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ABSTRACT
Han Zhang: Synthesis, Characterization and Field Emission Properties of Rare-Earth
Hexaboride Nanowires
(Under the direction of Prof. Lu-Chang Qin)

Rare-earth hexaborides are a family of compounds which have low work function,
high melting point, and high mechanical strength. These properties are highly suitable for
electron field emission applications. To explore this possibility, we developed a chemical
vapor deposition method and produced three different types of 1D nano-structures, which
include single crystalline nanowires of LaB6, CeB6, and GdB6; polycrystalline nanowires of
YB12, LaB12, MgO, and Mg3N2; core-shell nanocables of MgB2-in-MgO and LaB6-in-CNT.
TEM, SEM, EELS and EDX techniques were applied to characterize structural and chemical
information about the synthesized nano-structures. Vapor-solid growth, catalyst-assisted
vapor-liquid-solid growth and CNT-assisted template growth are proposed to be accounted
for the formation mechanisms of these 1D nano-structures and the theoretical predictions
match the experimental observations quantitatively. To fabricate a single nanowire field
emitter, direct contact, electron beam lithography and focused ion beam welding techniques
were used to attach a single LaB6 nanowire to the tip of a tungsten wire. Cold field emission
properties were measured from such made single nanowire emitters. Work function values of
2.6 eV and 1.5 eV were obtained from a LaB6 nanowire emitter and GdB6 nanowire emitter
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respectively. An Emission Current density as high as 5×105 A/cm2 was obtained from a single
LaB6 nanowire emitter, under an extraction voltage of 800 V. Emission current stability was
also studied for the nanowire emitter and the results indicate surface-contamination induced
emission current fluctuations. A home-designed TEM in-situ field emission measurement
holder was fabricated for a JEOL 2010F HRTEM. Field electron emission was performed on
a single LaB6 nanowire field electron emitter simultaneously with high resolution TEM
imaging. Image contrast changes were observed at under-focus imaging conditions when a
series of negative biases were applied to the nanowire emitter. Such contrast changes can be
used to qualitatively image the charge density distribution on the nanowire emitter tip during
field electron emission.
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Chapter 1 Introduction

1.1. Motivation
The extensive research on one-dimensional nano-materials can be traced back to
the discovery of carbon nanotubes in 1991 by Dr. Sumio Iijima.(Iijima, 1991) The hollow
tube configuration, very tiny size and almost perfect crystallinity of the material triggered
great interests in the scientific community, including physicists, chemists, biologists, drug
engineers and materials scientists. Exceptional scientific imaginations have been
demonstrated in their proposed applications for this novel nano-scale material. Just to
name a few, such as the electronic devices and transporting interconnects in
microelectronic industry, nano-capsules in drug delivery, biological probes in bimolecular
experiments, hydrogen storage fuel cells, enforcement frameworks in composite materials
and numerous other emerging potential applications.
We noticed that many of these applications are trying to use carbon nanotubes to
substitute the conventional materials that have been proven working the best among all
others. A advantage of carbon nanotubes over these conventional materials is sometimes
purely from the small size and long aspect ratio that a carbon nanotube bears. In other
words, it is better to be smaller, but not necessarily carbon. By using a carbon nanotube,
we sometimes have to sacrifice some other favorable properties that the original material
possesses because of a certain chemical composition. They were chosen over the graphite
material for a reason and it will be so much better if we can make those materials just as
small as the carbon nanotube or even in the same morphology shape, if of course, being
too big is their only reason to be substituted by carbon nanotubes.

One of the biggest potential applications of carbon nanotubes is to use them as a
electron field emission source of high emission density. It is believed that the very sharp
tip of a carbon nanotube offers great field enhancement and thus leads to a high emission
current density. Conventional emission materials are refractory metals, such as W, Mo,
and rare-earth hexaborides, such as LaB6, CeB6 and some metal oxides. Metal oxides are
not suitable for high current emission, because they have too high electrical resistivity and
cause serious joule heating which quickly damage the emitter when operating at high
current density. Rare-earth hexaborides are superior to the refractory metals, because their
work functions are nearly half of that of refractory metals, and offer a much higher
current density at the same extraction conditions, as the current density increases
exponentially as the work functions decrease. Carbon materials, on the other hand, have a
work function twice as large as that of LaB6. Therefore, it would be ideal to make
one-dimensional single crystalline rare-earth hexaboride nanowires for field emission
applications.
The rapid development in nanostructure synthesis, stimulated by the carbon
nanotube research, has offered a wonderful opportunity. The chemical vapor deposition
method has been successfully applied in making a large variety of nanotubes and
nanowires. It is almost safe to believe that any simple binary compound can be made into
one-dimensional nanostructures by choosing an appropriate precursor gas and catalysts.
This motivates us into the efforts of designing an approach to synthesize rare-earth
hexaboride nanowires and perform of measurements on these materials to explore the
potential of using them as a new generation field emission electron sources.

