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In the development of nanomaterials, their characterization is very important. 

Transmission Electron Microscopy (TEM) is one of the most useful techniques in the 

characterization of nanomaterials since TEM probe size is ideal for nanocale study and 

provides structural & chemical information to the angstrom level. Image techniques, 

electron diffraction, chemical analysis can be obtained in a single instrument. The 

analytical capability and information limit of TEM are further increased with the use of 

highly coherent field emission electron sources with reduced thermal energy spread. In 

this work I will enhance the application of this advanced technique in the characterization 

of nanomaterials.  The first example of application was the study of carbon nanocages.  
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Carbon is the element with richest chemistry and can form many fascinating structures.  

Here we report that carbon coated Ag nanoparticles form necklace-structures and the 

entrapped Ag nanoparticles can jump outside of carbon nanocages by electron beam 

irradiation. By combining TEM, HAADF-STEM and EELS techniques, we were able to 

explain the formation of fullerene-open structure. The second example of application was 

to study nanoparticles (Au nanoparticles and Co nanoparticles in Y-Zeolite). When 

nanostructures are observed by TEM, forbidden spots are presented in their electron 

diffraction patterns because their nanometric size. In order to properly interpret the 

images, the study and understanding of these spots are necessary. In this work we study 

them and it is shown that they can be well used to obtain 3D structural information in 

conventional TEM dark field images when weak-beam TEM images of the nanoparticles 

are generated. In case of Co nanoparticles in zeolites, HAADF-STEM was applied to 

study the nanopaticles in the channel of zeolites, and we were able to observe 1 or less 

than 1 nm Co nanoparticles. The third example of application was the study of soft 

materials in a drug delivery agent. HAADF-STEM was applied for the first time to drug 

delivery study in particular to the agent with polyvinylpyrrolidone (PVP). The successful 

application in danazol with PVP proved this technique would be a valuable asset in other 

research area like polymer composites characterization without using stain. 
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Chapter 1 Introduction 

Nanomaterials refer to the materials whose size is in the range from 1 to 100nm 

[1]. As a result of restricting size, nanomaterials exhibit fascinating properties (e.g. 

electrical and optical properties) [2, 3], which are different from and surpass the bulk 

properties. For example, as the size of nanoparticles decrease, new shape and structures 

(e.g. five fold symmetry nanocrystal which does not exist in conventionally sized crystal) 

are produced [4]. They can be applied to catalysis for the high surface area, activity and 

selectivity [5], nanoelectronic devices for quantum effects [4], and even in 

nanobiotechnology such as biosensors, antimicrobial materials[6, 7]. For one-dimensional 

nanostructures such as nanotubes, nanowires and nanorods, in addition to their optical, 

mechanical, and electronic properties, the important issue is to make one dimensional 

devices possible [8-10]. 

 To explore synthesis methods and potential applications, a great interest in the 

development of nanomaterials and nanotechnology has developed. So far, there are many 

methods for nanomaterials synthesis such as liquid solution synthesis or colloidal 

synthesis, vapor phase ( physical vapor deposition and chemical vapor deposition), solid 

phase synthesis or templates modulated the growth of nanomaterials and biosynthesis [5, 

6, 8, 9, 11]. No matter participating in the research of nanotechnology or not, people’s 

daily lives have been affected more or less by the application of nanomaterials. 

 In the development of nanotechnology, the characterizations by transmission 

electron microscope (TEM) have played an important role from the beginning of the 20th 

century [12-14]. The application of TEM techniques to nanomaterials studies have been 
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remarkably increased as the techniques were improved in TEM, especially in last 20 

years. There are a significant amount of papers on the nanostructure of nanomaterials 

achieved by TEM techniques and the number has increased significantly in recently 

years.  

TEM was first developed by Ernest Ruska in 1936, since then a constant 

evolution has made TEM a powerful tool for scientific research. For instance, the double 

condenser lens and tilting stages have revolutionized the study of defects in metals [15]. 

Along with improvements in vacuum methods, lens control [16] and high accelerating 

voltage, the high lattice resolution TEM images were achieved in the middle of 1970s. 

Additionally, the commercial TEMs become a less complicated instrument capable of 

achieving rapid results with minimal training with the development of techniques. 

Consequently, the TEM becomes very popular in the materials science community [14]. 

In the second half of 1980s, the achievement of atomic resolution on a routine basis was 

reached. The point resolution of images along with the spectacular advances in diffraction 

theory advanced rapidly in materials characterization [17]. In 1990s, the introduction of 

highly coherent field emission electron sources and electron energy loss spectroscopy 

(EELS), combined with x-ray analysis (named electron energy dispersion spectroscopy), 

made the TEM as a powerful analytical machine. For the first time, images, diffraction 

and spectroscopy could be obtained from a single instrument. The analytical capability 

TEM are further increased with the use of highly coherent field emission electron sources 

with reduced thermal energy spread, allowing for the formation of small probes. TEM 

can be operated at two modes: conventional TEM with parallel-beam and scanning-TEM 

(STEM) with convergent-beam [12]. During the second half of 1990s, other important 

developments included the introduction of electron holography (very important technique 
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in semiconductors) and high angle annular dark field (HAADF) images were produced by 

incoherently scattered electrons (Z-Contrast or HAADF-STEM). 

Today the commercial TEM allows users to get electron diffraction pattern, 

HRTEM, STEM, HAADF-STEM, EELS and EDS within single instrument. It provides 

not only high quality images, but also rich chemical information about specimen. 

 Future improvement in TEM is likely to be made by the introduction of 

aberration correctors for the objective lens and lens forming system, and by the 

development of mono-chromators for the incident beam. These techniques will 

undoubtedly generate a new era for TEM: the spherical aberration corrected microscopes 

(Cs-corrected TEM) which improves point resolution and enhancing energy resolution. 

  All these achievements in TEM coincide with the development of 

nanotechnology. Since the TEM probe size is ideal for nanoscale studies, without a 

question, TEM is one of the most powerful techniques used for characterization of 

nanomaterials today. In this dissertation, the author will show several applications of 

advanced TEM techniques in the study of nanomaterials. 

The first example is an application in carbon materials. Carbon is the element 

with the richest chemistry, containing sp1, sp2 and sp3 three hybridization states. 

However until the early sixties, only two crystal allotropes had been firmly established: 

diamond and graphite, corresponding to sp3 and sp2. Carbynes with sp1 hybridization are 

the most fascinating allotropes of carbon because of their unique optical and mechanical 

properties. They are expected to compete and even surpass these properties of single wall 

nanotubes[18], which are the novel form of carbon and contain fascinating electronic and 

magnetic properties [19, 20]. However, the studies on carbynes are less than those on 

fullerenes and carbon nanotubes since carbynes are unstable and no pure formed carbynes 
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have been reported [21]. So the characterization of the structure of carbon sp1 chains will 

help understand its formation.  Here the author will show the use of Cs corrected SEM, 

HRTEM, STEM, HAADF-STEM and EELS to study the morphology and carbon bond of 

the carbon nanospheres. 

The second example is an application in nanoparticles. Two types of nanoparticles 

are studied: gold and Co nanoparticles. In the gold nanoparticle study, the author will 

report the use of weak beam diffraction techniques, HRTEM, and HAADF-STEM to 

study the 3-D shape and defects of gold nanoparticles, and explain why forbidden spots 

appearing in the diffraction pattern. In the Co nanoparticle study, the author will report 

the application of HAADF-STEM to study 1nm Co nanoparticles in beam sensitive 

materials-Zeolites as the matrix of catalyst. HRTEM images taken in series clearly show 

the shape of fluctuations.    

 The third example is an application in drug delivery. The application of 

conventional TEM operated at 120KV is not new. However, for the first time, 

HAADF-STEM operated at 200KV is applied in studying the morphology and size 

distribution of drug delivery agent. Along with the EELS analysis, this application helps 

to understand formation mechanisms and dissolution rates of danazol powders produced 

by two different processes.  

It is worth saying that in all these studies, research papers have been generated 

and published in international journals. This gives a panoramic vision on the capability of 

TEM in the study of nanometric size materials. 

The author starts the presentation of this work with commenting on the basic 

phenomena which is produced when the electron beam impinges on a crystalline sample. 
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This is done in the first part of this dissertation. Once this information is given, it would 

be straightforward to understand and interpret TEM images in the second part. 
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 Chapter 2 Transmission Electron Microscopy 

2.1 THE IMAGE IN THE TRANSMISSION ELECTRON MICROSCOPE (TEM) 

To understand the way that an image is produced in TEM, see the diagram shown 

in Figure 2.1: 

Incident beamΨ0

Sample q(x,y,z)

ΨT ΨD

Objective lens

Focal plane

Image plane( )q1−ℑ

( )qℑ

Incident beamΨ0

Sample q(x,y,z)

ΨT ΨD

Objective lens

Focal plane

Image plane( )q1−ℑ

( )qℑ

 

Figure 2.1 Schematic diagram of on the way that a image is formed in the electron 
microscope.  

Note that the incident wave can be either a plane wave function or a convergent 

wave function. From the mathematical point of view, the sample can be considered as a 

function in 3D let us say q(x,y,z). When the incident wave 0Ψ interacts with the sample 

q(x,y,z) or q(r) a scattering phenomenon is produced, given place to many wave 

functions. Let us call the directed wave functions as TΨ  and the diffracted wave 

function DΨ . When these waves pass through a lens (the objective lens in TEM), there 

exist two planes from where we can get information about the function q(r). One is the 
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focal plane of the lens and other is the image plane of the lens. The intensity we are going 

to see in the focal plane is related with the Fourier transform of the function q(r), 

i.e. ( )qℑ , while the intensity on the image plane will be related with the Inverse Fourier 

Transform of q(r), i.e. ( )q1−ℑ . The intensity both in the focal plane and the image plane is 

related with the sample function q(r). This is what will be discussed in the following 

sections. 

2.2 ELECTRON PROPERTIES 

Electrons have both wave and particles properties, which is described by the De 

Broglie hypothesis. Because of that, we are able to understand the interaction between 

electron and specimen. 

 The resolution of an optical microscope is limited by the diffraction of visible 

light since the distance between two points can be resolved by the classical Rayleigh 

criterion: 

βµ
λ

sin
61.0

=d                               [2.1] 

where λ  is the wavelength, µ is the refractive index and β  is the semiangle of 

collection of the magnifying lens. In the electron microscope the electron wavelength is 

given by   

  

2
0

0 2
12

cm
eEEem

h

+

=λ                          [2.2] 

     h ≡  Planck’s constant =6.636×  10-34J.Sec 

     m0 ≡ electron rest mass=9.11×10-31kg 
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     E ≡ accelerating voltage (volts) 

     e ≡ electron charge=2.602 ×10-19 C 

 

since h, m0 and e are constants and λ is controlled by the accelerating voltage. Table 1 

gives the value of wavelength at different accelerating voltage. Electron wavelength is 

much smaller than light wavelength, so the resolution is improved. 

Table 1 electron wavelength in the electron microscope with different accelerated voltage 

E(V) 100 10,000 100,000 200,000 1000,000 

λ (nm) 0.12 0.012 0.0037 0.0025 0.00087 

  

2.3 ELECTRON SCATTERING  

The interaction between electron and specimen causes electrons to scatter at 

different angle and be collected to give us the useful information about the chemistry and 

structure of specimen. To understand electron scattering, we need to consider electrons 

both as particles (scattering) and as waves (diffraction).  The scattering can be described 

as elastic scattering (without energy loss) and inelastic scattering (with energy loss). The 

inelastic scattering is concentrated within smaller scattering angles and the excitation of 

energy states of the atom results in energy losses. So the inelastic scattering process in 

less localized than elastic scattering, but for the chemical analysis of the sample it 

becomes of great interest. 
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2.3.1 Elastic Scattering with One Atom 

Let’s start to study elastic scattering mechanism when electron interacts with one 

isolated atom (Figure.2.2a) with different scattered angle and the diffraction of those 

angles into a solid angle Ω.  

Nucleus

θ

θ

Scattered 
Electrons

Directed 
Electrons

θ dθ

θdθπdΩ sin2=

Electrons

Single atom

Interaction with single atom

Nucleus

θ

θ

Nucleus

θ

θ

Scattered 
Electrons

Directed 
Electrons

θ dθ

θdθπdΩ sin2=

Electrons

Single atom

Scattered 
Electrons

Directed 
Electrons

θ dθ

θdθπdΩ sin2=

Scattered 
Electrons

Directed 
Electrons

θ dθ

θdθπdΩ sin2=

Electrons

Single atom

Interaction with single atom
 

Figure 2.2 (a) The interaction of high energy electrons with an isolated atom. Electrons 
are scattered at different angles depending their distance to the nucleus. (b) 
Diffraction of the electron scatter angleθ into a solid angle Ω .   

As shown in Figure 2.2 (a), the interaction between an electron and an isolated 

atom is either electron-electron or electron-nucleus caused by Columbic force. The 

electron-electron-interaction usually causes small angle scattering, while the 

electron-nucleus interaction causes high angle scattering. The most convenient quantity 

for characterizing the angular distribution of scattered particles is the definition of the 

differential cross-section. Electrons passing through an area σd will be scattered into a 

solid angle Ωd . The ratio
Ωd

dσ  is known as the differential cross-section. The ratio can not 
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be calculated exactly from the particle model of electrons and wave mechanicals have to 

be used. 

When considering the wave nature of electrons, we can describe the incident 

beam as a wave function (plane wave): 
ikre π2

0Ψ=Ψ                            [2.3] 

where 0Ψ is the amplitude of wave function, ikrπ2  is the phase and k is the wave’s 

vector magnitude which is defined as 
λ
1

=k , r is the distance of the wave propagates. 

When electrons are scattered by atoms, spherically scattered wave is created with the 

same phase as the plane wave. 

    ( )
r

ef
ikr

sc

π

θ
2

0Ψ=Ψ                   [2.4] 

The scattered current scI  that passes through the area Ω= drds 2  is taken in 

account that the scattering current density is[22]: 

Ω
=

d
d

r
j

jsc
σ

2
0                     [2.5] 

where 0j is the current density of the incident beam.  

  σdjdrjdI scsc 0
2 =Ω=            [2.6] 

By definition, the flux of particles is 

( ) 2**

2
Ψ=Ψ∇Ψ−Ψ∇Ψ= ev

m
iej h                  [2.7] 

Then                             

( ) ( )
2

2

0
2

2

2

r
f

j
r

f
evjsc

θ
φ

θ
==                  [2.8] 
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And combining equation 2.5 and 2.8, we get 

    
Ω

=
d

df )()( 2 θσθ                       [2.9] 

Since θθπ dd sin2=Ω , the number of electrons scattered through angles αθ ≥  

can be calculated by[22]  

  ( ) ( ) ( ) θθπθθασ
ππ

dfdf sin2
2

0

2

0 ∫∫ =Ω=                  [2.10] 

The scattering amplitude ( )θf  can be calculated from the wave mechanical 

Schrödinger equation: 

  ( ) 01
2

1
2

00
2

02 =Ψ
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
++Ψ∇

E
ErV

E
EE

m
h

                 [2.11] 

where )(rv  is the potential energy of the atom: 

    ( )
r

zerv
0

2

4 πε
−=                    [2.12] 

And E and E0 are the kinetic energy of the electrons, 0ε is the dielectric constant. 

