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1. Introduction to Nanoscale Materials

1.1 Introduction to the nanoworld

The nanoscale material with at least one dimension in the nanometer range is a bridge between
isolated atoms or small molecules and bulk materials. Therefore, it is referred to as mesoscopic
scale materials. Nanoscale materials as foundation of nanoscience and nanotechnology have
become one of the most popular research topics in recent years. The intense interests in
nanotechnology and nanoscale materials have paid to several areas by the tremendous economical,
technological, and scientific impact: () with exponential growth of the capacity and speed of
semiconducting chips, the key components which virtually enable all modern technology is
rapidly approaching their limit of arts, this needs the coming out of new technology and new
materials; @ novel nanoscale materials and devices hold great promise in energy, environmental,
biomedical, and health sciences for more efficient use of energy sources, effective treatment of
environmental hazards, rapid and accurate detection and diagnosis of human diseases; and 3 when a
material -is reduced to the dimension of nanometer, its properties can be drastically different from
those of the bulk material that we can either see or touch even though the composition is essentially
the same. Therefore, nanoscale materials prove to be a very fertile ground for great scientific
discoveries and explorations.

It has been said that a nanometer is “a magical point on the length scale”, for this is the point
where the smallest man-made devices meet the atoms and molecules of the natural world ",

Indeed, nanoscience and technology have been an explosive growth in the last few years.
“Nanotechnology mania” is sweeping through essentially all fields of science and engineering, and
the public is becoming aware of the quote of the chemist and Nobel laureate, Richard Smally: “Just
wait, the next century is going to be incredible. We are able to build things that work on the smallest
possible length scales, atom by atom. These little nanothings will revolutionize our industries and

our lives '.»

1.2 Definition of nanoscale materials

1.2.1 Nanometer

The prefix “nano” is from the Greek word “nanos” and it means dwarf. Nanometer is a length
unit. A nanometer (nm) equals a billionth of a meter (1nm = 1x1 O‘9m).

Fig.1.1 shows the length scales of some materials synthesized and biology. Beginning at small

scales, feature of Au atomic diameter is on the order of 0.1nm in size. The diameter of a carbon
nanotube is about 1~2nm, and a double helix of DNA is about 3nm. A HIV virus is about 100nm

1
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Fig.1.2 Schematic representation for atom and molecule

and so on . The diameter of one atom is about 0.1~0.2nm, and the length of 8~10'atoms is
about one nanometer as shown in Fig.1.2.

1.2.2 Definition of nanoscale materials

Nanoscale material is defined as a material having one or more external dimensions in the
nanoscale (1~100nm).
Fig.1.3 shows a picture of single-walled carbon nanotubes in comparison to a human hair

which is about 80000nm in diameter. The single-walled carbon nanotube is about 1000 times
smaller than that of human hair in diameter.




1.3 Classification of nanoscale materials

Nanoscale materials are primitively divided into discrete nanomaterials and nanostructured
materials, but also there are other classification methods.

The discrete nanomaterial means that the material has an appearance characteristic at least one
dimension on the nanoscale, such as nanoparticles, nanofibers, nanotubes and membrane.

The nanostructured material is the material has an appearance characteristic of bulk material,
but it may be built up of discrete nanomaterials, such as bulk materials by consolidation
nanopowders, or it may be composed of continuously nanostructural units, such as porous materials
including microporous (<2nm), mesoporous (2~50nm) and macroporous (>50nm), nanophase and
polycrystalline materials.

The technique of consolidation nanopowders is a fabrication method of bulk nanostructured
materials. However, because of the very small size of the powder particles, special precautions must
be taken to reduce the interparticles frication and minimize the danger of explosion or fire. The
powders themselves may have a microscale average particle size, or they may be true nanopowders,
depending on their synthesis routes. They would be compacted at low or moderate temperature to
produce a so-called green body with a density in excess of 90% of the theoretical maximum. Any
residual porosity would be evenly distributed throughout the material and the pores would be fine in
scale and have a narrow size distribution. Polycrystalline materials with grain sizes between 100nm
and 1pm are made up of many nanocrystals and are conventionally called ultrafine grains.

