structure of native
osteochondral tissue seems highly problematic (Niederauer et al, 2000). Native
osteochondral tissue exhibits a multi-phase anatomical structure, comprised of multiple
layers seamlessly interwoven and integrated on a molecular level. Given this more
multiphase anatomical structure, it would seem clear that a more advanced biomimetic
strategy may be required to comprehensively regenerate the tissue and ensure long-term
repair of a defect. This has been recognised within the field and more and more we are
seeing the emergence of multi-layered scaffolds, attempting to regenerate multiple tissue
types in vivo. The use of bi-layered scaffolds allows the development of optimised, tissue-
specific biological environments within each respective layer via variations in mechanical,
structural, and chemical properties (O’Shea et al., 2008). These scaffolds can be designed to
better mimic the native ECM for each tissue type independently rather than trying to
fabricate a construct that attempts to compensate for the functional requirements of both
cartilage and bone in a single structure but fail to address the mechanical and biological
need for an intermediate calcified cartilage phase to comprehensively integrate these distinct
tissue types in vivo.

A number of recent studies provide convincing evidence supporting the need for a scaffold
comprised of a number of distinct constituents, contained within a gradient scaffold
architecture. Gradient scaffold pore architectures have been used to investigate the effect of
a gradient structure on in vitro chondrogenesis (Woodfield et al., 2005). In vitro culture on
these scaffolds can lead to zonal distributions of glycosaminoglycans (GAGs) and collagen
type II while changes in the permeability or fluid mobility of scaffolds (that would occur
within scaffolds with varying pore size gradients) have also been shown to preferentially
favour chondrogenic differentiation of BMSCs and cartilaginous ECM production of
chondrocytes (Kemppainen and Hollister, 2010). Computational models of osteochondral
repair (Kelly et al., 2006) using a mechano-regulation algorithm point to the importance of a
depth-dependent mechanical properties and permeability as optimum for osteochondral
repair. The use of bi-layered scaffolds was first pioneered by Shaefer and colleagues
(Schaefer et al., 2002) and provided promising results as the first attempt at using multi-
phase scaffolds to regenerate osteochondral defects in rabbit knees. The results showed
good integration with the underlying bone but not with the peripheral cartilage, although
the constructs did show evidence of engineered cartilage that remodelled into osteochondral
tissue. Subsequent studies applying this biomimetic approach have resulted in distinct
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tissue healing within respective layers of a bi-layered construct (Tampieri et al., 2008) with
evidence of a mineralised interface (Schek et al., 2004).

Although multi-layered scaffolds can be fabricated by the combination of individually
fabricated layers, standard techniques for combining these layers (such as suturing and
gluing) are problematic from both a mechanical and a biological point of view. Currently,
bi-layered scaffolds with a seamlessly integrated structure are only available composed of
synthetic materials (Ghosh et al., 2008) with one exception (Chondromimetic, Tigenix) and
although these multi-layered constructs have shown promise in vitro, a significant
amount of in vivo data needs to be gathered regarding their clinical efficacy (O’Shea et al.,
2008). Consequently, the ability to fabricate multi-layer natural scaffolds exhibiting layer-
specific composition, porosity, pore size, mechanical properties, degradation rate and
permeability as part of a seamlessly integrated construct is of significant interest. Our
laboratory has recently developed a novel multi-layered natural scaffold for
osteochondral tissue repair, developed using our existing collagen-based technologies
previously used as novel bone graft substitutes. These novel multi-layered scaffolds for
use as osteochondral graft substitutes are designed to promote regeneration that
replicates the structure and composition of healthy anatomical osteochondral tissue.
These scaffolds exhibit a seamless integration between the distinct layers, ensuring rapid
cellular infiltration, creation of optimised, tissue-specific biological environments in each
respective layer via variations in mechanical, structural, and chemical properties and are
designed to better mimic the native ECM of each tissue type independently. These
scaffolds may provide a characteristic interfacial region that may help to inhibit the
phenomenon of growth factor-induced angiogenesis and the consequential up growth of
osseous tissue into the cartilage region. In addition, the use of collagen as a basic
component in all three layers provides the opportunity to load distinct bioactive
molecules within each distinct scaffold layer.

Case study: Multilayer composite scaffolds for osteochondral tissue regeneration

Our laboratory’s approach has been the development of a number of novel lyophilisation
fabrication techniques that facilitate a large degree of control over the manufacture of each
layer, while still resulting in a completely integrated construct, free from interfacial barriers
to cell infiltration and migration. This multi-layered polyphasic scaffold exhibits a structure
and composition designed to replicate the environments of the three major layers of
anatomical osteochondral tissue, namely subchondral bone, calcified cartilage and cartilage.
This material is currently being optimised to provide a substrate for high quality hyaline
cartilage repair tissue, seamlessly integrated with a supporting calcified cartilage and bone
layers. Each of the three layers possesses a unique composition. The top or cartilage layer
contains type I collagen, type II collagen and glycosaminoglycan. Glycosaminoglycans can
easily be cross-linked to collagen and the level of cross-linking can alter the mechanical
properties of these scaffolds as well as improving their degradation rate (Lee et al., 2001).
Chondroitin sulphate (CS) is the most abundant type of GAG in the natural cartilage tissue
and is fundamental in the maintaining the structure of cartilage tissue as well as generating
electrostatic repulsion via highly charged sulphate groups in the structure. CS manipulates
chondrocyte morphology, proliferation and proteoglycan production due to the GAG
molecules acting as ligands for the regulation of metabolism and gene expression in
chondrocytes. This biochemical is widely used both in vitro and in vivo due to its anti-
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inflammatory activity as well as the decrease in catabolic activity of proteolytic enzymes
such as Nitric Oxide which degenerate cartilage matrix (van Susante et al., 2001). Ko and
colleagues (Ko et al., 2009) investigated the effect of collagen-chondroitin sulphate-
hyaluronan (CCH) composites on chondrogenesis and their results demonstrated that CCH
scaffolds showed upregulated cartilage specific gene expression of collagen-2 and aggrecan
compared to scaffolds with no GAGs. Furthermore their results revealed that the CCH
scaffolds provided the best microenvironment for the preservation of chondrocyte
phenotype.

The intermediate or calcified cartilage layer contains type I collagen, type II collagen and
hydroxyapatite while the bottom or bone layer is identical in composition to our optimised
bone graft substitute material (Gleeson et al., 2010), specifically type I collagen and
hydroxyapatite. We have shown previously that the inclusion of the osteoinductive
hydroxyapatite phase in discrete amounts within the collagen-based scaffolds allows a
degree of control on the osteogenic process in vitro. The composition of the intermediate
layer is designed to act as an interface between the cartilage and bone layers while at the
same time facilitating a degree of integration between the tissues engineered within each
layer. The fabrication process produces a seamlessly integrated construct. Mechanical
testing of the interfacial strength has shown excellent interfacial bonding, with no
delamination occurring at scaffold yield and evidence of collagen fibre pullout at the yield
point. Interestingly, failure of these construct in tension does not occur at the interface but
within the mechanically weakest layer, strong evidence of the seamless integration at the
layer interfaces.

We have shown that the addition of the GAGs to the top cartilage layer appears to increase
the levels of cartilage ECM specific sulphated GAG production when these constructs are
cultured for up to 28 days in vitro. In addition, the type of GAG added to the top layer of the
multi-layered construct has a dramatic effect on cellular infiltration, specifically the addition
of hyaluronic acid significantly improves cell distribution throughout the constructs when
seeded with MSCs and cultured in chondrogenic media (Matsiko et al., 2010). We have also
shown that the addition of type II collagen results in increased production of sulphated
GAG assessed using Safrinin-O staining within the constructs after culture with rat MSCs in
chondrogenic media for up to 28 days (Levingstone et al., 2010). These constructs have also
been investigated using a preliminary in vivo pre-clinical rabbit osteochondral defect model
in a small cohort of animals (n=2). This work was carried out with ethical approval from the
RCSI research ethics committee. A critical-size osteochondral defect (3 mm diameter, 4 mm
deep) was created in the femoral condyle of 2 New Zealand White Rabbits. The multi-
layered scaffold was cut to size and placed into the osteochondral defect with no fixatives
and following the procedure the rabbits were allowed to weight bear with appropriate
analgesia. 12 week healing compared to empty defects can be seen in the MicroCT images in
Figure 5.

The femoral condyles are currently being assessed histologically to investigate the level of
healing and composition of the regenerated tissue. Although MicroCT does not allow a
detailed analysis of the overlying chondral repair tissue in these samples, it is clear that a
significant amount of subchondral bone healing has taken place and that the defect has been
completely sealed at the condylar surface. Additional images taken of the defect surface
after 12 weeks (Figure 5) show evidence of integration between the in situ regenerated tissue
within the defect and the peripheral hyaline cartilage and the macroscopic appearance of
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this tissue closely matches the surrounding cartilage in terms of colour and glistening
appearance.

Fig. 5. (a) MicroCT slice of empty control (Left) and scaffold-treated group (Right) after 12
weeks implantation. Note the extensive subchondral remodeling and appearance of
cartilage-like repair tissue at joint surface (b) Appearance of treated condyle after 12 weeks
implantation. Good repair tissue integration with surrounding cartilage and hyaline-like
appearance of de novo tissue

While there remains much work left to do on these constructs and indeed within the field of
multi-layered constructs for osteochondral tissue repair, preliminary in vitro and in vivo
studies have been extremely promising. The natural composition of the structure, in
combination with the layer specific control of composition, structure and mechanical
properties endow these materials with great potential for facilitating the in situ repair of
osteochondral tissue and may finally offer a clinical therapy that may finally offer patients a
real regenerative possibility for damaged or degenerated osteochondral tissue.

6. Conclusions and future directions

The regenerative capabilities of mature bone and osteochondral tissue differ significantly
and this has resulted in the two distinct approaches, summarised in this chapter, in an
attempt to repair or regenerate these tissues either in the lab or within the patient
themselves. Interestingly, despite their final differences, the genesis of these tissues begins
in a common cartilaginous anlage present during limb development. The future of bone and
osteochondral tissue repair may therefore lie in our understanding of the process of
endochondral ossification, and an ability to control and direct this process using improved
advances in composite materials and technology. Angiogenesis plays a critical role in
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endochondral ossification, during which the avascular cartilaginous tissue precursor is
gradually transformed into vascular osseous tissue by the migration of blood vessels via
cartilage channels. This ingrowth and advancement of vasculature provides the first set of
cells capable of disintegrating the cartilage ECM, preventing avascular necrosis and
supporting osteogenesis and subsequent bone development and growth. The ability to
direct or control tissue vasculogenesis using cutting-edge composite materials and scaffolds
may lead to new ways to develop both de novo bone and osteochondral tissue, possibly
from a common composite scaffold.
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1. Introduction

Stents that are used for the purpose of canceling stenotic lesions in luminal organs are
classified into three types according to the materials used. The first type is ones comprising
silicone, and the second type metal. A composite of silicone and metal is employed in the
third type. Recent years have seen an increase in the number and range of products of the
last type. I am one of those who hold that this is because a stent consisting of a composite
material complements those consisting of single materials. The advantage of the silicone
stent is the easy removal from the body. The disadvantages include its weak expansile force,
requirement for general anesthesia when implanting it in the body, and unstableness. In
contrast, the metallic stent is easily inserted in the body and offers strong expansile force
while it is difficult to remove once it is inserted. For another disadvantage, it may cause
damage to peripheral tissues by superdistention. In order to complement these
disadvantages of stents made of single materials, stents comprising a composite of these
materials are currently being developed.

I as well as other researchers list the following conditions for an ideal stent.

First, as for the mechanical properties as a structure for canceling stenotic lesions, a stent
must:

1. have sufficient expansile force to cancel stenotic lesions,

2. minimize the stress on normal tissues by adjusting its shape according to organs, and

3. not damage the physiologic functions of organs such as secretion and peristalsis.
Second, as a measure against temporal and/or spacial changes of a lesion, a stent must:

1. beremoved and reinserted easily when necessary, and

2. retain its properties for an extended period of time.

Third, as for additional properties as a treatment device, a stent must:

1. be able to contain and release therapeutic medicine.

There is a long way to go before a stent is developed that fulfills all these conditions. For the
time being, it is more realistic to select one which better meets the specific requirement of
each case. We devised a method of knitting metallic and non-metallic materials with a view
to modifying the structural properties of the knitted metallic stent. This method enables
modification of stent properties in accordance with a specific lesion by changing the non-
metallic material to be used with the metal wire. For instance, for improved stent
removability, adopting a stent structure with a mesh of bio-absorbing material knit together
with metallic wire makes a stent easy to remove. After the bio-absorbing material dissolves,
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the metallic component remains as a simple spiral, which can be straightened and removed
easily by pulling it at one end. Also, compared with metallic materials coated with
therapeutic medicine, non-metallic materials such as bio-absorbing textile can contain
medicine more easily so it can be designed to optimize the release of the medicine. In
addition, as mentioned above, the metallic part can be removed easily after the medicine is
released.

The mechanical properties of a composite material stent of metallic and non-metallic
materials can be adjusted as well. Metallic stents are composed of metals such as nickel
titanium (Ni-Ti) and stainless steel, and the physical properties are defined by the design of
the mesh and by the material properties of the metals used. Stents with strong expansile
force generally show high elasticity against bending. For this reason, if an indwelling stent
with strong expansile force is inserted in a curved luminal organ, the restoring force caused
by bending yields excess surface pressure to tissues, which may result in ulceration of and
perforation in the tissues. (Fransen et al. 2003) Also, when a stent is bent to an acute angle,
adjacent struts come into contact and transform themselves in such a way that they protrude
inward, which may result in kinks. (Mori et al. 2004) In a composite material stent of
metallic and non-metallic materials, mechanical properties such as expansile force and
restoring force are determined almost exclusively by the material and structural properties
of the metallic component, as the materials have significantly different degrees of bending
stiffness. That is, the structural properties of a hybrid stent are similar to those of metallic
spirals. Therefore, a composite material knitted stent realizes both strong expansile force
and applicability to curved luminalis.

For this experiment, two types of composite material knitted stents were developed: one
using stainless wire and PLA fiber, and the other using Ni-Ti wire and poly-phenylene-
benzobisoxazole (PBO) fiber. The former was developed to evaluate the removability after
the dissolution of the PLA fiber. The latter was used to evaluate mechanical properties such
as the radial expansile force, restoring force against bending, and resistance against kinks.

2. Composite material stent comprising metallic wire and bioabsorbable
fiber: mechanical characteristics and retrievability

2.1 Background

Metallic knitted stents are characterized by strong radial force, thin wall structure, and
simple stenting procedure under local anesthesia. The major disadvantage of these stents,
however, is the difficulty in removal from the body (Noppen et al., 2005). Once placed in a
luminal organ, it is often difficult to fold and withdraw the expanded stent. Song et al.
reported a metallic stent retrieval procedure using a hook, which allows easy stent removal
by pulling the hook after attachment to the stent body (Song et al., 1999). The retrieval hook
is useful for certain types of metallic stent structure, but may not be applied to all types of
stent textile pattern as some cannot be folded up sufficiently by pulling the end of wire
outwards.

One of the reasons why conventional knitted metallic stents are difficult to remove from the
body is that they are made with a wire knitted in a cross-linked textile pattern. When stent
removal is necessary, it is often difficult to fold up the complex cross-linked wire structure.
The only way to remove the stent is to remove it as a whole structure.

We examined the textile patterns of present metallic stents to develop a simple unlocking
procedure, and found that cross-linking of the metallic wire can be avoided if the textile is
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knitted from two different wires, one of which comprising a non-metallic material. This
concept can be applied to a composite material stent comprising a metallic wire and a
bioabsorbable fiber.

In this study, we made a composite material stent comprising a metallic wire and a Poly
Lactic Acid (PLA) fiber (hybrid stent). With such a stent, metallic wire is cross-linked only
with bioabsorbable fiber, not with itself, and it can easily be deformed and removed after
bioabsorbable fiber has degraded.

The purpose of this study is to evaluate mechanical characteristics of the composite material
stent and to examine its retrievability after bioabsorbable fiber degradation.

2.2 Material and methods

2.2.1 Stent structure

The composite material stent was produced from stainless steel wire and poly lactic acid
(PLA) fiber. They were cross knitted in the same textile pattern of an commercial Ultra Flex
stent (Fig. 1). American National Standard of Industry (ANSI) 304 grade stainless steel wire
of 0.2 mm in diameter was knitted with a 0.23mm PLA monofilament fiber (520T; Chukoh
Chemical Industries, Ltd. Fukuoka, Japan: S-P stent). Stent size is 20 mm in diameter and 60
mm in length.

For comparison of mechanical strength, identical test stent of the PLA monofilament fiber
only was made (P-P stent).

Commercial metallic stents, Ultra Flex (Boston Scientific Co., Natick, USA) of the same size
were also prepared for comparison.
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Fig. 1. Schematic structure of composite material stent; A stainless steel wire and a PLA
monofilament fiber were knitted in the same textile structure as Ultra Flex stent. Non-cross-
linked metallic wire can be straightened after PLA fiber degradation, and easily removed
from the body

2.2.2 Evaluation of mechanical properties

1. Radial expansile force

The radial expansile forces of the test stents were measured as the resilient force response
against circumferential shrinkage stress load, as described previously (Miura et al., 2003). In
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summary, a test stent covered with a non-stretchable film was placed on a board fixed to
one end of the covering film. The other end of the film was connected to a push-pull gauge
(Imada Co., Toyohashi, Japan), and shrinkage load was added to the stent by pulling the
film. The load added to the stent was recorded for stent diameter change (Fig. 2 (a)).

2. Lateral stent rigidity

Mechanical strength against lateral compression, defined as stent rigidity in this study, was
measured as the resilient force response to lateral compression load. The test stent was set in
a load cell, and lateral compression stress was added to the point when stent diameter
reduced to 50% of the original dimension. The resilient force at this point was recorded (Fig.

2 (b)).

(a)

(b)

Fig. 2. Evaluation of mechanical properties; (a) Radial expansile force was evaluated as the
resilient force response against circumferential shrinkage stress load applied to the test
stent. (b) Resilient force against lateral compression load was measured at 50% reduction of
the original diameter

3. Change in radial expansile force after PLA fiber degradation

To estimate change of mechanical strength after PLA fiber degradation, an artificial PLA
degradation process was added to S-P stent by immersing it into a water bath at 80°C for 48
hours. The change in radial expansile force was compared to the original values P-P stent
was also tested in the same way for comparison.

2.3 Retrievability of metallic core component

S-P stent underwent the heating process mentioned above was set in a silicone tube. One
end of the metallic core component was grasped using forceps and pulled outwards to
unlock spiral structure. Torsion of the metallic wire, stent displacement, resistance in the
unlocking process and deformities in the core were visually evaluated.
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2.4 Results

2.4.1 Mechanical properties

1. Radial expansile force

S-P stent exhibited linear radial force response up to the point when the diameter was 85%
of the original dimension. This linearity was comparable to that of the same size UltraFlex
stent. The lumen of P-P stent was obstructed at 15 percent diameter shortening, and did not
exhibit radial force increase over this point (Fig. 3).
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Fig. 3. Radial expansile force response against circumferential shrinkage stress load; The S-P
stent presented linear radial force increase within the range of 15 percent shortening of the
original diameter. In P-P stent, linear response was lost when the diameter decreased by 15%

2. Stent rigidity

Resilient force of a S-P stent against lateral compression was 86.8 kN and 21.1kN for S-P
stent at the point when stent diameter reduced to 50% of the original dimension. It was
approximately four times than that of the same structural S-S stent. (Table 1).

Stent Resilient force (kN)
S-P stent 86.8
P-P stent 211

Table 1. Resilient force of test stents against lateral compression at the point when stent
diameter reduced to 50% of the original dimension

3. Change in radial expansile force after PLA fiber degradation

S-P stent undergoing the heat process showed a slight decrease in radial expansile force, but
it was not more than 5% within the range of a 15 % reduction in original stent diameter. In
contrast, P-P stent did not exhibit an effective radial force, and was destroyed at 12%
diameter reduction (Fig. 4). S-P stent maintained its original shape even after PLA
degradation. In contrast, P-P stent was easily crushed by slight compression loads (Fig. 5).
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Fig. 4. Radial expansile force responseof the heat processed stents; The radial force decrease
of the S-P stent was within 5 percent of the original force. PLA stent did not exhibit effective
radial force after the process

P-P stent 5-P stent

Fig. 5. Gross appearance of the heat processed test stents; The S-P stent maintained its original
shape, even after PLA degradation, but the P-P stent was destroyed with slight compression
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2.4.2 Retrievability of metallic core component

After the heat process, the non-cross-linked metal core of the S-P stent was easily
straightened by pulling the end of the stent wire. There was slight displacement of the stent
in the silicone tube while pulling the wire, but no unusual resistance, deformity or torsion of
the core was observed. As a result, the residual metal core component was removed from
the silicone tube without difficulty (Fig. 6).

Fig. 6. Unlocking performance of metal component of the heat processed S-P stent; The non-
cross-linked metal core was easily straightened by pulling the end of the stent wire, and was
removed from a silicone tube without difficulty

2.5 Discussion

Silicone are characterized by high elasticity and retrievability, and are often used for
temporary stenting, such as strictures of benign etiology (Schildge et al., 2001), or regions
where flexibility is required due to various organ movement, such as the trachea (Puma et
al. 2000). However, they also have disadvantages related to the complex stenting procedure
and structural problems. Rigid fiberscopy under general anesthesia is required for stenting;
the stent wall is too thick to create effective radial force, which often results in stent
migration or displacement. Therefore, the clinical applications of silicone stents are limited
when compared to metallic stents.

So-called bioabsorbable stents have been developed for temporary stenting purposes. They
are designed to degrade in the body at certain periods of time after deployment (Korpala et
al., 1999). A common bioabsorbable material for this purpose is poly-l-lactic acid (PLLA),
which has been widely used as a surgical suture material, and its biocompatibility and
degradability in the human body has been established (Isotalo et al., 2002; Zilberman et al.
2005). However, the physical properties of PLLA fibers, such as tensile strength and
elasticity, are inferior to metallic wires (Grabow et al., 2005); therefore, the potential uses of
this material in stents are limited.

Under these circumstances, the purpose of our study was to improve the retrievability of
metallic knitted stents, and for this purpose, we produced a composite material stent
comprising bioabsorbable fiber and metallic wire. Combination of dissimilar materials with
different physical properties in stent design has been in practice in the dynamic stent
(Freitag et al., 1994), for which a silicone plate and elastic rubber were successfully
combined to achieve excellent conformability with tracheal wall movement. Our composite
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material stent is another attempt for metallic knitted stent to use different materials in order
to improve its retrievability.

Mechanical strength of the composite material stent is dependent on the metallic spiral
component, and the bioabsorbable fiber component acted as a spacer by which the metallic
core can be properly introduced, positioned and fixed at the target site. Therefore, apparent
reduction of radial expansile force was not observed between before and after artificial PLA
degradation process. Fuerthermore, the fact that mechanical strength of the composite
material stent, as a whole, is influenced by that of the metallic spiral core component means
that stent mechanical characteristics can be designed simply by dimensional factors of a
metallic wire, such as diameter, circumferential loop density, and length of a loop leg as
well as physical properties of the material used. Without taking the effect of cross-linkage of
stiff metallic wire with itself into account, stent structural parameters can be optimized.

The changes made to the composite material stent structure may have additional benefit to
its characteristics; excellent kink resistance and low axial resilient force. Upon our
observation of why stent kinking occurs in conventional metallic knitted stents, it is brought
about by the collision of adjacent metallic loops during bending of the stent, resulting in
compressed loops protruding inward. In contrast, because the metallic loop is surrounded
by soft loops of non-metal fibers in the hybrid stent, collision between metallic loops is not
likely to occur, and therefore kinking may be avoided. Furthermore non-cross-linked
metallic loop structures produce only resilient torsial force at stent bending, and thus the
straightening force of the stent is minimized and excellent conformability may be achieved.
Our study was limited by the fact that PLA degradation process was not evaluated in vivo.
The bioabsorbable fiber component is expected to act as a spacer by which the metallic core
can be properly introduced, positioned and fixed at the target site, and to be degraded after
metallic core has been fixed. However, once placed in the body, it is not possible to control
reaction speed of PLA hydrolyzation reaction. Loco-regional settings of the target site, such
as existence of bacteria, influence the reaction, which may result in insufficient fixation of
the metallic core due to unexpectedly early PLA degradation, or in disturbance in stent
removal due to persistence of unhydrolyzated PLA fiber. Thus, further experimental studies
in vivo are warranted.

In conclusion, the composite material stent comprising metallic wire and bioabsorbable fiber
can preserve effective physical properties comparable with the identical metallic stent. And
it also has high retrievability after bioabsorbable fiber degradation.

3. Composite material stent comprising Ni-Ti wire and PBO fiber, and its
mechanical characteristics

3.1 Background

An ideal stent has not only expansile force to enlarge a stenotic lumen but also elasticity to
follow flexibly various forms of external force such as bending and compression caused by
movement of the body (Fransen et al., 2003).

A stent's characteristics such as the mechanical strength and transformation due to loading
are determined by the physical properties of the materials and by the design of the mesh
pattern (Flueckiger et al., 1994). As for the metallic stent, it shows strong elasticity against
external force such as bending and compression with its strong expansile force.

Caution is required when implanting a metallic stent in a curved luminal organ because it
may cause ulceration or perforation in tissues by giving excess surface pressure as it
unwinds to the linear form.
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With a view to developing a stent with sufficient expansile force against stenosis while
following flexibly bends in luminal organs, stents knit in tiers were created using wires of
different degrees of bending stiffness. The results showed that expansile force and flexibility
can be gained simultaneously by an appropriate combination of materials and textile design.
The purpose of this experiment was to evaluate the physical properties of a composite
material stent comprising metallic wire and polymeric fiber.

3.2 Materials and methods

3.2.1 Stent structure

For the metallic wire, nickel titanium alloy (Ni-Ti) wire, 0.12mm in diameter, was chosen.
For the non-metallic wire, multifilament fiber (ZYRON®-AS; TOYOBO, Osaka, Japan)
consisting of poly-phenylene-benzobisoxazole (PBO), 0.18mm in diameter, was selected.
These materials were knit at the ratio of 1 to 1 into a cylinder having the same textile pattern
as the Ultra Flex Stent (Fig. 7). The size of the stent was 15mm or 8mm in diameter and
80mm in length (N-Z stent). For control, a metallic stent was created using Ni-Ti only but
having the same textile pattern (N-N stent). After the stents were knit, they were heated for
thirty minutes at 400 degrees Celsius, for a shape memory treatment of the Ni-Ti alloy. The
loop pitches of the Ni-Ti wires after the shape memory treatment measured 1.84mm in the
N-Z stent and 1.92mm in the N-N stent. Also, for comparison, three stents of 8mm in
diameter that are already in clinical use were prepared: a Wall stent (Boston Scientific Co.,
Natick, USA), a Spiral Z stent (Medico’s Hirata, Tokyo, Japan), and a SENDALI stent (Piolax
Medical Device Co., Yokohama, Japan).
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Fig. 7. A composite material stent comprising Ni-Ti wire and PBO multifilament fiber. The
photo was taken prior to the shape memory heat treatment of the Ni-Ti
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3.2.2 Evaluation of mechanical properties

1. Radial expansile force

An N-Z stent and an N-N stent of 15mm in diameter were chosen as the objects of study.
One metallic plate was attached to the top of a universal testing machine (RTC-1350A,
ORIENTEC Co., Ltd., Tokyo, Japan) and another to the bottom. The stents were set between
the plates. The initial point of measurement was determined when the upper metallic plate
was lowered to a point where the diameter of the stent was 6mm (40% of the original). The
pressure was released by raising the upper metallic plate at 5mm/min. The autograph
connected to the upper plate measured the restoring force of the stent sequentially to the
ratio of the amount of transformation of the stent. When the value of the force reached zero,
the upper plate was lowered at 5mm/min to the initial point. This process was also
measured. A cycle was defined by this up-and-down, and the radial expansile force was
calculated on the basis the average score after two cycles (Fig. 8).

Upper plate
Testsample
Lower plate

Fig. 8. A method of measuring radial expansile force. The restoring force of the stent on the
upper plate when the stent was given a compressive weight was measured as the stent’s
radial expansile force.

2. Bending force

An N-Z stent and an N-N stent of 8mm in diameter, a Spiral Z stent, a SENDAI stent, and a
Wall stent were chosen as the objects. A mandrel was inserted 4cm deep at one end of each
stent so the stents were fixed on one side. The free ends of the stents were contacted by a
push-pull gauge (IMADA Co., Aichi, Japan) in the direction of the diameter. External force
was given to the stents through the gauge until they were bent to an angle of 90 degrees.
With the stents bent at an angle of 90 degrees, the weight of the load was measured on the
push-pull gauge. The bending force was calculated on the basis of the average values after
three measurements (Fig. 9).
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Fig. 9. With a mandrel inserted at one end of each stent, the other end was contacted by a
push-pull gauge (IMADA Co., Aichi, Japan) on the surface of the stent, and was given
external force until the stents were bent to an angle of 90 degrees. The value of the weight
on the gauge was defined and measured as the bending force of the stent

3. Kink resistance

The objects were an N-Z stent, an N-N stent, a Wall stent, and a Spiral Z stent. A mandrel
was inserted 20mm deep at either end of each stent. The stents were bent manually via the
mandrels on a mat measuring angles. The bending angles were measured on the basis of
the angles the two mandrels made, and the outer diameters of the most stenosed part of the
kinks were measured. The bending angles of the stents were measured at an angle of 0
through 180 degrees with an interval of 10 degrees.

3.3 Results

1. Radial compressive force

For the N-Z and the N-N stents, the radial expansile forces increased in a virtually linear
manner when they were loaded and compressed to 40% of the original diameter (9mm
compression). At this point, the radial expansile force measured 6.1N in the N-Z stent and
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5.0N in the N-N stent (Fig. 10). In other words, compared with the metallic stent of the
equivalent mesh density, the hybrid stent showed greater expansile force.

Expansile force (N
Bxpansile force (N
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Z y
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Fig. 10. The relation of the amount of horizontal compression to expansile force in the N-Z
stent (a) and N-N stent (b). In the range of 9mm compression (40% of the original
diameter), the expansile force increased in proportion to the amount of compression for
both stents

2. Bending force

When the stents were bent at the angle of 90 degrees, the bending force measured 0.003N in
the N-Z stent, 0.034N in the N-N stent, 0.09N in the Spiral Z stent, 0.11N in the SENDAI
stent and 0.03N in the Wall stent.

3. Kink resistance

Kinks emerged at an angle of about 60 degrees in both the N-N and the SENDAI stents. As
the bending angle increased the kinks showed further development until the lumen was
stenosed almost completely at an angle of 150 degrees or more. A slight kink was formed at
a bending angle of 150 degrees or more in the N-Z stent, while the kink remained small even
when the stent was bent further. In the Spiral Z stent, the largest kink was observed at an
angle of 120 degrees. The Wall stent didn't have any kinks on the central part at a bending
angle of 100 degrees or more. Rather it showed a slight increase in the diameter (Fig. 11).
When they were bent to an angle of 180 degrees, the lumens of the N-N, the SENDAI and
the Spiral Z stents were stenosed almost completely, while the kink on the N-Z stent was not
significant (Fig. 12).
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Fig. 11. The relation of the bending angle of the stent to the narrowest diameter of kinks.
For spiral Z stent and N-N stent, kinks emerged at an angle of about 60 degrees, abd grew
larger as the bending angle increased. On the N-Z stent, however, no apparent kinks

emerged until the stent was bent to an angle of 150 degrees. No kinks emerged that would
cause stenosis of the lumen as the stent was bent further

(c)

(d)

_—

Fig. 12. Occurrence of kinks on bending to an angle of 180 degrees. In the N-N (a), the

SENDAI (b), and the Spiral Z stents (c), the lumen was completely stenosed, while the kink

was minor in the N-Z stent (d)
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3.4 Discussion

Metallic stents can be classified according to their structure into the following types: ones
made with a metallic wire knit into a cylinder (e.g., the UltraFlex stent), ones using two or
more metallic wires forming a braid (e.g., the Wall stent), hollow tubes molded with a laser
beam (e.g., the Cyphor stent) and others. In knitted stents, the loops of the mesh form the
hollow cylindrical structure. In the case of stents molded with laser, a regular array of closed
and semi-closed polygonal structural units called cells play the role of the loops. The
adjacent loops of knitted stents are fixed by confounding, whereas the cells in laser molded
stents are connected with linking components. It is one of the necessary conditions for loops
or cells to maintain a rigid array if a stent is to yield effective expansile force. At the same
time, however, it will also be a cause of restoring force against bending transformation. It is
difficult to design a stent of this type that has low restoring force while retaining strong
expansile force.

In contrast, if stents receive a strong bending transformation, adjacent loops or cells may
come into contact at unexpected parts. Or they may yield an irregular external force through
the joints. These may result in transformation and deviation of loops and cells, with part of
them protruding inside the lumen of the stents.

In their discussion on the mechanism of emergence of kinks in stents using the Finite Element
Method, Mori et al. state that stent meshes or struts contacting or colliding with each other will
cause decrease in their flexibility and lead to formation of kinks (Mori et al., 2004).

As a solution to interference of adjacent loops in knitted stents in bending transformation
described above, we devised knitted stents whose two wires differed significantly in
bending stiffness. Each of the wire intersected regularly at the small loops, forming a
structure of two spirals of different materials knit together.

This structure reacts differently to external force from the same structure consisting of one
single metal. In bending transformation, the fiber loops, coupled with the metal loops,
transform themselves, keeping the transformation of the metal spiral loops to a minimum.
This yields little elasticity caused by the restoring force in bending transformation of the
metallic spiral component, making the restoring force related to the twisting stiffness of the
metallic material the only cause of the restoring force. Also, kinks are less likely to occur as
the metallic loops do not come into contact with each other. As for the load in the direction
of the diameter, materials with low stiffness function as a spacer to maintain the spiral
structure of the material of high stiffness enabling to produce effective radial expansile force.
Our approach also prevents the metallic spiral structure from significant transformation or
divergence by weight.

It is in this point that our approach differs from loose spiral structures. This is the reason
why the composite material stents yield effective expansile force. The expansile force can be
adjusted by the bending stiffness of the material of high bending stiffness and the pitch and
height of the loops. The stents developed for this experiment had a knitted structure
generally in use such as in the Strecker and the Ultraflex stents. However, our hybrid
materials approach has made it possible to adjust expansile force, anti-kink characteristics,
and axial restoring force independently, which was not possible in metallic or laser molded
stents.

In conclusion, a composite material knitted stent, compared with a metallic stent of the same
pattern, allows strong radial compressive force while keeping bending force low. This
hybrid approach is also superior in the anti-kink characteristics to one using a single
metallic material.
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4. Future research

In this experiment we demonstrated that the properties of a composite material knitted stent
using metallic and non-metallic materials can be manipulated easily. As we have shown, a
composite material stent comprising metallic and a bio-absorbing textile can offer advanced
removability from the body without losing the structural properties of the stent. It can also
be used as a drug eluting stent by filling the bio-absorbing textile with therapeutic medicine
such as an anticancer drug.

Most of the drug eluting stents currently in use release therapeutic medicine from polymers
covering the surface of a metallic stent. Our hybrid materials stents can contain multiple
agents by selecting an appropriate textile.

The combination of a metal and a fiber can also change the structural properties of a stent.
Realizing strong expansile force and flexibility at a high level was hard in metallic stents. In
the combination of PBO fiber and Ni-Ti wire, our stents realized a stronger expansile force
and a greater conformity against bending than metallic stents of the same textile pattern.
They also achieved a superior anti-kink characteristics.

The concept of employing multiple materials in a stent is not limited to the knitted stent
structure we used in this experiment, but it can be applied to other stent structures as well.
Existing stents such as the Spiral Z and the Wall stents can be expected to show
improvement in removability and be designed to contain therapeutic medicine by
employing multiple materials (Fig. 13).

Bio-absorbing fiber

Metallic wire —_

Metallic wire —

{
Bio-absorbing fiber

Fig. 13. An example of hybridizing existing stents. In a Spiral Z stent (a) using a bio-
absorbing fiber as the linking material, the Z-shaped loops will show improved
removability from the body. In the Wall stent (b), bio-absorbing fiber can be woven
between the wires. By filling the textile with therapeutic medicine, the medicine can be
released as the textile dissolves
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Composite Materials for
Some Biotribological Systems

Jan R. Dabrowski, Piotr Deptula and Joanna Mystkowska
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Poland

1. Introduction

Complex functions connected mainly with directed motion, power transmission, and
material forming, are performed in biotribological systems. This concerns both technical
biotribological systems (machines and devices) as well as human biosystems - especially
joints, and teeth and parodontium. The basic function of joints is to transmit complex
dynamic loadings. Within the area of teeth and parodontium - an element of a
stomatognathic system - taking nutrients and preparing them for digestive processes take
place. Durability of such biotribological systems is directly reflected in the functioning of the
whole human organism. Lesions and mechanical injuries of joints lead to unfavourable
changes which often impede normal locomotion in humans. Similarly, in tooth systems,
deterioration of hard tooth tissues, most often because of attrition and caries processes,
makes normal functioning of stomatognathic systems much difficult. One of more and more
popular methods applied in repairing human joints is endoprosthetics, i.e. a surgical
treatment consisting in replacing a diseased joint with an artificial apparatus - an
endoprosthesis. In the case of defects in hard tooth tissues, the defects are either filled or the
damaged tooth is replaced with an implant. Biomaterials used for these purposes, beside
having a number of biofunctional features, should have very good tribological
characteristics - low friction coefficients and antiwear performance.

Progress in reconstructive surgery of human joints and in conservative dentistry, in
particular selecting appropriate biomaterials and constructions, depends to a large extent on
getting to know these biotribological systems, which facilitates producing more reliable
functional and structural models of the systems, and thus results in developing Omore
correct methods of assessing their biotribological characteristics.

Fig. 1. shows a graphical representation of a general functional model of a biotribological
system, in which, beside the classical external environment, the environment of an
autonomous character is marked together with the feedback of parameters characteristic of
the input-output function. It is a proposal of a system functional model of the “black box”
type.

It has to be emphasised, however, that transferring achievements of the methodology of
biotribological research on technical systems to biological systems has to be preceded by
analysing the differences between these two types of systems. Beside selecting basic
parameters for making such an analysis, mainly parameters concerning kinematics of
motion and loading dynamics, phenomena and their effects occurring in the autonomous
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Fig. 1. General functional model of a biotribological system [5]

environment of a particular biotribological system need to be taken into consideration. An
autonomous environment is characteristic of the phenomenon of homeostasis (feedback),
open to incoming information and closed to energy and matter. For example, chondrocytes
play a significant role as centres which regulate exchanging matter and energy within
articular cartilage. The reaction of joints in degenerative arthritis, consisting in increasing
the joint area and thus decreasing the pressure per unit area, is widely known.
Morphological reconstruction of joint areas might also be a reaction of a healthy joint to too
much mechanical loading. Reactions of morphological elements of teeth to the influence of
external stimuli, characteristic of the process of homeostasis, are quite well-known:
processes of reparation, or tertiary dentin forming in case of excessive tooth attrition, can be
mentioned as an example.

The complexity and dissimilarity of biotribological systems in comparison to technical ones
do not facilitate research experiment planning. Biotribological research and inference cannot
therefore be based exclusively on theories and methodologies developed for technical
biotribological systems. For that reason, special devices are constructed for biotribological
research experiments, i.e. wear simulators which reflect motion kinematics and dynamics of
loadings in the analysed system as closely as it is possible. Descriptions of known wear
simulators of joints can be found in , and these of teeth in 2 Materials for friction pairs of
artificial joints

2. Materials for hip endoprotheses

2.1 Introduction
A hip joint endoprosthesis is composed of a metal stem, fixed in the femoral bone, an
acetabular cup (most often a polyethylene or ceramic one, placed in the pelvis), and a head
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(metal or ceramic) frictionally cooperating with the acetabular cup. A diagram of an
endoprosthesis is presented in Fig. 2. Selecting appropriate materials, based on the concept
of Charnley's ‘low friction arthoplasty’, was a breakthrough in endoprosthetics of human
joints. Applying a metallic head (austenitic steel, implant alloys of cobalt) and an acetabular
cup made of high-molecular polyethylene (UHMWPE) made it possible to construct
commercial endoprostheses which have been most widely used so far. However, neither
patients nor doctors find the average time of using endoprostheses, which is 10-15 years,
fully satisfactory. Moreover, unfavourable influence of wear products (toxic, immunogenic,
mutagenic, etc.) of endoprostheses, osteolysis around implants, and finally, surgical
difficulties of re-alloplastics (repeated implantation) are very important reasons for further
research in the field of construction material solutions to be applied in human joint
endoprostheses. Much hope is placed in this aspect in the development of composite
materials for endoprosthetics. A particularly significant research task is connected with
applying new titanium alloys - without toxic additions of vanadium or aluminium, and
with better tribological characteristics. It has to be underlined that titanium alloys are not
used in friction nodes of endoprostheses due to the high susceptibility of these alloys to
tribological wear and their frictional resistance.

The subject of the authors' own research was the development of new composite materials
based on implant alloys of cobalt and titanium, with special emphasis on shaping the
biotribological characteristics of these materials.

Acetabular cup. L
~ s

Head

Fig. 2. Construction of a hip joint endoprosthesis

2.2 Investigated materials

The specimens were fabricated by means of the powder metallurgy method. Composite
materials based on Co-Cr-Mo powders as well as titanium powders were used for the
tribological tests. Co-Cr-Mo powders with 10% weight fraction of CaxP>O7, BN, SisNy and
titanium powder with 10% and 20% volume fraction of graphite (Ti + C) as well as 10% and
20% volume fraction of titanium carbide (Ti + TiC) and 2% volume fraction of yttrium were
investigated (Table 1.). The basic powders with friction modifiers were dry-mixed in a
Pulverisette 6 planetary ball mill for 15 minutes. Some of the initially mixed powder was
milled in a SPEX 8000D high-energy shaker mill in a protective argon atmosphere
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(mechanical alloying). All the powder mixtures were cold-pressed in a matrix under the
pressure of 600 MPa. The mouldings were sintered in a tube furnace in a protective
atmosphere (a vacuum of 105 mbar) for 3 hours at the pipe temperature of 1230°C. The
mouldings based on Cr-Cr-Mo powders were sintered for 1 hour. The specimens were
cooled down naturally to the ambient temperature inside the furnace.

Material
Co-Cr-Mo sinters Ti sinters
Symbol Composition Symbol Composition
S0 Co-Cr-Mo alloy TO Pure titanium
S1 sinter T1/10 Ti+10%C
S2 sinter+CayP,07 T1/20 Ti+20%C
S3 sinter+BN T2/10 Ti+10%TiC
S4 sinter+ SizNy T2/20 Ti+20%TiC
- - T3 Ti+2%Y203

Table 1. Chemical composition of the investigated composites based on Co-Cr-Mo and
titanium

2.3 Tribological tests

The microstructures of the composite materials were observed under a Hitachi S-3000N
scanning electron microscope with an X-ray NSS microanalyser. Maps of the location of the
elements, a line analysis of the elements appearance, and a chemical composition analysis
were also made by means of scanning microscopy. An X - ray diffraction analysis for the
powder samples after different times of mixing, heating in a calorimeter and consolidation
were made with a Rigaku MiniFlex II, applying the CuKa (A = 1.54178 A) radiation. To
assess the average size crystallites and the average amount of net defects, the Williamson-
Hall method was used. Hardness was measured with the Brinnel method, while
microhardness was measured with the Vickers method with a Neophot-21 (nHVy1) optical
microscope.

The tribological tests were performed with a special tribometer using a reciprocating ring-
on-disc system. Schematic diagrams of the tribometer are presented in Fig. 3. The research
was conducted during the periodically variable motion with low velocity and variable
values of pressure. The tribological tests were performed with tribometer using
reciprocating ring-on-disc system with an angular displacement f = 0.24 and a frequency of
1 Hz. The research was conducted during the periodically variable motion with low velocity
and pressure variable values. The ring was loaded along its axis, and the loading was
changing within the range of 0 to 350N (the maximum contact pressure pmax = 2MPa). The
maximum value of sliding speed was Vpmax = 0.018m/s.

The friction coefficients were calculated from the maximum values of the friction force to
describe extreme resistances to motion. The geometry and dimensions of the tribological
pair are shown in Fig. 3. The investigated sintered composites (with 10 and 20% addition of
graphite, 10 and 20% addition of titanium carbide, and composites with yttrium) were used
as discs, while the counterspecimen in the form of a ring was made of a bulk titanium alloy.
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In the case of Co-Cr-Mo sinters, the couterspecimen was a bulk Co-Cr-Mo alloy. The
tribological tests for the composites based on Co-Cr-Mo were carried out in a distillation
water environment and a CMC environment. The quantitative research was performed by
two methods - on the grounds of the roughness measurements and by volume
measurements for the sinters based on Co-Cr-Mo powders and by weight measurements for
the composites based on titanium. In this paper, a T8000-R60-400 Hommeltester
profilograph with the possibility of friction simulation on investigated surfaces was used.

Fig. 3. The tribometer and the geometry of the tribological pair

The device may be used for testing head/acetabular cup or ring/disc kinematic systems. A
kinematic pair is placed in a specially constructed container providing for continuous
lubrication (forced circulation of the lubricating fluid). The loading was applied as a
sinusoidal cycle, with the head (ring) moving in a reversible way, and the specified initial
interspace between the friction faces. The possibility to pre-set the size of the initial
interspace between the friction faces corresponds to physiological conditions influencing the
functioning of the human hip joint. It is also possible to select the point of application of
loadings normal to motion coordinates and to regulate the period and amplitude of
loadings. The presence of the interspace between the friction faces and its size are some of
the most important parameters which influence creating appropriate conditions of
lubricating artificial joints.

The prepared samples of porous implantation materials were compressed with an
INSTRON 8502 strength testing machine and further the compression curves were analysed.

2.4 Results and discussion

For composites based on Co-Cr-Mo powder, the Ra initial surface roughness of the composite
samples based on Co-Cr-Mo powder was determined to be of the order of ~ 0.06...0.11 um. The
loading was applied in the first part of the friction cycle (the first half of the sinusoidal loading
period), reaching the maximum pressure of 10 MPa. The size of the initial interspace was
determined to be of the order of 0.2...0.3mm. Changes in the rubbing speed and in the values
of loadings as well as these in the friction force were recorded in a continuous way. After the
test was finished, the lubricating fluid was collected, and the contents of chromium and cobalt
in the fluid were determined using Atomic Absorption Spectrometry (AAS, Z5000 Hitachi).
The friction faces were observed with the use of a scanning microscope (SEM, Hitachi 3000N).
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The observed changes in the roughness of these surfaces were assessed using a Talysurf 10
(Taylor-Hobson) profilometer. The volume wear was assessed with a planimeter from the
profilograms for the friction surfaces of the plates in the radial direction. R = 7mm was
adopted as the (r) mean friction radius. Biotribological characteristics of the following groups
of materials obtained on the basis of powder III were determined.
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Fig. 4. Changes in friction coefficients of the tested materials in the time function

As it can be seen from Fig. 4., after the running-in period, stabilisation of the friction
coefficient takes place in the tested materials. The presented data indicate that the friction
coefficients for the composites with the addition of silicon nitride and boron nitride were
twice as small as those for the moulding/pure sinter pair. However, in terms of tribological
efficiency, the results for calcium pyrophosphate were distinctly worse in comparison to
these of the tested friction modifiers.

The tribological wear of the materials under research was assessed on the basis of the cobalt
and chromium contents in the lubricating fluid as well as on the basis of profilograms for
the friction surfaces of the moulding plates (the volume of wear products). The results of
these tests are listed in Table 2.

o ' Content of elements, [ppm] Volume wear,
Friction pairs . 10 3
cobalt chromium X mm
S0 / S1 (pure sinter) 7.16 2.72 1.29
50 / S2 (CaoP20y) 9.51 10.20 2.05
S0 / S3 (BN) 3.68 2.72 1.07
S0 / S4 (SisNy 1.95 1.99 0.65
lubricant 6.45 x 103 5.62 x 103 -

Table 2. Results of wear measurements
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The data presented in Table 2. are indicative of a favourable influence of boron nitride and
silicon nitride on decreasing wear in comparison to the data for pure sinter. The composites
containing silicon nitride have the best anti-friction and anti-wear characteristics, whereas
the addition of calcium pyrophosphate - contrary to the expectations - unfavourably
influenced both the motion resistance and the wear of the tested materials.

Tribological characteristics of the obtained composite materials depend to a large extent on
the anti-friction and anti-wear efficiency of the introduced additions, the material cohesion,
and the surface morphology. The performed microscopic observations show that composites
with the addition of silicon nitride have the most favourable structure of top layers (Fig. 5a).
An analysis of photographs of the surface of this composite indicates that the top layer
material is characterised by good cohesion. The surface is smoothed, with small irregular
pores and clearly visible light areas containing silicon nitride. Photographs of friction
surfaces of composites with calcium pyrophosphate and boron nitride are quite dissimilar.
Observations of the surfaces of sinters with the addition of calcium pyrophosphate (Fig. 5b)
show that this addition unfavourably influences the processes of sintering cobalt powder
particles, and thus the cohesion of the obtained composites. In photographs of surfaces of
such composites, the presence of additions surrounded by non-sintered particles of cobalt
alloy powder is clearly visible. This decreases the material cohesion and thus increases the
possibility of metallic particles to be crumbled out from the surface during friction. A loss of
calcium pyrophosphate from surface pores in the friction process is also observed.

It is most probably caused by a low internal cohesion of this phase and its elution by the
lubricating fluid. Similar surface structures were observed in boron nitride composites, with
characteristic numerous discontinuities occurring at the phase border between the metal
particles and the additive, which is indicative of a low interphase cohesion of these
materials.

Fig. 5. Microstructure of friction trails: a) S4 (SisNy), b) S2 (CaxP20y)

The results of the performed tests reveal that the composites containing silicon nitride have
the most favourable tribological characteristics and therefore silicon nitride seems to be an
effective anti-friction and anti-wear additive to porous materials based on a Co-Cr-Mo alloy.
The idea of using such composites to construct friction nodes of endoprostheses might be
supported by a wide application of materials of this type in tribotechnics and by promising
literature data concerning applying silicon nitride composites or even its sinters in friction
nodes of endoprostheses.
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For the titanium composites, the first experimental part included structural tests on the
alloys manufactured with traditional powder metallurgy methods without alloying powder
mixtures. The green specimens of composites with graphite, titanium carbide, and the
addition of Y,O; before sintering were characterized by good compactibility. The relative
density of the received Ti+C molder was about 83%, which could be explained by a good
lubricating effect of graphite during the compaction process. The material with the addition
of graphite of 93% showed the largest compactibility after sintering. This indicates the
possibility of a thermally activated reaction taking place between the components during
sintering. The relative density of other composites was minor in each case (Fig. 7).

1500x BSE Lk 1500x BSE

Fig. 6. Microstructures of composites: Ti + graphite sintered in 1230°C, b) Ti + titanium
carbide sintered in 1230°C

The microstructures of the composite materials with titanium modifiers confirmed this fact.
As a result of diffusion, a new phase titanium carbide appeared on the border between the
titanium grains ar.d graphite. “he obtained materials were composed of a sof* titanium
warp, graphite or titanium carbide residuals, and a secondary hard phase of carbides - TiC*
(Fig. 6). It may be supposed that such a material would have very good tribological
properties.

Fig. 6. shows that interactions between the metallic basis and modifier (graphite and
titanium carbide) during sintering were observed.

At the second stage, samples of sinters after mechanical alloying were investigated. The
titanium and graphite powder mixtures underwent the mechanical alloying processes. The
mechanical alloying favourably influenced the solubility of carbon in titanium and the
creation of a large amount of secondary carbides. The obtained powders underwent
consolidation through the processes of pressing and sintering. In the SEM image of the
samples of the obtained sinters, sintered titanium powder grains with dissolved carbon as
well as precipitations of titanium carbides on the grain borders are clearly visible. These
results were confirmed by rentgenostructural tests. Composites after mechanical alloying
were characterised by a lesser compaction. This results from the fact that friction between
nanoparticles was much bigger during compaction, which causes less compaction in the
process of pressing. As a result of the mechanical alloying, a significant fragmentation of the
powder structure occurred. The X - ray crystallography and microscopy (TEM) studies
show that the powder grain size was 20 - 120nm.

