Chapter 3
In-situ Transmission Electron Microscopy

Xiao Feng Zhang

Abstract Transmission electron microscopy (TEM) has hit a significant milestone
of sub-angstrom resolution. On one hand, electron microscopists and materials sci-
entists are enjoying the highest TEM spatial resolution ever attainable; on the other
hand, study of materials in a steady state is hard to meet the increasing demand in
new application fields such as nanocatalysts, nanocrystal growth, nanoelectron-
ics, nanosensors, and nanomechanics in which size effect and structural or property
responses to stimuli from the surrounding environment are key information to learn.
Special attention is thus paid to in-situ TEM. A great deal of effort in developing
and improving electron microscopes and specimen holders have resulted in unprec-
edented progresses in attaining insight into materials in dynamic environments. In
many ways, transmission electron microscopes are now functionalized as worksta-
tions or nanoscale labs rather than just imaging tools. In this chapter, various types
of in-situ TEM technologies are introduced accompanied by application examples.
In parallel to the sub-angstrom breakthrough made by the aberration-corrected TEM,
atomic resolution is now emphasized in advanced in-situ TEM, advancement on this
aspect will be discussed together with other important notes and further challenges.

3.1 What is the In-situ TEM and Why It Is Important

One of the milestones in materials characterization technology in the 20th century was
the invention of the transmission electron microscope in 1931. Among many advantages
of transmission electron microscopy (TEM) compared with other imaging technologies,
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a distinctive and very unique one is the twofold structural information obtainable on the
same instrument. Electron diffraction tells structural information in the reciprocal space
just like what X-ray and neutron diffractions tell, and the real space TEM images reveal
morphologies and atomic lattice structures of objects. Five decades later, instrumen-
tation and TEM have been well advanced and also combined with spectrometers for
chemical analysis. TEM has become indispensable in materials science especially in the
study of individual sub-micron size objects (such as nanomaterials, precipitates, grain
boundaries, biological cells, and molecules) and locally deformed structures (disloca-
tions, stacking faults, and strained lattice). Because of the technical feasibility, conven-
tional TEM has been focusing on stable structures in the electron microscope vacuum
and at ambient temperature. However, since the main themes of today’s materials sci-
ence are moving to nanomaterials and energy-related materials, researches in catalysis,
nanocrystal growth, solid/liquid/gas interactions, and gas sensing are largely stimulated.
Accordingly, the demand for in-situ TEM capabilities is growing fast. “The electron
microscope should be a workstation rather than only an imaging tool”, this comment
from Dr. David C. Joy of the Oak Ridge National Laboratory/USA draws a picture for
what is happening in the field of in-situ TEM.

What is in-situ TEM? While there might exist various definitions, a definition
given in a report entitled “Dynamic in-situ electron microscopy as a tool to meet
the challenges of the nanoworld” prepared for National Science Foundation of the
USA may serve as an excellent explanation [1]. In this report, in-situ TEM was
defined as “Some form of stimulus is applied to a sample while it is observed in
a TEM.” According to this definition, in-situ TEM has two important characters,
stimulus and real-time observation. Stimulus, or say an external field, needs to
be applied directly to a TEM specimen sitting in an electron microscope column.
Typical external fields used for in-situ TEM include heating, cooling, electric,
magnetic fields, as well as mechanical forces (tensile, compressive) and ion beam
irradiation. To apply an external field to the specimen area and perform TEM
observation simultaneously, one just needs, in most cases, a specially designed
TEM specimen holder and a transmission electron microscope, which allows the
in-situ TEM specimen holder to fit in. Also, a fast image recording system (for
example a video recorder or TV rate CCD camera) is important. Sometimes, a
modification of the transmission electron microscope is necessary. In this chapter,
all these important facets of the in-situ TEM technology will be touched.

A question to ask is: why bother using in-situ TEM? Can’t we simply treat
materials ex-situ, say in a reaction chamber outside of an electron microscope and
then move the treated sample back into the electron microscope for observation?
One can certainly do the sample treatment/observation in this way, which is in fact
one typical way of using TEM in the materials science field. But from ex-situ TEM
experiments, only the beginning and ending status of materials can be learned. What
has happened during the middle stages is missed. Misinterpretations of experimen-
tal data, wrong assumptions, or incorrect derivations were indeed not rare in real-
ity when real-time observation capabilities were not available. A simple analog is
crime scene investigation. For investigators who see the result of a criminal event,
it is also not so difficult to learn about the scene before the crime. In order to figure
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out what happened during the criminal activity, investigators would have to collect
all information they could dig out such as finger prints, blood samples, and residues.
As electron microscopists and materials scientists, we are fortunate to have a state-
of-the-art in-situ TEM to reveal structural evolution in materials in real time when it
happens. Another angle to look at why we need the in-situ TEM is that the capability
of applying external fields or forces to the TEM specimens actually turns the TEM
specimen chamber into a miniaturized laboratory in which chemical reactions, struc-
tures, or physical properties can be activated or altered at micrometer to nanometer
scales and all of the processes are monitored at high spatial and temporal resolutions.

3.2 A Brief History of In-situ Microscopy

The invention of the transmission electron microscope was driven, in part, by a
couple of disease mysteries encountered in late 19th century. People attributed the
causes to some invisible living objects much smaller than bacteria, which were
viruses as we know today. The size of viruses is 0.1 mm or smaller which is beyond
the resolving power of the optical microscope, therefore no one could prove the exist-
ence of viruses in the late 19th to early 20th century despite all of the disease analy-
ses pointed to its existence. Microscopes with much higher resolution were urgently
needed. Concomitant with the invention of the first transmission electron microscope
in 1931, three high expectations were put on this new, yet unproven microscope:
Higher resolution than that of the optical microscope, good imaging contrast on bio-
logical samples, and observation of live objects. With a continuous development in
80 years, TEM resolution has been increased by 1000 times, from about 50 nm in the
beginning to 0.05 nm on today’s most powerful microscopes. In the meantime, imag-
ing contrast for biological samples has also been significantly enhanced by allowing
adjustment of the electron accelerating voltage, the focal length of the objective lens,
the size of the objective aperture, and recently introducing phase-plate technology.

In contrast to the achievements in high resolution and high contrast imaging,
progress in seeking solutions for live observation of biological specimens remains
unsatisfied. Although electron microscopes have obvious advantages over optical
microscopes in terms of high resolution and chemical analysis, the optical micro-
scope allows looking at specimens in their original states and environments such as
in air or liquid solution. Interestingly enough, live microscopy, or in-situ microscopy,
can be traced back to more than 300 years ago. In 1679, Antoni Van Leeuwenhoek
published his observations on live microbes using his home-made, one-lens micro-
scope, Fig. 3.1 [2]. The discovery of these “my little animals™ (nickname given by
Van Leeuwenhoek) virtually opened a door for human beings toward the microw-
orld. Since then, observing and studying biological systems in their live state has
long been the highest interest of biologists and the same enthusiasm was naturally
carried over to TEM observations in the mid 20th century. However, a big hurdle
was the vacuum condition in the electron microscope column. The high vacuum of
~1073 Pa in the specimen chamber prevents any live biological specimen to endure
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Fig. 3.1 In 1679, Antoni Van
Leeuwenhoek published his
observations on live sperms
of a rabbit (right), using a
simple one-lens microscope
made by himself (left)

for a sufficient long time for electron microscopy study. The task was therefore
pretty clear: gas or liquid solution or both must be introduced into the specimen area
in the electron microscope. Such an ambient is not only beneficial to live observa-
tion of biological specimens, but also enables TEM studies on many other objects
such as catalytic process/mechanism, material growth, and electrochemical process
which require suitable gases or liquid solutions around specimens. In 1942, Ruska
was probably the first to report a low vacuum transmission electron microscope for
the purpose of providing a flexible environment to materials under TEM study [3].
In addition to the adjustable environment, external fields turned out to be crucial as
well to mimic the real world conditions inside electron microscope chambers. Today,
supplying gas or liquid solution to the specimen chamber of a transmission elec-
tron microscope is not a big challenge anymore. Also, by modifying TEM specimen
holders, various holder-based in-situ TEM technologies have already matured and
are widely used in materials science.

3.3 In-situ TEM Technologies

An important point the chapter author would like to make is that fo some extent,
in-situ TEM is all about specimen holders. Depending on what external field is to be
applied to the specimen area, a corresponding specimen holder can be designed.
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Most of the matured in-situ TEM technologies are based on elegant design of
specimen holders like those used for in-situ heating, cooling, environmental,
probe, straining, Lorentz, electron holography, and ion beam irradiation TEMs.

3.3.1 In-situ Heating and Cooling TEM

Perhaps the first in-situ heating TEM stage was reported in 1960 to observe anneal-
ing effects on dislocations in aluminum [4]. Nowadays, heating can be realized by
placing a heating element at the tip of a TEM specimen holder. Depending on the
heating element, heating mechanism, and sample fixing method, there are three
typical types of commercially available in-situ heating TEM holders: furnace-
heating holders, wire-heating holders, and membrane-heating holders. Joule heat-
ing of nanomaterials is also used in reported applications as will be described in
Sect. 3.3.4.

At the tip of a furnace-heating holder, a heating filament embracing a
3 mm-diameter TEM specimen disk acts like an electric furnace. The thermal
radiation heats the specimen, and is therefore an indirect heating mechanism.
Cooling water is connected to the holder for use at above 500 °C. An embed-
ded thermal couple measures temperature in the furnace cup. Because the
3 mm-diameter heating zone is “huge” and involves many components and
supporting materials (e.g. TEM metal grid), the total thermal expansion effect
causes a severe problem of sample drifting when changing temperature. It may take
a few tens of minutes to seize the drifting, therefore taking high resolution TEM
images in a short period of time requires a blessing. Obviously, this type of furnace-
heating holder is good to perform low resolution in-situ TEM imaging [5-13]. As an
application example, Fig. 3.2 shows a result of in-situ heating of a bilayer nanowire
composed of a 20 nm-thick Cu layer and a 100 nm-thick SnO; layer. The bilayer
nanowire was heated in a 300 kV transmission electron microscope. Because of
the difference in thermal expansion coefficients between Cu and SnO,, the bilayer
nanowire curves toward the Cu side at room temperature as shown in Fig. 3.2a but
becomes straight at 200 °C, Fig. 3.2b [9].

A demonstration of the in-situ wire-heating holder was reported by Kamino and
Saka [14]. A spiral tungsten wire 20-50 mm in diameter is used to heat powder
materials attached to the heating wire and is therefore based on a direct heating
mechanism. The materials can be heated to as high as 1500 °C although the heat-
ing power is maintained at a low level, and the sample area being heated may be
millions of times smaller than that of the furnace-heating holder. Cooling water is
not required. The sample drifting rate due to the thermal expansion effect is tolera-
ble ~10 min after temperature change, therefore atomic resolution at elevated tem-
peratures is readily achievable as demonstrated in many published papers [14-23].

Figure 3.3 shows the kinematic growing process of a SiC crystal. Si particles
on a graphite support were heated to 1500 °C in a 300 kV transmission electron
microscope and the reaction between molten Si and graphite formed 6H-SiC.
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25°C 200°C

Fig. 3.2 TEM image of a 6.1 wm long bilayer nanowire composed of a 28 nm-thick Cu
layer and a 90 nm-thick SnO» layer. The bilayer nanowire curves toward the Cu side at room
temperature (a), and becomes straight at 200 °C (b)

Fig. 3.3 In-situ TEM observation of SiC growth at 1500 °C. An atomic monolayer is seen
growing on the SiC surface. Arrows indicate the very forefront atoms at the moment

The three images present the successive moments in growth of an atomic layer on
the SiC surface [15].