So by some physical implications, the scattering factor )(θf  is defined by following 

expression[22]: 

( )xfZ
a
cm

E

f −
⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜

⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

=

2

0
2

2
0

2
sin8

1
)(

θ
λ

π
θ                  [2.13] 

where xf  is the scattering for X-rays, but it is directly related with ef , the scattering of 

electrons, 2
0

2

0 em
ha

π
ε

= , Bohr radius. The quantity of xf is dimensionless, whereas ( )θf  
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for electrons has the dimension of a length. Equation 13 is known as the Rutherford 

scattering cross-section for nuclei considering a screened-coulomb potential for 

small-angle elastic scattering.   

Since  
0

2
0

2

8

1

a

cm
E

π

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

 in equation 2.13 is constant, the atomic scattering factor 

( )θf  is determined by the wavelength λ , the scattering angleθ  and the atomic number 

Z. Therefore, for small θ , the atomic scattering factor ( )θf  is directly proportional to 

λ  and the atomic number Z. Figure 2.3 shows that heavy atoms have higher ( )θf  than 

light atoms with fixed λ  and θ . 

( ) nmf θ 1.2   1.0     0.8      0.6     0.4       0.2

Z Heavy Atoms

Z Light Atoms

( ) nmf θ 1.2   1.0     0.8      0.6     0.4       0.2

Z Heavy Atoms

Z Light Atoms

 

Figure 2.3 Schematic representation of ( )θf , the scattering amplitude increases as the 

atomic number increases taken from[23].  

And ( )θf can also be written as： 

    ( ) )()( efzff +=θ                      [2.14] 
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which mean that the atomic scattering factor is the sum of the scattering from the nucleus 

plus the scattering from the electron’s clouds. For small angleθ , ( )ef  is dominated but 

for high angleθ , ( )zf  is dominated. The differential cross-section for large-angle 

scattering can be obtained by setting 0=xf , which means neglecting screening effects. 

This gives the Rutherford cross-section for the nucleus[24]: 

( )

2
sin

1
64

2
sin8

1

4

2

0

0
24

24

2

0
2

2
0

θπ
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π
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⎛ +
=

⎟
⎟
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⎟

⎠

⎞

⎜
⎜
⎜
⎜

⎝

⎛

⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜

⎝

⎛+
=

Ω E
EE

a
ZZ

a
cm

E

d
d         [2.15] 

with 2
00 cmE = . the dependence on Z2 and E for non-relativistic energies is of special 

interest. In fact the term 

2
sin

1
4 θ  decreases when θ  increases demonstrating the rapid 

decreasing of ( )θσ  with θ . The total differential cross-section includes the contribution 

of the elastic and inelastic parts. This is 

inelel σσσ +=                      [2.16] 

Electron inelastic scattering is as important as elastic scattering. When electrons 

encounter an atom, the amount of energy lost E∆  depends on how deeply they penetrate 

into the atom. This E∆  is the necessary energy to generate many signals such as X-rays, 

inelastic secondary electrons (SE), backscattering electrons (BSE), Auger electrons, 

plasmas, phonons etc, which contain complementary useful information to TEM images 

and diffraction patterns. 

It can be shown that for very large scattering angles, 



 15

   
Zd

d

el

inel 1
=

σ
σ

                 [2.17] 

And for small angles, elinel dd σσ > . This confirms that inelastic scattering is 

concentrated with much smaller angles than elastic scattering (Figure 2.4). 
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Figure 2.4 Angular dependence of elastic and inelastic atomic scattering factor. a0 is the 
Bohr radius[23]. 

 Sometimes the transference of energy is high enough to produce radiation 

damage to specimen, such as breaking chemical bonds (e.g. in polymer) and knock-on 

damage (e.g. in metals) [25]. 
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2.3.2 Electron Scattering by Crystal Atoms 

In solids, the electron beam can’t be only scattered by one isolated atom since 

crystals consist of many atoms. To do this, we must introduce the structure factor ( )θF  

which is the sum of atomic scattering factor of all the atoms in the crystal. This is  
   ( ) ∑∑ ++==

i

lzkyhxii
i

i

i
i

iiii efefF )(2πϕθ            [2.18] 

where if  represents the atomic scattering factor from the i atoms with coordinates ix , 

iy , iz , )(2 iii lzkyhxie ++π  is the phase of the electrons waves, (h,k,l) is the Miller indices. So 

the structure factor ( )θF  is determined by ( )θf , atom position, and crystal planes which 

is related to the crystal structure. First let us take the case for two atoms (Figure 2.5). 
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Figure2.5 Bragg description of interaction of the electron beam with the atoms of a 
sample. The atoms are separated a distance d and scattered at angleθ  . The 

path difference is θsin2d . 0ur  and sur are the unite wave vectors of the 

incident wave and scattered wave. 
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In this case, each atom will scatter as commented in the previous section. 

However, these two scattered waves will interact with each other and the question to 

answer is about the kind of image we would see on the screen ∑ sited at a distance R, 

where R will be large. 

As we know the Huygens approach for light diffraction[25], the same thing will 

happen when electron pass through atoms in crystals. Each atom can be treated as the 

source for secondary spherical wavelets with same λ  and many atoms in the same plane 

can creates many new waves. Those waves can interfere with each other and reinforce 

each other when they are in phase, we will have an interference phenomena given in this 

case by Bragg’s law: 

Bdn θλ sin2=                 [2.19] 

with integer n, wavelength λ , d is the distance between two crystal planes, Bθ  is the 

scatter angle between the incident beam and the atomic plane, also called Bragg angle, 

From this equation, the path difference can be a whole number of wavelength only at 

certain (Bragg’s) angles. 

Let us take 00 ku
rr λ= and kus

rr λ= as the unit vectors in the direction of the 

incident and scattered waves respectively (Figure 2.5). Then the Bragg’s equation is  

θsin20 kgkk
rrrr

==−               [2.20] 

which indicates that we will see maxima at the angle Bθ . The amplitude of these maxima 

( )gF  in the plane p can be obtained by integrating over all the surface elements rdds 2= . 

  ( ) ( ) ( ) ( ) ( ) rdrgirdsirgF
s

sg
s

s
2.2expexp rrπϕ −Ψ=Ψ= ∫∫        [2.21] 
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Therefore ( )gF  is the Fourier Transform of ( )rsΨ . Thus for example, in the case 

of one atom, we can think in a function: 

⎪⎩

⎪
⎨
⎧

>

<
=

Rrif

Rrif
rF r

r
r

0

1
)(1                   [2.22] 

where R is called the Bohr’s ratio. The Fourier transform of this function is:  

    ( ) ( )
gR
gRJRgF

π
π

π
2
212

1 =
r                   [2.23] 

where 1J  is the Bessel function. Equation 19 can be written in a simple form:  

   ( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

β
βπ sin2

1 RgF r                [2.24] 

with gRπβ 2= . This is the diffraction function or Airy distribution. In the case of two 

scatter centers separated a distant “d”, we have the convolution of two functions: 1f  

with a function 2f  of two points separated a distance d. ( ) ( )02 xxfrf −= , whose Fourier 

Function is 

( ) ( )
gd

dgrF
π

π
sin

2sin
2 =               [2.25] 

which represent two Airy distribution separated at a distance1/d. Therefore in the case of 

two scattered centers, 

( ) ( ) ( )
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=⊗=

gd
dgRgFgFF

sin
2sinsin2

21
π

β
βπ           [2.26]  

Let ,gdπα =  the intensity in p( where ∞→p ) is:  
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where 
2

sin
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
β

β is from diffraction contribution and 
2

sin
2sin

⎟
⎠
⎞

⎜
⎝
⎛

α
α from the interference 

contribution. That is, in the screen ∑ , which corresponds to the focal plane of the 

objective lens we will see an intensity distribution related with the diffraction function of 

an atom modulated by the interference function which is related with Bragg’s law (Figure 

2.6). In the case of one-dimensional point lattice, 

( )∑
=

−=
N

n
nxxff

1
3               [2.28] 

then 

   ( ) ( ) ( ) ⎟
⎠
⎞

⎜
⎝
⎛

⎟⎟
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⎞
⎜⎜
⎝

⎛
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β
βπ

sin
sinsin2

31
NRgFgFgF             [2.29] 

and a 3-D point lattice: 

   ( ) ( )[ ]∑∑∑
+∞

−∞=

−−−=
l m n

namalarfrf 321           [2.30] 

given: 
  ( ) ( )[ ]∑∑∑ ++−=

h k l
lakahaqfqF *

3
*

2
*

1                [2.31] 

where ( )321

32*
1 . aaa

aaa
×

×
= . 

Equation 2.31 is the source of the structure scattering factor. 
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Figure 2.6 Diffraction pattern produced in the perfect crystal (taken from 
http://www.snow.edu/~larrys/PHYS2225/), which is known as diffraction 
pattern. 

Let us describe here the range of the angular size that we are talking about. The 

Bragg angle Bθ  in the microscope can be measure in function of the camera length of 

the microscope L and the distance R from the transmitted beam (maximum at 0=Bθ ). 

The diffracted beams (maxima at 0≠Bθ ) measured in the TEM negatives according with 

Figure 2.7. 

L

R

θL
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Figure 2.7 A diagram schematically shows the relation between camera length L and the 
distance R in the diffraction plane  
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We have
L
R

B =θtan . Bθ is very small, then 
L
R

B =θ . Let L=100cm, if R=10cm 

(measured in the negative of the microscope), 

then mradrad 74.11074.11.0
100
10 3 =×≈== −oθ . We know that R <10cm in the TEM 

negative; therefore, the angular size of ZOLZ must be smaller that 1.74mrad. All indicate 

that the signal we will see in the diffraction pattern is more related with the inelastic 

scattering, which is part of the maximum at Bθ  =0, and the elastic scattering at very 

small angles. 

2.3.3 Dynamic Crystal-Electron Interaction. 

Let us calculate the electron wave function scattered by the atoms in the crystals. 

When electrons move in a crystal, due to the periodic potential of the atoms in the crystal, 

the wave function of electrons must be the solution of the time-independent Schrödinger 

equation: 

   ( ) ( )[ ] ( ) 08
2

2
2 =Ψ++Ψ∇ rrVE

h
mer π                     [2.32] 

where ( )rΨ  is the wave function of the electron , V(r) is the crystal potential, and E is the 

kinetic energy of electrons which is related to the accelerated voltage, m is the relativistic 

mass of an electron and e is electron charge. 

Now let us to consider the crystal as perfect with lattice vector R. Because the 

periodic and symmetry properties of the crystal, the potential V(r) is equal to V(r+R). The 

potential V(r) can be expressed in function of the reciprocal lattice as:  

     ( ) ⎟
⎠
⎞

⎜
⎝
⎛

∑= rgi
g gVrV rrr .2exp π                [2.33] 
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where gV is the g component of V(r), and it is equals to: 

   gg U
me
hV

2

2

=        [2.34] 

gU is given by: 
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where 0m  is the rest mass of electron, Vc is volume of crystal unit cell (e.g. equal to a3 

for a cubic crystal with lattice parameter a), Mg is Debye-Waller factor Mg=
4

2Bg , where 

Bg is the Deby-Waller constant, and if  is the scattering amplitude of the electron with 

the ith atom. 

As we see in the previous section, the incident electron wave-function will 

interacts with the atom in the prefect crystal. Therefore electron wave-functions which 

will produce a maxima are those indicated by Bragg condition. Thus, the electron 

wave-function after the interaction with the crystal are: 

  ( ) ∑ ⎟
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g
g rgkiCrkBr rrrrrr .2exp),( π                  [2.36] 

These functions are known as Bloch wave functions, where gC is the amplitude 

of the plane wave, k is the wave propagation vector for each single Bloch wave. So the 

expression  ( )rrΨ∇ 2  in equation 2.29 is: 
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By substitution of equation 2.30 and 2.34 in equation 2.29, after simplification, 

we get  

( )( ) 0.2exp
0

22
=+⎟

⎠

⎞
⎜
⎝

⎛
+

⎭⎬
⎫
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⎧ ++−∑ ∑

≠
− rgkiCUCKgk

g h
hghg
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where 0
2

02
2 2 UU

h
meK +=+= χ , 0U  is the inner potential of the crystal which does 

not depend on g vector , hU  is the inner potential coupling with Bragg beams. The 

coefficients gC  and hgC − are interrelated because they are produced by the Bragg’s 

condition.  

To know the expression that relates gC  and hgC − , let us do the following. Since 

the value of ( )( )rgki rrr
.2exp +π  is not equal to zero, the summation part in equation 2.38 

should be zero, then: 
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When g=0, the maxima at 0=Bθ (the transmitted beam) is: 
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When g=h, the maxima at 0≠Bθ (diffraction beams) is: 
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In general the many maxima shown in Figure 2.6 are: 
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That, of course, is the solution for N-beams. To make a simplified case, let us 

consider only the two beam condition: g=0 (the maxima at 0=Bθ ) and g=h(the maxima 

at 0≠Bθ ).  From equation 2.39 and 2.40, we get  
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For an electron microscope, the acceleration kinetic energy of the electrons is 

KeV100≥ , and the inner potential of the crystal is KeV20≤ [25]. Thus, we approximate 

the magnitude of K, k
r

, and gk rr
+  are similar to each other. After some simple 

algebra, 
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Substituting equation 2.44 into equation 2.43, the expression for the two maxima 

condition becomes 
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So, the total wave function exists after the crystal for two-beam condition 

(two-maxima condition) is  the sum of two Bloch waves:  

  ( ) ( ) ( ) ( ) ( )( )rgkirkigBABAr g
t vvvvv .2exp.2exp0 021 ++=+=Ψ πφπφ     [2.46] 

where A1 and A2 are the relative coefficients, 0φ  and  gφ are the wave amplitudes for 

the maxima at 0=Bθ  and the maxima at 0≠Bθ (the diffracted beam). 

To extend to the many-beam condition, we just use the matrix in equation 2.39, 

which can be written as: 
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ii

g
i CAC γ=  ,      i=1,2,3,4……..N            [2.47] 

        

The total wave function will be the sum of Bloch waves. 

    ( ) ( )rBr
n

i

i∑=Ψ                 [2.48] 

And the wave amplitude  
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where now the thickness t of the crystal has been considered. The intensity that reaches 

the image plane of the objective lens is: 

    ( ) ( ) 22 trI φ=Ψ=                    [2.50] 
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The theory was described here was done by Bethe[26] (also was called as Bethe 

theory and has been called Howie and Whelen theory[27] either), and is the most widely 

used to describe the intensity in the screen of a transmission electron microscope. 

2.4 CONVERGENT BEAM ELECTRON DIFFRACTION 

2.4.1 Converging Probe 

All that has been said to this point is applicable to a small cross-section probe 

beam. Cross-section areas of 2 to 5 nm can be easily achieved with a field emission gun. 