1.2. Chemical Vapor Deposition (CVD) Synthesis of Nanostructures
Chemical vapor deposition (CVD) is a method developed to make thin films and
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surface structures on substrates where coating is desired. It involves passing a precursor
gas through the reaction chamber where the precursor either reacts with or deposits onto
the substrate after decomposition. The residual gas is conducted away with a continuous
gas flow. One of its advantages is the flexibility in controlling various properties of the
deposited film, such as the thickness, uniformity, crystallinity and crystallographic
orientation, through adjusting the reaction parameters such as the flow rate, pressure,
substrate temperature, catalyst, reaction time, and nature of substrate materials. While one
application of this technique is directed towards making uniform smooth films, including
epitaxial atomic layers, another major use of the technique is to fabricate rough surfaces,
such as diamond films for field emission purpose.
The extremity to a rough film is a forest of free-standing one-dimensional
nano-entities. The adoption of the CVD approach in making whisker structures from a
few tens of nanometer to more than a 100 µm in diameter started from 1960s (Levitt,
1970). At the time, people found that, at a certain precursor gas density, rod-shaped single
crystals were always obtained. The observed phenomena followed the trend that
following: when the precursor pressure is the lowest, uniform smooth thin films are made;
when it is the highest, isotropically structured powders are the result; in between,
whiskers, 2-D diskettes and 3-D bulk crystals are harvested in a sequence of precursor
density from lower to higher. It was also found that the presence of metal impurities is
often crucial in obtaining a whisker structure and this observation led to the emergence of
the vapor-liquid-solid growth mechanism (Wagner, 1964). In the described picture by
Wagner, the metal impurity present on the substrate forms a small droplet which size
depends on the concentration of impurities. For example, the thickness of the film if the
impurity is deliberately introduced in form of a thin film. The droplet keeps absorbing the
precursor gas till it reaches over the equilibrium saturation point. Then this
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supersaturation initializes and maintains the deposition of the final product in form of
one-dimensional crystals. It was also found in the mean time that nanowire growth of
some materials does not require the existence of impurity; and therefore, they can not be
explained by the VLS mechanism. One of the examples is the use of aluminum halide
precursor to react with carbon dioxide and hydrogen gas in the production of alumina
whiskers, where no catalyst is used. The term VS growth is used to describe such
non-catalyst whisker growth. A generally accepted growth mechanism is a screw
dislocation driven growth proposed by Sears (Sears, 1955). However, failure to find these
dislocations in most of the whiskers grown through the VS process makes the general
growth picture still unclear. Particular intrinsic features of each material and particular
experiment conditions such as the gas flow, precursor density distribution, seem to trigger
one-dimensional growth in each particular case.
CVD systems are different from one another depending on the particular
chemical reaction required. The ones to synthesize nanostructures are in principle similar.
A typical tube furnace CVD, which is the one used in the author’s synthesis of rare-earth
hexaboride nanowires is illustrated in figure 1.1. The reaction chamber is a quartz tube
placed inside a tube furnace. A bow of rare-earth trichloride is placed in the center zone as
the precursor vapor source. The whole reaction is conducted with a

hydrogen flow. A

conductance tube is used to deliver to the reaction zone boron, in this case, boron
trichloride gas. A deposition substrate is placed against the direction of the gas flow for
product collection. The substrate can either be catalyst-coated or clean, depending on the
particular reaction desired.
To date, by the CVD method, a large number of nanostructures have been
fabricated. One elegant example is a series of work published by Wang’s group on the
synthesis of ZnO nanostructures. Those nanostructures are termed with nano-propeller
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arrays, nano-helixes, nano-springs and nano-rings, respectively (Gao & Wang, 2005; Gao
et al, 2004; Kong & Wang, 2003; Kong et al., 2004). The complexity is believed to have
originated from a series of special features of the ZnO crystal structure. ZnO crystal has a
wurtzite structure with three easy growth directions <0001>, <1210> and <1010>. The
anisotropic crystallographic growth energy makes ZnO nanobelts, which has rectangular
cross-sections with wider side surfaces and narrower top/bottom surfaces. (Pan et al.,
2001) The (0001) plane can be with either Zn termination of positive polarization or O
termination with negative polarization. Such electrostatic charges increase the surface
energy and therefore, the (0001) planes tend to interface one another in order to neutralize
charges. If the nanobelts’ top/bottom surfaces are (0001) planes, they tend to coil up
forming ring structures, in which the top surface of Zn termination neutralizes itself with
the O terminated bottom surfaces. The coil shape is further fixed by forming chemical
bonding between the top and bottom surfaces. If side surfaces happen to be (0001)
surfaces, then it will cost too much crystal deformation to interface the two side surfaces.
In that case, the nanobelts coil up along the axis of <1010> direction, by which manner,
the negative charges center in the same line as positive charges to reduce total
electrostatic energy. This is the nano-springs. If a nanobelt is composed of superlattice of
non-polar and polar surfaces, a wider nano-springs are formed, as the case of
nano-helixes. By performing a 2-stage heating process, 3-D arrays of nano-propeller
structures can also be produced. The structure’s formation is the direct result of
competition among the 5 factors influencing the crystal growth habit: 3 easy growth
directions and 2 oppositely charged polar surfaces. The control of different morphologies
can be simply realized by slight changes of evaporation temperature and substrate
temperature of the same synthesis CVD system. The work clearly demonstrates the
flexibility and power of using CVD in synthesizing nanostructures.
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Another representative example is the CVD synthesis of single wall carbon
nanotubes (SWCNTs). Each SWCNT only has one single layer of graphite carbon. Its
diameter is within 1-4 nanometers. The synthesis is usually through catalyst-assisted
decomposition of carbon precursors, such as methane or ethylene. Though CVD synthesis
has the potential to scale-up the production and lower down the cost, it always suffers
from the impurities such as the catalyst particles and amorphous carbon. A recent report
from Iijima’s group announced the successful large-scale synthesis of SWCNTs with the
help of an appropriate amount of water vapor addition. Water was a soft oxidizer that
selectively etched away amorphous carbon, but kept SWCNTs below a certain
temperature. The removal of amorphous carbon not only purifies the yield, but also keeps
the active time of the catalyst longer, thus enables ultra-long growth of uniform SWCNTs.
SWCNT forest with a height as tall as 2.5 mm is synthesized on top of a deposition
substrate. The black soot-looking substance is composed of well-aligned bundles of
SWCNT as revealed by SEM images. The purity of the SWCNTs grown by this method
can be clearly seen from a low magnification TEM image where no catalyst particles or
amorphous carbon is present. A high resolution TEM image further confirming the
nanotubes are indeed only composed one layer of carbon atoms. With the many folds
application promises of carbon nanotubes, this progress on the mass production will
certainly push it closer to industrial applications.

