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Chapter 1
Aberration-Corrected Electron Microscopy 
of Nanoparticles

Miguel José Yacamán, Ulises Santiago, and Sergio Mejía-Rosales

1.1  Introduction to Electron Microscopy

1.1.1 Beginnings

The very rich history of electron microscopy started with the discovery of the dual-
ity wave–particle. In the 1920s, the beginning of the twentieth century, it was shown 
that electrons could also behave as a wave. The optical microscopy based on Abbe’s 
theory already achieved the resolution limit ~ / ~ ,λ 2 2 500Å. The electrons are 
located at high voltages and hence will have much shorter wavelengths ~0.05 Å. 
Therefore, since occasionally Abbe’s theory also holds for electromagnetic lenses, 
a sub-Å resolution could be achieved, and atomic resolution will be possible. The 
job to build an electron microscope was passed from the physicists to the electric 
engineers. Shortly after obtaining his doctoral degree, Ernst Ruska took the job.  
As Ruska describes in his Nobel lecture,

After having shown in my Studienarbeit of 1929 that sharp and magnified images of 
electron- irradiated hole apertures could be obtained with the short coil, I was now inter-
ested in finding out if such images—as in light optics—could be further magnified by 
arranging a second imaging stage behind the first stage. Such an apparatus with two short 
coils was easily put together and in April 1931 I obtained the definite proof that it was pos-
sible. This apparatus is justifiably regarded today as the first electron microscope even 
though its total magnification of 3.6 × 4.8 = 14.4 was extremely modest. [1]
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The first industrial electron microscope built by Ruska’s team at the Siemens 
labs was a microscope with a very disappointing practical performance (see 
Fig. 1.1). The resolution was worse than that of an optical microscope, even when, 
as Ruska and Knoll had already calculated in 1932, the theoretical resolution limit 
for a 75 kV transmission electron microscopy (TEM) was close to 2.2 Å [2]. The 
need of vacuum severely limited the study of biological material, and in addition the 
vacuum techniques at the time provided contamination on the sample by hydrocar-
bons deposited on the sample. However, Ruska demonstrated that the possibility of 
building a TEM was a concrete reality. Ruska’s original design included the basic 
setup present in past and present electron microscopes that in essence was the same 
as of an optical microscope: a beam source, a condenser lens, an aperture control, a 
specimen stage, and an image plane where a photographic plaque could be 
impressed. After the Second World War when scientists were finally able to retake 
the low resolution problem, the road map was very clear:

• Improve the electron emission.
• Improve the electro-optics to reduce aberrations such as astigmatism, coma, and 

others.
• Improve the vacuum and make it cleaner.
• Develop techniques to prepare samples.

Electron emission was obtained (and still is in many systems) using a thermionic 
source, where a filament is heated to the point of emitting electrons. These electrons 
are accelerated by a potential difference between the filament and an anode. The 
electron beam is made convergent by the use of an electrostatic lens—the Wehnelt 
cylinder, as it is called. Two intrinsic limitations in the use of thermionic emission 
guns are that the electron beam is not monochromatic and that there is a practical 
limit to the current density imposed by the melting point of the materials of which 
the cathode filament is made of. On Ruska’s time, all of the electron microscopes 
used tungsten filaments. One of the most important improvements in electron emis-
sion was the substitution of tungsten by lanthanum hexaboride (LaB6), which gives 
a substantially higher current density operating at lower temperatures [3].

Another considerable improvement in the performance of the electron emission in 
TEM was the use of field emission sources that give a more monochromatic beam 
than thermionic sources and increase the current density several orders of magnitude. 
Field emission guns take advantage of the principle that an electric field  produced by 
a potential difference is considerably large in pointy ends of a material. This increase 
in electric field can be enough for electron to tunnel out of the material. The main 
problem with field emission guns is their cost, since they have to be structurally strong 
enough to handle inner stress and the material has to be highly monocrystalline and 
well oriented to perform optimally. The use of magnetic lenses into the gun brings a 
more focused beam, which is particularly important in scanning techniques.

As in any microscopy equipment (electron based or otherwise), aberrations 
affect tremendously the resolution capabilities of the equipment. Chromatic aberra-
tion is directly related to the kind of electron gun being used, but these aberrations 
are not difficult to correct using magnetic quadrupoles [4]. More critical from the 
technological point of view are the spherical aberrations that are usually related to 
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Fig. 1.1 Sketch by Ernst Ruska, dated 9 March 1931 of the cathode ray tube for testing one-stage 
and two-stage electro-optical imaging by means of two magnetic electron lenses (electron micro-
scope). Source: Nobelprize.org Copyright © The Nobel Foundation (1986)
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imperfections on the objective lens and may limit the resolution of the microscope 
to the degree of making atomistic resolution impossible. Some improvements were 
proposed to control spherical aberration in the 1950s, but the technology to truly 
avoid aberrations would not be developed until several decades later.

Vacuum may be a critical issue from two different standpoints. First, if a field
emission source is being used, a way of avoiding contamination of the tip is to keep 
it operating in vacuum. Second, the path of the electron beam should be kept in 
vacuum to avoid the electrons to be scattered by the air molecules. Vacuum tech-
niques have experienced great advances in the last decades, but even on the early 
stages of electron microscopy, the use of powerful mechanical pumps improved 
greatly the performance of the microscopes.

