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Abstract

In this chapter, the author will review several advanced microscopy techniques
developed at the NASA Glenn Research Center in the last 5 years. Topical areas
include: unconventional approach to investigate the fine nanoporous structure of
aerogels by scanning electron microscopy, new limits for transmission electron
microscopy investigation of dispersion and chirality of single-walled carbon nano‐
tubes within a polymer matrix, the importance of microstructure of porous tin dioxide
nanostructure that lead to first time detection of methane at room temperature without
doping or catalyst, in situ SEM methods to study the thermal stability of nanoparticles
on Graphene/Cu based materials, electron beam irradiation effects on carbon
nanotube yarns electrical properties, and nanoindentation work of multiphase
thermoelectric material.

Keywords: Electron microscopy, Aerogels, CNT, SnO2, Graphene/Cu, WSi2/SiGe

1. Introduction

Nanomaterials can have a direct impact on NASA missions in areas of engineered materials
and structures, devices, electronics, energy generation and storage, and sensors among others
[1]. Nanomaterials can offer up to 50 percent weight savings, and thus cost [1]. This chapter
will review several advanced microscopy techniques developed and applied to cutting-edge
nanomaterials research at NASA Glenn Research Center (GRC) in the last 5 years [2]. The first
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topic investigates the examination of the nanoporous structure of aerogels with a scanning
electron microscopy (SEM) technique. Aerogels are emerging materials with the promise of
unusually high strength (for some cases), thermal insulation, and damping capability com‐
bined with very light weight. Because of these properties, aerogels have been used in several
NASA missions to collect comet dust particles and provide thermal insulation of components
in Mars rovers, for instance [3]. Other current applications include thermal insulation for
inflatable reentry decelerators and extra-vehicular activity suits [4]. Many of the outstanding
physical properties of aerogels depend on their porous structure. SEM is a commonly used
technique to estimate the pore size in aerogels, but is hampered by charging, the accumulation
of electrons on the surface of the sample. The common solution employed to minimize charging
effects is to deposit a layer of a conducting material on the sample. However, this technique
can drastically mask the intrinsic porous structure of the aerogel. Here it is shown that negative
charging effects on aerogels can be dissipated using nitrogen gas [5-6].

The second subject will be carbon nanotube (CNT)/polymer nanocomposites, which have
excellent promise for improved strength and light weight and are being actively researched
in a number of NASA projects. Recently this type of material has been used in the Juno mission
for electromagnetic charge dissipation and electromagnetic shielding; other applications
include lightning strike protection of aircraft [7-8]. Transmission electron microscopy (TEM)
is a technique used to characterize the dispersion of nanotubes in a polymeric matrix. However,
imaging such CNTs is challenging because of both their small size and electron scattering by
the polymer matrix affecting the image contrast. This effort determined new limits for TEM
investigation of dispersion and chirality of nanotubes in polymer matrices. This work opened
new possibilities for investigation of microstructure of polymer nanocomposites to further
understand electrical, mechanical, and thermal properties [9-10].

The third area is related to microstructure investigation and in-situ heating experiments on
copper-based nanoparticles embedded in a graphene matrix. This material was considered by
us for lithium ion battery applications. Lithium-ion batteries have been used at NASA in
human and robotic spacecraft, because of their high power density and the weight savings
compared with traditional nickel based batteries [11]. In a few years one lithium-ion battery
will replace two nickel-hydrogen batteries in the International Space Station. Lithium ion
batteries formed with nanostructured materials can potentially increase battery efficiency
because of high surface-to-volume ratio, while reducing weight and cost. Here we were
looking for oxygen content, dispersion of nanoparticles in the graphene, possibilities to anneal
agglomeration of nanoparticels by heating, as well as perform extreme heating experiments.
The heating experiments are sustained with theoretical treatments of both the thermal stability
of the particles, as well as the most energetically favorable orientation relationships between
the atomic planes of the particles and the graphene. Evidence of neck evolution, coalescence,
sublimation, and Ostwald ripening were observed [12].

The fourth topic is on TEM characterization of the detail in new porous tin dioxide (SnO2)
nanorods as the sensing material for room-temperature methane detection [13-14], which has
applications in environmental and engine emissions monitoring. Particular emphasis will be
on establishing bonding type and particle size of SnO2 within the porous structure, as these
has been shown to influence the sensitivity of SnO2 materials. We were able to establish the
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rutile structure of tin dioxide by high-angle annular dark field (HAADF) imaging with atomic
resolution as well as electron diffraction (ED). The tin dioxide chemistry was also confirmed
by electron energy-loss spectroscopy (EELS) fine structure using two methods: (1) the position
of the peaks in the 530–540 eV range, which are fingerprints for tin oxide structure, and (2)
estimation of the ratio of Sn-Sn and Sn-O bond lengths distances, by the so-called resonance
peaks at higher energies.