A good correlation was found between the structural analysis and the hardness of the
investigated composites. The results of macrohardness measured with the Brinnel method,
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as well as the average microhardness of the material, showed a significant influence of the
sintering temperature on the composite properties.
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Fig. 7. Results of relative density measurements for investigated composites
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Fig. 8. Results of macro- and microhardness measurements of specimens

The macrohardness of the titanium-graphite composites sintered under the temperature of
950°C was approximately 90HB, whereas the hardness of pure bulk titanium amounted to
83,4HB. The macrohardness of the titanium-titanium carbide composites sintered under the
temperature of 950°C was approximatly 85HB. The hardness value of the composites with
graphite sintered under 1230°C was similar to the value for high-carbon normalized steel
(Fig. 8).
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The macro-hardness micro-hardness test in the neighbourhood of graphite confirms that it
indeed is a hard phase. The obtained material was composed of a soft titanium warp,
graphite residuals and a secondary hard phase of carbides (Fig. 6). It may be supposed that
such a material would have very good tribological properties.

The results of the microhardness tests on the obtained sinters, listed in Fig. 9., and Table 3.,
indicate that mechanical alloying favourably influenced the increase in the microhardness of
the produced materials. The composite materials with the addition of graphite were
characterised by the greatest hardness. It has to be emphasised that the microhardness of
such composites, after the mechanical alloying process, increased to very high values of the
range of 900 HVO0.1.

Microhardness HV 0.1 Ti+C Ti+TiC Ti+Y,03
Powder metallurgy 380 352 300
Mechanical alloying 820 - 450

Table 3. Results of microhardness measurements of specimens after P.M. and mechanical
alloying

The cross-section
multilayer of Ti-
graphite-Ti specimen

Point N2
Sample Temperature of sintering
"]
Ti+C 1230 278 299 270
Ti+ TiC 835 Y 530 |

Fig. 9. Influence of carbon diffusion on microhardness of titanium samples

A comparison of the friction coefficient values for the investigated materials is shown in Fig.
10. The analysis of the obtained results confirmed a good influence of graphite on
tribological properties of the sinters.

The friction coefficients for the composites with graphite reduced over twice compared with
friction of pure titanium samples. The values of the motion resistance are also lower for the
composites with titanium carbide, although to a lesser degree than in the case of the
composites with graphite. In two cases, the influence of modifiers is clearly visible - an
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increased volume of the fillers caused a decrease of the friction coefficients. The quantitative
research was performed on the basis of the roughness measurements and by weight
measurements.
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Fig. 10. Influence of graphite and titanium carbide on composite tribological properties of
investigated composites

777777777777777777777777777 [mm] 4.798
[55.545
,,,,,,,,,,, T B
U AT
|
h
i
LA T Yoy NPy g 6.1
v quy\’“&‘ iy -‘ wv 49.128
*************************************************************** - FRICTION TRATIL

a) b)
Fig. 11. Friction trail of Ti+20%TiC composite: a) roughness measurement, b) wear
simulation

Examples of profilograms and wear simulation of the friction surface of Ti+20%TiC are
presented in Fig. 11., whereas Table 4. shows the wear of the investigated materials.
Significant decreases in the wear for the samples with graphite, and increases in the wear for
the samples with titanium graphite in comparison to pure titanium sinters can be observed.
For the composite with 20% volume fraction of graphite, the friction coefficient after 1h of
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tribological testing was at the level of 0.27, which confirmed good lubrication conditions
during friction. The wear for this composite, measured after the tribological test was of the
range of about 9.8 g 103 (Table 4). This material had the best tribological properties.

Wear loss
Sample - -
Linear wear [pm] Weight wear *10-3 [g]
Pure titanium 30.4 21.5
Ti+10% C 16.6 11.5
Ti+20% C 9.8 7.2
Ti +10% TiC 33.9 23.7
Ti +20% TiC 49.1 35.8

Table 4. Results of wear tests

A significant influence of the volume of the fillers on the wear volume is visible. In the case
of the Ti+C composites, the wear decreases, while in the case of the Ti+TiC composites it
increases. An advantageous influence of the graphite addition on decreasing the motion
resistance and wear of the obtained composites should be underlined, which will have a
significant meaning in technical aspects.

The less advantageous tribological characteristics of Ti+TiC composites results from lower
cohesion of this type of materials and demolition of hard TiC particles, which is connected
with this. This demolition might cause intensifying of secondary wear processes, which was
confirmed by the observation of friction surfaces of the samples after friction.

The abrasive and fatigue wear is dominating with the visible deformation areas and spalling
of the surface layer in the friction surfaces. In the case of the Ti+TiC sample, small particles
of filler loosely connected with the surface, can be seen. This might cause intensification of
wear processes.

The obtained results are indicative of a better compatibility and more advantageous
mechanical properties of the Ti+C composites. The presence of reactive phases between the
titanium and graphite particles has an advantageous influence on the cohesion and
properties of this type of composites.

The performed tribological studies also indicate a favourable effect of mechanical alloying
on the tribological properties of the alloy. The sinters made of the powders after mechanical
alloying were characterized by a lower coefficient of friction (Fig. 10) and higher tribological
wear resistance. It is an important feature of this kind of implant materials as regards
capabilities of applying them in friction nodes of biomedical devices.

3. Materials for dental fillings

3.1 Introduction

Amalgams, glass-ionomers, compomers and composites are materials for dental fillings.
Composites stand out against the group and are often applied on teeth mainly due to their
good mechanical and aesthetic properties. Dental composites are built of both organic (i.e. a
system of monomers, polymerization initiators, stabilizers, pigments, accelerators etc.) as
well as inorganic components such as powder and fiber fillers. A silane coupling agent
connects these two phases and plays a key role in enhancing the adhesion of the interface
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between the inorganic powder and organic polymer. On the other hand, silane, due to its
low reactivity, brings about a decrease in material polymerization shrinkage. The
constitution of the organic matrix and fillers also plays an important part in defining final
properties of materials. It is generally accepted that the properties of composites are mainly
dependent on the type, size, spacing and volume fraction of the utility filler. The latest
literature available on the subject points to a significant influence of fluoride sources,
nanoparticles and friction additives on the structure and utilization properties of
composites. It has been found that reducing the particle size to a nanoscale level has already
reached a significant degree of efficiency. Among dental composites, nanosilica appears to
have become the most commonly used nanopowder.

The wear of dental materials is one of the major problems concerning almost every kind of
dental filling. As far as dental materials are concerned, there are a few main types of wear
processes: abrasive, adhesive and fatigue. Generally, the wear of a filling material should be
comparable with the wear of human enamel. The ultimate goal of advanced dental material
studies is to produce a material that can be used in all circumstances as an amalgam
replacement material which revealed an optimal wear resistance. The best way of
developing such a material is to combine it with composite materials for dental fillings. In
order to reduce the wear and coefficient frictions of the analyzed materials, the composition
of the applied fillers is modified. The addition of hard corundum particles, aluminium and
glass fibres have a positive effect on mechanical properties only. An evident improvement
of the tribological properties of a material can be obtained by using a suitable filler, called
friction modifier. In the case of inorganic fillers, the wear of the material is probably
connected with the sum of damage caused to the silane coupling agent. The composites with
the highest degree of coupling show the highest wear rate. Recently, ceramic whiskers were
used to reinforce dental resin composites. Xu and others demonstrate that silica-fused
whisker reinforcement produced dental resin composites that exhibited high resistance to
wear with smooth wear surfaces. Generally, inorganic particles are well known to enhance
the mechanical properties of polymers, which have been widely investigated in the past
decades. Different organic fillers are also applied. For example, the PTFE is applied when a
reduction of the adhesion of the investigated material to the counterpart material is needed.
Different methods are available for the quantification of wear, using different loads, times of
investigations and sizes of samples. The type of the used wear method has a distinct effect
on receiving results. The pin-on-disc is the most frequently applied tester system. Various
lubricants for in vitro wear testing are also used.

Among many desirable requirements of materials for dental fillings, fluoride release is also
of a significant quality. Fluoride ions play a key role in dental and enamel remineralisation.
Many cases of studies show that fluorine can also be an inhibitor of a cariogenic effect of
microorganisms. It decreases the risk of caries that forms in tissues directly adjacent to the
filling material. Numerous investigations are made with the aim to obtain a material which
would perform those tasks and would have high mechanical, physicochemical, and
tribological characteristics at the same time. The best possibility for developing such a
material is combining it with composite materials for dental fillings. The quickness of
fluoride release depends on many factors, e.g. the kind and volume of the used fluoride
source and the environment into which it is released. Fluoride ions are introduced into
dental composite materials in the form of fluoridated glass or pure compounds, such as
CaF2, NaF, YbF3, YF3, SrF2. However, due to an innovative approach to this problem, there
is little literature data concerning the influence of dynamical loading on fluoride release
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kinetics. The fluoride release may change the material structure. Therefore, the tribological,
mechanical, and physicochemical properties as well as analyses of material surfaces are
described in literature.

The investigations of mechanical, tribological, and physicochemical properties of some
originally made composite materials for dental fillings were performed at the Department of
Materials and Biomedical Engineering (Faculty of Mechanical Engineering, Bialystok
University of Technology, Poland. The aim of these studies was to compare the properties of
composite materials for dental fillings consisting of organic fillers of polyethylene (PE) and
polytetrafluoroethylene (PTFE) with those obtained with inorganic friction modifiers of
silicon nitride (Si3N4) and boron nitride (BN). In the next stage, the influence of the used
loading sample on fluoride release, the surface roughness and the material structure was
examined.

3.2 Tribological characteristics

At this stage of the tests, five ceramic-polymer microfilled composites containing friction
modifiers were tribologically tested. The sample without a friction modifier was a standard
one. Each composite consisted of a polymer matrix (40 vol. %) in which the mixture of the
following organic resins was used: Bis-GMA resin ({2,2-bis[p-(2’- hydroxy-3'-
methacryloxypropoxy)-phenyl] propane}, TEGDMA ({tri(ethylene glycol) dimethacrylate},
DEA-EMA {2-(diethylamino) ethyl methacrylate}, BHT, CQ {D,L-Camphorquinone} and a
photoinitatior. All the components were provided by the Sigma-Aldrich Company. The
remaining part of the composite (60 vol. %) was a mixture of inorganic powders: fluorine
source and friction modifiers. The fluoridated glass (J-20 symbol) consists of: SiO2- P205-
AI203-BaO-5rO-Na20-F-. The glass was worked out and prepared at the Institute of Glass,
Ceramics, Refractory and Construction Materials (Warsaw, POLAND).

Fig. 12. SEM pictures of particle structure of used fillers: (a) PE, (b) Si3N4

The friction modifiers including Si3N4, BN, PE, and PTFE were also delivered from the
Sigma-Aldrich Company. Each of the listed powder fillers is distinguished by various forms
and sizes of the fillers. PE, PTFE and BN have irregular grains of different particle
dimensions. Silicon nitride whiskers were used with mean diameters of 0.5 pm and mean
lengths of 7 pm. SEM pictures of some selected modifiers are presented in Fig. 12.

The particle sizes of all the used powder fillers are presented in Table 5.

The surface treatment of all inorganic fillers was treated with functional silane
(3-(trimethoxysilyl)propyl methacrylate (the Sigma-Aldrich Company). The procedure
involved dissolving this liquid in toluene. The aim of the silanization process is to absorb
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the active silane groups on the powder surface in a vacuum evaporator. After the
silanization process, reactive silane is combined with an inorganic filler and can co-
polymerize with the polymer network.

Filler J-20 glass PE PTFE BN SizNy
Particle size Dimension: 0.5
[mm] 1-3 > 39 > Length: 7

Table 5. Particle dimensions of fillers

Composites were prepared as shown in Table 6. All the organic constituents were weighed
to a porcelain mortar and precisely mixed until uniform polymer paste was obtained. The
particles of J-20 glass (57 vol. %) and friction modifiers (3 vol. %) were added to an organic
matrix, which had been prepared in advance. Composite A contained an organic matrix and
the J-20 filler particles only. The other materials contained also organic or inorganic friction
modifiers (3 vol. %) beside containing fluoridated fillers. These organic-inorganic mixtures
were then homogenized in a porcelain mortar for 10 minutes. The paste was later placed in
cylindrical aluminium moulds (diameter: 3mm; length: 2mm), and it was cured for 40
seconds for each 2-millimetre layer using a Vivadent light-curing system at a wavelength of
420 nm. In order to uncover the analyzed material, the 2-millimetre aluminium envelope
was removed. The restored surface was finished by wet grinding with an 800-grit silicon
carbide paper. Six specimens were prepared for each composite material.

Material Component content, [vol. %]
symbol Organic matrix J-20 glass Friction modifier (3%)
A 40 60 -
B 40 57 PE
C 40 57 PTFE
D 40 57 SizsNy
E 40 57 BN

Table 6. Composition of the materials

The influence of the load and the filler contents on the friction coefficients and wear was
estimated. The wear tests were conducted using a pneumatic control pin-on-disk tribotester,
which is described in detail elsewhere. The wear machine used in this study was equipped
with a spring-sine-cam system allowing cyclic loading of specimens. The samples were the
composites presented in Table 6. The samples had average surface areas of 3mm?2 with the
Ra roughness of about 0.1pm. A hardening stainless-steel plate with the hardness of 64 HRC
was used as the counterface material due to its relatively high hardness as compared with
the hardness of the analyzed materials. The average Ra surface roughness of the counterpart
amounted to about 0.1pm. The normal loads were: 1, 5, and 10 MPa. That wear cycle was
estimated at the frequency of 1.5 Hz. The wear time was 3 hours, and a sliding wear track of
2.5mm was applied. Prior to the wear tests, the samples and the counterface had been
cleaned in distilled water. The wear tests were conducted by means of a special tribotester in
the presence of a phosphate buffer (pH of natural saliva - 6.8) as a lubricant. The wear was
estimated using the gravimetric method. All the measurements were made after the samples
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had been dried in an exsiccator for 24 hours. The mass wear was determined with digital
scales to the accuracy of 0.01mg,.

The measurements of the friction coefficients using 1 MPa [presented in Fig. 13a] and 10
MPa [presented in Fig. 13b] show that they depend on the kind of filler and loading on the
sample.
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Fig. 13. Influence of time on friction coefficients of investigated materials: a ) p=1MPa, b)
p=10MPa

The figure illustrates the wear results of the five analyzed composite materials. The first
stage of the work consisted in determining the influence of the fluoridated glass filler on the
tribological properties. The friction coefficient of this composite material was about 0.45. In
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the next stage, the composites with the fluoridated glass filler (J-20) and friction modifiers
listed earlier were investigated. At the beginning of the friction processes, the friction
coefficient magnitudes ranged from 0.42 to 0.46 for the composites to which the loading of 1
MPa was applied. In the case of the 10 MPa loading, the coefficients ranged from 0.44 to
0.47. This reveals that the friction coefficient increases with the increase of the load. The
results show that the friction coefficients are strongly dependent on the kind of the used
powder filler. The lowest friction coefficients were observed for the composites with organic
friction modifiers (PE and PTFE) , while the biggest friction coefficients were observed for
inorganic fillers. The addition of 3 vol.% BN or 3 vol.% Si3N4 increases the composite
friction coefficients by about 0.2, while the addition of 3 vol.% PE or PTFE decreases the
analyzed parameter. This advantageous effect can be explained by a better adhesion of
organic fillers to the organic matrix. The structure of these materials is more enhanced. It is
probably a result of these filler grain forms and bonding forces between the fillers and the
organic matrix. The improvement of the adhesion of the inorganic glass to the organic resin
is achieved through the silanization process. The preparation process applying active silane
groups on the powder surface was a process in which active silane groups on the powder
surface were drifted. According to some literature sources, such a process does not always
improve the mechanical properties of investigated composites. Luo, who analyzed the
nanoporous filler structure at inorganic-organic composites, says that application of a silane
coupling agent results in a negative effect on the composite wear resistance.

The weight wear of the materials for dental fillings presented in Fig. 14 is the lowest in the
case of the composites with organic friction modifiers. The results are correlated with earlier
inferences that organic fillers are more firmly connected with the both fluoridated glass filler
and the organic polymer matrix. It can be a result of stronger bonding between the polymer
basis and organic fillers, due to their original chemical structure. Thus, these particles have
some difficulty to spall from the composite material. In addition, the adhesion to the organic
matrix was greater. Beside that, the improvement of the wear behaviour of polymeric
materials is achieved through applying organic fillers, especially polytetrafluoroethylene,
which reduces the adhesion of the material to the counterpart. Inorganic friction modifiers
after the silanization process are also obliged to connect with the polymer basis in a
chemical way. However, as the results show, such bonding does not suffice and filler
particles were chipped during the friction tests. Apparently, there were certain areas in the
composites where the bonding of both phases was heterogeneous. These uninterpreted
areas are of a brittle nature of unreinforced gel and allow for a greater in-depth crack
propagation. The form of the filler particles also influences that process. Therefore, the
grinding organic matrix uncovered the filler grains and, as a result of natural abrasive wear,
the particles were pulled out from the composite. Additionally, the filler particles in the
formulas are significantly harder than the matrix, leading to preferential loss during friction.
As it was earlier described, the Si3N4 particles have elongated grain structures, so the
materials with the addition of it were the most destructible. Insufficient adhesion of
inorganic fillers to organic polymer was probably the other reason for material destruction.
The results are different from the inferences of Xu et al, where relatively high wear
resistance of the whisker composites were obtained. The results of the wear weight of all the
composites suggest that the two-body wear behaviour of these materials depends on the
load applied during the test. The wear weight increased by one order of magnitude when
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the loading increased from 1 MPa to 10 MPa. The wear of the investigated materials
increased with the applied loading.
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Fig. 14. Wear of investigated materials at loading of 1 and 10MPa

The tribological characteristics of Bis-GMA resin-based composite materials with the

addition of fluoridated glass and friction modifiers (PE, PTFE, BN, Si3N4) were investigated.

On the basis of the performed examinations, the following conclusions were formulated:

- the wear and friction coefficients of the analyzed materials depend on the filler type and
the value of the loading applied to the sample,

- the composites basing on organic fillers as modifiers have the lowest friction
coefficients,

- anincrease of the loading induces intensification in the wear and friction coefficients.

3.3 Fluoride ions release

At this stage of work, four ceramic-polymer composites containing fluorine sources and
nanosilica were tested. All the materials used in this study consisted of 40 vol. % of light-
cured organic matrix whose composition was described earlier. The other part of the
composite (60 vol. %) was a mixture of inorganic powders: fluorine sources (fluoridated
glass J-20, ytterbium fluoride YbF;) and nanosilica (n-SiO). The compound of YbF3 has
radiopaque properties additionally. The powders of YbF; and nanosilica were delivered
from the Sigma-Aldrich Company. Ytterbium fluoride has irregular particles whose mean
dimension values were 1pm. The average particle size of nanosilica was 10nm.

The composition of the materials marked with A-D symbols is presented in Table 7. Three
specimens were prepared from each composite material for each kind of study. Composite
A contains an organic matrix and the J-20 filler powder only. The other materials, beside
containing the fluoridated glass, contain also YbF3 or/and nanosilica in the amount of 10
vol. %. All the organic constituents were weighed to a porcelain mortar and precisely mixed
until uniform polymer paste was obtained. The J-20 glass particles and other fillers were
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added to an organic matrix prepared in advance. These organic-inorganic mixtures were
then homogenized in the porcelain mortar for 10 minutes. The paste was then placed on
PTFE plates (diameter: 11mm; length: 1mm), and it was cured for 40 seconds using a
Vivadent light-curing system at a wavelength of 420 nm. The restored surface was finished
by wet grinding with an 800-grit silicon carbide paper.

Materials’ Organic Component content, [vol. %] '
symbol matrix J-20 glass YbF3 n-5i0;

A 40 60 - -

B 40 50 10 -

C 40 40 10 10

D 40 - 10 -

Table 7. Composition of the materials

For the purpose of determining the content of fluorine released from the examined
materials, the method of direct potentiometry with combined fluoride ions selective
electrode was used. The prepared materials were placed in 10 ml of a buffer solution of pH
of 6.8 in polyethylene containers and the temperature was maintained at 370 C. The tests
were performed after 1, 4, 7, 14, 30, and 60 days of keeping the samples in the agent
solution. TISAB buffer was added to the analyzed solutions before the examination in order
to stabilize the pH and eliminate the influence of foreign ions during the examination. Three
specimens were prepared of every composite material for each measurement.

The influence of the load and filler content on the fluoride ions release process was
estimated. The wear tests were conducted using a pneumatic control pin-on-disk tribotester,
which is described in detail elsewhere. The wear machine used in this study was equipped
with a spring-sine-cam system allowing cyclic loading of specimens. The samples were the
composites presented in Table 7. The samples had average surface areas of 3 mm?2 with the
Ra roughness of about 0.1ym. A hardening stainless-steel cylinder with the hardness of 64
HRC was used as the counterface material due to its relatively high hardness as compared
with the hardness of the analyzed materials. The average Ra surface roughness of the
counterpart amounted to about 0.1pm. The normal loads were: 10, 15, and 20 MPa. That
wear cycle was estimated at the frequency of 1.5 Hz. The wear time was 5 hours, and the
sliding wear track of 2.5mm was used. Prior to the wear tests, the samples and the
counterfaces had been cleaned in distilled water. The friction process was conducted by
means of a special tribotester in a phosphate buffer environment with pH=6.8
corresponding to the pH of saliva. Examinations of fluorine release were performed for A, B,
C, D materials. The results of the surface roughness research of the specimens were directly
measured with a Talysurf 10 profilometry device manufactured by Taylor Hobson. In order
to obtain the structure differences before and after fluoride release, studies of the surfaces
were performed using a Hitachi S 3000N scanning electron microscope with an attachment
for X-ray microanalysis.

The first stage of the work consisted in determining the influence of the various fluoride
sources on the amount of fluoride release to the buffer solution. The results of fluoride
release from the investigated materials are presented in Fig.15. The results were presented
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as the fluoride amount released from 1 mm? of the composite material as a function of time.
All the tested materials showed accumulative increase in the amount of fluoride in the
solutions. It showed, that the highest amounts of the fluoride ions emission were observed
for materials A and B.
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Fig. 15. Amount of fluoride release from tested composites

The maximum peak of fluorine for composite A (about 1.3x10-6g/mm?) was obtained on the
seventh day of the examinations, with a simultaneous stabilization of its level in the
solution. It should be noted that the amount of the fluoride release was higher for the
composites A and B due to the higher amount of fluoride sources in the materials. At the
same time, the fluorine release from the composite with nanosilica (material C) was still
growing. For materials C and D, a lower level of fluoride release was observed.

Therefore, the tendency of the emission of fluoride ions from these both composites begins
on the 1st day and lasts until the 60th day. In order to estimate the fluoride release after 60
days, a further increase in the exposition time of the composite in the solution is necessary.
The roughness tests of the composite samples after fluoride release reveal some significant
differences between the materials. The results presented in Fig. 16 show that the composites
with nanoparticles have lower surface roughness (about 0.15 pm) in relation to the
composites without that filler.

This can result from the fact of achieving, for this content of nanosilica, a uniform
distribution of particles in the composite structure and forming of a more homogenous
structure. Consequently, the smaller the filler particles, the lower the surface roughness is.
Similar results were obtained in the work of Tagtekin et al. [46]. The estimated parameter is
sustained at the limit of 0.11 - 0.19pm for composites A and B, and 0.30pm for composite D.
It was also determined that the surface roughness is strongly dependent on the time of the
analysis. It could be a result of higher destruction of the material in contact with the buffer
solution.

The second stage of the work concerned the estimate of fluoride release from the samples
which had earlier undergone the friction process. The main goal of that part of the research
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was to determine the influence of cyclic loading on fluoride release from the composites.
The measurements of fluoride ion contents in the solutions after the friction tests are
presented in Fig. 17.

The results show that the cyclic loadings increase the amount of fluoride ions released. The
composites without any loading on them evidently release much lower fluorine levels in
contrast to the materials which were tested at different loads. Moreover, the obtained results
also show that cyclic loadings intensify fluorine release processes at a later time, when they
are immersed in a solution prior to the friction test.
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Fig. 18. Influence of loadings (p=10, 15, 20MPa) on fluorine release from analyzed composites

During the 7 days of fluorine emission following the friction process, more concentration
was observed in comparison to the 1st day after the friction. It is possible that the wear test
changed the internal structure of the materials, and led to the formation of some
microcracks. Those discontinuities of the composites can be ways of diffusion for fluoride
ions. In consideration of the fact that composites B and C released the highest amount of
fluoride ions, they were investigated in successive examinations. The main goal of the
planned research was to estimate the influence of the load value on fluoride release. In order
to simulate natural forces that occur in the human oral cavity (4-18MPa), three various loads
were used: 10, 15, and 20 MPa. The results are presented in Fig. 18.

As the research showed, there is no evident influence of the load value on the amount of
fluoride release during the friction process. The amounts of the emitted fluoride ions are
comparable in all three value loads. The composite content is more significant. Thus, the
presence of nanosilica in a material decreases the fluoride release. It is probably an effect of a
low summary content of fluoride sources in composite C in comparison to composite B.
Additionally, nanosilica, due to its nanoparticles, could block the diffusion paths for
fluoride from the material to the environment solution. Figure 19a shows the surface of
composite C with a uniform distribution of the filler particles in this material. The
fluoridated glass (symbol J-20) and YbE3 particles before the fluorine release are visible.
Figure 19 b shows the structure of composite C after the fluoride ions emission. It proves
that numerous microcracks are formed after the friction process.

The observed microcracks may be associated with the interfaces between the filler particles
and the resin matrix, which was not enhanced very much. Thus, it can be concluded that
during the cyclic loadings, the surface is plastically deformed, and that leads to generating
microcracks within the material. These discontinuities, as it was earlier mentioned, are
potential paths for diffusing the fluoride ions.
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Fig. 19. SEM micrographs of the structure of composite C before (a) and after (b) fluoride release

The influence of the selected fillers and the usage of various loads on releasing the fluoride

ions from the analyzed materials were estimated. Taking into account the results of the

research, the following conclusions may be formulated:

- the fluoride ions release was observed for all the composite materials,

- the highest level of the fluoride emission occurred in the case of materials based on
fluoridated glass,

- nanosilica addition reduces the composite surface roughness during fluoride release as
compared to the roughness of the materials without it,

- the fluoride release increases strongly after the cyclic loading process for the analyzed
materials, there is no evident relationship between the value of loads applied to the
sample and the fluoride release level,
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1. Introduction

Since their discovery by Bangham (Bangham, 1965), liposomes have become paradigms for
biomembranes, models of self-assembling colloids as well as vehicle for pharmaceutical,
diagnostic and cosmetic agents. The word ‘liposome” was coined by Weissmann (Sessa,
1968) according to Bangham’s expression (Bangham, 1995) and is derived from the Greek:
‘lipo” referring to their fatty constitution and ‘soma’ referring to their structure. Liposomes
are constituted by phospholid bilayer (s) surrounding an inner aqueous volume. Due to this
constitution, they are used as drug-carrier for hydrophilic, lipophilic or amphiphilic
molecules (Gregoriadis, 1976). Depending on the method of preparation (Vemuri, 1995),
liposomes can vary widely in term of size (0.02-10 mm) and number of lamellae (uni or
multi lamellae). Usually, liposomes are classified into three categories on the basis of their
size and lamellarity (number of bilayers): small unilamellar vesicles (SUVs) or oligolamellar
(OLVs), large unilamellar vesicles (LUVs) and multilamellar vesicles (MLVs). Interest in
liposomes results from this vesicular structure limited by one or more outer bilayer lipid
and an inner water pool. The application of liposomes was first an artificial model for the
biological membrane (Chapman, 1984). Forming lipid bilayers through hydrophobic
interaction, liposomes are then considered as excellent platforms for the delivery of
hydrophobic and hydrophilic drugs. These phospholipid dispersions in water solutions
were able to trap and release solutes, to which they were selectively permeable. Then, active
compounds have been loaded either in the aqueous volume, if they were water-soluble, or
in the lipid membrane, if they were lipid soluble. Liposomes have been administered in a
variety of ways but intravenous injection is the most practical route because liposomes
present considerable persistence in the blood. This feature facilitates efficient drug delivery
to target tissues. Lipids are characterized by different fatty acid chain lengths, different head
groups, and different melting temperatures. Consequently, temperature (Jeong, 2009) or pH
sensitive (Obata, 2010) liposomes can be assembled by manipulating the formulation. The
effectiveness of 1-methylxanthine (IMTX) as a radiosensitizer and the in vivo efficiency of
the temperature sensitive liposomal 1-methylxanthine (tsIMTX) were evaluated when
combined with regional hyperthermia and ionizing radiation (Jeong, 2009). Intraperitoneal
injection of the tsIMTX inhibited tumor growth in the mouse xenograft tumor model.
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Moreover, the combination of tsIMTX with regional hyperthermia and ionizing radiation
clearly inhibited tumor growth. Most recently, to target leukemic cells, pH sensitive
immunoliposomes including a terminally alkylated N-isopropylacrylamide (NIPAM) in the
bilayer, were coupled with the anti-CD33 monoclonal antibody (Simard et al., 2009). The pH
sensitive immunoliposomes exhibited high cytotoxicity against HL60 cells, suggesting that
these immunoliposomes could be active in acute myeloid leukemia therapy. Commercial
liposomes have already gained approval from US Food and Drug Administration (FDA).
The typical examples are doxorubicin encapsulating liposomes (Doxil® ALZA Corporation),
which has shown a strong antitumor activity against a wide range of cancers and
amphotericin B encapsulating liposomes (AmBisome®, Nexstar Pharmaceuticals, Inc) for
the treatment of fungal infections refractory to amphotericin B.

Despite all the work done, liposomes still have not attained their full potential as drug and
gene delivery vehicles (Guo et al., 2003) and their use was mostly limited to pH close to
neutrality and above, due to their destabilization in acidic media.

Recently, the self-assembly of organized nanoscopic structures has been the subject of a
strong interest in both colloidal and materials science. Vesicle templating presents an unique
opportunity to obtain hollow submicrometer particles (Hubert et al., 2000; Hentze et al,,
2003). Templating agents used in the synthesis of organized materials range from lyotropic
lamellar phases of non-ionic and ionic surfactants, micro-emulsions, phospholipid tubules
to polymer particles. Among recent examples, one may cite novel vesicular particles
described by Katagiri (Katagiri et al., 2003). The walls of these hybrid particles consist of a
bilayer built from dialkyl amphiphiles modified by alkoxysilanes. Cha et al. used
polyelectrolyte homopolymers to spontaneously obtain micron size vesicles using citrate
stabilized quantum dots as a template (Cha et al., 2003). A careful balance between charge
control and hydrogen bond leads to the self-assembly.

Other spherical particles made from various materials have been obtained, some being
multilamellar (El Rassy et al., 2005). Some of them were used to encapsulate fluorescent
dyes, enzymes, polymer particles (Schmidt & Ostafin, 2002). In a different approach, the
polymerization of trialkoxysilane bearing a double alkyl chain lead directly to hybrid
analogs of liposomes, named “cerasomes” (Katagiri et al., 2003). Liposomes were also
trapped into sol-gel silica materials and loaded with a fluorescent probe to build a pH
sensor (Besanger et al., 2002), with proteins (Li & Tip, 2005) or with a transmembrane
peptide ion channel (gramicidin A) to control ion diffusion in sensors or in drug screening
devices (Besanger & Brennan, 2003). The stability of supramolecular structures such as
vesicles and microemulsions depends on pH, ionic strength and on the presence of organic
solvents in the reaction mixture, and as such, they were often affected by the reaction
conditions.

In our work, we have shown that nanoscale liposomes could be used as templates for the
deposition of silica to create hollow silica nano-shell systems called “liposils” (Bégu et al.,
2003) in which the trapped unilamellar liposomes maintained their fundamental properties.
The conditions for the template directed assembly were fulfilled due to electrostatic charge
density matching or hydrogen bonding between template and inorganic precursor. The
silica walls being non-porous, the dried silica spheres retained the inner aqueous pool. The
use of zwitterionic phospholipids (non toxic) as templates required a modified approach
since the liposome structure was sensitive to low pH and high ionic strength and organic
solvents were not allowed for pharmaceutical applications.
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The non-porous and amorphous silica shell of liposils protected the trapped liposomes from
pH and temperature variations and maintained the specific properties of the phospholipid
bilayer. Furthermore, the synthesis of these hybrid nanoparticles allowed loading the
liposomes with hydrophilic or lipophilic drug (Bégu et al., 2004).

The stability of drug-loaded liposils was tested at two different pH (1.2 and 7.4), in a flow
cell according to the USP 28 norm. Characterizations of liposils were done at various steps
of the kinetics. The stability observed for liposils make them good starting material for drug
storage and release schemes. For instance, functionalization of their external surface should
improve their capture by cells whereby drug release could then be induced by a pH
variation after endocytosis. In these conditions, the stability observed made them potential
candidates for various drug storage and release schemes. Another release process was
developed using triggered release of the content by either low-frequency ultrasound or by
microwave treatments (Steinberg et al., 2007). The bursting of a capsule by using an external
signal has considerable potential applications, wherever remote activation of content-release
is needed. This concept has been also demonstrated for polymeric capsules (Radziuk et al.,
2007) and for soft liposomes (Schroeder et al., 2007) and micelles, (Husseini et al., 2000)
leaving the idea of external triggered release from rigid ceramic capsules relatively
unexplored.

The objective of the present chapter aimed at the study (i) of the morphological
characterization of the hybrid material (ii) of the behaviour of the liposome phospholipids
and (iii) of the ability of liposils to act as drug delivery system. The morphological
characterization, which was expected to reveal the presence of the silica coating, was
provided by different methods such as electron microscopy (TEM and SEM), FTIR
measurements and nitrogen adsorption. The presence of the entrapped materials
(phospholipids) was studied by FTIR, elemental analysis and fluorescence anisotropy
measurements.

Keywords: Liposomes; Liposils; Silica nanospheres; Drug delivery

2. Methods and tools

1. Liposils synthesis

Liposils synthesis involved two steps. Large unilamellar liposomes were prepared first and
then the silica spheres enclosing these liposomes were formed (Rapuano & Carmona-Ribero,
2000). Two liposome samples were prepared according to the method described by
Bangham (Bangham et al., 1995). For the first one, a suitable amount of L-alpha-dipalmitoyl
phosphatidylcholine, DPPC (phase transition temperature = 41°C), was dissolved in
chloroform. Small amounts of cholesterol were added to DPPC for the second sample,
leading to a liposome composition with a DPPC:cholesterol molar ratio of 7:3. After
complete removal of the chloroform (at 40°C under reduced pressure), a 5,6-
carboxyfluoresceine (CF) solution (100mM in PBS, 50 mM, pH 7.4) was added to both dry
phospholipid films in order to obtain a 10 mg/ml lipid suspension in the form of large
multilamellar vesicles loaded with the water soluble label in their aqueous core.

These suspensions of multilamellar vesicles were then extruded using an extruder (Lipex
Biomembranes Inc.) equipped with polycarbonate membranes (mean size diameter: 400, 200
and finally 100 nm, Nucleopore) in order to reduce and homogenize the liposomes size
distribution. The extrusion of the lipids was done above their respective transition
temperature, 41°C for DPPC and 45°C for the DPPC:chol mixture (Hamilton, 1980).
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After extrusion, the external aqueous phase still contained the fluorescent label. So the
liposomes were dialyzed in cylindrical membranes (12,000 Da, SpectraPor) for 1 day with
PBS (150 mM, pH 7.4) in order to eliminate any 5,6-CF present in the external aqueous
phase. After the dialysis step, 5,6-CF was only present in the internal aqueous core of the
liposomes.
To determine the phase transition temperature of both types of liposomes, the hydrophobic
fluorescent probe diphenylhexatriene (DPH) was loaded in the phospholipid bilayer instead
of 5,6-CF to prepare two new sets of liposomes (DPH added in tetrahydrofuran to obtain a
1:200 DPH:lipid ratio) (Bégu et al., 2004). The protocol was then the same as described
above. For these experiments, and for each of the two samples, a small amount of DPH
loaded liposomes suspension was diluted in PBS (150mM) and the resulting suspension was
placed in a thermostated spectrofluorimeter cell. The cell temperature was slowly increased
from 20°C to 60°C (1°C/min) while monitoring the fluorescence intensity (Aex = 360 nm and
Aem = 430 nm).
The last step of the synthesis consisted in the silica shell formation. To that aim, the
inorganic precursor tetraethoxysilane (TEOS, Fluka) was first hydrolyzed in the PBS buffer
(150mM, pH 7.4) for 2 days at 40°C under stirring. The silicate solution was added drop
wise to the liposome suspensions (DPPC or DPPC:chol, with a TEOS:DPPC molar ratio 8:1)
at room temperature (20°C) under stirring. The final mixture was gently stirred for 1 day.
Sodium fluoride (NaF, Sigma Aldrich) at a 4% molar ratio with respect to TEOS was then
added to both samples, and the reaction medium was stirred at room temperature (48 h),
protected from light.
The resulting samples were then controlled by dynamic light scattering (DLS), filtered (pore
size 200 nm) and the residual solid was dried at 40°C for 24 h to give free flowing silica
coated particles .
Two silica hybrid samples were prepared: the first referred to as sample 1 contains DPPC
liposomes and the second, sample 2, contained DPPC:chol 7:3 liposomes. Both solid
samples, loaded with 5,6-CF in the liposomes aqueous core, were washed twice with water
and then with an isopropanol/acetic acid (0.1 M) solution. This washing was a
precautionary step done in case some 5,6-CF and phospholipid were freed after disruption
of some of the liposomes during the silica condensation step and could adsorb onto the
external surface of the silica shell. The same experimental conditions, including the washing
step, were followed to prepare the two sets of DPH loaded liposils used to determine the
phase transition temperature of the trapped bilayer.
2. Characterization of the hybrid material

a. Dynamic light scattering (DLS)
Liposomes and liposils size measurements were performed by DLS at a 90° angle, using a
spectrogoniometer equipped with a He/Ne laser and a photon correlator (Sematech,
SM633/RTG). In DLS, nanometric particles diffuse in the small volume of a sample hit by a
laser beam and scatter the laser light. The movement of the particles across that volume is
due to thermal activation (Brownian diffusion) which is such that the probability of a
translation step of amplitude AR at time t (AR=R(0)-R(t)) is described by a gaussian
distribution. It results that the square of the average displacement AR? is given by the
following (Eq. (1)):

AR2(t) = 6Dyt @
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Dy is the diffusion coefficient that is used in turn to define a relaxation time for the diffusion.
In short, DLS theory shows that the latter was quantified by an experimental autocorrelation
function. So an analysis of the correlogram of scattered light will give access to relaxation
times, hence to a diffusion coefficient, from which the hydrodynamic diameter R; is
deduced using the Stokes-Einstein relationship (Eq. (2)) :

D, =«T /6mnR, @

b. TEM and SEM
The morphological characterization was done on the samples by conventional transmission
(JEOL 1200 EXII) and scanning electron microscopy (Hitachi S 4500) following standard
preparation. The samples were first washed with an isopropanol acetic acid mixture and
then dried.

c. TGADSC
The experiments were done on as-synthesized and on isopropanol/acetic acid washed
liposil (Perkin Elmer, DSC 111). The temperature was increased from 50 to 550°C at
5°C/min for washed and unwashed material.

d. DPPC determination (enzymatic).
After crushing the sample, the concentration of DPPC in the suspension was quantified by
an enzymatic determination of phospholipids (PAP 150, Biomerieux, France). Phospholipids
are hydrolized by phospholipase D and the liberated choline is measured by the Trinder
reaction (Takayama et al. 1977).

e. Elemental analysis.
For the determination of the liposils composition, liposomes were prepared according to the
method described above using NaCl 9% solution instead of the phosphate buffer solution
and the C, P, N, Si and O analysis have been done.

f.  Nitrogen adsorption
For liposil sample 1 and sample 2, the characterization of the material was carried out on the
as-synthesized material immediately after synthesis, then after a drying step at 40°C, and
finally after the stability test at the two different pH values after a drying step. The specific
surface area of the samples was assessed by nitrogen adsorption measurements according to
the Brunauer-Emmett-Teller standard method (Brunauer et al., 1938). Measurements were
carried out at 35°C during 12 h under 10-2 Torr using an ASAP 2010 adsorption analyzer
from Micromeritics.

g. Fluorescence anisotropy measurements
A fully equipped spectrofluorimeter (Shimadzu RF 5310), was used for the steady state
fluorescence depolarization experiments. A sample of liposil loaded with DPH was specially
prepared to that effect. The excitation and emission wavelength were set to 360 nm and 430
nm respectively and the relative intensities for the four combinations of vertically and
horizontally polarized excitation and emission beams were recorded in the ratio mode in
order to eliminate source intensity fluctuations. The steady state emission anisotropy was
calculated as:

r=2p/(3-p) @
with

r=(1,-L.G)/(1+2L.0) @)
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The transmission factor G was taken into account by the method of Azumi and McGlynn, as
usual. This factor took care of all polarization effects due to the optical components in the
excitation path, including those due to the grating (Azumi & McGlynn, 1962). The
experiment was done after the treatment in the acidic medium. No contribution due to light
scattering was present since a dilution of the vesicles labelled with DPH had no effect on the
measured fluorescence anisotropy.

h. Dissolution kinetics
The tests were done in a flow-through dissolution cell (USP apparatus 4, Sotax; the norm
chosen was USP 28-NF-23 (2005)) which was a dissolution testing unit for solid or powder
dosage form, using the USP/EP flow-through method.
The cell was used in the experiments with a thermostated bath, and may be described as
having 3 parts: an inverted cone at the bottom, the cylindrical portion of the cell in the
middle and the filter holding head, on top (Fig.1).

—> *4 >

—»> Collection

Dosage

Fig. 1. Scheme of the flow cell apparatus used for kinetic dissolution tests

The dissolution medium entered the cone from underneath through a capillary bore and
flowed upwards through the cell. The cone was separated from the cylindrical section by a
40-mesh screen holding a glass microfiber filter. The filter head on the top part of the
cylinder also held a glass microfiber filter. At the bottom of the conical part, a single 6 mm
diameter glass bead regulated the distribution of the solution jet entering the cell and the
rest of the cone volume was filled with 1 mm diameter round glass beads. The role of the
glass microfiber filter placed on the bottom part and on the top part (Whatman GF/B and
GF/D) of the cylindrical section was to prevent some material particles from being drawn
outside the cell. This detailed description was necessary since recent publications mentioned
that the release was affected by the position of the glass beads (Bhattachar et al., 2002).

The sample to test was deposited in the flow-through cell, between the filters sitting at the
bottom and top of the cylindrical part (Fig. 2). For each experiment, an amount of about 50
mg of the sample (the drug was featured here by the test molecule 5,6-CF) was needed. The
flow rate of the medium, kept at 37 °C, was set at a value close to 4 ml/min. In a first
experiment, the behaviour of liposil was tested in an acidic medium (pH 1.2) during 30 min.
In a second independent experiment, a fresh sample was tested in a pH 7.4 medium for 1 h
and a half. These experiments, done in triplicate, were carried out using a closed loop setup
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connected in line to a UV-visible spectrophotometer in order to monitor the OD variation at
A=430 nm during the kinetics at pH 7.4.

—p= out

Fig. 2. Scheme of the flow-cell used in this study for the stability tests (the specific
localization of the various glass beads are indicated by arrows)

3. Results

The liposomes used for the synthesis of the silica material were constituted by zwitterionic
phospholipids: dipalmitoylphosphatidylcholine (Fig. 3a) presenting a 16 C long fatty acyl
chain and a choline head group. The synthesized liposomes have a diameter of 80 nm
(polydispersity: 0.181) for DPPC and 84 nm (polydispersity: 0.192) for DPPC:chol. They
correspond to small unilamellar liposomes (Fig. 3b) with a narrow size distribution and a
DPPC concentration of 9.5 mg/mL. The TEOS:DPPC molar ratio (8:1) was chosen to keep
the amount of released ethanol under 4% (v/v) during the TEOS hydrolysis. The strong
electrostatic interaction between the positively charged lipid head groups (quaternary
ammonium) and the negatively charged silica monomers and oligomers was the driving
force in the templating. The lateral mobility of the lipids in the outer leaflet of the bilayer
(Fig. 3b) can explain efficient charge compensation. The resulting silica cladding is dense
and non-porous.

The hybrid material was originally mostly obtained as clusters of monodispersed but
aggregated spheres (Bégu et al., 2003). In the last synthesis process (Bégu et al., 2007), an
improvement of the former, a pre-hydrolyzed silica precursor was added to the liposomes
suspension. Improvements have also been done using PEG phospholipid (Avnir et al., 2007).
From DLS measurements on freshly prepared samples of liposils in suspension (i.e. before
the drying step), the size distribution of the liposil spheres was found to be centred at 90 nm
with a low polydispersity index (0.20). DLS measurements done at each individual step of
the synthesis showed that as long as the liposils remained in suspension in the buffer
solution, there was no aggregation of the liposil particles. Interestingly, the liposils size
polydispersity reflected the size distribution of the liposome template.
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Fig. 3. a: Dipalmitoylphosphatidylcholine structure; b: Schematic representation of an
unilamellar liposome and the organization of the phospholipid bilayer

a DPPC DPPC Chol

100.0KV ¢ X30K 200 nm

Fig. 4. SEM micrographs (a) and TEM micrographs (b) of dried DPPC and DPPC:chol
liposils; schematic representation of a liposil (c) in which the silica shell is figured by the
outermost thick line



Liposil, a Promising Phospholipid/Silica Composite Material 109

After the drying step, these liposils still displayed the presence of spheres mostly grouped in
clusters, with individual liposils retaining their perfectly spherical shape and wall integrity
(Fig. 4a). SEM controls were done after the drying step. The reason was that before the latter,
the presence of amorphous silica in excess of the amount needed for the coating process
made the observation impossible. Aggregation occurred during the drying step.

TEM data clearly showed silica walls of even thickness of about 4 nm (Fig. 4b). The increase
in particle size going from liposomes to liposils occurred during the condensation phase
after addition of hydrolyzed TEOS, as a consequence of the formation of the silica shell.
Aggregates formation resulted from interactions occurring between the OH groups of the
silanols when the individual particles were brought into contact during the drying step
(Park et al., 2002).

Here, aggregation generated microparticles which consisted of aggregated but well defined
nanocapsules, each its own well delimited spherical shell. The improvement was seen first
in the reduced size polydispersity, the thinner silica shell and a better homogeneity of the
latter.

Furthermore, after the drying step, the particles from aggregates did not share a whole
portion of their surface with their neighbours, but appeared to have only a small contact
area, maintaining so the individuality of the silica shells. Many techniques, such as spray
drying (Cheow et al., 2010) or freeze-drying, were tested in our laboratory to limit the
aggregating effect of this drying step but they ended up with the breaking of a large number
of the liposils, even if some of them appeared as free particles. SEM micrographs (Fig. 4a)
showed particles with a size of one to several microns consisting in aggregated spherical
nanoparticles. TEM results (Fig. 4b) were in agreement with the SEM observations and
confirmed the presence of hollow nanocapsules with a mean diameter close to that of the
unilamellar liposomes (80 nm).

The silica wall of these nanocapsules was thin enough (close to 4 nm) to be partially
transparent to the electron beam. The material morphology was the same whatever the
liposome composition used (1 or 2).

TGA-DSC studies show that between 25 and 150°C a very small amount of adsorbed water
is desorbed from the surface of unwashed particles compared to the amount seen for
washed particles. This means that the external surface of the former particles is almost
totally coated by a single layer of lipid (as 70 percent of the total lipids are found inside the
liposils), and that the washing step efficiently removes the latter. Between 160 and about
260°C, under an air flux, the DPPC coating the outer surface of the micro-spheres is burnt
whereas the mass loss in this region is almost zero for the washed nanospheres (Fig. 5). For
those, the inner bilayer is shielded from oxygen by the compact silica shell. Above 260°C,
the particles explode under the pressure from vaporized water trapped in their core.
Afterwards, the combustion of the now exposed lipid from the templating liposomes can be
followed up to about 500°C.

The nanocapsules size was consistent with the liposome diameter augmented by twice the
silica  shell thickness. The synthesis conditions and specially the silicon
alkoxide/phospholipid ratio (8:1) ensured a homogeneous deposition of the prehydrolyzed
silica on the vesicle surfaces that were fully covered (refer to the SEM micrograph). During
the latter process, the phospholipid bilayer integrity as well as the shape of the liposomes
were maintained. This stability resulted from the choice of a phospholipid with a high phase
transition temperature (Bégu et al., 2004; Bégu et al., 2007).
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Elemental analysis carried out on unwashed particles at 200 and 350°C reveals a content of
carbon of 11.2% and 1.6% respectively. This is in perfect agreement with the previous data
concerning the early removal of the external lipid layer and the combustion of the inner
bilayer after rupture of the vesicles.

Nitrogen adsorption isotherms (Fig. 6, top) showed that the as-synthesized materials had
neither micro nor mesoporosity (type III isotherm). Further, measurements of the surface
area of these hybrid solids lead to a small computed BET surface of 100 m2/g (the porosity
observed was mostly interparticular). These data confirmed the non-porous nature of the
silica coating of the liposomes.

It is interesting to compare experimental data and results from a purely geometrical
analysis. In a typical preparation, 15.53 mg DPPC are encapsulated in the silica liposil
material. The total calcination of the latter leaves 22 mg of pure SiO,. With an outer diameter
of about 110 nm and an estimated shell thickness of 10 nm, the volume of the non-porous
silica shell amounts to 4 10-16 cm3 and its mass to 8.8 10-16 g based on a value of 2.2 g.cm-3 for
the density of amorphous silica. The total surface for the two layers of the included liposome
amounts to 6.3 10-14 m2,

Considering an accepted area of 0.60 nm?2 for the polar head group of the lipid in the film
(Pidgeon & Hunt, 1981) the number of DPPC molecules and their expected mass (for a
single particle) should be close to 1.1 105 and 1.3 106 g respectively. Using the above values,
22 mg of silica and 15.5 mg of DPPC would correspond to 2.5 1013 and 12 103 particles
respectively. The difference between these computed values reflects a number of
uncertainties, the largest being certainly the shell thickness that results from a visual
estimation of TEM data. Taking the average of the two values as a reasonable guess, and the
computed surface of a particle as 3.8 10-1m?, one ends up with a computed surface area of
about 73 m2/g of the core shell liposil. This is close to the 55 m2? per gram found
experimentally. The difference cannot be totally attributed to the aggregation of the shells,
since the shell thickness and amount of aggregation is not precisely known. However these
results point to the coherence of all the data.

Slight modifications of the material were observed after the kinetics in acidic fluid. The
surface area increased from 100 to 140 m?2/g as a result of the partial destruction of the
aggregates and breaking of a small fraction of the liposils induced by the dynamics of the
flow in the cell (Fig. 3, bottom). This result was in agreement with the SEM and TEM
micrographs which confirmed the integrity of most of the 1 and 2 liposil nanoparticles after
the kinetics in acidic medium.

Liposils may be schematically represented as seen in Figure 4c. However, no particle was
left intact after the complete kinetics at pH 7.4, and amorphous silica chunks only were seen,
originating from the broken and partly hydrolyzed silica shells.

The behaviour of the liposil particles at two different pH values (1.2 and 7.4) was also tested
using the hydrophilic probe 5,6-CF (Weinstein et al., 1983) expected to diffuse away from
the aqueous core across the phospholipid bilayer. The integrity of the bilayer of
encapsulated liposomes was also tested as described in the original synthesis (Bégu et al.,
2004), using the emission polarization of the linear fluorescent probe DPH. This probe was
only soluble in the inner region of the bilayer and helped monitor the rigidity of the lipids
alkyl chains. When the temperature of the samples was varied across a region encompassing
the transition temperature from the solid gel state to the liquid gel state, a typical decrease in
the polarization of the emission was observed.