Simultaneously with the development of the instrument, the preparation of TEM 
specimens was refined. Samples were meticulously prepared using slicing and dim-
pling techniques that allow to get thin areas that were basically transparent to the 
electron beam. Ion beam techniques were and still are used to remove contaminants 
from the sample’s surface.

By the mid-1950s, it was possible to design microscopes with a much better
resolution, clean vacuum, and better illumination using double condenser lenses. 
Probably the most significant discovery was the first direct observation of dislocation 
on a metal by Hirsh and its group (then at Cambridge). That was the culmination of
the work of Orowan, Polanyi, and Taylor (who postulate the edge dislocations), 
of Burgers (that predicted the screw dislocation), and of Frank and Reed who pro-
vided a mechanism to multiply dislocations [5]. The impact of these discoveries was 
monumental. In less than a half century, researchers were able to explain metallurgi-
cal problems that had remained unsolved for more than 3,000 years. Thanks to those 
researchers metallurgy became truly a science and the mankind was now ready for 
developing new materials with “on-demand” properties. The amazing fact is that no 
big publicity was made on those discovering in contrast with the discoveries on 
quantum mechanics. No Nobel Prize was ever awarded on those discoveries. Later
in the mid-1960s, researchers had available very robust mechanics with a resolution 
better than 10 Å and with a great number of attachments such as goniometers, cold 
and heating stages, tensile stress stages, and so on. The preparation techniques were 
much improved. The theoretical foundations of image contrast were established, 
and it was possible for the first time to simulate electron microscope images.

By the mid-1980s, the resolution was improved to ~2 Å or better. It was possible
to obtain atomic column images under the right focusing conditions and for very 
thin specimens. The multislice theoretical approach of Cowley and Moodie [6] had 
opened the way to a serious comparison of experimental and theoretical images. 
Between 1970 and 1985, electron microscopy was used in many research areas, and
thousands of materials and biological problems were solved using TEM. A lot of the 
rapid progress on electronic materials can be attributed to the availability of TEM.

Perhaps one of the most celebrated discoveries was the carbon nanotubes by 
Sumio Iijima [7] which was one of the detonators of nanotechnology. During the 
1990s, the electron microscope became a powerful analytical machine. The intro-
duction of field emission guns provided enough electron current for the X-ray anal-
ysis (EDS) and the electron energy loss spectroscopy (EELS) to become standard
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techniques. They both save a great impulse to electron microscopy, and by the end 
of the century, electron microscopy and X-ray diffraction became the canonical
techniques to characterize materials.

On the biological front, electron microscopy has been also a key technique. Back
in 1665, the physicist Robert Hooke described the cells using an earlier optical 
microscope. That opened a brilliant era of discoveries using optical microscopes. 
After the discovery of the TEM, the impact has been very important. Practically all 
the cellular organelles (mitochondria, Golgi, vacuoles, and vesicles) were discov-
ered using TEM. This was due to the staining methods of Claude and Palade plus
the development of ultramicrotoming. The use of TEM allowed the understanding 
of the functional organization of the cell and was a cornerstone of the development 
of modern cell biology. The development of cold stages and preparation methods 
resulted in the cryo-electron microscopy. This has been a fundamental technique to 
study viral ultrastructure. Combined with electron tomography, cryo-TEM has
shown how viral structural components fit together. The electron microscopy has 
been historically very important and has led to the discovery of new viruses such as 
the first image of polioviruses or the parvovirus, most intestinal virus, and very long 
list of others [8–11].

In the last few years, a quantum leap on the capabilities has unfolded mostly due 
to the development of aberration-corrected microscopy. We will describe it in the 
next few sections.

1.1.2  Aberration-Corrected Microscopy

In general, any optical instrument can be considered that transfers information from 
the object to a recording device (photographic plate or CCD or any other recording
device). If the transfer is perfect, we will have true information from the object. The 
final image can be magnified (microscope) or demagnified (telescope) or with no 
magnification (our eyes). In the case of our eyes, any physical deformity will lead to 
a blur on the image. In this case, we can easily correct all the aberrations of the eye 
by making a glass with that proper combination of divergent and convergent lenses. 
The same is true for the optical microscopes. In the case of the electron microscopy 
for almost 70 years, divergent lenses were not available. However, during the last
decade of the twentieth century, there was a monumental advance on the electron 
optics, and hexapole and octupole lenses were available [12–14]. The key advance 
in modern microscopy is the aberration-corrected TEM and STEM.