The fifth area is on electron beam irradiation effects on the electrical resistivity of CNT yarns.
Yarns are currently been investigated for structural applications and potential replacement of
conventional carbon fiber in composite materials, as well for wiring applications. One specific
example is composite overwrapped pressure vessel (COPV) tanks. These types of tanks are
used to contain high-pressure fluids in propulsion, science experiments, and life support
applications [15]. COPVs offer a 50% weight savings compared with metal tanks. One critical
aspect of the project was to improve the mechanical properties of this material. One potential
route to achieve the mechanical improvement is the cross-linking method induced by electron
beam irradiation. The study of the electrical response of CNT yarns as a function of electron
dose is one route to monitor possible cross-linking events. In this work, small segments of CNT
yarns were exposed to e-beam irradiation in a TEM. The electrical resistivity as a function of
e-beam irradiation was studied by the two probe method, using micromanipulators inside a
SEM [16-17].

Finally, nanoindentation and microstructure investigation of thermoelectric (TE) composites
consisting of silicon germanium (SiGe) combined with tungsten silicides will be presented
[18-19]. SiGe alloys have been traditionally used for radioisotope thermoelectric generators
(RTGs) in several spacecraft and NASA missions such as Apollo [12, 14-17], Cassini, Galileo,
and recently Curiosity [20]. We have been working on ways to improve the thermoelectric
figure of merit (ZT) of SiGe based TE alloys by incorporating WSi2 phases in to the matrix. It
is predicted that the incorporation of nano-size WSi2 into a SiGe matrix will yield the lowest
thermal conductivity (and therefore represents the best case to maximize the ZT) when
compared with other types of silicides. Beyond traditional RTG applications, we are exploring
other uses in the energy-harvesting arena. These include multifunctional structures that
generate power while reducing weight, sensor systems to monitor performance of engines,
hypersonic vehicles, and others. Considerable effort has been focused on microstructural
engineering methods that lead to ZT improvement by microstructural optimization of TE
materials.

Although critical for the previous mentioned applications, work pertinent to the mechanical
integrity of this type of WSi2/SiGe based TE materials is limited. Nanoindentation is a suitable
technique to probe the local hardness (H) and modulus (E) of a multiphase material at micron
and submicron dimensions. Probing the mechanical properties of the phases of a bulk
multiphase material is of fundamental importance as this in principle can dictate the overall
mechanical properties of the bulk, as well as provide insight to improving its mechanical
properties. In more practical scenarios, TE materials can be exposed to several perturbations
during service, such as mechanical and thermal loading, mechanical vibrations, and thermal
gradients that can lead to the formation of cracks, which can potentially degrade the transport
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properties (by reducing the electrical conductivity). In this regard it is therefore critical to study
the mechanical properties of TE materials. We will examine the local mechanical properties
and microstructure of WSi2/SixGe1-x multiphase thermoelectric material by nanoindentation,
electron, and focused ion beam microscopy (FIB) methods.

2. Aerogels

Aerogels are nanoporous materials with high pore volume, frequently greater than 90%. The
tortuosity of the pore structure and thinness of the solid struts render the aerogels exceptional
insulators by decreasing both gaseous and solid conduction [21-22]. It is critical to find ways
to characterize the porous structure of aerogels, as this dictates the thermal properties. Both
TEM and SEM techniques are commonly used to explore the pore size in aerogels [23-25];
however, both techniques suffer from charging effects. Precaution must be exercised during
TEM investigation of these materials at the nanoscale, as local high electric fields resulting
from charge accumulation can cause surface mass migration of SiOx species and may form
local areas with collapsed porous structures [26-28].