Using the same concept, heating holders with two wire heaters [16], three
wire heaters [18], and multiple wire heaters with a gas spray nozzle [24] were
also developed for doing in-situ evaporation deposition in electron microscopes.
Figure 3.4 is an illustration of a double-heater holder. Precursor materials on the
upper heater can be evaporated and deposited onto the substrate mounted on the
lower heater. Solid-liquid-gas interactions can thus be studied.

The membrane-heating holder is rather new compared to the furnace-heating and
wire-heating TEM holders. The key component of this type of holder is a heating
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Fig. 3.4 Tllustration of a Upper heater for evaporation deposition
double-heater in-situ TEM
holder. The upper heater is
for in-situ TEM evaporation
deposition of materials onto
a substrate positioned on
the lower heater (Patent of
Hitachi High Technologies
Corporation, Japan) j

Lower heater for heating

device made from a conductive ceramic membrane suspended on a Si chip. Heating
is very local and the heating power is small, resulting in a small sample drift rate at
elevated temperatures. A very unique feature of the membrane-heating holder is the fast
temperature change rate, as high as 10° °C/s is possible. This unique feature makes the
holder a good choice for doing in-situ TEM thermal cycling experiments [25].

In addition to the three typical types of heating holders introduced above, a
novel technology to be proven in applications is the in-situ environmental laser
heating holder. The holder is assembled by a set of laser focusing and reflection
optics. The laser beam heats a specimen without the presence of any heating
elements. Temperature can be raised to beyond 2000 °C. The spot size of the laser
beam and the irradiation position on the specimen can be varied. It is expected that
the laser beam irradiation leads to a uniform concentric thermal expansion in the
specimen, therefore minimizing uneven thermal stresses and ultimately a very low
specimen drift rate is possible [26].

3.3.1.1 Chemical Analysis at Elevated Temperatures

Chemical analysis complements structural characterization is important for the in-situ
heating TEM study because chemical processes are likely to occur when materials are
heated. Energy-dispersive X-ray spectroscopy (EDS) and electron energy-loss spec-
troscopy (EELS) are two popular analytical methods associated with TEM. Because
the EELS spectrometer is attached at the bottom of the electron microscope, its work-
ing condition is not influenced by field change in the microscope specimen chamber
and is therefore ideal for in-situ heating TEM experiments. Kamino et al. demon-
strated EELS analysis for SiO; at 700 °C [27]. In contrast, the EDS detector comes
very close to TEM specimen (a few millimeters in distance), the infrared radiation
from the heating zone may affect the detector, resulting in a dark current which in turn
increases the noise in the X-ray signal detector. EDS analysis at elevated tempera-
tures, e.g., 550 °C, was indeed reported [12]. At even higher temperatures, significant
noise deteriorates the EDS energy resolution.

Figure 3.5 shows EDS spectra of a Si specimen in-situ heated in a transmission
electron microscope equipped with a 30 mm? Si(Li) EDS detector. The full width
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Fig. 3.5 EDS spectra Si-K Peak at various temperatures
showing Si-K peaks at room
temperature and elevated R.T. 700°C
temperatures. Deteriorated f =
energy resolution is seen at z =
750 °C and above *E 125¢V < § 125eV—>
= =
Energy Energy
x|  750°C z| | 780°C
8 190eV: 2
= = 270eV—>
Energy Energy

at half maximum (FWHM) point of the Si peaks is marked for the peak acquired
at room temperature, 700, 750, and 780 °C, respectively. It can be seen that the
FWHM value remains unchanged untill 700 °C, but broadens at 750 and 780 °C.
This test indicated a regular EDS performance until about 700 °C (for Si) but the
energy resolution deterioration was prominent at higher temperatures. Covering
the collimator of the EDS detector with a Beryllium window would solve this
problem at the expense of detection sensitivity for light elements. Another concern
is that the window in front of the EDS detector would become brittle if it is very
close to the heating zone, and the cycles between room and high temperatures may
eventually damage the window material and glue. The advice is, if the EDS detec-
tor is to be used in any in-situ heating TEM experiments, to consult with the EDS
system provider beforehand.

The opposite of the in-situ heating TEM is cryo TEM using liquid
nitrogen- (<100 K) or liquid helium- (4.2 K) cooled TEM holders. Although there
were experimental examples for in-situ cooling TEM to reveal materials’ responses
to the low temperatures such as magnetic flux and vortices in superconductors at
below 10 K [28], cryo holders are actually widely used for stabilizing the struc-
ture, reducing sample contamination rate and beam damage rate, and maintaining
the temperatures required by frozen-hydrated biological samples (cells, tissues,
macromolecules, viruses). The latest applications are in cryo electron tomography
for three-dimensional imaging [29-31].

3.3.2 In-situ Gas Environmental TEM (ETEM)

From the engineering point of view, thermal and cryo fields are fairly easy to be
introduced into the specimen area in the transmission electron microscope because
the instrumental modification is limited to the TEM specimen holders. However, in
our real world, many physical and chemical processes take place in an environment
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Fig. 3.6 An environmental transfer holder. a The specimen cup is in the Out position for speci-
men treatment in a reaction chamber outside of an electron microscope. b The specimen cup can
be retracted and sealed in the rod of the holder to prevent air exposure during transferring from
the external reaction chamber into the electron microscope column

filled with gas and/or liquid. For example, a catalytic process includes catalysts, gas,
and a suitable temperature, which is, in most cases, higher than room temperature. It
is clearly desirable to have an in-situ TEM technology that is capable of handling gas
or liquid in the specimen chamber of the electron microscope.

As a simple and low cost solution, an environmental transfer TEM specimen
holder may be a good compromise to partly meet the ETEM demand. Figure 3.6
shows a picture of such a holder. The tip of the holder where the TEM specimen
locates is movable, so it can be retracted into the holder rod and sealed by an O-ring.

One can load a specimen into the holder, study the original state in an electron
microscope, and then move the holder (with the specimen) to a reaction chamber
outside the microscope. The specimen is treated in the reaction chamber under
desired environmental conditions (gases, pressure, temperature, etc.). Before taking
the holder out of the reaction chamber, the tip of the holder is retracted into the rod
so that the specimen will not be exposed to air when transferred back into the elec-
tron microscope. The post-treatment structure can thus be studied. This type of trans-
fer holder allows for a comparison between the material structures before and after
material treatment but the middle links are unknown. An example is shown below.

Polycrystalline SiC was synthesized by hot pressing in the presence of aluminum,
boron, and carbon additives [8]. About 1 nm-thick amorphous intergranular films
were formed among SiC grains. After heat treatment at above 1000 °C for 3 days or
more, the amorphous intergranular films seemed to disappear because the bounda-
ries looked amorphous-free. In order to figure out where the amorphous intergranu-
lar films went, in-situ heating TEM was carried out. The grain boundary film with an
amorphous structure shown in Fig. 3.7a was heated and monitored in a transmission
electron microscope. The heating temperature was 1200 °C at which the sample was
held for 25 h with the electron beam turned off to minimize the electron beam irra-
diation effects. Figure 3.7b shows the result. In fact, the grain boundary film remains
at the same location but has been partially crystallized to form an Al-O-C structure.
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Fig. 3.7 a High resolution
TEM image showing a

1 nm-thick amorphous
intergranular film between
two SiC grains. b After heat
treatment at 1200 °C for 25 h
in a transmission electron
microscope, crystallized
segments are observed along
the intergranular film

1200°C-25 hr

The in-situ TEM observation clarifies the newly formed Al-O-C crystalline
structure contained in the “clean” boundary. The structure is hard to distinguish
from the SiC matrix because it is similar to the SiC structure and has an epitaxial
structural relationship with the SiC (0001) surface.

There is no doubt that real in-situ ETEM is needed in many TEM characteriza-
tion analyses, but accommodation of gas or liquid in an electron microscope column
is by no means easy. An environmental cell (E-cell) in the microscope column is a
key to confine the gas or liquid to the specimen area while the high vacuum level in
the remaining parts of the microscope column should not be affected. There are two
major types of E-cells: window-type E-cell and differentially pumped E-cell [32].
Designs are totally different and each has advantages and disadvantages.

3.3.2.1 Windows-Type Gas E-Cell

The window-type E-cell concept has a long history back to 1935. Shortly after
the invention of the transmission electron microscope, a gaseous environment
was introduced through the window-type E-cell to analyze hydrated biological
samples and to investigate the contamination rate of the microscope column when
using E-cells [32—-34]. The so-called window-type E-cell is built in a TEM speci-
men holder at the tip area, Fig. 3.8. The TEM specimen sits inside the cell, which
is then sealed by two windows above and below the specimen. The window mate-
rials must be electron transparent and have a weak interference with the electron
beam. This means that the window materials should be amorphous in structure and
thin enough. The window membranes must also be strong enough to withstand the
pressure difference between the gas cell and the TEM vacuum. Typical window
materials are amorphous carbon or silicon nitride with a 15-200 nm thickness
depending on the desired gas pressure for the applications. The reported maximum
gas pressure is 1 atmosphere while TEM imaging and electron diffraction could be
done through a 15 nm-thick silicon nitride membrane window E-cell in a 300 kV
transmission electron microscope [35]. The cell can be either standalone or with
gas inlet and outlet ports.
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Fig. 3.8 Scheme of a e

window-type gas-flow E-cell Membrane
in an electron microscope
column. Gas is contained
inside the cell without
leaking into the microscope
column

window

Specimen

Microscopec

olumn

The biggest advantage of the window-type E-cell is the relatively low cost and
microscope choice flexibility. Because the E-cell is built into the TEM specimen
holder, no modification of the electron microscope is involved (microscope modifi-
cation is expensive especially when the vacuum system is included) and the hold-
ers associated with any electron microscopes can be modified into the E-cell holders.
High gas pressure is practical when choosing a robust window design. However, sig-
nificant disadvantages prevented the window-type E-cell to become popular so far.
First of all, it is tedious to assemble an E-cell, and the translation of specimen into
the E-cell is not easy, if not impossible. As a consequence, sample exchange is a
time consuming challenge. The searchable area on the TEM sample is quite limited.
Second, electron scattering from the window materials and the high gas pressure (if
applicable) interferes with electron diffraction, deteriorating image quality and reso-
lution. For example, more than 90 % of the electrons at a 300 kV accelerating voltage
are lost after penetrating through two 15 nm-thick silicon nitride window membranes
and a 1 mm-thick air layer at 1 atmosphere gas pressure. Increasing the accelerating
voltage helps to improve image quality, which was why ultrahigh voltage (million
volts) transmission electron microscopes were pursued in 1970s for the window-
type E-cell applications [32, 36]. However, expensive instruments, high maintenance
costs, and high-energy electron beam-caused radiation problems eventually raised
serious concerns. The request for ultrahigh voltage environmental transmission
electron microscopes went down sharply in 1980s. Third, windows of E-cells may
easily get contaminated as a result of deposition of materials evaporated from the
specimen by the incident electron beam. Lastly, it is highly risky to heat materials
to high temperatures because the window materials may crack, causing gas leakage.
It should be noted that progress has been reported recently, where a window-type
gas E-cell with a built-in thin wire heater demonstrated a 0.3 nm lattice resolution at
600 °C in a 10* Pa pressure environment [35].