1.3.1 According to the spatial dimension of materials

A reduction in the spatial dimension or confinement of nanoparticle in a particular
crystallographic direction within a structure generally leads to changes in physical properties of the
system in that direction. Hence one classification of nanostructured materials and systems
essentially depends on the number of dimensions which lie within the nanometer range. The
examples of reduced dimensionality systems are shown in Tablel.1 and Fig.l.4“‘3].

Table 1.1 Examples of reduced-dimensionality systems

3D confinement
Fullerenes
Colloidal particles
Nanoporous silicon
Activated carbon
Nitride and carbide precipitates in high-strength low-alloy steels
Semiconductor particles in a glass matrix for non-linear optical components
Semiconductor quantum dots(self-assembled and colloidal)
Quasi-crystals
2D confinement
Carbon nanotubes and nanofilaments
Metal and magnetic nanowires
Oxide and carbide nanorods
Semiconductor quantum wires
1D confinement
Nanolaminated or compositionally modulated materials
Grain boundary films
Clay platelets
Semiconductor quantum wells and superlattices
Magnetic multilayers and spin valve structures
Langmuir-Blodgett films




Fig.1.4 Dimensionality systems of three-dimension (3D), two-dimension (2D),
one-dimension (1D) and zero-dimension (0D)

(1) Zero dimension (0D) materials

There are three dimensions for material on the nanoscale. This means that the size of material
is confined in three dimensions (the material is dimensionless in three directions). This system
includes the nanoparticles, nanocrystals and etc.

(2) One dimension (1D) materials

There are two dimensions for material on the nanoscale. This means the size of material is
confined in two dimensions (the material is dimensionless in the other two directions). The system
includes nanowires, nanorods, nanofilaments, nanotubes and etc. The ratio of the length to the
diameter of these structures is called aspect ratio. The aspect ratio for nanorods generally lies in the
range of 10~100. If aspect ratio of nanorods becomes more than 100, they are termed as nanowires.
Nanowires are hence long nanorods. Nanotubes are on the other hand, nanorods with hollow
interiors.

(3) Two dimension (2D) materials

There is one dimension on the nanoscale in material, that is, the size of material is confined in
one dimension. The system includes ultrathin films, multilayered films, thin films, surface coatings,
superlattices and etc.

1.3.2 According to the quantum properties of materials
(1) Bulk material

The electronic structure of material is strongly related to the nature of material. We now
consider the case of a three-dimensional solid in dx, d, and d. directions containing a number of
“free” electrons. The “free” means those electrons are delocalized and not bound to individual
atom. }

In the free-electron model, each electron in the solid moves with a velocity v =(v,,v,,v.).

The energy of an individual electron is then just its kinetic energy:

1 1

E=—m§2=—m(vf+vi+vf) (1.1)

2 D AL
According to Pauli’s exclusion principle, each electron must be in a unique quantum state.
Since electrons can have two spin orientations (m,=+1/2) and (m,=-1/2), only two
electrons with opposite spins can have the same velocity v. This case is analogous to the Bohr
model of atoms, in which each orbital can be occupied by two electrons at maximum. In

solid-state physics, the wavevector k = (k,.k,,k.) of a particle is more frequently used instead
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of its velocity to describe the particle’s state. Its absolute value k=|E| is the wavenumber.

The wavevector k is directly proportional to the linear momentum ( 5 ) and thus also to the
velocity (V) of the electron.

The calculation of the energy states for a bulk crystal is based on the assumption of periodic
boundary conditions. Periodic boundary conditions are a mathematical trick to “simulate” an infinite
(d =o0) solid. This assumption implies that the conditions at opposite borders of the solid are
identical. In this way, an electron that is close to the border does not really “feel” the border. In other
words, the electrons at the borders “behave” exactly as if they were in the bulk. This condition can be
realized mathematically by imposing the following condition to the electron wavefunctions:
y(x,y,2)=y(x+d,,y,2), y(x,y,2)=y(x,y+d ,z), and y(x,y,z)=y(x,y,z+d,), In other
words, the wavefunctions must be periodic with a period equal to the whole extension of the

solid ™. Each function describes a free electron moving along one Cartesian coordinate. In the
argument of the functions, Kk, _is equal to tnAk=+n2n/d_,. and n is an integer 41 These