The most common solution to reduce charging effects of nonconducting materials (like
aerogels) is to deposit a conducting material at the surface of the sample. Yet this approach
usually masks, and can change the inherent porous structure of, the aerogel [25]. We have
developed a new procedure to reduce charging effects of aerogels during SEM imaging. The
process involves the local recombination of the negative charges caused by electron beam
irradiation during imaging with positive ions created by ionization events induced from inert
gas injection near the surface of the sample. High-energy backscattered electrons (BSEs) are
created by multiple elastic scattering events and have relative high energies, whereas low-
energy secondary electrons (SE) are produced by inelastic scattering events. The SE yield is
denoted by δ, whereas BSE yield is symbolized with η. In general, a sample can be charged
positively or negatively or be in a neutralized state during SEM investigation [12]. The law of
charge conservation describes the process analytically. Generally,

( )1PE L
QI I
t

¶é ù- + - =ë û ¶
d h (1)

where IPE is the current added to the sample by primary beam of electrons (PE), IL is the outflow
current and ∂Q/∂t is the charge build–up rate [29]. Therefore negative charging effects will be
fulfilled when IPE is greater than the total emission/leakage current. Penalties of this negative
charging are the production of image distortion and unbalanced white contrast features.

Figure 1a is a SEM image of an aluminosilicate aerogel in which charging effects are noticeable.
These artifacts and image distortions are caused by negative charging, where a negative
potential deflects the PE imaging beam. For clarity, some distorted lines are marked with white
solid arrows in figure 1a. It is well known that charging is usually not a static problem and
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may change under scanning events [30]. The defocused lines can be described by a capacitor
model that takes into consideration charging and discharging events. For more details see
references [5, 31]. To reduce these charging effects we proposed a nonconventional approach.
The key is to neutralize/minimized negative charging by the recombination with local ions.
For the formation ions, dry nitrogen (N2) gas is inserted near the surface of the sample. Details
of the process can be found in reference 5. Collisions of electron signals with the nitrogen gas
ionizes the N2 molecules forming positive ions (N2

+) according to N2 + e– →  N2
+ + 2e–, where

the ionization energy is near 15.6 eV [32].

Figure 1. SEM images of aerogels with charging artifacts (gas needle off) (a) and when charge compensation device is
working at 100% (b). Some artifact defocused lines are marked with solid arrows. Scale bar is 100 nm. Insets are the
corresponding schematic representations of cases (a) and (b). Reproduced from reference 5 with permission from the
Institute of Physics.
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Figure 2. Predicted values for the N2 ionization σBEB as a function of KE of electrons. Reproduced from reference 5 with
permission from the Institute of Physics.
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Consequently, N2
+ ions are attracted to the sample surface by local electric fields, followed by

recombination with negative charges and charge neutralization as pictured in the inset of
figure 1b. Porous structure down to 3 nm where resolved. It is known that collisions with larger
cross sections (σ) will produce more ions [33-34]. Figure 2 is the expected σ dependence of the
kinetic energy (KE)for the electrons. The predicted values are based on the Binary-Encounter-
Bethe (BEB) Model, which adds the Motts cross-section with the high KE factor and Bethe cross
section [35]. The maximum value of σBEB (~ 2.62 Å2) is produced with electrons with KE of ~100
eV, which corresponds to low energy BSE. For SE with energies of ~50 eV, σBEB is ~2.17 Å2.
However, if we consider the fact that most of the SE (~90%) have KE of 10 eV (or even less),
which is below the ionization energy for N2, ionization events by SE should be rare.

3. CNT/polymer nanocomposites

Numerous polymers have been used to synthesize CNT/polymer nanocomposites with the
objective of achieving superior properties [36-40]. One key factor is the effective dispersion of
fillers in the matrix. Still, dispersion is difficult as CNTs tends to agglomerate, causing
weakening of the nanocomposite. The nature of the nanotube-polymer interface is particularly
critical to the reinforcement of polymer matrices, where significant interfacial adhesion
between the nanotube and surrounding polymer is essential. However, in the case of electrical
properties and single-walled carbon nanotubes (SWCNTs), although the dispersion is
important, the major control has to be focused in a reliable method to identify the abundance
of metallic/semiconducting type of nanotubes through chirality [41]. Other important factors
such as the CNTs alignment in the polymer matrix, as well as other common analyses involving
distribution and quantification of nanotube dimensions can be explored by electron micro‐
scopy methods [10].

Although the resolution of a TEM can suffice to image SWCNTs, callenges do exist to image
them in a polymer matrix and to explore its dispersion in an isolated form. Imaging individual
SWCNTs in a polymer matrix is of great challenge because its small size and weak contrast
signal typically is attenauted by the relatively strong polymer scattering signal. An example
of this problem is shown in figure 3. It can be observed that while the SWCNT walls can be
resolved in the hole (free standing) region, its contrast is lost in the polymer region.