One of the great minds of the twentieth century Richard P. Feynman said in his 
famous talk in 1959 in an American physical society meeting [15, 16]: 

“The electron microscope is not quite good enough, with the greatest care and effort; it can 
only resolve about 10 angstroms. I would like to try and impress upon you while I am talk-
ing about all of these things on a small scale, the importance of improving the electron 
microscope by a hundred times. It is not impossible; it is not against the laws of diffraction 
of the electron. The wavelength of the electron in such a microscope is only 1/20 of an 
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angstrom. So it should be possible to see the  individual atoms. What good would it be to see 
individual atoms distinctly? We have friends in other fields—in biology, for instance. We 
physicists often look at them and say, “You should use more mathematics like we do.” They 
could answer us—but they’re polite, so I’ll answer for them: “What you should do in order 
for us to make more rapid progress is to make the electron microscope 100 times better and 
continued” The reason the electron microscope is so poor is that the f-value of the lenses is 
only 1 part to 1,000; you don’t have a big enough numerical aperture. And I know that there 
are theorems which prove that it is impossible, with axially symmetrical stationary field 
lenses, to produce an f-value any bigger so and so; and therefore the resolving power at the 
present time is at its theoretical maximum. But in every theorem there are assumptions.
Why must the field be axially symmetrical? Why must the field be stationary? Can’t we
have pulsed electron beams in fields moving up along with the electrons? Must the field be 
symmetrical? I put this out as a challenge: Is there no way to make electron microscope 
more powerful?”

To meet the Feynman Challenge will mean to construct a microscope with a
resolution of 0.1 Å or 10 pm. Commercial instruments have not reached the 50 pm
level. It is not clear that it will be possible to reach the 10 pm, and some debate 
exists [17, 18]. However, it is clear that there are no materials with interatomic dis-
tances <50 pm. That means that most (if not all) of the material science problems 
can be solved using a 50 pm resolution microscope. In the following sections are the 
physical principles of aberration correction.

1.1.3  TEM Aberration Correction

We can consider (as in Fig. 1.2) that if the incident beam goes through that sample, 
the exit wave will be ψexit(r), with r being the coordinates in real space. The exit 
wave is formed by scattered beams of wave vector kg (g is a reciprocal lattice vec-
tor). All the beams will be focused by the objective lens to a single spot on the back 
focal plane. The wave function on the back focal plane is the superposition of the 
individual beams and is given as

 
ψ ψback exitq r q( ) = ( )  = ( )F φ

 
(1.1)

where F denotes the Fourier transform and q is the coordinates on the reciprocal 
space. Now we can recover the original wave function as

 
ψ ψr F q A q( ) = ( ) ( ) 

−1
exit  

(1.2)

where F −1  denotes the inverse Fourier transform and A(q) is a function that 
describes the behavior of the lenses. In a perfect microscope, A q( ) =1 . Since the 
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product of two functions in Fourier space is equal to the convolution of the same 
two functions in real space, our final expression for the wave function is

 
ψ ψr r A r( ) = ( )⊗ ( )exit .

 
(1.3)

And the intensity on the image is

 
I r= ( )ψ

2
.
 

(1.4)

This equation is independent of the approximation used for calculating the 
ψexit(r). Now we focus our attention in A(q). This function has been calculated for 
the case of coherent images as

 
t q

i
qi ( ) = − ( )








exp
2π
λ

χ
 

(1.5)

Fig. 1.2 The information transfer diagram in an electron microscope
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where

 
χ θ θq f C( ) = +

1

2

1

4
2 4

3∆
 

(1.6)

where Δf is the defocus and θ λ≈ q  is the scattering angle, and C3 is the third-order 
spherical aberration. Equation (1.6) is valid when only isotropic aberration, defo-
cus, and spherical aberration are present. However, if the microscope has an aberra-
tion corrector, then, since C3 » 0, other aberration terms might become significant,
such as the fifth-order spherical aberration; in a case like this, Eq. (1.5) would still 
be valid, but the function  χ(q) should include a more general aberration function. 
In this case, additional axial aberrations need to be considered. The expression is 
much more complex, and if one takes up to the seventh order of aberration, we can 
have up to 44 coefficients which have to be taken into account including astigma-
tism, spherical aberration, axial coma, and star, rosette, and chaplet aberration. For 
a full analysis, we refer the reader to the excellent book by Erni [19].

Figure 1.3 shows the plot of the χ function for different cases (corrected and 
uncorrected TEM) as a function of the scattering angle.

We can modify the equation χ, in the first approximation as

 
χ θ θ θq f C C( ) = + +

1

2

1

4

1

6
2 4

3
6

5∆
 

(1.7)

Fig. 1.3 Plot of the contrast transfer function χ for TEM. Different conditions corresponding to 
Scherzer condition for the corrected and uncorrected case and the Lentzen condition for the cor-
rected case are shown
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where we have included the fifth-order spherical aberration C5. We have now a flex-
ible situation. Even if C3 and C5 are zero, we can still get phase contrast with the 
defocus ±0. On the other hand, we can make C3 positive or negative, and we can 
adjust for different frequencies to be transferred. A particularly important condition 
for optimum contrast is the Scherzer focus for a corrected microscope which is  
given by (1.9):

 

∆f A C

C A C

Scherzer

Scherzer

=

= −

1
2

5
3

3 2 5
23

λ

λ
.

 

(1.8)

A1 and A2 are constants with the values around 2 and 3.2, respectively. Lentzen
[20] has proposed a different set of values of the defocus. We have added in Fig. 1.2 
the contrast transfer under Scherzer conditions in an aberration-corrected TEM. In 
any case, it is clear that aberration correction and the possibility of adjusting C3 and 
C5 give an extra capability to the microscope. An image of a corrected and uncor-
rected Si crystal is shown in Fig. 1.4.