112 Advances in Composite Materials for Medicine and Nanotechnology

0.4
0.35 1 mO
™ s m" . ino
~ | [ W}
E 0.3 1 %000 N
: "
9 025 ol
c ) [ ] .I:Ii |
< 0.2 - A qluﬂl Eni o
e ® 00
0115 1 I L] T I T T
20 25 30 35 40 45 50 55 60
Temperature (°C)

Fig. 7. Liposomes transition temperature from DPH fluorescence polarization: a) DPPC
liposomes (*); b) as-synthesized DPPC liposils (*); ¢) DPPC liposils after the kinetics in acidic
fluid (o)

This effect is clearly seen for free DPPC liposomes for which the transition temperature was
41°C (Fig. 7a) [14]. In as-synthesized liposils, that transition temperature was shifted
towards a higher value as the external leaflet of the bilayer interacted with the silica wall in
a way that increased its cohesion (Fig. 7b). Measurement of the fluorescence anisotropy was
also carried out on DPH loaded liposil after the 30 min stability step at pH 1.2 and it could
be seen that the temperature of the phase transition of the template phospholipid bilayer
was not affected by that treatment (Fig. 7c).
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Fig. 8. Kinetics profiles for the release of 5,6-CF from the composite silica nanoparticles in
suspension at pH 7.4 for 90 min: a) DPPC liposils (-0-); b) DPPC:chol liposils (-*-)
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Samples were left for 30 min in contact with the acidic dissolution medium (pH 1.2), in
order to test the stability of the silica shell in these conditions. At the end of this first step,
the amount of released 5,6-CF in the medium was measured. That determination was done
after raising the pH to 7.4 since 5,6-CF, in the form of a lactone at pH 1.2, would have been
insoluble at that pH. It revealed that at most 5% of the total amount of the fluorescent probe
associated to the hybrid solid was solubilized. The origin of that 5,6-CF could be due to
residual adsorbed molecules that resisted the washing step. But it was most probably due to
some probe molecules being trapped in the few closed inter-grain spaces formed as a result
of the aggregation of the liposils, that were released in a breakage induced by the shearing
stress. This was confirmed by the fact that further immersion of the treated particles in
solution did not release 5,6-CF any more, and by the almost unchanged overall fluorescence
intensity of the particles. These observations were identical for particles 1 and 2, and
confirm the non-porous nature of the silica shell. This conclusion was also in agreement
with the TEM and SEM micrographs results, which revealed at most minor changes in the
silica shell of the treated liposils nanoparticles.

In the second part of the test, a kinetics run was done at pH 7.4 (Fig. 8) with another aliquot
of the same liposil samples. In these conditions, a release of the probe occurs, due to leakage
from the liposil core towards the pH 7.4 outer medium. To improve the signal value, the
experiment was done with a closed loop setting; this was possible since any freed 5,6-CF
was shown not to be readsorbed onto the silica surface. In the 37 °C bath, if the 5,6-CF probe
could exit the liposomes at pH 7.4, that is, if a disruption of the liposomes had occurred
concomitantly with the rupture of the silica shell, a burst should have been seen. This
phenomenon was not observed whether or not the liposomes bilayer included cholesterol. A
consequence of this observation was that the dissolution of the silica shell should initially
free intact liposomes. This interesting hypothesis was also supported by the different rates
of release of 5,6-CF observed for the two types of liposils, as the kinetics corresponding to
the DPPC:chol templated material is the slowest. This reflects the known relative stability of
the two different types of liposomes used as templates, the ones with cholesterol being more
stable. Of course, due to the hydrodynamic shear forces in the flow cell, the liposomes were
finally destroyed and released their content. The latter event defined the observed release
kinetics. In physiological conditions, it was shown that liposomes were stable at pH 7.4 over
a time stretch much longer than the 2h used for the kinetics of the release during which only
a very limited release of 5,6-CF occurs (Agarwall et al., 1986; Semple et al., 1996). In any
case, these tests cannot be assimilated to test for the standard release from liposomes. The
shell was viewed as a protection towards acidic media, temperature and the presence of
enzymes, all factors susceptible to destabilize bare liposomes. The test of the release of 5,6-
CF in an acidic medium was only a control of the integrity of that silica shell. Later these
liposil particles will be used for drug release in slightly improved form (functionalized
external surface of the shell, etc.).

4. Conclusion

The stability of liposils, silica-based composites obtained via liposome templating was tested
at pH 1.2 and pH 7.4 at the constant temperature of 37 °C. Two samples, one with DPPC and
the second with DPPC and cholesterol, were carefully studied. The non-porous amorphous
silica cladding of liposils protects the trapped liposomes which retain the fundamental
properties of their bilayer. Carboxyfluorescein, 5,6-CF, simulating a typical hydrophilic drug
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was loaded in the liposomes aqueous phase before the templating process. The stability tests
were done using a flow cell, according to the USP 28 norm. As expected, at the acidic pH 1.2,
the non-porous silica coating was stable and prevented the rapid degradation generally
observed for free liposomes in these conditions. At a pH value of 7.4, the silica shell was
hydrolyzed, and at first the intact liposomes were freed. This interesting feature was revealed
by the release kinetics and was observed independently of the fact that the bilayer contained
cholesterol or not. In turn, at that pH, the bilayers are destabilized in these conditions. The
stability observed for liposils makes them good candidates for drug storage and release
schemes. Their size and shape should facilitate their capture by cells and the presence of the
water pool in the trapped liposome should allow for an externally triggered release using
ultrasonic waves or microwaves. This would provide a fast release, complementing the slow
release associated to erosion of the liposil particle wall. Further work is in progress to prevent
the individual liposil nanospheres from aggregating when going to the dry state. Optimizing
the latter factors will of course lead to a better control of drug release.
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1. Introduction

The painstaking exploring for alternative energy resources is at the research leading edge
because energy plays an irreplacable role in the whole world. As a result, how to achieve
high-efficient energy conversion rate has become more and more crucial under the condition
of limited resources. Thermoelectric (TE) nanocomposite materials, which can generate
electricity from heat, could be an alternative solution for global sustainable energy. Whether
the power generation by TE nanocomposite materials could be employed as a reliable
substitution for getting limited energy resources or not is contingent upon the fact that
synthesized TE nanomaterials possess higher thermoelectric conversion efficiency than
traditional bulk materials. The inherent characteristics of the promising TE materials like
potential high efficiencies and environmentally clean from the use of geothermal and solar
heat made the substitution a reality (Weidenkaff et al., 2008). Moreover, as of the rapid
development of the modern fabrication and characterization techniques, especially the
emerging of nanoscale composite materials, a brand-new period of manufacturing
nanocomposites is approaching. The enormous needs for sustainable energy combined with
recent advances in thermoelectrics inspire an increasing excitement as always.

Through several decades’ endeavors of the researchers, TE nanocomposites have been
applied widely to an advanced level. Practical applications have been found such as
renewable energies (Robert et al., 2007), electrical power generation, such as thermoelectric
generators providing power in remote terrestrial and extraterrestrial like deep space
exploration (Snyder & Toberer, 2008), air-warming systems (Cosnier et al., 2008), cooling
systems (Lineykin & Sam, 2007) like solid-state Peltier coolers with precise thermoelectric
effects for optoelectronics and passengers’ seat in aotomobiles, and like thermoelectric
micro-coolers with high cooling power density, short response time and device scalability
which are very suitable for high-power and compacted microelectronic devices (Liao & She,
2007) and self-powering sensors (biomedicine, environmental monitoring, gas sensing, radio
frequency field detector, infrared rays detector such as SrSi, (Hashimoto et al., 2007) and
mobile phones in the future (Dragoman & Dragoman. 2007)).

High efficient utilization of waste heat energy from the surrouding environment is
attributed to TE technology application. Considerable quantity of power is generated by
heat energy with typical efficiencies in the range from 30% to 40% efficiency. At such rates,
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it is estimated that 15 terawatts of the power energy generated by heat energy is lost to the
environment. To efficiently convert lost heat into electricity, thermoelectric nanocomposite
materials can be used to accomplish this mission. Automobile exhuast and industrial
manufacturing processes all generate an enormous amount of unused waste heat that could
be high-efficiently converted to electricity by using silent, scalable and reliable TE devices
which can scavenge waste heat from the environment. This technology can be employed in
the vehicle field for the new generation vehicles with electrical power from waste engine
heat from exhaust systems and radiators. One critical merit of thermoelectric nanocomposite
is their scalability. For example, waste heat (Gelbstein et al., 2008) and co-generation sources
could be as small as a home water heater, or as large as inductrial sources. This technology
of energy conversion from waste heat into electrical energy is very important to develop
alternative energy technologies in the reduction of our dependence on fossil fuels. To better
understand the thermoelectric nanocomposites, knowledge in the fields such as solid-state
chemistry, solid-state physics, thermal transport measurement and high-temperature
electronics is required.

1.1 Development of thermoelectric materials

Thermoelectrics have long been considered inefficient for its most applications. TE
nanocomposites have not resurged until last century when theoretical studies predicted that
thermoelectric efficiency could be greatly improved through quantum confinement of the
electron charge carriers. The electron energy band in a quantum confined structure is
narrow and thus producing effective masses and therefore high Seebeck coefficient. In
addition, heterostructured nanocomposites may decouple the Seebeck coefficient and
electrical conductivity because of electron filtering which could progressively gain enhanced
value of ZT. From the mid-1950 to the present, most of the bulk thermoelectric materials
(like clathrates, skutterudites and Zintl phases) were found with high-efficiency. The
pioneering work was performed and put into practice by Professor Abram (Nolasa et al.,
1998). Professor Abram loffe and his collaborators did precursory work (Dresselhaus et al.,
1999) on introducing semiconductors as promising thermoelectric materials. Then people
gradually selected heavy elements from lower right part of the periodic table to synthesize
semiconducting compounds. As a result, the lattice thermal conductivity can be reduced
through manufacturing mixed or doped crystals. The more efficient thermoelectric materials
at that time existed in the Biy1.9SbaTes.y)Sesy family (Koga et al., 1997) right because of
their lower thermal conductivity. Professor Abram’s contributions to more efficient
semiconducting materials paved a way for a quite active time when people are expressing
great interests in thermoelectric materials. The representative ones are Bi;Tes, BixSes, and
Sb,Tes. The high potential of Bi;Te; as a thermoelectric material made it still the basis in the
thermoelectric field up to present.

Over the past 30 years, Bixi.SbaxTesu.y)Sesy and SiiyGey, alloys have been extensively
studied and optimized as TE materials for their applications like refrigeration and power
generation. These conventional TE materials have experienced extensive investigation and
there appears little room for future improvement in common bulk materials. As time goes
by, a new class of TE compounds emerged and was investigated due to its higher
performances. The comparison of ZT values between the traditional TE materials (CsBisTeg,
Bi;Te3, PbTe and Sii.«Gex) and the new TE materials (AgPbmSbTez+m, ZnsSbs, Ybo19C04Sbiz
and CeFey.«Co,Sb12) can be seen from Fig. 1.
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Fig. 1. Relations between temperatures (K) and ZT values. Data source from (Tritt et al.,
2006)

During later 90s, researchers discovered that low dimension structures, as occurs in quantum
wells (2D) or quantum wires (1D) can enhance the thermoelectric figure of merit rather than
their bulk counterparts like two-dimensional PbTe quantum-well and 1D or 2D bismuth
which are poor thermo-electrics in 3D. Although the low-dimensional TE materials like
superlattices and nanowires could have a chance to improve ZT values due to the decoupling
of the three parameters, it is still hard to employ superlattices and nanowires in large-scale
energy conversion applications dut to their limitations in cost and heat transfer issures.
Recently, many researchers used nanocomposite materials (polymers and inorganic materials)
as the novel TE materials because composite materials have the properties from both the
inorganic materials and polymers which could have higher values of figure of merit.

1.2 Thermoelectric effect

The thermoelectric effect is the direct conversion of thermal energy into electric energy
through a themoelectric installation and vice versa. The Seebeck effect is the direct
conversion of thermal energy into electrical energy. This effect was revealed by an Estonian-
German physicist Thomas Johann Seebeck. The explanation of the thermoelectric mode (TE)
is that the applied temperature gradient facilitates charged carriers, say electrons and holes
in semiconductors, in the materials to diffuse from one end to another: hot charge carriers in
the materials diffuse from the hot end to the cold end because of a lower density of hot
carriers at the cold end and cold charge carriers diffuse from the cold end to the hot end.
Consequently, the current is induced from the teperature diffecence between two ends of
the materials. The reasons for the phenomenon of thermoelectric effect is that there are too
many free charge carriers which will carry both charge and heat in metals and
semiconductors. A net charge will be generated due to the build-up of charge carriers
diffusing from the hot end to the cold end when a temperature gradient applied to a
material. A net charge will produce an electrostatic potential. This phenomenon, known as
Seebeck effect, is the basis of thermoelectric energy generation. (Snyder & Toberer, 2008)
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The converse energy conversion process (ET) is well known as Peltier effect, which converts
electrical energy into thermal energy.This phenomenon was discovered in 1834 by a French
physicist called Jean-Charles Peltier who observed that when an electrical current is passed
through the junction of two dissimilar materials, heat is either rejected or absorbed at the
junction depending on the direction of the current. The Peltier effect is due largely to the
difference in Fermi energies of the two materials. So the thermoelectric effect may also be
called the Peltier-Seebeck effect. The thermoelectric effects have wide and practical
applications across the whole world. The devices employing Seebeck effect called
thermogenerators can convert various heat sources into electrical energy: turning waste heat
from power plants and automobiles into electrical power, conversing radioisotope energy to
support space probes and enhancing energy conversion efficiencies of solar cells by utilizing
low frequency heat from the sun to a large extent. The devices using Peltier effect can create
a compact refrigerator etc.

1.3 Measurements of thermoelectric nanocomposites

This section will first introduce the general measurements of the thermoelectric effect. Then
this section emphasizes what sources can generate the thermal conduction and thus states
the ways to reduce thermal conductivity. What's more, the internal conflicting factors that
limit the maximum themoelectric performance is explained with several principles.
Following that the relation of the carrier concentration and thermoelectric performance will
be stated. Then, other equivalent measurements of thermoelectric performance will be
introduced. At last, this section will talk about the thermoelectric devices’ efficiency.

The main measurement of the performance of the thermoelectric nanocomposites is the
dimensionless quantity ZT (see Eqn. 1). As a measurement standard, ZT is taken as the
general expression of thermoelectric materials’ effectiveness. Let T be the temperature (in
Kelvin) and Z be the thermoelectric figure of merit. Then the dimensionless figure of merit
has the following form of expression:

ZT=026T/« ey

In this equation, a stands for Seebeck coefficient measured in volts per kelvin (V/K),
o denotes the electrical conductivity measured in siemens per meter (S/m) and «k denotes
the thermal conductivity measured in watts per kelvin per meter (W/Km). o is the
measurement of the induced voltages in response to temperature differences across the
materials. It is called the thermoelectric power, or thermopower, or Seebeck coefficient.
Typically the unit of the Seebeck coefficient is volts per kelvin, while in practice, it is more
prevalent to use microvolts per kelvin (uV/K). The Seebeck coefficient can be represented
by o which has the expression of delta V over delta T. Meanwhile, the Seebeck coefficient
can also be defined as the following equation (Eqn. 2):

2
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Where n is the carrier concentration; m* is the effective mass of the carrier; T is the
temperature; e is the elementary charge; k;, is Boltzmann's constant; h is Planck’s constant.
Moreover, the Seebeck coefficient can also be defined as the following equation (Eqn. 3):
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Where k;, is Boltzmann's constant; T is the temperature; e is the elementary charge; o is the
electrical conductivity and Ef is the Fermi energy.

Thermal conductivity stems from two aspects: k. (electrons and holes transporting heat) and
k1 (phonons travelling through the lattice). This means k=«. +k1. Most of the k. is directly
related to the electrical conductivity based on Wiedemann-Franz Law: the higher the
electrical conductivity, the higher «; becomes. The Wiedemann-Franz law (see Eqn. 4), states
that the electrical thermal conductivity (ke) is proportional to the electrical conductivity and
the temperature (T).

Ke= cLT=nepuLT (For semiconductor) 4)

In above equation, L is the Lorenz factor with the value of 2.4x108 J2K-2C2 for free electrons;
o is the electrical conductivity; T is the temperature; n is the carrier concentration; e is
elementary charge; p1 is carrier mobility.

Based on the above stated Weidemann-Franz law, it is necessary to minimize « instead of «e.
In semiconductors, electron thermal conductivity is less than lattice thermal conductivity.
Therefore, it is easier to decrease lattice thermal conductivity while maintaining the
electrical conductivity. A phonon-glass and electron-crystal approach is proposed by G. A.
Slack stating that phonons which are responsble for thermal conductivity must experience
the material as they would in a glass meaning a high degree of phonon scattering, the lower
the thermal conductivity; while electrons must experience the material as a crystal meaning
little scattering maintaining the electrical conductivity. As a result of these two methosds,
figure of merit will be optimized. This phonon-glass and electron crystal could also be
explained as materials possessing electrical properties of a crystalline structure and thermal
properties of an amorphous or glass-like material.

The higher value ZT of a material, the more preferable it is as a thermoelectric material for
greater thermodynamic efficiency. It is very difficult to simultaneously achieve increased o
26 and reduced « due to interdependence of the three parameters. In other words, the three
parameters are all functions of carrier concentration and are interrelated with each other. As
a general rule, a rise in thermopower implies a decrease in electrical conductivity due to
carrier density considerations which could be proved by the Seebeck coefficient equation,
and an increase in electrical conductivity results in an increase in thermal conductivity
based on Wiedemann Franz law. To assure a large Seebeck coefficient, there should be only
one single type of carrier rather than mixed n-type and p-type conduction resulting in
cancelling out the induced Seebeck voltages. In general, semiconductors have larger Seebeck
coefficient than metals because doped semiconductors bear excessive electrons or holes, the
contributions to Seebeck coefficient of which can not be cancelled out like metals. That is the
main reason that semiconductors have a promising future as the thermoelectric materials.
This could be demonstrated by the Fig. 2.

Figure 2 indicated the striking balance between large Seebeck coefficient and high electrical
conductivity in TE nanocomposites which should be complied with maximizing the figure
of merit ZT. The peak value is shown approximately at carrier concentration between 1019
and 102! carriers per cm3 with very high mobility. This is just right falls in the field between
metals and semiconductors (Snyder & Toberer, 2008) which is the primary reason that
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Fig. 2. Relations between Carrier concentration (10!8/cm3) and related ZT factors. Data
source from (Snyder & Toberer, 2008)

doped semiconductors were found with promising applications in TE nanocomposites.
Generally speaking, maximizing the thermoelectric figure of merit refers to a compromise of
thermal conductivity, Seebeck coefficient and electrical conductivity. From Fig. 2,
thermoelectric power factor will maximize at higher carrier concentration than ZT.

To reduce the lattice thermal conductivity, the approaches fall into three ways. The first
method is to separate the electron-crystal from the phonon-glass to guarantee not destroying
the crystallinity of the electron-transport part; the second method is to form superlattices by
scattering phonons at interfaces of nanostructured materials; the last method is to scatter
phonons within the unit cell by generating rattling structures, vacancies or points defects.
There are some other equivalent measurements for TE nanocomposites. The first equivalent
measurement of ZT (Eqn. 5) is to replace the denominator in Eqn. 1.

ZT=Toa2/ (i, Ke) ®)

In Eqn. 5, 0,T and o are the same terms, x; and k. are the lattice contributions to the thermal
conductivity and electronic contributions to the thermal conductivity respectively.
The second equivalent measurement of ZT is determined by Eqn. 6.

ZT=m15uT/i (6)

In Eqn. 6, m is the effective mass, pis the carrier mobility, « is the lattice thermal
conductivity and T is the absolute temperature. A large m results in a high Seebeck
coefficient, large p is good for high electrical conductivity, and the thermal conductivity
relies heavily on the crystal structure.

For materials with high electrical conductivity or very low lattice thermal conductivity, the
ZT can be defined by Eqn. 7:

)

In Eqn. 7, L is Lorenz factor and «i/ke<<1.
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Moreover, the power factor (see Eqn. 8), is used more and more frequently to measure the
energy conversion efficiency.The definition of power factor is the square of Seebeck
coefficient divided by electrical resistivity (p).

PF=a2/p ®)

Effective thernmoelectric nanocomposites should be crystalline semiconductors that can
scatter phonons without significantly interrupting the electrical conductivity because
crystalline semiconductors have lower carrier mobility due to lower effective masses and
increased electron scattering. And glasses will usually exhibit lower lattice thermal
conductivity. However, glasses are not used as TE materials because they lack the needed
electron-crystal properties. As a result, thermoelectric nanocomposites should bear the
properties of phonon-glass and electron-crystal. The electron-crystal can compromise the
conflicting Seebeck coefficient and electrical conductivity for crystalline semiconductors.
The phonon-glass requires the lattice thermal conductivity as low as possible. This new field
of vision to a large extent solves the traditional TE materials’ problem. Traditional
thermoelectric materials employed alloying with isoelectronic elements to conserve the
crystalline structure at the price of disrupting the phonon path. Many experiments
successfully demonstrated specific methods to synthesize electron-crystal and phonon-glass
nanocomposite materials (Snyder & Toberer, 2008).

Thermoelectric devices consisted of many couples containing n-type and p-type
thermoelectric elements assembled in parallel. For instance, a TE generator employs heat
flow to power an electric load through the external circuit when applied a temperature
gradient. Then a voltage is generated due to the Seebeck coefficient, or the heat flow derives
the electrical current. So, it is important to know the measurement of the TE devices. A
thermoelectric device’s conversion efficiency n (see Eqn. 9), and modified figure of merit Zt
(see Eqn. 10), can be defined as:

©)

(Sp - Sn)zz-z
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052 (10)

In Eqn. 9 and Eqn. 10, Ty, is the temperature at the hot junction, T. is the temperature at the
surface being cooled, Zt is the modified figure of merit, p is the electrical resistivity, t is the
average temperature between the hot and cold surface and subscripts n and p stand for n-
type and p-type semiconducting materials.

In conclusion, semiconductor nanomaterials, which can get higher Seebeck coefficient and
elevated electrical conductivity and lower thermal conductivity simultaneously or at least
amelioration of some of the above three goals, give contributions to higher values of ZT, that
means higher energy conversion efficiencies. To date, the best reported ZT value is between
2 and 3. Higher values of ZT for thermoelectrics are more suitable for future competition
especially through nanocomposite materials.
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2. Fabrication of thermoelectric materials

Before the discussions of thermoelectric materials” advancement, it is necessary to introduce
the themoelectric materials fabrication methods to obtain a comprehensive and clear
panorama. Then the thermoelectric, photoelectric, electromagnetic, electrochemical and
mechanoelectric characteristics of any material can be well investigated. The ‘fabrication’
here has two different meanings: chemical fabrication and physical fabrication. It is obvious
that chemical fabrication means that a new substance has been produced from the starting
materials, while physical fabrication stands for a transformation among different physical
states like gas, solid or liquid. Consequently, the following parts will explain the commonly
used approaches of fabricating thermoelectric materials.

2.1 Fabrication from gas to solid phase

Numerous techniques refer to the concentration of gas compounds on solid-state materials.
The most straightforward fabrication way is to use the phase or state transformation process
from gas state to solid state to deposit a thin film or multilayers on an appropriate substrate.
Among various methods based on phase transformations, the typical methods are Physical
Vapor Depostion and Chemical Vapor Deposion

Physical vapor depostion

Physical vapor deposition depicts a purely physical process such as high temperature
vacuum evaporation or plasma sputter bombardment, and this process can deposit thin
films on a wafer or substrate through condensation of vaporized materials without any
chemical reaction. PVD generally consists of evaporative deposition, electron beam PVD,
sputter depostion, cathodic arc deposition, pulse laser deposition and molecular-beam
epitaxy. And the most prevalent methods are the sputter deposition and molecular-beam
epitaxy (MBE). MBE it the fabrication technique that can permit precise control over
deposition composition. It can totally solve the basic problem involved in the general PVD.
That is, it is hard to control the deposition composition especially when the starting reaction
material is a complicated compound. Molecular-beam epitaxy happened in high vacuum or
ultra high vacuum and most apprarent aspect of MBE is the low thin film growth
rate(typically bewteen 300 nm and 1000 nm/hour) which in turn promted the films to grow
epitaxially. As a rule in solid source MBE, ultra-pure elements such as gallium and arsenic
are heated in different quasi-knudsen effusion cells until they begin to gradually sublimate,
then the gaseous elements of such materials will condense on the substrate. Sputtering is
another commonly used PVD method. It is a process in which atoms are expelled from a
solid target by bombardment with energetic ions from an electrically excieted, low-pressure
plasma. Owing to collisions, ejected ions or clusters of atoms will be deposited on the
specific film substrate.

It is reported that ErAs nanoparticels were epitaxially doped into [InGaAS]i4[InAlAs]y
using molecular beam epitaxy (MBE) (Zeng et al., 2009). One common example of sputtering
is the preparation of bismuth telluride thin films. Many methods have been attempted to
prepare the bismuth telluride(n-type and-228 uV/K, p-type 81 uV/K) thin films, including
pulsed laser flash evaporation, ion-beam sputtering, metal organic chemical vapor
deposition, molecular beam epitaxy, and electrodeposition techniques, while sputtering is
the most easy and economic way. Both p-type and n-type bismuth telluride thin films were
prepared by sequential sputter deposition of elemental Bi and Te layers and post-annealing
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treatment. Periodic Bi/ Te multilayer structures were sputter-deposited at room temperature
and transformed into bismuth telluride via Bi/Te interfacial reaction during post thermal
annealing (Liao & She, 2007).

Chemical vapor deposition

Compared with Physical Vapor Deposition (PVD), Chemical Vapor Deposition (CVD)
gained much attention with its high growth rate and low cost of reaction equipment and it is
the most helpful microfabrication technique which is used to produce high-purity and high-
value thin films of semiconducting materials. In a typical CVD microfabrication process,
gaseous precursors will react or decompose on the surface of a substrate or wafer to acquire
the desired deposition thin film. Then the redundant gas or volatile by-products will be
removed by gas flow through the reaction chamber. The deposition forms of CVD method
include monocrystalline, polycrystalline, amorphous and epitaxial such as nanofibers,
filaments, nanotubes, and various semiconductor compounds. The deposition rate is
temperature-dependent in a typical CVD microfabrication process. When the temperature is
high, mass-transfer will decide the whole deposition rate; on the other hand, if the
temperature is low, the deposition rate will be determined based on chemical reaction. As a
result, it is quite important to maintain a uniform temperature distribution to guarantee
homogeneous deposition. Moreover, there is one special deposition technique called vapor-
liquid-solid(VLS) deposition which involves multiphase catalyst-assisted heterogeneous
chemical reactions. In this process, the reactants come from gas phase, while the liquid
catalyst expedites the the deposition on the substrate. Similar to VLS, laser-assisted catalytic
growth is another promising technique used for fabrication of nanostructure deposition.
This method employs catalyst-assisted, multiphase chemical reaction which is the same with
VLS. The differences between these two methods are laser-assisted catalytic growth not only
hailing from gases but also from bombardment of laser beams. Catalyst such as Fe, Ni, and
Au can be prepared on the substrate. Consequently, nanostructures and core/shell coaxial
nanotubes can be synthesized through this technique.

Here we only introduce some common classicifications. According to operation pressure,
CVD will be divided into atmospheric pressure CVD (APCVD), low-pressure CVD
(LPCVD) and ultrahigh vaccum CVD (UHVCD). In view of plasma methods, the CVD
includes microwave plasma-assisted CVD (MPCVD), plasma-enhanced CVD (PECVD),
remote plasma-enhanced CVD (RPECVD), atomic layer CVD (ALCVD) combustion
chemical vapor deposition(CCVD) rapid themal CVD (RTCVD) and vapor phase epitaxy
(VPE).

The following examples are given to illustrate the applications of CVD. Zinc-doped cubic
boron nitride thin films were prepared by films deposited in pure Ar (Nose & Yoshida,
2007). The crystals of FeSb, were prepared by the self-flux method or by the chemical vapor
transport method (Sun et al., 2009). A key application of LPCVD is employed for fabricating
polycrystalline Si by heating silane in a low pressure reactor through pyrolysis, in this
process, the by-product H, will escape from the growing film of solid silicon. This reaction
can be expressed as SiHy= Si|+2H>1.

Another prominenet use of LPCVD is to fabricate SiO; nanoscale particals. In a CVD chamber,
silane and oxygen can react with each other through the reaction SiHy+20,=SiO,|+2H>0.
Moreover, using LPCVD can synthesize the inert silicon nitride like SisNy through equation
3SiClH>+4NH3=5i3N, | +6H>T+6HCIT. PECVD can enhance CVD through electrical plasma;
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this process can also be called glow-discharge decomposition. This method is generally used to
produce thin films of amorphous or polycrystalline semiconductors. Microcrystalline Si can be
manufactured through the dilution of SiHy by H; at higher wafer temperature. This technique
is simultaneously used to fabricate crystalline diamond thin films from a hydrocarbon-
hydrogen gas mixture. Also SiO; can be obtained through the disassembling of
tetraethoxysilane or through the chemical reaction of dichlorosilane and nitrous oxide
following the equation of SiClLH>+2N,O=5i0, | +2N,1+2HCI1.

As for the VLS, due to the influence of catalyst, one-dimensional nanostructure such as
nanofibers and nanowires generated from the interface between the liquid and solid. Au-
catalyzed VLS growth of phosphorus-doped silicon nanowires, indium nitride nanowires in
a dissociated ammonia environment and germanium nanowires with great crystallographic
orientations at 350 °C were well fabricated with fabulous shape and orientation. Perhaps the
most obvious advantage of laser-assisted catalytic technique is the fabrication of ordered
longitudinal herostructure such as herojunctions and superlattices of Si/SiGe.

2.2 Fabrication from liquid to solid phase

Crystalline and non-crystalline materials can be fabricated starting from the liquid phase
when the desired materials are in big volumn, which means materials manufacturing takes
place in the liquid phase in which it is easy to manipulate and achieve. This section will
introduce the methods of liquid phase deposition and Sol-gel deposition.

Liquid phase deposition

Using liquid phase deposition onto substrate or wafer is a common way of fabricating
nanoparticles, nanorods and nanotubes. Yttrium aluminium garnet nanopowder was
synthesized with an average grain size of 80 nm. Single crystalline ZnO nanorods with
smallest diameter of about 5 nm were fabricated at ambient temperature in liquid
phase.Also, CdS/TiO; hybrid coaxial nanocables using liquid phase deposition were
synthesized by soaking porous anodic aluminum oxide template into mixed solutions. Prior
literature has suggested that the fabrication of PbS, CuS and CdS nanorods can occur either
by electrodeposition or injection of reactants within the channel pores of either anodic
aluminum oxide or mesoporous silica templates. Parallel nanowires of CdS and ZnS (Zhang
et al., 2009) with the diameter as small as 3 nm templated was another example synthesized
by hexagonal liquid crystals (Li et al., 1999).

Sol-gel deposition

Sol-gel deposition which is well known as chemical solution depostion is widely used in the
field of materials fabrication like metal oxide. This method’s starting material is a sol, which
is a colloidal dispersion of small paticles suspended in liquid. Then under appropriate
conditions, the sol can form a continous network of connected particles called a gel, which is
discrete particle. The sol-gel process can fabricate gel materials in a wide range of forms and
structures. The precusor sol can be deposited on a wafer to be cast into specific desired
shape in a container. This approach that allows the great control over the product’s
composition is a cheap and low-temperature technique.This method can typically be used in
the synthesis of refractory oxide at relatively low temperature like fabrication of SiO, glass
at operating temperature of 1200 degree centigrade. Nanocrystals like TiO2, ZnO and SnO»
oxides were fabricated recently employing sol-gel method.
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2.3 Fabrication from solid to solid phase
This section will introduce the fabrication ways from solid state to solid state: hot pressing,
spark plasma sintering, electrodeposition and doping technique will be recounted.

Hot pressing

Hot pressing is used for fabricating powder or powder compact with high pressure and
high temperature as a result of which sintering process was begetted. Hot pressing is
primarily employed to synthesize hard and brittle materials. One of prevalent examples is
the reinforcement of cutting tools and technical ceramics. The hot pressing technique can be
found in the form of induction heating, indirect resistance heating and direct hot pressing.
In the process of inductive heating, a high frequency electromagnetic field by electronic
generator and induction coil is exerted on the mould so that the the heat will be generated
wihtin the mould. The merit of it is the pressure and inductive power is not dependent. The
disadvantages are the the high expenditure of high-frequency generator and the
dependence on satisfactory thermal conductivity and inductive coupling. The indirect
resistance heating technique placed the mould in a graphite heating chamber which will
cause the heat transferred into the mould. The benefit of this method is indenpendent from
mould’s conductivity, heat and pressure. Also a high temperature is easy to attain. But the
demerit is it will take longer time to heat up the mould and heat transfer from furnace to the
mould surface. The direct hot pressing is under developing. New methods called Spark
Plasma Sintering (SPS) or Field Assisted Sintering Technique (FAST) have been established.
These methods will be introduced in the following paragraghs.

The examples of fot pressing here are the partially filled ytterbium skutterudite materials
and n-type CoSbs nanocomposites. In an argon atmosphere at 26 ksi and 650 °C for 2 h,
densification of the powdered specimens into dense polycrystalline pellets was
accomplished by hot pressing using graphite dies to acquire partially filled ytterbium
skutterudite materials (Nolasa et al., 2000). Under the usage of hot pressing the mixture of
nanoscale and micronized CoSb; powders synthesized by solvothermal method using CoCl>
and SbCl; as the precursors and NaBH, as the reductant in an ethanol solution and then
melting, then n-type CoSbs nanocomposites were prepared by this method (Mi et al., 2007).

Spark plasma sintering

In the process of Spark Plasma Sintering (SPS), the mould is directly connected to electrical
power to shorten cycle time and save energy, and SPS has higher heating conversion rate.
This helps increase the speed of sintering of metal power and reduce the threshold sintering
teperature and pressure compared to traditional sintering process. In addition to these, in
contrast to conventional hot pressing where heat is provided by external heating, SPS ‘s heat
is generated internally. Therefore, the sintering process is fast. The TE compound InsSe;.«
was fabricated by SPS through a solid state reaction at 550 °C under the uniaxial pressure of
70 MPa.

There are a lot of examples of SPS for TE nanocomposites. Through SPS and the subsequent
thermal treatment, the polycrystalline copper aluminates Cuy.yAgiNiyAlO; and Cuix.
yAgxZnyAlO; were synthesized. These nanocomposites could be used as high temperature
thermoelectric materials by partial substitution of Ag, Ni and Zn for Cu site in CuAlO»
(Yanagiya et al., 2010). Bi-Te based TE p-n modulus were fabricated through SPS solid
bonding for measuring their TE performances (Kima et al., 2006). The polycrystalline
samples such as BaSiy, SrSi;, and LaSi were prepared by SPS. Among these SPS generated
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materials, SrSi> exhibited a higher power factor than BaSi2 and LaSi. Also, after heating the
pressed pellets of pure mixture of Sb (99.9999%), Co (99.99%) and fullerene (Cso) 99.5%, and
then heating the mixed nanocomposites to 943 K under an Ar atmosphere for about 150 h,
fine TE ground powders were obtained through SPS at 848 K for 15 min (Shi et al., 2004). It
is reported that BayCosSb1> nanocomposites with dispersed fullerene or barium fulleride
have been successfully fabricated by the SPS and solid state reaction (Shi et al., 2007). Also,
SiO,/ B-Zn4Sbs core-shell nanocomposite particles with the low thermal conductivity were
synthesized by SPS method (Ruan & Xiao, 2007). Moreover, CoSbsTex skutterudite
polycrystals were synthesized by SPS along with mechanical alloying (Liu et al., 2007).
Furthermore, Zn-incorporated BagGaisZn.Gesox clathrates were fabricated with the methods
of SPS and solid-state reaction (Deng et al., 2007). To enhance the bulk material s” densities,
highly aligned Ca3;Co0409 and similar formula ceramics can be treated by SPS to achieve this
purpose (Zhou et al., 2003).

Electrodeposition

Electrodeposition is the process that employs electrical current to reduce cations of a specific
material within the solution and deposits nanoparticles on the surface of cathodes to
synthesize a thin layer of the material with desired properties. This process bestowed many
merits like depositing on complicated surfaces and synthesizing functionally-gradient
materials.

Fig. 3 shows how the electrodeposition worked. The set-up for electrodeposition includes
the anode, the cathode and a specific solution. They are connected to a power supply such
as battery. When the external power supply is switched on, the metal at the anode will be
oxidized with a positive charge. These cations will meet anions in the solution, and thus
they are reduced at the cathode to deposit in the specific metal. Taking an acid solution as
an example, copper is oxidized at the anode becoming Cu?* by losing two electrons. Then

CatHode

Fig. 3. Electroplating of a metal with copper in a copper sulfate bath.
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the Cu2* will meet up the anion SO4? in the solution to form copper sulfate. At the cathode,
the Cu2+ is reduced to metallic copper by gaining two electrons. The result is the effective
transfer of copper from the anode source to a specific metallic cathode.The reaction
mechanism of electrodeposition has been extensively studied recently to gain expected and
improving properties of various materials.

The application of electrodeposition has an extensive range.The most cheap and easy way to
synthesize polyaniline is utilizing the electrodeposition method and using a stainless steel as
the template. It is reported that electrodeposition of nanometer-sized alumina particles in a
copper matrix was prepared and well studied. It is found that PbTe can be deposited on
copper and nanoporous nickel through electroplating (Madhavaram et al., 2009). Also, a
multitude of nanoparticles were inserted into metallic or ceramic coatings: submicron
polymeric particles were electrodeposited into copper; SiC particles were incorporated into
Ni matrix. Simultanesouly, the morphology and mechanical properties of electrodeposited
AlOs; nanoparticles that solidated copper matrix were studied. Additionally,
nanostructured devices such as microgears and pulp systems were possible when using
electrodeposition method. Here is the most popular thermoelectric material Bi;Tes that has
been studies for years. Extensive studies on Bi;Te; doping have been carried out by many
researchers for the optical, thermoelectric and electrical properties. And this material’s
growth technique was achieved by vacuum deposition technique, sol-gel, spray pyrolysis,
screen printing etc. While the most economical method of fabricating bismuth telluride thin
film is by cathode electrochemical deposition technique. Thin films of bismuth telluride can
be grown by cathode electrochemical deposition technique on conducting glass and Mo
sheet substrates. They can easily be used as a low band gap dopant in the materials for
large-scale photovoltaic applications. The quality and composition of the deposited films
can be easily controlled by controlling electrochemical parameters. The as-deposited
bismuth telluride films are highly crystalline and compositionally and morphologically
uniform throughout. This accomplishemt suggests that electrochemical deposition is a cost
effective, efficient, non-hazardous process for the preparation of bismuth telluride films and
large area depositions. The feasibility of preparation of bismuth telluride films was
demonstrated in the aqueous electrochemical deposition process (Golia et al., 2003).

Doping technique

Doping is generally referred to the process of intentionally adding impurities to extremely
pure semiconductors. Hence, the doping technique is used in the semiconductors to change
the material’ electrical properties or other characteristics. The doped-materials have a
promising application for the thermoelectics. It is known that perovskite-type metal oxides
are potential materials to enhance the efficiency of thermoelectric devices and cobaltite with
p-type conductivity and n-type manganates are considered for the development of a ceramic
thermoelectric converter. Sintered pellets and thin PLD films with the composition Lai.
xCaxMOs (x= 0, 0.3, 0.4) (M=Co, Mn) were synthesized and characterized concerning their
thermoelectric properties in a broad temperature range recently. It was found that similar to
polycrystalline samples the electrical conductivity of LaCoOs increases significantly with
40% Ca-substitution due to the formation of Co** ions while the thermopower decreases.
The thermopower values of the Lap8Cao2MnOs.q films have a negative sign, but become
large and positive at temperatures of 1000 K. Doping technique is suitable for the
production of homogeneous metal or metal alloy powders. Silicon- germanium (Si-Ge) has
been known as a high temperature thermoelectric element material, which has the function
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of thermoelectric energy conversion by making use of a temperature difference between
both ends of the element (Otakea et al., 2004).

Furthermore, a route, alternative to the conventional chemical doping, to modify a wide
spectrum of physical properties of nanoscale sized films, by dynamically varying the
concentration of the carriers by an applied electric field (Electric field effect doping-EFED),
has been proposed recently. This theory of an electric-field-effect (EFE) induced increasing
of the thermoelectric figure of merit of a thin film thermoelectric TE plate in a capacitive
structure. EFED is applicable for thin films of narrow-gap semiconductors (e.g. PbTe, SnTe,
PbSe, PbS, etc.) and semimetals (such as Bi) (Sandomirsky et al., 2003).

3. Major methods to enhance conversion efficiencies

A long pursued goal is to achieve larger ZT. Expectations appeared a decade ago, when it
was theoretically proposed that superlattices and nanowires can have a much higher figure
of merit than traditional bulk materials. Since then, important theoretical and experimental
steps have been made, bringing us closer to the practical realization of the theoretically
envisioned breakthrough. Here are three primary ways employed to improve the
thermoelectric figure of merit based on (Eqn. 1): to enhance the Seebeck coefficient
(thermopower) or power factor, to increase the electrical conductivity and to lower the
thermal conductivity. The power factor can be enhanced by means of quantum confinement
effects. The Seebeck coefficient can be increased via energy filtering and electron scattering.
Typical good Seebeck coefficient’s value should be larger than 200 pV/K. The low lattice
thermal conductivity could be achieved from the increasing of phonon scattering by a mixed
or complex structure, rattling scattering, grain-boundary scattering and huge surfaces and
interfaces in nanocomposite materials. The electrical conductivity can be improved by
doping or using metal-like conducting semiconductors, or in other words high-mobility
carriers and very small gap will result in high electrical conductivity. Typical good electrical
conductivity values should be larger than 10° Q1 cml. And the thermal conductivity can be
lowered using doping technique of nanopartices and superlattice heterostructures.Typical
good thermal conductivity value should be less than 2.0 W/m K. Slack predicted that the
low thermal conductivity can be achieved is between 0.25 W/m K to 0.5 W/m K. The
following part will elaborate all the three methods, but not limit to any single method. For
example, some thermoelectric nanocomposite mainly possesses low thermal conductivity,
but at the same time, it may be provided with higher conductivity or higher themopower.

3.1 To increase electrical conductivity

The first method to increase ZT value is through the enhancement of electrical conductivity.
Electrical conductivity is also called specific conductance, which is used to measure a
specific material’s capacity to conduct an electric current. The definition of electrical
conductivity o is the ratio of current density J to the electric field strength E with the
expression J= 6E. So the improvement of electrical conductivity is to enhance the ability to
conduct electric current. This part will narrate from three aspects: doping nanocomposite
materials, Co-based oxide ceramics and metal-like nanocomposite all leading to high
electrical conductivity.

Improvement of electrical conductivity by doping was quite effective to increase figure of
merit value. As the concentration of zinc dopant increased, the electrical conductivity of
films deposited in pure Ar can be increased. For example, The electrical conductivity of zinc-
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doped cubic boron nitride (cBN) thin films, prepared by sputter deposition in pure Ar,
increased as the concentration of zinc dopant increased. It was found that the conductivity
increment in such films was accompanied by a linear increase in the B/(B+N) ratio. It was
also found that both Al,O3, TiO2 or ZrO; doped ZnO and TiO; doped Fe;O3 showed a large
power factor in the wide temperature range. Fe;O3's ZT value was smaller compared with
ZnO doped nanocomposites. Additionally, Ag and Zn doped CuAlO; was found to enhance
the electrical conductivity (Tsuchida et al., 1996). a-Al,Os with doped Mg nanocomposite
was investigated for its electrical conductivity under the direct and alternating current with
different concentrations of Mg in the temperature range 250-800 K. AL,O; crystal is a high-
temperature and good mechanical semiconductor rather than MgO doped with lithium
which is brittle as a semiconductor of the p-typed. Although there are many impurities
existed in the ALOj3 crystals, the electrical conductivity of ALO3; with dopant Mg increases
linearly with the concentration of Mg in both DC and AC fields (Tard1"o et al., 2001).

Oxide ceramics possess good TE properties mostly because of their thermal stability. It has
already reported that (Ca, Bi, and Sr)-Co-O single crystal whiskers have the ZT values
higher than 1.2 and they are suitable for practical applications. But the size of the materials
limit their applications as a TE device. While the Ca3Co04O9 (See Fig. 4) and NaCo,O4 are
reported to bear great TE performances. Thus they are more favorable than traditional
semiconducting materials. Moreover, the transport performance of CazCo4O9 is increased
significantly because of its layered structure as followes.

Ca-O
Co-0

Ca-0O

COOQ

Fig. 4. Layered view of Ca3Co4O9 after (Zhou et al., 2003).

The in-plane electrical conductivity is much larger than that of the out-of-plane electrical
conductivity, showing that grain-aligned ceramics could have higher TE properties than
randomly oriented ceramics with the same compositon. As a result, the fabrications of the
highly grain-aligned densified TE ceramics are quite crucial for the application of
polycrystalline layered structure. A ZT value of 0.8 is obtained for oxide NaCo0,04 at 1000 K.
Furthermore, cation substitution can improve the ZT value. For example, an improved ZT
value of NaCo,0; can be proved from Cu-substitution for Co site; an enhanced ZT value of
Ca3Co409 can be proved from Bi and rare earth elements for Ca site due to increased
Seebeck coefficient. CazCo4O9 showed higher electrical conductivity with grain-aligned
structure and had no apparent effect on the Seebeck coefficient which could reach 180 pV/K
at 700 °C (Zhou et al., 2003). Polycrystalline bulks with aligned grains of the misfit-layered
cobalt oxides like [(Bii-«Pbx)2Ba204]o5CoO> was reported to show higher electrical
conductivity. The electrical conductivity of this material is four times higher than that of
traditional sintered bulks. And its Seebeck coefficient is 120 nV/K at ambient temperature
and its thermal conductivity is 1 W/m ‘K (Motohashi et al., 2008).
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Some nanocomposites like green covellite copper sulfide possess metal-like electrical
conductivity and chemical sensing capabilities. For example, CuS films maintain
transmittance in the infrared, low reflectance in the visible and relatively high reflectance in
the near-infrared region, which are ideal characteristics for solar energy adsorption.
Moreover, CuS transforms into a superconductor at 1600K and has recently been used as
cathode material in lithium rechargeable batteries (Zhang & Wong, 2009).

3.2 To enhance thermopower or Seebeck coefficient

The second way of improving the TE properties is through the increase of thermopower, or
the power factor This part will first elucidate the nanocomposites with higher thermopower
in carbon nanotubes, X3AusSby, BirSroCo,0Oy whiskers, LaCoO; system, lead chalcogenide
and Ag,Pbig+.SbTey bulk material. Then introducing some promising nanocomposites with
higher power factor which is equal to the square of thermopower divided by electrical
resistivity, will be stated afterwards like LaPdSb, GdPdSb, YbAIl; and InsSes..

The nanotube can be viewed as a graphene sheet rolled into a seamless cylinder with a
length over diameter ratio greater than 1000. Generally, carbon nanotubes can be divided
into two types. One is called single walled nanotubes (SWNTs). The other is called
multiwalled nanotubes (MWNTs). Nanotubes normally can be synthesized from three
methods: chemical vapor deposition, pulsed laser vaporization and electric arc discharge.
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Fig. 5. Relations between temperature (T) and Seebeck coefficient (uV/K) for different
carbon nanotubes. Data source from (Apparao et al., 2006)

Fig. 5 shows the general comparison of Seebeck coefficient carton nanotubes with three
different fabrication methods: SWNT synthesized by the electric arc discharge and pulsed
laser vaporization and MWNT produced by CVD. Clearly, the SWNT (45 pV/K) has a much
higher Seebeck coefficient than MWNT (17 pV/K). The positive of the Seebeck coefficient
proves both SWNTs and MWNTs are p-type materials (Apparao et al., 2006).

Taking carbon nanotube as an example, ZT in nanocomposite materials could be larger than
2.5 due to electron confinement resulting from a high density of states near the Fermi level
Er thus leading to high power factor, while « decreases due to the suppression of phonon
boundary scattering. On the contrary, ZT could near 0.8 as a maximum for bulk
thermoelectric materials. Such nanocomposite materials are easily assembled into different
shapes and can be scaled up for commercial applications. Wireless sensors in the 1-10 m
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range require very low-power consumption, which does not exceed few hundreds of
microwatts. For longer distances the wireless sensor networks are designed to work in a
multihop mode, while large distances are covered with multiple miniaturized sensor nodes
characterized by low-power consumption and low cost. The modern architecture based on a
large number of wireless nodes is possible only if each node is self-powered when working
inside the network. In the advanced wireless sensor and portable device architectures
carbon nanotubes (CNTs) could play a double role as sensors and harvesters, generating DC
voltages necessary for the operation of small wireless sensors in the multihop mode. CNTs
are very effective sensors, with many applications in environmental monitoring,
biomedicine, or automotive industry. Smart biological devices could be implemented using
this harvesting principle, but the generated power is of few picowatts, which is not enough
for wireless applications. However, thermoelectric power devices based on CNTs could be
the key elements of self-powering devices of wireless sensors as well as of any low-
consumption portable device (Dragoman & Dragoman. 2007).

The relatively earlier nanocomposites with notably performance of thermoelectricity are
ternary antimonides and stannides with half-Heusler structure. The recently reported TE
material like X3AusSbs has a more complex crystal structure than those earlier
nanocomposites. The specific formula is LnsAusSby for Ln= Nd, Sm, Gd and Ho with lower
thermal conductivity in the range of 1.4-1.8 W/m K at ambient temperature because of
heavy masses of the component atoms and complex structure. The highesst Seebeck
coefficient ever reported is 100-200 uV/K, showing that the dominant carriers are holes
enhancing with increasing temperature. The resisitivities and Seebeck coefficient can be
greatly affected by the ratio of Au:Sb. Moreover, there is no influence of the electrical
resisitivity resulted from the improved Seebeck coefficient for nanocomposites with
mixtures of lanthanides on the large atom position (Young et al., 1999).

There are other alloys with higher Seebeck coefficient. Bi>Sr2C0,0Oy whiskers possess high
performance of thermoelectricity. The Seebeck coefficient of this material can reach 300
pV/K at 973 K. The thermal conductivity is measured about 2 W/m K because of the
phonon-phonon interactions. The ZT value is more than 1.1 which stands for about one
tenth energy conversion at 973 K (Funahashi & Shikano. 2002). Due to the high Seebeck
coefficient of 600 pV/K at room temperature, the LaCoO; system is a promising
thermoelectric nanocomposite despite of its high electrical resistivity which lower the whole
conversion efficiency. But as the temperature goes up to 750K, the electrical resistivity will
drop down which again enhances the conversion efficiency. Furthermore, different
substitution of a specific site will cause promotion of ZT. Substitution in the LaCoOj3 system
like LaggCap2MnOj3 and LagCasCoOs, represents a semiconducting-like behavior, which can
improve the conversion efficiency. Another example of the LaCoO; system is La-Sr-Co-O
compound. The polycrystalline LaggSro2Co1xMnxO; was synthesized by citrate complex
method. And the TE propertied can be tuned by adjusting Co site substitution by Mn atoms.
The experimental results showed that both the Seebeck coefficient and electrical resistivity
will increase with the increasing Mn content. The Seebeck coefficient is positive in the
temperature range between 90 K and 290 K, and the electrical resistivity indicated a metallic
semiconducting temperature behavior. Also a power factor of 18 pW/K2 is achieved with
x=0.08 (Moreno et al., 2008).

Prevalent examples of wide applications with higher Seebeck coefficient existed in the lead
chalcogenide which has been studied for years due to their special physical characteristic
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and easy fabrication within ambient pressure. The synthesized lead chalcogenide possesses
the advantages of a short growth time, high yield and cost effective. Lead chalcogenide
exhibits extensive quantum-size effects in nanocrystalline form because of its smaller
bandgap and larger Bohr excitation radius. Up to now, a variety of forms such as nanorods,
nanowires, nanotubes, nanocubes and nanoflowers have been successfully fabricated under
controllable conditions. Parkin and co-worders used a method to fabricate lead
chalcogenides in liquid ammonia at room-temperature. Later, it is reported that the
synthesized size of PbS, PbSe and PbTe nanotubes is 200-300 nm, 50-120 nm and 30-60 nm
respectively fabricated in hydrazine hydrate saturated alkalline solution under the general
experimental conditions. And the Seebeck coefficient value of the three composite
nanotubes are 154.4 pV/K, 199.8 nV/K and 451.1 pV/K respectively (Wan et al., 2010).
Through the TEM images and electron diffraction patterns, lead chalcogenide is single
crystal nanotube and PbTe nanotube has the smallest size with a round-angle. It is
concluded that PbTe nanotube bears the higher thernoelectric property. Additionally, PbTe
nanorod’s Seebeck coefficient could be up to 679.8 puV/K at room temperature. The
thermopower of PbTe coating on copper and nickel was found much higher than either pure
copper or copper-nickel alloy. PbTe on nanoporous nickel shows higher Seebeck coefficient
than on the pure copper. It is about 50% higher on nanoporous support. The possible
explanation is that the electron confinement effect of nanoporous materials causes higher
thermoelectric potential (Madhavaram et al., 2009). Because of the high potential usage of
PbTe as TE material, various PbTe nanocomposite materials have been successfully
synthesized by solvothermal/hydrothermal fabrication, sonoelectrochemical synthesis,
chemical bath method and high temperature solution-phase synthesis (Wang et al., 2009).
Addtionally, n-type TE material Ag,PbnSbTem+2n system (ZT>2) and p-type TE material
AgoT1Tes system are reported with easier fabrication methods like mechanical alloying and
SPS as powder metallurgy processes. Specifically, Ag.Pbis+SbTex bulk materials with
micrometer sized grains were synthesized by the powder metallurgy process. A maximum
power factor of 1.766 mW,/ mK2? was obtained at 673 K for the AgosPbxSbTey
corresponding to a high ZT value of 1.37. The experimental results also indicated that the TE
properties are highly related to the composition especially the content of Pb atom (Wang et
al., 2006).