New boundaries have been proposed to characterize SWCNTs within a polyethylene (PE)pol‐
ymer matrix, by the assistance of modeling procedures [9]. A high-resolution TEM (HRTEM)
image of a 25-Å nanocomposite of thickness (t) is presented in figure 4a. A HRTEM image of
the same isolated SWCNT is included in the inset of figure 4a. Clearly the SWCNT walls can
be resolved completely for the isolated case. However, even with a nanocomposite of t = 25 Å,
a decrease in wall contrast signal as well as width is evident. In addition, the walls of the
SWCNT totally vanish for a nanocomposite with t = 49 Å, as indicated in figure 4b. The
interesting results are that ED analysis is less sensitive to these thickness problems. Figures
5a-c are ED patterns for isolated (5a), nanocomposite with thicknesses 25 Å (5b) and 49 Å (5c).
Note that there are fingerprint reflection lines (Di, i = 1, 2...4) in the isolated SWCNT that persist
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for the nanocomposite cases in 5b and 5c. From these Di distances both the diameter of the
SWCNT and chirality can be estimated. This data can be used to understand the nanocompo‐
site’s electrical properties, by establishing the abundance of metallic and semiconducting
nanotubes.

Figure 4. HRTEM simulations of SWCNT in PE matrix. Reproduced from reference 9 with permission from Wiley.
Scale bar is 1 nm.

We also explored the case of nanotube walls oriented perpendicular to the electron beam and
found that the nanotube can be resolved for a thicker nanocomposite, see reference 9. However,
an apparent increase in nanotube diameter was evident event at optimum focus. As a result,
estimating both chirality and diameter from HRTEM images will be erroneous in this case.
Additionally, by combining results from data collected with the beam parallel and perpen‐

Figure 3. HRTEM of CNT in a polymer matrix. Reproduced from reference 10 with permission from Wiley/Scrivener.
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dicular to the walls of the nanotube, it is possible to study dispersion of isolated SWCNT in a
polymer matrix at the nanoscale level.

4. Graphene/Cu-based nanocomposites

Graphene materials have exceptional properties [44]. However, graphene/metal nanoparticle
hybrids can have even superior properties than isolated or pure graphene material [45].
Applications in graphene/Cu-based hybrids include lithium ion batteries [46] and electronics
[47, 48]. Electron microscopy, particularly in situ heating work, is a powerful technique to
explore the stability of nanoparticle/graphene systems. In this section the stability of graphene/
Cu-based hybrids is reported in a wide range of temperatures. Extensive microscopy analysis
showed that the graphene material was decorated with Cu-based nanoparticles of different
shapes and sizes. Identified nanoparticle shapes included: truncated nanocubes, octahedrons
and its truncations, nanorods, triangular prisms, and decahedrons [49].

Figure 6 presents an energy-filtered TEM (EFTEM) EELS and selected area ED (SAED) analysis
of the nanocomposite. Figure 6a is the zero-loss image, and figure 6b is the oxygen mapping
[26]. We observed different degrees of oxidation, from partially oxidized (examples marked
with dotted arrows) to fully oxidized nanoparticles. Likewise, some nanoparticles such as
those marked with solid arrows in the figure were oxygen free. Based upon the results of figure
6 we were able to establish the presence of pure copper and copper oxide cubic phases [50].
Figures 7a to 7f present the low-magnification in situ SEM heating results where the whole
composite could be observed. Evidence of coalescence (regions enclosed with solid circles),
and Ostwald ripening (d regions enclosed with dotted circles) were observed [51-54]. The final
individual nanoparticles transformed to spherical shapes in order to minimize the surface
energy [55]. Numerical analysis of the neck formation between two nanoparticles was
conducted to explore the initial steps of coalescence; the data is presented in figure 8. For two
symmetrical spherical particles theory predicts that D ~ tb, where t is time and b ~ 0.143 for
surface diffusion or 0.167 for grain boundary diffusion [56]. The experimental value obtained
for b was 0.518± 0.024. This higher value is in fact caused by faceting of the nanoparticles [57].