3.3.2.2 Differentially Pumped Gas E-Cell

Limited by the obvious disadvantages of the window-type E-cells, attempts
were made to leak gas into the microscope specimen chamber directly. In 1965,
L.F. Allard and W.C. Biglow explored the possibility by finding out that a vacuum
level of ~10~2 Pa was tolerable in the column of a transmission electron microscope
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Fig. 3.9 Schematic : Power supply for
illustration of working Feasde TR specimen heating

principle for a gas injection- Needle valve
heating holder. A heater
heats specimen while a gas

nozzle sprays gas directly =
onto specimen inside a
transmission electron
microscope (Patent of
Hitachi High Technologies
Corporation, Japan)

Outside TEM

in their lab at the University of Michigan. They then managed to leak air into the
microscope column to degrade the vacuum from 4 x 1073 Pato 7 x 102 Pa while
a home-built TEM heating stage was used to heat a single crystalline Cu specimen.
Real-time observation of the oxidation process was recorded via a 16-mm cine cam-
era system.

A better method was reported in 1971 by Swann and Tighe [37-39]. An
E-cell was built inside a transmission electron microscope, called a differentially
pumped E-cell. This was a concept reported by Ruska in 1942 [3]. In this type of
design, a significant modification of the electron microscope pumping system is
needed. Gas can be injected into the specimen chamber directly either through
a port on the pole piece [41-44] or through a specimen holder with a gas injec-
tion port and pipeline [27]. Figure 3.9 shows a picture of a gas injection-heating
holder reported by Kamino et al. A gas nozzle is placed about 1 mm away from a
wire-heating filament. With this design, gas can be sprayed directly onto a TEM
specimen under heating [27]. In order to confine the gas within the microscope
specimen chamber, a pair of gas restriction apertures should be added along the
microscope column above and below the specimen position, Fig. 3.10. Typical
bore diameters of these apertures are 0.1-0.3 mm depending on aperture posi-
tions. The apertures allow the electron beam to pass through for TEM observation
but restrict gas leak from the specimen chamber to the rest of the microscope
column. Although small gas leak is still inevitable, the leaked gas is pumped out
by the turbo molecular pumps or molecular drag pumps between the restriction
apertures [40-47].

The advantages of the differentially pumped E-cell are obvious over the short-
ages of the window-type E-cells. Because of non-existing window membranes
above and below the specimen, the specimen is directly exposed to the electron
beam, facilitating high-resolution TEM. For the same reason, heating the specimen
to high temperatures is safe and specimen translation is not an issue. The constant
gas flux also helps to reduce contamination build-up on the specimen. An appar-
ent disadvantage is the increased cost for microscope construction because of the
significant modification of the electron microscope columns. The restriction aper-
tures below the specimen also limit high angle diffraction electrons to be recorded
(not good for dark-field imaging). In addition, the maximum gas pressure in a
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Fig. 3.10 Schematic
illustration of a differentially
pumped gas E-cell, which Gun valve
is a built-in part of an
environmental transmission Restriction Gas Out
electron microscope. Gas aperture

is inlet into the specimen
chamber and the restriction
apertures above and below Sample

the specimen chamber reduce holder —> Gas Out
the gas leaking from the
specimen chamber to the rest
of the microscope column.
Extra pumps are necessary
to evacuate the gas leaked to
upper and lower column

—> Gas Out

differentially pumped E-cell is limited to below 10* Pa in order to maintain the
necessary vacuum level in other parts of the electron microscope column. In par-
ticular, electron microscopes powered by field emission guns typically require a
vacuum of 1078 to 10™° Pa in the gun area, and such a high vacuum is difficult
to maintain if the gas pressure is high in the differentially pumped E-cell cham-
ber. In this sense, a LaBg electron emitter is better because it works in a vacuum
level 3 to 4 orders of magnitude lower than that for a field emitter. The LaBe gun
transmission electron microscopes have other advantages in the in-situ TEM
applications. As the delocalization imaging artifact known from atomic resolu-
tion images is much less, therefore, atoms at the sample edges or grain boundaries
can be clearly imaged. The high beam intensity of LaBg emitters is also ideal for
high resolution in-situ TEM imaging. Needless to say, a LaBg transmission elec-
tron microscope is more affordable in terms of costs of purchasing and mainte-
nance. With the technology advancement, affordable differentially pumped E-cell
transmission electron microscopes with LaBg emitters became available recently
[24, 27, 46].

In-situ gas ETEM has been widely applied to study structural evolution,
phase transformation, shape dynamics, crystal or nanocrystal growth, catalysis
processes, and oxidation/reduction behaviors [24, 27, 41-45, 48-54]. In addi-
tion, catalytic polymerization [55] and gas effect on dislocations [40] were also
reported. Figure 3.11 shows an example of Si oxidation studied in a 300 kV trans-
mission electron microscope with a differentially pumped system and a gas injec-
tion-heating holder [27]. The as-synthesized Si has a 3 nm-thick amorphous silicon
oxide layer on the surface, Fig. 3.11a. The sample was first heated to 700 °C in
a vacuum of 3 x 107> Pa. An electron beam of ~20 A/cm? beam current density
was used for real-time, high resolution imaging during heating. The combina-
tion of the increased temperature and the focused beam irradiation knocked off
the amorphous surface layer as shown in Fig. 3.11b. While the temperature was
maintained at 700 °C, air was slowly sprayed onto the Si sample and the pressure
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Fig. 3.11 In-situ TEM observation of Si oxidation at 700 °C. a As-prepared Si sample with a
3 nm-thick amorphous silicon oxide layer on the surface. b Heating the Si sample to 700 °C in a
300 kV H-9500 transmission electron microscope to burn off the surface oxide layer using high
electron beam intensity. ¢ Re-oxidation of the Si surface in an air pressure of 8 x 1073 Pa at
700 °C

in the specimen chamber was increased to 8 x 107> Pa. Re-oxidation of the Si
surface was observed and a 2 nm-thick amorphous surface layer was formed after
about one hour as shown in Fig. 3.11c. EELS analysis confirmed the Si and O
composition in the newly formed surface layer.

One last thing to address is the gas source used for in-situ gas ETEM. Typical
gases used in the study of catalysts and nanomaterials include air [24, 27, 48], Oo,
H, [40, 42, 49], N, [41, 49], He, CoH, [56], C3Hg [55], SioHg [51, 54], GeoHg
[52], and water vapor [43]. The easiest gas source is air, which can be leaked into
the TEM specimen area through a built-in pipeline in a specimen holder [27] or
a gas port on the pole piece of an electron microscope [40—42]. Home-made gas
supply systems are usually simple and affordable, containing a couple of gas
bottles and a gas mixture buffer tank. A needle valve or similar is often used to
control the gas injection flow rate and consequently the gas pressure in the
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microscope specimen chamber. If quantitative gas supply is required, the gas sup-
ply system needs to be more elegant. It generally contains 4 to 5 types of gases
and a water bubbler (to provide water-saturated gases). The gas supply systems
containing more than 10 types of gases are rare but exist. For quantitative gas mix-
ture and delivery, high precision gas pressure gauges, mass spectrometers or gas
chromatographs should be used. Computer-controlled commercial gas handling
systems are available nowadays. Safety is most important, the gases in use should
not cause damage to microscope components or injury to users. The room must be
ventilated adequately all the time during the use of gas supply.

3.3.2.3 Spherical Aberration (Cs)-Corrected Gas ETEM

In the early years, the window-type E-cell was popular, and a wide pole piece gap
was required to accommodate the thick E-cells. The thickness of the E-cell and
the wide pole piece gap required ultrahigh voltage transmission electron micro-
scopes (1 MV or higher) to deliver a powerful enough beam able to penetrate and
to achieve sufficient image resolution. With the faded ultrahigh voltage microscopes
and the advent of the Cs corrector for high resolution TEM [57, 58], the most attrac-
tive idea is to build the intermediate voltage (200 or 300 kV) environmental electron
microscopes with aberration correctors. The aberration corrector helps to achieve
an atomic resolution (0.1-0.2 nm) with a fairly large pole piece gap like 5-10 mm.
With the progress in developing combined spherical and chromatic aberration
correctors, atomic resolution should be possible to achieve even with a 10-20 mm
wide pole piece gap. Such a wide pole piece gap will provide space for insertion of
multi irradiation sources or manipulators to the microscope specimen chamber area.

An example of the Cs-corrected gas E-cell transmission electron microscope is
the one installed in Brookhaven National Laboratory (USA) in 2007. A built-in dif-
ferentially pumped system can hold a gas pressure up to 20 mbar (2000 Pa) in the
specimen chamber. The pole piece gap is 5.6 mm and a 0.78 A point-to-point reso-
Iution is attainable when gas injection is not in use. The cost for such a microscope
is about 5-6 millions US dollars, and therefore is not something affordable by most
research organizations. In addition to the high cost, the accessories used on such
microscopes often considerably compromise the microscope performance because
the aberration-corrected electron microscope is highly sensitive to its working
environment. The deteriorated resolution may be due to manipulation controllers,
power supply units, cables, the gas supply system, and extra pumps supporting the
gas E-cells. More data are required to justify the merit of the very expensive aberra-
tion-corrected environmental electron microscopes.

3.3.3 In-situ Liquid ETEM

Both the window-type gas E-cell and the differentially pumped gas E-cell introduced
in Sect. 3.2 can be modified to accommodate liquids.
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3.3.3.1 Window-Type Liquid E-Cell

Marton was probably the first one to open the field of window-type liquid E-cell
[33]. As early as 1935, he attempted to use two 0.5 mm-thick aluminum foils as
windows to make liquid E-cells. Abrams and McBain in 1944 [59, 60] used plastic
film windows less than 100 nm in thickness, and since then many window-type
liquid cells adopted windows made from plastic films, coated with one or more
additional layers of evaporated material like silicon monoxide, silicon dioxide,
silver, or gold. Reviews for the designs and operation of E-cells in the early years
can be found in [32, 36, 61-64].

One of the pioneers for applying the state-of-the-art liquid E-cell TEM in
advanced materials science is an IBM group led by F. Ross. She and collaborators
designed a window-type liquid E-cell TEM specimen holder to study electroplat-
ing processes at a nanoscale. In their liquid cell design, two Si wafers were used
as the main frame. A 100 x 100 um? window was cut out in the middle of each
wafer and covered with an 80 nm-thick SiN membrane. The membranes were
thin and transparent to electrons so the electron beam accelerated by a 300 kV
TEM could penetrate through. On one Si wafer, a 0.5-1 um-thick SiO, spacer
was patterned, a sealed compartment was therefore formed between the two Si
wafers when glued together by epoxy. Liquid reservoirs were built to supply lig-
uid electrolyte to the liquid cell and electrodes were made inside and out of the
liquid cell. Using such a liquid cell TEM holder, ~5 nm resolution was achieved
on an H-9000NAR 300 kV LaBg emitter transmission electron microscope. Ross
and her colleagues studied the electroplating process of Cu on gold electrodes,
the relationship between Cu nucleation rate and electric current density, the dif-
fusion-limited deposition and stripping of Cu, as well as the preferred nucleation
sites were discussed [65].