There are also some TE materials with high power factor attributing to high Seebeck
coefficient. LaPdSb showed a large power factor of 50 pW/cm K2 at 327 K. And GdPdSb also
indicated relatively large power factor with high Seebeck coefficient and low electrical
resistivity resulted from high Hall mobility (Sekimoto et al., 2006). Moreover, both n-type
YbAl; and p-type CePd; showed high Seebeck coefficient values. YbAl; exihibits a high
power factor as high as 54 W/m K at 300 K which is nearly 4 to 5 times larger than
optimized Bi,Te; based TE materials. However, the high thermal conductivity in YbAl3
limits its total TE performance. Therefore, further investigation should be done on how to
reduce the thermal conductivity to achieve high ZT value. The Se-deficiency polycrystalline
compound InsSes« has the property of increasing the poewr factor and decreasing the
semiconducting band gap. The experimental results showed that small Se deficiency will
lower the thermal conductivity resulting from the random disorder phonon scattering. On
the other hand, the thermal conductivity will increase with the increasing Se deficiency.
Moreover, the power factor will increase with increaing Se deficiency between 300 K and
750 K. The power factor of InsSes. measured may be lower than that of double-doped
skutterudites because of relativiely high electrical resistivity of InsSes. In the same
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temperature range, the ZT value of InsSes.« due to high Seebeck coefficient and low thermal
conductivity is comparable to the n-type PbTe and CoSbs (Rhyee et al., 2009).

3.3 To lower thermal conductivity

The third way to improve the TE performance or the ZT value is through reducing the total
thermal conductivity. Lowering the thermal conductivity is the most focused way to obtain
the high performance of TE materials. This part will elucidate the acquired accomplishments
from Zintl compounds, skutterudite family, ZnsSbs, clathrate, telluride alloys and InSb.
Among these TE materials, rattlers atoms could be inserted into the voids to further lower
thermal conductivity in cage-like materials skutterudites and clathrates.

Zintl compound

Nanocomposite Zintl have recently arised as a new class of thermoelectric materials for it
has complex crystal structures. Zintl phase is the product of a reaction between alkali
metals, alkaline earthes and post transition metals, metalloids. Zintal phases were named for
the German chemist Eduard Zintl who investigated them in the last 30s. Zintl phases can
provide the great properties for TE materials: they will form small band gap semiconductors
and possess complex structures. As of the their valence compound traits, zintl phases have
the semiconducting nature (Zhang et al., 2008). Zintl phases have the structural properties
used for electron-crystal and phonon-glass characteristics which result in higher ZT value.
They combine different regions of covalent bonding for electron-crystal properties with
ionically bonded cations that can be subtstituted for tuning electronic traits and bringing
disorder which generate low lattice thermal conductivity due to phonon-glass properties.
Improved thermoelectric performance will be expected due to enhanced structural
modifications that allow the increase in the fundamental transport parameters such as
carrier mobility, carrier concentration and effective mass. The low thermal conductivity
value is gained in Zintl thermoelectric materials on accounts of low velocity of optical
phonon modes and point defect scattering.

A Zintl compound consists of both covalently and ionically bonded atoms. Then, the general
ionic cations will give their electrons to the covalently anionic species. And Zintl phases
comprise of electropositive cations (Group 1 or Group 2) which will give their electrons to
electronegative anions; which in turn will form bonds to suffice for valence. Assuming the
presence of both ionic and covalent contributions to the bonding type is the reason of the
structural requirements of Zintl phase. The purely ionic materials possess less mibility of the
charge-carrier species than covalent bonding. The conplex nanostructures with multiple
strucural units in the same structure are resulting from the combination of the bonding
types. It is reported that due to the reason that zintl phases possess highly electropositive
alkali and alkaline-earth elements, they are air and moisture sensitive. To overcome this
drawback, the air-stable antimonide analogs of zintl phases are synthesized: X1sMPnyy,
Yb14MnSb11, Ybansz, Yban-XMnbez, Baansz, EuanSb2, Ydeszz, Ydez.xZnXsz,
Ca,Ybi14Zn,ySby, X11Sbig (X=Ca, Yb, and Eu), Ca11AlSby, CaZn,Sb, BaGasSb,, MosSby, filled
skutterudite and Zn,Sbs etc.

X1aMPny; expression conforms to zintl formulism. In this expression X means a heavy or
alkaline earth metal; M is a transition or main group metal and Pn is group 15 elements such
as P, As, Sb or Bi. Doping on different sites will improve the TE properties through electrical
and thermal conductivities. For example, incorporating on M site will adjust the electronic
parameter and incorporating on X sites will tune the disorder scattering of phonons and
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carrier concentration. YbisMnSby; is the appropriate candidate for polar intermetallic
compared with the transition metal zintl compound Ca14AlSby;. And thus Yb;4MnSby; made
ideal candidates for thermoelectric materials because it possesses the properties of electron-
crystal and phonon-glass. The YbisMnSbi; has extremely low lattice thermal conductivity
and high Seebeck coefficient. The experimental results showed that Seebeck coefficient is
positive and will increase with increasing temperature from 300 K to 1300 K; the resistivity
increases with increasing temperature and gets a maximum value at 1200 K; a notable low
thermal conductivity is between 0.7-0.9 W/m K for temperatures from 300 K to 1275 K;
substitution of La3* for Yb2* on X site and substitution of Mn2* with Al3* will result to a high
ZT value at lower temperature (Kauzlarich et al., 2007). Yb1sMnSb1; is comprised of distinct
anionic units like Yb11Sbip rather than structrue like CaZn;Sb, shown later. This type of zintl
material consists of polyatomic [Sbs]”- anions, [MnSby]%- tetrahedra in addition to isolated
Sb3- cations and Yb2* cations. This compound is isostructural to zintl phase Cai4AlSby1. A
high temperature melting point is anticipated due to anionic units ionically bonded together
via cations. Thus, Yb14sMnSby; has a much complex structure than CaZn;Sb,, The Fig. 6 is the
general X14MPn1 layered view. In this figure X means 2+ cation with, M means metal and
Pn means P, As, Sb or Bi. The green, blue and red spheres denote X, Pn and M atoms
respectively and yellow spheres denote X atoms which are not in the same plane.

Fig. 6. Layered view of X14MPny; structure after (Kauzlarich et al., 2007)

It is reported that Ybi4MnSby; has the ZT value of 1.0 at 900 °C along with large Seebeck
coefficient and high electrical conductivity. The Yb1sMnSb1; possesses a ZT value more than
1.0 up to 1275 K. In comparison, the ZT value of Yb1sMnSb1; is proven that two times of the
SiGe nanocomposite which is used prevalently before. The Fig. 7 showed ZT values of
several p-type TE materials (ZnsSb;, TAGS means (GeTe)oss(AgSbTez)o1s, CeFesSbio,
YbisMnSby;, CuMoeSes and SiGe) at different temperature range. It indicated that
Yb14MnSbi; possesses highest ZT value at higher temperatures. While the some other
materials (ZnsSb;, TAGS and CeFe;Sbio) indicated high ZT values at low temperatures.

What's more, it is reported that Zintl compound YbZn,Sb, with isoelectronic substitution of
Zn by Mn in anionic (Zn,;Sb,)* system possesses lowered thermal conductivity. The attained
value of figure of merit value is between 0.61 and 0.65 at 726 K compared with the
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Fig. 7. Figure of merit as a function of temperature (°C) for a number of p-type materials.
Data source from (Kauzlarich et al., 2007)

unsubstituted YbZn,Sby's ZT value of 0.48 (Zhu et al., 2008). YD site substitution can well
tune the TE properties in YbZn,Sb,. Here, through a solid-state reaction followed by certain
cooling, annealing, grounding and hot-pressing densification process, the p-type YbZny.
xMn,Sb, were synthesized. The reason of the lowered thermal conductivity and significantly
increased Seebeck coefficient is because the Mn substitution. As a result, ZT value of 0.65 is
obtained at 726 K for x=0.05-0.15. In YbZn,..Mn,Sb, structure, the cell refinement revealed
the lattice constant a increased linearly with increasing Mn content, while the lattice
constant ¢ showed a relatively small change. That means the unit cell expands in the x-y
plane but little changes in the z-axis with increasing Mn contents. It can be illustrated from
the Fig. 8 (Yu et al., 2008).

Fig. 8. YbZn,..Mn,Sb, structure view after (Yu et al., 2008). Black spheres denote Yb atoms,
red spheres denote Sb atoms, blue spheres denote Zn atoms and gray sphere denotes Mn
atom.
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Fig. 9. Relations between temperature and thermal conductivity for YbZn,-Mn,Sb, Data
source from (Yu et al., 2008)
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Fig. 10. Relations between temperature and lattice thermal conductivity for YbZn,-.Mn,Sb.
Data source from (Yu et al., 2008)

The thermal conductivity and lattice thermal conductivity at different temperatures for
YbZn,-,Mn,Sb, nanocomposites are shown above (See Figs. 9 and 10). It can be seen that
thermal conductivity will decrease with increasing Mn substitution at ambient temperature
and indicate a trend that they will converge at higher temperatures.

Meanwhile, polycrystalline sample of the title compound (BaZn;Sby,p-type) was prepared
and its thermoelectric properties from 2 to 675 K were studied. This Zintl compound shows
rather low thermal conductivity, 1.6 W/m K. The value of its thermoelectric figure of merit
ZT reaches 0.31 at 675 K. A few new simple ternary Zintl phase compounds contain alkali-
earth and rare-earth elements such as BasIngSbis, YbsIn,Sbe, EusIn,Sbe, and BaCu,Te, were
synthesized and considered as potential TE materials. For the Zintl compound with low
thermal conductivity, we care more about their electronic structures which could provide
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some useful information such as the energy gap, effective mass, electronic components, and
so on (Wang et al., 2007). Additionally, a higher figure of merit ZT at 700 K is achieved as
high as more than 1 from Cd-rich nanocomposite YbCd;Sb, and Zn substitute of Cd
nanocomposite YbCd>..Zn,Sb, which have low thermal conductivity and high ZT value
(Wang et al., 2009). The polycrystalline TE material EuZn;Sb; is reported with its high
Seebeck coefficient as high as 181 pV/K, low thermal conductivity as low as 0.4 W/ m K and
high electrical conductivity ranging from 524-1137 S/cm. The acquired TE figure of merit is
0.92 (Zhang et al., 2008). Ca,Yb1.ZnsSb, expressed good thermoelectric properties as a zintl
phase. The structure of CaZn,Sb; indicates the bonding within the Zn-Sb layers between
planes of Ca2*. The covalent bonding in the [Zn,Sb,]? layers give the electron-crystal traits
like high mobility, on the other hand, the substitution like Yb can be made at the Ca position
for tuning of the electron concentration and generating disorder for phonon-glass
properties.

These materials comprise of electron precise Zn-Sb anionic sheets. Because both Zn and Sb
have the similar electronegativity, the bonding within should have mostly covalent
character. The [Zn;Sb,]* system possesses good hole mobility because of its low polarity.
The bonding of the cation is ionic and the CaZn;Sb; is a semiconductor with a band gap of
one quarter eV. Doped YbZn;Sb; is an extremely p-type semiconductor with metal-like
transport properties when less electropositive Yb cation makes it a little electron deficient.
As a result, Ca,Yb1..Zn;Sb, forms a doped polar intermetallic. The electronic band structure
of the conducting Zn,Sb, will not change notably when different components in CaxYb:.
xZn3Sby except for carrier concentration. Thus, a gradually tuning of the hole concentration
resulting in improvement of ZT value will emerge by alloying isoelectronic species. More
importantly, the lattice thermal conduvtivity will apparently be reduced due to disorder
scattering by alloying Ca atom and Yb atom on the cation position. It is also reported that
Ru doped Mo3Sb; indicated higher ZT value than pure MosSb; over 300 to 700 K. The
fabricated Moz «RusSb7 exhibited a complex crystalline structure related to improved
thermoelectric performance, while the weak TE performance of undoped material is because
its metallic nature (Candolfi et al., 2009).

A phonon-glass property can be acquired from binary zintl nanocomposite of complex
structure. The Fig. 11 indicates X11Sb1o as a good example of such complex structure. This
kind of structure contains 22 X2+ cations with five [Sby]+ dumbbells and 10 Sb3- anions in
each unit cell. It is proven that this complicated structure has notably low lattice thermal
conductivity for a high melting point around 1200 K. This structure is like a semiconductor
catering for electron-crystal needs. Yb11Sby is similar to a heavily doped semiconductor and
the Cai1Sby is like a lightly doped semiconductor. So X11Sbip nanocomposites indicated
properties of bipolar conduction resulting in low thermopower and therefore low ZT value.
The zintl anions provide the electron-crystal electronic structure through the covalently
bonded network of the complicated anions or metalloids. The following three figures
indicated the covalently bonding regions separate from the ionic regions of antimony
containing zintl phases. The covalent bonded regions supply electron-crystal traits like high
high mobility, while the ionic region can be doped for tuning of the electrion concentration
and creating disorder to give phonon-glass properties.

Complex anions (Cai1AlSby), tunnel structure (BaGasSby) and a layered net (CaZn;Sby) are
all semiconductors.. CaZnySb, has already been explained before. Cai1AlSby comprised of 11
Ca?* cations which give their electrons to [CaSby]%- tetrahedron, 3 isolated anions Sb3- and
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Fig. 11. Layered view of three distinct types of Sb atoms in X11Sb1 structure after
(Kauzlarich et al., 2007). X is denoted by red sphere and Sb is denoted by black sphere.

[Sbo]¢ dumbbell. The Sb anions are six coordinated by alkaline earth cation. This
nanocomposite complex structure possesses low lattice thermal conductivity. BaGazSb,
consists of Ba?* and [GazSby]? network which is comprised of [GasSbe/3]? units considered
as a ethane-like Ga-Ga. These kinds of [GasSbg/3]?- units are connected in a way that leaves
holes in the structures as shown above. Such as electron compound will form bonding and
antibonding bands that will cause necessary semiconducting band-gap. Because the band
gap emerges on accounts of the separation of bonding and antibonding states in the anions,
the existence of nonbonding or partially bonding states can fill the gap region with states
and make the compound metallic. On the other hand, more electronegative elements such as
fulfur will reduce mobility. Thus, zintl anions coming from heavier, softer atoms will of
course gain lower lattice thermal conductivity. The cations in Zintl phases provide regions
that can be doped precisely to control electron concentration and interrupt phonon transport
through alloying scattering. In this way, optimized characteristics of zintl phases can be
achieved. (Kauzlarich et al., 2007)

Mos3Sby has been indicated a promising TE material because of low thermal conductivity and
high Seebeck coefficient. MosSby is a complex 3-D structure (See Fig. 12) of atoms consisted
of antimony dimers, square antiprisms and empty Sbs cubes. The Sbg cubes give more room
for incorporating dopants. Moreover, substitution of Te for Sb site will improve the TE
property. For example, Mo3Sby.,Te, showed a decreased thermal conductivity and inceased
Seebeck coefficient leading to a ZT value of 0.8 at 1050 K. The Fig. 12 is the layered view of
MosSby structure.

Skutterudite family

Skutterudite is the cobalt arsenide mineral that has variable amounts of nickel and iron with
the general formula like (Co, Ni, Fe)Ass The thermoelectrical performances highly rely on
the compositions of skutterudites. The abundant compositional types permit various
physical properties for its potential applications. The general structure of skutterudite is a
cubic form with space group comprising of eight corner-shared octahedra (Co,Rh or Ir)(P,
As or Sb)s.
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Fig. 12. A layered view of MosSby after (Kauzlarich et al., 2007). Red spheres denote Sb-Sb
bonds, purple spheres denote isolated Sb atoms and black spheres denote Mo atoms.

General skutterudites compounds showed high Seebeck coefficient and high electrical
conductivity and high thermal conductivity. So how to lower the thermal conductivity had
become the key point.The nanocomposite morphologies are effective in reducing thermal
conductivity more than electrical conductivity, and Such nanocomposite materials are easily
assembled into a variety of desired shapes and can be scaled up for commercial
applications. The reason why skutterudite family of compounds could be regarded as
thermoelectric nanocomposites is because the low thermal conductivity can be obtained
when filling the voids with small diameter, large-mass interstitials. The filled skutterudites
have reduced thermal conductivity than pure skutterudites because of rattling disorder of
the void-filling ions that substantially affect the phonon scattering through the lattice. As of
the more loosely bound rattlers producing local vibrational modes of lower frequency, and
thus they are more effective in scattering the lower-frequency, heat-carrying phonons. The
heavier and smaller the ion is in the voids, the larger the disorder that is produced and,
therefore, the larger the reduction in the lattice thermal conductivity. The skutterudite
antimonides are provided with large voids and therefore of ideal candidate for TE material.
This concept, first introduced by Slack, is corroborated by the large atomic displacement
parameters that have been observed in alkaline-earth and lanthanide-filled skutterudites.

At present, the reported studies showed that the filled skutterudites have the following
fillers: rare earth elements, alkaline-earth elements (Ca, Sr, and Ba), foreign atoms (e.g. La,
Ce, Nd, Sm, Eu etc) and others (Y, Tl, Sn and Ge). The continuing effort in improving the
thermoelectric properties of skutterudite compounds has resulted in attempts to fill the
voids in the crystal structure with ever-differing atoms.Synthesis approaches are at present
underway in order to form ever more varied compounds in this diverse materials
system.This section will elucidate CoSbs and the filled skutterudite materials especially the
CoSb; based skutterudite materials .

CoSbs is one of the skutterudite family materials due to their similar formula. CoSb; is
narrow-band gap semiconductor with a parabolic bottom of the conduction band. Due to its
specific band structure, n-type CoSbs should have a high Seebeck coefficient while p-type
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CoSb; should have high carrier mobility. However, the thermal conductivity of CoSb; is
almost ten times higher than other state-of-the-art TE materials. Hence, the prepared CoSbs
by hot pressing and SPS showed reduced thermal conductivity compared with that of the
specimen fabricated by the traditional way like melting annealing/hot-pressing method
which have some interial drawbacks.The slvothermal route without high temperature
synthesized nanosized materials ranging from 150 nm to 250 nm and this method is
economical and high efficient. An experimental ZT value of 0.61 is obtained for undoped
CoSb; fabricated by SPS (Mi et al., 2007). N-type CoSbs fabricated by solvothermal method
and melting is reported. Nanostructured and microstructured CoSbs powders indicated
reduced thermal conductvity more than electrical conductivity. A ZT value of 0.71 is
achieved for nanocomposite material with about 40% nanopowder inclusions (Mi et al.,
2007).

The disorder within the unit cell can help to reduce thermal conductivity in structures
containing void spaces. The skutterudite family material CoSbs, containing corner-sharing
CoSbs octahedra (See Fig. 13), which can be considered as a distorted variant of the ReO3
structure. From the Fig. 13, it is seen that void spaces which can be filled with rattling atoms
energes due to tilted octahedra.

Fig. 13. The CoSb;s structure as a typical skutterudite family material after (Snyder & Toberer,
2008). Black sphere denotes Co atom, blue sphere denotes Sb atom which stays in the same
plane as Co atom and green sphere denotes Sb atom which is perpendicular to the plane.

In nanocomposites such as CoSbs and IrSbs;, which contain a high degree of covalent
bonding, great electron-crystal properties can be expected because of high carrier mobilities.
But the defect of this kind of strong bonding results in high lattice thermal conductivity. As
a result, doping CoSb; by alloying either transition metal or the antimony site could lower
the lattice thermal conductivity for this kind of skutterudite. The Fig. 14 can better show
high value of thermal conductivity CoSb; can be reduced when alloying the
Co(Ruos5PdosSbs) or Sb(FeSb.Te) sites or filling the void spaces with CeFe3CoSbi» ranging
from 100 °C to 500 °C.
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Fig. 14. Reduced thermal conductivity (W K-1 m-1) with different doping and filling
materials at different temperatures (°C). Data source from (Snyder & Toberer, 2008).

The following contents will elaborate the filled CoSbs-based skutterudite materials including
YCOFe3P12, LaRh48b12, COsz}g75T€0A125, COsz‘gTEQAzy COSb2‘85TeoA15, MyFe4.XCOXSb12,
Ba0A3C03A95NioA05Sb12, BaXYbyCO4Sb12, Sl‘yC04Sb12, TIXCO4_yFeySb12, TIXCO4Sb12_ySny, Yb0A19CO4Sb12,
YbyCo4Sb1z/ YbrO3 Ybo2C04Sbiz+y, Ybo3Co04Sbi23 and Fullerene-filled CoSbs,

The general filled skutterudites materials reported include YCoFe3P;, and LaRhsSby,. For
example, the Y-filled compounds have larger rattling amplitudes than the La-filled, but are
less stable; only the completely filled YCoFe3P1; is estimated to be stable at 0 K. Many other
Y-filled compounds are close to being stable, however, and could possibly be stabilized by
temperature and entropy effects. It is expected that P-based skutterudites like (La,
Y)CoFesP12 and (La, Y)os7Co2FeoP1 are potential TE materials in the future (Mangersnes et
al., 2008). Additionally, filled RhSbs is also a promising TE material like LaRh4Sby». It can be
anticipated that doping La in the RhSbs will yield lower lattice thermal conductivity by
means of La’s vibration yielding considerable amplitudes (Fornari & Singh. 1999).

Many reports have also writen the filled CoSbs-based skutterudite materials with improve
TE properties. Doping partially by Co-site or Sb-site incorporation, filling voids and
multisite substitution is an effective way to enhance TE performance. Te-doped CoSbs has a
dramatically improvement on TE properties: a ZT value of 0.72 is achieved at 700 °C from
fabricated CoSbas7sTep125 by melting annealing method as well as SPS; a ZT value of 0.83 is
acquired at 427 °C from fabricated CoSb,sTep> by encapsulated induction melting method;
Te-doped polycrystalline CoSbs like CoSbzgsTeg 15 with fine grains and an average grain size
of 160 nm was synthesized by Mechanical alloying and SPS showing improved
thermoelectric properties. The CoSbgsTepis TE material possessed the lower thermal
conductivity and higher power factor leading to an enhanced ZT value of 0.93 at 547 °C (Liu
et al., 2007). The mischmetal skutterudites material like MyFes.CoxSbi2 was studied ranging
from 300 K to 800 K. Mischmetal is an alloy of rare earth elements in various naturally-
occuring propertions. A typical composition will consist of 50% cerium, 25 lanthanum and
small amounts of neodymium and Praseodymium. Enhanced TE properties were found
from decreasing size from micro scale to nano-scale (Zhang et al., 2010).
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It is reported that Barium-filled skutterudites are among the most promising n-type
materials with lower lattice thermal conductivity compared to pure CoSbs, and it possess
great electrical transport properties. A ZT value of 1.2 is achieved for the compound
Bao3C03.95Ni0.0sSb12 which is one of the highest experimentally determined values reported
for n-type skutterudite (Zhao et al., 2006). And a ZT value of 1.3 is obtained through
BayCo4Sbiy-based composites with dispersed fullerene or barium fulleride fabricated by SPS
and solid state reaction. And the experimental results indicated that both the electrical and
thermal conductivity will simultaneously decrease with the increasing impurity contents
attributing to enhanced grain-boundary scattering of charge carriers and phonons.
Moreover, a ZT value of 1.3 at 800 K is obtained from the double filled skutterudites
Ba,YbyCo4Sb12. An improved lattice thermal conductivity is observed due to the reason of
the combination of Ba and Yb fillers inside the voids of the skutterudite structure leading to
a wide range of resonant phonon scattering (Shi et al., 2008).

Addtionally, strontium-filled skutterudites SryCosSbi> have been fabricated by a melting
method. The lattice parameters can increase linearly with the increase of the Sr content. The
experimental resulted indicated that the thermal conductivity of SryCosSbishas been
decreased significantly compared with undoped CoSb;. The ZT value of 0.9 of these TE
materials is obtained at 850 K. Moreover, filled skutterudites such as TliCosyFe;Sbi» and
T1xCo4Sb12.ySny have been studied for their electrical and thermal transport properties.
Thallium atom is an unusual element because it is chemically silimar to other heavy metals
like lead atom in some manner. It may have less effect on electrical transport than the rare
earths because electronegativity of TI is near to that of Sb. The substitution of Tl in the TE
material means substantial rattling of the Tl about its equilibrium position. The resonant
scattering of acoustic phonons by the TI rattlers is considered the main reason of the quick
decrease in the lattice thermal conductivity when incorporating small amout of Tl into the
voids of the skutterudite structure. The T1 compounds have higher electron mobilities and
lowered thermal conductivity. The maximum of ZT value of 0.8 is acquired at ambient
temperature for Tl-doped Co4Sbi; like Tlp22Co04Sb12 compound (Sales et al., 2000).

A relatively high value of figure of merit in a polycrystalline skutterudite partially filled
with ytterbium ions was reported. The small-diameter yet heavy-mass Yb atoms partially
filling the voids of the host CoSbs system exhibit low values of thermal conductivity while
they still possess the quite favorable electronic properties which are not substantially
perturbed by the addition of Yb. This combination is ideal for thermoelectric applications
exemplifying the “phonon-glass electron-crystal” concept of a thermoelectric material,
resulting in ZT=0.3 at room temperature and ZT=1 at 600 K for Ybg19C04Sb1, (Nolasa et al.,
2000). Additionally, Yb-filled skutterudite materials incorporated with Yb,O; is prepared by
in situ reactio method. In this YbyCo4Sb12/ Yb>Os structure, some Yb,Ojs particles reside at
the grain boundaries and others are dispersed within Ybp>CosSbi> grains as nanoscale
inclusions. A remarkable reduction in thermal conductivity is acquired on accounts of the
combination of the rattling of Yb ions inside the voids of CoSbs and the phonon scattering of
the oxide defects. A maxiumu ZT value of 1.2 is obtained for Ybg21Co04Sbiz/ Yb2O3
compound and a maximum ZT value of 1.3 is gained for Ybg25C04Sbi> compound at 850 K
(Zhao et al., 2006). Nanostructured Ybg>Co4Sbiz+y was fabricated by melt spinning techniqu
with SPS. An average grain size of 150 nm was acquired, and with the increase of value y,
the grain size will increase accordingly. Just because of the nanostructure of Ybg2C04Sbiz+y, a
lowered thermal conductivity is obtained. Also, because of the moderately excessive Sb
atoms, electrical transport properties are enhanced. A ZT value of 1.26 is achieved at 800 K
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for Ybo2CosSbiz+y (Li et al., 2008). A method called synthetic route that can remarkably
reduce the fabrication time of Ybo3Co04Sbi23 is proposed leading to improved TE properties.
As a result, a ZT value of 1.3 is obtained at 800 K for this single-phase, fully densified filled
skutterudites. The notably reduced manufacturing time along with the improved TE
performance can be employed in the practical application of skutterudite-based TE materials
(Li et al., 2008).

Fullerene-filled CoSbs was studied of its structural, chemical, and transport properties
Fullerene is a 60-atom carbon molecule that forms microsize clusters between the grain
boundaries of CoSbs. An experimental approach has proved that partial void filling is the
optimizing method to improve thermoelectric properties. The advantage of partial fillingis
that a random alloy mixture of filling atoms and vacancies can be established which
accelerates effective point-effect scattering. Furthermore, soft phonon modes and rattling
moedes which can efficiently reduce the value of lattice thermal conductivity can be created
from large space for the filling atom in skutterudites and clathrates. Filling the voids with
ions generates an additional source of lattice disorder like Fe2* frequently employed to
substitute Co3* in pure CoSbs. The result showed that dominant scattering mechanism in the
electrical transport changes from impurity scattering to grain-boundary scattering near a Ceo
content of mass percentage from 5% to 6%, and that thermal conductivity decreases with
increasing Cgo content. The result also implies a transition from ionized impurity scattering
to grain-barrier scattering occurs when the Cs concentration increases above mass
percentage of 5%. A significant increase in the thermoelectric figure of merit is achieved for
doped Cegp compared to the pure CoSbs (Shi et al., 2004). At last, La doped IrSbs indicated
enhanced TE efficiency by the decreasing lattice thermal conductivity because of filled La
atoms rattling in the structural vacancies of the skutterudite crystal structure (Kim et al.,
2004).

Zme3

The extremely high value of figure of merit acquired from ZnsSb; is coming from the
remarkably glass-like thermal conductivity. The low thermal conductivity of ZnsSbs is
coming from high levels of interstitials and corresponding local structural distortions and
from domains of interstitial ordeirng, leading to disorder at multiple length scales.

In Zn4Sb; structure, about one fifth of the Zn atoms are on three crystallographically distinct
interstitial sites in ambient temperature. These interstitials are along with local lattice
distortions with Zn diffusion rates as high as that of superionic conductors (Snyder &
Toberer, 2008). ZnsSb; structure (See Fig. 15) contains following types of antimony atoms:
Sb-Sb bonded dumbbels, [Sby]+ and isolated Sb?- without bonding to other antimonyatoms.
The general zintl components can not precisely reflect the true strucuture which can be
depicted by a complicated and delocalized multicenter bonding. Zn4Sbs phase keep this
delocalized multicenter bonding. However, Zn atoms will be disordered at longer length
scales. Consequently, in ambient temperature with symmetry, one fifth of the Zn atoms will
be in interstitail positions. Just due to the complex Zn interstitial structure, ZnsSbs possesses
a higher ZT value to a large extent on accounts of lower lattice thermal conductivity which
is less than 1 Wm K.

It is reported that Zn4Sbs can be fabricated using solid state reaction (Cadavid & Rodriguez,
2008), conventional quench method and zone-melting technique etc (Pedersen & Iversen,
2008). Only the ZnsSb; fabricated by the last method is more thermal stable for more
promising applications. The synthesized ZnsSbs by other two methods will partly
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Fig. 15. A layered view of the structure of ZnsSbs containing electron density map indicating
the existence of interstitial Zn atoms after (Kauzlarich et al., 2007)

decompose to ZnSb, ZnO and Zn below expected stability range which resulted in a notable
degradation of the ZT value. Therefore, the ZnsSbs prepared by the zone-melting technique
is a high-performance TE material. Also, compacted ZnsSbs synthesized by SPS is
investigated with grain size less than 45 um. The experimental and measurement result
showed that there is an obvious correlation between the density and thermoelectric
properties. The results indicated that changes in ZnsSbs compaction conditions will have a
larger influence of ZT than doping (Pedersen et al., 2006). It is not sure to say that doping
can improve the electron crystal traits of ZnsSbs But doping with small amount of metal
dopants changes the subtle balance between the Zn deficiency and Zn disorder. As a resutl,
it is estimated that doping with metals can enhance its carrier concentrations (Litvinchuk et
al., 2008).

It is known that ZnsSbs possesses at least four crystalline phases, among which, only B phase
ZnySbs is an efficient TE material from 263 K to 765 K. p phase ZnySbs possesses hexagonal
rhombohedric crystal structure and its highest ZT value achieved is 1.4 at 400 °C . Single
phased polycrystalline specimen was fabricated by melting and well homogenizing Zn and
Sb in closed quartz ampoules. The acquired ingots were ground into powders and then hot
pressed to generate crack-free specimen (Nolas et al., 2006). A method of disordering is
emerging as a efficient way to lower the thermal conductivity as well as loosely bonded
atoms and point defects. p phase ZnySbs is a structurally disordered intermetallic compound
at moderate temperature range 450 K- 650 K. So P phase ZnySbs is a promisng
nanocomposite material which possesses potential low thermal conductivity. The great TE
properties of p-type B—ZnsSbs fills the gas in the ZT values between the low temperature
state-of-the-art materials Bi;Tes-based alloys and the intermediate teperature materials
PbTe-based alloys and Te-Ge-Sb-Ag alloys. B—Zn4Sbs’s stability is remaining stable up to 670
K under static vacuum and argon. Much effort is devoted to producing n-type materials and
other isostructural compounds such as Cd4Sbs. Meanwhile, a series of SiO»/B-Zn4Sbs core-
shell nanocomposites with different thickness were fabricated by coating p—ZnsSbs pariticles
with SiO; nanoparticles prepared by hydrolyzing the tetraethoxysilane in alcohol-alkali-
water solution. The experimental results and analysis indicated that SiO, nanoparticles are
coated with uniformly p—ZnsSbs. During the coating process, both the thermal conductivity
and electrical conductivity gradually decrease, and at the same time, the thermopower
increases compared to P-ZmnySbs bulk material. The results also demonstrate that the
themopower will increase dramatically in high temperature range. It showed that thermal
conductivity of SiO,/B-Zn4Sbs nanocomposite material with thickness of 12 nm isn only
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0.56 W/m-1K-1 at 460 K. Consequently, the ZT value of SiO/p-ZnsSbs nanocomposite is
0.87 at 700 K (Ruan & Xiao, 2007).

Clathrate

Clathrates are a series of materials which possess teetrahedrally bonded atoms form of a
framework of cages that can encircle relatively large metal atoms. Clathrate compounds
consisting of polyhedral cages and guest atoms encapsulated in the cages are expected to
exhibit relatively high electrical conductivity and Seebeck coefficient, in addition to very low
thermal conductivity from their crystal structures comprising of polyhedral cages doped
with a guest atom.There is a potential way to further reduce thermal conductivity for
clathrates which consist of rattling atoms and large cages, that is via disorder within the unit
cell containing void spaces (Snyder & Toberer, 2008). The polyhedral cages consist of group-
IV and/or -III elements while the guest atoms are typically alkali metals or alkali-earth
metals. The “rattling” of guest atoms in oversized cages is considered to scatter heat-
carrying phonons efficiently, resulting in low thermal conductivity, while electrical
conductivity remains relatively high because electronic conduction mainly takes place
through the cage framework. Therefore, clathrate compounds have been investigated in
recent years as promising thermoelectric materials, Clathrate compounds form in a variety
of structure types, depending on the combination of different constituting cages. The rest
part of this section will emphasize on the type-I clathrate and type III clathrate.

One of prominent properties of clathrates is its low glass-like thermal conductivity in type-I
clathrates. A large number of clathrate types belong to the type-I with formula XgY1Z30
(Bentien et al., 2004). Polycrystalline SrsGaisGeso, in which Sr atom is encapsulated by the
[GasGeso] framework, of single crystal of the type-I clathrate compounds are reported in the
temperature range from 5 K to 300 K with stability. The compounds exhibit n-type
semiconducting behavior with relatively high Seebeck coefficients and electrical conductivity,
and bear carrier concentrations in the range of 107-1018 cm? at room temperature. An
enhanced ZT value of more than 1 is achieved at more than 700 K. thus exceeding that of most
known materials. At the same time, the SrsGaisGesp compound’s thermal conductivity is
drastically reduced, to nearly that of the theoretical minimum, while good electronic
conductivity in not affected (Nolasa et al., 1998). The BasGaisGeso has nearly equal coefficient
of thermal expansion with SrsGaisGesp is also of the type-I clathrate and they both showed
higher performance at higher temperatures. In comparison, SrsGaisGesp has lower thermal
conductivity than BagGai¢Geso due to more notably rattling of Sr atoms in the cages (Okamoto
etal., 2008). A ZT value of 1 is reported for poly crystalline SrsGaisGesp and a ZT value of 1.7 is
reported for polycrystalline BagGaisGesp with optimized compositions previously. And
improved thermoelectric properties are expected from polycrystalline crystal BasGaisGeso. The
experimental results indicated that polycrystalline specimen of BagGai¢Gesp with optimization
showed higher TE properties than reported single crystal BagGaisGeso (Martin et al., 2008). To
date, the relatively high ZT value of 1.35 is obtained through Czochralski method at 900 K for
BagGai¢Geso. Additionally, n-type BasGaisZnyGeso.x was fabricated by solid-state reaction and
SPS. The electrical conductivity and carrier mobility will increase with the decreasing Zn
content, while the carrier concentration will increase with the increasing Zn content.
Specifically, Seebeck coefficient of BagGaisZns 2Geass will reach 250 uV /K at 300 K or 307 pV/K
at around 700 K. The thermal conductivity will decrease with increasing Zn content. And it is
expected that electrical conductivity and carrier concentration will increase significantly by
slightly adjusting Ga content (Deng et al., 2007).
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It is also reported that BagGess is considered as type-I clathrate compound. The crystal
structure of BagGeys is quite different from other type-I clathrate compound. But type-I
clathrate compound is a supperlattice structure according to ususl type-I clathrate structure.
The experimental indicated that this kind of material is not a good TE material because of its
high electrical resistivity attrbuting from the Ge vacancies (Okamoto et al., 2006). In
comparison, tellurium doped type-I clathrate compound GezoP1¢Tes possesses lower thermal
conductivity as low as of SrsGaisGeszp and GessSbsls. Because the general clathrates materials
are n-type, so the fabrication of this p-type clathrate compound is very crucial. Ge3oP1¢Tes
has a thermal conductivity of 0.9 W/m K at ambient temperature (Kishimoto et al., 2006).
Clathrate compounds with the formula like Xo4(Y/Z)100 or X24Y3:Z¢s is defined as type III
clathrate compounds in which, Y and Z are tetrahedrally and trigonally bonded cage atoms,
respectively. BaxGeioo has been reported to exhibit low lattice thermal conductivity of about
1 W/m-K but also to show a high value of electronic thermal conductivity and a small value
of Seebeck coefficient. The high value of electronic thermal conductivity and the small value
of Seebeck coefficient are considered to originate from the high electron concentration of
BazGe1oo. There exist 16 extra electrons per BaxsGeigo unit formula corresponding to a higher
electron concentration than usual one. As a result, the reduction of the extra electrons can
enhance Te performance. The addition of Al and Ga doped into clathrate compound can
decrease the thermal conductivity and increase the Seebeck coefficient. Furthermore,
thermal conductivity in clathrate compounds like Ba-In-Ge (BaxInxGeioo-x) system
generally decreases with the increase in the In content because of the decrease in the number
of excess electrons. And the system Ba-Al-Ge and Ba-Ga-Ge systems have the similar traits
(Kim et al., 2007). It is reported that n-type BasGaxGeioox of type- III clathrate compound
synshesize by arc melting, achieved a ZT value of 1.25 at 903 K. (Deng et al., 2007).

Tellurides alloys

This section introduces binary telluride alloys, ternary telluride alloys and many entities
telluride alloys. This section will firstly state the binary telluride alloys PbTe, In,Tes; and
GapTes, then narrate the doped binary telluride alloys, after that recount the ternary telluride
alloys and quaternary alloys, and at last will compare some TE nanocomposites with lower
thermal conductivity and state the state-of-the-art telluride superlattice with highest ZT
value achieved in tellurides alloys.

Synthesized lead telluride based alloys are considered as n-type and p-type thermoelectric
materials with lower thermal conductivity. The achieved great thermoelectric characteristics
are greatly relying on the preparation technology and the carrier concentration. PbTe has a
high melting point, good chemical stability. Good chemical strength, low vapor pressure
and high figure of merit. Lead telluride can be operated at 900 K and is an intermediate
thermoelectric power generator which is widely employed in the army, space crafts and
batteries. The outstanding property of this TE material is its low lattice thermal
conduvtivity. The TE material PbTe can be acquired from the decomposition of metastable
PboSbsTer; into PbTe and SbyTes. A layered microstructure is obtained of PbTe and Sb,Tes.
The inter-layered space can be adjusted by the temperature and time of the decomposition
process. The ajacent PbTe and Sb,Te; layers are crystallographically oriented, resulting in
high-quality epitaxy like interfaces. Average layer spacings are 180 nm compared to a PbTe
layer thickness of 40 nm. These nanoscae multilayers stands for the thin-film superlattice
thermoelectric materials which have indicated notably high thermoelectric efficiency (Ikeda
et al., 2007). Addtionally, the single crystalline PbTe nanowires indicated decreased thermal
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conductivity with the decreasing nanowire diameter. The lower thermal condutivity is 1.29
W/m K for a 182 nm nanowire at 300 K which is half value of bulk PbTe. This kind of single
crystalline PbTe nanowires can be synthesized by chemical vapor transport method with
prepared length ranging from 182-436 nm in diameter. The Figs. 16 and 17 show the
relations between temperature and thermal conductivity of different nanowire diameters.
Based on these figures, it can be seen that the thermal conductivity will decrease as the
diameter shrinks (Roh et al., 2010).

GayTes is another example telluride alloy with low thermal conductivity due to effective
scattering phonons in the 2-D vacancy plane. In,Te; was compared with Ga,Te; for their TE
performances. They have the same crystal structure and their thermal conductivities were
compared in the Fig. 18. It can be seen that InyTe;’s thermal conductivity decreases with
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Fig. 16. The measured thermal conductivity of individual single-crystal PbTe nanowires
with different diameters at different temperatures. Data source from (Roh et al., 2010)
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Fig. 17. The measured thermal conductivity of individual single-crystal PbTe nanowires at
different temperatures with different diameters. Data source from (Roh et al., 2010)
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Fig. 18. Measured relations between temperature (K) and thermal conductivity (W/m K) for
GayTes and InoTes Data source from (Kurosaki et al., 2008)

increasing temperature, while Ga,Tes showed a nearly flat temperature dependence. It is
obvious to see that Ga;Te3 exhibits a lower thermal conductivity than In,Te;, and it has a
rather low thermal conducitivity of as low as 0.5 W/m K (Kurosaki et al., 2008).

Alloying binary tellurides (Bi,Tes, SboTes, PbTe, GeTe and Ga;Tes) with other isoelectronic
cations and anions can reduce the thermal conductivity rather than lower the electrical
conductivity. The traditional TE materials without doping generally have a maximum value
of ZT up to 1 at ambient temperature relying on the band gap of the materials. For example,
the nanocomposites like Bi;Tes, PbTe and SiGe alloys (Yamashita, 2004) have ZT value of 0.9
at 400 K, 0.8 at 650 K and 0.9 at 1200 K, respectively. Because of the inherent flaws involved
in these materials like their cost and scale-up, many other new preparation methods of
nanocomposite have emerged like sinodal decomposition, matrix encapsulation and eutectic
system. A eutectic system is a mixture of chemical compounds or elements that has a single
chemical composition that freezes at a lower temperature than any other composition. This
composition is knows as the eutectic composition and the temperature is knows as the
eutectic temperature. The reported entectics falls in the range of semiconductor and metal
compounds. Here, we will introduce the new-explored eutectic material PbTe-GeSi. The
incorporation of Ge into the PbTe lowers the brittleness notably. The composition PbTe-Ge
(4:1) was studied indicating that the lattice thermal conductivity was not significantly
improved than PbTe itself. While when the composition of Ge is lower than 20 %, the
incorporated PbTe showed an reduced thermal conductivity. Furthermore, when
incorporating Ge and Si simultaneously, a remarkably reduction was observed. An
enhanced ZT value up to 1.3 was achieved via PbTe-GeggSio2 (19:1) (Sootsman et al., 2009).
A maximum figure of merit as high as 3.2x 10-3/K is achieved from p-type alloys with the
composition BixSbssTe1ssSes. The lattice thermal conductivity is found to decrease when the
telluride content is increasing (Bergvall & & Beckman, 2003). An improvement in
thermoelectric property is attained of CsBisTes which is a complex variant of Bi,Tes, It has a
lamellar structure with slabs of (BisTeg)!- alternating with layers of Cs* ions. Low doping
degrees will greatly influence the charge transport properties. Due to few Bi-Bi bonds and
complexity of the Cs layers in CsBisTes CsBisTes has a lower lattice thermal conductivity
than BiTe;, Meanwhile, an enhanced Seebeck Coefficient with slightly damage to the



Advances in Thermoelectric Energy Conversion Nanocomposites 153

mobility will be resulted in because of the anisotropic effective mass in layered CsBisTes, A
ZT value of 0.8 is obtained at 225 K which is 40% greater than that of Bi-Sb-Te-Se alloys.
Transition metal pentatellurides of the orthorhombic polytype structure ZrTes and HfTes
exihibits large resistivity anomalies. These compoumds have the similar structure with
Bi;Te;, with van der Waals gaps between the individual layers. Doped pentatellurides
showed high power factors at low temperatures, surpassing the optimized Bi,Te; value, but
the high thermal conductivity is relatively high (4W/m K-8W/m K). Eventually,
pentatellurides still need to be tuned to make them high performance TE materials. Doped
crystals of the pentatellurides such as HfZr..Tes showed reduced thermal conductivity on
accounts of phonon scattering (Zawilski et al., 2000).

Alloyed bismuth telluride also possesses such properties. Solid state alloying improves the
thermoelectric figure of merit by decreasing lattice thermal conductivity without affecting
electrical properties. Alloying engenders part disorder in the film network that may increase
the scattering of phonons with minor effect on the charge carriers which have long
wavelength as compared to phonons. Bismuth telluride could be easily synthesized by
cathodic electrochemical deposition. The deposition process can be controlled by bridling
electrochemical parameters. The as-deposited bismuth telluride films are crystalline and
morphologcally smooth in the whole area.

Bismuth telluride could be employed as a thermoelectric power generator with other doped
materials. It has reported that thermoelectric power generator modules contain of 0.8 mm
BirTe; and 50 pm thick ErAs (60% of volume): [InGaAs]i4[InAlAs]. A output power of 6.3
W was measured when the heat source temperature was at 610 K. When ErAs nanoparticles
are doped into [InGaAs]i«[InAlAs],, a bending potential barrier is created at the interface
between the particle and semiconductor. The Seebeck coefficient can be increased by meas
of the electron filtering effects of these potential barriers. The performance of a
thermoelectric generator module can be effectively enhanced by employing segmented
element structures with materials whose thermoelectric properties are optimized in
successive temperature ranges. A notable improvement in TE properties has been seen in
the BiyTes3/Sb,Tes superlattices deposited on GaAs. Supperlattices provide the chances to
enhance the ZT value by increasing Seebeck coefficient and decreasing the thermal
conductivity compared to bulk materials (Touzelbaev et al., 2001). The experimental results
indicated that via incorporating ErAs nanoparticles in the compound InGaAlAs, the thermal
conductivity was lowered than that of [InGaAs]os[InAlAs]o2 The thermal conductivity of
this nanocomposite is lowered by one quarter when increasing the ErAs concentration from
0.3% to 3% (Zeng et al., 2009). An improved ZT value up to 1.04 was obtained after
incorporating the n-type Bis[Tep.9Seoos]s with I and Te by Bridgman method and anealed for
2 hours at 473 K. This speciman possesses a remarkably high power factor of 6.57x103
W/mK? at 298 K which is the highest in bismuth tellurides. In comparison, Bix[Teo.04S€0.06]3
doped with I, Te and CuBr fabricated by the same method indicated a lower ZT value of
091 at 298 K. The reason may be attributed to the addition of CuBr (Yamashita &
Tomiyoshi, 2004). The Te doped p-type (Bip25Sbo7s)2Tes was synthesized by the Bridgman
method at a rate of 6 cm/h. After the annealing and vacuum processes, the maximu ZT
value is 1.41 at 308 K (Yamashita et al., 2003).

Neither Si nor Ge is a good TE material because Si’s lattice thermal conductivity value is 150
W/m Kand Ge’s lattice thermal conductivity value is 63 W/m K which is quite large for TE
materials. However, through alloying, the lattice thermal conductivity could be exceedingly
reduced, like Sip7Gegs’s thermal conductivity is 10 W/m ‘K. Using nanostructure method, a
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ZT value of 1.3 is achieved for n-type silicon germanium (SiGe) bulk alloy at 900 K. The
enhancement of TE performance is due to notably reduction in thermal conductivity
resulted from large phonon scattering (Wang et al., 2008). Moreover, it is reported that the
power factor ZT value of n-bype Sii.Gex nanowires are larger than those p-type
counterparts with the same Ge content and incorporating concentration. A maximum ZT
value of 1 is achieved for n-type SigsGeo s nanowires (Shi et al., 2010).

The charge density wave material like CeTe, indicated relatively low thermal
conductivity1.25 W/m K at 300 K and high Seebeck coefficient as high as 477 uV/K at 300
K. And also polycrystalline Ce;«Cu,Se; series nanocomposites have been investigated. The
experimental results showed a large Seebeck coefficient value of 344 nV/K and low thermal
conductivity value of 0.71 W/m K. With the increment of Cu doping concentrations, the
Seebeck coefficient will decrease, referring to increase in the charge carrier concentration
from Cu doping. Ce1.«Cu,Se; indicated a lower power factor than Bi;Te; and its alloys due to
the higher electrical resistivity. From the band structure calculation, the high Seebeck
coefficient for the CeggCuo1Se; compound is due to the localized Ce f-band near the Fermi
level. The Figs. 19 and 20 showed the crystal structure of the stoichiometric CeSe, and Ce;-
xCu,Se; with Cu as a dopant. From the energy formation calculation, the dopant Cu at the
Ce-Se block is rather advantageous than the interstitial or the Se position doping. The doped
Cu atom modified the atomic coordination as shown by the red arrow (Rhyee et al., 2010).

It is reported that a high thermoelectric performance can also be obtained from the ternary
alloys. Thallium compounds indicated low thermal conductivity thus exhibiting high TE
performance. Particularly, bulk polycrystalline material AgoT1Tes showed a ZT value of 1.23
at around 700 K. What's more, polycrystalline sintered specimen of Tl,GeTes, Tl4SnTe; and
TI4PbTe3 showed thermoelectric figure of merits as follows: 0.29 at 473 K, 0.74 at 673 K and
0.71 at 673 K largely because of their low thermal conductivities. Although Tl,GeTes,
Tl4SnTe; and TLPbTes; did not indicate an optimized electrical conductivity, their low
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Fig. 19. Crystal structure of CeSe; after(Rhyee et al., 2010). Black spheres denote Se atoms
and red spheres denote Ce atoms.
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Fig. 20. Crystal structure of Ce;«Cu,Se; after(Rhyee et al., 2010). Black spheres denote Se
atoms, red spheres denote Ce atoms and green sphere denotes Cu atom.

thermal conductivity resulted from weak bonding of atoms and complicated crystal
structure stands for their potential utilizations (Kosuga et al., 2006). Furthermore, TIGaTe,
and TlInTe, showed semiconductorlike properties with low thermal conductivities and
relatively high ZT values. And TITe indicated an exceptionally high thermal conductivity
due to its large electronic contributions and high lattice thermal conductivity (Matsumoto et
al., 2008). This maybe explained from their structure (See Figs.21 and 22) : TlGaTe; and
TlInTe; have the same structure, while TITe has a more complex structure than TIGaTe; and
TlInTe,. Both TlGaTe; and TlInTe; have 16 atoms per unit cell, and TITe has 32 atoms per
unit cell.

Fig. 21. Plane view of TlGaTe, and TlInTe; after (Matsumoto et al., 2008). The green, blue
and gray balls represent Ga or In, Tl and Te atom respectively.
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Fig. 22. Plane view of TITe after (Matsumoto et al., 2008). The green, blue and gray balls
represent Ga or In, T1 and Te atom respectively.