Figure 5. ED simulations of SWCNT in PE matrix. Reproduced from reference 9 with permission from Wiley.
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Molecular dynamics simulations were also conducted, taking into consideration facets of the
nanoparticles that agreed with the experimental results [12]. In addition, MD results suggested
that the growth rate of particle pairs on graphene was comparable to isolated pairs, which
indicated that graphene had no significant effect on the coalescence. This effect may be
consistent with a weak Cu-graphene interaction (“physisorption”) as reported in other reports.
We found that grain boundary energy was the main factor affecting the neck growth rate at
the nanoscale. Sublimation experiments were also conducted, and it was observed that the
{111} surfaces were more stable than {100}, which is consistent with predictions of Chatterjee’s
theory [58].

Figure 6. EFTEM and SAED analysis of the graphene/Cu-based nanocomposite. Reproduced from reference 12 with
permission from the Institute of Physics.

5. Porous SnO2 nanostructures

Semiconducting metal oxides like tin oxide (SnO2) have been shown to respond to relevant
chemical species such as oxygen (O2), carbon monoxide (CO), ethanol (C2H5OH), nitric oxides
(NOx), propylene (C3H6), and hydrogen (H2) [59-61]. Methane gas is highly volatile and when
mixed with air can cause explosions at higher concentrations because it is readily flammable.
Thus, the development of a reliable and cost-effective methane gas sensor is important. Room-
temperature detection of methane is challenging and has been reported by others, but those
lack the temperature range capability for realistic applications [62-69]. Recently NASA GRC
developed porous SnO2 nanostructures for methane detection for a wide temperature range,
including room temperature [13].
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The sensor was operated at room temperature and detection of 0.25% methane in air was
demonstrated for the first time, without the use of any dopants or catalysts. Porous SnO2

nanorods were synthesized using MWCNTs as templates, as indicated in figure 9. The process
involves the decoration of MWCNTs with SnO2 nanoparticles (fig. 9a), followed by calcination
of nanotubes at higher temperatures in air, the end product being a porous structures as
pictured in figure 9b. The inset of figure 9b is the corresponding SAED pattern of the porous
SnO2 nanorods. Figure 9c is a HRTEM image of the nanocrystals in the porous SnO2 nanorod.
Both analyses indicated the rutile SnO2 structure [13, 60].

Furthermore, EELS analysis confirmed the SnO2 structure by two methods (see fig. 10): (1)
determining the fingerprint of this rutile structure by the presence of unique peaks in the 530–
540 eV energy range [70] and (2) estimating bond length (r), by the use of ΔE = k/r2, where k is
a constant [71]. For example, for the peak at 543 eV, ΔE1 = 10.9 eV, and for the peak at 558.5 eV,
ΔE2 = 26.4 eV. It follows that r1/r2 =1.556, which agrees well with the ratio of bond length values
of SnO2 nanograins, for the second Sn-Sn (= 3.19 Å) and first Sn-O (= 2.05 Å) coordination shells
[72]. The rutile structure of tin di-oxide was also resolved by HAADF imaging with atomic
resolution as indicated in the inset image of figure 10.

6. CNT Yarns

NASA is exploring routes to replace conventional carbon fiber composites with CNT-based
composite materials. This could traduce in approximately one-third reduction of unfueled

Figure 7. SEM images of microstructural evolution of a graphene sheet decorated with Cu nanoparticles in full view,
as a function of temperature and time (a)–(f). Reproduced from reference 12 with permission from the Institute of
Physics. Scale bar is 1µm.
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weight of space vehicles and structures. To achieve this, commercially available CNT-based
materials must have at least two times the strength of conventional carbon fibers. CNT yarns
are currently the best commercially available CNT-based materials in terms of mechanical
properties; however, their tensile strength is about half of conventional carbon fibers. This has

Figure 8. Quantitative neck evolution of two nanoparticles at 873 K shown graphically and with snapshots from a
movie. Nanoparticle 1 had a diameter of ~ 250 nm, and nanoparticle 2 had a diameter of ~265 nm. (a) Plot of neck
diameter, (b) and (c) are snapshots at 67 s and 180 s, respectively. Reproduced from reference 12 with permission from
the Institute of Physics.

Figure 9. (a) TEM image of MWCNT covered with SnO2 nanoparticles. (b) TEM image of a porous SnO2 nanorod. Inset
shows the ED pattern. (c) HRTEM image showing that the lattice spacing corresponds to the rutile structure of SnO2.
Reproduced from reference 13 with permission from the Institute of Physics.
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to be with the weak shear interactions between carbon shells and bundles within a yarn [73-74].
Therefore, current efforts focus on developing protocols to improve mechanical properties of
these materials.