An additional important advantage of aberration-corrected TEM (shown in 
Fig. 1.5) is that in the case of bent samples, which is a common case due to sample 
preparation, it is possible to compensate by beam tilt without introducing extra 
aberrations.

Fig. 1.4 Image of an uncorrected (a) and corrected (b) Si crystal. Dumbbells separated at 1.3 Å in 
silicon [110]
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1.1.4  Scanning Transmission Electron Microscopy

Unlike conventional TEM, where the whole magnified image is generated by a
simultaneous interaction of the electron beam with a large area of the specimen, in 
a scanning electron microscope, the image is produced by a scanning process. In 
scanning electron microscopy (SEM), the image is produced by secondary electrons 
or electrons scattered by the surface of the sample, while in a scanning transmission 
electron microscope (STEM), the electron beam is rastered across a thin sample, 
and the transmitted beam is collected by a detector located at a location posterior to 
the sample. In a sense, STEM combines features of TEM and SEM, and since the 
optical arrangement of a STEM is basically the same of an inverted TEM, there 
exist microscopes capable of working on both modes (although not simultaneously). 
In STEM mode, the electron beam is condensed to a small area (the probe), whose 
size will be limited by spherical aberrations. The first STEM was attributed to the 
German physicist and inventor Manfred von Ardenne in 1938, who was granted a 
US patent for his invention in 1941 (the title was “Electronic-Optical Device”). In
the description of its invention, von Ardenne states that:

The present invention overcomes the above mentioned difficulties by point-for-point scan-
ning of the object with the aid of an electron beam focal spot, the diameter of which is less 
than one-thousandth of a millimeter. Carrying out this method, the electrons coming from

Fig. 1.5 Schematic representation of aberration-corrected HRTEM. In the case of bend samples, 
it is possible to compensate by beam tilt without introducing extra aberrations
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the electronically-optically illuminated image element are registered, a basis is established 
for the building-up of an electronic-optical image of the object, and, in fact, with a resolving 
factor which depends solely on the point sharpness of the scanning focal spot in the object 
plane subjected to investigation. [21]

On his breakthrough 1938 paper, von Ardenne shows an image of ZnO, produced 
with a resolution of 40 nm. While there were important improvements to the origi-
nal design in the following years, they were mostly small refinements to the already 
established designs [22]. Cosslett proposed in 1965 that the use of a ring-shaped
detector would improve the differentiation of elements present in the TEM sample 
[23]. A year later, Crewe reaches a resolution of 50 Å using a field emission gun
[24]. Two years later, Crewe sets a new resolution record at 30 Å [25]. Crewe’s team
published in 1974 a paper in the Proceedings of the National Academy of Sciences,
describing the operation of a STEM capable of a resolution of less than 3 Å [26]. 
They used a tungsten field emission gun to produce electrons of 30–45 keV. With
this experimental setup, they were able to produce dark-field micrographs of well-
defined atomic chains and crystallites of uranium.

There are different ways an electron from an electron beam may interact with a 
sample. Some of the electron will be backscattered, while others will be absorbed 
and generate secondary electrons of different kinds. If the sample is thin enough, 
most of the electrons will be transmitted, and some of them will barely modify 
their original trajectory; these electrons can be used to generate bright-field (BF)
images. Electron transmitted at higher angles can be collected using an annular 
detector to produce high-angle annular dark-field (HAADF) images or can be used 
not for imaging but for different kinds of spectroscopy. Figure 1.6 represents the 
different signals that can be obtained from the interaction of the sample with the 
electron beam.

On their PNAS paper, Crewe’s team used an annular detector, and because of
this, “since elastic scattering increases approximately as Z3/2, where Z is the atomic 
number of the material, this annular detector signal is a strong function of the atomic 
number.” In this same paper, Crewe suggested that the use of higher voltages would
allow the atomistic visualization of lighter elements and that an operation voltage of 
100 keV should be sufficient to visualize individual atoms of “more than half the
periodic table.” While the specific dependence of the intensity signal on the atomic 
number may not be as simple as Z3/2, the approximation is quite good if the sample 
is very thin. It is remarkable that the basic setup for a STEM built 40 years ago is 
basically the same for the state-of-the-art STEM systems: a field emission gun, a 
condenser lens, a set of optical lenses to minimize aberrations, a deflection coil to 
raster the beam, the specimen, and the detectors. Figure 1.7 shows this basic setup.

The set of lenses that are identified as condenser has, together with the objective 
lens, the function of focusing the electron beam into a small spot, with dimensions 
comparable to the interatomic distances. The objective lens is the optical element 
that produces the largest aberrations.