But what happens when the probe has a convergence angle? Let us use pα as the 

convergence angle of the probe. Sharpe diffraction spots require Bp θα << . When 

Bp θα < , the spot diameter increases because each direction in the beam contributes to 

different points in the spot area. The intensity distribution inside the spots also varies 

owing to the variation of the excitation errors. This produces the well-known 

convergent-beam electron diffraction (CBED) pattern. A further increase of the probe 

convergent angle Bp θα > , increases the overlap of the spots. The pattern produced in this 

case is known as Kossel pattern and the spot-circles show the anomalous absorption 

effects. The system of Kikuchi lines will not be affected because they are generated by 

the cone of electrons diffusely scattered inside the specimen. The angular distribution in a 

convergent probe will be increased by an amount related with ( Bp θα − ) mainly. Now a 

convergent probe can be produced by two ways: by convergence using a stationary probe 

or by rocking the incident beam on the sample surface. A rocking probe of small 
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convergence can produce sharp diffraction spots, a CBED pattern or Kossel pattern 

depending of the rocking angle.    

 It worth mention that the information given by CBED pattern can be used to 

obtain crystallographic information of the structure of nanoparticles. Additional 

information can be obtained from Gjonnes-Moodie (G-M) Lines, which are produced by 

dynamical absences in forbidden diffraction disks of CBED patterns (Figure 2.8). 

In modern microscopes, all this information is easily obtained due to nanoprobe 

generated with FEG source. 

 

Figure 2.8 (a) Images of Nanoparticles and (b) CBED pattern of (a).This is produced 
when the electron beam probe has divergent angle. Note G-M lines are in 
the disk and the crystallographic information presented in this pattern. 

2.5  IMAGING AND CHEMICAL ANALYSIS TECHNIQUES  

Now we know that after the sample, there are electron wave functions at different 

angles. All of them give specific information of the kind of interaction between sample 
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and electron beam. Thus we have waves scattered at low angles with crystallographic 

information about the sample (what we have named “diffraction pattern”) and the atomic 

structure of the sample (inelastic scattering). There are also waves scattered a higher 

angles such as those produced by Rutherford elastic scatter, which carries information 

about the atomic nature. Let us talk about the kind of images we can get in the electron 

microscope. What we can see in the image is the contrast produced by the  
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But the intensity, as seen in the previous section, will depend on what kind of 

wave functions, or signals, we used to produce it. For example, in TEM, the most 

important signals are those shown in Figure 2.6. We can use the objective aperture in the 

focal plane of the objective lens to choose the direct maximum, the diffracted maximum 

or many of them to form an image. For example, if we choose the direct maximum, a 

bright field image (BF) image is observed, if we choose a diffracted maxima, a dark field 

image (DF) is observed(Figure 2.9). 

 

Figure 2.9 In TEM objective aperture is used to choose directed beam (a) Diffracted 
beam (b) To form bright field image and dark field image.  
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In Scanning TEM (STEM) mode, several detectors can also be used to form 

images as shown in Figure 2.10. The difference between these detectors is they collect 

electrons at different scattering angles. For example, BF/DF detector collects those 

electrons scattering less than 10 mrad which include those used in TEM images, the 

BF/DF images therefore are similar to BF/DF images in conventional TEM. The annular 

dark field detector (ADF) detector collects electrons scattering between 10-50 mrad, 

which include both electrons elastically scattered at small angles and those scattered at 

high angles. High Angle Annular Dark Field detector (HAADF) collects electrons 

scattered only at high angles. Let us explain the contrast observed in each one of these 

images, including those obtained with the inelastic scattered electron, and the kind of 

information given in each case. 

 

Figure 2.10 Angular distribution of the signals below the sample and the type of detector 
used to obtain the image 
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2.5.1 TEM Imaging  

As we have seen in the previous section, when the electron beam interacts with 

the sample, electrons experience elastic scattering and inelastic scattering which create 

many different signals. Most of them can be detected and used for different TEM 

techniques like images, diffraction pattern and spectroscopy. There are four different 

image techniques in traditional TEM[25] such as projected mass thickness contrast, 

diffraction contrast, phase contrast, and energy-loss contrast. In this case, we are using 

the scattered information generated in an angular distribution of 0 to 1 degrees mainly. 

2.5.1.1. Mass Thickness Contrast 

Mass thickness contrast is caused by incoherent elastic scatter of electrons, so 

thicker area scatters more electrons than thinner area and looks darker in TEM bright 

field image. The intensity of the image I(x,y) can be expressed by Beer’s law: 

⎩
⎨
⎧

⎭
⎬
⎫

−= tuIyxI ρ
ρ

)(exp),( 0              [2.52] 

where I0 is the incident beam intensity, ρ is the density and t is the thickness, 
ρ
u is the 

mass absorption coefficient. A ray diagram of projected mass thickness contrast is shown 

in Figure 2.11, where the thinner area gives higher intensity and thicker area shows low 

intensity. This technique is the most important technique in the study of non-crystalline 

materials like biological and organic materials. 
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Figure 2.11 Ray diagram for mass-thickness contrast  

2.5.1.2. Diffraction Contrast 

Diffraction contrast depends on the orientation of crystal planes with electron 

beam as described in Bragg’s law in equation 2.19. Compared with mass thickness 

contrast, this contrast arises from coherent elastic scattering at Bragg angles. And the 

intensity of the diffraction beam has been expressed in equation 2.50, based on the 

Schrödinger equation and applying the periodic properties of Bloch waves. From 

equation 2.50, we know that the intensity of the electron beam is a function of the sample 

thickness. We rewrite the intensity function by using Howie and Whelan equations in 

two-beam case. And the intensity for Bragg diffraction beam gI is given in equation 2.53 

[25] 
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where gξ is the extinction distance (e.g equation 2.54), effs  is the effective excitation 

error (e.g. equation 2.36). 

   
g

Bc
g F

V
λ

θπ
ξ

cos
=                        [2.54] 

where Bθ  is Bragg angle, cV  is the volume of unite cell, gF is the structure factor at 

spot g. 

g
eff ss

ξ
12 +=                          [2.55] 

where s is excitation error, which is used to measure how far the actual intensity is from 

the Bragg condition.  

Figure 2.12(a) shows the profile as a function of the thickness. From equation 

2.34, we know than the intensity for the directed beam and the Bragg diffraction beam is 

complementary (Figure 2.12). The feature of thickness fringes are the alternating bright 

and dark bands parallel to the edge of the sample. 

The two-beam condition we talked about is under the condition that the crystal is 

perfect. When the crystal presents defect, the Bloch wave should include the 

mathematical expression of the defects effect.  
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Figure 2.12 (a) The intensity of the direct beam and diffracted beam are complementary, 
(b) wedged sample used to show how thickness fringes are formed (c) 
thickness fringes in BF taken from [12]. 

In the weak-beam dark field technique, effs  is increased by the increasing of s, 

which means far from Bragg’s condition.  From equation 2.53, the intensity will 

decrease dramatically as effs increases. The basic idea to increase s is to let Ewald sphere 

cut ng which is great than 1. The normal technique [25] is shown in Figure2.13. First is to 

orient sample let g get exited, and tilt g to optic axis and g becomes weak while 3g is 

exited. Using objective apertures to select the center in bright field, then switch to dark 

field and get weak beam dark field. 
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Figure 2.13 Schematic draw for showing how to do Weak-beam diffraction technique 
taken from[12]. 

 

2.5.1.3.  Phase Contrast Image 

Phase contrast is the basis to image of crystalline materials. In order to get that 

image, both transmitted and diffracted beam are gathered, so the contrast caused by the 

phase difference between electrons in transmitted beam and electrons in one of the 

diffracted beam.  

To understand how the lattice fringes are produced in a phase-contrast image, 

equation 2.46 by considering the effective excitation error can be simplified to  

( )stgxABBAI ππ −−+= 2sin222             [2.56] 
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where A is the amplitude 0φ , and B
effg

eff

s
ts

πξ
ππ sin

= , x is the axial, t is the thickness of the 

crystal. When s=0, at the exact Bragg reflection, one set of parallel fringes are produced 

(Figure 2.14). When 0≠s , the periodic properties of crystal doesn’t change although  

the fringes will change with parameter s and thickness t. 

 

 

Figure 2.14 Two-beam condition phase-contrast image. (a) Only two beams are selected 
in the objective aperture, (b) Image composed of a set of fringes form.  

When many reflections are chosen by the objective aperture, fringes varying in different 

direction are generated (Figure 2.15). The lattice fringe arrangement has a periodicity 

related with the crystal atomic distance. Even though this is sensitive to many factors, 

under reasonable conditions, the periodicity is related to the crystal periodicity. High 

resolution TEM images belong to this kind phase-contrast.   
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Figure 2.15 The diffraction pattern spots selected by the objective aperture and the image 
obtained. The image is formed by sets of fringes. 

Figure 2.16 (a) gives an example of HRTEM images, from which we can see 

lattice fringes and twin planes. By using digitalmicrography software, we can do image 

processing with HRTEM. By filtering FFT in (b), it is possible to restructure the image 

like in (c) . 

 

Figure 2.16 Example of HRTEM image of Ag nanoparticles (a), FFT (b) and digitaly 
processed image (c). 
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2.5.1.4. Energy Filter Image 

An energy-selecting spectrometer can be used to collect electrons that have lost 

some specific amount of energy. So the inelastic scattering can be filtered and taken away 

from the image, increasing the contrast of the image. As Figure 2.17 shows, the area in 

black has a higher probability of a specific electron energy loss event. This produces 

higher intensity in the image plane. This technique can be combine with electron energy 

loss spectrum (EELS) and scanning transmission electron microscopy (STEM). 

Objective lens Energy 
filter

Specimen: black 
area has high 
probability of a 
specific energy loss 
event 

Incident beam

Image intensity profile

Objective lens Energy 
filter

Specimen: black 
area has high 
probability of a 
specific energy loss 
event 

Incident beam

Image intensity profile

 

Figure 2.17 A ray diagram of energy filter image in TEM 

 

2.5.1.5. HRTEM 

The HRTEM image is a phase contrast image, which can get as small as the unite 

cell of a crystal. The HRTEM images use the wavefunctions of the electrons scattered at 

low angles from very thin sample. The outgoing modulated wave interferes with itself as 

it propagates through the objective lens. If the objective lens is perfect, all electrons 
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emerging from a point on the exit surface of the specimen are recombined at a point in 

the image plane (Figure 2.18). This process has been discussed in the “dynamic 

diffraction” section. 

 

Figure 2.18 A ray diagram for a phase contrast image in TEM. 

Now let us introduce the contrast transfer function (CTF) sin[χ(g)] which is the 

function modulates the amplitudes and phases of the electron diffraction pattern formed 

in the back focal plane of the objective lens. When the perfect objective lens is in focus, 

there is no contrast in the image plane, so electron phase difference between different 

points of specimen will be lost. In order to generate contrast, it is necessary to convert 

this phase information into amplitude information. This can be done simply by 

defocusing the objective lens slightly. Lenses are not perfect, they have aberrations that 

are incorporated in the back focal plane, where the amplitude observed is proportional to 

the Fourier transformation of the electron wave function at the exit surface. So phase shift 
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can be written as equation 2.57, by considering of spherical aberration (which will 

explain later) and defocus.  
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2 λπλχ         [ 2.57] 

χ, is known as the phase distortion function, g is a reciprocal lattice vector, λ is the 

electron’s wavelength, Cs is the spherical aberration of the objective lens and ∆f is the 

value of the defocus. A typical CTF plot for 200KV microscope is shown in Figure 2.20 

(a) with fixed Cs.  The CTF starts from 0, and cycles down and up forever. In fact, 

because of microscope limitation, the CTF will stop as shown in Figure 2.20 (b) after 

being modified by envelope damping function.  The first cross over is used to define the 

point resolution of the microscope, and cut-off point of CTF after the affected by 

envelope function is used to defined the Information Limit. Both the point resolution and 

information limit are two important properties for a microscope.  

 

 

Figure 2.19(a) A plot of sin[χ(g)] with lattice vector g and (b) a plot is modified by 
envelop damping function was applied 
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The best CTF is the one with the fewest zeros and with the broadest band of good 

transmittance (where CTF is close to -1) because the zeros in CTF mean that we have 

gaps which don’t contribute to the output signal. However, the Cs effect can be 

minimized by Scherzer defocus to get the optimum image contrast.  

    ( )2
1

2.1 λssch Cf −=∆                          [2.58] 

The effect of defocus on CTF in microscope with 200 KV is shown at a series of 

changing at different defocus in Figure2.20. 

 

 

Figure 2.20 A series of plots of CTF change with defocus, (a) at 0, (b) at 0.4 Scherzer 
defocus, (c) at 1.2 Scherzer defocus, (d) at 1.9 Scherzer defocus, (e) at 10 
Scherzer defocus. Note the zero Scherzer defocus doesn’t correspond to the 
contrast at minimum, which is shown with 0.4 Scherzer defocus. The 
optimum contrast for HRTEM is at 1.2 Scherzer defocus. 
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 As the sample becomes thicker, the compositional contribution to the column 

intensity decreases because of higher absorption. Changing of focus also changes the 

probe intensity profile. When the defocus is less than the optimum Scherzer condition, 

the width of probe broadens and individual columns can not be resolved. Even high 

defocus can produce a sharper image. In this kind of phase contrast images, the resolution 

and contrast are intrinsically linked and contrast reversals may occur with sample 

thickness or objective lens defocus. 

Since the HRTEM phase contrast image is an image in the many-beam condition, 

like shown in Figure 2.15, there will be many secondary fringes running at different 

directions and those fringes must be related to any spots in the diffraction pattern. Even 

when the spacing of fringes is related to lattice spacing and fringes look like atomic 

planes, they can not be interpreted directly as atomic planes, except when the orientation 

of the specimen and the incident beam are exactly aligned with both TEM’s optic axis 

and the specimen’s zone axis. However there are always many reflections, so care must 

be taken to interpret phase contrast imaging, In order to properly account for all the 

factors affecting the image, one has to perform image computer simulations for a reliable 

interpretation of this kind of images [25].Today there are many simulation methods and 

softwares used for image interpretation. 
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2.5.2 STEM and HAADF-STEM  

2.5.2.1. STEM 

An image in the STEM (scanning transmission electron microscope), is generated 

by simply “scanning” the focused beam, step by step, over the specimen (Figure 2.21)  

in similar way as in Scanning Electron Microscopy (SEM). 

As shown in Figure 2.21 and discussed previously, when electrons beams interact 

with samples, electrons are either elastically scattered or inelastically scattered. The 

elastically scattered electron signal is the source used to form STEM image that can be 

acquired by HAADF and ADF detectors. While the inelastically scattered electrons and 

related signals are the sources used for EELS and EDS. With STEM, this simultaneous 

and controlled acquisition of information contributes itself to quantitative analyses that 

are difficult to be realized with other instruments. Since the introduction of STEM by 

Crewe and co-wokers in their pioneering work[28], STEM has become a very important 

instrument in materials characterization, especially in bio-materials and organic materials, 

which are very sensitive to beam irradiation. It works well for the single atoms or 

amorphous materials too. For crystalline materials, the low-angle scattering is dominated 

by diffraction effects, so a image formed by the ADF detector collects also those 

diffracted electrons [29]. So, at this point, the ADF does not work for crystallic materials 

since the image is still sensitive to crystal orientation. To solve this problem, Howie [30] 

suggested increasing the inner collection angle and the diffracted electrons could be 

excluded from the contribution to the image by using HAADF detector.  



 43

 

Figure 2.21 Schematic of STEM and TEM/STEM combined system [31].  