One potential route to achieve mechanical improvement is the cross-linking method induced
by electron beam irradiation. The weak shear interactions between adjacent carbon shells/CNT
can be improved by the formation of sp3 C-C bonds induced by e-beam irradiation [73]. This
can occur at both the interwall sites of individual multiwall CNTs (MWCNTs) and between
CNT neighbors, and both potentially will increase the mechanical response of CNT yarns [73,
76]. E-beam energies greater than 80 keV are needed to displace C atoms and to induce complex
kinetics and recombination of lattice defects within the hexagonal carbon network, which
eventually leads to cross-linking [77]. For one isolated MWCNT (and small bundles), energies
at 100–200 keV are effective to cross-link [77]. Because CNT yarns are fibers composed of
several MWCNTs, the question arises as to what extent energies in this range will still promote
crosslinking effectively.

The study of the electrical response of CNT yarns as a function of electron dose can be a
complementary route to monitor possible cross-linking events, and is important to establishing
multifunctional properties of CNT yarns. Considerable effort has been focused in e-beam
irradiation methods that lead to mechanical improvement. Although Mikó and coworkers
reported the effects of e-beam irradiation on electrical resistivity of single-walled CNT
(SWCNT) fibers systems [78-79], work on e-beam irradiation effects on electrical properties of
CNT yarns is limited. Here, small segments of CNT yarns are exposed to e-beam irradiation
in a TEM operated at 200 keV and different doses. The electrical resistivity as a function of e-
beam irradiation is studied by the two-probe method, using micromanipulators inside a SEM.

Figure 10. EELS spectrum of porous SnO2 nanorods with its corresponding fit. Reproduced from reference 13 with per‐
mission from the Institute of Physics. The inset is atomic-resolution HAADF image.
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The inset of figure 11 is a SEM image that illustrates the two-probe electrical characterization
of CNT yarns. Typically the measurements were conducted to probe CNT yarns of ~450 µm
in length and ~77–84 µm in diameter. The electrical resistivity as a function of e-beam irradi‐
ation is presented in figure 11. Irradiation times range from 10 to 60 min, which corresponds
to dosages of ~3x1015–2x1016 e/cm2. The average values of resistivity increased with irradiation
time up to 30 min and decreased with further irradiation. Note that the maximum resistivity
at 30 min of irradiation corresponds to an increase of ~1.5 times the resistivity of the pristine
yarn, and that the resistivity at 60 min is just a slight decrease of the pristine resistivity. For
comparison purposes, the resistivities of CNT yarns in the current study are about 102 times
smaller than aerosol-like (nontwisted) yarns, but are ~103 times higher than other twisted
yarns, though these values were estimated with a yarn segment length of 50 mm [80], and
about 10 times higher than SWCNT fibers of 3–5 mm tested length [78, 79].

Figure 11. Effect of e-beam irradiation on CNT yarn resistivity. The inset is an SEM image of two tungsten probe elec‐
trical setup measurement. Reproduced from reference 16 with permission from OMICS Publishing Group.

To obtain possible explanations to the e-beam irradiation effects on resistivity, HRTEM
analysis on the microstructure of CNT yarns were conducted. Figure 12 presents the HRTEM
of CNT yarns of pristine (12a), e-beam irradiated with10 min (12b), 20 min (12c), 30 min (12d),
and 60 min (12e). Figure 12f is a schematic that summarizes possible crosslinking sites (marked
with red lines) of CNT constituents within the yarn at two different scales. The images were
taken in thin areas located at the edges of the yarns so one can see the different planes of CNTs
oriented in a given twisted direction. For the purpose of the following discussion, only areas
of the images that are in focus are described. The area enclosed by a white circle in figure
12a shows that the CNTs of yarns are double walled, and the area enclosed by a black circle is
consistent with a CNT bundle structure. The alternating black/white fringes correspond to the
lattice planes of CNTs in the bundle, with each lattice plane built from a row of CNTs [81].
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Crosslinking sites in CNTs can be monitored by these HRTEM images and typically corre‐
spond to areas were the fringes are less coherent but do not completely lose their structure to
form an amorphous carbon (a-C) structure [75]. Cross-linking events can be observed at 10
min of irradiation (fig. 12b). Several types of microstructural changes of CNTs within the yarn
are evident at 20 min of irradiation (fig. 12c). These includes cross-linked sites (area enclosed
by a black box), pristine-non-cross-linked sites (yellow box), a-C structure sites (red box)
[82-87], and sites with a mixture of a-C and cross-linked sites (white box). With further
irradiation it can be noticed that both a-C and cross-linked sites grows; however, overall the
crystallinity (fringes structure) of CNTs is preserved (in the sense that it is not totally lost).