Although the conventional low dimension thermoelectric nanocomposites such as
superlattive Bi;Tes/SbyTes and quantum dot superlatticve PbSeposTeoo2/PbTe indicated
improved ZT to a large extent due to the lattice thermal conductivity, it is still hard to scale
up these supperlattices for large energy conversion applications because of their limitations
(Ma et al., 2008). So how to apply the TE materials into practical applications have become
important. A high ZT value is achieved from silver antimony lead telluride fabricated from
zone melting and crystal growth technique. A ZT value of 1.56 is obtained at 300 K from the
p-type Bios2Sb1.4sTes bulk material with microstructures. This bulk material is fabricated by
melt spinning technique and SPS. This microstructure contains nanocrystalline domains
implanted in amorphous matrix and 5-15 nm nanocrystals with coherent grain boundary.
The achieved higher ZT value is attributed to the lower thermal conductivity, and this value
is more than a half enhancement of Bi,Te; ingot material (Xie et al., 2009). It is also reported
that at the optimized doping concentrations assuming that scattering rate is the same as a
function of doping by using a constant relaxation time and an averaged thermal
conductivity, a ZT value of 1.8 can be achieved for the p-type doping in (Sbo.sBio.2s)2Tes
compound (Lv et al., 2010).

A ZT value of 1.4 is acquired from ternary alloyed bismuth antimony telluride (BiSbTe) at
100 °C through hot pressing nanopowders that were ball-milled from crystalline ingots
under intert conditions than traditional achieved ZT value of 1 for several decades. The high
performance of thin nanocomposite is attibuted to the sligh increase of electrical
conductivity and large decrease of the thermal conductivity. The lower value of ZT is
acquired at higher lattice disorder for BigsSbosTe. And experimental results and
measurements indicated that a low thermal conductivity is gained due to increased phonon
scattering by grain boundaries and defects. This kind of nanocomposite can be used as cost-
saving and high-performance TE material for cooling and power generation (Poudel et al.,
2008). Moreover, from the TEM picture of BigsSbosTe, it can be seen that both nanosized and
microsized grains are engendered. And between the nanograins, the interface regions have a
4 nm thickness in addition to nanoprecipitates. A ZT value of 1.4 is acquired for this
material due to its low thermal conductivity and slightly improved electrical conductivity
(Lan et al., 2009).
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Except for ternary alloys Bi-Sb-Te, some other ternary nanostructured homologous serious like
GamSbnTer 5um+n) is studied for its valuable performance in TE properties. GamSbnTe; 5um+n) was
studied over the temperature range of 318-412 K, and a measured ZT value of 0.98 is achieved
with m:n=1:10 at 482 K which is higher than that of undoped Sb,Te; at the same temperature.
This improvement is on accouts of phonon scattering caused by amorphous structure,
amorphous structure and lattice distortion leading to remarkable reduction in thermal
conductivity. With increase of m:n ratio (See figure 23), both the thermal conductivity and
electrical conductivity will decrease and the Seebeck coeffcient will increase. The ZT values
with different ratio for GamSbnTe15m+n) are shown in the Fig. 23: ZT value will increase with
m:n ratio until m:n=1:10, after that, will decrease. In comparison, a ZT value of 0.65 is obtained
fro Ga doped telluride alloy like GaxBiosSb1sxTes at 318 K (Cui et al., 2009).
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Fig. 23. The relations between temperature (K) and ZT value for GamSbnTe1 5(m+n) alloys.
Data source from (Cui et al., 2009).

The quaternry telluride based alloys with formula Ag,PbnSbnTem+2n and AgnPbmSinTem+2n
were reported with high ZT value. For example, AgPboSbTe1> indicated an exceptionally
high ZT value more than 2.0 at enhanced temperature arising from very low total thermal
conductivity.

Recently, unit cell disorder is employed as a effective method to reduce lattice thermal
conductivity through interstitial sites, rattling atoms or partial occupancies as well as the
disorder inherent in the alloying materials. The following figure shows the lower thermal
conductivities recently found in nanocomposites compared with previous state-of-the-art
thermoelectric alloys such as Bi>Tes, PbTe and SiGe.

From the results in Fig. 24, the novel nanocomposites have lower thermal conductivity than
traditional thermoelectric materials. The quaternary alloy Hfo75Zro25NiSb in the above figure
with high thermal conductivity has a simple cubic structure rather than large and
complicated unit cells related to low thermal conductivity. For Las..Tes, because of large
number of random vacancies in rare-earth chalcogenides Las. Tes with similar structure like
ThsP,, rare-earth chalcogenides have a lower lattice thermal conductivity. It can be seen that
AgoT1Tes has lower lattice thermal conductivity. Low lattice thermal conductivity can also
be attained from thallium-base thermoelectric materials like TIoBiTes. The possible
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explanation of the low value of lattice thermal conductivity is because extremely soft
thallium bonding can be observed in low elastic modulus.
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Fig. 24. Relations between temperature (K) and lattice thermal conductivity (W/m K). Data
source from (Snyder & Toberer, 2008).

A ZT value of 2.4 is obtained at 330 K at Research Triangle Institute through the
manufacturing superlattice Bi;Te;/SboTes. The significant improvement lies in the created
‘nanoengineered” material which is effective in thermal insulation while maintaining the
electrical conductivity. The thermal insulation comes from a intricate localized property for
phonons, while the electron transmission is facilitated by optimal choice of band offsets in
these semiconductor heterostructures. So the improvement in superlattice materials seems
to be more promising for a reduction in lattice thermal conductivity than an increase in
power factor. (Tritt et al., 2006)

InSb

Originally, by using a relaxation time approximation to the electron scattering, an unlimited
increase of ZT was predicted as the thickness of the nanowire decreased. However, the
calculation is via exact solution of the Boltzmann transport equation, which is devised by
Ludwig Boltzmann, describing the statistical distribution of one particle in a fluid, including
all the fundamental electron scattering mechanisims: polar optic, acoustic deformation
potential, piezoelectric and ionized impurity scattering. More recently, the exact solution of
the Boltzmann transport equation showed that, if all frequency dependent electron
scattering mechanisms are properly taken into account, there is an effective limit to the
maximum enhancement of the power factor, that can be obtained with nanowires of a given
material. This limit occurs because the acoustic phonon-electron scattering increases
dramatically as the thickness of the nanowire is reduced. As a result, it was predicted that a
more power factor enhancement of ten times or less would be possible for GaAs quantum
well superlattices, and only a two-fold enhancement might be achieved for PbTe. These
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findings led to speculation that the main contribution to ZT enhancement might come from
the lattice thermal conductivity reduction.

There exist large differences between different III-V materials regarding their suitability for
nanowire based thermoelectric applications. Only InSb seems to be a promising candidate
for which nanowires around 10 nm thick might suffice to obtain a reasonably high figure of
merit. GaAs and InP nanowires appear to be of little practical use at room temperature,
down to 1 nm thickness. InP nanowires yield the lowest power factor and ZT within the
materials studied, and InAs lies in between the InSb and GaAs cases. Enhancements of the
power factor of only 10-20 times are predicted in the narrow wire limit, while much of the
ZT increase in these III-V nanowires occurs due to x; reduction. Two separate sets of
calculaltlions are carried out: one for the electronic transport properties, and another one for
the lattice thermal transport, for nanowires made of GaAs, InP, InSb and InAs.The result
showed that InSb nanowires around 10 nm thick is standing out as a great nanocomposite to
exhibit higher power factor and lower lattice thermal conductivity, when compared to
GaAs, InP and InAs, as a great nanocomposite to exhibit higher power factor and lower
lattice thermal conductivity (Mingoa, 2004).

Recently, In doped CoSbs based skutterudite nanocomposites have drawn much attention
due to their potential TE performance. A ZT value of 1.2 at 575 K is obtained from
Ing25C04Sb1> compound. The single bulk crystal Te doped InSb has been studied for its TE
properties. The maximum ZT value is 0.6 at 673 K and the maximu output power is 216 pV
at 195 K (Matsumoto et al., 2005). The combined doping influence of In and Ge leads to high
properties in n-type skutterudite In,CeyCo4Sb1> which was synthesized by a melt-quench-
anneal-spark plasma sintering method. The doped InCe,Co4Sb1> showed a nanostructured
InSb phase with the grain size from 10 nm to 80 nm which is averagely dispersed on the
boundaries of the skutterudite matrix. The evenly dispersed InSb nanophase at the
boundaries is believed to notably lower the lattice thermal conductivity and enhance the
thermopower. The nanostructured InSb phase also possesses a significant effect on phonon
scattering resulting in remarkable reduction in lattice thermal conductivity. Additionally,
the lattice thermal conductivity is further reduced due to doped Ce atoms. A reported ZT
value of 1.43 was proven at 800 K in the In,CeyCo4Sb1> compound (Li et al., 2009).

Other TE materials with low thermal conductivity

Because of the good thermoelectric properties and available component elements, Mg»Si and
MgySn compounds have indicated potential utilization for TE applications. The high
thermoelectric performance MgsSig4..SnoeSbx alloy synthesized by directly melting
stoichiometric amount of atom Si, Sn and Sb under argon atmosphere, showed a ZT value of
1.1 with x=0.075 with relatively low thermal conductivity (Zhang et al., 2008). Additionally,
oxygen-deficient lanthanum doped strontium titanate Sr;«La,TiOs films showed significant
reduction in thermal conductivity due to randomly dispersed and clustered vacancies which
are effective to scatter phonons. Specifically, the thermal conductivity could be reduced to
0.5 W/ m K at 300 K for Srp9sLa0.02TiOs via doping other phonon suppression methods like
implanting various size nanostructures (Yu et al., 2008).Tedrahedrally bonded stannite
(CuzFeSnS,) compound CuZnSuSey showed a narrow band gap of 1.44 eV as a result of
which indicating a high TE performance at intermediate temperature. A maximum ZT value
of 0.95 at 850 K for CuZnSngolngiSes is achieved by means of relatively low thermal
conductivity due to distorted structure and tunable electrical traits through doping (Shi et
al., 2009). In the end, chalcopyritelike (CuFeS;) quaternary chalcogenides Cu,ZnSnS; and
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Cu2ZnSnSey were studied for their TE properties with a wide band gap. It has shown that
doping can generate more charge carriers thus improving electrical conductivity and
distorted structure and quaternary components can lead to low lattice thermal conductivity.
Specifically, a ZT value of 0.9 is obtained for Cuz1Zn¢SnS;, at 860 K (Liu et al., 2009).

4. Applications of thermoelectric materials

This part will introduce the TE materials’ applications at high temperatures and at low
temperatures, nanocomposites with organic and inorganic materials and potential TE
material graphane.

4.1 Applications at high temperatures

High temperature thermoelectric nanocomposites could be widely used in the field of air-
warming system, Aeronautics and astronautics etc. It is an active realm driven by its
applications. As a result, to acquire thermoelectric nanocomposite which possesses high
energy conversion rate is fundamental for its applications. This process needs improved
figure of merit from high electrical conductivity, high Seebeck coefficient, low thermal
conductivity or any combinations of the above. This section will introduce perovskite-type
oxides, double perovskites, half-Heusler alloy, boron icosahedra, zintl compound, copper
aluminate and other oxides with high performance in high temperature. Besides, high
temperature materials such as skutterudites and clathrates were narrated earlier in low
thermal conductivity section, and chalcogenides were recounted in both low thermal
conductivity section and high Seebeck coefficient section.

Perovskite-type oxides

Classic thermoelectric materials suffer from high toxicity, low stability and low efficiency
while ceramics have been recently recognized as good thermoelectric with high stability
even at elevated temperatures and low production costs. The perovskite is calcium titanium
oxide mineral composed of calcium titanate, with the formula CaTiOs. Perovskite-type
oxides like Ln(Co, Ni)O; (Ln= La, Pr, Nd, Sm, Gd and Dy) compounds can exhibit higher ZT
with low thermal conductivity in more than1200 K. The LaCoOs system is a promising
thermoelectric material due to its high Seebeck coefficient of 600 mV/K at room
temperature. The thermopower of LaCoOs is positive due to the partial disproportionation 2
Co3+ = Co2* + Co#*. Nevertheless the electrical resistivity is rather high which lowers the
conversion efficiency. The amount of charge carriers and thus the electrical conductivity and
thermoelectric properties in this system can be tuned by suitable Co-site and La-site
substitution. Similarly, the compositions Laps Cap2MnO; and Laps CasCoOs were
successfully grown by Weidenkaff et al. (Weidenkaff et al., 2008). These kinds of compounds
could be used in regaining heat from the wastes. Still among perovskite-type oxides, some
ceramic oxide materials such as NayCoyO;, site-substituted SrMnO3 bear good electric
conductivity and other perovskite-type oxides possess large thermopower (Robert et al.,
2007). Besides, their chemical stability can prevent them from being oxidized. So, they are
promising thermoelectrical materials due to simple manufacturing processes and low
production costs in addition to above advantages.

Double perovskites

Double perovskites thermoelectric materials were reported showing high Seebeck coefficient
at both high temperature and ambient temperauture. SroRuYOs and SrErRuOs are such
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materials. Fig. 25 indicated changes in Seebeck coefficient with temperature. From the results
of Fig. 25, it can be seen that the values are negative in the whole temperature range due to
majority of the charge carriers are electrons. The thermoelectric figure of merit values are large
when the Seebeck coefficient of SroRuYOg is -475 uV/K at 500 K and Seebeck coefficient of
SroErRuOg is -400 uV/K at 500 K. From the figure 28, for SroErRuOs compound, the Seebeck
coefficient is almost constant between the temperature range of 620 K and 950 K.
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Fig. 25. The relations bewteen temperature (K) and Seebeck coefficient (uV/K) for SroRuYOs
& SrrErRuOg. Data source from (Aguirre et al., 2005).

Fig. 26 shows the relations between the total thermal conductivity and temperature for the
these two compounds. The data points in Fig. 26 indicated that the trend of the thermal
conductivity decreases with the increasing temperature. Obviously, Sro2RuErOg has a lower
thermal conductivity than SrsRuYOg attributing to that Er atom is larger than Y atom
leading to a more efficient scattering center for phonons.
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Fig. 26. The relations bewteen temperature (K) and total thermal conductivity (W K- m-1)
for SroRuYOg & Sr2ErRuOg. Data source from (Aguirre et al., 2005).
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Half-Heusler (HH) alloy

A Heusler alloy is a ferromagnetic metal alloy based on a Heusler phase which is
intermetallic with particular composition and face-centered cubic crystal structure. This
term is named after a German mining engineer and Chemist Friedrich Heusler, who studies
such an alloy in 1903. Heusler alloy has the formulism Cu,MnSn. While the half-Heusler
alloys are considered as high-performance thermoelectric materials for high temperature.
Specifically, (Ti, Zr, Hf)NiSn system consisting of three interpenetrating fcc sublattices
indicated higher Seebeck (100-500 pV/K at 300 K) coefficient and relatively low resistivity.
To achieve higher power factor, Sb could be incorporated in Sn site which is the main
provider of carriers for charge transport for half-Heusler TiNiSn at high temperature. As a
result, The (Ti, Zr, Hf)NiSn system is becoming a semimetallic material. The extrinsic charge
carrier due to doping is fundamental for higher TE efficiency. Therefore, it is believed that
properly alloying for these half-Heusler materials could enable these compounds to show
higher TE performance at high temperature by tuning crystal structure and carrier
concentrtion (Kim et al., 2004).

For example, for TiNiSn compound, incorporating Hf into Ti site and incorporating Sb into
Sn site will reduce thermal conductivity. The highest ZT value of 0.78 is obtained at 770 K
for TiposHfo05sNiSngg99Sbog1 compound; incorporating both Hf and Zr into Ti site and
incorporating Sb into Sn site will cause an improved ZT value of 1.4 at 700 K for
(ZrosHfo5)05Ti0sNiSn1ySby  compound. Moreover, for n-type ZrNiSn-based alloys,
incorporating Hf into Zr site and incorporating Sb into Sn site will cause an improved ZT
value of 0.7 at 800 K for ZrosHfosNi1..d«Sng99sSbo.o1 compound, and an enhanced ZT of 0.78
at 1070 K for Hfy75Zr025NiSng.9755bo.02s compound (Culp et al., 2006). What's more, The Bi
containing HH alloys has lower thermal conductivity compared to general HH alloys. A Ni
doped ZrCoBi prepared by solid state reaction showing improved TE performance was
reported (Ponnambalam et al., 2007). It is also reported that incorporating at the Ni site is
vital for the optimization of the TE efficiency. The concentration of Ti, Zr and Hf as well as
Pd or Pt substitution at Ni site can reduce the lattice thermal conductivity through mass
fluctuations and strain field effects. Moreover, incorporating Pt on the Ni site of the
disordered ZrNiSn-based compounds will improve both mass fluctuation and strain field
fluctuation on accounts of Pt has a larger atomic mass and metallic radius than Pd. HH alloy
with the formula ZrosHfo5Nio5Pdos5n0.99Sboo1 was such kind material with reduced thermal
conductivity, thus indicating enhanced TE properties (Yang et al., 2004). A study deliberates
a series of half-Heusler compounds XNiPn in which X stands for atoms such as Y, La and
Bu, Pn means a pnicogen As, Sb and Bi. The results indicated that all these compounds are
narrow-gap semiconductors and could be utilized as potential candidates for high
properties TE materials (Larson et al., 1999).

(Zr,Hf)Co(Sb,Sn) alloys can be fabricated by mixing elemental pieces in proper quantities,
and then melting several times in an arc furnace under flowing. An lowered thermal
conductivity is found between 4.1 W/m- K1 and 3.6 W/m K- ranging from 300 K to 1000
K for ZrsHfo5CoSbosSno2. An obvious improved ZT value is observed due to decreasing in
thermal conductivity as well as increasing power factor beyond 1100 K. A ZT value of 0.51 is
found for ZrosHfo5CoSbosSno2 which is higher than SiGe at the same temperature 1000 K
(Culp et al.,, 2008). Nearly single-phase NbCoSn alloys was synthesized by directional
solidification employing optical floating zone melting method. This material is generally
hard to fabricate because the melting point of Sn is lower than other elements in the alloy.
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The nearly single-phase NbCoSn indicated a Seebeck coefficient of -250 uV /K at around 900
K and showed a relatively high carrier concentration of 4.82x102% m-3. Also NbCoSn
exhibited an excellent power factor of 2.5 mW/MK at around 650 K without adjusting
electrical properties (Kimura et al., 2008). HH alloys Zr1.,Ti.CoSnSby.y is also investigated
for their possible use as high temperature p-type TE material. In this material, the Zr site is
mainly substituted with Ti to lower thermal conductivity, which the content of Sn is varied
to optimize the TE properties. Fig. 27 indicates the relation betweens temperature and
thermopower. It showed that, thermopower values are high at higher temperatures due to
high effective mass (Ponnambalam et al., 2008).
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Fig. 27. Relations between thermopower (uV/K) and temperature (K) for Ti content varied
Zr1xTi4CoSnp3Sby 7 series and Sn content reduced Zro5Tip5CoSno 15Sbogs alloy. Data source
from (Ponnambalam et al., 2008)

Boron icosahedra

Numerous novel nanocomposites were studied for the low thermal conductivity. Boron-rich
cluster compounds are attractive materials because of their stability under high
temperature, typically exhibiting melting points of above 2300 K, and more importantly,
they also have intrinsic low thermal conductivity (Mori et al., 2007). Among the rare-earth-
containing boron icosahedra compounds, only RBg (R=rare earth) has been investigated
over a wide temperature region. YBgs was found to exhibit low thermal conductivity with an
amorphous like temperature dependence. A homologous series of n-type boron icosahedra
compounds RB17CN,RB2CoN and RBgs (R=rare earth) without doping were discovered to
express low thermal conductivity in the temperature range of 300-1000 K rather than
traditionally synthesized boron cluster compounds like boron carbide, RBss and RBso which
have been found as p type (Mori et al., 2007).

Zintl compound

Moreover, it is reported that Cep-containing Bag44Co4Sbir possessing great thermal and
electrical properties showed lower themal conductivity as low as 1.7 W/mK at around
650K.Also, the maximum output of the ceramic-layer-inserted p-n-joined SipsGeoo
thermoelectric elements was 48 mW /K starting from 500K to 1300K synthesized by pulse-
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current sintering compared with dense bodies from gas-atomized powders. Obviously, the
thermal conductivities of fine-grained Si-Ge dense bodies from ball-milled powders were
greatly lowered (Otakea et al., 2004). But there is some special TE nanocomposite with lower
thermal conductivity showing higher ZT value. It is reported that the compound
Bap24Co4Sbiz shows a ZT value as high as 1.3 at 850 K with decreased electrical conductivity
and thermal conductivity due to increasing impurity contents. The reason is because of
enhanced grain-boundary scattering of charge carriers and phonons, and barium fullerides
formed from apart of barium in the filled skutterudite reacted with fullerene (Shi et al.,
2007).

Copper aluminate

Another thermoelectric promising nanocomposite which is still stable at high temperatures
up to 1400 K is copper aluminate (CuAlO;). This TE nanocomposite could be used in
thermoelectric devices and optoelectric applications dut to that CuAlO; is a transparent
semiconductor and has a direct band-gap of 3.5eV. Many researchers use CuAlO; as a basic
material to fabricate nanocomposite with higher value of ZT. The electrical conductivity and
the Seebeck coefficient can be enhanced with the substitution of Ca for Al like
CuAlpyCag10,2.The nanocomposite CuAlpoFep10, was obtained at 1140 K showing higher
value of power factor up to 1.1(104) W/mK. Recently, the newly prepared doped CuAlO;
showed the highest power factor of 1.26(10-4) with formation of CuyxyAgxZn,O; at 1060 K,
expressing a large enhancement compared with pure CuAlO;, This could be proved by the
XRD measurements demonstrating that the substitution of Ag and Zn for Cu improved the
figure of merit. XRD also verified if using the Ag and Ni for the substitutions, the chemical
reaction will be hindered between the staring materials (Yanagiya et al., 2010).

Other Oxides

Indium oxide indicated special TE properties when partly substituted with other cations.
And indium oxide possesses great electrical conductivity and has a cubic bixbyite-like
structure. Bixbyite is a manganese iron oxide meneral with a formula like (Mn, Fe)>Os,
Doping SnO; into indium tin oxide bixbyite structure indicated an notably improved
electrical conductivity and this kind of material is widely used for optoelectric application.
Moreover, Ge incorporated In,Os matrix with In,Ge,O7 inclusion showed an enhanced ZT
value of 0.46 at 1000 K which is the higher value obtained from polycrystalline oxides at
high temperature. Additionally, In;6Zno25no203; nanocomposite achieved a ZT value of 0.3
at 1273 K with a reduced lattice thermal conductivity resulting from mass fluctuation
scattering of the phonons (Bérardan et al., 2008). What's more, Ca3CoRhOg, CazColrOs,
Sr4C0309 and CazCo,0s series were studied for their TE performances. Both CazCoRhOs and
Ca3ColrO¢ indicated a Seebeck coefficient of 150 uV/K at around 1000 K; CazCoRhO¢
showed a lowerer power factor than SryCo3Oy, While CazCoRhOs's power factor is more
than two times than CazCo0,0 at 1073 K. As a result, CasCoRhOg could be considered as
high promising TE material at high temperatures (Takami & Ikuta, 2008). Moreover,
Ca3Co40y fabricated by, chemical substitution, SPS and hot pressing indicated improved
performance of TE effect. Many researches showed that substitution for Co site with Fe and
substitution for Ca site with Na, Bi, Ag and Eu is an effective way to improve TE
performances. Also, using the method of partially doping heavier ions in the Co site can
lower the thermal conductivity. As a result, Ga ion with trivalence could be served for
improving TE properties. CazCosxCaxO9 oxides showed an enhanced ZT value than
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undoped Ca3CosOy specimen because Ga doped specimen possesses lower thermal
conductivity than that of undoped one at around 1100 K (Nong et al., 2010).

4.2 Applications at low temperatures

There are many nanocomposite materials possess some high-efficient thermoelectric
characteristics within low temperatures. This section will introduce such materials with Te,
Sb or Bi based alloys, FeSb, and TiS, B-based compounds and cobalt oxide.

The incorportaed Te, Sb or Bi based alloys showed improved TE performance than
traditional Bi-Sb-Te-Se alloys. It is reported that the CsBisTes showed a high value ZT up to
0.8 at 225 K when incorporating appropriately. At cryogenic temperatures, the themoelectric
properties of CsBisTes can excel the traditional Bi-Sb-Te-Se alloys (Chung et al.,, 2000).
Moreover, BiigSbo,Te; was studied at low temperature for its Seebeck coefficient, ZT value
and carrier concentration. Bi; g§Sbo»Te; fabricated by gradient freeze method indicated a high
Seebeck coefficient more than 500 uV/K and a high carrier concentration of 1.6x101° cm3,
thus achieved a ZT value of 1.1 at 200 K (Huonga et al., 2004).

Bi1.xSbx nanowires (0<x<0.30) was studied with diameters 10 nm<dw<100 nm at 77 K for its
electronic transport properties. The calculation results showed that the ZT value of Bi;Sby
nanowires is higher than that of bulk alloy. An extremtly high ZT value is achieved for p-
type BiixSbx nanowires at 77 K with dw=40 nm and x=0.13. It is also discovered that Bi;-
xSby's ZT value will be more than 1.2 for both p-type and n-type materials at 77K. The
enhancement is attributed to the coalescence in energy of the subband edges of the ten hole
pockets of this system and the resulting high density of states. These phenomena may not be
limited to Bi;.Sby, and could serve as a strategy for the enhancement of ZT in other low-
dimensional systems. It has proven that the same nanowires, under different doping
conditions, can be used as either p-type or n-type legs in a TE device with ZT=1.2 at low
temperature (Rabina et al., 2001). Theoretical work on transport properties in Bi was also
studied. Bi nanowires have predicted that this system is a good candidate for an n-type leg
for low temperature (77 K) performance. The ZT value of a Bi nanowire, oriented along the
trigonal crystallographic direction and if it is properly doped, is expected to reach a ZT
values of more than 1 at 77 K as the wire diameter (dw) is decreased below 15 nm. Even
smaller diameters are needed for the Bi nanowires to serve as good p-type legs.

Both the doped TiS; and undoped FeSb, possess the good TE properties. FeSb, was recently
identified as a narrow-gap semiconductor with indications of strong electron-electron
correlations. Strong electron-electron correlations are recognized to lead to a strong
enhancement of the thermopower in a correlated semiconductor.

Several thermal properties of FeSb, were studied around 0 to 100K. The maximum absolute
thermopower of FeSb, spans from 10 to 45 mV/K at around 10 K, greatly exceeding two
reference compounds that of both FeAs, and RuSb,. And FeSb, represents a promising
candidate for thermoelectric cooling applications at cryogenic temperatures. Moreover,
Isoelectronic substitution of antimony by arsenic FeSb(.gAsy) reduces the high thermal
conductivity (Sun et al., 2009). Magnesium incorporated compound Mg, Ti1S; was studied
for its thermoelectric and transport properties from 5 K to 310 K. After doping Mg for Ti in
this compound, a phenomenon of a transition from metallike to semiconductorlike property
because of reduction in electron concentration of Mg2* substitution for Ti**, happened
meaning that TiS; essentially is a semiconductor. The result indicated that lightly
substituted compound Mgp4Tio96S2’s ZT value increased significantly mainly due to its
thermopower which is nearly 1.6 times more than that of TiS; at 300 K (Qin et al., 2007).
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For B-based compound, UB, ‘s thermoelectric properties were studied along with UBy4's
three different boron isotope in the temperature range from 80 K to 300 K. Each of the
specimens indicated a decreased TE performance with increasing temperature. The electrical
resistivity decreased with increased temperature, and the natural boron, boron-10 enriched
and boron-11 enriched specimen exhibited no obvious differences in electrical conductivity
(Nishi et al., 2001). Another B-based TE compound is YB¢s. Among the rare-earth-containing
boron icosahedra compounds, YBes has been investigated over a wide low temperature
region. And YBgs was found to exhibit low thermal conductivity with an amorphous like
temperature dependence. What's more, thermal conductivity of a YbB4sSi> crystal in the low
temperature (12-300K) was investigated, the result of which shows that YbBySi> exhibits
higher thermal conductivity value than RBess in lower temperature. As temperature goes up,
the thermal conductivity of YbBySi, gradually goes down, but still a little higher than YBeg,
A layered cobalt oxide (CaossOH)116CoO2 was studied for its TE performances in the
temperature range from 290 K to 573 K. The experimental results from x-ray diffraction,
SEM indicated that (CagssOH)1.16C0oO is a p-type semiconductor. During this temperature
range, ZT value will increase with increasing temperature (Pei et al., 2009).

4.3 Applications of organic and inorganic materials

Conducting polymers are attracting more and more emphasis with respect to its low
thermal conductivity compared to that of an inorganic material as a traditional TE material.
Hence, to better understand the characteristics and fabrications of nanostructuring
composite materials is becoming neccessary. Additionally, due to the high electrical
conductivity property of some polymers such as polyaniline, polypyrrole, p-
phenylenevinylene, polythiophene and their derivatives, conducting polymers have already
captureed much attention of its scientific application. Moreover, the conjugated polymer is
flexible to be synthesized compared with traditional inorganic TE materials. While amongst
the family of conducting polymers, polyaniline is considered as a critical and most studied
conducting materials of the past 20 years because of good processability, stability in the air,
high redox reversibility, swift change in film color, low cost, abundant chemistry
characteristics and its wider applications ,say, Li batteries, capacitors (Okamoto & Kotaka,
1998), battery electrode, immobilization of enzymes, electrochromic devices (Mu et al.,
1997), chemical sensors, anticorrosion coatings and light-emitting diodes (Guo & Zhou,
2007). Moreover, Carbon nanotubes have been extensively used as filling materials for
polymeric composites due to their remarkable properties such as its wide accessible surface
areas, great electronic traits and low resistivity. Hence, the carbon nanotube-filled polymeric
composites can be applied to power devices, sensors, solar cell and supercapacitors, among
which supercapacitors played an crucial role in wider applications such as auxillary power
source in combination with battery in hybrid electric vehicles, back-up power sources for
computer memory and short-time power source for mobile electronic devices (Zhang et al.,
2009). The conducting polymer can also be used as solar cells when combined with
nanocomposite materials like lead sulfide (Watt et al., 2005).

Through the years, various methods have been approved to synthesize carbon nanotube-
filled polymers. In-situ chemical oxidative polymerization and ultrasonically initiated in-
situ emulsion polymerization with good thermal stability and high electric conductivity
have been successfully done to fabricate carbon nanotube-filled polyaniline. The carbon
nanotube-filled polyanniline composite films were fabricated by electrochemical
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polymerization of an aniline solution and it demonstrated higher specific capacitance, better
cyclic stability. It is reported that both single-walled carbon nanotube and multi-walled
carbon nanotube filled polyaniline exhibited improving electric conductivity and enhanced
mechanical characteristics in supercapacitors than non-filled polymers.

In recent years, one-dimensional polyaniline have been synthesized by both chemical
polymerization and electrochemical polymerization which are cheap means of gaining bulk
nanofibers. The chemical fabrication consists of nanofiber seeding, electrospinning,
template-based, interfacial polymerization and surfactant synthesis. But there is one big flaw
involved in the chemical method: the remained surfactant and oxidants will in turn wreck
sample’s electrical properties. So the existing of ethanol and oligomer will reduce the effects
from the dopants or current density to obtain the uniform deposited polyaniline films.
While electrochemical polymerization is an environmentally friendly way to fabricate
polyaniline nanofibers, and this method is a complementary way to chemical fabrication
due to no surfactants and oxidants are needed (Guo & Zhou, 2007). During the production
course, polyaniline chains grow on the electrode in the course of the electrochemical
polymerization. Dedoped polyaniline is obtained by soaking phosphate acid doped
polyaniline in ammonia solution for four hous, and their diameters range from 80 nm to 100
nm.

It is reported that aniline polymerization rate and spin activity of polyaniline are highly
related to the concentration of aniline and hydrochloric acid. That is because the
phenomenon that the Electron Paramagnetic resonance intensities increase obviously from
0.95 to 1.07 V during electrolysis process due to quick oxidization of aniline around 0.9 V
and reduction from spinless bipolarons to polarons (Mu et al., 1997).

However, pure polymer and inorganic nanocomposite materials may not have the better TE
properties than composite materials consisting of conducting polymer and inorganic TE
material. The fabricated nanocomposite materials could inherit properties of both the
inorganic materials and the polymers, or even with a synergistic effect. The organic-
inorganic nanocomposite TE material provides the solid proof for low-cost, easy-fabrication,
nontoxic and high conversion rate TE material in the future. In a two component
nanostructuring composite including polymer and inorganic material, the combination of a
conducting polymer and inorganic thermoelectrical material may yield high thermoelectric
power and electrical conductivity. Because of the specific characteristics of polyaniline, some
novel thermoelectric nanocomposite materials consisting of polyaniline (PANI) and other
materials such as BixTes and Sb,S; have been successfully synthesized using electrochemical
reactions and deposited method. This kind of polymer-semiconductor composite own the
traits of mechanical strengh and the solidness of semiconducting comnpounds
(Subramanian et al., 2010).

For example, using inorganic bismuth nitrate as a dopant can help novel nanocomposite
materials gaining higher electrical conductivity. This kind of rod-like nanocomposite
thermoelectrical material has the diameter less than 100 nm. The synthesis of two
component needed two solutions A and B: solution A was prepared by dissolving 200 mg of
undoped PANI in 100 mg of N-dimethylformamide (MERCK) , and then mixed with 2 mg
of bismuth nitrate pentahydrate as a dopant , the ratio of the PANI: dopant was 1:10. And
this solution was kept under ultrasonication for 2 hours. Solution B comprised of equal
volumes of bismuth nitrate solution and tellurium oxide solution. To fabricate this novel
thermoelectric material, 5 ml of solution B and 20 ml of solution A were put in the
electrochemical cell. ADC voltage of 20 V was applied to the solution through the
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electrodes. The remaining 15 ml of solution B was added drop by drop at uniform time
intervals to acquire uniform layer, ensuring uniform dispersion of both the components
(Chatterjee et al., 2009).

Fig. 28. TEM images of PANI/Bi,Te; composite. Reproduced from (Chatterjee et al., 2009)

Fig. 29. SEM image of PANI/ Bi;Te3 (10000 magnification). Reproduced from (Chatterjee et
al., 2009)

Transmission electron microscopy (TEM) (See Fig. 28) confirms the existence of polyaniline-
BiTe; and shows the rod-like nanostructure of less than 100 nm. It can be seen that the
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polyaniline is amorphous and transparent, while Bi,Te; is dark and opaque. In comparison
with TEM, Scanning electron microscopy (SEM) (See Fig. 29) demonstrates the inorganic
Bi>Te; and organic polyaniline have been formed and the surface of which is uniform and
continuous. Through calculations, the magnitude of thermoelectric power of the composite
is between its two components within 340 K - 360 K.

Another example of two component nanocomposite material is Sb,S; doped in PANI. This
doping has more improvement of electrical conductivity of the thin film than the Bi;Ses; and
Bi»S3. Usage of SboS; as a dopant is because this composite is applied for television cameras
and possesses the weak polar semiconducting ferroelectric characteristic. Many researchers
have attempted various methods to deposit this material such as electrodeposition, chemical
deposition and spray pyrolysis. While the way of doping polyaniline into the electrolyte of
Sb,Ss thin film is more promising due to its three times enhancement of conductivity than
that of as-deposited Sb,S; thin film and decreasement of band gap energy on PANI doping
as a result of the interfacial interaction between PANI and Sb,Ss.

L |
=
2500 -
2000 -

_E

=

O

§ 1500

=

uy

=

£ 1000 - =

= g 8

=
iy o e A
= s d 23
g I LS, 8 S&
S Whgn § =
ol : s L "R, ¥ | S S5~ ', R, S, SO
10 20 30 40 50 60 70
26 (deq)

Fig. 30. XRD spectra of Sb,S; thin films for as-deposited. Reproduced from (Subramanian et
al., 2010).

Fig. 30 is the standard X-Ray Diffraction pattern of the as-deposited Sb,Ss thin film. The
experiments showed that this figure is similar to the thin films doped with different
concentrations of PANI dopant like 0.01M ,0.05M and 0.IM PANI Therefore, it can be
inferred that the new-fabricated thin film is polycrystalline and orthorhombic. In addition,
as the lattice distortion increases, the scattering process will reduce which will in turn
improve the mobility that will bring about increasement of electrical conductivity through
the doping of PANI into the thin film. The figure of merit will increase on account of
incorporation of PANI in the lattice of Sb,S; resulting in lattice distortion.

As of the high Seebeck coefficient of the PbTe in nanocomposite material, it is very vital to
well deposit inorganic TE material PbTe onto polyaniline to acquire great TE properties.
Generally, it is difficult to homogenously disperse composite material into another polyer.
As a result, PbTe-PANI composite could be fabricated by interfacial polymerization at room
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temperature. The synthesized nanocomposite material powder comprised of PbTe
nanoparticles, PANI/PbTe core-shell morphology and PbTe/PANI/ PbTe three layers
sphere-like morphology. As the temperature increased from room teperature to 373 K, the
electrical conductivity and Seebeck coefficient will show a synergistic effect compared with
that of pure PbTe and PANI.

There are still lots of fabricated organic-inorganic TE composites: Bi-PANI nanocomposite
by dispersing Bi nanoparticles into PANI, Ag-poly(3-octylthiophene) nanocomposite
exhibiting extremely high Seebeck coefficient 1283 uV /K, BiosSb1s5Tes-PANI nanocomposite
by mixing BigpsSbisTes powder and PANI powder and then pressing them into pellets,
NaFe4P2-PANI whisker nanocomposite by using emulsion fabrication method and in-situ
compounding and carbon nanotube-polymer nanocomposite with exceedingly electrical
conductivity (Wang et al., 2009).

4.4 Potential high ZT value TE material: graphane

Graphane is composed of carbon and hydrogen with the formula unit (CH), in which n is
large. Graphane is a single-layered 2-D polymer derived from a special graphite whose
witdth is only 0.0335 nm. Adding 200,000 such graphites together, it only can build up a
width of a single hair. One prominent characteristic of graphane is its electrical transport
properties: indicating abnormal integral quantum Hall effect. The advantages of its low cost
and rapid fabrication of its nanoscale graphane derivatives made carbon-based materials a
potential promising high efficiency TE nanocomposite candidate for TE materials.

Graphane is a potential TE material for its quite large predicted ZT value. It could be as high
as 5.8 depending on temeperature linearly by means of randomly introducting hydrogen
vacancies to the graphane nanoribbon derivatives- armchair graphane nanoribbons (Ni et
al, 2009). Furthermore, intrinsic anisotropy of thermal conductance in graphane
nanoribbons were studied with width ranging from 0.5 nm to 35 nm. It found that
anisotropy will disappear when its width is larger than 100 nm. The intrinsic anisotropy,
created from different boundary conditions at ribbon edges, can be utilized to adjust
thermal conductance for higher performance (Xu et al., 2007). What's more, large Seebeck
coefficient of graphane deposited on a silicon dioxide substrate is obtained reaching 30
mV/K which is reported the highest value ever. This achievement is important for TE
applications such as energy harvesting and scavenging (Dragoman & Dragoman. 2007).

5. Summary

To date, the most practical ZT value achieved is less than 2.0 which has been great improved
than last century. ZT value will arrive at higher value like 5.0 which is not a dream in reality
through researchers’ constant endeavors in near future when under ideal experimentally
conditions. Moreover, for small-scale electronic and optoelectronic applications, thin films
may be the most suitable materials. While for large-scale applications like refrigeration and
power generation, bulk TE materials with high TE properties may be fit and will be
developed.

Although researchers have achieved a great deal of advances in TE materials by employing
Slack’s phonon-glass and electron-crystal approach or other methods, there still numerous
problems ahead of us. How to choose the potential TE materials and how to tune the TE
parameters to improve TE performance play an important role in pursuing the state-of-the-
art materials in commecial utilizations. Up until now, a multitude of distinct TE systems and
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high potential and promising TE nanocomposites are currently under investigation by a
variety of global research groups. These potential nanocomposites range from
semiconductors and semimetals to ceramic oxides, and from thin-film superlattice materials
to large-single crystal or polycrystal materials. Consequently, there is inevitably much more
work to do to obtain high-performance TE materials and devices.

Reaching higher energy efficiencies is not confined to thermoelectrical methods like creating
complex structures and disorders resulting in phonon-glass properties, or leading to
electron-crystal state. It is a multidisciplinary approach to quest and develop higher-
efficiency TE materials and devices. As of it said, people are trying various ways to obtain
higher energy conversion such as photovoltaic, mechanoelectric, electrochemical ways. And
these ways are acquiring great accomplishments and are still developing. So the days when
people can achieve high energy transformation rate are close by.
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1. Introduction

Nowadays, solar energy is one of the most promising future energy resources in concerns to
the sustenance of life on Earth and the depletion of fossil fuels. It is projected that the fossil
fuel related CO, emissions rise from 32 to 42 billion metric tons in 2007 and 2035 (EIA.,
2010). This enormous amount of CO; emission will leads to a severe climatic change of the
world and therefore a greatest anxieties for the scientific era of 21st century. This rigorous
apprehension leads the scientist for the development of solar cell that utilizes solar energy, a
renewable and carbon free energy source. The solar energy strike to the earth in one hour is
about 4.3x10% J, which is higher than all the energy consumed in the planet (4.1x102 J).
Therefore, covering 0.1% of the earth’s surfaces with solar cell of 10% efficiency would
satisfy the current energy demand (Gratzel., 2001).

In general, solar cells can be classified as p-n junction semiconductor solar cells and organic-
based exitonic solar cells (OESCs), in which polymer solar cell (PSC), dye sensitized solar
cell (DSSC) and hybrid solar cell are included. In 1991, O'Regan & Gritzel first reported the
dye sensitized nanocrystalline TiO, solar cell (DSSC) based on the mechanism of a first
regenerative photoelectrochemical processes with an efficiency of 7.1-7.9 % (under simulated
solar light) (O'Regan & Grétzel.,, 1991). Since then, extensive researches have continued to
increase the power conversion efficiency (PCE) of DSSC by incorporating n-type metal oxide
semiconductors such as TiO;, ZnO, SnO,, NbyOs, SrTiO; etc and their composites as
photoelectrode materials to achieve a reasonable efficiency of DSSCs of low cost, being
therefore a promising alternative to conventional p-n junction solar cell. The wide band gap
(Eg > 3eV) metal oxide semiconductors having suitable band position relative to sensitizer
has been employed for the fabrication of DSSCs. The high surface area of nanoporous metal
oxides facilitates the improvement of light absorption with improved dye loading for
improved performance of DSSC. It is evident that the metal oxides employed for the
fabrication of DSSCs has solar absorption below a threshold wavelength, Ay (where, Ay =
1240/Ey), i.e., they have absorption at ultraviolet region. On the other hand, dye is only
responsible for the absorption of light at visible and near-infrared region. The strong
absorption of light is attributed to the intramolecular charge transfer transition (ICT) from
electron donating group to the anchoring acceptor group of dye. Therefore, the anchored
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dye on to the metal-oxide surface helps the red shift of absorption threshold of metal oxide
near infrared region (Rengaraj et al., 2005). In addition to the above physical characteristics,
the inexpensiveness, natural abundancy and facile synthesis methods of metal oxides and
their composites is another advantage for the application in DSSCs.

This chapter discusses the understanding the fundamental of DSSCs, different structural and
technical aspect of metal oxides and their composites for the stepwise development of the
performance of DSSCs. In addition, we focuses on the understanding of interfaces between
metal oxides (or metal oxide composites)/dye/ electrolyte, in which the electron injection and
transport for improving the efficiency of DSSCs are related. Figure 1 represents the energy
band diagram vs. vacuum of the metal oxides describes in this chapter.
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Fig. 1. Energy band diagram of the representative metal oxides applied in DSSC (vs vacuum).
The lower edge of the conduction band (CB) (black) and the upper edge of the valence band
(VB) (red) are presents along with the band gap in electron volts (eV). Energy levels were
taken from the following references (Grétzel., 2001; Wei et al., 2008; Hod et al., 2010)

2. Dye sensitized solar cell (DSSC)

Figure 2 shows a schematic representation of the operating principle of DSSC. Based on the
electron transfer mechanism from dye to TiO, conduction band, DSSC can be classified into
two distinct classes: Type-I, and type-Il. The heart of the system is mesoporous
semiconducting metal oxide (mostly employed TiO,) film that is placed in contact of a redox
electrolyte (such as I-/I3, Br-/Bry, SCN-/(SCN),, SeCN-/(SeCN),, bipyridine cobalt (III/II)
complexes ) (Wang et al., 2005; Nusbaumer et al., 2001; Wang et al., 2004; Sapp et al., 2002;
Bergeron et al., 2005) or a hole conductor (such as Cul, CuBr, CuSCN, spiro-MeOTAD) (Wu
et al., 2008). A monolayer of the sensitizer (typically bipyridine ruthenium complexes) such
as cis-diisothiocyanato-bis(2,2"-bipyridyl-4,4’-dicarboxylato)ruthenium(II)
bis(tetrabutylammonium) (N719), cis-bis(isothiocyanato)bis(2,2'-bipyridyl-4,4'-
dicarboxylato)-ruthenium(Il) (N3), and cis-disothiocyanato-(2,2’-bipyridyl-4,4’-dicarboxylic
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Fig. 2. Principle of operation of type-I & type-II dye sensitized solar cell (DSSC)

acid)-(2,2"-bipyridyl-4,4'-dinonyl)ruthenium(Il) (Z907) etc is attached to the surface of the
nanocrystalline metal oxide film in type-I DSSC (Thavasi et al., 2009). The type-I DSSC is
understood as general electron transport mechanism, where the photoexcitation of dye
results the injection of electron to the conduction band (CB) of the metal oxides from the
excited dye, i.e. from the LUMO level. On the other hand, in type-II DSSCs, enediol group,
catechol and its derivatives such as dopamine, fluorone, and anthocyanins having catechol
moieties gives strong direct dye-to-metal-oxide (TiO) charge transfer (DTCT) bands.
Therefore, electrons are injected directly from HOMO of dye to the conduction band (CB) of
metal oxide rather than from the excited state (LUMO) under illumination (i.e. one-step
electron injection) (Tae et al., 2005). A platinized cathode is employed to collect the electrons
from the conduction band of metal oxide anode injected from the excited dye and to
catalyze the redox couple viz. I-/I5 regeneration reaction. The redox couple of the electrolyte
also reduces the oxidized dye. The iodide regenerated, in turn, by the reduction of triiodide
at the cathode, with the circuit being completed via electron movement through the external
load. The voltage generated under illumination is the difference between the Fermi level of
the electron in metal oxide and the redox potential of the electrolyte. Overall, the device
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generated electric power from sunlight without suffering any enduring chemical conversion
(Grétzel., 2003; Bisquert et al., 2004). Whereas, in type-II DSSC faster back electron transfer
limit its conversion efficiency, over and above commercial application (Huber et al., 2000;
Wang et al.,, 2003). In this chapter, the application of metal oxide and their composites is
mainly focused in type-I DSSC.

2.1 Photochemical processes in DSSCs and rate limiting steps

The photoelectrochemical process in DSSC can be expressed by the following reaction a-f.
Where, electron injection (reaction b) of the photoexcited dye to the conduction band (CB) of
metal-oxide (TiOz) occurs in subpicosecond range (200 fs for coumarin dye to TiO,) (Hara et
al., 2000). Reaction (c) and (d) represents the regeneration of photoexcited dye by the
oxidation of I to I3 and the reduction of I to I by Pt catalyst at cathode respectively.
Reaction (e) and (f) correspond to the dark reaction occur during the photoconversion and
do not play a significant negative impact on the photovoltaic performance of DSSC due to
their sluggish reaction rate compared to the reaction (b).

Metal oxide (TiOy) |D+hv ~ — Metal oxide (TiO,) |D*  excitation (@)
Metal oxide (TiO)I D* — Metal oxide (TiO2) | D*+ecp) injection (b)
Metal oxide (TiO2)I D*+3]-  — Metal oxide (TiO2) | D+I5- regeneration ()
I3- + 2e- py —3I reduction (d)
I3- + 2e-(cs) —3I reception (dark reaction) (e)

Metal oxide (TiOz)I D*+e cpy — Metal oxide (TiO2)l D recombination (dark reaction) (f)

Photovoltaic performance is significantly influenced by the events in interfaces between the
metal oxide semiconductor, the dye, and the electrolyte. The dye/metal oxide interface is
such that the oxidation potential of excited dye (LUMO) is sufficiently negative to obtain the
effective electron injection to the conduction band of metal oxide. Upon photoirradiation,
dye molecule undergoes a m —1r* transition thereby exciting an electron to the LUMO due to
the relatively weak lateral overlapping of atomic orbital’s (1 bonds) with loosely bound
electrons (11 electrons) in HOMO. These excited electrons diffuse into the dye/metal oxide
interface. Hence, a built in energy gradient (AE) exists between the dye/metal oxide
interface due to the energy difference between the LUMO state of dye and the CB of metal
oxide (Ecp). Thus, electrons in the LUMO of photoexcited dye undergo a nonradiative
transition to the conduction band of metal oxide within a few picoseconds and thereby
oxidized. The oxidized dye is reduced back to its ground state by using a redox couple

together with platinum as catalyst at cathode (Thavasi et al., 2000; Jose et al., 2009).

The fundamental phenomenon of photoconversion and rate limiting steps involved in

DSSCs (type-I) depicted in figure 2 are listed below:

I.  The rate of excitation of dye: it is determined by the absorption of the number of photon
at the absorption wavelength of dye, intensity of solar radiation at that window, and
the absorption cross-section of dye.

II. The relaxation/radiative recombination of the excited electron of dye from LUMO to
HOMO, and the corresponding rate constant k;: Relaxation processes occur typically in
a time scale of nanoseconds. This process reduces the excited state free energy by ~ 400
meV. The typical rate of excited state decay to ground state of dye is in the range 107-
1010 s-1 (Gratzel & Durrant., 2008).

III. Exciton diffusion length Dgxr.
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IV. Interfacial electron transfer, i.e., the injection of excited electron from the LUMO of dye to
the conduction band of metal oxide with the rate constant k: The kinetics of the interfacial
electron transfer dynamics strongly depends on the energetic of metal
oxide/dye/electrolyte interface and the density of electron in metal oxide (i.e. the Fermi
level of metal-oxide). The interfacial charge transfer occurs in a time scale of several
picoseconds. In model system studies of dye sensitized metal oxide films, electron
injection rate of > 1012 s-1 have reported for a range of sensitizer (Grétzel & Durrant., 2008).

V. Injected electron transport through the mesoporous layer of metal oxide to the
transparent conducting oxide (TCO). It is controlled by the diffusion coefficient of
electron (D), and the electron lifetime (Te).

VI. Phonon relaxation, through which an electron loses its energy by electron-phonon
recombination.

VII. Interfacial charge recombination, i.e., the capturing of electron from the conduction
band (CB) of metal oxide by the oxidized dye with the rate constant k3: Charge
recombination occurred from the CB of photoelectrode to oxidized dye in the range of
ps-ms. This recombination rate is strongly depends on the electron density of the
photoelectrode, light intensity, and cell voltage.

VIIL.Back electron transfer, i.e., the capturing of CB electrons by the oxidized mediator in the
electrolyte (e.g. Is) with the rate constant ks: Back electron transfer typically very slow (in
the range of ms-s) and the rate constant is strongly dependent on the concentration and
viscosity of the electrolytes as well as the structure of dye (Gritzel & Durrant., 2008).

IX. Regeneration of dye, i.e., the transfer of electron to the oxidized dye from the redox
mediator in the electrolyte with the rate constant ks: The restoration of the oxidized dye
takes place in the nanosecond range. It is typically 100 times quicker than any
recombination reaction and about 108 times faster than the inherent lifetime of the
oxidized dye (Grétzel & Durrant., 2008).

In case of N719 dye, the interfacial charge recombination and the regeneration rate constants

are k3 = 1.4x10% s and ks = 1.1x105 s, respectively. This implies the injection yield of 99%,

since the regeneration step is ~100 times faster than recombination. Also, the rate of the

injection of electron (k; > 1.4 X 1011 s-1) is three order of magnitude faster than the radiative
recombination (Grétzel & Durrant.,, 2008). Consequently, it is assumed that interfacial
charge recombination and radiative recombination, the two rate limiting processes, do not
limit significantly the photoconversion of DSSCs. In addition, the exciton diffusion could be
neglected since the exciton is highly localized on dyes because the particle radius is
significantly smaller than the Bohr radius. Thus, the rate limiting processes that contribute
highly on the photoconversion efficiency are (I), (IV), (V), (VI), (VIII) and (IX). The rate
limiting steps, (I) and (IX) are dependent on the dyes and electrolyte, respectively. Steps

(IV) and (VIII) depend on the interface between metal oxide/dye and metal

oxide/electrolyte interface. The other two steps, (V) and (VI), are completely depends on

photoelectrode (Jose et al., 2009). It is clear that the metal oxides, one of the major
constituent of the photoelectrode, play a significant role on the performance of DSSCs by
involving with most of the operation processes in the DSSCs.