1.3. Rare-earth Hexaborides as Electron Emission Sources
As illustrated in figure 1.2, all hexaborides of rare-earth metals have the same
crystal structure, which can be described by a cubic lattice with boron octahedra located
at each of the eight corners and one rare-earth atom at the center of the cube. The lattice
constant of the compounds, about 4 angstroms, is mainly determined by the boron frame
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work, therefore varies only slightly among different rare-earth comporals. Such an
arrangement makes the compound similar to pure boron in some aspects of stability, such
as the high melting point and high mechanical strength. Besides the covalent bonding, the
bonding nature inside a rare-earth hexaboride has metallic bonds, which also render a
high conductivity in the compounds. Another amazing nature of this structure is the low
work function at their surface. It is believed that the rare-earth hexaboride surface is
terminated with rare-earth atoms. This active layer thus enables electrons to escape from
the surface over a low energy barrier. The continuous rare-earth atom supply from the
body framework maintains this metal atom layer through diffusion, thus keeps the low
work function. These properties are perfect for the use of the material as an electron
emission source and this opportunity was first brought up by Lafferty in 1951(Lafferty,
1951).
In the work of Lafferty’s, he systematically studied the thermionic emission
properties of several metal hexaboride materials, which include ThB6, BaB6, SrB6, CaB6,
LaB6 and CeB6. Emission results showed that, among the borides tested, CeB6 and LaB6
have the lowest work function of around 2.6 eV. LaB6 has a higher emission constant than
CeB6, therefore is considered the best candidate for a thermionic emission source. A
series of comparisons between LaB6 and conventional emission materials, such as W, Mo,
and BaO, were made subsequently. It showed that under the same emission current
density, LaB6 needs a heating temperature 600-800oC lower than the Mo or W filament.
The emission density could go as high as 10 A/cm2 without degradation, while BaO
emitter failed below 1 A/cm2, likely due to its high resistance. Evaporation rate data
showed that, comparing to the refractory metals, LaB6 weight loss rate due to evaporation
is more than 100 times lower than the least evaporation rate from the Ta metal, under the
same emission current density. After showing the great advantage of using LaB6 as a
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thermionic emission source material, Lafferty also searched the proper heating material
for this compound, since boron was found tending to diffuse into the holding material if a
conventional metal holder was used. Graphite was found to be the most proper choice.
Lafferty’s work set a solid foundation for using LaB6 as a superior thermionic
emission source. The rare-earth hexaboride he used in the test was a sintered
polycrystalline rod. After him, a series of extensive studies were done on single crystals
of rare-earth hexaboride by Swanson and his group. Several important facts were found.
CeB6 has comparative emission properties with LaB6. It has a slightly lower work
function of 2.4 eV compared to 2.6 eV of LaB6. Its evaporation rate is lower than LaB6 at
temperature above 1600oC (Swanson & McNeely, 1979; Davis et al., 1989). Among the
low index crystal planes, the (100) surface of LaB6 and CeB6 has the lowest work
function and therefore is most suitable as the electron emission surface (Swanson et al.,
1981). A. N. Broers of IBM reported the first electron gun using LaB6 as a cathode in
1967 and subsequently the first SEM using a LaB6 thermionic electron gun (Broers, 1967
& 1969). Today, LaB6 and CeB6 thermionic guns are widely used in electron microscopes
and electron lithography systems. It usually has a truncated emission plane of (100). The
advantage of the truncated shape over conical shape was studied with an electron beam
lithography system (Tennant & Swanson, 1989).
The field emission properties of LaB6 were also studied in the 1970’s and 1980’s
followed by its successful use as a thermionic emission source. A representative work was
done by Windsor (year?) . In his work, he used an electrochemically etched
polycrystalline LaB6 rod as the field emitter. An emission current of 1-2 mA was
maintained for more than 1000 hours without any observed degradation. Fluctuations in
current were believed to be caused by contamination adsorptions which migrate on the
emitter surface (Windsor & Eng, 1969). In order to suppress the current fluctuations
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caused by surface adsorption, Shimizu’s group at Osaka university operated the LaB6
emitter at elevated temperature. The thermal field emission current density was proven to
be higher than that of the tungsten emitter (Nagata et al., 1990). A LaB6 thermal field
emission gun was built by the same group and was installed in a transmission electron
microscope (Harada et al., 1991). The thermionic emission from the emitter side surfaces
seemed to cause vacuum problems despite of the high current density they achieved. All
the LaB6 field emission studies then were based on conical shaped electrochemically
etched LaB6 needles.