Following exactly the same concept but changing materials and component
dimensions, H. Zheng and her colleagues probed the growth kinetics of Pt
nanocrystals [66]. The liquid cell they used contained a 200 nm-high liquid com-
partment filled with 100 nanoliter precursor solution (Pt reagents and surfactants).
In a short time intensive illumination under a 300 kV electron beam (LaBg emit-
ter), Pt nucleation and growth were triggered. In the recorded streaming video
files, mechanisms for Pt nucleation were discovered. Nuclei could grow either
by adsorbing monomers from solution or merge with others to evolve into larger
single crystalline nanocrystals. Regardless of the growth mechanisms, all of the
Pt nanocrystals ended up with a similar shape and size after a certain period of
growth time. The same method was then applied to study the real-time growth
of Pt3Fe nanorods at an atomic resolution [67], and to investigate the detailed
structural evolution process that happened when the iron oxide nanoparticles in
solution approached and attached to each other [68].

Although most high-resolution in-situ applications of the liquid E-cell reported
in recent years were based on TEM observations, there exists a chromatic aber-
ration effect for TEM imaging through thick liquid cells. Two approaches can
be made to improve the imaging quality at the fixed electron beam energy: one
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Fig. 3.12 STEM images of gold nanoparticles in water using a liquid E-cell holder. a 2-5 nm-diam-
eter gold nanoparticles in water. The observed streaking was caused by particle movement under the
influence of the scanning electron beam. b 10-20 nm-diameter gold nanoparticles in water. The scale
bars correspond to 100 nm (Courtesy of Dr. James Evans, University of California at Davis, and
Hummingbird Scientific)

is to make liquid cells and window membranes thinner and also minimize the
liquid amount to a level just enough for wetting specimens. The single carbon
atomic layer graphene was found to be a perfect support material to encapsulate a
liquid solution for high resolution liquid TEM because of its high shape flexibility,
mechanical tensile strength, and impermeability to small molecules. In combination
with aberration corrected TEM, true atomic resolution was achieved in observation
of the growth behavior of colloidal Pt nanocrystals in solution, the motion of as
small as 0.1 nm radius Pt nanoparticles could be tracked [69].

Another approach is to consider alternative imaging modes, for example scan-
ning transmission electron microscopy (STEM). Compared with TEM, STEM
imaging is less affected by chromatic aberration due to the fact of no lenses below
the specimen in the STEM ray diagram. de Jonge et al. achieved a better than
4 nm resolution in the STEM images for liquid materials [70, 71]. In their work,
the liquid cell design was similar to the IBM version [65] except flowing liquid in
the liquid compartment was enabled. Biological whole cells were grown directly
on Si-N membrane windows and labeled with gold nanoparticles. The gold nano-
particles dispersed in the liquid were used to measure the STEM imaging reso-
lution and the result was consistent to the theoretical calculation. In another
example, Au nanoparticles with 2-5 nm and 10-20 nm in diameter, respectively,
were imaged using a sealed, micro fabricated fluidic cell holder, Fig. 3.12.

It seems not impossible to obtain a better than 1 nm STEM resolution for imag-
ing materials in liquid, but achieving much higher than 1 nm STEM imaging
resolution may be obstructed by Brownian motion in liquid.

Strictly speaking, there is also the third way to get around the considerable
chromatic aberration problem caused by the window-type liquid E-cell. The
method is to accommodate liquid around the specimen without using the window-
type liquid cells.
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3.3.3.2 Liquid ETEM with an In-Column Differentially Pumped
Liquid E-Cell

Several types of differentially pumped liquid E-cells were developed since 1968
in order to carry out electron microscopy studies on live cells and get electron
diffraction patterns from wet biological crystals and wet cell membranes [72, 73].
The big advantages of accommodating liquids directly in electron microscopes
are again the high resolution and lowered chromatic aberration effect because the
total sample thickness is reduced. Gai et al. developed a TEM specimen holder
to inject microliter liquid into the electron microscope specimen chamber and the
specimen could be heated to elevated temperatures [74]. Using this holder on a
modified 200 kV transmission electron microscope with a differentially pumped
system, heterogeneous hydrogenation of polymerization in the presence of liquid,
catalysts, hydrogen gas, and a thermal field were studied.

Another intriguing discovery that may lead to a progress in accurate delivery
of small quantities of liquid into the local area on a TEM sample was reported
by Sutter and Sutter [75]. In this work, a pipette made from a Ge nanowire as a
body and an Au-Ge reservoir wrapped by a carbon shell as a liquid source were
demonstrated. When heating to higher than 361 °C (eucentric temperature of bulk
Au-Ge alloy), the Au-Ge alloy melted but was confined within the carbon shell.
Once a fine hole was pierced into the carbon shell using a focused electron beam
in a 300 kV transmission electron microscope, the liquid leaked out and formed
dispensed liquid drops 20-40 nm in diameter.

3.3.4 In-situ Biasing TEM

In-situ biasing TEM, by its definition, means TEM observation of a specimen
on which a bias voltage is applied. For electrical conductive specimens, a cir-
cuit can be formed with a TEM specimen as a component for electric current to
pass through. In-situ biasing TEM is often used to study behaviors and structural
changes of specimens in an electrical field, as well as electrical transport prop-
erties of individual nanostructures and Joule heating effects in microscale and
nanoscale structures. Probe TEM specimen holders are popular for these appli-
cation purposes. A built-in metallic probe with a tip of 50-100 nm in diameter
can move back and forth in fine steps controlled by a piezo manipulator, so that
gentle approach and contact is possible between the probe and the nanostruc-
tures. The probe is connected to a power supply unit by which a voltage can be
applied to the specimen, which is at grounding potential. The probe can also be
used to manipulate nanomaterials. All these are carried out with simultaneous
TEM observations.

Using a probe TEM holder, a single-walled carbon nanotube of 12 nm in diame-
ter and 24 nm in length was stretched in a transmission electron microscope to study
the plasticity [76]. A constant bias of 2.3 V was applied and the Joule heating caused
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Fig. 3.13 Four TEM images,
spaced by 1-min time
increments, showing indium
transport on a multi-walled
carbon nanotube. The tip
closer to the anode which

is out of view to the left has
a higher temperature than
the tip to the cathode (out
of view to the right). The
mass transport is driven by
the temperature gradient
(Courtesy of Zettl Research
Group, Lawrence Berkeley
National Laboratory and
University of California at
Berkeley)

a temperature rise to about 2000 °C in the carbon nanotube. A 280 % tensile strain
with a 15-fold reduction in diameter seen in TEM images revealed the superplastic-
ity of this nanotube although a possible role of electron beam irradiation effect was
not addressed. Using the same in-situ biasing TEM holder and experimental param-
eters, exceptional plasticity of double-walled and triple-walled carbon nanotubes
(190 % elongation and 90 % diameter reduction) [77], and amorphous-to-crystalline
structural transformation of carbon nanowires were also reported [78].

In another excellent example, nanoscale mass transport along carbon nano-
tubes was realized [79], Fig. 3.13. First, indium metal was evaporated onto multi-
walled carbon nanotubes, which formed nanoparticles attached to the walls. Using
a probe TEM holder, electric current was driven through the carbon nanotubes and
the Joule heating raised the local temperature, resulting in a temperature gradi-
ent along the longitudinal axis of the nanotubes. When the local temperature was
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above the melting point of the indium particles, atomic scale mass transport of
indium to cooler zone was observed. The mass transport was reversible when the
direction of the current flow was opposite [79].

Using the same principle, nanoscale cargos that not only translated along but
rotated around a multi-walled carbon nanotube were observed using in-situ scan-
ning electron microscopy (SEM) [80]. Although not mentioned clearly, the fab-
rication of the co-axial carbon nanotubes and application in the nanoscale cargo
transport and rotation experiments was similar to earlier results reported by
Cumings et al., in which a probe TEM holder with four electrical leads was used
to open the tip of a multi-walled carbon nanotube and to peel off the tube wall lay-
ers [81] or pull the inner tubes out of the outer shells [82], Fig. 3.14.

A bias voltage of 2.9 V generated a 200 mA electric current through the multi-
walled carbon nanotube and burned off the enclosed tip. Some outer tube walls were
peeled away so the remaining tip became much sharper. The successive peeling and
sharpening dynamic process were observed in a high-resolution transmission elec-
tron microscope [81]. The authors further demonstrated that the exposed inner tubes
could be pulled out of the outer walls and then pushed back using the probe as a
manipulator [82]. The TEM images and corresponding schematic representation in
Fig. 3.14 clearly show the inner tubes sliding out and in, similar to an old style tel-
escope. The result indicated an ultralow friction between each concentric tube walls
and the multi-walled carbon nanotubes hold a great promise for nanomechanical
applications because of the low-friction and the low wear nanobearing property [82].

As noticed a couple of times already, Joule heating is often an important part
of the experiments using an in-situ probe TEM holder (e.g. Fig. 3.13). It can of
course also be used for in-situ heating TEM observations. For example, electrically
driven redox processes in cerium oxide films were studied. Ordered oxygen vacan-
cies could be generated in CeO, thin films by passing an electric current (6 V)
through the films. The films were oxidized again in the microscope chamber when
the current was turned off [83].

For in-situ electrical transport measurements in transmission electron micro-
scopes, the key is to make an ohmic contact between the nanostructure and
electrodes provided by the in-situ probe TEM holder. In a successful attempt,
conductance of an individual carbon nanotube was measured using a probe TEM
holder, which was correlated to the structural changes imaged simultaneously
[84]. In this work, a carbon nanotube with one end fixed to a conductive probe
manipulator was pushed into a liquid metal (Hg or Ga) to make Ohmic contacts
between the liquid metal and the suspending ends of the nanotubes. Two-point
current-voltage (I-V) measurements were done while doing in-situ TEM observa-
tion. A ballistic transport feature at room temperature was revealed [85]. It was
also demonstrated in other in-situ biasing TEM experiments that structural defor-
mation plays an important role in the electrical conductance of carbon nanotubes
[85, 86]. Similarly, electrical resistivity of ZnO nanowires was found to be linearly
proportional to the bending degree [87].

In addition to the properties of individual nanotubes or nanowires,
interconnections among nanostructures are also of great interest. Various shapes
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Fig. 3.14 A series of
TEM images showing 1 00 R m !

telescoping of a multi-walled ; BN e
carbon nanotube using an
in-situ probe TEM holder.
The model at the bottom
illustrates the sliding of the
inner tubes with respect to
the outer shells as observed
experimentally (Courtesy of
Dr. John Cumings, University
of Maryland)

of connections between carbon nanotubes were successfully fabricated taking
advantages of a precise positioning control (0.02 nm) and in-situ soldering by elec-
tron beam-induced amorphous carbon or Joule heating-induced tungsten melting
soldering. I-V curves of the tube/tube connections were measured and the junction
resistance was lowered by graphitization of amorphous carbon bonding material
[85-88]. Tips of carbon nanotubes were also modified in a transmission electron
microscope and the [-V measurements clearly demonstrated the importance of the
tip structure to the field emission characteristics [88]. The electric field not only
triggered a field emission from the tips of carbon nanotubes, but was also used to
field evaporate carbon nanotubes segment by segment, and the electron beam was
intentionally used to adjust the field evaporation rate in a nanoscale area to modify
the tip morphology [89].