2.5.2.2. HAADF-STEM 

HAADF images are formed by electron scattering at θ>50mrad. The collection of 

high-angle scattering electrons removes the diffraction effect from crystal materials. At 

increasing angles [32] [31], the coherent scattering is progressively replaced by thermal 

diffuse scattering [33]. So the coherency between atoms in the same column has been 

reduced to residual correlations between near neighbors [34] and localized atomic cores. 

As result, each atom can be considered as an independent scatterer. The cross sections 

can be used as scattering factor. It is also more chemically sensitive since the scattering 

factors approach those for nuclear scattering (Rutherford-like scattering). In this sense, a 

good approximation to calculate the scattering cross-section for the atomic nucleus can be 

obtained from the relativistic Rutherford differential cross-section, which strongly Z2 

dependence. The image contrast C in this case is: 
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where σx  and σy are the cross-sections for element x and y separately, Fs is the 

substitution fraction of element, cx is the concentration of element x. So, that C∝Z2   

indicates that when the atomic number of two elements or more is different, the contrast 

increases. So the images can be directly interpreted as an elemental map if the sample’s 

thickness is uniform, and the cross section effectively forms an object function strongly 

peaked at the atom sites as shown in Figure 2.22 

 

Figure 2.22 The specimen consists of an array of atomic columns (a)for which the 
potential of high-angle scattering can be represented by an object 
function(b).The experimental image can be interpreted as a simple 
convolution of the experimental probe and the object function(c) [34] . 

 

The image intensity  I(R) [35], is the convolution of an instrumental probe 

function, P(R), with a specimen or object function, O(R), where R is a two-dimensional 

position vector perpendicular to the optic axis. 

    )()()( 2 RPRORI ⊗=                [2.60] 
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The probe function, P(R), is determined by the coefficients of spherical 

aberration, Cs, and the lens defocus, ∆f. 

 dKRKiRKiKARRP iii ]2exp[]2exp[)()( 00 ⋅×⋅−=− ∫ ππ          [2.61] 

 This model provides the means to separate the sample characteristics from the 

artifacts introduced by the microscope. While the object function, O(R), to a first 

approximation, contrast dominating can be replaced by the scattering factor depending on 

Z2.  

The spatial resolution is limited only by the probe size of the microscope. When 

the sample is crystal, the probe size should be smaller than the atomic space and the 

atomic columns are illuminated sequentially as the probe scans over the sample. The 

intensity [30] of incoherent images for crystalline materials is 
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where )(θM is the Debye-Waller constant and aV  is the atomic volume, function F 

describes variations due to channel effects and depend on the incident bean orientation as 

well as crystalline thickness.  

So far, there are two widely accepted atomic resolution methods which can 

actually help us visualize the atomic structures: HRTEM and atomic resolution STEM. 

HRTEM images are mainly sensitive to the changes in a phase of the incoming parallel 

electron wave as it passes through the specimen whereas atomic resolution STEM images 

are produced by detecting the intensity of the electron diffusion flux in a 

convergent-beam electron diffraction pattern (Ronchigram, also known as shadow image 
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or microdiffraction pattern, containing a wealth of information on the specimen and also 

on the operation conditions of STEM aliment and small probe [36]). 

 

    

Figure 2.23 (a) A ray diagram showing formation of an electron Rochigram, and (b) 
Ronchigram in small underfocus condition[36]. 

The basic difference between HRTEM and STEM is that in STEM, the images is 

formed with no refocus of the scattered electrons ( the ray diagram shown in Figure 2.24). 

Therefore, unlike HRTEM, the defocus, lens aberration and thickness of specimen 

influence images, simulation is necessary to obtain local structure, the nature of 

HAADF-STEM means that the changes of thickness and defocus should not cause a 

contrast reversal and they can be interpreted more directly. Following are the  examples 

of advantage of HAADF-STEM technique:  

It has highly chemical sensitivity and provides highly efficient information about 

atom composition, thickness and density. It is not necessary to stain organic samples or 

biological samples. Electron beam irradiation is reduced, which is very applicable in the 

study of beam-sensitive materials. The example of HAADF-STEM images is shown in 

Figure 2.24 
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. 

 

Figure 2.24 Example of HAADF-STEM images (a) and (b) The profile of particles reveal 
that the surface is flat.  

2.5.3 EELS 

Electron energy loss spectrum has a wide variety analytical application such as 

determination of band structure, chemistry, composition and dielectric constant [31] [37]. 

As mentioned above, when electron travels through thin sample it loses energy by 

inelastic scattering. However for EELS, both inelastic scattering and also elastic 

scattering electrons source are. There are principal regions such as zero-loss peak, 

low-loss region and high loss region providing different information about the specimen 

(Figure 2.25).  

 The Zero-loss peak consists of elastic forward-scattered electrons and electrons 

suffered minor energy losses. The low-loss region is the energy region from 0-50ev, 

containing electrons interacting with the weakly bound outer-shell electrons (plasmon 
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oscillations, inter- or intra-band transitions) of the atoms. The high-loss region (>50ev) 

means electrons interacting with the more tightly bound inner-shell or core electrons and 

conveys information about the characteristic atoms in the specimen and bond. In order for 

ionization, the core electron must receive an energy greater than or equal to the critical 

ionization energy, which is a function of the specific atom and the specific electron shell, 

and it is unique. So the signal of ionization edges shown in the spectrum corresponding to 

ionization energy and therefore, the presence of the specific element can be identified and 

the edge intensity. In addition to quantitative elemental information, the energy-loss 

near-edge structure (ELNES) is dependent on coordination, valence and the type of 

bonding, which is very helpful to understand materials properties.  

 

Figure 2.25 EELS: (a) Zero-loss peak and low-loss region, (b) High-loss region taken 
from [38]. 
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Recently developments in high brightness field-emission guns (FEGS) and highly 

efficient parallel-collection EELS (PEELS) systems have made the detection more 

effective, and most of the time EELS is performed in the TEM. In TEM/STEM combined 

system, there are three common modes used to acquire EELS: (1)image-coupled, (2) 

diffraction coupled in TEM condition, (3)third is in STEM mode [39]. In image-coupled 

mode, an image of the specimen is at the object plane, and the area is determined by the 

illumination of the electron beam. In the diffraction mode, the diffraction pattern is in the 

objective plane of the spectrometer. The sample area is determined by the size of 

objective aperture and microscope magnification. In STEM, a small probe formed by 

convergence beam is focused on the specimen and the resolution is determined by the 

probe size. In image-mode and STEM mode, the collection angle is determined by the 

spectrometer entrance aperture and camera length, while in diffraction-mode, the 

collection angle is determined by the objective aperture. Collection angle is a very 

important parameter for quantification and sensitivity of EELS data. The experimental 

collection angle is set two or three times of the scattering angle. In STEM mode, selecting 

electrons with a specific energy, element distribution in specimen can be visualized 

(Elemental Mapping, example is shown in Figure 2.26). 
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Figure 2.26 Example of EELS mapping. (a) Reference images with EELS spectrum 
inserted inside, (b) Mapping of carbon element, and (d) Mapping of Ag 
element. 

2.6 CS CORRECTION MICROSCOPE 

As discussed previous, the lens of TEM is not perfected, it has spherical 

aberration (Cs) limiting the image resolution and chromatic aberration limiting EELS 

spectrum resolution. Spherical aberration is caused by inhomogeneousness in the lens 

field as shown in Figure 2.27. The defect is caused by the different focus of paraxial and 

peripheral rays in different points. That is the peripheral electrons are bent back more 

towards the axis. As a result, a point object is imaged like a disk. By minimized Cs value, 

the resolution of TEM can be improved. 
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Figure 2.27 Spherical aberration diagram. 

The characterization of nanomaterials is a very important part in the development 

of nanomaterials therefore improves the development. One of the most useful techniques 

in characterization of nanomaterials is transmission electron microscopy (TEM). TEM 

can provide structural & chemical information to the angstrom level. And in the 

following chapter, the applications of TEM techniques will be demonstrated. 
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Chapter 3 First application-Carbon Nanocages 

3.1 INTRODUCTION 

Carbon is the element with the richest chemistry, containing sp1, sp2 and sp3 

three hybridization states. However until the early sixties, only two crystal allotropes had 

been firmly established, diamond and graphite, corresponding to sp3 and sp2. In the last 

20 years, since the discovery of fullerenes and their derivatives[40-42] considered as the 

third allotropic of carbon, carbon allotropes have been seen as an incredible expansion. 

Fullerene derivatives are disorder fullerenes-like structures with closed cages [43]. 

Recently researches show that large carbon clusters have the tendency to form a 

disordered cage-like structure with sp1 and sp2 hybridization [44, 45]. Small carbon 

chains appear to be the most likely candidates in the formation of fullerene-cages [46, 

47]. Carbynes with sp1 hybridization are of the most fascinating allotropes of carbon, 

because of their unique optical and mechanical properties, they are expected to compete 

and even surpass that of single wall nanotubes[18], which contain fascinating electronic 

and magnetic properties[19, 20]. Carbon sp1 chains are believed to be the essential 

ingredients for fullerene and carbon nanotubes [21, 43, 46, 48]. However, the studies of 

carbynes are less than those on fullerenes and carbon nanotubes because of carbynes are 

unstable and no pure formed carbynes have been reported [21] . So the characterization of 

the structure of carbon sp1 chains will not only help understand its formation, but also 

impel the development of fullerenes and carbon nanotubes. 

The first carbon diagram to include carbynes was published in 1978, it predicts 

that the transition from graphite to carbynes at temperatures higher than 2600K and 

predicts the existence of at least 6 types of carbynes [49]. The existence of carbynes has 
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been suspected for more than 50 years, however the initial evidence of their existence 

was not report in the literature until late 1960s [50]. Spectroscope evidence of their 

existence was reported throughout the 1970s and 1980s [51, 52], but the evidence was 

disputed until the last ten years [18, 21, 53-55]. The first EELS for carbyne was reported 

in 2000[53]. Most of the work on carbynes has been done in Italy, the Soviet Union and 

Japan [21]. 

The properties of carbynes such as (electronic, magnetic)[18, 20] are very 

interesting; even the hardness is harder than cubic born-nitride as reported by Whittaker 

[49]. It is very attractive in the nanostructures field study to the properties of carbynes. 

The sp1 chain can be the alternation of triple and single bond (polyyne) or a series of 

double bonds between carbon atoms (cumulene). Now there are at least a dozen ways to 

synthesize carbyens including the use of plasmas [21, 41, 56]. Among the many 

preparations of carbynes, polycondensation of acetylene [48, 57, 58] has been the 

accepted method for the synthesis of carbynes. In the following we will report the use of 

TEM, HAADF-STEM, EDS and EELS techniques in the study of carbon nanospheres 

produced by high power arc-discharge in the acetylene atmosphere and show how these 

techniques give us information on these nanostructures. 

3.2 SAMPLE PREPARATION 

3.2.1. Sample Synthesized by Pulsed Plasma 

The Pulsed Plasma Process has been patented by Nanotechnology Inc and more 

information can be found at www.nanoscale.com. The experimental setup consist of a 

power system, reactor, collection system, and control system and the schematic reaction 

process is shown in Figure3.2.  Two noble-metal feedstock rods or graphite rods are fed 
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into a reaction chamber filled with controlled gases at atmospheric pressure. The 

feedstock rods are connected to a high powered, pulsed discharge power supply. 

Nanomaterials are synthesized by rapidly discharging power from the pulsed power 

supply across the feedstock rods. This high power discharge removes raw material to 

create a high temperature, high pressure metal plasma. By taking advantage of unique gas 

dynamics, the plasma rapidly expands into the surrounding gas to create a homogeneous 

gas phase suspension of nanoparticles. After each pulse, the feedstock material is inserted 

into the reaction chamber and the process is repeated to create a continuous, pulsed 

discharge synthesis system. The nanoparticles produced by the process are continuously 

collected using a closed loop system. A blower recirculates the controlled gases carrying 

the particles to the collection system. The nanoparticles are removed from the gas stream 

and packaged directly into shipping containers. 

    

 

Figure 3.1 Schematic drawing of the process for production of carbon coated Ag 
nanocomposites. 
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3.2.2.  Preparation Sample for TEM  

The product is dark powder and very light. To prepare for TEM sample, the easy 

way is to put powder into deionized water to make a dispersion by ultrasonic after a few 

minutes, then place one droplet onto TEM grids. However, as we also know, it is better to 

prepare sample in the natural way which prevents any possible change during sample 

preparation. Since the sample is powder, the idea is put the powder on TEM grid directly 

without any effect on the original product. At the same time, we also need guarantee that 

the thickness of the powder on TEM meet the requirement for electron beam transmit 

through it. The best way is to coat a very thin layer on TEM grids which can not be 

achieved by hand. In this experiment, we choose a syringe from Popper & Sons Inc as the 

tool by pumping the sample in the vacuum and let the drop down to the surface of TEM 

grids. The TEM grid used were lacy carbon (01883F) and ultra thin continuous carbon 

film (01822F) (Ted Pella Inc). 

3.3 RESULTS 

3.3.1. Cs corrected SEM and STEM Images. 

JEOL JSM-7700F Cs corrected SEM (Boston) was used to study the morphology 

of Ag coated with carbon nanoparticles as shown in Figure 3.2. Spherical carbon coated 

silver composites are connected with each other and formed necklace-structures. The size 

of the nanocomposites ranges from few nm to 100 nm. SEM and STEM bright and dark 

field images were taken from the same study area. The spherical shape, size and 

necklace-structures are the information which can be obtained from those three kinds of 

images. However, the contrast between Carbon and Ag nanopaticles can hardly be 

recognized in SEM images. STEM bright and dark field image show the contrast 
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difference at the peripheral spherical nanocomposites. The contrast difference is caused 

by carbon and Ag. The crosses through Ag nanoparticles reveal that Ag nanoparticls 

containing some kind defects. From these images, STEM dark field provides the best 

contrast. As explained in STEM section, when sample is crystalline, the DF-STEM image 

is very similar to DF in TEM mode.  

 

Figure 3.2 SEM and bright field and dark field STEM images using Cs corrected SEM at 
30KV. Note the show spherical nanoparticles connecting each other to form 
necklace structures. SEM images (a)-(b), STEM bright field (c)-(d) and dark 
field (e)-(f) were of the same area as in SEM images. The arrow in each 
image points to the sample particles.  

3.3.2. TEM Images 

A JEOL 2010F TEM with the capability to obtain ADF-STEM, HAADF-STEM, 

EDS and EELS analysis was used in this study of C coated Ag nanoparticles. The results 

are shown in the following sections. 
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3.3.2.1 C Coated Ag Nanoparticles. 

Figure 3.3 shows the TEM image for C coated Ag nanoparticles. In Figure 3.3 (a), 

the network is supported by lacy carbon TEM grid. As mentioned in the sample 

preparation for TEM study, we prepared the sample as the original without using any 

solution or grinding, therefore, the image will be exactly the true morphology of the 

sample. Figure 3.3 (b) shows more detail about the necklace-structure similar to those 

shown by STEM images in Figure 3.2. The darker area corresponds to Ag nanoparticles, 

which is surrounded by carbon nanoshperes whose contrast is brighter than that for Ag 

nanoparticles. The crosses inside the nanoparticles are produced by defects. From the size 

distribution shown, it is obvious that many particles are in the region of 5-10 nm, 

although some in the range from 50 to 100 nm also exist but there are fewer particles in 

this size. 