2.2 Characterization techniques of DSSCs

Photoelectric current-voltage (I-V) measurement, electrochemical impedance spectroscopic
measurement (EIS), and incident photon to current conversion efficiency (IPCE)
measurements are the major essential techniques for the characterization of DSSCs.
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2.2.1 Photoelectric current-voltage (I-V)

The photovoltaic performance of DSSCs is estimated from the current-voltage (I-V)
measurements. The photovoltaic parameters of DSSCs are open circuit potential (V,.), short
circuit current (Is), fill factor (FF), and efficiency (). These parameters are measured under
the standard condition of cell temperature 25 °C, incident solar radiation of 100 mW/cm?2,
and the spectral power distribution of AM1.5. Figure 3A depicts the I-V characteristics of a
DSSCs made with N719 sensitized TiO, (degusa P25) photoelectrode of active area 0.2 cm?
(Figure 3B). It is assumed that the standard redox potential of electrolyte is constant and,
therefore, the V,. of a phototelectrochemical cell should also constant. However, the V. of a
photoelectrochemical cell can be control by tuning the flat band (V) of metal oxide with
introducing metal oxide composites or dopants into metal oxides (Lii et al., 2010).

100 A
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¥ Js=9.53mA/cm? .
i‘ 50{ V=068V ‘-\
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Fig. 3. (A) Photovoltaic performance of a state-of-the-art DSSC laboratory cell: I-V curve
measured under AM 1.5 standard test conditions and (B) Scanning electron micrograph
(SEM) of a sintered mesoporous TiO; ( Degusa P25) film supported on FTO

Short circuit current density (Js) is the photocurrent per unit active area (A) of the
photoelectrode when the applied potential across the DSSCs is zero, i.e. Joc = Isc/A. Under
the ideal illumination condition, Js is effectively dependent on the efficiency of charge
injection from the excited dye to the CB of metal oxide. The electron injection efficiency of
some widely used metal oxides is found to be the following order: TiO, > NbyOs >
SnO>~Zn0O (Thavasi et al., 2009).

Fill factor (FF) is the most important parameters of a photovoltaic cell. It is defined as the

ratios of maximum power output (ImaxXVmax) and the product of V. and Is.. Therefore, from
figure 4,

FF(%) = Imax*Vmax _ AreaA 1)
IscxVoe AreaB

It can be concluded that the more square like I-V curve is essential for highly desired FF. The
lowering of electron loss between the FTO/ electrolyte interface increases the shunt resistance,
thereby increases the fill factor. On the other hand, increase of the back electron transfer and
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charge recombination is responsible for poor FF. Finally, comparing the ratios of total power
out put (Pout) with the solar power input (Pi), efficiency (1)) can be measured. i.e.,

_ Pout _ ] scvoc FF (2)
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Fig. 4. I-V curve and parameters of DSSCs output current (solid line) and power (blank line)
as function of voltage

2.2.2 Electrochemical Impedance Spectroscopy (EIS)

For better understanding the electron transport kinetics in DSSCs, EIS is the most powerful
tools. EIS is a steady state process for evaluating the current response to the application of
an ac voltage as function of frequency. EIS has been broadly employed to investigate the
kinetics of electrochemical and photoelectrochemical processes including the clarification of
salient ionic and electronic processes occurring in the DSSCs.

Figure 5 depicts a characteristics impedance spectrum (Nyquist plot) along with the
electrical transmission line model of equivalent circuit for DSSC. The transmission line
model is purely a combination of resistance (R) and capacitance (C). The series resistance,
together with the sheet resistance of fluorine-doped tin oxide (FTO) glass and the contact
resistance of the cell is denoted by Rs. Rco and Cco are the series resistance and the
capacitance of the FTO/metal oxide interface, respectively. Rrco and Crco are the charge
transfer resistance and subsequent double layer capacitance of the FTO/ electrolyte interface
respectively. The transport resistance in the metal oxide film is represented by r.. The charge
transfer resistance and the charge recombination processes between electrons in the metal
oxide phototelectrode and electrolyte is determined by rcr. C,, is the chemical capacitance of
the metal oxide film. Zq4 is the Warburg diffusion of ions in the electrolyte. Finally, Rp: and
Cpe are the charge transfer resistance and the double layer capacitance of the platinized FTO
counter electrode respectively. Therefore, the steady state process of electron transport
resistance through metal oxide film, ion diffusion through electrolyte, chemical capacitance
at interface of the metal oxide/electrolyte, double layer charge transfer capacitance at
interface of the FTO/electrolyte, and the platinized FTO counter electrode, can be estimate
by using this method (Fabregat-Santiago et al., 2007).
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Fig. 5. Typical impedance spectra of DSSCs (Nyquist plot) and its electrical transmission line
model of equivalent circuit (The transmission line model is redrawn with permission from
ref. Fabregat-Santiago et al., 2007. Copyright 2010, The American Chemical Society)

2.2.3 Incident proton to current conversion efficiency (nirce)

IPCE is the measurements of spectral response of the cell that contain the partial information
of quantum efficiencies of photocurrent generation processes such as the light harvesting
(L), electron injection (171ny), and charge collection efficiency (17cov). Therefore,

Joc(h)
nIpCE(%)=%=nLH(%)nINJ Mncop ) (3)

Where, J. is the short circuit current density of the DSSCs at incident monochromatic light
with incident wavelength A. q and ¢ is the elementary charge and photon flux respectively
(Gentilini et al., 2010). Following each step of conversion, 71y is associated with the ability
of the dye in absorbing photons. #y quantifies the charge transfer from the LUMO of dye
molecule to the conduction band of metal oxide. Finally, the collection efficiency 7cor is the
amount of electrons that effectively reach the anode, avoiding recombination. It should be
noted that IPCE measurement is performed under short circuit condition, where electron
lifetime is higher. It is noteworthy that the high fraction of incident photon to current
conversion (IPCE) is most important for efficient DSSCs and the mesoporous metal oxide
with high surface area is the prerequisite for higher IPCE value.

3. DSSC photoelectrodes with different metal oxides and their composite

As mentioned above, the different metal oxides and their composites have been investigated
for the fabrication of DSSC. Herein, some of the important and highly explored metal oxides
and their composites as DSSCs photoelectrode will be discussed.
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3.1 Titania (TiOy) / titania composite based photoelectrodes

Nature has abundantly the titanium dioxide (TiO) which is relatively inexpensive, and
nontoxic. From the time of invention of its photocatalytic activity by Fujishima and Honda
in 1972 (Fujishima & Honda.,1972), it has been used in a wide range of application such as
paint, pigment, water splitting, hydrogen and oxygen gas sensor, polluting gas sensor, and
biosensors (Rahman et al., 2010). The n-type semiconductor TiO, has been existed naturally
as three crystalline polymorphs, explicitly anatase, rutile, and brookite as shown in figure 6.
The crystalline characteristics along with the band gap of TiO, ploymorphs has been
tabulated in table 1.

Fig. 6. Different naturally occurs crystalline polymorph of TiO, (A) anatase, (B) rutile, (c)
brookite, where small red sphere: O, big grey sphere: Ti4*

o

Polymorphs  Band gap  Space group Cell parameter (A) Crystal structure

Anatase 3.23 eV I4:/amd a= 3.7845, c=9.5143 Tetragonal
Rutile 3.05eV P 4,/mnm a= 4.5937, c= 2.9587 Tetragonal
Brookite 3.26 eV P bca a=9.1840, b= 5.4470, Orthorhombic

c=5.1450

Table 1. Crystal characteristics of different TiO, polymorphs along with their band gap

In addition, TiO, exists in many other metastable forms such as monoclinic, tetragonal,
orthorhombic, and cubic. The electronic state of Ti in TiO; is Ti4* (349), in which the valence
band of TiO» is composed of the hybridized 2p orbital of oxygen and the 3d orbital of Ti,
while the conduction band is completely composed of pure 3d orbital of Ti. Hence, the
different parity of valence band and the conduction band of TiO, decreases the transition of
electrons to the valence band; consequently, decrease the electron hole (e -h*) recombination
probability. Among the polymorphs of TiO,, it has known that rutile is the most stable and
common. However, the Fermi level of anatase is 100 mV higher than that of rutile, which
leads to higher open circuit potential (Vo). Moreover, the greater surface area of anatase is
responsible for efficient dye loading, leads the higher photocurrent, consequently, higher
photovoltaic performance. Brookite is less prominent for DSSC due to its complicated and
difficult synthesis process. It is noted that the oxygen vacancies and the titanium interstitials
as well as the decreased recombination probability with increased surface area makes TiO> an
attractive materials for the application in DSSCs (Li et al., 2007; Jose et al., 2009).
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3.1.1 TiO; Photoelectrode with passivation layer and 1-D nanostructures

TiO; of anatase nanocrystalline form has been explored extensively in DSSCs photoelectrode
due to its suitable band position, high surface area for improved dye loading, and facile
synthesis procedure. However, the lack of efficient electron transfer through the FTO/TiO»
interface increases the back electron transfer to the redox ion in electrolyte (Figure 7A) and
low light harvesting with low absorption in red region limits the conversion efficiency of
DSSCs. Moreover, the random electron diffusion (i.e. electron trapping) and the enhanced
grain boundary density of spherical TiO, nanoparticles (Figure 7C) increase the loss of
conversion efficiency with the increase of carrier recombination (Benkstein et al., 2003).
Therefore, extensive efforts have been performed to minimize the back electron
transfer/recombination. For example the carrier leakage of direct electron acceptance from
the nanocrystalline TiO, film can be avoided through prevention of hole mediation to
excited dye by addition of 4-tert-butylpyridine into redox solution (Hattori &Goto, 2007).
Other impressive ways are the use of TiO; passivating layer/blocking layer by using rutile
TiO, mixed with anatase TiO,, and the fabrication of DSSCs by one dimensional (1-D)
nanostructures such as nanotube, nanowire, nanorod etc( Zhu et al., 2006) .
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Fig. 7. Schematic representation of spherical anatase TiO, nanoparticles based DSSCs, where
back electron transfer/recombination is the major role for loss of conversion efficiency (A),
photoelectrode with lower passivation layer and upper anatase mesoporous TiO; to
minimize the back electron transfer (B), random electron diffusion through spherical TiO»
nanoparticles (C), and 1-D nanostructures of TiO; with directional electron diffusion (D)

The important routes of the back electron transfer to electrolyte are to via nanocrystalline
TiO; and via TCO substrate. However, the back transfer from FTO to the I-/I3- redox couple
is negligible because the Fermi level of FTO is close to the redox Fermi level at open circuit
potential. Thus, the direct route of recombination of I-/I3- redox couple is to via the
nanocrystalline TiO,. Many researches are focused to prevent this back electron transfer by
using a lower passivating layer (rutile/rutile mixed TiO,) with an upper layer of mesoporous
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anatase TiO; film. The compact TiO; layer not only act as a shielding layer against the ionic
penetration but also provoke different microstructure in the sol-gel derived TiO; electrodes,
which in turn leads to different amount of dye absorption (Yu et al., 2009). All the DSSCs with
passivating layer shows higher efficiency than that of without passivating layer. The increase
of Jsc is generally related to the enhancement of the number of photogenerated electrons that
efficiently transferred to TiO electrode. The TiO, passivating layer has both of rutile and
anatase phases (3.05 eV <Eg> 3.23 eV) and the upper mesoporuos TiO; film has only anatase
phase (Eg = 3.23 eV). So, the injected excited electrons move in the direction of lower energy
conduction band from the porous TiO; to the passivating layer, thus resulting in a smooth
electron movement and reduce the back electron transfer (Figure 7B). In Table 2, we tabulate
the comparison performance of DSSCs before and after using TiO, (rutile) passivating layer
along with the deposition techniques of passivation layer and mesoporous layer.

Materials Deposition Process for Efficiency Ref.
techniques of making with (without)
passivation mesoporous passivation
layer TiO; layer layer

A thin passivating Facing target Sol-gel 2.85% (0.79%) Hossain et
TiO; (rutile) sputtering al., 2008
underlayer (FTS) method
A thin passivating Sputtering Sol-gel 5.25% (3.85%) Hattori &
TiO; (rutile) method Goto, 2007
underlayer
A thin compact TiO» Dip-coating Sol-gel 7.6% (5.7%) Yuetal,
(rutile)layer 2009

Table 2. Performance of DSSCs after using passivating layer and their deposition process

Another important technical phase for the improvement of performance of DSSCs is to use
1-D TiO; nanostructures. Figure 7D shows the 1-D nanostructures and their directional
electron diffusion. Frank and coworkers investigated the comparative study of electron
transport and recombination in DSSCs between TiO; nanotubes (TNTs) and spherical
nanoparticles (NPs) by frequency-resolved modulated photocurrent/photovoltage
spectroscopy (Zhu et al., 2006). The rate of recombination in TNTs photoelctrode is much
slower than that of NPs photoelectrode. This increase the charge collection efficiency in
TNTs photoelectrode compare to NPs photoelectrode. The internal and external dye loading
with stronger internal light-scattering effects of TNTs exhibits higher photoconversion
efficiency. However, the dye loading of TNTs and charge collection efficiency is strongly
dependent on the nanotube arrays. Bundling of nanotube creates additional pathway via
intertube connection and decrease the internal surface area of the films accessible to dye
molecules. Therefore, bundling of nanotubes increases the charge recombination and
decreases the photoconversion efficiency. It was established that the high photocurrent
density and photocurrent efficiency could be achieved by better-aligned nanotube arrays.
Capillary stress creates the morphological disorder (e.g. bundling and microcracks) of TNTs
during the solvent evaporation. Therefore, supercritical CO, drying process is developed
for preparing crack-free and bundle-free nanotubes (Zhu et al., 2007). Many strategies have
developed for the fabrication of TNTs such as direct electrochemical anodization of Ti foil,
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electrophoresis, hydrothermal method, and incorporation of TiO; into anodized alumina
oxide (AAO).

1-D Preparation method  Efficiency of 1-D  Efficiency of Ref.
nanostructures nanostructures NPs based
based DSSCs DSSCs

TiO, nanorod Oriented attachment 6.2% 4.2% Kang et al.,

of nanoparticles 2008
TiO; nanorod Solvothermal 7.9% 5.5% Marco et al.,

2010

TiO; nanofibre/  Electrospinning and 10.3% 9.25% Chuangchote
TiO; nanoparticle  sol-gel techniques et al., 2008
Macroporous Hydrothermal 0.86% - Wang et al.,
TiO; nanowires synthesis 2009
TiO, Electrochemical 3% - Zhu et al., 2007
Nanotubes anodization of Ti foils

Table 3. Comparison performance of different 1-D nanostructures photoelectrode with NPs
based photoelectrode for the application in DSSCs

The other 1-D nanostrucutres are nanorods, nanowires, etc. Recently, Manca and coworkers
have developed a novel and cost efficient method for the preparation of anatase TiO,
nanorod (20-30 nm x 100-300 nm) by single-step solvothermal process (Marco et al., 2010).
This single step solvothermal process does not require the complete removal of organic
residual that will act as a binder. This TiO, nanorod showed improved photoconversion
performance compared with the naocrystalline counterparts due to the increased rate of
electron transport arisen from the high crystallinity of the nanorod. However, many reports
suggested that the poor extent of dye loading and the poor light harvesting of nanorod
based DSSC is due to the low specific surface area of the nanorod. To facilitate the improved
dye loading, Kang et al. synthesized TiO, nanorod (4 nm x 20 nm) of high specific surface
area from the necking of truncated NPs by “oriented attachment approach”(Kang et al.,
2008). The improved roughness factor of the nanorod (169.9 pm-1) compare to nanoparticles
(115.6 pm?) showed higher dye absorption ability and thereby improved conversion
efficiency. Intentional integration of metal impurities into the semiconducting materials is
very useful and common approach for tuning the semiconducting properties such as band
gap and electrical conductivity. Feng et al. prepared successfully tantalum (Ta)-doped TiO»
nanowire by low temperature hydrothermal method. Ta-doped TiO, nanowire gives a very
high photovoltage (0.87 V) of comparable Js. with undoped naowire in a liquid-state DSSCs
(Feng et al., 2009). The high open circuit potential close to the theoretical maximum might be
attributed to the negative shift of flat band potential of nanowires. In table 3 we tabulate the
comparison performance of DSSCs made by 1-D TiO, nanostructures and TiO
nanoparticles.

3.1.2 TiO, photoelectrode with scattering layer

The efficiency of DSSCs over 11% in laboratory scale has been reported (Gritzel, 2003). The
ultimate target of DSSCs technology is the up scaling of the small cell into larger modules.
Therefore, many important factors have to be considered such as stability, durability, and
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more importantly price per watt of the module to bring the modules into market.
Photosensitizing dye of high efficient DSSCs is still very expensive, so the actual cost-energy
per watt of DSSCs module relies on the amount of dye usage. Many strategies such as
development of organic dye, replacement of platinum by carbon materials and organic
polymer have been developed for the reduction of energy cost of DSSCs. However, one
remarkable strategy has been developed on the modification of TiO, photoelectrode is the uses
of scattering (SC) TiO, particles (films or mixed with nanocrystalline particles). These SC
layer/ particles will help to develop very thin nanocrystalline TiO; film of high surface area
that will reduce the dye usage without sacrificing the cell efficiency. Figure 8 shows the light
confined effect on different TiO, particles. It can be seen that SC TiO, particles scattered the
incident longer wavelength light and prolonged the optical path length. Hence, the
transmitted visible light can effectively uses for photon conversion. However, light scattering
property is strongly dependent on the refractive index between the active TiO; film, scattering
layer, and on the relative size of the scattering particles (Shin et al., 2010; Arakawa et al., 2006).
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Fig. 8. Conceptual scheme of Light confined effect (reproduced with permission from ref.
Arakawa et al., 2006. Copyright 2010, IEEE)

Scattering layer Voc (mV)  Jsc (MAcm?2) FF (%) n (%) Ref.
(SC) matrix with SC with SC with SC with SC
(without SC) (without SC) (withoutSC)  (without SC)
layer layer layer layer
TiO; film of 300 735 (680) 14.5 (12.3) No appreciable 748 (5.77)  Kimet
nm particles change al., 2008
sub-micrometer- 745 (730)  14.44 (12.54) 71.1 (67.7) 7.3 (6.5) Shin et
sized Al,O3 al., 2010
Zr0,(500-1000 nm) 738 (710) 12.72 (6.42) 61.8 (70.2) 5.8 (3.2) Hore et
al., 2006
ZnO microsheets 677 (636) 8.68 (6.04)  43.98 (46.58) 258 (1.79)  Yietal,
2010

Table 4. Summarization of the performance of different scattering particles based
photoelectrode for the application in DSSCs
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Hore et al. investigated the comparison study of the performance of different thickness (4
pm, 8 pm) of nanocrystalline TiO; film of high surface area with and without scattering
layer (Hore et al., 2006). It was observed that the 4 pm nanocrystalline TiO; thin film with
SC layer shows a comparable performance with 8 pm thick TiO; film without SC layer.
Therefore, it is expected to use thin film of TiO, with SC layer for the industrial production
of large DSSC modules, which will minimize the cost of dye by lesser consumption in the
production procession. Some other metal oxide has also explored as effective SC layer on
top of the active TiO. film such as ZrO,, AlLO; TiO.-rutile form, ZnO etc. Table 4
summarizes the comparison of photoconversion efficiencies with different scattering
particles.

3.1.3 Metal-doped titania (TiO2) photoelectrode

Metal-ions as dopant has a significant effect on the electrical surface state modification of
TiO,. This modification leads to significant change of electrical conductivity, shifting of
Fermi level potential, particle aggregation, charge transfer kinetics, and dye absorption
characteristics of TiO,. However, many reports have suggested that the performance of
DSSCs at the optimized level of metal-ions doping into TiO, differ mainly the tuning of flat
band of TiO,. Li et al. synthesized well-crystalline niobium (Nb) doped anatase TiO, (Nb-
TiOz) and investigated its effect on the performance of DSSCs (Lii et al., 2010). It was
revealed that Nb doping level of 2.5 -7.5 mol% has positive effect on the short circuit current
with positive shift of flat band potential. This increment of the photocurrent was attributed
to the enhanced electron injection, increased charge transfer kinetics as well as the
improvement of dye loading up to 5.7+0.2x108 [mol cm2] at a doping level of 7.5 mol%
compared to the undoped state. The TiO. doped by various metals such as tungsten (W),
neodymium (Nd) also exhibited the similar phenomenon (Ko et al., 2005; Yao et al., 2006),
while Al doped TiO; showed an opposite effect (Ko et al., 2005). Lee et al. deposited a thin
film of compact Nb-doped TiO, on FTO by pulsed laser deposition (PLD) (Lee at al., 2009).
The performance of the DSSC of compact Nb-doped TiO; layer with an upper mesoporous
TiO; layer is prominent compared to the compact TiO; layer.

Figure 9 describes the band diagram of two compact layers and the charge transfer kinetics.
The upper part of the diagram is before contact with FTO and it can be seen that the Fermi
level of compact TiO, and Nb-doped TiO; layers is below and above of the conduction band
(Ec) respectively. This is ascribed by the degeneracy of Nb-doped TiO, and the
nondegeneracy of compact TiO,. When compact TiO, and FTO are in contact (i.e.
semiconductor-metal contact), a depletion region or Schottky barrier, q (pm-@s) is form by
the difference of work function of FTO (¢m) and TiO; (¢s). Electrons have to overcome this
barrier in order to be transferred from compact TiO; to FTO. Hence, the electron injection
efficiency is decreased while the back electron transfer was increased. On the other hand,
the contact between FTO and the compact degenerate Nb-doped TiO; layer form a very
narrow depletion region. Electrons injected rapidly from compact Nb-doped TiO> to FTO by
tunneling leads to ohmic contact characteristics (Lee et al, 2009). Therefore, the
incorporation of compact Nb-doped TiO; layer remarkably reduces the interfacial charge
transfer resistance and results in the enhancement of the performance of the DSSC. The
performance of some of the metal-doped TiO, nanocompisites in DSSCs is summarized in
table 5. From the experimental data of table 5, it is clearly observed that doped metal ions
have a strong effect for the tuning of flat band potential, as well as the electron injection
efficiency.
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Fig. 9. Schematic illustration of band diagram of compact TiO,and compact Nb-TiO; layer
before (upper) and after (under) contact with FTO (redrawn with permission from, Lee at
al., 2009. Copyright 2010, The American Chemical Society)

Dopant  Synthesis Voe (mV) Jse FF (%) n (%) Ref.
techniques of doped (mAcm-2) of doped of doped
(undoped) of doped  (undoped) (undoped)
TiO, (undoped)
5mol% Hydrothermal 700 (790) 17.67 (11.87) 63 (70) 7.8 (6.6) Li etal,
Nb synthesis 2010
Nd Solvothermal 701 (707) 13.1 (10.7)  40.1 (36.6) 4.4 (3.3) Yao etal,
reactions 2006
Bi Sol-gel 590 (570) 7.71(552) 46 (38) 211(1.19) An’amtet
al., 2010
Ta Hydrothermal 870 (~750) 7.5 (8.1) 63 (68) 41 (4.06) Fenget
al., 2009

Table 5. Summarization of the performance of different metal-doped TiO, and undoped

TiO; photoelectrodes for the application in DSSC

3.1.4 Core-shell composite of titania (TiO2) and other metal-oxide for photoelectrode

Coating of TiO, with different metal oxide/hydroxide of wide band gap such as MgO,
Nb2Os, ZnO, SrTiOs;, Mg(OH);, Zn(OH), etc has received much attention for the
improvement of the performance of DSSCs. Metal oxide/hydroxide coating on TiO»
employed a core-shell structure, which is advantageous for the efficient photoconversion.
Firstly, the wide band gap of shell metal oxide minimizes the electron-hole recombination
by increasing the surface resistance of TiO; and retards the back electron transfer to the
electrolyte. Secondly, the shell layer increases the dye absorption due to increased surface
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area leading to high photoconversion and finally tuning the conduction band of core
structure (Jung et al., 2005). Figure 10 depicts the different core-shell structure of metal
oxide. The use of a thin metal oxide/hydroxide layer (shell) permitted the formation of an
energy barrier at the electrode/electrolyte interface. It reduced the recombination rate and
thereby improved the cell performance. The core-shell structure C in Figure 10 is favorable
for the diffusion of the injected electrons because it does not face any energy barriers during
the electron diffusion to the FTO (Chappel et al., 2002).

F J
T Core
o -
Shell
C
F
T
o Core
Shell

D/D*

Fig. 10. Different geometries of core-shell electrodes showing that only in the core-shell
matrix (c) the photoinjected electrons does not face any energy barriers during the diffusion
to the TCO (redrawn with permission from, Chappel at al., 2002. Copyright 2010, The
American Chemical Society)

Chen et al. prepared a new bilayer of Nb,Os coated nanoporous TiO; photoelectrode (Chen
et al., 2001). The conduction band of shell materials Nb,Os is 100 mV negative than the core
materials TiO». Thus, the NbOs form an energy barrier to the photoelectrode and, therefore,
confined the electrons to the core TiO; particles. This electron confinement to TiO, particles
reduces the recombination and thereby increases the Ji.. The increase of the photovoltage is
attributed to the shift of the Fermi level of TiO, towards negative direction by Nb.Os
(schematically describe in figure 11A). Consequently, all the cell parameter was improved
and the overall cell efficiency enhanced up to 35%. Diamant et al. reported the development
of SrTiO; coated TiO, photoelctrode. The conduction band of SrTiOs is 200 mV negative
than that of TiO, (Diamant et al., 2003). This suitable band position of core-shell composite
resulted in the increment of Js. by the reduced recombination as well as the efficient electron
injection to FTO. Increment of V. is attributed to the pervious phenomenon as Nb,Os-TiO»
core shell photoelectrode. As a result, the overall DSSCs performance increased by 15%.
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Nonmetal oxides such as CaCOs with high band energy (6.0 eV) for the formation of
favorable core-shell with TiO; and high isoelectric point (IEP) to improve dye loading have
also been explored. The increment of Js. is mainly due to the high specific surface area of the
CaCOs3 overlayer that caused the enhancement of dye loading up to 54%. The increased
photovoltage is also attributed to the phenomenon described above with the more negative
conduction band edge of CaCO; compare to that of TiO,. Overall, photo conversion
increased by 24.4% with this approach (Lee at al., 2007).
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¥e -ve
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Fig. 11. Schematic illustration of energy band tuning of TiO, photoelectrode (A) and SnO»
photoelectrode (B) by the introduction of core-shell structure

The lower conduction band edge of SnO, compare to rutile TiO, makes it possible to switch
the core-shell structure (i.e. TiO; as shell matrix and SnO, as core matrix). Reports are
available for the formation of rutile TiO, coated SnO; hollow microsphere and
nanoparticles. Qian et al. fabricated rutile TiO, coated SnO; hollow microsphere (MHS) for
DSSCs photoelectrode (Qian et al., 2009). The Core-shell structure was characterized by
scanning electron microscope (SEM), high-resolution transmission-electron microscope (HR-
TEM), and x-ray diffraction (XRD). The XRD pattern of TiO,-MHS is well indexed with the
rutile structure of SnO; [space group P42/mnm (136)] with the additional rutile TiO»
characteristics peak observed at 20 = 36.09, 41.22, and 54.320. The open circuit potential of
TiO2-5nO>, MHS photoelectrode (Vo = 0.664 V) was higher than that of the pure SnO»
photoelectrode (Vo = 0.398 V) but lower than that of pure anatase TiO, photoelectrode (Vo
= 0.697 V). This is attributed to the fact that the conduction band of SnO; is 300mV more
positive than the rutile TiO,. Upon TiO, modification by SnO, MHS, the electronic band
shifts to a more negative value (schematically describe in figure 11B). The open-circuit
potential of TiO»-SnO> MHS is improved greatly. This indicates the effective suppression of
interfacial electron recombination in TiO,-SnO, MHS electrode. Ji of the core-shell
photoelectrode was observed higher than that of pure anatase TiO, photoelectrode. This is
responsible for the formation of favorable energy barrier for efficient electron injection as
depicted in figure 10C as well as the concurrent decrease of the recombination with
increasing the surface resistance of SnO,. Chappel et al. observed a similar phenomenon by
using rutile TiO; coated SnO; nanoparticle (Chappel et al., 2002). The different core-shell
nanostructures photoelectrode and their performance for the application in DSSCs are
summarized in Table 6.
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Core-shell ~ Synthesis =~ Voc (mV) of Joc (mAcm?)  FF (%) of n (%) of Ref.
techniques modified of modified modified  modified
(unmodified) (unmodified) (unmodified) (unmodified)

MgO- Topotactic 720 (640)  11.7(10.2) 535(47.3) 45(3.1) Junget
Coated reaction al., 2005
TiO2 NPs

Nb,Os Hydrothermal 730 (661)  11.4(102) 51 (565) 4.97 (3.62) Wanget

Coated at., 2001)
TiO,

SrTiO;  Hydrothermal 708 (650)  10.2(10.5) 58.4 (53.6) 4.39 (3.81) Diamant

coated etal.,
TiOs 2003

CaCOs- Topotactic 668 (654) 21.92(19.39) 66.1(61.8) 9.68 (7.84) Leeetal,
Coated thermal 2007
TiO;  decomposition

Mg(OH),  Cathodic 758 (696) 6.61(6.43) 74(73.6)  37(33) Yumet

coated deposition al., 2006
TiO,
TiO, Sol-gel 664 (697) 14.6 (11.07) 583 (66.6) 5.65 (5.14) Qian et
coated al., 2009
SnO, MHS

Table 6. Comparison performance of different core-shell modified and unmodified TiO,and
SnO; photoelectrode for the application in DSSCs

3.2 Photoelectrode based on ZnO and its composite

Zinc oxide (ZnO) is an important class of semiconductor. It is almost insoluble in water,
usually appears as white powder, and exists in nature usually as zincite mineral. Many
superior physical properties such as the high electron mobility (~100 cm2/Vs), high thermal
conductivity and stability, wide and direct band gap (E; = ~3.37 eV at room temperature),
large excitation binding energy (60 meV), large saturation velocity (3.2x107 cms) and high
optical gain of 300 cm? (100 cm! for GaN) at room temperature make it as an attractive
materials for wide range of application such as sensor, pigments in paint, filler in rubber
products, thin film transistor, photodetectors, light emitting diode(LED) and in photovoltaic
device (Rahman et al.,2010). The electronic configuration of ZnO is composed by completely
filled 3d-orbital (3d10). The valence band of ZnO consists of only d orbital and the conduction
band is composed by hybridized s-p orbitals. This type of electronic configuration of ZnO
leads to the state of dissimilar parity with reduced (e-h*) recombination probability (Jose et
al., 2009). Therefore, from the point of view of electronic configuration and excellencies in
physical properties, ZnO is considered as a suitable material for the application in DSSC.
There are three crystalline forms for ZnO: hexagonal wurtzite, cubic zincblende, and cubic
rock salt. Among them, wurtzite is the most stable at ambient condition, lowest energy
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structure, and most common form of crystal. Cubic zincblende can also be stabilized by
growing cubic ZnO on substrate. However, the cubic rock salt (NaCl) type ZnO is observed
very rarely at extremely high pressure of 10 G pa (Corso et al., 1994). Figure 12 shows the
structure of two crystallographic form of ZnO (wurtzite and cubic zincblende), where the
zinc (Zn) and oxygen centers are tetrahedral. The conduction band energy of hexagonal
wurtzite ZnO is similar to that of the conduction band of TiO,. That’s why; the hexagonal
wurtzite ZnO has extensively explored for the development of efficient DSSCs and for the
replacement of TiO; as well (Redmond et al., 1994). In this section, we will discuss on the
potential application, prospects, and limitation of ZnO based photoelectode for the
application in DSSCs.

Hupp and colleagues studied the electron transport properties in ZnO nanotube (64pm
length) by EIS. It was observed that the electron transport is significantly faster and electron
extracted more rapidly in ZnO nanotube compare to nanocrystalline TiO, (Martinson et at.,
2009). On the other hand, Hagfeldt and coworkers suggested that the electron diffusion
follows a trapping/detrapping mechanism in nanoporous ZnO. This trapping/detrapping
is strongly dependent on the variation of film thickness, applied potential, and electrolyte
system (Solbrand et al, 2000). It is estimated that the diffusion coefficient in ZnO
photoelectrode is 10-6 cm?2s-1 at +300 mV vs Ag/AgCl in ethanol with 0.5 M LiClO,and 2x10-5
cm?s! for nanoporous TiO, electrode under the same condition but in 0.7 M LiClO,.
Therefore, electrons are more long lived in ZnO than in TiO; and that the electron losses to
acceptors in solution and to deep traps are less for ZnO than for TiO,. Despite these
superior physical properties of ZnO, the highest reported efficiency of ZnO based DSSCs is
still very low (ca. 6.58%). This might be due to the formation of Zn2*/dye complex that
inhibits the efficient electron injection and causes the retardation of the dye regeneration.
The highly efficient acidic ruthenium (II) dyes (such as N3, N719, Black dye, etc.) generally
showed lower performance with ZnO based photoelectrodes. It was attributed to the
reduced chemical stability of ZnO due to the dissolution of ZnO and formation of
aggregates which are caused by the proton release from the acidic dye. In order to improve
the performance and stability of ZnO based photoelectrode, different strategies have been
introduced. It includes the design and synthesis of suitable new dyes for ZnO
photoelectrode, the development of quantum dot (QD) sensitized ZnO photoelectrode, and
the development of 1-D ZnO photoelectrode for efficient photoelectron collection (Quintana
et al., 2007; Zhang et al., 2009).

As discussed in the figure 7D, 1-D nanostructure makes the unidirectional electron diffusion
possible and therefore increases the efficiency of electron injection and collection by
reducing the recombination during the interparticle hopping process. Various types of 1-D
ZnO, such as hierarchical ZnO nanowire-nanosheet, nanodisk, nanowire, nanorod,
nanofibre, and nanocomb have been synthesized for the application in DSSCs. Figure 13
depicts the scanning electron microscopic (SEM) images of some of the 1-D ZnO
nanostructures. Umar et al. fabricated highly crystalline ZnO nanocomb directly grown on
FTO by noncatalytic hydrothermal evaporation process (Umar et al., 2009). However, ZnO
nanocomb photoelectrode with N719 sensitization showed very low conversion efficiency of
0.86%, due to the low dye loading and fast interfacial recombination of electron and holes.
The former is attributed to the low specific surface area of 1-D nanostructures of ZnO. This
concurrently results in the increases of the recombination due to the enhancement of charge
recombination at the uncovered oxide surface. This effect was minimized by the
development of 1-D nanostructure with high aspect ratios and the various 1-D
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nanostructures of ZnO used for DSSCs are summarized in Table 7. In brief, Wang et al.
synthesized porous hierarchical ZnO nanodisk with higher surface area (21.8 m2g1) by a
simple low temperature hydrothermal method (Wang et al., 2010). Ramakrishna et al.
developed ZnO nanofibres with even higher aspect ratio and surface area of 30 m2g! (Zhang
et al,, 2009). Both showed the improvement of efficiencies up to 2.49 and 3.02% respectively
mainly due to the improved dye loading.

Fig. 12. Crystallographic pattern of mostly observed and common hexagonal wurtzite
crystal of ZnO (space group P 63mc) (a) and cubic zincblende (space group F 43m) (b).
Where big red sphere Zn2+, small green sphere: O

Fig. 13. Scanning electron microscopic (SEM) image of different 1-D nanostructures of ZnO
(A) Hierarchical ZnO nanowire-nanosheet,(B) nanodisk,(C) nanowire, and (D)
nanorod.(reproduced with permission for ref. Xu et al., 2010; Wang et al., 2010; Gao et al.,
2007; Pang et al., 2007. Copyright 2010, The American Chemical Society)
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Materials Synthesis Surface Sensitizer V. Jsc FF n Ref.
process area (mAcm2 (%) (%)
(m2g-1)/ V)
aspect
ratio
ZnO Noncatalytic - N719  0.67 3.14 34 0.68 Umar et
nanocomb Thermal al., 2009
evaporation

ZnO Hydrothermal -/100- N719 0.54 6.79 50 1.7 Gaoet
nanowire 120 al., 2007
ZnO Hydrothermal 12.71/- N719  0.73 341 744 1.86 Umar et
nanorod al., 2009
ZnO Hydrothermal 21.8/- N719  0.69 6.92 525 249 Wanget
nanodisk al., 2010
ZnO Electrospinning 30/- N719 057 9.14 58 3.02 Zhanget
nanofibre al., 2009

Table 7. Summarization of different 1-D ZnO nanostructures, their physical properties,
along with their performance in DSSCs

ZnO has been extensively explored as a composite material together with TiO, for the
application in DSSCs. The potential application of ZnO nanostructures as a scattering layer
and core-shell nanostructures composites along with TiO; has described in section 3.1.2 and
3.1.4. In this section, we need more focus on the hybrid nanocomposites of ZnO for the
application in DSSC. In addition to the development of 1-D ZnO nanostructures with higher
aspect ratio and surface area, many ZnO nanocomposites (shown in figure 14) have
explored to improve the dye loading with maintaining the directional electron transport
pathway as in 1-D nanostructures.

(A) (B)

= Dye

se=== Nanorod

= Nanorod

Fig. 14. Schematic illustration of different types of nanocomposites, (A) Hierarchical ZnO
nanowire-nanosheet, (B) branched ZnO nanorod along with their directional electron
transport. (redrawn with permission from ref. Xu et al., 2010; Cheng at al., 2008. Copyright
2010, The American Chemical Society)
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Cheng et al. fabricated a branched ZnO nanowire on FTO by hydrothermal method. The
fabricated branched nanowires consists perpendicular and outspread branched nanowires
(Cheng et al., 2008). The phototconversion efficiency of the branched nanowires is almost
twice than that of ZnO nanowire. The enhancement of photocurrent was attributed to the
increase of internal surface area of the branched structure for higher dye loading without
the increase of interparticle hopes. The extended nanocomposites with extended optical path
length were also partly responsible for higher photoconversion efficiency due to more light
scattering. Jiang et al. introduced a flower like branched ZnO nanowires, that yields higher
photconversion efficiency compare to the upstanding ZnO nanowire array (Jiang et al.,
2007). Subsequently, Xu et al. synthesized hierarchical ZnO nanoarchitectures, consisting of
ZnO nanosheet array on indium tin oxide (ITO) glass followed by the chemical growth of
ZnO nanowires on the nanosheets array ( Xu et al., 2010). The photoconversion efficiency
(ca. 4.8%) of this nanoarchitecture is more than double compare to its nanosheet counterpart
photoelectrode. Table 8 shows the phoconversion parameters of some reported
nanocomposites used for DSSCs.

Nanocomposites Sensitizer Voe (MV) Jse (MAcm2 FF (%) 1 (%) Ref.
ZnO nanowire Mercurochrome 610 6.3 580 22 Ku & Wu,
array/nanoparticle 2007
ZnO nanoflower N719 650 55 53 1.9 Jiangetal,

2007
Branched ZnO N719 675 4.27 52.2 151 Chengetal,
Nanowires 2008
ZnO Nanowire- N719 680 10.9 65 48 Xuetal,
Nanosheet 2010

Table 8. Comparison of the photoconversion performance of different ZnO nanocomposite
based photoelectrode in DSSCs

3.3 Photoelectrode based on Nb,Os and SrTiO;

Niobium pentaoxide (Nb;Os) is another important type of wide band gap (Eg= ~3.49 eV)
semiconductor and has been investigated for the development of photoelectrode materials
for DSSCs. NbyOs is appreciably explored as composite materials with TiO, as a core-shell
structure discussed it the section 3.1.4. The higher band position of Nb,Os up to 250 mV
relative to the TiO, makes it suitable for the formation of core-shell structure (Wei et al.,
2008). Nb.Os has two different crystal structures of monoclinic and orthorhombic with the
space group P2 and Pbam, respectively. The cell parameters of monoclinic crystal are a =
2038, b = 3.824, and c = 19.37 A with B =115.690 and for orthorhombic crystal, a = 6.168, b =
29.31, and c= 3.935 A (Jose et al., 2009). The large unit cell dimension of NbyOs is partly
responsible for the reduction of surface area. The reduced surface area of Nb,Os causes the
inefficient dye loading and results in the decrease of short circuit current. GuO et al.
developed a single-crystal Nb>Os photoelectrode for the fabrication of DSSCs (Guo et al.,
1999). The low surface area of the Nb,Os (25 m2g-1) compare to TiO, (104 m2g1) showed
relatively poor performance in DSSCs. Random movement of the injected electron into the
single-crystal Nb,Os might be another factor for decreased photocurrent. Therefore, the
efficiency of the DSSCs (active area 0.2 cm?) decreases from 5.0 to 2.2%. For scaling up the



Metal Oxides and Their Composites for the Photoelectrode of Dye Sensitized Solar Cells 203

performance of NbyOs based DSSCs, Wei et al. synthesized 1-D Nb;Os nanobelts for
directional transport of electron to increase the photocurrent (Wei et al, 2008).
Nevertheless, the main drawbacks of 1-D nanostructures are the drop off of surface area
with decreased aspect ratios. Therefore, the decrease dye loading of the nanobelts results the
poor conversion efficiency. It is noteworthy that the higher stability, higher conduction band
energy of Nb,Os could be makes it suitable materials for the development of high efficient
DSSCs like TiO,. Therefore, researchers should give more attention to develop the
nanoporous Nb2Os nanoparticles and well defined 1-D nanostructures with different
nanocomposites for the fabrication of DSSCs.

SrTiO; is a binary metal-oxide with high dielectric constant (~104) and shares more
structural similarities with anatse TiO,. Figure 15 depicts the perovskite-type cubic structure
of SrTiOs of space group Pm3m and lattice parameter a = 3.9. Titanium atoms are in 6-fold
octahedral coordination in SrTiOs, similar to the titanium arrangement in anatase TiO:
(Lotnyk et al., 2007). The band gap of SrTiO; is ~3.2 eV and the conduction band is 0.2 eV
above the conduction band of anatase TiO.. This suitable band position of SrTiO3; makes it
appropriate materials for the development of DSSCs photelectrode (Burnside et al., 1999).
We described the core-shell structure of TiO»-SrTiOs in the section 3.1.4. In spite of the
similar band gap of SrTiO3 and anatase TiO,, the negative positioned of the conduction band
of SrTiO; leads to the negative shift of the flat band (Vrs) of SrTiOs. Therefore, the
application of pure SrTiO; as photoelectrode will increase the photovoltage of DSSC.

Fig. 15. Crystallographic pattern of perovskite-type cubic structure of SrTiO3 (space group
Pm3m), where, big green sphere: Sr2*, grey sphere: Ti**, and small red sphere: O2-

Burnside et al. synthesized nanocrystalline SrTiO; by hydrothermal treatment for the
application in DSSCs (Burnside et al., 1999). The prepared photoelctrode sensitized by
ruthenium (2, 2'-bipyridyl-4, 4’-dicarboxylate)>(NCS),) showed the expected increment of
Voc (789 mV) compare to TiO; (686 mv). However, the photoconversion efficiency is very
low due to the decreased Ji. This might be due to the decreased surface area of
nanocrystalline SrTiOs, lack of directional movement of electrons and the low dye uptake.
In order to increase the performance of SrTiO; based DSSCs, research should be focused to
develop new techniques for synthesizing highly porous nanoparticles of reduced size, 1-D
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nanostructures for the efficient injection of electrons and to retard the recombination.
Development of new dyes with more negative positioned LUMO level compare to other
conventional dye would be another interest of research of SrTiOs; based DSSC. In this
respect, Zaban and coworkers, developed a type-II DSSCs by utilizing SrTiO3 coated TiO»
for efficient electron injection by minimizing the back reaction (Hod et al., 2010). Since the
conduction band of SrTiO3 is more negative than TiO, and the LUMO of type-II sensitizer
(catechol) is well above the conduction of TiO,. Therefore, coating of TiO, with SrTiO;
creates an energy barrier for efficient electron transfer from SrTiO; to TiO, and reduces the
back electron transfer from oxidized dye. So an increase of Js. (18%) and 70% charge
collection improved the performance of DSSCs. No reports are available for the
development of 1-D nanostructures of SrTiOs and its application in DSSC. Therefore, more
attention should be required for the development of 1-D nanostructure of SrTiOs with high
aspect ratios and exploring different dye for type-I and for type-II DSSCs.

4. Conclusion

This chapter discussed the structural aspects of various metal oxides and their composites.
Interfacial electron transfer kinetics of dye/metal oxides and metal oxide/electrolyte for the
conventional DSSCs were discussed. The alteration of interfacial electron transfer kinetics
upon modification of the photoelectrode with metal oxide composite has also been
described. In addition to the performance of different metal oxides and their composites in
DSSC photoelectode, the fundamental aspects, the characterization methods, and the
prospects and limitations of DSSCs were briefly explained. Various strategies for the
sequential development of highly efficient DSSCs have been described and suggested
nevertheless not satisfactory yet for the commercialization of DSSCs with high efficiency.
The authors wish that this chapter can guide the researchers to understand the fundamental
aspect and the stepwise development of different metal oxides and their composite for the
photoelectrode of DSSCs.
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1. Induction

1.1 Composite materials

A composite is a multiphase solid material. It is incorporated by two or more individual
materials through physical or chemical methods. The performance of different materials to
complement each other will produce synergistic effects (Ivanov et al., 2008; Lu et al., 2010).
The overall property of composite materials is better than that of each original material to
meet different requirements. These properties include mechanical, electrical, thermal,
optical, electrochemical, catalytic behaviors etc. For example (Lu et al., 2010), investigating
the synergistic effect of carbon nano-fiber (CNF) and carbon nano-paper on the shape
recovery of shape memory polymer (SMP) composite shows that the combination of CNF
and carbon nano-paper can improve the thermal and electrical conductivities of the SMP
composite, which are much better than each of the components. The individual materials in
a composite are referred to as two constituent materials. The two constituent materials are
matrix and reinforcement. The matrix material is a frame to support the reinforcement
material. So the reinforcement material can keep its relative position. The reinforcement is a
functional material which can enhance the matrix properties. Composite metal matrix
(substrates) includes aluminum, copper, titanium, magnesium and its alloys and non-
metallic matrix includes synthesized resin, rubber, ceramics, graphite and carbon and so on.
Reinforcement mainly includes glass fiber, carbon fiber, boron fiber , aramid fiber, silicon
carbide fiber , asbestos fiber, whisker, metal wire and fine grain etc. In order to make use of
synergistic effect to improve composite properties, optimum combination of matrix and
reinforcement should be chosen.

1.2 Nanocomposites and their properties

A nanocomposite is a special composite where one of the phases has one, two or three
dimensions less than 100 nanometers (nm, 10° m). A nanocomposite also includes the
material where the structures between the different phases that make up the material are in
nano-scale (Beecroft & Ober, 1997). In the broadest sense, nanocomposites can also include
porous media, colloids, gels and polymers, because in these materials the particles or
structures are in nano scale. One nanometer is equivalent to the length to tightly line up
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10~100 atoms. Nano-materials include nano-powders, nano-fibers, nano-particles and nano-
thin films. Their structures are between atom (molecular) size and macro size. Materials in
nano-scale have special effects such as quantum size effect, surface effect, small-size effect
and macroscopic quantum tunneling effect etc.

Quantum size effect

Quantum size effect is one of the fundamental physical properties of nano-particles. When
the particle size decreases to a nano-scale, the electronic energy levels of the particle atom
become discrete and the energy gap becomes wider. This phenomenon is called quantum
size effect. This effect does not come into play when the particles are in micro dimensions.
However, quantum effects become dominant when the particles sizes decrease to
nanometer, especially when the dimensions are in 100 nanometers or less. So the nanometer
size dimension is also called quantum realm. The quantum size effect leads the nano-
materials have very different magnetic, optical, acoustic, thermal, electrical and
superconducting properties with conventional materials, such as very high non-linear
optics, optical catalysis, high oxidability and reducibility etc. Due to quantum size effect,
the galvanomagnetic and thermoelectric properties (electrical conductivity s, the Hall
coefficient RH, charge carrier mobility m, and the Seebeck coefficient S) of nano-size PbSe
thin film oscillate with the thin film thickness (3-200 nm) (Rogacheva et al., 2002). Silica
glasses are doped with CdS and ZnS micro-crystals. Because of the quantum size effect, the
optical absorption spectra and the photoluminescence spectra show that the optical
absorption edges and the photoluminescence peaks shift to the higher energy side with
decreasing the size of the micro-crystals (Zhao et al., 1994).

Surface effect

For a spherical particle, the ratio of surface area and volume is inversely proportional to the
particle diameter. When particle size decreases to nano-scale, more atoms appear on surface
relatively. For example, when particle diameter is 10 nm, the surface atom is about 20% of
the total atoms; the diameter of 1 nm, the percentage of surface atoms increases to 99%.
Almost all of the atoms are in surface. The particle surface becomes large relative the
particle volume and the surface atoms are easy to combine with each other. This structure
shows a high chemical activity. So, for the nano-materials, surface energy and surface
binding energy are rapidly increasing compared to bulk particles. This change is called
surface effect. For example, Au particles with dimension about 2 nm have no stable states;
they change from octahedron, decahedron to icosahedron multicrystals. They are not liquid,
not solid and can be called quasi-solid.

Small-size effect

When the particle size is close to or smaller than the light wavelength, the particle's de
Broglie wavelength, semiconductor coherence length and the particle's penetration depth,
the particle has new properties such as optical, thermal, acoustic, electrical, magnetic and
mechanical properties etc. This phenomenon is the small size effect. For example, when the
metal particle size is small than the light wavelength, the metal's color will become black.
This means nano metal particles have very good light absorption and can be optothermal,
photoelectrical materials. The melt temperature of bulk gold is 1064°C, but 2 nm size gold
particles melt temperature is only 327°C. Nano-scale metal particles can be insulator.
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Macroscopic quantum tunneling effect

Quantum tunneling refers to the phenomena of a particle's ability to penetrate energy
barriers within electronic structures. Scanning tunneling microscope (STM) and Atomic
force microscopy (AFM) are based on macroscopic tunneling effect.

1.3 Nanocomposite classification
Based on the matrix materials, the nanocomposites can be classified as ceramic-matrix
nanocomposites, metal-matrix nanocomposites and polymer-matrix nanocomposites etc.

Ceramic-matrix nanocomposites

Ceramic materials such as oxides, nitrides, borides and silicides all can be the matrix of
nanocomposites. Oxide ceramics include Al,Os, TiO2, ZnO, MgO Al;,O3, 3AL03 25i0,, PZT etc.
Nitride ceramics include SisNy, BN, AIN. Boride ceramics include CrB,, ZrB; and TiB,. Silicide
ceramics include MoSi; etc. The reinforcement materials of ceramic-matrix nanocomposites are
metals such as Fe, Al, Cu, Zn etc. Ceramic-matrix nanocomposites have very good optical,
electrical and magnetic properties. Normally, preparing ceramic nanocomposite needs very
high temperature. Some of the metallic components may easily react with the ceramic and
thereby loses its metallic character. So, it should be careful in choosing immiscible metal and
ceramic phases. There are also bi-phase ceramic/ceramic nanocomposites (Sternitzke, 1997).
For example, low temperature nanocomposites Al;03/SiO;, SiO,/MgO, Al,O3/TiO,, AIN/BN;
structure nanocomposites AO3/SiC, SisN4/SiC, MgO/SiC etc.

Metal-matrix nanocomposites

Sometimes, or under special conditions, a metal can be the matrix of a nanocomposite. For
example, Cu/AlO; metal matrix composite materials have both high strength and high
conductivity. They can be used as electrodes and contact terminals. Here Cu is the matrix,
and ALO; is the reinforcement. It has been identified that the ALO3 particles in the
consolidated composite material have the size smaller than 200 nm in diameter (Ying &
Zhang, 2000).