In-situ biasing TEM is certainly useful in the study of nanoscale films and
electronic devices. Local electrical transport properties in nanoscale magnetic
tunnel junction thin films [90] and the effects of annealing on electrical trans-
port of magnetic tunnel junctions [91] were investigated. In particular, tunneling
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Fig. 3.15 A picture of the tip
area of a dedicated electrode
TEM holder. Voltages of up
to 1 kV can be applied to the
specimen (Patent of Hitachi
Materials Research Lab,
Hitachi Ltd)

Cathode  Anode (gold wire)

magnetoresistance (TMR) of individual nanomagnetic tunnel junctions under
working conditions were measured using the in-situ probe TEM holder [92].
Because the nanomagnetic devices were very small (100 x 150 nm? in area),
in-situ TEM observation was essentially the only way to make sure that the piezo
controlled probe could make a correct contact on the single device to be measured.

With great attention paid to the energy-related materials and processes in recent
years, in-situ biasing TEM was recently employed to study the real-time charge-
discharge process in nanomaterials-based lithium-ion batteries. Huang et al. built a
nanoscale electrochemical device in an in-situ probe TEM holder and successfully
observed the structural and morphological changes of the SnO; nanowire anode
during the lithiation process. The SnO, single crystalline nanowire was converted
to a LioO amorphous nanowire containing embedded Sn and LixSn nanoparticles
and the process resulted in more than 200 % volume dilation [93].

Compared with the in-situ probe TEM holders, the dedicated electrode TEM
holder has a simpler design as shown in Fig. 3.15 but a much higher voltage can
be applied.

Anode (gold wire) and cathode are integrated into the tip of a TEM holder.
The distance between anode and cathode can be adjusted from O to 5 mm, and
voltages of up to 1 kV can be applied [94, 95]. The specimen to be studied is
mounted on the cathode and the distance between the specimen and the anode is
typically 0.5 mm. A voltage applied via the cathode causes a potential difference
across the specimen. Such a holder has been used together with the in-situ Lorentz
TEM to investigate the field emission of multi-walled carbon nanotubes [94, 95],
and high voltages (800-900 V) were found particularly valuable in these studies
[96]. Also, using a specially designed field-effect transistor-based biasing holder,
chiral indices and chirality-dependent transport properties of double-walled carbon
nanotubes have been studied [97].

3.3.5 In-situ Nanomechanical TEM

Mechanical properties such as strength, hardness, and toughness may be changed
significantly when the sizes of materials go down to nanometer scales. With increas-
ingly miniaturized electronic components and the request to correctly under-
stand and predict failure of nanostructures, material size effects on mechanical
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Fig. 3.16 TEM image of a
CdS spherical nanoparticle
under a compression

force. The corresponding
Displacement-Force curve
acquisition and TEM
observation were performed
simultaneously in real time.
The sudden load drop at
about 6 mN was not due to

a catastrophic failure but
sliding of the nanoparticle
away from the site as
revealed by TEM observation
(Courtesy of Dr. Zhiwei Shan
of Hysitron Inc. and Dr. Andy
Minor of Lawrence Berkeley
National Laboratory)
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behaviors become more important and urgent than before. Like all other in-situ TEM
technologies, the development of in-situ nanomechanical TEM was because of the
high resolution that TEM can offer for direct imaging and characterization of internal
structures and defects in materials. A good example was given by Z.W. Shan et al.
for why in-situ TEM is necessary for nanomechanical testing [98].

Figure 3.16 shows a CdS spherical nanoparticle under a constant compression
force. The ball was gradually compressed and the corresponding Displacement-
Force curve tells a linear relationship between force load and deformation
displacement. The load drops suddenly at about 6 puN, which may imply a cata-
strophic failure of the ball. However, simultaneous TEM observation told a differ-
ent story, the CdS nanoparticle did not break but slid away. This beautiful “seeing
is believing” example again reminds a possibility of misinterpretation of experi-
mental data if real-time in-situ TEM observation is not available.

In fact, in-situ experiments in the late 1960s and early 1970s already showed a
capability for direct observation of mechanical indentation, compression, and
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bending deformations in scanning electron microscopes and transmission electron
microscopes [99, 100]. After decades of development, precisely controlled, quantita-
tive in-situ nanomechanical TEM holders have been developed to characterize the
mechanical behaviors and corresponding structural changes in micro and nanostruc-
tures [101]. One of the pioneering works on the in-situ nanomechanical TEM was
to measure the elastic modulus of carbon nanotubes [102]. In this work, a custom-
built TEM holder was used in which carbon nanotubes were attached to a gold wire
through which an electric potential was applied to the nanotube. Static and dynamic
mechanical deflections were induced in the multi-walled carbon nanotube cantilevers
in a transmission electron microscope [102]. Although the elastic properties were
successfully derived in the experiments, the method used is not easy to be expanded
to nanomechanical testing of other nanostructures of various shapes. Obviously, spe-
cially designed straining TEM holders are required to load a tensile or compressive
mechanical force on TEM specimens while tracking real-time structural changes in
order to find out and quantify mechanical property-structure relationships. Various
TEM holders with different designs have been reported, including conventional ten-
sile straining holders, microelectromechanical systems (MEMS)-based straining
holders, nanoindentation holders, and TEM grid-based straining holders.

3.3.5.1 Conventional Tensile Straining TEM Holder

The concept of the conventional straining holder for in-situ electron microscopy
originated in the late 1960s [103—105]. The basic idea was to make a specimen in
a rectangular shape with one end fixed and another end connected to a movable
rod, which could slide along the length of the holder. Figure 3.17a shows a picture
of such a holder (tip part) for in-situ tensile straining TEM. The letter p labels two
pins, the pin to the left is connected to a sliding rod. The sample is made into an
11 x 3 mm rectangular shape as shown in Fig. 3.17b. The central area is thinned
for TEM observation and the two holes on both sides of the thinned central area
are used to positioning the sample along with the pins shown in (a). Clamps
and screws are used to secure the sample into the holder tip. When pulling the
sliding rod, a tensile straining force is applied to the central sample region where
in-situ TEM observation is performed [106]. The sample shown on the right side
of Fig. 3.17b is after in-situ straining TEM.

As an application example, Fig. 3.18 shows a real-time TEM observation of
dislocation-precipitate interaction processes in a stainless steel sample under a
tensile straining force. The dislocations pinned by carbide precipitates eventu-
ally bypassed the pinning sites via either a simple mechanism or a complex con-
figuration [107]. In particular, roles of hydrogen in enhancing the mobility of the
dislocations and in determining the cracking rate along certain directions were dis-
covered using a tensile straining holder working with a gas E-cell [41, 107]. Using
a similar specimen holder, dislocation dynamics, as well as fracture and plasticity
deformation mechanisms in nanocrystalline nickel were studied comprehensively
[108-110]. Heating or cooling is also possible for some straining TEM holders.
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Sliding Observing area

Fig. 3.17 a A picture for the tip area of a conventional tensile straining holder. b A specimen
(left side) prepared for in-situ tensile straining TEM, two holes at the two ends are used to align
the specimen with the two mounting pins on the holder (labeled p in a). The pin to the left in a
is connected to a movable rod. Clamps are placed over the mounting pins and the specimen is
further secured to the position via screws (labeled s in a). The specimen to the right in b is after
a straining TEM experiment (Courtesy of Dr. Ian Robertson of University of Illinois at Urbana
Champaign)

Fig. 3.18 In-situ TEM images showing dislocation-precipitate interactions in a stainless steel
specimen at room temperature. The dislocations pinned by precipitates (black dots) could
bypass the pinning sites either in a simpler way (left) or in a complex way (right) (Courtesy of
Dr. Ian Robertson of University of Illinois at Urbana Champaign)

3.3.5.2 MEMS-Based Straining TEM Holder

A deficiency of the conventional tensile straining TEM holder described above is its
inability to quantify the force load and material deformation displacement. In addi-
tion, only tensile force can be applied. To overcome these problems, MEMS-based
mechanical testing holders were designed [106, 111]. The key part, a free-standing
MEMS chip device integrated into the tip of the holder, is fabricated using the stand-
ard silicon-based microfabrication followed by lift-out from the substrate, Fig. 3.19.
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Fig. 3.19 Schematic Auto-alignment
illustration of a free-standing Force sensor beams
10 mm x 3 mm MEMS beam
chip device which can be
integrated into the tip of a
TEM holder for uni-axial
tensile testing

Backbone

Mountin

ol 9 Specimen Movable
Displacement end
sensors

The force load is applied with a displacement-controlled mechanical,
thermal, or electrostatic mechanism and the applied load and straining are measu-
reable by displacement-force sensors or differential capacitive sensors. Both ten-
sile and compressive forces are possible to be applied. The dimension and shape of
such a MEMS chip device is similar to those of the specimen shown in Fig. 3.17b.
Using a MEMS device with thermal actuation and capacitive load sensing, in-situ
mechanical testing and TEM observation were performed on multi-walled car-
bon nanotubes, whereby elastic modulus and fracture strength close to theoretical
predictions were confirmed [112, 113]. Details in designs, working principles,
experimental examples, and related references for various MEMS devices for in-situ
nanomechanical TEM can be found in [111].

3.3.5.3 Nanoindentation TEM Holder

The development of nanoindentation TEM holders catalyzed quantitative in-situ
compressive straining TEM studies. Loading rate control at micronewtons/s and
displacement rate control at nanometers/s are feasible now driven by mechani-
cal/piezo positioning elements or nanoscale positioning motors. A flat-tip of
the nanoindentation holder is made from diamond or tungsten, which is used to
punch into a specimen. As can be seen in Fig. 3.20, the indentation is from a side
direction, while the electron beam coming from top, images morphological and
structural changes in the deforming area. Specimen used with this type of nanoin-
dentation holder are either thin films coated on substrates, nanomaterials attached
to supporting subtracts, or crystals made into a pillar shape with a sub micrometer
diameter. A focused ion beam (FIB) system is often required to fabricate micro
pillars because FIB makes sample preparation site-specific and dimension/geom-
etry-controllable. However, because FIB is Ga ion milling-based, it inevitably
changes surface structure of materials and in turn has effects on mechanical testing
results. The influence of ion beam milling is increasingly prominent with decreas-
ing object size as a result of the larger surface to volume ratio. Caution is therefore
called for data interpretation if specimens are prepared using FIB.

Various nanostructures have been studied using the in-situ nanoindentation
TEM holders. A classic in-situ nanomechanical TEM work is shown in Fig. 3.21.
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Fig. 3.20 Schematic illustration of a nanoindentation holder for in-situ nanomechanical TEM
(Courtesy of Dr. Zhiwei Shan and Dr. Oden Warren of Hysitron Inc.)
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Fig. 3.21 In-situ nanomechanical TEM result obtained using a nanoindentation TEM holder.
The specimen was a hollowed CdS nanoparticle. a Scheme of the indenting area. For the simul-
taneous TEM observation, electron beam is parallel to the paper-normal direction. b—d A series
of TEM images showing morphological changes of the nanoparticle from beginning (no load)
to failure at the time of 3.6 s. e Time-Load-Displacement curves recorded simultaneously with
TEM observation (Courtesy of Dr. Zhiwei Shan of Hysitron Inc.)

A nanocrystalline CdS hollowed sphere with a diameter of 210 nm was applied
a compression force in a transmission electron microscope. The compression rate
was 20 nm/s and Time-Load-Displacement curves were recorded in real-time
accompanied by the correlated shape change revealed by time-resolved TEM
imaging [114]. Figure 3.21a shows the beginning state and Fig. 3.21b corre-
sponds to the peak load of 13.2 uN right before fracture is observed in Fig. 3.21c.
An effective stress of 370 MPa, a compressive strain of 16.4 %, and a stiffness of
2.3 GPa were derived. The values indicated that the stress in the nanocrystalline
hollow sphere was quite large although the effective stiffness was much smaller
than in the bulk counterpart [114].