 

Figure 3.3 TEM images of carbon coated Ag nanoparticles. (a) Necklace-structures 
linking to big clusters at low magnification (b) spherical nanoparticles and 
necklace structures formed by the carbon coated Ag nanoparticles, where 
Ag appears darker than C and the spherical carbon-ring surrounds Ag 
nanoparticle. These size distribution indicates nanoparticles in the range of 
5-10 nm. 
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HRTEM images of the sample are shown in Figure 3.4, and the relationship 

between carbon and Ag nanoparticles is shown. The HRTEM reveals that structure of the 

coated carbon contains more than one layer, although in some areas, the inter-plane 

distance between is greater than that of graphite, which means that another structure 

might be created during the plasma process.  

 

 

Figure 3.4 HRTEM images for C coated Ag nanoparticles. (a)Carbon nanoshpere  
surrounding Ag nanoparticles and defects inside Ag nanoparticles. (b) 
HRTEM reveals that the carbon nanoshperes sounding Ag naoparticles 
contains many layers and the lattice fringes of Ag nanoparticles are hidden 
because of the carbon coated.  

 

3.3.2.1. Jump of Ag Nanoparticles and Carbon Nanocages 

During the TEM study, when electron beam was converged, the Ag nanoparticles 

left the carbon support and jumped to the supporting carbon in TEM grids (Figure 

3.5).The circle-selected area in both Figure 3.5 (a) and (b) give a clear example of before 
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and after the Ag nanoparticles jump. After Ag nanoparticles jump, Figure 3.5(b) proves 

that the nanosphere is empty. The inset image in Figure 3.5 (a) shows that many Ag 

nanoparticles jump from carbon nanospheres to the supporting lacy carbon in TEM grids. 

The necklace-structures are only formed by carbon-nanocages.  

 

Figure 3.5 TEM images of carbon-coated Ag nanoparticles (a) and (b) are the same area 
before and after Ag jump leaving nanospheres empty. The inserted image in 
(a) shows the jump of Ag nanoparticles from carbon nanospheres to the 
supporting lacy carbon and that the necklace-structures are only composite 
of carbon nanocages.  

In order to learn about the jumping of Ag nanoparticles, we used the same sample 

preparation method to prepare sample on continuous carbon film support TEM gird. After 

converging the beam on the interested area for few seconds, Ag nanoparticles jumped to 

elsewhere. The big cluster as shown in fig 3.3 (a) disappeared, only big nanoparticles and 

carbon nanosphere were left and they become the center for the jump of Ag nanoparticles 
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(Figure 3.6). Figure 3.6 just partly shows how it looks like after Ag nanoparticles jump. 

The bigger particles jump shortly and stay close to the center, whereas smaller particles 

jump from the center. Figure 3.6 (a) is the continuous part from Figure 3.6 (b). After the 

Ag nanoparticls leave the carbon nanosphere, it is easy to study in the HRTEM images 

and obtained the nanocrystal structure. The inserted image in Figure 3.6 (a) is one 

example of HRTEM image of Ag nanoparticles with 2 nm in diameter and 

cubo-octahedral shape in [011] direction. 

 

Figure 3.6 Jump of Ag nanoparticles. From (b) to (a), particles jump far from the original 
area. The arrow points to the same place in (a) as in (b). The HRTEM image 
of Ag nanoparticles is inserted in (a). 

HRTEM images of carbon nanospheres in Figure 3.7 shows the edge of 

nanosphere containing several layers as graphite-structure with porous structure as 

pointed by arrow in the images. It is still hard to tell how exactly the nanospheres link 
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each other only from images. Therefore EELS will be applied to explain why nanosheres 

have the chance to connect and form necklace-structure. 

 

Figure 3.7 HRTEM image of carbon nanospheres after Ag nanoparticles jump. 
Graphite-like structure at the edge and pore structure inside as pointed by 
arrow 1,2,3.  

 

3.3.2.2 Carbon Nanospheres 

In order to know whether the formation of carbon nanospheres is related to the 

formation of Ag nanoparticles or not, we choose the sample prepared by graphite rods 

instead of Ag rods and the same procedure as did in carbon coated Ag nanoparticles. It 
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was observed that the morphology of carbon materials (Figure3.8) is similar to carbon 

coated Ag nanoparticles. The networks in Figure 3.8(a) are lacy carbon in TEM grid.  

HRTEM image (Figure3.8 (b)) reveals that nanospheres structure with pore inside, which 

agrees with the results of carbon nanospheres after the Ag nanoparticles jump. Then, we 

believe that the formation of carbon nanoshperes is caused from high power 

arc-discharge plasma, not related to Ag nanoparticles.  

 

Figure 3.8 TEM images of the sample produced with pure carbon sample. (a) Low 
magnification show the necklace-structure, (b) carbon nanospheres with 
pores. They are clearly observed in the inserted image. 

 

3.3.3. HAADF-STEM Results 

3.3.3.1 HAADF-STEM Images of Carbon Coated Ag Nanoparticles. 

Figure3.9 (a) shows the HAADF-STEM image at low magnification, the networks 

is the lacy carbon from TEM grid. The morphology of the sample looks similar to that at 
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low magnification of TEM images, but the nanoparticles looks bright instead dark. Due to 

the big difference between the atomic number of Ag and carbon elements, Ag appears 

much brighter than carbon. So it is easy to observe that carbon nanospheres are 

surrounding the Ag nanopartilces as pointed by the arrow in Figure3.9 (b).  

 

 

Figure 3.9 HAADF-STEM image of Carbon coated Ag nanoparticles. (a) Low 
magnification (b) necklace-structure and carbon nanospheres surrounding 
Ag nanoparticles 

 

3.3.3.2 HAADF-STEM Images of Carbon Nanocages 

The HAADF-STEM image of carbon nanocages is shown in Figure 3.10. Before 

we get this result, it was necessary to remove Ag nanoparticles in TEM mode and then 

switch to STEM mode. The condensed and thick area looks much brighter due the density 

mass contrast. The beautiful necklace-structure and nanocages are clearly shown. And it 
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is also clearly shown that no Ag nanoparticles are left which agree with TEM results. So 

we are sure that the necklace-structures are form by carbon nanocages only. 

 

 

Figure 3.10 HAADF-STEM images of carbon nanocages (a) and (b). The area labeled by 
1 is the supporting lacy carbon of the TEM grid. 

 

3.3.3.3  HAADF-STEM Images of Carbon Nanospheres. 

Pure carbon material was also studied by HAADF-STEM as show in Figure 3.12. 

Networks are again the image of lacy carbon in the TEM grids. Both necklace-structure 

and nanospheres can be observed.  
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Figure 3.11 HAADF-STEM images of carbon nanospheres from pure carbon materials 
(a) low magnification (b) high magnification. 

 

3.3.4. EDS Analysis 

Carbon and Ag peaks observed in the EDS spectrum 3.12 (a) are produced by the 

sample of the carbon coated Ag nanoparticles and the results was as expected. Cu peaks 

are from the TEM grids. EDS mapping indicates that Ag nanoparticles are surrounding 

by carbon in agreement with TEM and HAADF-STEM results described in the previous 

section. 
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Figure 3.12 EDS spectrum (a) and EDS mapping (b) of carbon coated Ag nanoparticles. 
Strong carbon and Ag peaks in (a) are from the sample, Cu peaks are from 
the TEM copper grid. Square area is selected for mapping. Number 1 is the 
carbon mapping from supporting lacy carbon in TEM grid, number 2 is the 
mapping of Ag, and number 3 is the carbon mapping from carbon 
nanospheres. 

3.3.5. EELS Analysis 

Figure 3.13 shows the reference image for EELS element mapping (a) and the 

element mapping for both carbon and Ag are shown in (c) and (d). EELS spectrum in 

Figure 3.13 (b) provides definitely carbon and Ag peaks. It is in agreement with the 

results obtained in previous sections. 
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Figure 3.13 EELS spectrum and element mapping.(a) STEM reference images for 
element mapping, (b)EELS spectrum indicating carbon and Ag peaks. (c) 
and (d) are the element mapping for carbon and Ag. Note: the spectrum drift 
in (a) is set for experimental condition. 

 EELS was taken by using TEM diffraction mode and is shown in Figure 3.14.  Low 

loss spectrum in Figure 3.14 (a) gives two obvious plasma peaks at 19.5ev and 5 ev. In 

the high loss region (Figure 3.14 (b)), there are two typical peaks σ* at 292ev and π* at 

286ev with equal intensity different from graphite with higher σ* peak and diamond 

without π* peak. According to the report by Li in 2000[53], the lowest EELS peak at 5ev 

and main plasma at 19ev are the evidence of carbynes at low loss region, even another 
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smaller plasma peak at 9.35ev is missing. And the equal intensity in high loss region is 

another evidence for existence of sp1 bond.  

 

Figure 3.14 EELS spectrum reveals that carbon nanospheres contain sp1 hybridization (a) 
low loss (b) high loss. 

 

In order to know well about carbon bonds in carbon nanospheres, line scan EELS 

spectrum was performed by using STEM mode and results were shown in Figure 3.15. At 

the edge and in the middle of carbon nanospheres, the equal intensity between π * and σ* 

peaks indicate that the sp1 hybridization exist in those area. However continuous study 

found that the character of sp1 is very sensitive to electron beam, and the evidence 

disappears after exposure to the electron beam as shown in Figure 3.16 (a) and (b), which 

show only sp2 hybridiation. 
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Figure 3.15 STEM reference image (a) and line scan EELS spectrum high loss region (b) 
three dimension view and (c) two dimension view. Number 1 and number 5 
indicates the location in the carbon nanospheres and the corresponding 
spectrum pointed by arrow in (b). Spectrum 1 and 5 show the equal intensity 
of π* and σ*.   

It is not surprising to observe the disappear of sp1 feature since carbynes are 

notoriously unstable under electron beam irradiation and noticeable spectral changes 

occur in less than 10 minutes[53]. In our study, big difference in the EELS spectrum and 

images (Figure 3.16) and have been studied after the electron beam irradiation. After 

electron beam irradiation, sp1 peak disappears both at edge and in the middle of carbon 

nanopheres (Figure 3.16) and the area becomes more sp2 dominated. 
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Figure 3.16 STEM reference image (a) and (c), and corresponding EELS spectrum (b) 
and (d). The reference image is the same area as but taken after few minutes. 
The spherical feature becomes blured when the sp1 characterization 
disappears. The spectrum shows only sp2 hybridization exists in (b) and (d) 
which show more clearly sp2 hybridization.  

 

In order to know if there is bonding between Ag and C nanocomposites, we study 

the EELS spectrum of carbon with and without Ag nanoparticles at the same area. Figure 

3.17 is the EELS results in low and high low energy regions. The shapes of spectrum are 

the same except the intensity of EELS spectrum is higher after Ag nanoparticles were 
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removed.  So we believed that there is no chemical bond formed between Ag and C 

nanocomposites. 
 

 

Figure 3.17 EELS spectrum before and after Ag jump (a) high loss region and (b) low 
loss region. 

 

3.4  COMMENTS 

All the techniques such SEM, STEM, TEM ,HAADF-STEM, EDS and EELS 

mapping described in this chapter proved that carbon nanospheres formed by the 

high-powder arc-discharge plasma present unique structure and chemical properties. In 

principle they indicated that the obtained materials consist of Ag nanoparticles inside 

carbon nanocages. The jump of Ag nanoparticles outside the Carbon nanocages means 

that there are no chemical bonds formed between Ag nanoparticles and carbon 

nanospheres. The EELS spectrum provides the evidence of sp1 hybridization created 

during the sample preparation, since polycondensation of acetylene [57, 58] has been the 

accepted method as the synthesis of carbynes.  
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EELS spectrums also showed that the sp1 bonds distribute either in the middle or 

at the edge of the carbon nanospheres (Figure3.14 and Figure3.15). This sp1 

hybridization at the edge might cause formation of necklace structure connected with 

neighbor carbon nanoshperes [55]. The carbon chains between contains 2 or three carbon 

atoms, which are not easy to be studied in TEM. Because there was strong 

electron-phonon coupling between the sp1 hybridized carbon chain according the Rice et 

al [59] [21], it happened those linear carbon chains interacted with each other and formed 

the cross-linking structure. So under TEM beam, cross-linking of those linear carbon 

chain make the carbon nanocages agglomerate together which make the TEM study more 

difficult. The stability of the linear carbon chain was also a problem in for TEM study 

like the change in image and EELS spectrum shown in Figure 3.16.  

Since the discovery of Fullerene, a large family of spheroid closed cage carbon 

molecules had been found [60]. Fullerene-like carbon structure or non-fullerene carbon 

clusters containing both sp1 and sp2 hybridization are produced in the study of fullerenes 

[43, 61]. As the carbon cluster become bigger, it is has high tendency to disordered 

structure [44]. The diameter of spherical cage is 10 nm, with the existing of sp1 

hybridization sometime bends towards outside of the sphere [44] to form large 

open-fullerene structure. The open of the cage provide high chance for Ag nanoparticles 

to be entrapped inside of carbon cages, which explain the phenomena in the study. The 

EELS spectrum in Figure3.17 proves that there is not chemical bond between Ag 

nanoparticles and carbon nanoshperes, which explains why Ag nanoparticles can jump 

out of carbon nanospheres. The force comes from the Coulomb force between Ag 

nanoparicles after they are charged. The many layers in carbon nanoshperes in Figure3.7 

indicate that the net of fullerenes-structure. Figure3.18 gives the schematic images to 
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show the relation of C720+C540 large carbon cluster and Ag nanoparticles. When 

electron beam hit the sample, nanoparticles can be easily removed from carbon cages.  

 

Figure 3.18 Schematic images of C720+C540 with Ag nanoparticles in different view 
direction. 

3.5  CONCLUSIONS 

From above results and comments we conclude that sp1 chains were created at the 

same time during the production of Ag nanoparticles. The existing of partial sp1 

hybridization helps to explain why the formation of carbon nanospheres, necklace formed 

by the connecting of carbon nanospheres and the open-fullerenes structures.  
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Chapter 4 Second application -Au nanoparticles and Co nanoparticles 

in Zeolites 

4.1 AU NANOPARTICLES  

4.1.1. Weak Beam Techniques in the Charactrizaiton of Au Nanoparticles  

Since 1970s, with the improvement in resolution, TEM has provided useful 

information about the nanoparticle structure such as the shape by using weak-beam 

techniques, micro-diffraction pattern etc [62]. When exploring nano-materials in 

particular nanostructures, the finite size play an extremely important role. Unlike bulk 

materials, in nanoparticles and nanowires the contrast is very sensitive to effects which 

are usually second order in magnitude. For instance, the presence of wedges, steps, 

surfaces, surface strains, and even incomplete surface layers produces information 

additional contrast in the TEM. The interpretation of the high resolution electron 

microscope (HRTEM) images of nanostructures, therefore, requires the reinterpretation 

of the well established HRTEM imaging procedures for bulk materials to take into 

consideration the effects produced by their few-nanometers-size [63].  