4

solutions are waves that propagate along the negative and the positive direction, for & ,. >0 and
k,,. <0, respectively. An important consequence of the periodic boundary conditions is that all

the possible electronic states in the k space are equally distributed. There is an easy way of

visualizing this distribution in the ideal case of a one-dimensional free-electron model: there are
two electrons (m,=%1/2) in the state k =0 (v,=0) , two electrons in the state

k. =+Ak (v, =+Av), two electrons in the state k =-Ak (v, =Av), two electrons in the state
k. =+2Ak (v, =+2Av)and so on.

For a three-dimensional bulk material we can follow an analogous scheme. Two electrons
(m, =%1/2) can occupy each of the states (k,,k k. )=(En Ak, tn Ak,tn Ak), again with
n, . being an integer. A sketch of this distribution is shown in Fig.1.5. We can easily visualize

the occupied states in k -space because all these states are included into a sphere whose

radius is the wavenumber associated with the highest energy electrons. At the ground state, at
0 K, the radius of the sphere is the Fermi wavenumber ky (Fermi velocity v;). The Fermi

energy E, «ck; is the energy of the last occupied electronic state. All electronic states with

an energy E < Ef are occupied, whereas all electronic states with higher energy E > Ef are
empty. In a solid, the allowed wave numbers are separated by Ak=1n2n/d, .. In a bulk

material d_

X2

is large, and so Ak is very small. Then the sphere of states is filled
quasi-continuously 41,

We need now to introduce the useful concept of the density of states D,,(k), which is the
number of states per unit interval of wavenumbers. From this definition, D,,(k)Ak is the
number of electrons in the solid with a wavenumber between k and k + Ak. If we know the

density of states in a solid we can calculate, for instance, the total number of electrons having
wavenumbers less than a given kpyax, which we will call N (kyax). Obviously, N (kmax) is equal to

_[:m D;, (k)dk . In the ground state of the solid, all electrons have wavenumbers k < kg, where

kr is the Fermi wavenumber. Since in a bulk solid the states are homogeneously distributed in
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Fig.1.5 Electrons in a three-dimensional bulk solid ©*!

k -space, we know that the number of states between k and k+ Ak is proportional to Ak
(Fig.1.5). This can be visualized in the following way. The volume in three-dimensional k -space
varies with &°. If we only want to count the number of states with a wavenumber between k and
k + Ak , we need to determine the volume of a spherical shell with radius k and thickness Ak .
This volume is proportional to product of the surface of the sphere (which varies as k) with the
thickness of the shell (which isAk ). D,,(k)Ak is thus proportional to k’Ak, and in the limit
when Ak approaches zero, we can write:

D, =L i

(1.2)
Instead of knowing the density of states in a given interval of wavenumbers it is more useful to
know the number of electrons that have energies between E and E + AE. We know that E(k) is
proportional to &%, and thus k o JE . Consequently, dk/dE o<1/ JE. By using Eq. (1.2), we
obtain for the density of states for a three-dimensional electron model
dN(E) dN(k) dk 1
D, (B)=—L =" w E—«+E 1.3

This can be seen schematically in Fig.1.5. With Eq. (1.3) we conclude our simple description
of a bulk solid. The possible states in which an electron can be found are quasi-continuous. The
density of states varies with the square root of the energy.