In-situ TEM mechanical testing of WS, nanotubes was reported using a holder
with a sharp W tip as the indenter and a flat Pt tip as a support to WS, nanotubes.
Both W and Pt tips also served as electrodes to pass electric current through the
nanowires [115].



86 X. F. Zhang

In-situ nanomechanical TEM on sub-micrometer diameter, FIB-prepared,
pillar samples has a great advantage in probing the size effect, e.g., uni-axial size-
dependent strength. Experiments showed a surprising “mechanical annealing”
effect in which defects in single crystalline Ni pillars, 150400 nm in diameter,
could be completely removed simply by applying a mechanical stress [114]. Using
the pillar samples, systematic in-situ TEM investigations of size effects were also
performed on single crystalline Ti-Al alloy pillars with diameters between 8 and
0.4 um. 1 pm diameter was found to be a mechanism transition threshold below
which the compression deformation mechanism changed from deformation twin-
ning to dislocation plasticity. The maximum flow stress saturated at a value close
to the ideal strength of bulk Ti [116].

3.3.5.4 TEM Grid-Based Straining Holder

Recently, an innovative method was developed to conduct in-situ tensile and bend-
ing of nanowires in a transmission electron microscope [117-122]. An epoxy with
desired strength was used to make colloidal thin films (polymer with high strength
and transparency) supported by commercially available 3 mm-diameter TEM
grids. The thin films were intentionally broken prior to or during TEM observa-
tion. Figure 3.22a is a schematic illustration of a Cu grid covered with a colloidal
thin film on which nanowires were randomly scattered. In a transmission electron
microscope, the colloidal thin film was heated or irradiated by electron beam to
make it curling or shrinking. Both mechanisms usually started from the broken
edges as shown in Fig. 3.22b and c. As a result, some nanowires on the film were
wrapped into the curled thin films, they were either bent [120, 121] or under an
axial tensile force [117-119].

Figure 3.23 shows in-situ TEM images of an amorphous silica nanowire. A
uniform and dramatically reduced wire diameter accompanied by axial elongation
indicates a super-plastic mechanical property of this specific nanowire [119]. The
initial nanowire diameter is 36 nm, which decreases to 20.3 nm after tensile defor-
mation. The deformation spreads across a rather wide region (~700 nm, marked by
the two white bars in Fig. 3.23h) without obvious necking (an indicator of quick
glass break). This tensile experiment indicated a super-plasticity of about 215 %
for the silica nanowire studied.

Using the same method, in-situ tensile straining TEM investigations were performed
on Si nanowires [117], and SiC nanowires [118]. Figure 3.24 shows a case of bending
a Si nanowire. The bending was imaged in real time imaged at low and high magnifica-
tions. The high-resolution TEM images show full dislocation activities (c and d) [121].
Distinctive features of the incipient elastic-to-plastic transitions between the tensile and
compressive regions of the bent nanowire are clearly seen. Burgers vectors of the dislo-
cations are determined from the high-resolution TEM images (c and d) [121]. Bending
of SiC nanowires was also investigated, elastic deformation, elastic-to-plastic transition,
and plastic deformation processes were successfully captured at nanoscale and atomic
scale in a transmission electron microscope [122, 123].
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Nano wires

Fig. 3.22 The colloidal thin film contraction method for generating a tension force on nanow-
ires. a A drawing of a TEM Cu grid. b TEM micrograph for a hole on a TEM grid covered with a
carbon supporting film. ¢ Pulling of a single nanowire by the contracted carbon film (Courtesy of
Dr. Xiaodong Han and Dr. Ze Zhang of Beijing University of Technology, China)

Fig. 3.23 In-situ TEM images showing a superplastic elongation of a silica nanowire under a
tensile force and a moderate electron beam illumination. a—d The large strains, with the framed
areas magnified in e-h. Scale bars a—d 500 nm, e-h 50 nm (Courtesy of Dr. Xiaodong Han and
Dr. Ze Zhang of Beijing University of Technology, China)



Fig. 3.24 A bent Si nanowire. a A low magnification TEM image. b A high resolution TEM
image taken from the framed region in a. ¢ and d show high resolution TEM images of the
framed regions / and /I in b, respectively (Courtesy of Dr. Xiaodong Han and Dr. Ze Zhang of
Beijing University of Technology, China)

This section about in-situ nanomechanical TEM focuses on typical instruments,
methodologies, and material systems. Nevertheless, nanomechanical property test-
ing is not limited by the aforementioned in-situ nanomechanical TEM holders or
methods. For example, it was reported that multi-walled carbon nanotubes could
be turned into a pressure cell to study the effects of high pressure on nanomaterials
[124]. In this example, carbon nanotubes filled with Fe3C, Fe, or Co were heated
to 600 °C in a 300 kV field emission transmission electron microscope. The pur-
pose of the heating was to mobilize defects in the graphite structure of the carbon
nanotubes so to prevent defect agglomeration, which might destroy the nanotube
structures rapidly. Self-compression of the carbon nanotubes induced by electron
beam irradiation generated a compression force on encapsulated nanomaterials.
~40 GPa pressure or higher pressure deformed, extruded, and broke hard materials
such as Fe3C as clearly confirmed in the in-situ TEM experiments [124]. Because
of the page limit of this chapter, some other areas such as in-situ TEM nanotribol-
ogy and in-situ mechanical testing on biological materials are not covered.
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3.3.6 In-situ Lorentz TEM and In-situ Electron Holography
Jor Imaging Magnetic or Electric Field Distribution

For TEM imaging of the materials containing magnetic or electric field, two TEM
techniques are commonly used, Lorentz TEM and electron holography.

3.3.6.1 Lorentz TEM: Principle

This is a phase contrast TEM imaging technique, which is used to observe mag-
netic domains. It is based on a phase shift in incident electron waves caused by
magnetic specimens. Two imaging modes are routinely used. Fresnel mode
(under- or over-focus imaging) is used for imaging magnetic domain walls. It is
also sensitive to the change of electrostatic potential in specimens. Foucault mode
(similar to dark-field imaging) is mainly used to image magnetic domains [125].

In the Fresnel mode, defocus leaves alternating bright and dark lines in a TEM
image, the bright lines occur at the position of magnetic domain walls at which the
magnetizations on both sides deflect the electrons towards the wall. If a coherent
electron source is used, the convergent image of a magnetic domain wall is com-
posed of a set of electron diffraction fringes running parallel to the wall. The over-
focus imaging condition causes an image contrast reversal, see example in [126]. To
image magnetic domains using the Foucault mode (dark-field-like), the objective
lens of transmission electron microscope is kept in-focus, an electron diffraction
pattern is first obtained in which diffraction spots split due to the magnetic field
in materials. One of the diffraction spot in the split spot pairs is chosen to pass the
objective aperture to form microscopy images.

The advantage of the Lorentz microscopy is to directly observe important
features such as location and direction of the magnetic domain walls over a large
field of view (up to tens of microns) and almost any modern transmission electron
microscopes can do the job. The shortage is that the specimen surrounding area
in the electromagnetic objective lens must have negligible external magnetic field
strength. A popular solution to reduce the influence of the magnetic field coming
from the objective lens of electron microscopes is to turn off the objective lens
as well as the pre-field objective lens used for focusing the electron beam. The
remnant magnetic field at the specimen location can be reduced to 200-300 Oe,
which is, however, still influential for some soft magnetic materials. In addition,
image focusing will have to be realized using the first intermediate lens and TEM
magnification is limited to the use of the second intermediate lens and projector
lenses. As a consequence, the magnification power is rather weak, usually lower
than 10,000 [127].

The compromised Lorenz TEM performance on standard electron microscopes
makes the dedicated Lorentz transmission electron microscope a better choice.
The dedicated Lorentz microscope uses a weakly-excited long-focal length objec-
tive lens (on the order of more than 10 mm compared to ~2 mm for a standard
lens) and the specimen is located above the pole piece gap where the magnetic
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field is a few thousand times lower than that within the pole piece gap. Recently,
a transmission electron microscope with dual specimen stages was invented with a
quickly switchable conventional TEM mode and a dedicated Lorentz TEM mode
[128-132] therefore the microscope can be used for both routine TEM characteri-
zation and for dedicated high resolution Lorentz TEM.

3.3.6.2 Electron Holography: Principle

For materials containing magnetic or electrostatic fields, the phase of incident
electron waves are modified when the electron waves exit the TEM speci-
mens. Recovering the phase of the exited electron waves will reveal the electric
or magnetic information in specimens. Electron holography is a technology that
measures both phase and amplitude of the electron waves. Two or more elec-
tron waves with different phases are brought into interference and form interfer-
ence image (electron hologram), which contains three-dimensional amplitude and
phase information at an atomic resolution level. In contrast, the phase information
is not available from all other electron microscopy imaging techniques. Off-axis
electron holography is the most widely used holography mode nowadays [133],
in which an electron wave passes through a specimen (the objective wave) and a
reference electron wave travels in vacuum. An electrostatic biprism system below
the objective lens combines the objective wave with the reference wave, the inter-
ference between the two waves with different phases forms an electron hologram
[134-136]. The phase difference stems from a phase shift occurred in the objec-
tive wave when passing through the specimen, and can be recovered to retrieve the
magnetic or electrostatic potentials in materials. Recent advancement in multiple-
biprism electron holography made this technology even more flexible and powerful
[128-132, 137-139].

3.3.6.3 In-situ Lorentz TEM and In-situ Electron Holography

If in a TEM study the specimen is under a versatile environment such as temper-
ature change [129, 140, 141], external magnetic field [142—145], bias voltage in
active functional devices [146-152], or electric current [139, 153—-155], one most
likely should consider in-situ Lorentz TEM or in-situ electron holography. If an
external magnetic field is required, in-situ TEM holders should be integrated with
Helmbholtz coils or electromagnets to generate a magnetic field at the TEM speci-
men area [143, 144, 156-159]. Another method to apply a magnetic field to the
specimen inside a transmission electron microscope is to tilt the specimen in the
intrinsic magnetic field of the objective lens [160—162]. It is also possible to bring
a piezo-driven magnetic needle close to the specimen [163, 164]. The magnetic
field in the specimen chamber of a transmission electron microscope can be meas-
ured using a modified TEM holder with a Hall sensor, Hall probe, or samples with
known magnetic response together with magnetometers [165]
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As an example, in-situ electron holography was used to map the electric field
distribution surrounding charged carbon nanotubes [166]. The experiments were
special because the biprism used for electron holography was also made from a
multi-walled carbon nanotube [167]. It was found that a 70 V electric field acti-
vated electron emission from the tip of a carbon nanotube. This field emis-
sion became stronger at 120 V. Electron holograms were recorded as shown in
Fig. 3.25a—c, in which phase shifts of the electron wave at applied bias voltages of
0, 70, and 120 V were revealed as shown in Fig. 3.25a—c.