It is well known that the reciprocal-space spots increase their width as the material 

is reduced in size and kinematical effects have to be taken in account [64]. The 

nanowires, for example, are one-dimensional (1-D) systems and, therefore, their 

reciprocal space lattice consists of “elongated rods” instead of spots. Therefore the Ewald 

sphere will “touch” reflections even out of the exact Bragg conditions and forbidden 

reflections for bulk structures could be present in the diffraction patterns of the 

nanometer-size structures.  
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In the case of fcc structures as gold, these extra spots will result in the well known 

n/3 <422> forbidden reflections described originally by Cherns as describing steps in 

<111> gold thin films [65] and subsequently used by several authors for the structural 

description of metals and silicon surfaces [66, 67]. Recently Bell et al [63] have used of 

these reflections to the study of Si-NW. The very high resolution of the images allows to 

these frequencies to be present on the image with a high enough signal to noise ratio to be 

observed and analyzed by filtering the Fast Fourier Transform. 

Therefore, the analysis of all diffraction features obtained during the analysis of 

the structure of nanomaterials is very important for their understanding. So, it is the case 

of conventional dark field (DF) images and weak beam dark field (WBDF) image. The 

principal difference between DF and WBDF is that the last one uses diffraction spots 

with large excitation error Sg, i.e. far from the Bragg condition (Sg = 0), causing a 

decrease of the amplitude of the oscillation of the extinction distance. Experimentally this 

condition is obtained by tilting slightly the sample so that the diffraction spot becomes 

weak in intensity. 

The use of weak diffracted beams [68] for the formation of images of any material 

improves substantially the resolution of any defects when observed by TEM and the 

shape and crystallography of even small metallic particles can be obtained [69]. The most 

common diffraction condition used is the observation of the spot g while the Bragg 

condition is set for 3g. This condition represents a tilting of 1-2o away from the Bragg 

angle for the spot g used for observation. Here I intend to show that there are some 

combinations of tilting and sample size which lead to optimum conditions for weak beam 

analysis in Au nanoparticles. In those cases the image becomes much more sensitive to 
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strain and thickness variations than in normal weak beam dark field and, therefore, the 

resolution for defects is largely increased.  

4.1.2 Au Nanoparticles Preparation 

Au nanoparticles was prepared by reduction to Au ion in water/methanol solvent 

in the presence of poly(N-viny1-2-pyrrolidone) [70]. 

Prepare for TEM sample: drop the solution directly on the ultra-thin carbon TEM 

grids (TED, Pella) after formvar is removed. 

4.1.3 Results 

4.1.3.1 Morphology of Au Nanoparticles 

TEM and STEM images (Figure 4.1) show that Au nanoparticles have a triangular 

shape in the range of 40-100 nm and pentagon shape in size of few nm to 50 nm.  

 

Figure 4.1 TEM image (a) and HAADF-STEM image (b) view Au nanoparticles with 
triangular, hexagonal and pentagonal. Note: the insert image show clearly 
the pentagon and polyhedral shapes. 
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4.1.3.2 TEM and HAADF-STEM Images of Triangular Au-NPT 

Although different shapes such as hexagonal, pentagonal and polyhedral were 

obtained, we are going to concentrate on the triangular shape because they allow us to 

make a clearer presentation of the points we will present. Figure 4.2 (a) shows the 

conventional bright field TEM image. In this we see two triangular-shaped particles, one 

with 45nm in size and other with 25nm. Note the existence of a defect in both particles, a 

stacking fault.  Figure 4.2 (b) shows the HAADF-STEM image of these particles. In this 

case, the difference in brightness is a result of their difference in size [71]. However, note 

that the stacking fault defect is only observed in the 45nm-particle and not in the smaller 

one. 

 

 

 Figure 4.2 Bright field TEM image (A) and HAADF-STEM image (B) of triangular 
shaped Au NPT’s. Note the existence of stacking faults in both particles. 
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4.1.3.3 HRTEM Image of Au-NPTs 

To have a better idea on the structure of these particles, HRTEM images were 

taken (Figure 4.3). In this case, we observe that the 25nm-particle is better oriented than 

the 45nm-particle (i.e. the smallest particle shows a very good HRTEM contrast because 

its orientation is close to a prominent axis zone). It is also possible to observe the 

contrasts presented by the stacking faults in both particles. By taking even better HRTEM 

images, we will slightly get more information about their structure. 

 

Figure 4.3 HRTEM images of the triangular shaped Au NPT’s shown in Figure4.2. A) 
The 45nm-particle, B) The 25nm-particle. Observing the contrasts presented 
by the stacking faults in both particles.   

  

Another technique we can use to obtain structural information about the Au-NPTs 

is by digitally processing the HRTEM images. Figure 4.4 shows HRTEM image of the 25 

nm triangular shaped Au-NPT’s and the FFT’s obtained from the indicated areas. Note 
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that the analysis of these FFT indicates distances bigger than that for the (111) plane and 

an angle of 57o. 

 

 

Figure 4.4 HRTEM image of the 25 nm triangular shaped Au NPT’s and the FFT 
obtained from the indicated areas. Note The FFT indicates distances bigger 
than that for the (111) plane and an angle of 57o.  

 

In order to analyze the structure of the Au-NPT’s, first we must index the FFT 

shown Figure 4.4. To do this we note that the distances from the center to the next 

brighter spots 0.23 and 0.25 nm (measured with the Digital Micrograph software) and the 

angle between them is 57o. The distance of 0.23nm correspond to the (111) plane of Au, 

but the distance of 0.25nm doen’t not correspond to any of the allowed planes for Au. On 
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the other hand Figure 4.5 shows the HRTEM image and the FFT’s obtained from two 

different areas of the 45 nm triangular shaped Au NPT’s. We were lucky that this particle 

was oriented very close to the orientation shown by the 25 nm particle, and the indexing 

of its FFT, as in the case of Figure 4.4, also indicates distances bigger than that for the 

(111) plane and an angle of 57o.  

 

 

Figure 4.5 HRTEM image of the 45 nm triangular shaped Au NPT’s and the FFT 
obtained from the indicated areas. This particle was very close to the 
orientation shown by the 25 nm particle, so the analysis of the FFT, as in the 
case of Figure 4.4, indicates distances bigger than that for the (111) plane 
and an angle of 57o. 
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4.1.3.4 ZOLZ + FOLZ diffraction pattern 

As mentioned earlier, a way of finding the origin of these distances is taking in 

account the size effect of these particles, the Laue zones and the Ewald sphere. For 

nanostructures instead of spots in reciprocal space there are “rods” (the Fourier transform 

of a thin single layer elongated in a direction normal to the thinnest parameters). 

Therefore, the Ewald sphere will also intercept, additional to the zero order Laue zone 

(ZOLZ), reflections from the first order Laue zone (FOLZ), and the electron diffraction 

patterns will simply show these extra spots (forbidden spots); i.e. they will be the 

projection of the FOLZ spots into the ZOLZ plane. 

Therefore, in order to completely index the FFT of Figure 4.4, we calculated the 

projection of the FOLZ spots into the ZOLZ plane for [100], [110], [111] and [112] zone 

axes of a FCC unit cell. They are shown in Figure 4.6. Thus, comparing the data for the 

[112] axis zone with that presented in the FFT of Figure 4.4 we find a very good 

agreement. So, the FFT from the 25 nm-size Au-NPT’s has information both from ZOLZ 

(the 0.23 nm spot) and FOLZ (the 0.25 nm spot).  
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Figure 4.6 Schematic representation of the fcc reciprocal space including the ZOLZ and 
FOLZ diffraction spots along different zone axes. The size effect in 
nanostructures produces Ewald spheres that touch not only rods from ZOLZ 
but also from FOLZ. a) [100], b) [110], c) [111], and d) [112]. The different 
colors in the FOLZ spots in [111] repeat the plane in front and behind the 
ZOLZ plane. 

 

The question now is related with the implication of this result for the analysis of 

the structure of nanoparticles. To try to elucidate it, let us go back to the TEM 

microscope. 

4.1.3.5 Weak-Beam Dark Field Images 

We can obtain dark field images using both ZOLZ and FOLZ spots, but 

everybody who has worked with small particles know quite well that this is a hard task, 

even using a modern TEM with a FEG design. Therefore what we did was to set the 

objective aperture in such a way that the all the signal around and smaller than for the 

(111) distance were included to obtain the image, then we moved this aperture around the 



 85

central spot and recorded all the changes in the image. When we get the (111) spot in the 

objective aperture (or any other for the case of other orientation), the normal dark field 

image will be observed; otherwise some changes from this image will be registered. After 

that, without any tilt of the sample, we record the HRTEM images of the particles, and 

the corresponding FFT. In the Following we present these results. 

As we see in Figure 4.4, the 25 nm particle is in the [112] axis zone and the 45 

nm-particle is close to the [112] axis zone, and the [112] diffraction pattern will include 

both the corresponding ZOLZ allowed spots and those corresponding to the FOLZ zone. 

However, mainly for the 45 nm particle, all the spots are exhibiting different intensities. 

This situation is very similar to the one observed when the sample is slightly tilted from 

the exact axis zone and weak-beam images are recorded. 

Figure 4.7 shows a set of dark field images of both triangular particles taken by 

moving the objective aperture around the central spot, but always excluding it. In some 

cases the conventional DF image of each particle is obtained (Figure4.7 a, b and d) and in 

others WBDF images are obtained (Figure4.7c, e and f). Note the change in the 

periodicity of the extinction fringes. 
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Figure 4.7 Weak-beam images of the triangular shaped Au-NPT’s shown in fig4.2. Note 
the change of contrast in each case (see text for details). 
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Another important feature to noting is the contrast change of the stacking faults in 

each case (Figure 4.7 b, c, and f), which has been deeply analyzed by Jenkins for gold 

[72]. Figure 4.8 shows the WBDF images of the stacking fault for the 45nm triangular 

particle.  

One of the uses of the WBDF technique is the fact that it gives us the 3D 

information about the particles. In the case of the particles shown in Figure 4.2 is almost 

impossible to say something about their 3D shape based only in the HRTEM images and 

with aid of WBDF images (Figure 4.8, 4.9 and 4.10) we concluded that the shape of these 

particles is pyramidal in both cases. 

 

Figure 4.8 (a) Weak-beam image of the 45nm triangular shaped Au-NPT’s shown in 
Figure 2, (b) Magnification of the stacking fault defect for better observation 
of its contrast (see text for detail). 
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Figure 4.9 Bright field TEM image (a) and HAADF-STEM image (b) of Au NPT’s with 
different shapes. (c) Nano-diffraction pattern from the triangular particle. 
Note the existence of spots is 1/3(422) 

  

The same situation is shown for the particle in Figure 4.9, which is 40nm in size. 

However, in this case the triangular Au-NPT is oriented along the [111] axis zone as 

shown by the nano-diffraction pattern of Figure 4.9c. Once again this [111] diffraction 

pattern presents the normal hexagonal arrangement of the {220} spots of ZOLZ together 

with the hexagonal arrangement[73] of the spots of FOLZ. As shown in Figure 4.5, the 

projection of these [73] spots on the plane of the diffraction pattern produce the well 

known forbidden reflections 1/3 [54]. Figure 4.10 shows the dark field images for this 
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particle; they were taken in the same way as discussed above. Once again we observe the 

contrast change in each case and the existence of stacking faults in the particles (indicated 

by an arrow in Figure 4.10 d) and in the polygonal particle which is close to it. 

 

Figure 4.10 Weak-beam images of the triangular (40nm in size) and pseudo-pentagonal 
(20 nm in size) shaped Au-NPT’s .Note the change of contrast in each case 
and the existence of stacking faults in the particles.  

 

The contrast shown by stacking faults in the images such as those seen in Figure 

4.8 and 4.10 is quite interesting. Figure 4.11 is the bright field TEM image and some 

weak-beam images of another triangular shaped Au-NPT’s (50 nm in size) very similar to 
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the one shown in Figure 4.10. In this case the contrast of the stacking fault is observed 

with more detail.  

 

Figure 4.11 Bright field TEM image (a) and weak-beam images (b-d) of a triangular 
shaped Au-NPT’s (50nm in size) similar to the one shown in Figure4.7. 
Note the change of contrast in the stacking fault in this particle. 

 

However not all the triangular Au-NPT’s have a pyramidal shape. For example, 

the triangular Au-NPT shown in Figure4.12 is completely flat as deduced from their dark 

field images. This particle is 40nm in size. Compare its contrast with the ones for the 

particles shown in Figure 4.4, 4.9. 
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Figure 4.12 Bright field TEM image (a) and weak-beam images (b-d) of another 
triangular shaped Au-NPT’s (40nm in size). Note the change of contrast in 
each case and compare it with the one shown by the particles of Figure4.4, 
4.7. 

 

The importance of this WBDF technique is that it can be used to analyze even 

smaller particles than those commented above and give information about their 3D shape. 

For example Figure 4.13 shows these images of a pentagonal shaped Au-NPT’s of 7nm in 

size. In this case, although the particle is too small, we are able to register the contrast 
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changes of each of the five grains that built this particle (Figure 4.13b-e) and the 

observation of only one of their five twinned grain boundaries (Figure 4.13f). 
 
 

 

Figure 4.13 Bright field TEM image (a) and weak-beam images (b-f) of a pentagonal 
shaped Au-NPT’s (7 nm in size). Note the change of contrast in each case 
and the observation of only one of the five twinned grain boundaries that 
form this particle. 

4.1.4 Comments for Au NPTs 

The technique described here has a great potential as an alternative technique for 

the structural study of nanoparticles, nanorods and nanowires. The only point that has to 

be taken in account when it is applied is the possible existence of not only spots produced 
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by the size effect, but also forbidden spots arising from some other features such as 

incomplete layers, wedges, steps and periodic strains.  

Thus, in the case of incomplete layers the forbidden reflections result from some 

kind of surface stacking fault [65]. FCC compact packet crystals will normally show the 

sequence …ABCABC…. In the case of a finite surface yields incomplete layers, for 

example …ABCA or …ABCAB in parts of the surface. The electron diffraction pattern 

of this situation corresponds to the overlaying of two diffraction patterns. One of them is 

the diffraction pattern from a complete FCC crystal …ABC… and the other is the 

diffraction of the top of the layer which could be as…A (a cubic crystal) or as …AB (a 

hexagonal crystal). Therefore, the diffraction pattern of such crystal will correspond to 

the superposition of the FCC crystal superimposed with the hexagonal crystal. For 

instance, if the particle has the <111> zone axis and the extra layer is type …AB, i.e. a 

hexagonal crystal, then the diffraction pattern will be the superposition of the [111] 

diffraction pattern with the [001] hexagonal diffraction pattern. Note that these forbidden 

spots and those produced by the size effect will be, at least for the case of the [111] zone 

axis, in the same place. 

If the shape of the nanoparticle particle or another nanostructure is such that it 

forms a wedge, forbidden spots will also be present in their diffraction pattern [74]. 

However these spots are positioned in a different place than those produced by the size 

effect and incomplete layers. To see this, consider a nanostructure with a wedge shape of 

thickness t = mx, the standard kinematical theory will yield for the total wave function: 
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where Sg is the excitation error of the g  vector, λ
π2=k  , gξ  is the extinction 

distance and (x, y, z) are the components of the vector r . This equation implies that the 

diffraction pattern will exhibite spots at g and (g1- Sgm , g2, g3). Therefore, the spots will 

be splitting in a direction given by the normal to the edge of the wedge. 