1.4. Nanotube/Nanowire (NT/NW) Field Emission
Field emission is the process of electrons escaping from the emitter surface into
vacuum after overcoming a surface energy barrier φ with the help from an externally
applied electric field E. At normal temperature, the field emission current is insensitive to
temperature changes. Therefore, within a wide range of temperature, the emission current
density is well described by the famous zero temperature Fowler-Nordheim (F-N)
formula originally invented by Fowler and Nordheim (Fowler & Nordheim, 1928).
J = 6.2 × 10 −6

2 .2
(5 + φ ) φ

E 2 ⋅ exp( −6.8 × 10 7

φ 1. 5
E

) A / cm 2

taking the Fermi energy level to be 5 eV. From the formula, we see that the emission
current is only significantly affected by two variables, the work function φ and electric
field strength E. The work function, depending on the specific material, ranges from 1-5
eV. Giving a certain applied voltage, the local electric field E depends on the field
enhancement of the emitter geometry, which in general, the sharper the emitter is, the
stronger electric field be expected.
Electrochemical etching techniques can make metal needles as sharp as 100 nm
in apex radius of curvature with ease. By field emission, for example, the current density
9

one can attain at room temperature from a sharp tungsten needle, is over 1000 times
higher than that from a high temperature thermionic emission mechanism. Therefore, it is
highly suitable for making point electron sources where high brightness is demanded.
Electron microscopes, such as the TEM and SEM, is a direct application for such bright
electron sources. The direct consequence of using a high-brightness electron source is the
improved special resolution of the electron microscope. On the other hand, because the
work function exponentially affects the emission current density, slight changes in work
function can cause large current fluctuations. Even in an ultra-high vacuum, inevitable
adsorptions tend to change the emitter’s work function, thus cause instability in the beam
current. Another problem that a field emitter suffers from is short service life. The high
emission current density causes serious joule heating that raises the tip’s local temperature,
which increases the atomic mobility at the tip. Normal field emission requires field
strength of about 107 V/cm at the tip of the emitter, which tends to form local protrusions
through a field build-up. The sharp protrusion causes a larger emission current, which
raise the temperature even more. This cycle usually leads to vacuum arcing and destroys
the emitter structure (Furcey, 2005).
Carbon nanotube (CNT) is believed to have the potential in solving these above
mentioned problems. Frist of all, carbon nanotube, especially single wall carbon nanotube,
has atomically sharp tip and long aspect ratio, therefore naturally has the ideal shape of a
field emitter; secondly, it is empirically believed that field emission from a carbon
material is insensitive to adsorption. Lastly, the covalent bonding in a carbon nanotube is
multiple times stronger than the metallic bonding of tungsten; therefore carbon nanotube
field emitter is expected to have a longer service life. A noise ratio as small as 0.08% for a
single CNT field emitter was obtained by de Jonge. (de Jonge et al., 2005). He also found
that the brightness of the CNT emitter is one order of magnitude higher than the
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conventional tungsten field emitter. (de Jonge, 2004)
Another application of field emission sources is to attain electron emission from
arrays of emitters evenly distributed on a planer surface. Emission current is collected
over a certain area as a sum of more than one emitter. This way, the current fluctuations
due to each individual emitter cancel out with one another and give an overall stable
performance. Such a structure can directly be used as a field emission display screen.
Field emission vacuum devices can be built on the basis of such emitter arrays as well.
The usual method to fabricate such arrays is through expensive semiconductor processing.
As synthesized nanotube/nanowires are naturally in the form of massive free-standing
entities on a flat substrate, such structure may also be directly used as field emission
arrays. A more controlled way is to make CNT pastes, a mixture with other organic
mixers for adhesion and photolithographic purposes. Such a paste is then printed onto a
photolithographically-defined structure and eventually adheres to the desired gated sites.
Such a paste layer has a many CNTs and some of the CNTs have their tips protruded from
the paste, which can still enhance greatly the local electric field when a driving voltage is
applied. A 5-inch color display was made with this technique (Chung et al., 2002).