The scan coils have the function of scanning the probe over the sample. 
Independently of how this scan is made, there are several transmitted signals that can 
be collected with different kinds of detector to be used for the generation of an image 
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or spatial map. To detect electrons transmitted at relatively low angles with respect 
to the incident beam axis, a bright-field (BF) detector is used. If the electrons trans-
mitted at relatively high angles are detected with an annular detector, it is possible to 
generate dark-field (DF) images. It is also possible to generate an EELS map (elec-
tron energy loss spectroscopy) discriminating the electron on function of the amount 
of energy lost in its interaction with the sample or to measure the X-ray generated
when the beam ejects an electron from a low-energy electronic shell and a second 
electron fills the hole left by the ejected electron. Dark-field imaging is particularly 
relevant because in this technique, an annular detector is used to collect the signal 
that produces the image. Using this annular detector, only those electrons scattered
at an angle higher than a minimum are collected, which minimized Bragg scattering
[3], and so it makes the intensity signal in the image to depend almost solely on the 
individual contribution of the atoms present on the sample. As Crewe et al. already
had established in their 1974 paper, the signal collected by the annular detector has
an intensity directly dependent on the scattering cross section and thus in the atomic 
number of the atoms being detected. This dependence on Z is more remarked at high 
angles (more than 50 mrad), and when an annular detector is used at this range of 
angles, the STEM technique is called high-angle annular dark-field or HAADF.

specimen

incident beam

Auger electrons

EDX

HAADF

ADF

BF

EELS

Fig. 1.6 Signals and 
techniques in electron 
microscopy. Transmitted 
electrons are used to generate 
bright-field, dark-field, and 
high-angle ADF micrographs
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1.1.5  STEM Aberration Correction

In the case of STEM, a critical factor is the electron probe. In principle, the resolu-
tion of STEM is defined by the probe size. However, the characteristics of the probe 
are also important. A very important characteristic of STEM images is the depth of 
field or focal depth. Of course, this allows the possibility of having the appearance 
of 3D in the images. The depth of focus ∆F depends on the semi-angle 
illumination as

 
∆F =

λ
α 2

 
(1.9)

Fig. 1.7 Schematic diagram 
of an electron microscope 
working on STEM mode
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where λ is the wavelength. In the case of STEM, there is also influence of the aber-
rations on the probe. Several aberrations affect the probe such as the STEM, the 
fourfold astigmatism, and the spherical aberration (C3 and C5). Again, there are 
optimum conditions for maximum contrast [27]:

 

∆f C

C C

= −

=−

1 56

2 88

2
5

3

3 5
23

.

.
.

λ

λ  

(1.10)

These options show the critical importance of the C5 parameter. On the other hand, 
different factors play a role in an uncorrected STEM, such as the diffraction limit, 
the partial temporal coherence, the chromatic aberration Cc, and possible distur-
bances of high frequency which alter the stability of the probe S5 noise. All those fac-
tors are important to consider. However, the chromatic aberration and the spherical 
aberration are by far the most significant.

Another important factor is the depth of focus. For a noncorrected STEM oper-
ated at 200 keV with a C3 1= mm  and α =10mrad, the depth of focus is 25 nm,  
so a typical nanocrystal with ~100 atomic layers can be seen in focus. For an 
aberration- corrected STEM, the depth of focus radius is ~4 nm. That means that we 
can observe in focus ~18–20 atomic layers. This means that only small particles 
can be observed in focus. This on the other hand opens the possibility of focusing 
different thickness of the sample doing a kind of reconstruction similar to a confo-
cal microscope.

In the next sections, we will use the case of nanoparticles for illustrating aberra-
tion correction.

1.2  The Study of Clusters and Nanoparticles Using 
Aberration-Corrected Microscopy

1.2.1  Introduction

The study of nanoparticles with a nanometric size is one of the key aspects of nano-
technology. Indeed, knowledge of the particle structure is fundamental to under-
stand its properties. Nanoparticles can be studied at atomic level if a spherical 
aberration-corrected microscope is used. Modern mechanics can achieve resolu-
tions around 70 pm in both objective lens-corrected (TEM) and probe-corrected
(STEM) microscopes. However, the study of nanoparticles has several difficulties 
that should be addressed. In this chapter, we will discuss the methods to study 
nanoparticles.

M.J. Yacamán et al.
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1.2.2  Difference Between Clusters and Nanoparticles

A very important distinction on the physical properties depends on the size of the 
nanoparticle. A first distinction should be when the particle has very few atoms. In 
this case, quantum effects are dominant, and it is better to call this particle a nano-
cluster or a super-atom. When the number of atoms increases, the plasmonic effect 
starts to appear. The size at which setting of the plasmon resonance is produced 
should be considering the boundary between clusters and nanoparticles. This is 
illustrated in Fig. 1.8.

In the case of clusters, it is necessary to stabilize them using an organic ligand 
[28]. This is required to generate well-defined structures called super-atoms [29]. 
The organic molecule has to contain an element that binds to the metal. An example 
is the thiol compounds. Those contain a carbon sulfhydryl (–C–SH) or R–SH where
R represents an alkane or alkene. The –SH thiol group bonds to metals such as silver 
and gold. An example of a cluster passivized by thiols is shown in Fig. 1.9. 
Researchers have been able to synthesize many stable clusters [30–32], which 
include Au25, Au38, Au102, Au114, Au130, Au44, and several others. A new trend has 
been to produce bimetallic clusters such as of Au–Ag [33, 34].