A stepped surface will also give rise to the appearance of forbidden spots in the 

diffraction pattern but, once again, their position will be given by the nature of the step 

[74]. Let it be a stepped surface. The amplitude at the bottom of a column of thickness t 

is: 
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The reciprocal space distribution can be obtained by the Fourier transform of gφ . 

This is: 
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Evaluating the Fourier transform we get an equation of the form: 
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where C represents a constant terms. The *g vectors are referred to the staircase and are 

multiples of one-step distance ∆
L , L an integer. Since the slope m is ∆= αm , equation 

(4.4) predicts extra spots at: 

∆
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The first term is the reflections from the crystal, the second is the split from the 

mean slope, and the third are sidebands due to the periodic steps. 

In the case of weak-beam dark field images much information can be obtained 

from the examination of the contrast of the rocking curves [66, 68]. In a simple model we 

can assume that the visibility of a defect will depend upon the resolution of lattice 

distortions produced around it. Thus, let us consider a rocking curve for gold, which is a 

strongly absorbing metal. Calculations using 49-beam dynamical theory were performed 

for a crystal in an orientation around to an <100> zone axis. The dark field contrast was 

calculated for the (002) spot contained in the zone axis (Figure4.15). Non-systematic 

reflections were included in the calculation. The bight field image is calculation show in 

Figure 4.14. Only positive values of the parameter:  
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(θ  is the Bragg angle) and two thickness 5 nm and 20 nm are shown in Figure 4.14. As 

can be seen for a strongly absorbing material such as gold the dark field is rather 

insensitive to changes in orientation. It is clear that this type of image will not be relevant 

for study of defects. The dark field on the other hand has a completely different behavior. 

In Figure 4.14 several thickness and diffraction conditions (value of the excitation error) 

considered are for (002) spot contained in a <100>-zone axis. The tilting was considered 

to be along an axis perpendicular to the (002) spot and in a clockwise direction. For a 

thickness of about 50nm, there is a region within an angle of deviation of about 1o from 

the Bragg angle, in which the contrast of the defect is high. For larger tilting angles at this 

thickness, the contrast disappears completely. However for a thickness of 20nm and S<0, 

the situation improves considerably and the resolution becomes optimum. In this case for 
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some tilting angles a small variation of orientations between two neighboring regions will 

produce a very large variation in contrast. In fact, variations of 0.25 at 80% contrast can 

be obtained. The very narrow region in which the conditions are fulfilled corresponds to 

the named ultra-weak images. Gold represents an extreme case because of its high 

absorption and the ultra-weak beam dark field images are limited to about 20nm regions. 

For other metals the situation is improved as far as thickness is concerned and thicker 

simples can be studied.  
 

  

Figure 4.14 Calculated Bright field rocking curve intensity plotted vs the parameter kx/g 
for the thickness of 5 and 20nm. Dark field intensity for the (002) spot near 
the <100> zone axis at different values of thicknesses and excitation errors.  
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4.2 CO-NPTS IN Y ZEOLITES 

4.2.1 HAADF-STEM Techniques in the Characterization of Co Nanoparticles in 
Zeolites 

Like other TEM techniques, HAADF-STEM is widely used in the 

characterization of nanoparticles especially for nanoparticles on supported matrix 

[75-77], because the contrast depends on atomic number. Zeolites are famous for the 

frameworks containing pores, channels, and cages with different dimension and shapes 

which have high activity and selectivity properties [78]. By controlling the electric field 

and adsorption of the pores, zeolites can be used as catalytic microreactors to create 

unique type of catalyst [78]. Scanning electron microscopy, and high resolution TEM are 

the main techniques in the characterization of zeolites-related materials [79]. However, 

zeolites are beam sensitive materials [73] which has to be considered during the study. 

Like discussed in chapter two, HAADF-STEM uses convergent beam to form nano-scale 

probe and reduces the beam irradiation. However there have no reports about applications 

of this technique to zeolite-related materials. Here I will discuss the application of this 

techniques to study of Co nanoparticles in zeolites.  

4.2.2 Co nanoparticles in Y Zeolites 

Co- Y zeolites were synthesized using Co-magadiite which is used as a source of 

Si and Co [80]. The detail of synthesis can be found in Corma’s paper [81]. 

Zeolite-Y powders was sissolved in deionized water and droped onto lacy carbon 

TEM grids(Ted Pella Inc). 
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4.2.3 Results 

4.2.3.1 TEM images 

The TEM bright field and HRTEM images are shown in Figure 4.15. In HRTEM, 

it is clear that channel of Zeolites-Y has a size of 1.2 nm.  

 

 

Figure 4.15 TEM low magnification image of Zeolite-Y a) and HRTEM (b) reveals the 
channel with 1.2 nm. 

 

It is well known that Zeolies are beam sensitive materials [73]. As the beam 

focuses on an area for a while, the structure of zeolites is destroyed and it is easy to 

observe Co nanoparticles as shown in Figure 4.16 (a) the black spots like that show by 

the arrow are Co nanoparticles). The lattice fringe can be clearly seen in HRTEM image 

of (Figure 4.16 (b)).  
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Figure 4.16 TEM images of Co nanoparticles (a) low magnification and (b) HRTEM 

 

During the study of Co nanopaticles by HRTEM, we were able to observe the 

structure fluctuation of Co nanoparticles as shown in Figure 4.17. The shape of Co 

nanoparticle changes from spherical to square to polyhedral. By using life view function 

in Digitalmicrography (Gatan software), pictures were acquired by CCD camera, we were 

able to know that the cycle of structure fluctuation is 3-4 minutes.  
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Figure 4.17 HRTEM images of structure of fluctuations of Co nanoparticles. 

 

4.2.3.2 HAADF-STEM images 

The morphology of zeolites-Y is shown in Figure 4.18 (a).And the channel 

structure is shown in Figure 4.18(b). Figure 4.19 shows that Co nanoparticles around 1 

nm appear in the channel which can be clearly seen in the insert image inside (b). The 

profile of the Co NPTs selected by the circle reveals that it is a spherical shape and has a 

size of 1 nm. 
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Figure 4.18 HAADF-STEM images of Zeolites-Y (a) low magnification and (b) high 
magnification 

 

 

Figure 4.19 HAADF-STEM image of channel (a) and Co-NPTS in the channel (b) 
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4.2.3.3 EDS  

EDS spectrum in Figure 4.20(a) was taken from Figure 4.15(b), where the peaks 

of Si, O and Al were from zeolies, the Ni peaks were from Ni TEM grids. The 

appearance of Co peaks indicated the zeolites contain Co nanopartilces. Spectrum in 

Figure 4.20 (b) was taken from the nanoparticles inside of Figure 4.16 (b) and Figure 

4.17.  It contains all the elements peaks in spectrum (a), but Co has higher intensity than 

Si.  
  
 

 

Figure 4.20 EDS spectrum (a) whole sample and (b) Co-NPTS 

 

4.2.4 Comments for Co-NPTS 

The channel structure of zeolites has been observed in both TEM bright field 

(Figure 4.14(b)) and HAAD-STEM images (Figure 4.17 (b) and 4.18 (a). No Co 

nanoparticls appearing on the surface of Zeolites indicate that the Co nanoparticles are 
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inside the channel, which is proved by EDS spectrum (Figure 4.19 (b)), HRTEM image 

(Figure 4.15) and HAADF-STEM image (Figure 4.18). The structure fluctuation in 

Figure 4.18 is reasonable for nanoparticles since each configuration have similar energy 

[76]. In HRTEM image (Figure 4.17(b)), the inserted image shows that the structure has 

started to be destroyed, as a result, many Co-NPTS in size of 3-5 nm appear. However in 

HAADF-STEM image (Figure4.20), we are able to observe Co nanoparticles in 1nm 

within zeolites channels. So, by using HAADF-STEM the electron beam irradiation can 

be reduced to some extent. 

 

4.3 CONCLUSION 

4.3.1 Au-NPTS 

By considering the nanopartiles shape effects, applying ZOLZ+FOLZ electron 

diffraction pattern, we were able to explain why forbidden spots appear in the FFT 

pattern, which indicates a way can be also applied to other nanomaterials. 

In order to properly interpret of their images, the study and understanding of these 

types of spots are necessary. However these spots can also be used to obtain structural 

information from conventional TEM dark field images through the weak-beam TEM 

technique described in this chapter.  

4.3.2 Co-NPTs in Zeolites-Y 

Both TEM and HAADF-STEM images were used to reveal the channel structure 

and Co nanoparticles. By HAADF-STEM techniques, we were able to observe 1nm or 

less Co nanoparticles. 
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Chapter 5 Application of Electron Microscope Techniques to Drug 

Delivery and Nano-biotechnology 

5.1 INTRODUCTION 

In this chapter, I will comment the application of HAADF-STEM, EDS and EELS 

techniques to organic materials. The following are the examples of materials that will be 

used to exemplify the use of electron microscopy in this type of study.  

Increasing the solubility of active pharmaceutical ingredient (APT) is an 

important work in the pharmaceutical industry[82-84] since many APT such as Danazol 

and Itraconazole(ITZ) are poorly water soluble [85, 86]. The basic idea to increase the 

solubility of APT is to increase the surface area by decreasing the particles size and 

optimize the wetting characteristic with excipient or surfactant such as 

polyvinylpyrrolidone (PVP) [87]. Since the size of particles has been degraded to 

nanoscale, the characterization of the morphology and particles size requires the use of 

novel techniques. Conventional TEM has been applied in organic materials many years 

ago [88], however, in order to enhance the contrast, sample must be stained which blurs 

some feature. HAADF-STEM whose contrast is related to mass density might be the 

technique to achieve the understanding the sample without changing it. Following is the 

example of using HAADF-STEM in characterization of Danazol (C22H27NO2) with 

PVP((C6H9ON)n ) by different processing and Itraconazole (ITZ)(C35H38Cl2N8O5) with 

stabilizer, which help to understand why those processing can improve the dissolution 

rate of APT [85, 86].  
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5.2 SAMPLE PREPARATION 

Sample were prepared by nucleation (evaporative precipitation into aqueous 

solution (EPAS)[87] and polymer stabilization (spray freezing into liquid (SFL))[88] 

separately. In the processing of EPAS, the solution containing danazol and PVP or 

itraconazole with stabilizer was pumped through a heat exchange coil set, then sprayed 

into hot water with excipient solution by high pressure, and quenched by liquid nitrogen 

to form powder [85, 86]. In the processing of SFL, solution containing danazol and PVP 

is pressurized and atomized below the surface of liquid nitrogen, which freezes the 

droplet rapidly and forms particle powder [88]. 

An Enviroscan 2020 (FEI Company, Hillsboro, Oregon) environmental scanning 

electron microscope was used to study the morphology of danazol samples of EPAS and 

SFL. The chamber vacuum was at 2 Torr and the accelerating voltage was 20 KV.  The 

sample powder was directly put on the SEM holder and inserted into the SEM chamber. 

JEOL 2010F TEM with high angle annular detector was the main microscope used in this 

study. To prepare the powder sample for TEM, there are two ways to do that. One is we 

dilute the sample dispersion with deionized water and in ultrasonic process for 5 minutes, 

then put one drop on the TEM lazy carbon copper grid and let it dry up[86]. Another is 

we use syringe to pump powder sample (like decribed in Chapter 3 for carbon samples) 

and let the particles drop on the TEM lazy carbon copper grid.    

5.3 RESULTS 

5.3.1 SEM Images of Danazol(with PVP) Powders from EPAS and SFL 

The morphology of Danazol (with PVP) has been studied by low vacuum SEM. 

Results are shown in Figure 5.1 and Figure 5.2 for EPAS and SFL processing separately. 
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In Figure 5.1, the powder is observed and we realize that it is composed of 

rectangular-shape like particles from 1 to 10 µm. Moreover the particles are eager to 

aggregate. In Figure 5.2, even few big particles size in 10 µm exist, the powder is 

composed of ball-shape like particles and less than half micro. In the image, we clearly 

see that the ball-shape like particles are connecting together to form an internet, with high 

porous structure.  

 

Figure 5.1 Low vacuum SEM image of EPAS Danazol powder, (b) is the square part in 
(a).In both (a) and (b), rectangular like particles in few um aggregate 
together.  

 

Figure 5.2 Low vacuum SEM image of SFL danzaol powder, (a) and (b) are the same 
area at different magnification. Small ball-like particles distribute at the 
surface of the powder.  
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5.3.2 HAADF-STEM Images for Danazol Dispersion from EPAS 

HAADF-STEM images for the dispersion EPAS sample are shown in Figure 5.3. 

In the low magnification image (Figure 5.3 (a)), 1 µm length particles of different shapes, 

width and thickness can be easily observed, and the surface of the particles is flat even 

though the shape is not regular. Lets choose the selected b and c inside images (a) and 

study them at high magnification. They are shown in Figure 5.3 (b) and (c). Small 

particles in the range of 10-20 nm are clearly shown inside the big particles in Figure 5.3 

(b) and (c). Now we call “big particles” those observed in both low vacuum SEM images 

and those in Figure 5.1 (a), the primary particles. In Figure 5.3 (b) and (c) the primary 

particles have different physical shape and size, but the particles in both images have 

similar ball-like shape and size. Small particles are not only observed from the surface 

view of the primary particles. In the inset image in Figure 5.3(c) is the higher 

magnification view of the rectangular-selected area. Since those two particles are located 

at the edge of the primary particle, the edge of the primary can be easily seen through 

those two particles which make us believe that the small particles are inside the primary 

particles instead of on the surface. Figure 5.4 shows the relation between small particles 

and primary particle. The distribution of small particles inside of the primary particles is 

random. Since both danazol and PVP are organic materials, the contrast is caused from 

mass and density because the weight difference between danazol(337.5g/mol) and 

PVP(111.1 g/mol). The danazol condensed area is brighter than PVP. In Figure 5.4 (a), 

small particles concentrate in some area and may not be in other area, so the volume ratio 

between small particles and big primary particles is low. Many small particles have also 

been found in the support carbon film of TEM grid (Figure 5.4 (b)) but they are caused 

by the dilute and ultrasonic dispersion of the sample, since we know that PVP containing 
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in the sample is hydrophilic and some PVP dissolves in water when dispersion sample is 

diluted. As the result of the dissolution of PVP, small particles also appear on the surface 

of primary particle and are separated by the ultrasonic process.  

 

 

Figure 5.3 HAADF-STEM image of Danazol(EPAS) from the dispersion sample.(a) 
general view of sample at low magnification.(b) and (c) are the inset images 
shown in (a) and shows particles in 10-20 nm discretely distribute inside the 
big particles in different shape. The insert image in (c) proved that the 
particles are inside the primary particles instead than on the surface. 
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Figure 5.4 HAADF-STEM images of EPAS Danzol (dispersion sample) (a) small 
particles located inside primary particles and (b) small particles separated 
from the primary sample after ultrasonic process. 

 

Figure 5.5 Particle size distribution of the separated particles from primary particles 
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Figure 5.5 shows the particle size distribution (dispersion sample). The size 

distribution of small particles in the primary particles is more Gaussian and in the range 

of 10-50 nm, few particles are below than 10 nm and larger than 50 nm. The size 

distribution of small particles on supporting-carbon in the TEM grid shows particles less 

than 10nm, and as the size increase, the number of particles decreases. Compare this with 

those in the primary particles: the number of particles less than 10nm increases and the 

number of particles between 10-50 decreases. However the number of bigger particles 

does not change. It is not difficult to understand why the number of smaller particles 

increases since particles can be dissolved during the sample dilution.   