1.5. In-situ Measurements in a Transmission Electron Microscope (TEM)
Transmission electron microscope (TEM) is a powerful tool in studying the
structure of materials. Modern medium-voltage TEM (200-300 kV) can achieve a point
resolution better than 1 angstrom with the help of newly developed Cs-correction
technique. Seeing individual atoms becomes standard. With the help of spectrosc-pic
techniques, such as EELS, EDX, chemical compositions can also be analyzed at the
nanometer scale with a TEM The direct observation of the material’s structure and the
knowledge of its chemical composition help us in predicting its various types of
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properties, such as the mechanical strength, conductivity, magnetism and ferroelectrics.
Since the materials’ functionalities strongly depend on these properties, it has always been
a microscopist’s task to correlate the materials’ structure with their corresponding
properties. Conventional ways are that materials are tested for their properties either
before or after being put into the TEM for structural characterization, and then ideas will
be raised to explain what has been obtained through testing with the structural
information we obtained from the TEM observations. However, this process always
involves uncertainties. For example, if a certain dislocations was observed in a sample
after the tensile loading at its bulk form before making into a TEM sample, it is hard to
judge whether the dislocation induced by the loading or simply a result of the sample
preparation, no mention to get detailed information about the formation mechanism and
dislocation movement. An ideal approach will be observing the sample in TEM while
applying tensile loading to it at the same time. The type of holder designed for this
purpose is a stretching stage. Another early prototype of in-situ TEM holders is a heating
stage, which is capable of heating the sample while imaging it in TEM at the same time.
Nanomaterials, especially one dimensional nanotubes and nanowires have
received considerable research interests for the recent 15 years. Newly proposed
applications for nanotubes/nanowires such as chemical/biological sensors, electronic
devices, structural enforcements, nano-scale lasers, thermal barriers, field emitters, keep
occurring in the literatures. Just like other materials, the applications of one dimensional
nanomaterials’ to a large extent depend on their unique physical properties and these
properties are closely related to their crystal structures and chemical compositions. It is
especially helpful to study nanotubes/nanowires using the TEM. Nanotubes/nanowires
have a high surface-to-body ratio, therefore their properties depend on both the surface
and the body structures. TEM is capable of studying these two aspects at the same time.
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These materials are also fairly convenient for TEM study, because their dimensions
(below 100 nm in width) are within the transparent range for the incident electron beam.
We can simply treat nanotubes/nanowires as fine powders when measuring their
properties.

However,

to

measure

the

physical

properties

of

an

individual

nanotube/nanowire is a formidable task. This is because of the very tiny size of these
materials we can not even see them with a conventional optical microscope, not to
mention to manipulate and to perform the measurement. To correlate their properties with
microstructure is even harder, since the translation of them in and out of the TEM usually
introduces damage, modifications and contaminants to their surface, which are probably
the very part that determines their properties. In-situ study of nanotubes/nanowires is
therefore highly necessary. The high vacuum of the TEM chamber itself also offers a
clean environment for a lot of surface-sensitive properties to be studied, for example,
field emission and conductance measurement.
The first in-situ field emission and conductance measurement on one
dimensional nanomaterials was done by Wang etc. using a home designed TEM holder
that enables a voltage been applied between an electrode containing CNT and a counter
electrode (Wang et al., 2000). The CNT containing electrode can also be moved in one
dimension to and away from the other fixed electrode. This configuration enabled a series
of measurements on individual nanotube/nanowires, such as the field emission, bending
modulus and conductivity. A more delicate holder installed in an ultra-high vacuum
transmission electron microscope was built in Tokyo Institute of Technology. Their
manipulation tip enables 3-D fine movements inside the TEM sample chamber. TEM
images have been taken when a thin gold nanowire of 1 nm in diameter was gradually
stretched along the axial direction. (Kondo & Takayanagi, 2000) The thinning process
was monitored at the atomic scale. Since then, more in-situ holders for nano-scale
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manipulation and measurements have been reported, including commercialized products,
such as the STM holder, nanoindenter by Nanofactory Inc. (Svensson et al., 2003).

1.6. Overview of Thesis
This will be constructed following the sequence of our actual experiments. In
chapter 2, the synthesis and characterization of several one-dimensional nanostructures
are presented; after that, chapter 3 is dedicated to discussing the growth mechanism
accounting for our synthesized nano-materials. Chapter 4 present field emission
measurement studies we performed on the fabricated nanowire field emitters using the
synthesized LaB6 nanowires. It is divided into two major parts; the ex-situ measurement
and in-situ measurement.
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Figure 1.1. Illustration of the chemical vapor deposition system used in the production of
rare-earth (Ra) hexaboride nanowires.

17

Boron Atom
Rare-earth Atom

Figure 1.2. Crystal structure of rare-earth hexaboride. A cubic lattice with boron
octahedra at each of the eight corners and rare-earth metal atom in the center.
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Chapter 2 Synthesis of Rare-Earth Boride Nanowires

2.1. Introduction
2.1.1. Background
One dimensional nanostructures, such as nanotubes and nanowires, are a brand new
scientific research area that has attracted a lot of attentions in the past 15 years, ever since the
discovery of carbon naotubes in 1991 (Iijima, 1991). The discovery of small one-dimensional
inorganic structures can be traced back to 400 years ago, when L. Erker noticed hair-like
whiskers grown from copper sulfide ores (Levitt, 1970). In the 1940’s, metal whiskers
formed from metal surfaces were seriously studied because they were believed to be the
cause of short-cut in electric circuitry. The main interest of the study at that time was to avoid
the formation of whiskers rather than to grow it. It wasn’t till the 1950’s that researchers
started efforts in making them intentionally, mainly due to the Bell Lab’s discovery that
metal whiskers were free of defects and could achieve the mechanical strength that
approaches the materials’ theoretical limit. With their apparent applications in reducing
weight and enhancing strength for structural materials, those whiskers attracted much
research attentions since then. It was soon well demonstrated that composite materials with
whiskers mixed in their matrix have higher strength and stiffness compared to their pure form.
To realize this application, the efforts in the whisker synthesis then were directed to produce
in larger quantities and at lower costs. Vapor phase synthesis was proven to be the most
efficient. Other methods which were hard to guarantee productivity received little attention