When a cluster with few atoms is not passivated with thiols, a very particular 
situation happens. There is no sharp minimum in the total energy of the cluster, but 
many configurations here have similar energy. Then, an energy landscape is 

Fig. 1.8 Nanoparticles and nanoclusters. When the quantum effects are dominant and it is better 
to call a group of atoms a nanocluster or a super-atom and when the plasmonic effect starts to 
appear, we can call them nanoparticles
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 produced which results in many configuration results. Since the energy differences 
are so small, at room temperature, we will expect fluctuations on the shape [33–35]. 
This phenomenon is known as quasimelting [36], and it is illustrated in Fig. 1.10. 
When doing electron microscopy of clusters, this phenomenon is very important 
and can lead to misinterpretation of results. This happens when clusters are sup-
ported on carbon or graphene grids. Those substrates have a very weak interaction 
with the cluster. If the substrate tends to form a bond with the particle or there are 
van der Walls forces acting between substrate and cluster, a stable configuration is 
produced.

Fig. 1.9 Equilibrium structures of the five Au144(SR)60 nanoclusters shown on a common scale. 
Au, pink; S, yellow; O, red; C, cyan; N, blue; H, white

M.J. Yacamán et al.
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1.3  Radiation Damage in Clusters

STEM in probe correction microscopy is a fundamentally important technique to 
characterize clusters and nanoparticles since we can achieve atomic resolution. In 
addition, electron diffraction of clusters is in most instances kinematical which 
means that by measuring the intensities in at least two crystal axes, we can deter-
mine the full crystal structure. The great advantage of electron diffraction is that no 
large crystals (as in the case of X-rays) are needed. In fact, nanocrystals can be

Fig. 1.10 Quasimelting observed in Au nanoparticles. The FFT corresponds to the particle on the 
left enclosed in a square. Every frame corresponds to 2 s elapsed time
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easily diffracted. The number of passivized clusters whose structure has been deter-
mined by X-rays is very limited. The reason is that not all clusters can be crystal-
lized. Unfortunately, STEM, TEM, and electron diffraction have a great limitation,
which is radiation damage. This may be the most important limiting factor that 
prevents obtaining reliable results. The main sources of radiation damage that affect 
the cluster or nanoparticle observation are radiolysis (or ionized) due to inelastic 
scattering and knock on, which is the displacement of atoms due to inelastic scatter-
ing. The energy loss E suffered by primary electron may be transferred to a single 
atomic electron, which then undergoes a single-electron transition. In the case of a 
metal, the transition mostly involves conduction band electrons that are excited to 
empty states above the Fermi level Ef. A vacancy (hole) is produced in the valence 
band, which is filled very rapidly because of the high density of conduction elec-
trons. This results in a temperature rise but no permanent damage. So the metal core 
is scarcely damaged by radiolysis. In the case of the organic capping, the situation 
is very difficult: transitions will produce electron–hole pairs, which are not filled 
fast. This might result in bond breaking, and also valence band electron might travel 
on the molecule producing more electron–hole pairs. Secondary electrons multiply 
the damage and eventually become the dominant source of radiolysis [37, 38]. It 
might also happen that the incoming electron excites an inner shell electron. In this 
case, the energy loss is much higher, and damage becomes considerable. When the 
core hole is filled with a valence electron, an Auger electron is released with 
the energy ~260 eV creating more bond damage. When the electron beam
destroys the passivating molecule, the cluster will be altered. It is well established 
in the case of nanoparticles that when particles are “naked,” instabilities are pro-
duced by the electron beam as a result of the structure–composition relation.

A calculation of the effect of radiolysis damage on a thiolate molecule is shown 
in Fig. 1.11. The curve shows different atoms composing the cluster. As can be 
seen, hydrogen is extremely sensitive to radiation, and most likely, despite of 
observation conditions, hydrogen is removed from the thiolate molecules. A very 
important point is whether the metal–sulfur bond is still intact. Figure 1.11 shows 
that around <80 keV, the maximum transferred energy is less than the energy of
desorption of a sulfur ion on the surface and also smaller than that of the metal. We 
can conclude that a voltage of 60 keV will be adequate for observation. Since clus-
ters and nanoparticles are very thin, lower voltage gives higher image contrast, due 
to the larger elastic scattering cross section (proportional to 1/v2) where v is the 
electron speed). An additional reason for operating at low voltage is to reduce or 
avoid knock-on displacement, the radiation damage process that predominates in 
electrically conducting specimens; low-voltage (<60 keV) TEM or STEM is
attractive for nanoparticles. Effects produced at high current densities such as 
atom displacement from lattice sites or along a surface or sputtering of atoms from 
surfaces are reduced at low voltage. An example of this effect on MoS2 crystals is 
shown in Fig. 1.12. As can be seen, atomic resolved images can be obtained at 
80 keV.
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Fig. 1.11 Effect of radiolysis damage on a thiolate molecule. Hydrogen is extremely sensitive to 
radiation. Around <80 keV, the maximum transferred energy is less than the energy of desorption
of a sulfur ion on the surface and also smaller than that of the metal. The voltage of 60 keV will be
adequate for observation

Fig. 1.12 Effects produced on MoS2 by the electron beam as a function of the acceleration volt-
age. The damage in this case is due to atom displacement
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1.4  STEM Contrast

One of the most interesting properties of the HAADF is the dependence of the 
s ignal with the thickness and with the atomic number. This has been documented in 
several excellent reviews [39, 40]. An average equation is that the intensity goes as 
Z1.7. However, significant care should be taken when analyzing clusters or nanopar-
ticles with STEM. A calculation for a hypothetical crystal with the shape of a ramp 
is shown in Fig. 1.13a. Here, we have considered two crystals of Au and Ag 