5.3.3 HAADF-STEM Images for Danazol Powder from EPAS and SFL 

Now we start to compare the difference between two samples from EPAS and 

SFL process and understand how the effect of process on the morphology of sample. In 

order to do that, we must set the experiments for both samples at the same condition. To 

avoid the dissolution of sample during sample preparation, both TEM samples will be 

prepared from powders. 

The HAADF-STEM images for EPAS and SFL are shown in Figure 5.6 and 

Figure 5.7. For EPAS sample, the images are similar to those from dispersion which 

contain big primary particles. However the image for powder can clearly show the 

aggregates of the primary particles in different size and shape (Figure5.6(a)). This image 

is more in agreement with the low vacuum SEM image than that from dispersion sample. 

In the dispersion sample, because of the dissolution effect, the primary particles look 

continuous and connect with other pieces of primary particles. High magnification image 

in Figure5.6 (b) show the small particle inside the primary particles which is also similar 
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to the previous result from dispersion sample. It is also easily to observe 5nm 

nanoparticles discretely distribute inside the smaller particles. So the sample of EPAS is 

the aggregation of particles at different scale. Comparison of the image contrast of the 

TEM bright field image inserted image in Figure 5.6 (a), HAADF-STEM images provide 

more contrast and detail information even sample without staining. 

 

 

Figure 5.6 HAADF-STEM images of Danazol sample from EPAS (powder) (a) Primary 
particles in different size aggregate. Inserted is TEM image. (b) the small 
particles inside primary particle are composite of smaller particles less than 
5 nm as shown in the insert image. Note: the inserted image in (a) is the 
TEM bright field image without staining. 

 

The morphology of sample from SFL is quite different from that of EPAS. It 

looks more like an aggregation of spherical particles of 50 nm (Figure 5.7 (a)) while in 

EPAS sample, the size and shape vary a lot. The net is produced by the support lazy 
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carbon in the TEM grid. The information revealed from high magnification show that the 

nanoparticles in low magnification are not spherical but they contain both positive and 

negative curvature, and that each particle is not exactly isolated from each other. There 

are narrow bridges in 1 to 2 nm connecting the nanoparticles together. It is also obvious 

to see that the sample is porous which is not in EPAS sample. Compared with the TEM 

bright field image inserted in Figure 5.7(a), HAADF-STEM images show clearer 

morphology information about the sample 

 

 

Figure 5.7 HAADF-STEM images of Danazol from SFL (powder). (a)Spherical particles 
and form necklace structure. Inserted is TEM image, (b) each particle are 
not exactly isolated from others but they are connected by narrow bridges. 
And the particles shape is not regular but contains both positive and negative 
curvature. Note: the inserted image in (a) is the TEM bright field image 
without staining. 

  



 113

5.3.4 HAADF-STEM Image for ITZ from EPAS 

Another example for the application of HAADF-STEM to drug-delivery-agent is 

to study the morphology ITZ (Figure 5.8). Huge primary particles of few um is observed 

in low magnification, almost no other information we can get from the big particle 

(Figure 5.8 (a)). However the higher magnification image reveals that the square area 

inside (a) is composite of many nanoparticles.  

 

 

Figure 5.8 HAADF-STEM image of ITZ sample from EPAS, (a) huge primary particles, 
(b) the aggregation of nanoparticles in few nanometer in the square area 
inside (a). 

 

5.3.5 EDS Result for Danazol and ITZ 

The carbon, nitrogen, oxygen peaks are observed in the EDS (Figure 5.9 (a)) from 

the samples of danazol and PVP. The peak Si, and Cu are from the TEM grid. The sulfur 

peak may also be from the sample because in the sample preparation, sodium lauryl 
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sulfate (SLS) have been used [85]. The carbon, nitrogen, oxygen and chlorine peaks are 

from the sample compared with the ITZ molecular inserted inside the spectrum (Figure 

5.9 (b), and Cu and Si peak form the TEM grid.  Since the danazol samples for EPAS 

(dispersion and powder) and SFL have similar EDS spectrum, we choose one to 

respective all of them.  

    

    

Figure 5.9 EDS result for Danazol (a) and ITZ(b). Inside of the spectra is the molecular 
structure for Danazol, PVP and ITZ respectively. 
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5.3.6 EELS 

EELS were acquired in diffraction mode in TEM and EELS spectra were shown 

in Figure 5.10. C, N and O peaks are observed in all the spectra of the samples. The 

shapes of carbon peaks are quiet different for pure danazol and PVP.  Carbon peaks 

from pure PVP sample reveals the character of amorphous carbon, and that from pure 

danazol is more complicated. It contains sp1, sp2 and amorphous carbon 

characterizations. Both the intensities of N and O from pure PVP are stronger than that 

from pure danazol because the weight percent of N and O in PVP are much higher than 

that of pure danazol. The spectrum of EPAS is more similar to that of pure danazol, while 

the spectrum of SFL is between pure danazol and pure pvp. Those results are good 

evidence to explain the phenomena that SFL forms homogenous powder why EPAS does 

not. 

   

Figure 5.10 EELS spectra: EPAS, SFL, Pure Danazol, and Pure PVP 
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5.4 COMMENTS  

5.4.1 Danazol  

The morphologies of powder from EPAS and SFL process are quiet different in 

both SEM and HAADF-TEM image. The morphology of SFL indicates that the phase of 

danazol and PVP are homogenous, so no discrete nanoparticles appear in the primary 

particles. EELS provide another proof for the difference between EPAS and SFL. 

Because of the molecular and weight difference, PVP and danazol exhibit different 

spectrum. SFL spectrum is a mix of PVP and danazol which means homogenous phases 

are formed. So the results of EELS are in agreement with morphology. And the 

morphology of EPAS means the segregation of danazol and PVP [85] happens since the 

discrete distribution of small particles inside the primary particles and nanoparticles and 

nanoparticles dicrete distribution inside the small pariticles are observed. During SFL 

processing, the solution of danazol and PVP were sprayed into liquid nitrogen and were 

rapidly cool down, so the segregation of danazol and PVP were prevent [85]. Because of 

the impingement between high pressure solution and liquid nitrogen, pores were created 

and kept inside the solution through the high rapid freezing.  In the processing of EPAS, 

the solution of danazol and PVP was pumped and sprayed into organic solution [85], in 

which, segregation and dissolution might happen because of the slow freezing rate 

compared to that of SFL. The morphologies difference between SFL and EPAS also help 

to explain the dissolution rate in SFL and EPAS. 
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5.4.2 ITZ 

The aggregations of nanoparticles in HAADF-STEM images also help to explain 

the dissolution rate have been improved because smaller particles have higher surface 

area which is one of the important parameters controlling the dissolution rate. 

5.5 CONCLUSION 

In this chapter, we have commented the successful application of HAADF-STEM, 

EELS and EDS techniques to biological area, which means that in the future, these TEM 

techniques will become the most important techniques for the characterization in those 

research areas. 
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Chapter 6 General Comments-The Next Generation, Cs Corrected 

TEM  

As shown in chapters 3, 4 and 5, the applications of TEM techniques (such as 

HRTEM, HAADF-STEM, EELS) to carbon nanocages, nanoparticles, and drug delivery 

proves again that TEM is very powerful instrument in the characterization and chemical 

analysis of nanomaterials which will enhance the development of nanotechnology. 

The next generation of TEM is aberration corrected. As mentioned in chapter 2, 

the resolution of TEM is limited by the lens since no lens is perfect and has spherical and 

chromatic aberrations. As the improvement of technology, the spherical corrector and 

mono-chromators can be produced for a microscope and create a new era of TEM. As a 

result, the point resolution of Cs corrected TEM can reach 0.07 nm [89]and energy 

resolution can reach 0.1 ev [90, 91]. After the Cs corrector by Rose [92], the first 

successful Cs correction TEM- Philips CM 200 FEG ST microscope was produced at 

Research Center Juelich in German, attracting significant attention. Cs value is around or 

less than -40 µm [93], and thus the peak positions in the projected atomic potentials of 

specimen will correspond with the intensity peak positions in the image. The Cs corrected 

HRTEM images provide the highest atomic resolution of structures [94, 95]. 

Let see how the image formation is done in a Cs corrected TEM[96, 97]. We have 

already seen in Figure 2.23 that the image in real space (equation 1.26) is 

      ( ) ( )RR θψ += 1         [6.1] 

where ( )Rθ is the scattering power of the specimen. In reciprocal space we get: 
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      ( ) ( ) ( )KKK θδψ +=                         [6.2] 

Therefore, the diffraction gram (the image in reciprocal space) is[96, 97]  

   ( ) ( ) ( ) ( ) kdkkkTkkkkI im ′−′′−′′= ∫ ,*ψψ        [6.3] 

where ( )kkkT −′′,  is the transmission-cross coefficient which depends on the temporal 

and special coherence as well as the Cs aberration and f∆  defocus of the objective lens. 

Therefore ( )kkkT −′′,  is defined as[96, 97]: 

  ( ) ( ) ( ) ( ) ( )kkkEkkkEkkPkPkkkT −′′−′′−′′=−′′ ,,., *
αδ      [6.4] 

with P the transfer function of the microscope, δE  the temporal coherence, and αE  the 

special coherence. In FEG-microsopes, 1→αE .The other parameters are defined as[96, 

97]: 
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     ( ) ( ) )(sincos kikkP χχ −=  

where λ  is the electron wavelength, χ  is the phase change given by: 
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with Cc the chromatic aberration of the objective lens. 
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Let us write ( )kkkE −′′,δ  in the following way: 

     ( ) ( ) ( )kkEkEkkkE ,), ′∆+=−′′ δδ δ       [6.9] 

For a quasi-coherent beam 

      ( ) ⎥⎦
⎤

⎢⎣
⎡−= 42

2
1exp kE πλδδ        [6.10] 

Then

( ) ( ) ( ) ( )[ ] ( )
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2
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2
1exp, kkkkkEkkkEE πλδπλδδδδ  

                        [6.11] 

So we get 

( ) ⎥⎦
⎤

⎢⎣
⎡−−=⎟

⎠
⎞

⎜
⎝
⎛ =′∆ 42max

2
1exp1

2
1,. kkkkE πλδδ      [6.12] 

Including equation 6.6, 6.9 6.12 and 6.4 in 6.3 

      ( ) ( ) ( )KIKIKI w
im

P
imim +=       [6.13] 

where  

    ( ) ( )[ ] ( ) ( )KEIKEKdKKKI fCxtt
p

im δδψψ .. ,
*

∆=′−′= ∫     [6.14] 

    ( ) ( ) ( ) KdKKEKKKI tt
w
im ′′∆−′= ∫ ,*

δψψ              [6.15] 

where ( ) ( ) ( )KKCsfTKt ψψ .,,∆= , p
imI  is the image information that must be interpreted 

in function of ( )Kψ , the exit-sample wave function. However, it is directly limited by 

( )KEδ . w
imI  is the image information that can not easily be interpreted since it includes 

the complicated cross-transmission effect of image formation due to partial temporal 
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coherence of the electron wave. However, if 0→δ , ( ) 0, →′∆ KKEδ  and then 0→w
imI . 

So the quantity ( )KfICs ∆,  can become interpretable. For small value of Cs (-40um), the 

image reflects the atomic structure of materials. 

Since the TEM probe size is ideal of nanoscale studies, the advanced Cs corrected 

TEM will be a major instrument in the development of nanotechnology, in particular, and 

in materials science in general. In particular HRTEM image taken with Cs corrected 

TEM will be useful to study displacement of the atom columns due to the local change in 

thickness and surface roughness [98]as shown Figure 6.1.  

  

 

Figure 6.1 Cs corrected HRTEM images of Au Nanoparticles (a) and (b) The processing 
imaging for (a). Notes: The insert image in (a) is another processing image 
from part of the nanoparticles. The distance of the surface is larger than the 
distance of normal (111) plane. The surface displacement can also be 
observed in the circled area of (b). 
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Chapter 7 Conclusions 

7.1 CARBON NANOCAGES 

By using HRTEM and HAADF-STEM image techniques, we were able to study 

the morphology of carbon coated Ag nanomatericals. EDS and EELS mapping help to 

locate both C and Ag elements. After in situ TEM operation, Ag nanoparticles jump from 

carbon materials and make it convenient to study the structure of carbon nanocages and 

the necklace-structure formed by carbon nanocages. HRTEM images reveal that carbon 

nanocages composed of many layers with pore structure inside, HAADF-STEM images 

presents clearly spherical carbon nanocages forming necklace structure. By apply EELS 

techniques, sp1 hybridization was found which was further proved by line scan EELS 

techniques. And sp1 hybridization exists both at the edge and inside of carbon nanocages. 

By combining images and EELS spectrums together, it was possible to explain why the 

necklace structure was formed and why the holes exit in the cages. EELS spectrums also 

reveal that there were no chemical bond between Ag and C, and Ag was entrapped inside 

carbon nanocages because of porous and open structure. 

7.2 NANOPARTICLES 

TEM bright field images and HAADF-STEM images show interesting shapes 

(triangle, spherical, polyhedral) of Au nanoparticles. Processing of HRTEM images, 

forbidden spots were found in the FFT, which can’t be explained in common index way. 

By considering the size and shape effect of nanoparticles, combing FOLZ in the ZOLZ, 

the electron diffraction patterns may result in [110],[111],[112] and [001] direction, 
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which proved the idea is corrected and indicates a way to solve the diffraction pattern not 

only for nanoparticles, but also for other nanomaterials (like nanowires, nanorods). 

These spots can also be well used to obtain structural information from 

conventional TEM dark field images through the described weak-beam TEM technique 

which will improve the 3D structure information of the TEM. Dark field images and 

weak beam images are very useful to study defects because theyr provides more contrast 

for the fine structrues in the nanoparticles.  

Both HRTEM and HAADF-STEM images show clearly the channel of Zeolites 

and Co nanoparticles. However by applying HAADF-STEM, less than 1nm 

Co-nanoparticles were found in the channel even 3-5nm particles were also found in 

HRTEM images. HRTEM images also provide information about structure fluctuation of 

Co nanoparticles.  

7.3 DRUG DELIVERY  

The application of HAADF-STEM provides a new and powerful characterization 

technique in those research areas.The morphologies of powders of Dananol with PVP 

from EPAS and SFL process look quite different. EPAS samples contain more discrete 

primary and smaller particles, indicating that segregation happens during the process. 

SFL samples compose of homogenous spherical-like primary containing both positive 

and negative curves. The difference between two samples from two processes helps to 

understand the formation mechanism during those process and explain why sample of 

SFL has high dissolution rate.The aggregations of nanoparticles in HAADF-STEM 

images also help to explain the dissolution rate have been improved because smaller 
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particles have higher surface area which is one of the important parameters controlling 

the dissolution rate. 

From above results and comments, we conclude that TEM is still a powerful 

technique for the nanomaterials characterization, and it is also a powerful characterization 

technique in drug delivery and nano-biotechnology from both structural and chemically 

analysis. 

7.4 FURTHER SUGGESTION 

As the correction of the lens aberration (spherical, chromatic), a new era of TEM 

(Cs corrected TEM, with monochromatic beam) will be created where both the point 

resolution and energy resolution will be enormously improved.   
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