due to the fact that only feasible applications then were to make bulk composite materials
and that required large quantities. Mercury whiskers as small as 10 nm were carefully studied
in the 1950’s, mostly out of laboratory curiosity. Such small whiskers actually belong to one
of our hottest research categories today, the nanowires. Today, with the fast development in
microelectronics industry, the scale we used to look at materials is greatly changed compared
to 50 years ago. For example, copper interconnects below 100 nm in integrated circuits are
already one of the “standard”. Therefore, the need to synthesize materials in nano-scale, to
study their emerging new properties relating to size, to utilize their electrical, optical, and
magnetic properties in all other fields has re-raised huge interests in whisker materials, which
are a group of materials that naturally bear the small dimension. We define the whiskers with
size below 100 nm as nanowires and those as nanotubes if they have hollow stems. On the
other hand, the advancements in material characterization, material measurement and
manipulation have enabled us to “use” or at least test the possibility of using these
nanotubes/nanowires (NT/NWs) individually as various types of miniature devices. Each
NT/NW’s functionality after all mostly depends on its chemical composition. Therefore, as
for the synthesis of materials, quantity is not the only important factor now, the variety
together with quality is more important than ever.
As for the chemical composition, major elements, most functional oxides, nitrides,
carbides, some borides, ternary compounds and even quaternary compounds have all been
reported grown into NT/NWs using various approaches (Xia et al., 2003; Rao et al., 2003).
As for physical properties, metallic, semiconducting, insulating, magnetic, ferromagnetic,
ferroelectric and supeconducting NT/NWs have all been synthesized. The synthesis
techniques have almost developed to the stage that we are able to synthesize NT/NWs out of
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most of the materials’ bulk form counterparts. Lots of times, for one specific NT/NW, there
is more than one route to apply. The general strategies can be divided into the following
categories: using the materials’ structural anisotropy; vapor-liquid-solid growth; vapor-solid
growth and template-assisted growth. Among these strategies, some reactions take place in
vapor phase and some in solution.
The crystal structure of some materials can be characterized as chain structures.
Between molecules, there is only one direction that is easy to form covalent bonding.
Therefore, when it crystallizes, one-dimensional growth takes place naturally. The Van der
Waals interactions connect different chains side by side. Therefore, the nanowires formed by
this manner tend to aggregate into bundles. Examples of materials with this type of structure
are: M2Mo6X6 (M= Li, Na; X= Se, Te), (SN)x, Se, Te, K2[Pt(CN)4], MX3 (M= transition
metal; X= Se, Te). The reduction of selenious acid with hydrazine is one typical reaction to
synthesize Se nanowires. After mixing the two reactants in hot water, following reaction take
place: H2SeO3 + N2H4 = Se + N2 +3H2O. The precipitates Se is in the form of α-Se colloid.
After being left aging for several days, the α-Se is converted into crystalline t-Se and the t-Se
self-organizes into nanowires between 10 nm-100 nm in diameter and over microns in length.
Alcohol can be used to facilitate the aging process and reduces the processing time from
several days into several hours.
The most applied vapor phase method to synthesize NT/NWs is the famous vaporliquid-solid route developed by Wagner in the 1960’s (Wager, 1964). In his model, he
utilizes metal liquid droplets’ ability to absorb molecules from the vapor phase. When the
absorbed composition reaches a eutectic point with the metal catalyst, precipitation takes
place on one side of the catalyst droplet. As the droplet keeps collecting vapor molecules,
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supersaturation causes more materials to precipitate on the previously formed nuclei, thus
realizes one dimensional growth of the materials. At the end of the growth, the metal droplet
catalyst usually appears as a particle either at the root or on the tip of the grown whiskers. A
classical example is the growth of silicon nanowires. The size of the nanowires is
proportional to the size of the gold catalyst. The silicon vapor can either be created by
thermal reduction of silane or laser ablation of a silicon target. By laser ablating the catalyst
metal with silicon source, Morales have made Si nanowires with uniform diameters of about
20 nm (Morales and Lieber, 1998).
The vapor-solid method is the simplest approach among all. It involves the
introduction of the desired vapor phase and the subsequent solidification of the vapor into
nanowires. The driving force for the solidification is usually a temperature gradient which is
hotter in the evaporation zone and cooler in the deposition zone in order to create
supersaturation. Generally speaking, if the supersaturation is low, nanowires are formed; if it
is medium, diskettes are formed; intermediate supersaturation produces 3 D blocks and high
supersaturation produces isotropic powders. This method is catalyst free, and therefore is a
clean and simple approach. However, the lack of control in the NT/NWs’ size distribution is
its drawback. A series of oxide nanowires, including ZnO, SnO2, Al2O3, have been produced
with good quantity. Since the nanowire formation by this method is usually driven by
crystallographic surface energy differences, it usually results in good crystallinity in the
synthesized nanowires.
Finally, the template-assisted method: the deposition of desired materials into the
nano-scale pores naturally formed on the substrate surface and the subsequent procedure of
removing the templates. The most commonly used templates are anodized aluminum oxide
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(AAO) membranes, which have channels packed in a hexagonal order. Depending on the
anodizing parameters, the channel sizes have a range from 30 nm to 100 nm in diameter.
The desired materials can be either electrochemically plated into the channels or can be
introduced through the vapor phase. After reaction, the AAO membrane can be dissolved by
Na(OH) solution. Pre-formed nanowires of other materials can also be used as templates. In
this route, desired materials are coated on the outmost wall of the pre-formed nanowires and
it is followed by the removal of the template nanowires. By this way, nanotubes can be
formed. Technically, any materials can be made into nanotubes by this method. The
drawback of the template approach is the poor crystallinity.
Solid-state synthesis strategy has also been reported by several groups in making
ternary salts. The advantage of using the solid-state reaction is the high yield. However, it is
usually hard to control the product, because of the complexity of the elements involved in
those reactions.
Generally speaking, to choose a proper synthesis method, one needs to first find the
proper chemical reactions to produce such substance. It is preferred to be an either solution
based or vapor phase based reaction. Then within each NT/NW synthesis category, one needs
to choose the type of method suitable for the desired materials’ crystallographic nature. For
example, if the crystal is highly anisotropic, then self-assembly is possible without the need
for much external help. If the crystal is highly isotropic, then the catalyst assisted reaction is
probably more suitable. If the uniformity in size distribution is preferred over crystallinity,
template method might be chosen over crystallization-driven vapor-solid method. Yield and
reaction time span should also be considered if more than one option is available.
2.1.2. Motivation
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Lanthanum hexaboride (LaB6) and cerium hexaboride (CeB6) single crystals have been
one of the most widely used thermionic electron sources in a large variety of devices utilizing
electron emission. The low work function (Gesley & Swanson, 1984) together with low
vapor pressure at high temperature (Swanson et al., 1981) makes LaB6 a superior thermionic
electron cathode material over conventional filamentous tungsten in electron optical
instruments such as the transmission electron microscope (TEM) and the scanning electron
microscope (SEM). Compared to LaB6, CeB6 is believed to have even lower work function
and lower volatility, which mean lower operation temperature and longer service life for a
thermionic electron emitter. (Swanson & McNeely, 1979; Davis et al., 1989) To pursue
higher performance in these microscopy applications, field emission (FE) electron sources
have been introduced to achieve an even higher brightness and lower energy spread. W or
W/ZrO based field emission gun (FEG) is now commercially available and can offer a
brightness two orders of magnitude higher than the LaB6 thermionic electron gun (Williams
& Carter, 1996). The brightness of an FEG is proportional to the current density of electrons
emitted from the cathode surface, which can be described by the zero-temperature FowlerNordheim (F-N) equation (Brodie & Spindt, 1992).
J = 1.5 × 10 −6