Figure 12. HRTEM of CNT yarns of pristine (a) and e-beam irradiated for10 min (b), 20 min (c), 30 min (d), and 60 min
(e). (f) Schematic that explains possible crosslinking sites of CNT within the yarn, which are at bundle and isolated
nanotube sites. Reproduced from reference 16 with permission from OMICS Publishing Group.

In order to understand these microstructural changes and how to correlate them with the
corresponding resistivity results, a brief explanation on e-beam irradiation on CNT defect
formation is needed. E-beam electrons can displace C atoms located at the hexagonal lattice
network of CNTs only when critical minimum energy is used, known as the displacement
threshold. However displacement threshold depends on the local arrangement of carbon
atoms relative to the electron beam and type of CNT. This has to be with the direction of
momentum transfer to C atoms distributed in the hexagonal lattice. For instance, displacement
threshold energies of 82 keV have been reported for small CNTs oriented perpendicular to the
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e-beam, and up to 240 keV for relative bulky CNTs oriented tangential to the e-beam [77]. For
MWCNTs, displacement threshold energies correspond to 100 keV [77]. Once C atoms are
displaced, lattice defect formation in the form of interstitials and vacancies will take place.
Based on quantum mechanics calculations, defects on the form of divacancies, interstitials, and
Frenkel pair (interstitial-vacancy pair) defects were shown to crosslink graphitic layers [88].
However, at the same time e-beam irradiation can lead to unwanted loss of lattice coherence,
a processes known as amorphization. This has to be with the kinetics of defects (production
rate, dynamics) on specific sites of the C lattice, and agglomeration of point defects that leads
to larger defects. Dynamics of defects depends on temperature. E-beam irradiation at room
temperature (as in this work) leads to the formation of vacancies and interstitials (for energies
above the threshold energy), which remain relatively localized (immobile) at specific lattice
sites. If they do not recombine to form cross-linking sites, high concentration and agglomera‐
tion of defects can occur as e-beam time increases, which eventually cause the lattice to lose
its crystallinity at those sites. This model is consistent with the amorphous regions encountered
in figure 12c–12e.

In terms of electrical results, the data can be explained in terms of a competitive process
between cross-linking and amorphization. Cross-linking sites reduce the resistivity by
reducing the CNT-to-CNT distance, while amorphization increases resistivity. Note that the
reduction of resistivity by cross-linking events is not due to conduction of electrons through
sp3 C-C bonds. The increase in resistivity with10 min of e-beam irradiation can be explained
by the formation of defects in the lattice that have not produced enough cross-linking sites to
enhance conductivity. At irradiation times of 20–30 min, although cross-linking events are
increasing, the resistivity is dominated by amorphization events. The reduction of resistivity
at 60 min can only be explained by a significant increase in cross-linking population dominat‐
ing the overall electrical conduction of electrons in the yarn. This is consistent with the
microstructural data presented in figure 12.

7. WSi2/SiGe composites

Figure 13a is a SEM image of the sample showing the typical sample microstructure of a
WSi2/SiGe composite. Note that there are micron-size as well as submicron-size grains within
the microstructure. Standardless EDS point analysis in atomic percentage (at%) of region 1
marked with a black arrow indicated content of ~ 77 and ~23 at% for Si and Ge, respectively,
whereas for region 2 ~91 at% (Si) and ~9 at% (Ge) were obtained. For simplicity regions of type
1 will be defined as Ge rich regions, and regions of type 2 will be referred to as Si rich. The
local variations in Si and Ge content are caused by segregation during non-equilibrium
solidification. These two regions contain grains of about 1–10 µm in size. Furthermore, the
W:Si at% ratio of the region marked with the white arrow was ~1:2 consistent with a WSi2