Fig. 1.13 Calculation for a hypothetical crystal with the shape of a ramp. (a) Model structure, 
where the height of the atomic columns goes from one to thirty atoms; the image plane shows the 
intensity dependence on the number of atoms in the column. The HAADF intensity of the signal 
as a function of the number of atoms in the atomic columns is calculated for (b) Au and (c) Ag. A 
multislice method was used with and without thermal diffusion scattering (TDS)
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(Fig. 1.13a, b), and we have plotted the intensity of the signal as a function of the 
number of atoms in the atomic columns. We consider two cases, one with thermal 
diffuse scattering factoring and the other without. As can be seen, the intensity is 
linear up to five atoms; then there is a plateau and then an increase again. That 
means that a simple Z contrast analysis is valid for a particle of a diameter of 1.5 nm 
(assuming a spherical free particle). The same is valid for the case of Au. Of course, 
it is clear that a more involved calculation is necessary for setting an accurate atom 
counting [41, 42].

1.5  Radiation Damage in Nanoparticles

1.5.1 Small Nanoparticles

The boundary between cluster and nanoparticles is dependent of the type of metal 
(or semiconductor) forming the nanoparticle. However, the transition occurs sharply. 
In order to study the transition, we need to separate clusters size by size. In order to 
separate the clusters or nanoparticles, we used polyacrylamide gel electrophoresis 
(PAGE) using Tris–borate–EDTA (TBE) buffer (pH 8.0) in a Mini-PROTEAN Gel
Electrophoresis System (Bio-Rad). Separation and purification of Au nanoclusters
can be performed with 10 % PAGE gel using 2–5 μL of concentrated nanoclusters
per well with 20 % v/v glycerol. Separation is performed at 110 V for 60 min or until
verification of formation of discrete bands. Sections corresponding to bands to dif-
ferent nanoparticle sizes are recovered from PAGE gels by cutting with stainless 

Fig. 1.13 (continued)
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steel knife. Every PAGE gel fraction is put in a 2 mL Eppendorf tube, covered with
2 mL ddH2O, and incubated at 37° to favor diffusion of nanoclusters from gel matrix
to solvent. Finally, the separated nanoclusters are concentrated with a rotary 
 evaporator analyzed by electron microscopy and mass spectrometry. An example of 
the fractions in Au–pMBA clusters is shown in Fig. 1.14. In the case of pure gold 
particles, the separated fractions correspond to particles with average sizes of 2.5 nm 
and 1.5 in diameter; we will determine the same fractions for the bimetallic particles. 
Figure 1.14 shows an example of the separated fractions in the case of Au–pMBA
clusters. The electron microscopy of one of the fractions shows the monodispersion 
and the absorption spectra of the clusters. It is possible to see that the larger cluster 
already shows a plasmon peak. This cluster with 88 kDa corresponds to 288 atoms. 
This shows how the transition occurs with relative few atoms. Therefore, according 
to our definition, a cluster this size should be considered a nanoparticle.

In general, nanoparticles are also sensitive to radiation damage. As the size 
increases, radiation resistance also increases. However, it is again a very important 

Fig. 1.14 Absorbance spectroscopy for PAGE, 10 %, TBE buffer, 100 V; Au–pMBA (upper), 
Au288, 2.46 nm, 88 kDa; Au–pMBA (middle), Au144, 2.01 nm, 51 kDa; Au–pMBA (lower), 
Au102, 1.55 nm, 23 kDa. As can be seen, the cluster with 288 atoms shows the plasmonic behavior
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Fig. 1.15 HAADF image obtained on a probe-corrected STEM of a mass of 67 kDa gold cluster.
As it is possible to see in (a), atoms are already stripped out of the particle. In (b, c) the intensity 
of each atomic column was measured and plotted on a color scale. The difference on the colors 
represents variations on the number of atoms. This indicates that the cluster has already suffered 
knock-on radiation damage
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factor to consider. Figure 1.15 shows the HAADF-STEM image of a particle of 
67 kDa (333 atoms as determined by mass spectroscopy). The image in Fig. 1.15a 
shows that around the particle, there are single atoms. Most likely, those were 
stripped from the particle by the electron beam by knock-on damage. The particle 
appears to have a very well-defined FCC structure. However, if we made an atom
counting analysis (Fig. 1.15b), we can see that there are important variations on the 
atomic columns. In fact, we can see that, in the color code image Fig. 1.15c, there 
are more single atoms which are still on the surface of the particle. Significant varia-
tions on the thickness of the layers of atoms can be seen. We can conclude that 
despite the very clear HAADF image, the nanoparticle has already suffered a sig-
nificant damage by knock-on process. An excellent review of radiation damage can 
be found in Egerton’s work [43].