Fig.1.5 shows electrons in a three-dimensional bulk solid. (a) Such a solid can be modeled as
an infinite crystal along all three dimensions x,y,z. (b) The assumption of periodic boundary
conditions yields standing waves as solutions for the Schrédinger equation for free electrons. The
associated wavenumbers (k..k,.k.) are periodically distributed in the k-space Bl Each of the dots
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shown in the figure represents a possible electronic state (k..k;,k:). Each state in k-space can be only
occupied by two electrons. In a large solid the spacing A%, . between individual electron states is
very small, and therefore the k-space is quasi-continuously filled with states. A sphere with radius
kg includes all states with k = (k] +k; +k;)"* <k; . In the ground state, at 0 K, all states with k <
kr are occupied by two electrons, and the other states are empty. Since the k-space is
homogeneously filled with states, the number of states within a certain volume varies with K. () It
is the dispersion relation for free electrons in a three-dimensional solid. The energy of free electrons
varies with the square of the wavenumber, and its dependence on k is described by a parabola. For a
bulk solid the allowed states are quasi-continuously distributed and the distance between two
adjacent states (here shown as points) in k-space is very small. (d) It is the density of states Ds, for
free electrons in a three-dimensional system. The allowed energies are quasi-continuous and their
density of states varies with the square root of the energy E"? shown in Fig.1.5 (

(2) Quantum wells (2D)

When a solid is fully extended along the x- and y-directions, but the thickness along the
z-direction (d.) is only a few nm, electrons can still move freely in the x- and y-directions. However,
movement of electrons in the z-direction is restricted and becomes quantized. Such a system is
called two-dimensional (2D) system and is also named as quantum well.

When one or more dimensions of a solid become smaller than the De Broglie wavelength
associated with the free charge carriers, an additional contribution of energy is required to confine
the component of the motion of the carriers along this dimension. In addition, the movement of
electrons along such a direction becomes quantized. This situation is shown in Fig.1.6. No electron
can leave the solid, and electrons that move in the z-direction are trapped in a “‘box”.

1
Mathematically this is described by infinitely high potential wells at the border z = iadz ]

oo V(Z) oo
N
Y =2
n=3: A3
S k=3n/d,
N
v(2)
N
n=2 4 &4,
J k=2m/d,
Vv
N A=
n=1 U k=m/d,
0 x
~Yd, 0 Yd,

Fig.1.6 Particle-in-a-box model for a free electron moving along in the z-axis. The movement
of electrons in the z-direction is limited to a “box” with thickness d: since electrons
cannot “leave” the solid (the box), their potential energy ¥(z) is zero within the
solid, but is infinite at its borders.



The solutions for the particle-in-a-box situation can be obtained by solving the
one-dimensional SchrOdinger equation for an electron in a potential ¥(z), which is zero within the
box but infinite at the borders. As can be seen in Fig.1.6, the solutions are stationary waves with
energies !
E, =h’k} | (2m)=h’k? | (8%°m)=h’n / (8md’),n. =1,2,3

This is similar to states k, =n Ak, with Ak, =mn/d, . Again, each of these states can be
occupied at maximum by two electrons.

For a two-dimensional solid that the states in the k-space is extended in the x-y-plane only
discrete values are allowed for k.. The thinner the solid in the z-direction, the larger is the spacing Ak
between these allowed states. On the other hand, the distribution of states in the k.-k, plane remains
quasi-continuous. Therefore one can describe the possible states in the k-space as planes parallel to the
k- and k,-axes, with a separation Ak, between the planes in the k.-direction. We can number the
individual planes with n.. Since within one plane the number of states is quasi- continuous, the
number of states is proportional to the area of the plane. This means that the number of states is
proportional to k* = k, + kyz. The number of states in a ring with radius & and thickness Ak is therefore
proportional to & Ak. Integration over all rings yields the total area of the plane in k-space. Here, in

contrast to the case of a three-dimensional solid, the density of states varies linearly with k:

Dzd(k)=%ock (1.4)
In the ground state, all states with k < kg are occupied by two electrons. We now want to know
how many states exist for electrons that have energies between E and E +AE . We know the
relation between k and E: E (k) « k* and thus k o JE and dk/dEx1/E. By using Eq. (1.4)
we obtain the density of states for a 2-dimensional electron gas shown in Fig.1.7.

dN(E) _dN(K) &k

D,,(E)= (1.5)

1
— 1
dE dk dE Jioc

(a) (b)
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(k) 2 DB
% d -
\ n=4 n=4
5 n=3
& n=2
n= n=1
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Fig.1.7 Electrons in a two-dimensional system.