E 2 10.4

φ φ 1/ 2

exp(−

6.44 × 10 7 φ 3 / 2
) A/cm2,
E

(2.1)

where φ is the work function of cathode material and E is the local electric field applied on
the cathode tip, which can be expressed as
E = V / 5r ,

(2.2)

with V being the applied voltage and r being the radius of the cathode tip.
The above relations show that a lower work function and a smaller tip radius of the
cathode result in a higher emission current density. Being stimulated by the fact that LaB6
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has a much lower work function than W or W/ZrO and that it offers excellent performance as
a thermionic electron source, extensive field emission studies have been carried out on the
electro-etched LaB6 and CeB6 needles with tip radii ranging from 100 nm to 300 nm, in the
search of a brighter field emission electron source. (Shimizu et al., 1975; Futamoto et al.,
1977; Nagata et al., 1990; Harada et al., 1991; Zaima et al., 1980; Okano et al., 1977) High
temperature field emission studies showed that a brightness of at least two orders of
magnitude higher than that of LaB6 thermionic emitter could be achieved with good stability
and that only half of the local electric field was necessary to draw substantial current from
the LaB6 needles compared to thermal assisted W/ZrO FEG, which was attributed to the
lower work function of LaB6. However, when the electron emission is operated at high
temperature, it would require higher vacuum and have larger energy spread in the electron
beam, which will result in larger chromatic aberration in electron coherence. In their cold
field emission studies, a high temperature flashing procedure and a high vacuum of at least
10-9 torr were required throughout the measurement in order to obtain field emission. These
limitations have held the FE electron source applications below a practical level for this type
of electro-etched LaB6 needles.
In the rare-earth hexaboride (ReB6) family, GdB6 is believed to have the lowest work
function (~1.5 eV).(Kudintseva et al., 1967) However, satisfactory thermionic emission has
not been achieved with this material, likely due to the relatively poor stability of GdB6 at
high working temperature around 1500oC. (Kudintseva et al., 1967; Tanaka et al., 1980;
Storms & Mueller, 1981) Nevertheless, the extremely low work function of GdB6 offers a
great opportunity for making this material room temperature field emitters that put less
stringency on the high temperature stability.
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One-dimensional NT/NWs have very sharp tips with diameter ranging from over a
hundred to a few nanometers. Their properties in field emission were first demonstrated in
CNTs. (Chernozatonskii et al., 1995; Rinzler et al., 1995; Deheer et al., 1995) The
nanometric tip geometry of CNTs enhanced greatly the local electric field and allowed stable
field emission of high current density under much more practical experimental conditions
such as low applied voltage, low vacuum, room temperature, and even without the need for
the flashing procedure. These attractive features have aroused tremendous amount of
scientific interest in this field and today, its advantage over conventional field emission
electron sources has been well demonstrated. (Bonard et al., 2001; deJonge et al., 2002;
Zhang et al., 2004) In the meantime, nanowires of many other materials have also been
reported to show low turn-on voltage field emission phenomena which were believed
originated from their small tip dimension. (Wong et al., 1999; Chen et al., 2002; Lee et al.,
2002; Li et al., 2002; Yin et al., 2005) However, the large work functions of these materials
including CNTs still impose tough working conditions under which these materials are
utilized. To find a high performance NT/NW field emission cathode material, LaB6
nanowires, CeB6 nanowires, and GdB6 nanowires which have low work function and good
electrical conductance, offers a better chance and this possibility has not been well explored
yet. Among all the crystal lattice planes of ReB6, the {001} planes have both low work
function and low volatility and therefore it is commonly preferred as the emission plane for
commercialized ReB6 thermionic electron guns. Therefore, it is possible that ReB6 nanowires
orientated in <001> lattice direction are also more preferable for field emission applications
than those of other orientations.