1.5.2  Larger Nanoparticles

When larger nanoparticles >20 nm are irradiated by the electron beam, there is no 
increase on the temperature of the particle. Although in some cases this can be 
released through the substrate if a good contact exists, this increases the mobility of 
the nanoparticles and coalescence results. Coalescence will generate larger parti-
cles; a result of coalescence is shown in Fig. 1.16. As can be seen, several occur 
during coalescence such as reorientation of the nanoparticles in order to have planes 
of the same type, fluctuations on the shape of the nanoparticles, and reshaping of the 
combined particle. For instance, in Fig. 1.16a–c, it is possible to see that 〈110〉 
planes of the two particles become aligned with each other. Then, in a second stage, 
twins are formed on the particle, which propagate through the particle. Finally, 
when the combined particle is formed, it shows several shape adjustments. When 
analyzing larger particles, one must be convinced that the observed size distribution 
is not the result of coalescence and represents the original size distribution. This 
sometimes is induced by common practices in TEM such as “beam shower” which 
many microscopists use to clean the sample. That will result in changes on the par-
ticle size and structure.

1.6  Biological Methods Applied to TEM of Nanoparticles

The biological community has developed over the years a number of methods to 
observe radiation-sensitive samples. Nanoclusters and nanoparticles should be con-
sidered sensitive to radiation damage. The use of biological methods is a great help 
in studying nanoparticles. A very important parameter that should be controlled is 
the electron dose that reaches the sample. Reducing the incident beam current 
lengthens the time needed to record an image or spectrum, increasing the likelihood 
of specimen, electron beam, or high-voltage drift; however, it ensures that radiolysis 

1 Aberration-Corrected Electron Microscopy of Nanoparticles



24

Fig. 1.16 Sequence of HAADF images of gold nanoparticles showing coalescence. The time 
between frames is 2 s. The coalescence is induced by the electron beam. Note how planes are 
aligned in each particle before the actual contact. Also twins on the structure can be seen moving 
along the combined particle
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will not be enhanced as a result of beam heating, and it reduces the risk of thermal 
decomposition or electrostatic charging effect. According to Egerton’s [43] calcula-
tions, a dose rate less than 0.03 A/cm2 is required to minimize the electron beam 
heating. A total accumulated electron dose of ~0.01 C/cm2 will be required for clus-
ter observation. In order to achieve a low dose, it is necessary to use a CMOS-based
camera on the TEM. CMOS architecture uses lowest noise sensors resulting in high
dynamic range (>10,000:1) and single-electron sensitivity and a very low dose.

In addition [43], the mass loss (and structural damage) can be reduced by cooling 
the specimen with liquid nitrogen. Under these conditions, it might be expected that
damage would also depend on the irradiation time. Dose rate as well as the accumu-
lated dose delivering the electrons in a time shorter than that required for significant 
diffusion might produce less mass loss; therefore, cryomicroscopy is very conve-
nient for cluster structure analysis. In most cases, liquid nitrogen cooling is enough 
to study clusters.

In a recent paper, Azubel et al. [44] studied the monometallic cluster Au69(SR)x 
using a very similar concept to the one described in this proposal. They use cryo- 
TEM and standard low-dose methods. A major difference is that they used bright- 
field image averaging 939 particles acquired in this which was processed with the 
EMAN2 software package [45] which yielded an electron density map with 68 
peaks. From that map, the authors reconstruct the structure. This work is a fine 
example of the use of biological methods in cluster research.

1.7  Nanodiffraction of Nanoparticles

When CMOS camera is being used in a TEM, it is possible to obtain diffraction
patterns of clusters and nanoparticles from which the structure of the cluster can be 
extracted. A combination of low intensity (1 pA/cm2) and ultrafast detection allows 
the diffraction of clusters of Au144. An example is shown in Fig. 1.17. Every frame 
was taken each 0.2 s. The sequence of patterns of Fig. 1.17 shows that diffraction 
patterns containing a large number of spots are obtained. If the initial pattern appears 
stable in subsequent frames (a few of them), we can then be sure that this corre-
sponds to the original structure and it is not modified by the radiation damage. 
Then using the diffraction results combined with the data from HAADF-STEM 
images, we have matched the image, the FFT, the mass spectrometry, and the dif-
fraction pattern with models obtained by DFT calculations. This iteration process is 
a continuous trial and error until the model can explain all the experimental data. We 
have applied this method to the case of Au144(SR)60 [26] and Au130(SR)50/80 [46]. The 
very complex structure obtained for Au144 is shown in Fig. 1.18. The cluster is made 
of three layers each one with a different symmetry.
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In summary we can say that the best methods to study nanoclusters and nanopar-
ticles imply to perform microscopy and diffraction under the following methods:

• Low-voltage operation (60–80 keV) of aberration-corrected microscope.
• Low-dose observations at an electron dose of ~0.01 C/cm2. This can be achieved 

using a CMOS camera.
• Cryo-electron microscopy (liquid nitrogen).
• Ultrafast recording of images and diffraction patterns approximately less than 

1 frame per second.
• Obtain STEM-HAADF, combined single particle diffraction.
• Only images which are stable at the beginning of irradiation for 10 s will be 

analyzed.

By the use of such methods, a new era of characterization of nanoparticles will
allow a full understanding of its structure and physical properties.
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Fig. 1.17 Electron diffraction patterns of clusters of Au144 obtained with a CMOS camera. The
beam intensity was 1 pA/cm2. In this condition, it was possible to obtain stable patterns, which 
indicate that the pristine structure of the cluster was preserved. The elapsed time between frames 
is shown on the figure
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