It can be seen that no electric field exists at the zero bias voltage. At 70 and
120 V bias voltages, high phase gradients, which correspond to electric potentials
are seen at the tip of the carbon nanotube specimen. No high concentration of
electric potential was seen at other locations along the nanotube length. The elec-
tric field strengths were derived based on a comparison between the experimental
data and theoretical calculations. The measured data also concluded that for the
same bias voltage, the local electric field strength at the tip of the nanotube was
inversely proportional to the nanotube diameter [166].
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Following the in-situ Lorentz TEM imaging principle, field emission of
multi-walled carbon nanotubes were also studied using an in-situ biasing TEM
holder (see Fig. 3.15) which allows a bias voltage of up to 1 kV and wide gap of
up to 5 mm between the tip of a nanotube and the surface of anode. The wide gap,
typically 0.5 mm in the field emission study, helps to avoid the electric discharge
and the influence of outgas from the electrode. The large electric field induced
high electron emission from the tips of the nanotube specimens and the observed
emission current fluctuation at >20 mA was attributed to a peel-off damage of the
carbon nanotubes as observed in TEM images [94, 95], and the liquid character-
istic of Fe particles at the tips of carbon nanotubes was found to be related to the
temperature effect due to the high emission current [96].

3.3.7 In-situ Ion Beam Irradiation TEM

All of the in-situ TEM technologies except in-situ ETEM introduced so far are
on the basis of design or modification of TEM specimen holders. Differentially
pumped E-cell needs the addition of gas restriction apertures and an extra pump-
ing capability on the electron microscope column. There is another type of tech-
nology, in-situ ion irradiation TEM, which also requires extensive modifications
on the microscope column. An ion beam is used to bombard the specimen while
the effects are monitored in real time using TEM. The bombardment effects
include phase changes and segregation, mechanical and structural changes, atomic
mixing and chemical disorders, compositional changes, chemical reactions, grain
growth/shrinkage, precipitation/dissolution, defect or bubble formation/growth/
motion/coalescence/removal, destruction, ionization, diffusion, and collision cas-
cades. Ton beam irradiation TEM became possible since 1961 [168] and has been
well developed and applied for nuclear materials, space and astronautic engineer-
ing materials, semiconductor materials, materials for irradiation environments, ion
implantation, and deformation mechanisms in materials.

More than 30 units of ion irradiation transmission electron microscopes were
ever built in the world since 1961, and 11 of them were still in operation as of
2009 [169]. In most cases, one or two ion beam lines were introduced into the
microscope column and guided to the specimen area for bombardment. Ion
sources could be light or heavy ions such as H, He, O, Ne, Ar, Fe, Ga, Kr, Xe, or
U, and beam energies range from a thousand volts to a few million volts. Usually
one ion beam line is not so difficult to interface with an electron microscope at low
elevation angles. Adding two or three ion beam lines, especially at high elevation
angles requires complicated modifications on the electron microscope column, but
the reward is the capability of using more than one irradiation condition to explore
the combined effects.

There are many technical requirements for a transmission electron microscope
to adopt ion beam lines while it maintains a sound TEM performance. First of all,
ports are needed and must be vacuum-tight when connecting to ion beam lines.
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Fig. 3.26 300 kV
H-9000NAR transmission
electron microscope with
an ion beam line introduced
from a side direction as
marked in the figure. The
ion beam and electron beam
hit the TEM specimen
simultaneously. This
microscope at Argonne
National Laboratory is the
only one of its kind in the
USA

The pole piece gap should be wide enough to accommodate the beam lines and the
associated accessories such as Faraday cups and electrical connections for measur-
ing the ion flux arriving at the specimen. Both extra ports and a wider pole piece
gap compromise the TEM imaging resolution. The resolution deterioration may
be 30-50 % but atomic resolution should still be achievable in modern high-res-
olution transmission electron microscopes. The beam lines can target the speci-
men from high (as high as 90°) or low (as low as 0°) elevation angles but there
are some TEM operation limits for the low angle ion beam lines [169]. Active and
passive anti-vibration measures on electron microscopes and appropriate room
designs are also important to minimize the excessive vibration caused by ion beam
lines and ion sources.

One of the best known, active and productive ion irradiation TEM instrument is
at Argonne National Laboratory, USA, Fig. 3.26.

It is usually fully occupied by many ongoing materials research projects. One
of the applications was to use various heavy ions at different energies to bombard
the YBayCu307.q superconductor single crystals to investigate irradiation damages
at high resolution [170].
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Another case in which a significant modification of the electron microscope is
necessary is so-called the ultrafast TEM or dynamic TEM (DTEM). This is a technol-
ogy that uses two synchronized laser beams with nanosecond or femtosecond pulses to
generate electrons for TEM imaging and for inducing structural changes in the speci-
men. Details are introduced in Chap. 4 of this book and therefore will be skipped here.

3.4 Some Important Notes

3.4.1 In-situ TEM: Holders and Atomic Resolution

From the above introduction into in-situ TEM technologies, one should be able to
make an important point: 7o some extent, in-situ TEM is all about specimen hold-
ers. External fields, forces, or exotic environments can be applied to a TEM speci-
men area through specially designed specimen holders. There is really not much
technical limit to the holder-based in-situ TEM technology if one has great imag-
ination and creativity. Exceptions do exist; they are chamber-based technologies
like differentially pumped E-cell (Sect. 3.3.2.2) and ion beam TEM (Sect. 3.3.7).
Taking the most popular in-situ heating TEM as the first example, heating mecha-
nisms vary for different advantages (Sect. 3.3.1). If more than just heating is desired,
such as in-situ evaporation deposition, one may squeeze two or three heaters into the
holder’s specimen cup (Sect. 3.3.1). The second example is about site-specific in-situ
heating TEM on interfaces or grain boundaries. Manual cross-sectional sample prepa-
ration is not only time consuming but also ends up with random chances of having the
interesting, sub-micrometer structural features involved in the TEM observable area. A
FIB system is known to be precise for lifting out a microscale piece of sample from the
site-specific area (e.g. at an interface) and then thin it for cross-sectional TEM obser-
vation. A FIB/TEM compatible in-situ heating holder was thus developed to empha-
size this advantage. Figure 3.27 shows pictures of such a holder used by Tanigagaki
et al. [171]. At the holder tip, a tungsten heating filament is used for the in-situ heat-
ing purpose. The holder was first loaded into a FIB system for preparation of a micro-
scale site-specific cross-sectional sample containing an interface between a Mo film
and Ta substrate. A lift-out piece was mounted onto a heating filament and the knob
at the holder handle was turned to the “FIB” position in order to thin the sample by
a 40 kV Ga ion beam (Fig. 3.27a). Once the sample was thinned and ready for TEM
observation, the holder was pulled out from the FIB system, the knob at the holder han-
dle was turned to the “TEM” position and then the holder was loaded into a transmis-
sion electron microscope to do in-situ heating TEM study on the Mo/Ta interface [171].
Improving resolution has always been a major pursue on the roadmap of electron
microscopy and instrument developments, and in-situ TEM has been following the
same trend. Along with the efforts to bring various external fields or forces to the TEM
specimen area, in-situ TEM at atomic resolution is never forgotten, although such a high
resolution is not always feasible. Some key requirements must be met by both electron
microscopes and specimen holders in order to achieve atomic resolution in-situ TEM.
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FIB position

 Electron beam

Fig. 3.27 In-situ FIB/TEM specimen holder allows preparation of a microscale site-specific
cross-sectional TEM sample in a FIB system with the controller turned to position (a), the FIB
position. After sample preparation by FIB, the controller of the holder is turned to position (b),
the TEM position, and the same holder is then used to perform in-situ heating TEM (Patent of
Hitachi High Technologies Corporation, Japan)

For the electron microscope, a large pole piece gap provides spacious room for
inserting devices, illumination or field sources, or manipulators. However, the TEM
image resolution will be compromised. For ETEM with gas injection ports on the
pole piece, the electro-magnetic field within the pole piece may become asymmet-
ric which lowers the image resolution, too. An optimized pole piece gap is crucial
if atomic resolution in-situ TEM is a target. Additional pumps are often necessary
for ETEM systems, therefore suitable anti-vibration system should be considered to
reduce the vibration. Gas injection rate, total gas pressure or liquid amount surround-
ing a specimen should also be well controlled to minimize the influence on resolution.

For the in-situ TEM specimen holders, rule number 1 is simplicity. The design,
arrangement of devices or field sources, sample fixation, wires, and pipelines
should all be made or arranged in a way as simple as possible. For heating hold-
ers, it is extremely important to minimize or if possible eliminate the support grid,
which usually contributes a major part of sample drift at temperature change.
Keeping the power supply low and field- or force-application area local are proven
to be efficient for lowering the sample drift.

3.4.2 Effects of Electron Beam Irradiation

As charged particles, electrons interact with matter much stronger than neutral
X-rays or neutrons do. One of the often asked questions or discussed topics is
the electron beam irradiation effects on phenomena observed during in-situ TEM
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experiments. The question is natural because in-situ TEM experiments are different
from routine TEM observation. in-situ TEM often concentrates on one specific
area and the observation may easily take a few tens of minutes or hours. Also, in
order to continuously record the structural evolution, electron beam intensity must
be kept high enough to maintain suitable imaging conditions. Such a long time
electron beam irradiation itself may introduce more considerable changes in the
materials compared with normal TEM experiments. How to decouple the beam
effects from applied field effects is always a challenge.

Electron beam irradiation effects are complex. Heating (energy transfer),
ionization (radiolysis, breaking bond), knock-on or displacement (knock atoms
out of their lattice sites), electrostatic charging (electron transfer), and sputtering
(remove atoms from surfaces) are main damage mechanisms [172]. Ionization
damage may cause severe problems for organic or oxide materials but less prob-
lematic for metallic or semiconductor materials frequently studied with in-situ
TEM because the ionized electrons can be rapidly replaced. Electron beam heating
effect often raises a question about the real temperature at the specimen, although
the temperature in the specimen chamber can be derived or directly measured [48].
Depending on materials, beam current, thermal dissipation, and other factors, the
rise in temperature in a TEM specimen may range from a few to more than a hun-
dred degrees Celsius which sometimes is high enough to cause visible structural
changes such as motion of dislocations and defects [173—176], or phase transfor-
mations at much lower than nominal temperatures [177]. For the liquid TEM, the
interaction between the high energy electron beam and the chemical solution pro-
duces species and/or hydrated electrons which may play an important role in the
observed nanocrystal growth or interaction behaviors.

To know how to reduce the electron beam damage to certain materials is non-
trivial, because the damage mechanisms are usually interrelated and material
dependent. One popular way is to adjust the accelerating voltage of the electron
beam. Increasing voltage reduces the thermal and ionization damages but enhances
the knock-on damage and the surface sputtering and vise versa. Depending on
materials to study, one must choose an optimum accelerating voltage to mini-
mize the combined beam damages. For example, using 40-60 kV accelerat-
ing voltage for imaging carbon materials (the knock-on displacement threshold
for carbon is between 27 and 95 kV [178] ), 74 kV or lower for BN nanotubes
[179], and 200 kV or lower for Si can largely minimize the knock-on damage.
In combination with the favorable beam energy, reducing as much as possible
the beam current and shortening the beam illumination time should also be con-
sidered. Based on this consideration, electron microscope alignment and rou-
tine astigmatism correction should be done in an unimportant specimen area,
and electron beam should be blocked when illumination is not absolutely neces-
sary. Figure 3.28a shows a case of the knock-on damage by a 300 kV electron
beam (15 A/cm?) to an amorphous carbon shell surrounding a TiO, nanoparticle.
The damage became significant after 10 min beam irradiation, therefore it was hard
to study the graphitization of the amorphous carbon shell by in-situ heating TEM.
To shorten the exposure time, the electron beam was blocked after taking an initial
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Fig. 3.28 A practical example of reducing electron beam irradiation effects in an in-situ TEM
experiment. a As-prepared TiO; nanoparticle wrapped with an amorphous carbon shell. The
image was taken at room temperature in a 300 kV H-9500 transmission electron microscope.
b The specimen was heated to 650 °C and held for 20 min with the electron beam blocked,
and then beam exposure was resumed for imaging. Total electron beam irradiation time was no
longer than 5 min (the particles shown in two images are not the same ones.)

image at room temperature. The temperature was then raised to 600 °C using an
in-situ heating TEM holder followed by resuming the electron beam illumination
to image the structural change. It was clear that the carbon shell was graphitized by
the thermal field (Fig. 3.28b) rather than electron beam irradiation.