phase. We refer to the WSi2 phase as those grains in the ~1–13 µm size range. The rest will be
referred to as the matrix. The matrix actually comprises nanosized WSi2 with grains down to
~3 nm, SiGe of uniform composition with sizes in the micron size range (upper value of ~15
um) and nanometer size range (lower value of ~120 nm), and some porosity.
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Figure 13 presents SEM images showing examples of nanoindentation impressions (NI) for
WSi2 phase (13b), matrix (13c), WSi2/matrix interface (13d), and Ge rich phase (13e). An
example of WSi2/matrix interface impression is included to show the level of positioning
resolution of the diamond tip; however, no mechanical data related to interfaces will be
included in this work. Figure 13f is an example of a SEM/FIB image cross section of a crack
below the surface of a Ge-rich phase. Loads of 0.0012 N were used in NI on figures 13a–c, while
0.01 N was used in figures 13d and e. Note that the SEM image of figure 13f was taken with
the sample oriented at an angle of 54 degrees relative to the electron beam and normal to the
ion beam for the milling process. The inset of figure 13f is the surface view of the NI SEM image
(also taken at 54 degrees), where the radial cracks can be noticed. As a final step, a protective
material is deposited at the top of the NI area followed by the formation of two laterals and
one front trench for cross section serial sectioning, as indicated in figure 13f.

Figure 13. (a) SEM image showing the microstructure of the TE sample. SEM images showing examples of nanoinden‐
tation impressions for the WSi2 phase (b), matrix (c), WSi2/matrix interface (d), and Ge rich phase (e). (f) SEM/FIB im‐
age cross section of a crack below the surface of a Ge rich phase. Reproduced from reference 18 with permission from
Elsevier.

Quantitative results for H and E for all phases can be found in figure 14a. For this analysis, a
load of 0.0012 N was used. Average H (and E) values (in GPa) of 12.94 (464.95) for the WSi2

phase, 19.49 (214.52) for the matrix, 14.95 (142.84) for the Si-rich phase, and 13.98 (138.56) for
the Ge-rich phase. Figure 14b gives kc for different phases, formed with data taken at a 0.02-N
load for the WSi2 and 0.01-N load for other phases, and average values of H and E. Fracture
toughness was estimated using the relation kc = α(E/H)0.5P/c1.5, where P is the load, c is the total
length of the radial crack, and α = 0.032 for a cube-corner diamond tip [19]. Note that in order
to estimate kc, c/a ≥ 2.5 must be true [24], where a is the diagonal length of the impression area.
Average kc values (in MPa∙m0.5) were 1.37 for the WSi2, 0.52 for the matrix, 0.36 for the Si rich
phase, and 0.24 for the Ge-rich phase. Furthermore, cross-sectional TEM analyses of the

The Transmission Electron Microscope – Theory and Applications118



deformation zone showed evidence of crack formation, dislocations, shear fault formation,
and crack-induced amorphization; while serial sectioning FIB/SEM showed evidence of
median and lateral cracks. The complete set of data is reported elsewhere [18]. SEM images
illustrating the lift-out method for TEM analysis for the WSi2 phase are presented in figure
15. Again, note that the SEM images are oriented at an angle of 54 degrees relative to the
electron beam and normal to the ion beam (see fig. 15 a-b). Figure 15c presents a low-magni‐
fication bright-field (BF) TEM image of the deformation zone enclosed by a black box. The
corresponding dark-field (DF) TEM image of the region enclosed in figure 15c is presented in
figure 15d, which shows a crack (white arrow), high density of dislocations around the
nanoindentation area (as well as the by the area enclosed with the white circle), and shear faults
lines (solid white arrows); the inset is a schematic of shear lines. A dotted white arrow points
to a crack.

Figure 14. (a) Quantitative results for H and E for all phases. (b) kc values for all phases. The inset is a schematic of
radial crack formation induced by nanoindentation. Reproduced from reference 18 with permission from Elsevier.

Figure 15. (a)-(b) SEM images illustrating the lift-out method for TEM analysis for the WSi2 phase. BF-TEM (c) and DF-
TEM (d) images showing the deformation zone. Reproduced from reference 18 with permission from Elsevier.
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Based on the data obtained in this work, particularly on the superior hardness values and
decent fracture toughness of the matrix (~45% upper value relative to pure WSi2 phase) we
proposed the following to obtain a robust TE WSi2/SiGe material: (1) the segregation problem
must be corrected, and (2) the porosity content needs to be minimized, as this will improve
the mechanical properties as well as the electrical conductivity (and hence ZT). Higher
population of nanosizes and less (or no) micron sized WSi2 grains are needed. A higher
population of nanosized WSi2 will not only improve mechanical robustness, but can also
improve ZT as well. Predictions by Mingo et al. [91] showed that WSi2 nanoparticles below 30
nm in SiGe alloys will increase ZT considerably, with the optimum results being in the 2–10
nm range.
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