Polymer-matrix nanocomposites

Polymers as the matrices of nanocomposites can enhance their performance, often in very
dramatic degree. Nano-materials are the fillers, so, these materials are better described by
the term nano-filled polymer composites. The fillers can be metals, metal oxides, polymers
etc. This new class of composite materials has shown enhanced optical, electrical and
dielectric properties. Polymer-inorganic nanocomposite materials are defined as inorganic
nanofillers dispersed at a nanometer level in a polymer matrix. S.C. Tjong (Tjong, 2006) has
reviewed polymer nanocomposites reinforced with respective layered silicates, ceramic
nanoparticles and carbon nanotubes. The properties of nanocomposites depend not only on
the properties of polymer matrices and nature of nanofillers but also on the way in which
they are prepared. In order to achieve desired mechanical and physical characteristics, the
nanofillers need disperse uniformly in the polymer matrices. Changli Lu et al (Lu et al, 2003)
made ZnS-polymer nanocomposite films through chemical way. The ZnS nanoparticles
were uniformly dispersed in the polymer matrix and the particles remained their original
size 2.0-5.0 nm in diameter with a cubic phase structures. The resulting nanocomposite
films have good thermal stability and exhibit excellent optical transparency in the visible
region and higher refractive indices.
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Nanocomposite materials are widely used in solar energy conversion. The application of
solar cell is one of the most promising technologies in the last decade. Solar energy is clean
and renewable. Converting solar energy into electricity provides a much-needed solution to
the energy crisis the world is facing today. Solar cells convert sunlight into electricity based
on photovoltaic effect. Even though the first generation and the second generation solar
cells have become commercial products successfully, much research needs to continue to
improve the energy conversion efficiency and reduce the cost of the products. Some of these
efforts have produced materials that have shown very unique and important properties in
contrast to traditional materials.

2. Sunlight and photovoltaic energy conversion

2.1 Sunlight and spectra

Almost all of the energy that drives the various systems (climate systems, ecosystems,
hydrologic systems, etc.) found on the Earth originates from the sun. Solar energy is green
power and renewable energy. Solar energy is abundant. Every day the sun radiates, or
sends out, an enormous amount of energy to the earth, but only a little can be used. A
sunlight or sunshine means the light radiates from the Sun and reaches to the earth. The
sunlight contains energy. Based on quanta theory, the particle of light was given the name
photon. A photon has an energy, E, proportional to its frequency v. This relation between
the energy and frequency is called Planck relation or the Planck-Einstein equation:

E=hv (2-1)

Since the frequency v, wavelength A, and speed of light c are related by Av = ¢, the Planck
relation can also be expressed as

hc

E= (2-2)
Where h is Planck's constant (h= 6.626068x103¢ m2 kg/s), ¢ is the speed of light (c=
299,792,458 m/s). Because of the reflection of the aerosphere, about 70% energy within the
light arrives at the earth and is absorbed by clouds, oceans and land masses. The sunlight is
a kind of electro-magnetic wave or electromagnetic radiation. The spectrum of solar light is
continuous. According to increasing order of wavelengths, the lights are ultraviolet, visible
and infrared parts. The wavelengths are as follows:

Ultraviolet radiation (UV): 100-400 nm (not visible).
Visible light: 400-700 nm.
Infrared radiation (IR): 700 nm-1 mm (not visible)

On the contrary, the frequency decreases from ultraviolet, visible and infrared parts.

Figure 2.1 shows the solar radiation spectrum.

This figure shows the solar radiation spectrum for direct light at both the top of the Earth's
atmosphere and at sea level. The Sun is like a blackbody and the surface temperature is about
5525 K (5250°C). The red part in the figure is the energy absorbed on sea level. Based
Planck-Einstein theory, high frequency photon contains high energy. But in the sunlight the
most parts are visible light and infrared radiation, only small part is ultraviolet light. Figure
2.1 shows that most of the energy is in visible and infrared spectrums. The solar energy
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distribution according to wavelengths is visible light about 40%, infrared radiation about
50% and ultraviolet light about 10%.

Solar Radiation Spectrum

uv

Visible Infrared  —>=

Sunlight at Top of the Atmosphere

5250°C Blackbody Spectrum

Radiation at Sea Level
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Fig. 2.1. Solar irradiance spectrum above atmosphere and at surface
Image created by Robert A. Rohde / Global Warming Art
(http:/ /www.globalwarmingart.com/wiki/File:Solar_Spectrum_png)

2.2 Air mass

When the sunlight passes through the atmosphere, some of light will be absorbed by the air
and dust. This means part of the light power will be lost. The Air Mass quantifies the power
reduction when the light passes through the atmosphere. It is defined as:

1
M= cos(0) @3

where 0 is the angle from the vertical direction (Figure 2.2). When the sun is directly
overhead, the Air Mass is 1 (6=90°).

3

3

Object height h

Shadow Length S

Fig. 2.2. AM measurement

The measurement of AM is in Figure 2.2. Here h is the object height, s is the shadow length.
From the geometry, the AM can be calculated:



216 Advances in Composite Materials for Medicine and Nanotechnology

AM=

= 1+(sz (2-4)

coso h

The above formula is an ideal condition that assumes the atmosphere is a flat horizontal
layer, but the Earth is a sphere and the atmosphere is like sphere shell. An equation which
incorporates the curvature of the earth is:

1
M =
cos @ + 0.50572(96.07995 — @)~ 16364

(2-5)

2.3 Standardised solar spectrum and solar irradiation

The power and the spectrum of the incident light can affect the efficiency of a solar cell. For
measuring the solar cell efficiency, a standard spectrum and power density has been defined
for both radiations outside the Earth's atmosphere and at the Earth's surface. AMO is the
standard spectrum outside the Earth's atmosphere, it is used for space cell. AM1.5G and
AM1.5D are the standard spectrums at the Earth's surface. AM1.5G is for global and
includes both direct and diffuse radiation. AM1.5D only includes direct radiation. Due to
absorption (18%) and to scattering (10%) the intensity of AMI1.5D radiation can be
approximated by reducing the AMO spectrum by 28%. The global spectrum is 10% higher
than the direct spectrum. For the convenience of calculation, AM1.5G spectrum has been
normalized to TkW/ma2.

2.4 Photovoltaic energy conversion

The "photovoltaic effect" is the basic physical process through which a solar cell converts
solar energy into electricity. Solar cell is actually a semiconductor diode. Sunlight is
composed of photons, or "packets" of energy. These photons contain various amounts of
energy corresponding to the different wavelengths of light. When photons strike a solar cell,
they may be reflected or absorbed. When a photon is absorbed, the energy of the photon is
transferred to thermal energy or electrical energy. The thermal energy can heat up the solar
cell to a very high temperature and damage the solar cell. The absorbed energy can excite an
electron in an atom of the cell. With its newfound energy, the electron is able to escape from
its normal position associated with that atom to become part of the current in an electrical
circuit. The absorbed energy of a photon is changed to thermal energy or electrical energy is
related to the band-gap of the semiconductor material of the PV cell. A photon with energy
equal to or greater than the band-gap of the materials is able to excite one electron when
absorbed. If a photon with energy less than the band-gap all its energy will become thermal
energy when absorbed. For the photons with more energy than the band-gap, the excess
energy above the band-gap will also become thermal energy when absorbed. Because of this
constraint, the efficiency of solar cell is very low. A good designed solar cell tries to absorb
all the sunlight and change all the solar energy to electrical energy. This means the solar cell
materials can be composites with different band-gap according to different sunlight photons
energy.

Figure 2.3 shows photovoltaic current which is produced from semiconductor diodes. The
diode connected with the current source represents the solar cell. I is the output current, and
Ip is the photocurrent. Figure 2.3(a) shows the simplest solar cell model, where a diode and
a current source are connected in parallel. It is noted that the source current (photocurrent)
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is directly proportional to the solar radiation. The diode represents the p-n junction of a
solar cell. The current (I) passes through the load is the difference between the photocurrent
(Ip) and the current through the diode (Ip), and can be expressed by:

\Y
1=, -Ip =1 -Ig {exp[mvT]-l} (2-6)

In formula (2-6), m is the diode ideality factor, in the simplest cell m is represented by the
ideal diode model, m=1. I5 is the reverse saturation current of a diode. Is is in the order of 10-
8 A/m2. Vris the thermal voltage of a diode. The relationship of the Vr and the temperature
of the solar cell (T) can be shown in formula (2-7):

_kT
q

Vi (2-7)

where x is the Boltzmann constant, and k=1.38x102 [lj . q is the charge of electron, and
K

q=1.6x10"°(C).

Figure 2.3(b) shows a real solar cell circuit. There are serial (Rs) and parallel or shunt (Rsn)
resistance in the equivalent circuit. The output current is

\Y% V+IRs
I=1_-I,-Io, =1 _-Io| ex q|— (2-8)
p D s~y s{ p[mVTJ } Reyy

where Isp is the current passing through the shunt resistance and R is the shunt resistance.
Formula (2-8) is a transcendental equation, there is no analytical solution. But for an
operating voltage V, the output current I can be determined numerically. In addition, the
open circuit voltage, Voc, can be calculated by setting I1=0, i.e.

1
VOC ~ len[P -1] (2-9)
q Ig

In figure 2.3, short circuit current (Ii) is the current when the terminals are connected to
each other (zero load resistance). For a high-quality solar cell (low Rs, and high Rsy) the
short-circuit current Isc is

Isc =1,
I Bs
— O+ P— | O+
Isg
I
Ip o] v ’ 5 v
»(D g »(D na 8

o - o -

(a) (b)

Fig. 2.3. The equivalent circuits of solar cell (a) Ideal model; (b) Practical model.
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Current density

The values of Is, Rs, and Ry are dependent upon the physical size of the solar cell. In order
to specify the properties of solar cell clearly, current density is introduced. It is the current
produced per unit cell area:

J=T,Ts {exp[vj—l}—vﬂrs (2-10)

mVy T'sy

where

J = current density (amperes/cm?)

Jr = photogenerated current density (amperes/cm?2)
Js = reverse saturation current density (amperes/cm?2)
rs = specific series resistance (Q2-cm?)

rsy = specific shunt resistance (©2-cm?2)

Efficiency n:

The power density is the product of voltage and current density.

P=]V (2-11)

The maximum power density occurs somewhere between V = 0 (short circuit) and V = V.
(open circuit) at a voltage Vm. The corresponding current density is Jm, and thus the
maximum power density is Pam = Jm Vm. (Figure 2.4).

The efficiency of a solar cell is defined as the input power divided by the output power. If
the incoming light has a power Ps, the efficiency will be:

Pd m
=_d 2-12
n D (2-12)
FF is the solar cell fill factor.
It is defined as
FF=JmYm_ (2-13)
JscVoc

It gives a measure of how much of the open circuit voltage and short circuit current is
"utilized" at maximum power (Figure 2.4). Using FF we can express the efficiency as:

n= Jsc VocFF

Ps (2-14)

The four quantities Js (short circuit current density), Vo, FF and n are frequently used to
characterize the performance of a solar cell. They are often measured under standard
lighting conditions, which implies Air Mass 1.5 spectrum, light flux of 1000W/m?2 and
temperature of 25°C.

If shadows and defects present, they cause power loss because these areas become loads
instead of generating power. The DC power may be converted to AC power by an inverter.
The conventional energy causes pollution and greenhouse effect. Energy shortage is critical
for most of the countries. These problems cause the demand for clean and renewable energy
and lead to the significant expansion of the manufacture of solar cells. Currently available
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Fig. 2.4. The current-voltage and power-voltage characteristics of an ideal solar cell.

solar cells have the efficiencies about 6% (for the first generation silicon cells) to 40% (for the
second and third generation multiple junction cells, Figure 2.5). It is estimated that over 8000
MW useful energy can be harvested over the world from sunlight each year with the 10%
efficiency. But even now, the cost of photovoltaics is around $0.30/kWh, which is much
higher than conventional power. The solar cell projects still need government support for
the high cost. Only when the cost is close to that of the traditional power, the solar energy

era will come.
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Fig. 2.5. NREL compilation of best research solar cell efficiencies
Chart courtesy of Larry Kazmerski, NREL
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The National Renewable energy Lab (NREL) gives solar cell efficiencies based on different
solar cell materials. Figure 2.5 shows the efficiencies of all kinds of solar cells and displays a
very good prospect for all kinds of solar cells. Spectrolab (subsidiary of The Boeing
Company) has set a new world record for terrestrial concentrator solar cell efficiency. The
cell can convert 41.6% of concentrated sunlight into electricity. This is a multi-junction solar
cell. This type of cell achieves a higher efficiency by capturing more of the solar spectrum. In
a multi-junction cell, individual cells are made of layers, where each layer captures part of
the sunlight passing through the cell. So this solar cell can absorb more energy from the
sun's light (King, 2009). Table 2.1 gives the efficiencies description of the different solar cells
in Figure 2.5.

Classification éfr?f \(/\(;)C (m AJ;Ccm2) FF (%) Effl(c%)e)ncy Reference
GalnP/ GalnAs/ Ge 0.3174 3.192 1.696 88.74 41.6 (King, 2009)
Organic 0.0441 0.756 14.7 70.9 7.9 (Green et al., 2010)
CdTe 1032 0845 261 755 167 (W‘;Vit, ;‘Bbi;m;
CIGS 0.419 0.69 35.5 81.2 19.9  (Repins et al., 2008)
Dye-Sensitized 0.219 0.736 20.9 72.2 11.1 (Chiba et al., 2006)

Table 2.1. Best efficiencies from Figure 2.5
First generation solar cell: single crystal silicon wafers (c-Si).

Because of broad spectral absorption range, Single crystal silicon solar cell can get high
efficiency as 27.6% (Fig 2.5). The first generation photovoltaic cells are the dominant
commercial products of solar cells taking more than 80% of the solar cell market. But the
material processing and manufacturing are expensive.

Second generation: thin film

Based on thin film technology, the second generation solar cells also become commercial
products. Thin film technology can reduce mass of material required for cell design, so it can
reduce the cost for manufacturing solar cell. Normally, the efficiencies of thin-film solar
cells are lower than the first generation solar cells. But thin film technology can make the
solar cell panels on such substrates as light or flexible materials, even textiles. The second
generation solar cells mainly include amorphous silicon (a-Si), polycrystalline silicon (poly-
Si, not thin film), cadmium telluride (CdTe), copper indium gallium diselenide (CIGS) alloy
etc. CdTe and CIGS are the mainly thin film solar cells on the market. The highest
efficiencies of CdTe and CIGS can reach 16.5% and 19.9% respectively (Figure 2.5). Thin film
solar cells are developing very fast. The market share is from about 10% (2007) to about 19%
(2009).

Third generation and fourth generations:

The third generation solar cells include nanocrystal solar cells, photoelectrochemical (PEC)
cells, polymer solar cells (thin film), dye sensitized solar cell (DSSC, thin film). The efficiency

of the third generation is about 10%. The fourth generation cells are considered to be hybrid-
inorganic crystals within a polymer matrix.
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3. Nanocomposite manufacturing

In thin film soar cell, the basic manufacturing processing is the ability to deposit thin films
of material. In this section, the main nano-manufacturing techniques for thin film solar cell
will be introduced. These techniques include chemical bath deposition (CBD), close space
sublimation (CSS), chemical vapor deposition (CVD), Magnetron sputtering and
Electrodeposition (ED). There are many aspects should be considered for chose which
process, such as cost, area size, in lab or in industry etc. The most important is the solar cell
manufacturing technique includes a serial deposition processes. Each process has many
possible choices. For example, making a CdS/CdTe solar cell includes transparent
conductive oxides (TCO) deposition, buffer layer (CdS) deposition, absorber layer (CdTe)
deposition and back contact deposition. CdTe layer can be deposited through one of CBD,
CVD, CSS, mangnetron sputtering and electrodeposition. When one process is chosen, this
process also affects the former (CdS) process and latter process (back contact), even the
annealing process. The current status of technique for nanomanufacturing is discussed
below.

3.1 Chemical bath deposition (CBD)

In 1933 Bruckman deposited PbS thin film by chemical bath deposition (CBD) or solution
grown method. From then chemical bath deposition (CBD) has been used for decades to
deposit thin films of various semiconductors (Hodes, 2003). The chemical bath deposition
method is one of the cheapest methods to deposit thin films and nanomaterials. The CBD is
very sample. It does not depend on expensive equipment and requires only solution
containers and substrate mounting devices. CBD is a scalable technique that can be employed
for large area batch processing or continuous deposition. The key advantages are low cost,
large area, low temperature and atmospheric processing. With the development of thin film
solar cell technology, CBD as the economical method is widely used in depositing buffer layers
of CdS (and similar materials) in thin-film photovoltaic cells based on CdTe and CulnSe;
(Mendoza-Perez et al., 2009; Ochoa-Landin et al., 2009; Lee, 2005; Castillo-Alvarado et al.,
2010; Rose et al, 1999; Guillemoles et al., 2000; Hariskos et al., 2005; Romeo et al., 2004; Kylner,
1999; Shirakata et al., 2009; Noulfi, 2006; Ennaoui et al., 2001). It takes advantage of the use of a
reaction from a solution were different precursors can be dissolved easily. Depending on the
deposition condition, the film growth can take place by ion-ion condensation or by adsorption
of colloidal particles (cluster by cluster) from the solution onto substrates. Films deposited by
this technique are proved to be of comparable quality with those produced by other
sophisticated and expensive methods. There are some drawbacks of this method, such as the
low material yield for film formation and the wastage of solution after every deposition which
leads to treatment costs. Figure 3.1 shows the typical CBD devices.

Figure 3.1 shows the typical CBD-CdS devices in lab. The container is a beaker. Hot plate
can heat the solution up to 90°C. The chemical solution contains Cadmium Acetate,
Ammonium Acetate, Ammonium Hydroxide, and Thiourea. The chemical reaction results
in the deposition of CdS onto all surfaces in the bath, including the surfaces of the ITO
coated glass. Typically, for a 20-minute run, a thickness of 800-1000 A can be achieved. The
bath parameters such as concentration, bath temperature and deposition time greatly affect
the morphology, thickness, refractive index, electrical resistivity, even the band gap of the
deposited film (Lee, 2005; Contreras et al., 2002; Eze & Okeke, 1997; Marayanan et al., 1997).
These properties of the buffer layer affect the performance of CdTe and CIGS solar cells.
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Fig. 3.1. Chemical bath deposition (CBD) devices for CdS in lab

3.2 Close space sublimation (CSS)

The close space sublimation (CSS) is widely used in CdS (and similar semiconductors) and
CdTe thin film deposition in CdTe solar cells (Matsune et al., 2006; Kumazawa et al., 1997;
Aramoto et al.,, 2003; Tsuji et al., 2000; Britta & Ferekides., 1993; Dzhafarov et al., 2005;
Dobson et al.,, 2000; Enriquez et al., 2007; Romeo et al.,, 2004; Khrypunov et al., 2006;
Okamotoet al., 2000; Dhere et al., 1997; Ferekides et al., 2000). CSS is an attractive process
and has many advantages. Compared with other deposition techniques, it can offer high
deposition rate, it is able to produce films with large grains and can be easily scaled up for
manufacturing purposes. CdTe CSS process is about 550-620°C, and CdS CSS process is
about 500-600°C. The temperature is over CdTe and CdS recrystallization temperature, So,
the grains size is larger than that with PVD or CVD process. CSS-CdTe grains size is about
290nm, PVD-CdTe giains size is 13nm (Moutinho et al., 2008).

Unlike other thin film deposition techniques, the distance between the source and the
substrate is very short with millimeters or less, the source chosen is very important, because
the source strongly affects the control of the deposition parameters, especially the deposition
rate (Pinheiro et al., 2006). The close space sublimation (CSS) technique is characterized by
the short distance between the source and the substrate, which is usually less than 1 mm.
Figure 3.2 shows the CSS system in lab.
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Fig. 3.2. CSS-CdTe deposition system

The CSS system is set up in a closed quartz chamber. When depositing films, the chamber
can be filled a flow of gas from gas inlet. The gas can be hydrogen or inert gas such as Argon
or Helium. O is also found in CSS system. For example, CS5-CdS and CSS-CdTe deposition
is in the ambient with O, (Ferekides et al., 2000). This was due to the fact that solar cells
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fabricated with CdS films prepared in O, ambient exhibited higher efficiencies than devices
fabricated with CdS films deposited in inert ambient. Some CSS systems also work under
vacuum conditions of about 1 Torr.

The reactor consists of a source (CdS or CdTe) and a substrate, separated by quartz spacers.
The source is in underside and the substrate is above. They are held by two graphite
susceptors (blocks) respectively. Each graphite block is set one thermocouple to monitor the
temperature of the source and the substrate. The aim of the CSS technique is to provide a
temperature difference between the source and the substrate. This temperature difference
enables a diffusion controlled transport mechanism.

Radiant heat from outside lamps can heat the graphite blocks and this heat then is
transmitted to the source and the substrate. The heat can also be provided by the electrical
current (resistance heating), using the two graphite blocks as resistances. A combination of
the two can also be adopted.

In CSS system, the main parameters acting on the deposition rates are the spacing, the
source and the substrate temperature, pressure and the ambient gas.

3.3 Chemical vapor deposition (CVD)

Chemical vapor deposition (CVD) is a chemical process used to produce high-purity, high-
performance solid materials. In solar cell industry, CVD process is often used to produce
semiconductor thin films such as SnO, (Wu et al., 2006), ZnO, CdS (Kumazawa et al., 1997)
and CdTe (or similar semiconductors). In a typical CVD process, the sources (precursors) are
volatile. When heated, they react/or decompose on the substrate surface to produce the
desired deposit. Frequently, volatile by-products are also produced, which are removed by
gas flow through the reaction chamber. Figure 3.3 shows the CVD system and process.
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Fig. 3.3. CVD system and process

In this process, the substrate is placed inside a reactor to which reactants and inert dilute
gases are supplied. The gaseous species move to the substrate and reactants are adsorbed
onto the substrate with condenses. The gaseous by-products of the reactions are desorbed
from the surface of the specimens and removed from the reaction chamber. The exhaust is
subsequently trapped in a recycle tank through a vacuum pump. To precisely control the
temperature at different locations in the chamber, multi-zone resistance heaters are used.
The deposition rate in a CVD process is controlled by the temperature. In high temperature
range, mass-transfer controls the whole process of deposition. Nevertheless, in the low
temperature range, the chemical reaction determines the rate of deposition. Transition
between the two mechanisms is also found.
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In thin film solar cell application, a number of forms of CVD are in wide use and are

frequently referenced in the literature. The different types of CVD processes as follows:

According to pressure:

a. Atmospheric pressure CVD (APCVD) - CVD processes at atmospheric pressure

b. Low-pressure CVD (LPCVD) (Kumazawa et al., 1997; Rose et al., 1999)- CVD processes
at subatmospheric pressures. Most modern CVD processes are either LPCVD or
UHVCVD. The LPCVD process produces layers with excellent uniformity of thickness
and material characteristics. The main problems with the process are the high
deposition temperature (higher than 550°C) and the relatively slow deposition rate.

c.  Ultrahigh vacuum CVD (UHVCVD) - CVD processes at a very low pressure, typically
below 10-¢Pa (~10-8 torr).

Other methods:

PECVD—Plasma-Enhanced CVD; CVD processes that utilize plasma to enhance chemical
reaction rates of the precursors. PECVD processing allows deposition at lower temperatures,
which is often critical in the manufacture of semiconductors.

ALCVD—Atomic layer CVD (Naghavi et al., 2003); It is based on the sequential use of a gas
phase chemical process. The majority of ALD reactions use two chemicals (precursors).
These precursors react with a surface one-at-a-time in a sequential manner. By exposing the
precursors to the growth surface repeatedly, a thin film is deposited.
MOCVD—Metalorganic chemical vapor deposition; CVD processes based on metal organic
precursors. MOCVD is a common process for thin film solar cell deposition. It can be used
on TCO, buffer layer and absorber layer, such as SnO, (Ferekides et al., 2000), CdS (Matsune
et al., 2006; Kato et al., 2001; Tsuji et al., 2000), ZnO (Hariskos et al., 2005; Ennaoui et al.,
2001) and CdTe (Sharma et al., 2003) etc.

There are also other type of CVD for different materials. The quality of the material varies
from process to process, but in general, higher process temperature yields a material with
higher quality and less defects.

3.4 Magnetron sputtering

Sputter deposition is a physical vapor deposition (PVD) method of depositing thin films by
sputtering. In sputtering process, the material is released from the source at much lower
temperature than evaporation. Figure 3.4 shows the sputter deposition process.
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Fig. 3.4. Typical RF sputtering system.

The sputtering is ejecting material from a "target" (source), and then is deposited onto a
"substrate". In figure 3.4, the substrate is placed the upside of a vacuum chamber with the
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source material, named a target, underside. An inert gas (such as argon) is introduced at low
pressure from gas inlet. The radio frequency (RF) power source causes the gas to become
ionized. The ions are accelerated towards the target to bombard the atoms of the source
material. The surface atoms are broken off from the target in vapor form and condense on
the substrate surface to form thin film. The basic principle of sputtering is the same for all
sputtering technologies. The sputtering is considered as a low temperature evaporation,
which is realized by the ion bombardment of the target.

Normally the sputtering inert gas is argon. The principle for inert chosen is that the atomic
weight of the sputtering gas should be close to the atomic weight of the target as for efficient
momentum transfer. Neon is for sputtering light elements and krypton or xenon is for
heavy elements. Reactive gases such as F, O,, Ha and N> etc can also be used to sputter
compounds. The compound can be formed on the target surface, in-flight or on the substrate
depending on the process parameters. The compounds have very good properties for
application.

For example ZnTe:N is nitrogen-doped ZnTe. It can be the transparent back contact of a
CdS/CdTe solar (Compaan et al, 2004). ZnTe:N films with ~750 nm thickness were
deposited by reactive RF sputtering at ~350°C with 3% N in the Ar sputter gas on
aluminosilicate glass (Corning 1737). CdS:O (Wu, 2004) is CdS sputtered at room
temperature in an oxygen/argon gas mixture. The CdS:O film has a higher optical bandgap
(2.5-3.1 eV) than the poly-CdS film. The bandgap increases with an increase of oxygen
content. A CdS thin film sputtered in a 2% oxygen/argon environment is still
polycrystalline, but average grain size is around 3-5 nm, much smaller than the CdS film
sputtered in an oxygen-free environment (~25 nm).

Sputtering is used extensively in the semiconductor industry to deposit thin films of various
materials. For making efficient thin film photovoltaic (CdTe and CIGS) solar cells, sputtering
is very useful technique.

In thin film CdTe solar cell, every layer can be deposited by sputtering including front
contact transparent conductive oxide (TCO) (Wu et al., 2006; Wu et al., 2005; Romeo et al.,
2010; Gupta et al., 2004; Santos-Cruz et al., 2006; Romeo et al., 2007; Tiwari et al., 2004; Lee,
2005; Romeo et al., 2003; Singh & McClure, 2003; Rose et al., 1999; Mitchell et al., 1977;
Compaan et al., 2004, Wu, 2004; Colombo et al., 2009; Romeo et al., 2006; Minami, 2005;
Singh et al., 1999; ], buffer layer CdS (Wu et al., 2006; Wu et al., 2005; Romeo et al., 2010;
Gupta et al.,, 2004; Lee, 2005; Romeo et al., 2003; Krishnan et al., 2009; Gupta et al., 2006;
Compaan et al., 2004; Wu, 2004; Colombo et al., 2009; Singh et al., 1999), CdTe (Compaan et
al., 2004; Gupta et al., 2004; Santos-Cruz et al., 2006; Mathew et al., 2004; Krishnan et al.,
2009; Gupta et al.,, 2006, Compaan et al., 2004) and back contact (Compaan et al., 2004;
Romeo et al., 2003; Fahrenbruch, 2007).

Xuanzhi Wu (Wu, 2004) introduced a kind of CdTe solar cell with a new structure and a
new deposition process. In this structure, three layer of TCO film CTO, buffer layer ZTO,
and window layer nano-CdS:O are deposited by RF sputtering in room temperature. RF
sputtering is a mature technology with demonstrated production scalability. The new
process has only one heat-up segment in the entire device fabrication process. The
recrystallization of the first three layers and the interdiffusion at the three interfaces
(CTO/ZTO, ZTO/CdS, and CdS/CdTe interfaces) are completed during CdTe deposition
by the CSS technique. This process provides attractive alternatives for producing CdTe
modules with a potential of high throughput and low cost by (1) increasing device efficiency
up to 16.5%, (2) improving device yield,and (3) simplifying the device fabrication process.
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Some researches made CdTe solar cell with all sputtering process. Gupta & Compaan
(Gupta & Compaan, 2004) developed ZnO:Al/CdS/CdTe solar cell with all sputtering
process. High temperature will make ZnO:Al degraded. This cell got efficiency as 14%. This
result confirms that the moderate temperatures possible with magnetron sputtering can
provide important advantages in cell fabrication and expand the range of materials available
for thin- film polycrystalline solar cells. Marsillac et al (Marsillac et al., 2007) developed an
Ultra-thin bifacial CdTe solar cell SnO2:F/CdS-/CdTe/ZnTe:N/ITO with all sputtering
process. The efficiency can get over 5%.

In thin film CIGS solar cell, sputter is also a very common deposition process for thin film.
Buffer layer (CdS or ZnO) and transparent conductive oxide (TCO, such as ITO, ZnO,
ZnMgO and InyS; etc) can be deposited by sputtering (Hariskos et al.,, 2005; Nakada &
Mizutani, 2002;

Wouerz et al., 2009; Kylner, 1999; Romeo et al., 2004; Bhattacharya et al., 2001; Ennaoui et al.,
2001; Ohashi et al., 2001; Delahoy et al., 2004; AbuShama et al., 2004; Contreras et al., 1999;
Romeo et al., 2003). CIGS absorber layer also can be deposited by sputter. Zhang et al
(Zhang et al.,, 2010) introduced a magnetron-sputtering process for CIGS absorber layer
deposition. The deposition of CIGS films using CIGS quaternary-alloyed target is fabricated
through sintering process. Cu2Se, In2Se3, and Ga2Se3 powders are used as raw materials.
Selenium can be directly incorporated into absorbers from the sputtering of CIGS target. The
results indicated that it is feasible to prepare CIGS absorbers with this method. Therefore,
the selenization process that is difficult to control and perhaps use toxic HoSe gas may be
unnecessary.

Alan E. Delahoy et al (Delahoy et al., 2004) used hybrid process to form CIGS thin film. This
hybrid process includes both thermal evaporation and sputtering. The linear source thermal
evaporation supplied the In, Ga and Se, and the sputtering provided Cu. This hybrid
process is applied to both stationary and moving glass substrates. The motivation for this
work was the need to improve the ease and uniformity of Cu delivery. The hybrid process
for CIGS formation shows good reproducibility, and shows promise for being
manufacturable.

In the method of sputtering CIGS absorbers, a metal film of Cu, In, and Ga is sputtered at or
near room temperature and reacted in a Se atmosphere at high temperature. This process
has higher throughput than coevaporation and compositional uniformity can be more easily
achieved. Dhere (Dhere, 2006) reviewed the CIGS layer deposition technique and
introduced the reactive co-sputtering CIGS layer process. Co-sputtering Cu, In, Ga and Se
together has the problem that Se can make the target insulated and prevents the accelerating
ions to bombard the targets. The new reactive co-sputtering process is dual cylindrical
magnetron sputtering from Cu-In-Ga targets in the presence of selenium vapor. In Cu-In-
Ga sputtered cycle, each of the two targets becomes negatively biased alternatively. The
sputtering takes place for a part of the cycle from one target and for the remainder of the
cycle from the other target. This deposition process is efficient and can get appropriate
Cu:In:Ga composition and allows the deposition of slightly Cu-poor, near-stoichiometric
CIGS thin films.

Sputter deposition is a low temperature PVD process and evaporation is a high temperature
process. Even the materials have very high melting points, they also can be easily deposited
by sputtering. But for these materials with high melting points, evaporation is problematic
or impossible. Sputter deposited films have a composition close to that of the source
material. These films typically have a better adhesion on the substrate than evaporated
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films. Sputtering process is in low temperature, this is compatible with reactive gases such
as oxygen.
In sputtering process, the atoms can go anywhere after bombarded, which can lead to
contamination problems. Also, active control for layer-by-layer growth is difficult compared
to pulsed laser deposition and inert sputtering gases are built into the growing film as
impurities.

3.5 Electrodeposition (ED)

Electrodeposition is also called electroplating. It is a plating process that uses electrical
current to reduce cations of a desired material from a solution (electrolyte) and coat a
conductive object with a thin layer of the material. Figure 3.5 shows a very simple
electrodepostion device. The main components include DC voltage source, Anode, Cathode
and electrolyte. There are additional devices such as heater and stirrer not shown here. In
the electroplating process, the substrate is setup as cathode in the liquid solution
(electrolyte). The electrolyte contains one or more dissolved metal salts as well as other ions
that permit the flow of electricity. The Anode is a kind of metal. After added positive
potential on the anode, the Anode metal atoms will be oxidized and dissolve in the solution.
At the cathode, the dissolved metal ions in the electrolyte solution are reduced to atom and
form a metal thin film on the cathode surface. The ions in the electrolyte bath are
continuously replenished by the anode metal. This process is also called sacrificing anode
method.

DC voltage source

_ Ty

Beaker

Cathode Anode

Electrolyte

Fig. 3.5. Electrodeposition device in lab.

Metal thin films such as copper, molybdenum, gold and nickel etc can be deposited by
electrodeposition process. The film thickness is in variations from nanosize to 100pm, which
is controlled by the external electrical potential. In any process, the surface of the substrate
must have an electrically conducting coating before the deposition can be done.

In thin film solar cells, such as CdTe, CIGS and DSSC solar cells, most of the thin film solar
cell layers can be deposited by electrodeposition. For example, in a CdTe/PMeT structure
solar cell (Gamboa et al., 1999), the CdTe absorber layer was deposited by electrodeposition
process. In CdTe/ZnO structure solar cell, buffer layer ZnO was deposited on a conductive
glass substrate by electrodeposition process (Levy-Clement et al., 2002). The glass was
covered by a fluorine -doped tin dioxide (F:5nO;) thin film.

Electroposition is quite slow process. Normally in CdS/CdTe solar cell, depositing a 2pm
thin film of CdTe by electrodeposition process needs 2-3 hours. With a channel flow cell, this
process was grown rapidly and the time can be cut to 20 min. The as-deposited films are
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structurally more disordered, but after annealing and type-conversion they display superior
electronic properties. The solar cell fabricated using a film prepared in the channel cell
achieved efficiency 6% (Peter & Wang, 1999).

Electrodeposition is an economic, simple and successful method for preparing large area
thin films. It is also a very convenient method for preparation of thin film CdTe on metallic
(stainless steel) substrates (Mathew et al., 1999).

As a low cost process, electrodeposition is also widely used on CIGS solar cell thin film
deposition. Kois et al (Kois et al., 2008) introduced a CIGS deposition process. Cu-In-Ga
(CIG) layers of graded composition have been grown by one-step electrodeposition from
thiocyanate complex electrolytes. Then the as-prepared CIG precursors are selenizated at Se-
vapour to form CIGS thin film. In this process, the Ga-content in CIG films can be tailored
by stirring in the process of simultaneous electrodeposition of Cu-In-Ga thin films.
Electrodeposition can be used in DSSC solar cell thin film deposition. In a ZnO/DSSC
structure solar cell, electrodeposited nanoporous ZnO films exhibiting enhanced
performance in dye-sensitized solar cells. Nanoporous ZnO films with grain size of 20-40
nm were grown by cathodic electrodeposition from an aqueous zinc nitrate solution. DSSCs
were fabricated from nanoporous ZnO films and the cell performance could be greatly
improved with the increase of ZnO film thickness. This kind of DSSC with double-layer
ZnO films (8 pm thick nanoporous ZnO films on a 200 nm thick compact nanocrystalline
ZnO film) achieved efficiency as high as 5.08% (Chen et al., 2006).

A counter electrode was prepared for a dye-sensitized solar cell (DSSC) through
electrochemical deposition of mesoporous platinum can improve the performance of the
solar cell. This kind of DSSC rendered a higher solar-to-electricity conversion efficiency of
7.6%, which is much higher than that of the sputter-deposited or most commonly-employed
thermal deposited Pt counter electrodes (about 6.4%) (Yoon et al., 2008).

3.6 Other manufacture for thin film solar cell

There are still many process for thin film deposition such as close space vapor transport
(CSVT) for CdTe thin film (Mendoza-Perez et al., 2009), physical vapor deposition (PVD)for
CIGS thin film (Hermann et al., 2001) etc.

4. Nanocomposite application in thin film solar cell (Photovoltaic Cell)

A thin-film solar cell is made by depositing one or more thin layers (thin films) of
photovoltaic materials on a substrate. The thickness of the thin-films is from a few
nanometers to tens of micrometers. Thin film nano-composite solar cell materials include
possible combinations of CdTe, TiO,, CdS, CulnS;, CulnGaSe; (CIGS), ZnS, ZnO, ZnTe,
HgS, CuSCN, Ge, PbS etc. Some of them become commercial products, for example CdTe,
CulnGaSe; (CIGS). However, most of them are still in lab research.

4.1 Solar cell structures
There are four basic structures for the photovoltaic solar cells, homojunction, heterojunction,
p-i-n and n-i-p, multijunction.

Homojunction

Crystalline silicon solar cell is homojunction device. It is a simple P/N junction
semiconductor. The free electrons and holes generated by light deep in the silicon diffuse to
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the P/N junction, then separate to produce a current if the silicon is of sufficient high
quality.

Heterojunction

Thin film solar cell such as CdTe and CIGS are heterojunction device. This device has two
different semiconductors. For example, CIGS has two semiconductors as CdS and Cu(In,
Ge)Se,. The solar cell with this structure can absorb light much better than silicon. The two
semiconductors layers have different roles. The top layer (CdS) is a "window" layer. This
layer is transparent to light and allows almost all incident light to reach the bottom layer.
The bottom layer is absorber which can generate electrons and holes when absorbs the
sunlight. Figure 4.1 gives two kinds of heterojunction structure CdTe and CIGS solar cells
(Romeo et al., 2004).

Superstrate configuration Substrate configuration
Light
Front contact: TCO

Back contact

Absorber: CdTe, CIGS Buffer layer: CdS

Absorber: CdTe, CIGS
Buffer layer: CdS

Front contact: TCO Back contact

Substrate: Substrate:
Glass, polyimide Glass,metal, polyimide

Light

Fig. 4.1. Schematic cross-section of ‘superstrate” and ‘substrate’ configurations for CdTe and
CIGS solar cells

CdTe and CIGS have the same structures and compose 5 parts: substrate; front contact;
buffer layer; absorber layer and back contact.

p-i-n /n-i-p Devices

Amorphous silicon thin-film cells are p-i-n structures. This structure has sandwiched three
layers, p-type, i-type (intrinsic, undoped) and n-type layers. An electric field between the p-
and n-type regions is set up which stretches across the middle intrinsic resistive region. The
electric field can separate the free electrons and holes which generated by the incident light
in the intrinsic region.

Multijunction Devices

Multijunction solar cells are called tandem cells. Normally, 2-junction or 3-junction solar cell
is researched. This structure can achieve very high total conversion efficiency by capturing a
larger portion of the solar spectrum. For example a 3-junction solar cell can achieve 41.6%
efficiency (Figure 2.5). This cell is formed with individual cells and different band-gaps cells
are stacked on top of one another. Each individual cell can capture one part of solar
radiation. The band-gaps order is from top to bottom position with large to small band-gap.
Most research in multijunction cells focuses on gallium arsenide cells.
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4.2 CdS/CdTe thin film solar cell

CdS/CdTe thin-film solar cells have the potential to be mass-produced at low cost.
Cadmium telluride (CdTe) has a band-gap of ~1.5 eV and the absorption spectrum is about
850nm. It is nearly ideal for sunlight absorption. So it has been recognized as a strong
candidate for thin film solar cell applications. Cadmium telluride (CdTe) thin film solar cell
is based on the use of cadmium telluride thin film, a semiconductor layer designed to absorb
and convert sunlight into electricity. CdTe is a heterojunction p-type semiconductor. The cell
was completed by adding top and bottom contacts. CdTe solar cells have very good optical
property that one or two microns thickness thin film can absorb 98 percent of the sunlight.
Although CdTe is most often used in PV devices without being alloyed, it is easily alloyed
with zine, mercury, and a few other elements to vary its properties. Many methods have
been used for the fabrication of CdTe layers, for example close-spaced sublimation (CSS)
(Chu et al., 1991; Kumazawa et al., 1997, Aramoto et al.,, 2003; Ferekides et al., 2000),
electrodeposition (Gamboa et al., 1999), magnetron sputtering (Compaan et al., 2004; Gupta
& Compaan, 2004), chemical vapor deposition (CVD) (Meyer & Saura., 1992), and metal-
organic chemical vapor deposition (MOCVD) (Zoppi et al., 2006) and vapor phase epitaxy
(VPE) (Levy-Clement et al., 2002).

CdS is one of the most crucial films, which serves as the window layer. Cell performance
depends primarily on the electrical and optical properties of CdS film. The deep research
shows the conversion efficiency of CdS/CdTe solar cells strongly depends on the
ruggedness of the CdS surface (Tsuji et al., 2000). CdS is an n-type semiconductor. The
optimum band gap is ~2.4 eV for solar spectrum and the direct band gap yields high optical
absorption coefficient. CdS can be deposited by many methods such as CSS (Luschitz et al.,
2009), MOCVD (Matsune et al., 2006; Tsuji et al., 2000), CVD (Kumazawa et al., 1997),
magnetron sputtering (Gupta & Compaan., 2004), chemical bath deposition (CBD) and
vacuum evaporation (Lee, 2005).

Much research has been performed on CdS/CdTe solar cells and very high energy
conversion efficiencies have been achieved (Table 4.1).

Jsc (mA/cm?) Voc(V) F.F. (%) Efficiency % reference
23.6 0.814 73.25 14 (Compaan et al., 2004)
25.5 0.82 72 15.1 (Matsune et al., 2006)
25.36 0.826 72.2 15.12 (Kumazawa et al., 1997)
251 0.843 74.5 15.8 (Britta & Ferekides, 1993)
25.88 0.845 75.51 16.5 (Wu, 2004)

Table 4.1 High efficiencies CdS/CdTe solar cell parameters
(Measured under the standard condition: AM1.5, 100 mW /cm?2)

Morales-Acevedo (Morales-Acevedo, 2006) has made a physical analysis of the typical CdS-
/CdTe superstrate solar cell. It shows that present record efficiencies are very close to the
practical efficiency limit for a CdS/CdTe hetero-junction cell. The estimation of the
maximum efficiency of hetero-junction CdS/CdTe solar cells is around 17.5%. The recorded
highest efficiency is 16.5% (Wu, 2004), only 1% lower than the efficiency limitation. His
work explains why the record efficiency for this kind of cells has been stable for the last 10
years, going up by less than 1% from 15.8% (Britta & Ferekides, 1993) to only 16.5%.
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4.2.1 CdS/CdTe solar cell structure

Figure 4.2 gives the conventional structures of CdS/CdTe thin film solar cell. This structure
has been developed over 30 years. Normally it has 5 parts:

1. Substrate-Glass or metal foil;

2. Front contact-Transparent conducting oxide (TCO);

3. CdS window layer;

4. CdTe absorber;

5. Back contact.

A transparent conducting oxide (TCO) is used as an antireflection coating. It can provide a
low resistance contact to CdS layer. SnO; is traditional TCO. SnO; has two thin film layers.
The first thin film is the fluorine doped tin oxide layer (SnO»F). This layer also called
conductive tin oxide or c¢-SnO;. It is the transparent contact that provides current collection
from the front of the device. The second thin film is the undoped SnO; layer (also called i-
SnO2 for 'intrinsic' or “insulating' SnO»). It can help protect the open-circuit voltage of the
device in some situations (Rose et al., 1999). Cd,SnO, (Cadmium tin oxide, CTO) is the new
development TCO. CTO has much more advantages than SnO,, such as high conductivity
and better optical property. The n-type CdS layer serves as the window layer and the CdTe
layer serves as the absorber layer for the incident light. P-type CdTe films will lead to large
internal resistance losses. So, in this structure, the CdTe layer is intrinsic (that is, neither p-
type nor n-type, but natural), and add a layer of p-type zinc telluride (ZnTe) between the
CdTe and the back electrical contact. This is n-i-p structure. The electrical field is formed
between the n-type CdS and the p-type ZnTe which extends right through the intrinsic
CdTe. The buffer layer ZnTe:Cu-doped graphite with high conductivity can improve the
Ohmic conductance. The HgTe:Cu-doped graphite layer also can be used as buffer layer
which produces an ohmic contact to the CdTe, then the silver layer is used to decrease the
lateral resistivity of the back contact (Rose et al., 1999).

Sn0,, ITO, ZnO  Cd,Sn0Os
~0.08um

Fig. 4.2. Conventional CdS/CdTe structure

4.2.2 Unconventional structure

Base on the conventional CdS/CdTe solar cell structure, Wu. (Wu, 2004) introduced a new
structure CTO/ZTO/CdS/CdTe solar cell. This structure has been developed since the year
of 2001 with total-area efficiency of 16.5% (Voc=845.0 mV, Js=25.88 mA /cm?, FF=75.51%, and
area=1.032 cm?). This is the highest efficiency ever reported for CdTe solar cells.
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Cd2SnQy (0.15-0.3um)

Fig. 4.3. Modified CTO/ZTO/CdS/CdTe device structure (Wu, 2004)

Figure 4.3 shows the CTO/ZTO/CdS/CdTe solar cell structure. The cadmium stannate
(Cd2Sn0Oy, or CTO) transparent conductive oxide (TCO) films have lower resistivity, higher
transmittance and smoother surfaces than conventional SnO, TCO films. They can improve
the Jsc and FF of a solar cell. Thin film ZnSnO, (ZTO) is a buffer layer, it can improve device
performance and reproducibility. The ZTO film has a high optical bandgap (~3.6 eV) and
near-zero absorbance. This device performance can be enhanced and transmission loss due
to the TCO front-contact can be reduced by use of the CTO and ZTO bilayers (Wu et al.,
1998; Wu et al., 2006). ZTO bulffer layer can significantly reduce resistivity between the CTO
and CdS layers in two reasons. First it can reduce the probability of forming a localized
TCO/CdTe junction with low Voc and FF when the CdS film is thinned. Second, it can
greatly reduce shunting problems (Wu et al., 2001). A buffer layer could help relieve stresses
between these layers, thereby improving adhesion during the CdCI2 treatment.

Zinc stannate films have the properties of high bandgap, high transmittance, low
absorbance, and low surface roughness. These films are chemically stable and exhibit higher
resistivity. They can match well with CdS window layer. In fact ZTO buffer layer can
significantly enhance the performance and reproducibility of both SnO,-based and Cd2SnOy
(CTO)-based CdS/CdTe devices (Wu et al., 1998; Gayam et al., 2007).

4.2.3 Substrate
Soda-lime glass

Soda-lime glass is also called soda-lime-silica glass. It is the most common glass and widely
used for windowpanes and glass containers (bottles and jars) for beverages, food, and some
commodity items. Soda-lime glass is the basic substrate materials for CdS/CdTe thin film
solar cell (Matsune et al., 2006). But soda-lime (SL) glass has poorer properties than
borosilicate glass, such as a higher thermal expansion coefficient, higher Na and Fe content,
higher absorbance, and lower softening temperature.

Borosilicate glass

Borosilicate glass is noted for its low thermal expansion and chemical resistance. Therefore it
is widely used in laboratory equipment and near heat sources such as lamps. Borosilicate
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glass is very good for thin film substrate. Corning glass is one kind of alkali free borosilicate
glass. It was originally developed for thin film electronic circuits, which require an
extremely smooth substrate with special electrical properties. Corning glass has very good
surface flatness, surface smoothness and very low thermal expansion. The glass has an alkali
level under 0.3%. This is very important since alkali ions are known to be detrimental to
performance, reliability, and longevity of thin film devices. Corning glass 7059 (Wu et al.,
2006; Compaan et al, 2004; Kumazawa et al., 1997; Britt & Ferekides, 1993) and 1737
(Matsune et al., 2006) are ideal substrate glass for CdS/CdTe thin film solar cell.

4.2.4 Front contact-transparent conducting oxide (TCO)

The most important characteristics that a transparent conductive oxides (TCO) front contact
must exhibit are a low sheet resistance and a high transparency in the visible region. TCOs
are important semiconductors thin films used on solar cells. Most of these films are
fabricated with polycrystalline or amorphous microstructures. They are nanocomposites.
The important TCOs are impurity-doped ZnO, In;O3 , SnO; and CdO as well as multi-
component oxides consisting of combinations of ZnO, In;O; and SnO,, including some
ternary compounds existing in their systems (Minami, 2005). The ternary compounds
include Cd;SnOy4, CdSnO;, CdInyOy, ZnySnOs, MgInyOy, CdSbOs and IngSnzO1z, ZnSnOs,
ZnyInyOs, Zn3InzOg, InoSnO4. Sn doped InxO3 (ITO) and F doped SnO, TCO thin films are the
preferable materials for most present applications. In solar cells, TCOs need meet some
requirements such as low resistivity (below 10 Q cm) and good transmittance of incident
light (over 80%). The industry standard in TCO is ITO, or tin-doped indium-oxide. This
material has a low resistivity of ~104 Q cm and a transmittance of greater than 80%. But ITO
is very expensive. Alternative materials such as ZnO:Al (AZO) and ZnO:Ga (GZO) can be
the solution. Figure 4.4 gives the practical TCO used on thin film transparent electrodes. Cd
containing TCOs are not listed here because of the toxicity of Cd.
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Fig. 4.4. Practical TCO semiconductors for thin-film transparent electrodes.

The study on impurity-doped ZnO, In;O3; and SnO; thin film TCO shows that the obtained
minimum resistivities of impurity-doped ZnO are still decreasing and close to those of
In;O;3, whereas those of impurity-doped SnO, and In;O; films have essentially remained
unchanged for more than the past twenty years (Minami, 2005). So, AZO is the best
alternative for ITO.

In the tandem thin-film solar cells, the requirements for TCO front-contact are high band-
gap, high transmission and high conductivity (low resistivity). This TCO can be a
transparent contact in the top cell. It must also have high transmission in the sunlight
wavelength. But the conventional TCOs (such as ITO, SnO,, and ZnO) cannot completely
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meet these requirements. Wu. developed a high-quality CTO TCO film (Fig 4.3), which has
transmission of 80-90% in the region 400-1300 nm and bulk resistivity of 1.8x104Qcm (Wu,
2004). The problem of this TCO contains Cd element, it is toxic.

SnO2:F TCO

SnOx:F is the SnO:; films doped with fluorine. SnO»:F is the conventional TCO and used for
more than 30 years. The SnO»:F TCO has good absorbance (A) and transmittance (T) in the
visible region (Chu et al., 1991; Wu et al., 2006; Compaan et al., 2004; Britt & Ferekides,
1993). It is a quite stable material but it exhibits a high resistance and not good for this kind
of solar cells.

Indium tin oxide (ITO) TCO

Indium tin oxide (ITO) (Matsune et al., 2006; Minami, 2005) is one of the most widely used
transparent conducting oxides (TCO) on thin film solar cell because of its very good
electrical conductivity and optical transparency. Normally, ITO is In;O;, but some In can
diffuse into CdS and/or CdTe when this material is used as a front contact. In this case a
SnO: buffer layer can be used as a diffusion barrier. ITO thin film is a composite with
indium (III) oxide (In;O3) and tin (IV) oxide (SnOy), typically 90% InxOs, 10% SnO, by
weight. It is transparent and colorless. In the infrared region of the spectrum it is a metal-
like mirror. Like other transparent conducting oxides, when a compromise (In,O3 and SnOy)
has to be reached during its film deposition, the high concentration of charge carriers will
increase the material's conductivity, but decrease its transparency. ITO thin films are most
commonly deposited on surfaces by electron beam evaporation (EBE), physical vapor
deposition (PVD), or a range of sputter deposition (SD) techniques.

A new TCO that is fluorine doped In;O3; was developed. It exhibits very good properties
that the resistivity is 2x102Qm, the transparency better than 90% between 400 and 800 nm
and this materials is quite stable at a temperature of 500°C. The best CdS/CdTe solar cells
with an efficiency of approximately 14% are obtained by using 0.4 um of fluorine doped
InyO3 as a TCO (Romeo et al., 2003).

Nano-scale ITO thin films can provide a path to a new generation of solar cells. These
materials applied on solar cells can make the cells to be low-cost, ultra-lightweight, and
flexible. Because of the nanoscale dimensions of the nanorods, quantum-size effects
influence their optical properties. But a stable supply of indium-tin-oxide (ITO) cannot be
assured because indium is a very expensive and scarce material.

The main problem about ITO is the cost. ITO's price is several times that of aluminum zinc
oxide (AZO). But ITO is much better than AZO in almost every performance. For example,
ITO has very good chemical resistance to moisture and it can survive in a CIGS cell for 25-
30 years on a rooftop.