Figure 3.7 shows a similar example, in which a SiC sample was heated for 25 h
in a transmission electron microscope. Because the electron beam was shut off, the
observed crystallization of the amorphous intergranular film was clearly independ-
ent of the electron beam effect.

Good conductive contacts between specimen and support or TEM holder also
enhance thermal dissipation and reduce charging therefore minimizing the elec-
tron beam-induced temperature rise on the specimen and the charging effect.
Cooling and beam shower (short time pre-illumination with a strong electron beam
flux) help to retard or reduce the electron beam-induced sample damage and/or
contamination process. Coating a layer of carbon on the sample surface may pre-
vent sputtering damage. It was also reported that heating some specimens could
heal the beam damages. Figure 3.29 shows a multi-walled carbon nanotube dam-
aged by 200 kV electron beam (8 A/cm?) irradiation for 20 min at room tempera-
ture. The corresponding EELS spectrum shows a broadened graphite o* peak.
Heating the sample to 600 °C largely decreased such beam damage as evidenced
in the TEM image and the well-defined o* peak in the corresponding EELS spec-
trum. It was actually a self-healing process in the damaged carbon regions.

Similar healing phenomena under irradiation of a 200 kV electron beam were
found to cause superplasticity in amorphous SiO» nanowires and nanoparticles
[119] and to improve the fracture strength of carbon nanotubes [112]. Heating may
also cut down the hydrocarbon contamination rate by a factor of 10-30 depending
on temperatures used [175].
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Fig. 3.29 Irradiation effects of a 200 kV electron beam on a multi-walled carbon nanotube. At
room temperature, the electron beam deformed the graphite-like structure on the nanotube walls.
EELS spectrum shows a broadened carbon o* peak. Under the same electron irradiation condi-
tion, no distinguishable structural deformation on the nanotube walls was recognized at 600 °C,
and EELS spectrum shows well-defined o* peak (Hitachi High Technologies Corporation, Japan)

No matter what beam energy, electron imaging conditions, and other counter-
measures are chosen, electron beam irradiation-induced damages to specimens can
never go to zero especially after hours of in-situ TEM observations. In fact, it is
often seen that the structural changes stem from a combined effect of the applied
fields and the electron beam irradiation [119]. Caution is always needed in data
interpretation. It should be a good habit to at least check the less or not irradiated
neighboring specimen areas to make a comparison with the areas under an inten-
sive and long-time electron beam illumination in order to understand and exclude
the electron beam effects.

It is interesting to note that in some reported in-situ TEM experiments, electron
beam irradiation effects were intentionally used to initiate dynamic processes. For
example, electron beam irradiation was utilized to create knock-on displacement
of carbon in multi-walled carbon nanotubes at 600 °C and the shrinkage of the
carbon nanotubes resulted in a high pressure on the Fe3C crystal(s) encapsulated
inside the carbon nanotubes [124]. Similarly, carbon onions showed self-compres-
sion, too, under electron beam irradiation at ~700 °C [180]. Another experiment
was about the role of electron beam irradiation on electric field evaporation of car-
bon nanotubes. The onset field for evaporation to start was lowered by about 30 %
when the electron beam (200 kV, 100 A/cm? beam current density) was turned on,
and the knock-on effect was believed to be the main reason [89]. Going back to
Sect. 3.3.1, a 300 kV electron beam with a beam current density of 2-14 A/cm?
transferred electrons to the Pt(acetylacetonate), liquid solution and reduced P2t
to Pt [66]. Some beam effects are more significant with high gas pressure in gas
ETEM. For example, gas molecules may be ionized by the electron beam, making
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the molecules more reactive to interact or etch solid materials. The electron beam
may also have a potential to be used as electron tweezers to manipulate defects in
materials.

3.4.3 Digital Recording

A picture is worth a thousand words, a movie tells a story. The in-situ TEM is
about discovering dynamic responses of materials to the externally applied stim-
uli. In most cases the responses include the structural evolution and many criti-
cal structural changes such as phase transformation or melting often take place
suddenly without a clear clue beforehand. Therefore, knowing how, and having a
live TEM observation capability is only the first step, recording what is seen at an
adequate time resolution is equally important. The conventional film camera takes
at least 10 s (including film transportation) to complete one exposure, this speed is
orders of magnitude slower than that of TV cameras (30 frames/s), and certainly
cannot satisfy the needs for instantaneous exposure and continuous high-speed
image recording. Video recording for the entire in-situ TEM process is the best
way to guarantee the capture of any critical moment and the continuous evolution
processes in materials.

Before digital CCD (charge-coupled device) cameras became prevalent in TEM
applications in the 1990s, analog TV systems were used starting in the 1980s.
Electron microscopes output TV signals in standard video formats (NTSC: 525
lines/50 Hz, or PAL: 625 lines/60 Hz) which allowed users to view the live images
on a TV screen and record videos using standard video cassette recorders (VCR).
The standard frame rate was 29.97 frames/s, or 33 ms per frame. The large infor-
mation capacity of the magnetic cassette tapes could support up to 10 h of video
recording, reviewing the recorded movies was pretty easy. The problems were
editing and analysis. The video file recorded on a magnetic tape needed to be con-
verted to digital using a special and costly instrument in order to clip videos, grab
single still frames and add texts or other necessary illustrations. Also, the recorded
video frames were not quantitative in terms of image intensity linearity. Other
problems for the TV cameras included uneven background noise, poor dynamic
range (only ~10%), a few tens of times smaller field of view than that of the TEM
film cameras, and non-square pixels [181].

The 21st century is the digital century with no exception for cameras used for
TEM. Digital CCD cameras are currently used on all state-of-the-art transmis-
sion electron microscopes, darkrooms for film development and image printing
have become history in many laboratories. The high sensitivity, high dynamic
range, high image intensity linearity, correctable background noise, and con-
venience for frame analysis and editing make the CCD cameras ideal for in-situ
TEM. Via software, continuous digital image output from electron microscopes
can be captured and made into movie files with the formats of avi, wmv, mpeg,
etc. It should be noted that the video referred here is defined as a continuous
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stream of images in time, therefore not necessarily to be NTSC or PAL format.
A wide range of CCD recording frame rates are commercially available, and
10-30 frames/s are typically desired for the purpose of in-situ TEM. Higher
frame rates are certainly desirable but the shortened exposure time for each
frame lowers the image quality. The frame size in digital video recording varies
but is typically in the range of 1024 pixel x 1024 pixel or smaller as of today
yielding to the high speed.

The recent progress in developing CMOS (complementary metal oxide
semiconductor) imaging sensors sheds a light on high speed and high sensitivity
digital streaming video recording. Because no charge transfer will be necessary,
each pixel on the detector chip takes and processes electrons simultaneously on
their own, this is different from the working principle of the CCD cameras. Digital
TEM cameras with a frame rate of 1000 frames/s will become a reality in the near
future although there is still a concern about whether or not the number of elec-
trons recorded on each frame is adequate to present images well. Another concern
is that if computer processing and image saving speeds cannot keep pace with the
frame capture rate, frames will be dropped from time to time resulting in sacrificed
time resolution and information lost. With the advent of digital video recording
technology, high computer processing speed and associated information technolo-
gies, such a frame drop problem is possible to be avoided. Large hard disk capac-
ity is a must for the live digital video recording which easily generates 20 MB/s
or more information to be saved, 500—-1000 GB capacity should be available for
each in-situ TEM experiment with a typical 2—4 h total time of video recording.
Sometimes multiple hard disks are used to save image frames so that frame drop-
ping will not happen.

3.4.4 Technical Challenges Ahead

In the past more than half century, in-situ TEM technology development mainly
focused on developing capabilities of applying fields and/or environments to the
specimen area while performing TEM observation. The attention now moves to
pursue the atomic spatial resolution and high temporal resolution. High prior-
ity will also be given to quantitative in-situ TEM technologies in the near future.
Although no one will argue that in-situ TEM is entering into a booming time, con-
tinuous and innovative efforts are required to conquer technical and engineering
challenges that lie ahead, these include but are not limited to:

— How to precisely control and quantitatively measure the applied fields or exotic
environments at TEM specimens, for example temperature, gas pressure, gas or
liquid composition right on TEM specimens?

— How to enable the atomic resolution TEM imaging in versatile environments
applied to TEM specimen chambers?
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— How to achieve sub-nanometer or higher imaging resolution for the in-situ
liquid E-cell TEM? Chromatic aberration-corrected TEM is certainly one of the
solutions although the cost is high.

— How to squeeze multiple external fields or illumination sources into the narrow
pole piece gap of a transmission electron microscope while maintain high reso-
lution power? A large pole piece gap combined with aberration-corrected TEM
is promising.

— How to observe, capture, and store high quality images at high temporal resolu-
tion on a level of microseconds to picoseconds? The pulsed laser beam-induced
ultrafast TEM (see Chap. 4) may make a breakthrough in this aspect.

— How to analyze the recorded amount of digital data in a quantitative and effi-
cient time?

— How to identify the side effects of electron beam irradiation and to reduce their
influences?

— How to deal with beam-sensitive materials? This is a particularly tough
challenge for in-situ TEM from the technical point of view.

3.5 Summary

Depending on what external fields or forces that are applied to the specimen in a
transmission electron microscope, one can have in-situ heating TEM, in-situ cool-
ing TEM (LN, and LHe), in-situ environmental TEM (gas or liquid), in-situ biasing
TEM (electric voltage and current), in-situ straining TEM (tension or compres-
sion), in-situ Lorentz TEM, in-situ electron holography TEM, and in-situ ion beam
(or laser) irradiation TEM available for study of materials in stimulating environ-
ments. Real-time in-situ TEM observations at high spatial and time resolutions for
dynamic structural processes are becoming routine nowadays. In most cases, the in-
situ TEM capability can be realized on any standard transmission electron micro-
scopes, and all that needs to be done is to design a special TEM specimen holder,
which supplies a desired stimulus to the TEM specimen. These are holder-based
in-situ TEM technologies. Column-based technologies like in-situ ETEM and in-
situ ion beam irradiation TEM are more favorable when high resolution and multi-
ple external stimuli are desired. The reported in-situ TEM experimental results have
shown great impact on materials science and nanoscience and nanotechnology.
New insights have been obtained for fundamental microscopic processes, structure-
property relationships, catalytic mechanisms, and mechanisms governing mate-
rials properties. The more than ever important role of the in-situ TEM in making
breakthroughs in scientific and technological R&Ds is stimulating another wave of
advancement in electron microscopy after the aberration-corrected TEM.
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