ZnO:Al (AZO) TCO

ITO is very expensive TCO. AZO is one of alternatives to ITO. AZO thin films, with a low
resistivity of the order of 10-5 Q-cm and source materials that are inexpensive and non-toxic,
are the best candidates (Minami, 2005, Minami, 2008). AZO has relative good optical
transmission performance in the solar spectrum. The ZnO:Al film is more transparent than
SnOx:F over the whole spectrum due to higher electron mobility. But the SnO»:F has more
better absorbance than ZnO:Al (Figure 4.5). ZnO:Al has high transparency well into the
infrared and excellent sheet resistance with high mobility. Thus it is an attractive candidate
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as a TCO. AZO has been used on CdS/CdTe solar cell and achieve a CdTe solar cell with
14.0% efficiency at one sun for an air-mass-1.5 global spectrum (Compaan et al., 2004).
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Fig. 4.5. ZnO:Al & SnO2:F optical properties (Compaan et al., 2004).
A- absorbance and T- transmittance

But In comparison to sputtered cells on commercial SnO»:F, the stability of ZnO:Al-based
cells is poorer. This may be due to interdiffusion across the ZnO:Al/CdS interface (Gupta &
Compaan., 2004).

4.2.5 Back contact

The back contacts on CdS/CdTe solar cells often show a non-Ohmic behavior because of the
semiconductor Schottky barrier. This Schottky barrier acts as a diode reverse biased to the
CdS/CdTe junction diode and increases the contact resistance, thereby reducing the solar
cell performance [Te901]. The main function of back contacts is to eliminate the Schottky
barrier to reduce the contact resistance. It is well known that the addition of Cu to back-
contacts is commonly used to improve the performance of CdS/CdTe solar cells. This may
be due to the reaction with a Te-rich CdTe layer and the formation of a CuxTe/CdTe back-
contact (Wu, 2006). But copper is a fast diffuser and it influences the long-term stability of
such cells. Cu should be avoided in the back contact to obtain a long term stable CdTe/CdS
solar cell

Conventional back contacts on CdS/CdTe solar cells are commonly made with Cu/Au or
Hg (Compaan et al., 2004) or Pb and Cu/graphite (Aramoto et al., 2003). Cu-containing back
contacts can influence the solar cells efficiency and the performance degrades because of Cu
diffusion to the junction. Cu can easily combine with Te to form Cu,Te. This material is
unstable. In order to get stable back contacts Sb has been applied [Te901]. Sb/Au back
contact also shows typical diffusion which is causing degradation just like Cu/Au back
contact. But the degradation for the Sb/Au back contact is not as strong as that for the
Cu/Au contact. Different back contact materials have been investigated so far, such as
Cu,Te (Wu et al, 2006), ZnTe:Cu (Wu et al, 2006), As;Te;:Cu (Romeo et al., 2010; Romeo et
al.,, 2007), Bi (Vigil-Galan et al., 2007), SbyTe; (Romeo et al., 2007), even ITO (Romeo et al.,
2007; Tiwari et al., 2004).
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ZnTe:N/ITO (Marsillac et al., 2007) is one kind back contact of CdS/CdTe solar cell. The cell
structure is SnOx:F/CdS/CdTe/ZnTe:N/ITO. After CdCl; treatment, ZnTe:N was achieved
through sputtering an undoped ZnTe in a 5% nitrogen-95% argon environment. Then ITO
thin film was deposited. Because the ZnTe:N layer is too thin and the conductivity of the
ZnTe:N film is not very high, a secondary transparent electrode was used to collect the
photogenerated current. ITO TCO film can be used as the secondary transparent electrode.
This back contact is the same as Cu,Te/ITO (Wu et al, 2006). It is for ultra-thin absorber (eta)
soalr cell. This back contact is transparent just like transparent front contact. It can be used
in polycrystalline thin-film tandem cells because there is enough light transmitted to the
bottom cell (Romeo et al., 2007; Tiwari et al., 2004). TCO back contact on CdTe provides
superior cell stability, simplified processing and a potential for low-cost production. The
average efficiency of reference solar cells with standard Cu/Au back contacts on CdTe is in
the range of 10-11%. It was observed that most of the solar cells with ITO back contact were
in the efficiency range of 7-8%. A. N. Tiwari et al developed a kind of CdTe solar cell with
SnO::F as a front contact for CdS and ITO as a back contact on CdTe. The efficieny achieved
7.9% (Voc=702mV, J5c=18.2 mA /cm?, FF=0.62) (Tiwari et al., 2004).

4.2.7 Fabrication

Fabricating CdTe solar cell includes a serial deposition processes such as TCO layer, CdS
layer, CdTe layer, and back contact layer etc deposition processes. Each individual process
has many deposition methods such as CBD, CSS, CVD, Ed and sputtering process etc.
Figure 4.6 gives the deposition processes of one example of conventional structure and one

» Conventional 3n0z/CdS/CdTe device structure (requiring a thicker CdS layer)

= Mix “wet” and “dry” processes

+ Several heat-up and cool-down process segments (consuming time and increasing thermal budget)
CVD-c-5n0;  CVD--5n02 C55-CdTe

500-600°C 500-600°C CS5.CdS 550-620°C
500-600°C

CdClz
treatment
~400°C

Back contact
Formation
~270°C

or CBD-CdS
~100°C

+ CTO, ZTO, and CdS are deposited on substrate at CSS’CdIE
RT by RF sputtering 550-620°C
» Single heat-up segment

» Crystallization of CTO, ZTO, and CdS, and
interdiffusion occurs during the CdTe deposition

Temperature

CdCl; treatment
~400°C

step
Back-contact
Formation
~270°C
Sputtered Sputtered Sputtered
CdzSn0y ZnzSn0y Cds
~20°C ~20°C ~20°C

Time

Fig. 4.6. The conventional solar cell and CTO/ZTO/CdS/CdTe solar cell deposition process
(Noufi, 2006).
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example of CTO/ZTO/CdS/CdTe device structure (Noufi, 2006). For conventional
structure, both SnO; (c-Sno, and i-SnO») can be deposited on glass by CVD; thin film CdS is
formed on SnO; layer by CBD, CVD or CSS; CdTe film is deposited by CSS. CSS has
received the most attention for CdTe deposition recently because it is well-suited to large-
scale manufacturing (Rose et al., 1999).

For the CTO/ZTO/CdS/CdTe structure, the first three layers CdoSnO4 (CTO), ZnySnOy
(ZTO) buffer layer and CdS window layer are prepared by the same deposition technique-
RF magnetron sputtering at room temperature. RF sputtering is a mature technology with
many advantages such as thickness control and easy operation. This deposition process has
only one heat-up segment (CdTe CSS process) in the entire device fabrication process. In the
CdTe CSS process, the recrystallization of the first three layers and the elements
interdiffusion at the three interfaces (CTO/ZTO, ZTO/CdS and CdS/CdTe interfaces) are
completed. This kind of solar cell can reach efficiency of 14.7% (Voc = 833.8 mV, Jsc = 24.06
mA/cm2, FF =73.29%, and area=1.159cm?) (Wu, 2004).

After CdTe CSS deposition, there is a CdCl, annealing in both processes. The main effect of
the CdCl, heat treatment on the physical properties of CdTe thin films is to promote
recrystallization and grain growth. But here the CSS process is in a higher temperature and
has large grain size. The recrystallization process has finished in CdTe CSS process. CdCl»
treatment has several substantial benefits such as: grain-boundary passivation, increased
CdS/CdTe interface alloying, and reduced lattice mismatch between the CdS and CdTe
layers. The ZTO (ZnSnO,) films were deposited by RF sputtering at room temperature
which has a very high resistivity. After CdCl, annealing at a higher temperature, the film
resistivity is reduced greatly. The ZTO band-gap (Eg) remains the same (~3.6 eV), but its
optical transmission is slightly improved. The reason is the inter-diffusion at the interfaces.
The inter-diffusion of the CdS and ZTO layers improved the quantum efficiency of a CdTe
cell over the entire active wavelength region (400-860 nm). Even in the conventional device
structure, the inter-diffusion also can improve device performance and reproducibility. In
spite of the 9.7% lattice mismatch between hexagonal CdS and cubic CdTe, this structure
still can get very high efficiency due to the interdiffusion. After anneal, the V.. and FF
increase, so does the efficiency. Cells made without the anneal generally have efficiencies
between 6% and 10%, whereas cells made with the anneal are generally more than 12%
efficient. (Wu et al., 2005; Rose et al., 1999; Wu et al., 2004).

4.2.8 Cu in CdS/CdTe solar cell

K. Barri et al has studied the role of copper in CdTe solar cell. Copper is typically introduced
in CdTe during the application of the back electrode, to enhance device performance by
facilitating the formation of an ohmic back contact. But Cu and Te can form unstable
component Cu,Te, which is associated with long time stability (Barri et al, 2005, Dobson et
al.,, 2000). Here, Cu was introduced in the CdS film prior to the deposition of the CdTe and
both plain graphite and Sb,Tes/Mo were used as back contacts (Fig.4.7). The high
performance of the solar cell achieved (Voc of 830 mV and FF’s in the high 60’s) clearly
indicates that Cu enhances device performance, even when intentionally introduced in CdS.
But excessive amounts of Cu can lead to shunting and poor collection. The formation of
Cu,Te may not be necessary to achieve effective back contacts to CdTe (Barri et al, 2005).
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Sn02F/SnO2

Fig. 4.7. Cu was incorporated into the device prior to the CdTe deposition (Barri et al, 2005)

4.2.9 Thickness influence

Large scale manufacturing of CdS/CdTe solar cells is constrained by the cadmium and
tellurium materials. Because the tellurium is rare element and limited availability and the
cadmium is hazardous to human health. Gupta et al (Gupta et al., 2006) found that it is
possible to reduce the CdTe layer thickness without much compromise in efficiency.
Normally the thickness of CdTe is about 2-8um. But in the ultra-thin films solar cells, the
thickness is 0.7-1.28pm. The CdS/CdTe solar cells were fabricated using magnetron
sputtering method. The best thin CdTe cell was obtained with 1pm CdTe and had efficiency
of 11.9%. Cells with 0.7 pm CdTe show efficiency 11.2%, this is the thinnest CdTe cell ever
reported with efficiency above 10%. The standard CdTe cells (2.3 pum CdTe thickness)
efficiency is 13%.

The thickness of CdS film is a critical factor affecting cell performance. Kumazawa et al
(Kumazawa et al., 1997) made this study. As the thickness of CdS film decreases, the open-
circuit voltage (Voc) becomes low and when the CdS film thickness is less than 60nm the V.
decreases dramatically. The short-circuit photocurrent density (Js.) becomes a little higher
when the thickness of CdS decreases (figure 4.8). It shows that CdS thickness best range is
~60 nm.
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Fig. 4.8. The V. and J, as a function of CdS film thickness
Data comes from (Kumazawa et al., 1997)
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4.2.10 Other type CdTe structure
1. ZnO/CdTe/CuSCN heterostructure (Tena-Zaera et al., 2005)

This structure can be made as eta (extremely thin absorber) solar cell. It uses SnO2:F as the
TCO. ZnO/CdTe is an n-type window layer semiconductor and CuSCN is a p-type absorber
layer semiconductor. The energy gap of ZnO is 3.31 eV and that of CdTe is 1.54 eV. In the
400-800 nm (AM1.5) solar spectrum range, the effective absorption (AE) is about 87% and
the effective reflectance (RE) is only 10%. It is very favorable for the use of extremely thin
absorber (eta) solar cell. TiO,/CdTe/ZnTe and TiO/CulnS,/CuSCN have the similar
heterostructures as that of ZnO/CdTe/CuSCN.

2. Au-Cu/p-CdTe/n-CdO/glass-type solar cells (Santos-Cruz et al., 2006)

The CdO:F films were grown by the sol-gel method, The resistivity is 4.5X104Q-cm and the
optical transmission is higher than 85%. The CdTe:Sb films were prepared by the RF
sputtering technique, the resistivity value is 106Q-cm.The Au-Cu contacts were thermally
evaporated. This kind of heterostructure PV solar cell can achieve the highest energy
conversion efficiency 5.48%.

3. ZnS and ZnCd as window layer (Contreras-Puente et al., 2000)

G. Contreras-Puente et al developed SnO,/ZngyCdo1/CdTe and SnO,/ZnS/CdTe two types
semiconductor thin films solar cells. The efficiencies are 1.26% (Voc = 489 mV, J. = 8.9
mA/cm2, FF = 29%) and 3.12%((Voc = 324 mV, Joc = 22 mA/cm?, FF = 42%) respectively. The
efficiencies are very low.

4.2.11 CdTe/CdS Solar cells on flexible substrates

Normally, the substrates of thin film CdS/CdTe solar cells are glass. But glass are hard,
weight and fragile. The post deposition annealing of the films needs a high temperature
(420°C). This temperature can cause rupture of the glass substrate. On the other hand, solar
cells on flexible metallic substrates are light weight, free of damage and are suitable for
storage, transportation and installation. CdTe has been successfully electrodeposited on
various foils such as stainless steel (SS), Mo, Ni and Cu. Molybdenum is considered as the
suitable substrate material from the point of view of the matching thermal expansion
coefficient with CdTe. Pantoja Enriquez et al (Pantoja Enriquez et al., 2004) developed a
CdTe/CdS device on flexible molybdenum (Mo) substrate with the efficiency of 3.5%
(Voc=0.5V, Jsc=10.6mAcm-2, FF=0.4).

Figure 4.9 gives another unconventional CdS/CdTe solar cell structure (Singh et al., 1999)

Cu Te ~50nm

Molybdenum

Fig. 4.9. Schematic of device configuration on Mo foil substrate (Singh et al., 1999)
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The substrate is molybdenum foil. CdS is deposited on top of CdTe. Thin film inter-layers
(approximately 50 nm thick) of Cu and Te are used to improve the conductivity between Mo
and CdTe. Thin film Cu and Te has the same role of ZnTe as in fig. 4.1. Cu and Te can dope
CdTe and make it heavily p-type, which facilitates tunneling. Also Cu and Te can form
compound CuzTe between Mo and CdTe and make tunneling more effective. This
structure is made as follows: Inter-layers of Cu and Te are evaporated onto the Mo
substrate; CdTe is deposited by thermal evaporation and then treated with a CdCl, solution
and annealed; CdS film is deposited by thermal evaporation and then treated with CdCl,,
annealed and indium doped. The thermal evaporation processes are in low temperature
(220°C), so CdCl, treatment has two functions: one is to promote the diffusion of Te and Cu
into CdTe to create a p-type region and improve the conductivity between CdTe film and
molybdenum; the other is to promote crystal growth of CdTe and CdS through
recrystalization. The top contacting material is made by sputtering ZnO, ITO or a
combination of ZnO and ITO. This molybdenum foil substrate solar cell cannot get such
high efficiency as that of glass substrate solar cell. One reason is the high series resistance of
the device, The other reason is that the high defect density associated with rough CdTe/CdS
interface, which results in low shunt resistance.

Matulionis et al (Matulionis et al., 2001) made the same structure of Mo/CdTe/CdS/ITO
thin-film solar cells by radio-frequency magnetron sputtering. The conversion efficiency is
7.8 percent on 0.05 cm? area device. The high efficiency is due to the back contact. Here, the
back contact between the molybdenum and the CdTe is ZnTe:N, it can improve the
conductivity.

Au/Pd alloy layer also can be the interlayer between Mo substrate and CdTe layer (Pantoja
Enriquez et al., 2004).

The polymer also can be the substrate of CdTe/CdS solar cell. The problems of this substrate
are low light absorption and high temperature stability. The highest reported efficiency of a
flexible CdTe/CdS solar cell on polymer substrate is 11.3% (Romeo et al., 2006). This
efficiency can compare well with the efficiency of CIGS or a-Si solar cells developed on
polymer foils.

4.3 Cu(In, Ga)Se; (CIGS) thin film solar cell

Copper indium gallium (di)selenide (CIGS), is a compound semiconductor material
composed of copper, indium, gallium, and selenium. It is used as light absorber material for
thin-film solar cells. The chemical formula of this material is Culng.yyGa,Sez, where the value
of y can vary from 0 to 1. When x is 0, it is copper indium selenide (CIS) and when x is 1, it is
copper gallium selenide (CGS). In laboratory research, the efficiency of CIGS solar cell is
approaching 20%. CIGS solar cell can be deposited on a variety of cheap substrates (e.g.,
glass, plastic, foil) and has acceptable environmental stability characteristics. There is no
toxic Cd in the absorber layer, even the window layer (CdS) can be replaced by Cd-free
materials. These advantages attract much focus on CIGS-based devices.

Depending on the Ga/(In+Ga) ratio, the bandgap of CIGS can be varied continuously
between 1.04 (CulnSe2) and 1.68 eV (CuGaSe2). The current high-efficiency devices are
prepared with bandgaps in the range 1.20-1.25eV, this corresponds to a Ga/(In+Ga) ratio
between 25 and 30% (Romeo et al., 2004).

Compared with CdTe thin film solar cell, CIGS solar cell absorber layer is complex. It has
four elements as Cu, In, Ga and Se. The properties of the device are significantly impacted
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by the detailed compositional profile in the absorber. CulInGaSe2 has some drawbacks due
to limited availability and increasing cost of indium and gallium elements.

CIS, CIGS,CGS and Ga grading

CIS is an abbreviation of copper indium selenide (CulnSe»). If added gallium, it will become
CIGS. CGS is an abbreviation of copper gallium selenide (CuGaSe2). If added indium, it
change to CIGS. So, CIGS is a variation of CIS or CGS. CulnSe2 and CuGaSe2 have the
chalcopyrite lattice structure; it is a diamond-like structure. CIS and CGS have high optical
absorption coefficients and versatile optical and electrical characteristics and is especially
attractive for thin film solar cell application. CIS (no Ga) and CGS (no In) solar cells have
achieved 15% and 10.2% efficiencies respectively (NERL) (AbuShama et al., 2004). At
present the manufacture of CIS or CGS solar cells is high when compared with amorphous
silicon solar cells. The use of gallium increases the optical band-gap of the CIGS layer as
compared to pure CIS, thus increasing the open-circuit voltage, but decreasing the short
circuit current. Figure 4.10 gives the CIS Ternary phase diagram.

Fig. 4.10. Ternary phase diagram of the Cu-In-Se system (Anderson et al., 2003)

The binary phase CusSe and InSe; can be alloyed to form CulnSe; similarly the binary
phase CusSe and GasSes can be alloyed to form CuGaSe;. Ternary phase CulnSe; can be
alloyed in any proportion (x) with ternary CuGaSe; to form Cu(In,Ga)Se;. The chemical
formulas as follows:

CuySe+InySe;—2CulnSe;
CusSet+GaySe;—2CuGaSe;
(1-x)CulnSer+xCuGaSe,—Culn,Gai.Se;

So, Cu(In,Ga)Se; can accomodate large variations in composition. The compositional ratios
of Cu/(In+Ga) and Ga/ (In+Ga) play critical roles on the characteristics of CIGS solar cells.
The Cu/(In+Ga) ratio largely affects the morphology of the CIGS absorber, while the
Ga/(In+Ga) ratio determines the band-gap, both of which are critical for cell performance
(Sakurai et al., 2003).

The ratio (x) of Ga/(In+Ga) can change the band-gap of the CIGS absorber layer. According
to different Ga/(In+Ga) ratio, the CIGS solar cells with different band-gap can be
manufactured. The most important is this ratio not only to optimize the general band gap
level, but also to obtain different band gaps at different depths in the CIGS thin film. This is
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called band gap profiling. In CIGS thin film solar cells an in-depth band gap variation due to
changes in the Ga/(In+Ga) ratio is commonly referred to as Ga-grading (Lundberg et al.,
2005). By increasing the Ga/(Ga+In) ratio (x) from 0 to 1 the band-gap varies continuously
from about 1.02 eV (CIS) to about 1.66 eV (CGS). The various band gaps are suitable to the
solar spectrum to improve light absorption and thereby further improve the solar cell
performance and increase the efficiency. For high performance devices, the ratios are
Ga/(In+Ga)=0.2-0.3 and Cu/(In+Ga)=0.7-1.0. In the recorded high efficiency (19.9%) CIGS
solar cell, the ratios are Ga/ (In+Ga)=0.3 and Cu/ (In+Ga)= 0.81 (Repins et al., 2008).

4.3.1 Structure of a CIGS thin-film solar cell

CIGS thin film solar cell has the same structure as CdTe solar cell (Figure 4.2). It has 5
different thin film layers as:

Substrate;

Front contact-Transparent conducting oxide (TCO);

CdS window layer;

CIGS absorber;

Back contact.

G i L=

ITO, ZnO: ~230 nm

Mo: ~0.5 pm

Glass, Metal Foil, Plastics

Fig. 4.11. CIGS thin-film solar cell structure.

Basic CIGS thin film solar cell structure is depicted in Figure 4.11. The Individual layer
thicknesses are approximate and may differ somewhat among laboratories. The substrates
can be glass (NAKADA & MIZUTANI, 2002), metal foils (Wuerz et al., 2009) or plastics
(Huang et al., 2004). The most common substrate is soda-lime glass, which is about 1-3 mm
thickness. Metal molybdenum (Mo) is coated on the substrate as back contact pole
(NAKADA & MIZUTANI, 2002). The semiconductors CIGS, CdS and ZnO are shaped into
the heterojunction. Here CIGS is p-type semiconductor and ZnO is n-type semiconductor.
CdS is buffer layer. In this asymmetric structure, the CIGS layer serves as an absorber, ZnO
and CdS layers serve as window layers and the band-gaps: Eg7,0=3.2 eV and Egcqs=2.4 eV.
ZnO layer also serves as front contact pole for current collection.

CIGS absorber layer is complex, according to detailed thin film composition. It can be CIS,
CIGS or CGS.

CdS window layer can be replaced by ZnS etc thin film to realize Cd-free thin films CIGS
solar cells. Front contact TCOs can be ZnO (Repins et al., 2008), ZnO:Al (NAKADA &
MIZUTANTI, 2002), ITO etc. Back contact can be Mo (formation of MoSe;, back surface field),
Cr (Na barrier), Cu (CIS Cut process) or TCOs (superstrate cells, reversed configuration).
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The standard thickness of the Cu(In,Ga)Se, (CIGS) absorber thin film layer is 1-2.5 pm
(Figure 4.11). Reducing the thickness can reduce the materials cost and lower the
production cost. Lundberg et al (Lundberg et al., 2003) research shows that when the
thickness of the CIGS absorber layer is down to 0.8-1.0 pm, this structure can maintain a
very high performance. When the CIGS layer was further reduced in thickness the loss in
performance increased. When the thickness is 1.8 pm, the efficiency is 16.1%; when the
thickness is 1.0um, the efficiency is 15%; but when the thickness is 0.6 pm, the efficiency is
12.1%. A pronounced loss in the efficiency is shown.

4.3.2 Manufacturing

The CIGS layer can be deposited in a polycrystalline form directly onto molybdenum coated
glass sheets or steel bands. Compared to large crystal, it can save energy. CIGS films can be
manufactured by several different methods. A vacuum-based process (NAKADA &
MIZUTANI, 2002; Repins et al., 2008; Delahey et al., 2004) is very common. Co-evaporating
or co-sputtering copper, gallium, and indium can form a CulnGa thin film. Then the film is
annealed in a selenide vapor to form the CIGS structure. The CIGS also can be formed with
directly co-evaporating copper, gallium, indium and selenium onto a heated substrate. A
non-vacuum-based process deposits nanoparticles of the precursor materials on the
substrate and then sinters them in situ. CIGS layer also can be achieved through
electroplating, which is the low cost way. Vacuum processes are expensive and can achieve
very high efficiency of almost 20% (NAKADA & MIZUTANI, 2002; Repins et al., 2008).
Non-vacuum solution processes progressed quickly and can get efficiencies of 10%-15%
(Bhattacharya et al., 2001; Kapur et al., 2003), such companies as ISET, Nanosolar and IBM
have this technology.

The recorded high efficiency (19.9%) CIGS solar cell deposition process is so-called three-
stage process introduced by NREL (Gabor et al., 1994). It is a vacuum process. In first stage,
In, Ga and Se are co-deposited to form (In,,Gai«)2Se3, followed by the co-deposition of Cu
and Se until Cu-rich composition CIGS is reached, and finally the overall Cu concentration
is readjusted by subsequent deposition of In, Ga and Se. The process yields smooth films
and can result in compositional profiles contributing to both high currents and voltages in
the devices. This smoother surface facilitates the uniform conformal deposition of a thin
buffer layer and prevents ion damage in CIGS during sputter deposition of ZnO/ZnO:Al
(Gabor et al., 1994; Pomeo et al., 2004). The overall solar cell is made as follows: Soda-lime
glass (SLG) substrate, sputtered Mo back contact, three stage co-evaporated CIGS, chemical-
bath-deposited (CBD) CdS, sputtered resistive/conductive ZnO bi-layer, e-beam-evaporated
Ni/ Al grids, MgF2 antireflective coating, and photolithographic device isolation (Repins et
al., 2008; Contreras et al., 1999; Ramanathan et al.,2003).

There are many deposition processes of CIGS thin film. Co-evaporation and two-step are the
main processes (Shafarman & Stolt., 2003). Figure 4.12 shows the schematic of co-
evaporation process.

The process uses line-of-sight delivery of the Cu, In, Ga, and Se from open-boat sources to
the heated substrate. The source evaporation temperature is under control. Typical ranges
are 1300 to 1400°C for Cu, 1000 to 1100°C for In, 1150 to 1250°C for Ga, and 300 to 350°C for
Se evaporation. The advantage of the coevaporation process to deposit CIGS thin film is its
considerable flexibility to choose the process specifics and to control film composition and
band gap. The disadvantage is the difficulty in control, particularly the control of the Cu-
evaporation source. The deposition, diagnostic, and control technology need be improved.
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Fig. 4.12. Configuration for multisource elemental coevaporation.
(Shafarman & Stolt., 2003).

Two-step process is also called selenization. In selenization, copper, indium and gallium
source atoms are ejected from solid targets by high-energy ions (also called “sputtering”).
The selenium is added in a second step through a “selenization” process using a high
temperature hydrogen selenide gas or solid source selenization. Sputtering is a mature
technique. This is the primary advantage of selenization. But this process has the limited
ability to control composition and increase band gap, which may limit device and module
performance. Other difficulties that must be overcome include poor adhesion and the use of
hydrogen selenide, which is hazardous and costly to handle.

Other Deposition includes hybrid sputtering in which Cu, In, and Ga are sputtered while Se
is evaporated, closed space sublimation (CSS), chemical bath deposition (CBD) etc. These
methods are reviewed in Reference (Shafarman & Stolt., 2003).

CIGS thin film solar cells have become commercial products successfully. A lower-cost
process should feature high deposition rates, high material utilization, and simpler
equipment capable of processing very large substrates. In order to lower the cost, there are
still some critical issues for CIGS application (Ullal, H.S. & Roedern, B. von. 2007):

1. Standardization of equipment and technology for the growth of the CIGS absorber
films;

Higher module efficiencies (over 20%);

Prevention of moisture ingress for flexible CIGS modules;

Thinner absorber layers of less than 1 micrometer or less;

CIGS absorber film stoichiometry and uniformity over large areas.

Al

4.3.3 Efficiency

CIGS (CulnGagxSez) is one of the most prospective absorber materials for low cost
polycrystalline thin film solar cells. Unlike the homojunction silicon cells, the structure of
CIGS cells is a more complex heterojunction system. CIGS solar cell can achieve very high
efficiencies such as 19.5% (x~0.3) (Contreras et al., 2005) ,19.9% (x~0.3) (Repins et al., 2008)
etc. In National Renewable Energy Laboratory (NREL), the new world record total area
efficiencies of 15.0% for CIS and 10.2% for surface modified CGS solar cells had been
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achieved. The use of gallium increases the optical band gap of the CIGS layer as compared
to pure CIS, thus increasing the open-circuit voltage. Crystalline silicon solar cells can get
efficiency as high as 24.7%, and CIGS efficiency is lower than 20%. But CIGS is much
cheaper due to the much lower material cost and potentially lower fabrication cost. CIGS
has very strong light absorption as a direct band-gap material. Most of the sunlight can be
absorbed with 1-2um thickness CIGS layer. Compared to CdTe solar cells, CIGS are more
pro-environmental solar cells. Because CIGS can consume smaller cadmium than CdTe, and
cadmium is toxic material. Table 4.2 lists some conventional CIGS solar cell efficiencies.

CIGS cell Efficiency Voc Jsc FF Area Reference
(%) (mv) (mA/cm2) (%) (cm2)
Thin-film ZnO/CdS/CIGS 19.9 690 35.5 §1.2  0.419 Repins et al., 2008
Thin-film ZnO/CdS/CIGS 19.5 690 3522 79.9  0.409 Contreras et al., 2005
Thin-film ZnO/CdS/CGS 10.2 823 18.61 66.77  0.419 AbuShama et al, 2005
Thin-film ZnO/CdAS/CIS 15 490 40.5 752 0403 AbuShama et al., 2005
Thin-film ZnO/CIGS 18.5 670 35.11 78.8  0.402 Kazmerski, 2004

Table 4.2. CIGS solar cell efficiencies

4.3.4 Cd-Free Cu(In, Ga)Se2 thin-film solar cells

The recent trend in buffer layers is to substitute CdS with ‘Cd-free’ wide-bandgap
semiconductors and to replace the CBD technique with in-line-compatible processes. The
standard device structure of Cu(In,Ga)Se, (CIGS)-based solar cells use a very thin chemical-
bath-deposited (CBD) CdS buffer layer as window layer. But Cd is a kind of toxic materials.
In the last decade, serious efforts to substitute the CdS buffer layer by other nontoxic low-
absorbing materials have been made and the results are encouraging. For example, M.A.
Contreras et al (Contreras et al., 2003) developed a Cd-free Cu(In,Ga)Se; thin-film solar cell.
Thin film ZnS is used as window layer, which is a wider band gap material than CdS and
can improve the quantum efficiency at short wavelengths. This structure solar cell can get
energy conversion efficiency as high as 18.6%. This result suggests that CIGS thin film solar
cells with efficiencies as high as those fabricated using CdS buffer can be achieved even if
toxic Cd compounds are not utilized.

As an alternative to CdS, various materials show promising results. CBD-ZnS, MOCVD-
ZnSe, ALD-ZnSe, CBD-ZnSe, CBD-ZnO, co-sputtered (Zn,Mg)O, CBD-In(OH);, ALCVD-
InyS;, Co-evap-InSes, Co-evap-InZnSe,, CBD-SnO; etc can be alternative buffer layers to
replace the traditional CdS window layer and realize the Cd-free CIGS solar cells. The
deposition methods can be: chemical bath deposition (CBD), atomic layer chemical vapour
deposition (ALCVD), metal organic chemical vapour deposition (MOCVD), ion layer gas
reaction (ILGAR), sputtering, thermal evaporation, and electrodeposition (ED) (Hariskos et
al., 2005). Some processes can get very high efficiencies. CBD ZnS based buffer layer CIGS
solar cells have 18.6% efficiency which is comparable with the CBD CdS. However, Zn-
based compounds tend to form a blocking barrier due to the band alignment with CIGS. If
the layer thickness is less than 50 nm, and the deposition quality is high, and the CIGS
surface is uniform, the barrier can be reduced (Remeo et al., 2004). Hariskos et al has over-
viewed the development of Cd-free materials and manufacture for Cu(In,Ga)Se;-based thin-
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film solar cells and modules. Table 4.3 lists some CIGS solar cells condition with different
buffer layer materials.

Material Method Efficiency (%)  Reference

Cds CBD 19.9 Repins et al., 2008
ZnS-based CBD 18.6 Hariskos et al., 2005
In(OH)3:Zn-based CBD 14 Tokita et al., 2003
In;Ss-based ALCVD 16.4 Naghavi et al., 2003
ZnSe-based CBD 15.7 Ennaoui et al., 2001
ZnInSex Coevap. 153 Hariskos et al., 2005
InxSey Coevap. 13 Hariskos et al., 2005
ZnMgO Sputtering 16.2 Negami et al., 2002
ZnO CBD 15.7 Hubert et al., 2009
SnO» CBD 12.2 Hariskos et al., 2005

Table 4.3. CIGS efficiencies and manufacture with different window layers
(Hariskos et al., 2005).

4.4 Nanocomposite application in dye-sensitized solar cells

A dye-sensitized solar cell (DSSC or DSC) is a low-cost solar cell like CdTe and CIGS thin
film solar cells. DSSC has developed many years, but for a very long time the energy
conversion efficiency is less than 1%. The high efficiency DSSC solar cell (over 7%) was
invented by Michael Gritzel and Brian O'Regan at the Ecole Polytechnique Fédérale de
Lausanne (one of the two Swiss Federal Institutes of Technology) in 1991 (O'Regan &
Gritzel., 1991). For this significant discovery, DSSC solar cell attracted considerable
attention as a potential alternative to conventional inorganic photovoltaics and developed
rapidly during the 1990s. Dr. Grétzel created DSSC solar cell from low to medium-purity
materials through low-cost process, which exhibits a commercially realistic energy-
conversion efficiency. So, DSSC solar cell is called as Grétzel cell also. Up to date, the DSSC
solar cell can reach 11.1% efficiency (CHIBA et al., 2006; Han et al., 2006).

DSSC can be classified into the group of nanocomposite thin film solar cells. It is based on a
semiconductor formed between a photo-sensitized anode and an electrolyte, a
photoelectrochemical material. Because of the high surface area of the semiconductor film
and the ideal spectral characteristics of the dye, the device harvests a high proportion of the
incident solar energy flux (46%) and shows exceptionally high efficiencies for the conversion
of incident photons to electrical current (more than 80%) (O'Regan & Gritzel., 1991). DSSC
solar cell is insensitive to temperature change. When the temperature rises from 20 to 60°C,
which is the normal natural condition, the power conversion efficiency has no change. In
contrast, conventional silicon cells exhibit a significant decline over the same temperature
range amounting to about 20%. DSSC solar cell has the lower sensitivity to angle of light
incidence as compared to silicon-based cells. These advantages made DSSCs attractive for
practical applications (Grétzel, 2004). Unlike solid semiconductor solar cell, the dye-
sensitized solar cell uses liquid electrolyte to transport electron excited by sunlight. The
liquid electrolyte dye-sensitized solar cell has some problems such as leaking and
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degradation. It is not stable. So colloids are developed and used in dye-sensitized solar cells.
Normally a dye-sensitized solar cell uses nano-crystalline TiO, as the semiconductor
material (O'Regan & Gritzel.,, 1991). Here the semiconductor is solely used for separating
charge. Photoelectrons are generated from the photosensitive dye. Photovoltaic performance
of the solar cell depends remarkably on the semiconductor materials.

4.4.1 DSSC solar cell structure and working cycle

Figure 4.13 is a schematic diagram of a DSSC solar cell. A typical DSSC includes back
contact transparent conducting oxide (TCO), semiconductor titanium dioxide (TiO) thin
film, electrolyte (usually a ruthenium bipyridyl complex), Pt catalyst and front contact TCO.
The two transparent conducting oxide (TCO) glass slides are coated with fluorine doped tin
oxide (FTO). TCO can be ZnO, ITO and SnO; etc. TCO in DSSC solar cell has the same
functions with that in CdTe and CIGS solar cells. The n-type semiconductor TiO; thin film is
attached to the substrate serves as a back electrode. The electrolyte contains a reduction-
oxidation (redox) couple (1~ /13 ). The counter electrode TCO glass is covered with a very

small amount of platinum (5-10 pg/cm?2), which is responsible for catalytic cathodic
reduction of triiodide to iodide. The electrolyte fully fills the space between the two
electrodes.

Light

transparent conductive glass
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Fig. 4.13. A schematic diagram of structure and components of a DSSC solar cell
http:/ /www.umk.fi/en/newsletter_newsletter_0108_Aitola_more.html

The semiconductor TiO; thin film is about 10pm thickness with the particles in nano-size
about 20nm (O'Regan & Grétzel., 1991). Dye molecules are attached to the TiO; surface. TiO
is porous nano-crystalline structure and the internal surface area is thousands of times
greater than the dimension of the cell (Yongbai, 2007). Under solar radiation, the dye
molecules absorb the photons and excite electrons. The charge separation from the dye to
the TiO, happens at the surface between the semiconductor and electrolyte surface. The
application of porous nanocrystalline TiO, semiconductor and organic electrolytes
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(ruthenium complex) was Dr. Gritzel's great invention. The smooth surface between
electrolyte and non-porous crystalline TiO, can absorbs incident light less than 1%. But the
interface between electrolyte and porous nanocrystalline TiO, can absorb incident light over
80%.
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Fig. 4.14. Principle of operation and energy level scheme of the dye-sensitized
nanocrystalline solar cell. Potential are referred to the standard calomel electrode (SCE)
(Hagfeldtt & Grétzel, 1995). The redox system is iodide/ triiodide-based redox eletrolyte.
S stands for sensitizer; S*, electronically excited sensitizer; S*, oxidized sensitizer

The DSSC is different with any other solar cells. This photovoltaic device uses molecules to
absorb photons and convert them to electric charges without the need of intermolecular
transport of electronic excitation, whereas others use atoms. DSSC solar cell separates the
two functions of light harvesting and charge-carrier transport, whereas conventional and all
of the other known photovoltaic devices perform both operations simultaneously (Gratzel,
2009). Figure 4.14 shows the DSSC solar cell working cycle and the relative energy levels of
the cell. Incident sunlight passes through the transparent electrode into the dye layer where
it can excite electrons that then flow into the semiconductor TiO; layer. The electrons flow
toward the transparent electrode where they are collected for powering a load. After
flowing through the external circuit, they are re-introduced into the cell on a metal electrode
on the back, flowing into the electrolyte. The electrolyte then transports the electrons back to
the dye molecules. This cycle includes 5 steps of photoelectronic chemistry process (Figure
4.14) (Yongbai, 2007):

1. An incident photon is absorbed by the dye molecule and an electron from a molecular

ground state S is then excited to a higher energy state S* (at anode);

S+hv—5S* @
2. the excited electron is injected to an oxidized state S* (at anode);

S* St +e )
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2S* 431" —> 2S+1; ®)

3. the injected electron passes through the porous nanocrystalline material and reaches the
transparent conducting oxide layer;
4. the electron is transferred to the triiodide in the electrolyte to yield iodine (at cathode);

I, +2e” (Pt)=3T" )

5. the reduction of the oxidized dye by the iodine in the electrolyte.

S*+e S ®)

hv is the photon energy; S stands for sensitizer; S¥, electronically excited sensitizer; S,
oxidized sensitizer.

4.4.2 Dye and efficiency

Different sensitizers have different transparency and absorbance on the sunlight spectral

region. In dye solar cells, the dye is one of the key components for high power conversion

efficiencies. Since highly efficient dye-sensitized solar cells (DSSCs) were first reported by

Gritzel, substantial research has been carried out in the engineering of novel dye structures

in order to enhance the performance of the system. At least 80 groups attended this research.

The energy conversion efficiencies have been achieved over 10%.

Scientifically, a DSSC can achieve efficiency as high as 15% or more (Gratzel, 2003; Kroon et

al., 2007). But till now, the highest efficiency is around 12%. This means there is a high

potential for improvement in efficiency. The efficiency (1)) is the function of the open circuit
voltage (Voc), the short circuit current (Jsc) and Fill factor (FF). The limitation of efficiency is

on the three parts (Kroon et al., 2007):

a. Inefficient light absorption by existing sensitizer dyes in whole sunlight spectrum.
Some are sensitized on UV-visible region but insensitive on IR region; some are
sensitized on IR region, but insensitive on UV-visible region.

b. Sub-optimum photovoltage output. The improvements in the photovoltage could
substantially increase device efficiencies by up to 50%.

c. Fill factors (FF) are limited in general by series resistance losses, light-intensity
dependent recombination, non-ideal dark diode currents and, in some cases, shunt
resistance losses.

Table 4.4 provides a summary of the best performance data obtained (state of the art) to date

in solar light conversion, as well as open circuit voltages (Voc) at various fill factors (FF)

using various dyes for a number of surface areas.

In the new reports from M. Graetzel, EPFL has got very high efficiencies about sensitizers of

C101 (11.3%, Thampi et al., 2008) and Z991 (11.91% (Grétzel, 2008),12.3% (Grétzel, 2009).

There are still a lot of work to do to achieve the theory efficiency 15% (Kroon et al., 2007).

Many different dyes with a variety of chromophoric ligands have been synthesized and

studied in DSSCs: polypyridine complexes of transition metals, metalloporphyrins, and

metallo-phathalocyanines as well as different metal-free, donor-acceptor type dyes

(Kalyanasundaram & Gritzel 2009). In most of the experiments, Ruthenium-based dyes are

the main sensitizers. They are the best choices for DSSCs. They includesN3, N719, N749

(Black dye), N621 (1n=9.57%, (Nazeeruddin et al, 2005), C104, Z907 (1n=9.5%,

Kalyanasundaram & Gritzel 2009) etc.
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Sensitizer Efficiency  VoC Jsc FF Area .res.e ar(.:h Reference

(%) (mv) (mA/cm2) (%) (cm2) institution
N3 7.12-7.9 0.5 EPFL O'Regan & Griitzel 1991
N3 10 720 18.2 73 0.31 EPFL Nazeeruddin et al., 1993
N749 104 720 205 70 0.18 EPFL Nazeeruddin et al., 2001
N3 93 770 16.8 72 1 EPFL Nazeeruddin et al., 2003
N3 11.04 840 16.8 79 EPFL Griitzel, 2004
7910 10.2 777 17.2 76.4 EPFL Wang et al., 2004
N719 11.18 846 17.7 75 0.16 EPFL Nazeeruddin et al., 2005
N749 11.1 736 209 722 022 Sharp CHIBA et al., 2006
N719 10.8 760 17.3 76 0.25 AIST Chiba et al., 2006
N719 10.1 826 17 72 1.31 EPFL Kroon et al., 2007
K77 10.5 780 19.2 72.5 0.158 EPFL Kuang et al., 2007
C104 10.53 760 17.87 776 0.158 Gao et al., 2008

EPFL: Ecole Polytechnique Federale de Lausanne
AIST: the National Institute of Advanced Industrial Science and Technology (Japan)

Table 4.4 High efficiencies dye-sensitized solar cells development

N3 dye is one of the most commonly used sensitizing dyes for high-performance DSSCs.
N719 dye is one of its derivatives,in which two protons are replaced by tetrabutylammonium
cations (TBA) (figure 4.14). Both N3 and N719 have very good absorbance in UV-visible
spectrum region, and can reach very high solar-energy-to-electricity-conversion efficiency
(table 4.4). N749 (black dye) is sensitive in the low-frequency range of red and IR light.
Figure 4.15 and Table 4.5 show the structures and compositions of some of these high
performance dyes respectively.

Recently some organic dyes have been developed. For example the D205 indoline dye (Ito et
al.,, 2008) and C217 (Zhang et al., 2009) achieved efficiencies 9.5% and 9.8%, respectively.

CO0-TBA™

N3 N719 7907 Black dye (N749)
n=11.04% n=11.18% n=9.5% n=11.1%

Fig. 4.15. Structures of some of the most efficient Ru-based DSSCs
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Dye Name

N3 cis-bis(isothiocyanato)bis(2,2’-bipyridil-4,4’-dicarboxylate) ruthenium(II)

cis-bis(isothiocyanato)bis(2,2’-bipyridyl-4,4’-dicarboxylate) ruthenium(II) bis-

N719 tetra-n-butylammonium
cis-bis(isothiocyanato)(2,2’-bipyridyl-4,4’-dicarboxylate)(4,4'-ditridecyl-2,2'-
N621 o .
bipyridine)ruthenium(II)
7907 cis-bis(isothiocyanato)(2,2’-bipyridyl-4,4’-dicarboxylate)(4,4'-dinonyl-2,2'-

bipyridine)ruthenium(II)

N749 | tris(cyanato)-2,2',2”-terpyridyl-4,4',4” -tricarboxylate) Ru(II)

Table 4.5. Some dyes' compositions

4.4.3 Metal oxides

Semiconductor oxides used in dye-sensitized solar cell include TiO,, ZnO, SnO,, Nb2Os etc.,
which serve as the carrier for the monolayers of the sensitizer using their huge surface and
the medium of electron transfer to the conducting substrate. Anders Hagfeldtt et al
(Hagfeldtt & Grétzel., 1995) even introduced nano-crystalline CdSe, CdS, WO3, Fe;Os, In;O;
and TaxOs etc as the semiconductor oxides on the DSSC applications. Conventional high
efficiency DSSC uses nano-crystalline TiO; as the semiconductor because TiO; has the
properties such as low-cost price, abundance in the market, nontoxicity etc. ZnO has an
energy gap of 3.37 eV, nearly identical to that of TiO,. DSSCs built from ZnO nanoparticles
show the second highest efficiencies after TiO,. Karin Keis et al (Keis et al., 2002) developed
a DSSC solar cell with nanoporous ZnO as the semiconductor to replace TiO, and N3 as the
sensitizer. By improving the interfacial contact between dyes and ZnO particles in the film,
overall solar-to-electric energy conversion efficiencies of up to 5% were obtained. Ming-
Hong Lai et al (Lai et al., 2010) developed a new structure DSSC solar cell using ZnO to
replace TiO.. In this structure, a ZnO thin film is used as the TCO and a ZnO nanorod layer
as semiconductor. There are also a lot of research about ZnO-based DSSC (Hongsith &
Choopun., 2010; Martinson et al., 2007). Unfortunately, the ZnO-based DSSC efficiency is
much lower compared to that based on TiO,. One of the reasons for the low efficiency of
ZnO-based DSSCs is the excessive dye aggregation on the ZnO surface, which in turn causes
slower electron injection from the dye to ZnO (Zhang et al., 2008). The conditions as SnO,
and other semiconductors are same low efficiencies. Up to date Nano-porous TiO; is still the
best choice in semiconductor.

4.4 4 Electrolytes

The electrode in DSSC is to transport the charge carrier between photoanode and counter
electrode. In the DSSC working cycle, the dye releases the electrons excited by the incident
light into the conduction band of TiO,. The dye loses electrons and must be reduced to its
ground state rapidly. The ionic electrolyte must send electrons to the dye quickly. So, the
electrode should have very good conductivity and good interfacial contact with the porous
nanocrystalline layer and the counter electrode.
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The electrolyte mixtures used in high-efficiency DSSC cells include liquid, solid-state and
quasi-solid-state electrolytes.

Liquid electrolyte is widely used in DSSC. Most experiments of DSSC use liquid electrolyte
including 1~ / I3 redox couple. The light-to-electricity conversion efficiency based on 1~ /15

redox couple liquid electrolyte has been achieved to over 12%. This is the most efficient
electrolyte. But the problem about this electrolyte is the corrosion for metals, which can
cause sealing and long-time stability. Other kind redox couples such as Br-/Br,, SCN-
/SCN2, SeCN-/SeCNj also can be used in liquid electrolyte, but the light-to-electricity
conversion efficiency is low. The limitations of liquid electrolyte are leakage of device,
volatilization of organic solvents and long term stability. Solid-state electrolytes with no
liquid materials can overcome the disadvantage of fluidity and volatility for liquid
electrolytes and has long term stability. But the light-to-electricity conversion efficiency of
DSSC with solid-state electrolytes is very low because of poor interface contact property and
lower conductivity (Wu et al., 2008). Quasi-solid-state electrolyte is between liquid
electrolyte and solid-state electrolyte. It has better long-term stability than liquid electrolytes
but less than that of solid-state electrolyte. It has better ionic conductivity and interfacial
contact property than that of solid-state electrolyte, but not as good as that of liquid
electrolyte. Now DSSCs based on quasi-solid-state electrolyte are attracting more interest.
Some researches got good results and the light-to-electricity conversion efficiencies are very
high, such as 6.9% (Stathatos & Lianos., 2007) and 7.3% (Sathiya Priya et al., 2008).
Compared with liquid electrolyte based DSSCs, the efficiencies of quasi-solid-state based
DSSCs are very low.

4.4.5 Tandem-structure and dye-bilayer structure DSSC

Up to date, no sensitizer has good incident absorbance along the whole sunlight spectrum.
Like conventional solar cell, the DSSC also can be synthesized as tandem-structure. But
DSSC has special property that the nanocrystalline dye-sensitized solar cell DSSC can be
designed by appropriate choice of the sensitizer to absorb incident photons in selective
spectral regions of the solar spectrum while maintaining high transparency in the remaining
wavelength range (Liska et al., 2006). So, in the tandem-structure DSSC, just choosing
different sensitizers which have different transparency and absorbance on the sunlight
spectral region to make top and bottom cells can get high conversion efficiencies. For
example, Yanagida et al in AIST group developed a kind of DSSC tandem-structure dye-
sensitized solar cell (Yanagida et al., 2010). N719 is sensitized on UV-visible region and
N749 (black dye) is sensitized near infrared region (figure 4.16). The spectral response of the
two systems is complementary to each other and reveals the advantage of employing them
in a tandem mode. Tandem-structure DSSC with N719 as top cell and N749 as bottom cell
sensitized on incident light from UV to infrared region can reach the highest photovoltaic
conversion efficiency of 10.6% (parallel structure) under solar-simulating light conditions
(AM1.5, 100mWcm2).

A DSSC cell can combine a CIGS cell to buildup a tandem-structure cell. Liska et al developed
a photovoltaic tandem cell comprising a nanocrystalline dye-sensitized solar cell (N719 based)
as a top cell for high-energy photons and a copper indium gallium selenide (CIGS) thin-film
bottom cell for lower-energy photons (Liska et al., 2006). Figure 4.17 shows photon-to-current
conversion efficiency (IPCE) of this DSSC/CIGS tandem-structure solar cell. The DSSC top cell
shows a strong response in the UV, blue, and green wavelength domains and the CIGS bottom
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cell exhibits high external quantum efficiencies in the red and near IR parts of the spectrum
extending from 700 to 1150 nm where the DSSC is insensitive to light. This DSSC/CIGS
tandem-structure is sensitized on the spectrum from UV to IR region.
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PT-DSSC: parallel tandem structure
dye-sensitized solar cell

top cell: N719 based cell

bottom cell: N749 (black dye) based cell
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Fig. 4.16. The incident monochromatic photon-to-current conversion efficiency (IPCE)

spectra of a PT-DSSC (solid line) and its top and bottom cells (dashed and dotted lines,
respectively).
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Fig. 4.17. Spectral response curves of the photon-to-current conversion efficiency (IPCE) for
a DSSC top cell (bold line) and a CIGS bottom cell (dotted line) (Liska et al., 2006)

This cell can achieve photovoltaic conversion efficiencies as high as 15.75% which was
significantly higher than that of the individual cells. Here the N719 based DSSC top cell
efficiency is 7.85% and the CIGS bottom cell efficiency is 8.17%.

Inakazu et al studied a dye-sensitized solar cells (DSSC) containing dye-bilayer structure of
black dye and NK3705. This structure was fabricated by staining one TiO; layer with these
two dyes, step by step. The short circuit current (Jsc) and the incident photon to current
efficiency (IPCE) of this cell are almost the sum of those of DSSC stained with black dye only
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and DSSC stained with NK3705 only. The efficiency of this dye-bilayer solar cell is 9.16%,
which is higher than that of black-dye based solar cell (7.28%) and NKB3705 based cell
(1.85%) (Inakazu et al., 2008).

4.5 Polymer solar cells

A polymer solar cell is also called an organic solar cell or a plastic solar cell. The polymer as
substrate can make the cell flexible. The polymer solar cell is typically made from a
nanocomposite thin film material. Such a solar cell produces electricity from sunlight by the
polymer. Compared with silicon-based solar cells, polymer solar cells can greatly lower the
cost. For a polymer solar cell, there are three major ways to lower the cost. First, it uses low
cost plastic as the active materials to convert solar energy into electricity; second, the active
plastic layer thickness is in nano-scale, this means the raw materials consumption will be
significantly decreased; the third aspect is the low manufacturing cost, the solution
processing is low easy and low cost. The ink-jet printing, micro-contact printing, and other
soft lithography techniques have further improved the potential of conjugated polymers for
low-cost fabrication of large-area integrated devices on both rigid and flexible substrates.
These techniques are similar to printing on newspaper and the cost is very low. Polymer
solar cells is cheaper to make than thin-film cadmium-telluride (CdTe) or copper indium
gallium selenide (CIGS) ones because 