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In this chapter, the synthesis of <001> oriented ReB6 nanowires will be reported
(Zhang et al., 2005II; Zhang et al., 2005III; Zhang et al., 2006).
In the same time, by introducing carbon in the reactants, we have succeeded in
producing a LaB6-in-CNT structure. Since CNT, especially SWCNT, has extremely small
diameter in the range of a few nanometers and carbon material was observed to has the best
resistance to chemical etching, this unique structure has the potential to combine these
advantages from CNT side with the low work function from the LaB6 side. (Zhang et al.,
2005I;)
The family of ReB6 can be constructed by placing rare-earth atoms inside vacancies
of a 3-D primitive cubic (PC) framework formed by boron octahedron clusters. Rare-earth
dedocaboride (ReB12) can be constructed by changing the PC lattice of the ReB6 into a facecentered-cubic (FCC) structure and replacing the octahedral boron clusters with icosahedra
clusters. This type of atomic arrangement is believed to induce superconductivity
phenomenon in several metal dedocaboride compounds with the same structure, such as
YB12, ZrB6, LuB6, ScB12 and ThB12. (Matthias et al., 1968)
Nanowires of several metal borides have been successfully grown by various
different methods in recent years, such as MgB2 nanowires synthesized by post-reacting B
nanowires with Mg vapor or direct pyrolysis,(Wu et al., 2001; Ma et al., 2003) CrB
nanowires by a solid state reaction,(Ma et al., 2003) CaB6 nanowires by flowing B2H6 gas
over a Ni covered CaO layer.(Xu et al., 2004) ReB12 superconducting nanowires, such as
YB12 nanowires, provide a perfect model to study size effect of superconductivity on a
nanometer scale.(Bezryadin et al., 2000) Therefore, producing single crystalline ReB12
nanowires are of great scientific and industrial interests.
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Conventionally, Single crystals of eReB6 and ReB12 are prepared by floating zone
melting method or aluminum flux methods by sintering pure rare-earth metals with boron
powders. (Davis et al., 1986) The specific composition, ReB6 or ReB12, is controlled by the
ratio of rare-earth metal to boron in the starting mixture before sintering. Micron sized LaB6
whiskers were also reported grown by a chemical vapor deposition (CVD) method.
(Motojima et al., 1978; Givargizov & Obolenskaya, 1981; Kher & Spencer, 1998)
Superconducting YB12 nanowires and LaB12 nanowires haven’t been reported to be
synthesized and LaB12 is a new phase in Lanthanum and boron system which hasn’t been
reported so far.
Besides ReB6 and ReB12 nanowires, it is also important to synthesize some other
useful one dimensional nano-structures by using the same CVD system. Examples are
MgB2/MgO nanocables, MgO nanowires and Mg3N2 nanowires.
Since Nagamatsu et al. discovered that MgB2 is a superconductor with a transition
temperature at 39 K, (Nagamatsu et al., 2001) many research efforts have been focused on
MgB2 due to the excellent properties of this material relating to superconductivity such as
high critical current density, high irreversibility field and strong linkage between grain
boundaries.(Eom et al., 2001; Larbalestier et al., 2001) Besides the bulk form, other forms of
MgB2 have also been fabricated, including thin films and dense wires.(Eom et al., 2001;
Canfield et al., 2001) Motivated by interests in fundamental physics such as the
dimensionality dependence of superconductivity and potential applications such as quantum
interference devices,(Bezryadin et al., 2000; Burnell et al., 2002) researchers have also
reported the synthesis of polycrystalline as well as single crystalline MgB2 nanowires, (Wu et
al., 2001; Ma et al., 2003) which all involve a two-step procedure, either through the
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synthesis of Boron nanowire or synthesis of MgB2 bulk form. However, due to the high
volatility of magnesium and its high reactivity with oxygen, B-Mg-O system usually favors
the formation of MgO nanowires more than that of MgB2 nanowires. (Yin et al., 2002; Klug
& Dravid, 2002) Here we present a one-step approach to make MgB2/MgO nanocable
structures by reacting B2H6 gas with Mg vapor in a tube furnace using Pt wires as catalyst.
The characterization of such produced structures using selected-area electron diffraction
(SAED) and diffraction contrast electron microscopy is also described.
Magnesium oxide (MgO) is also a widely used important material. Its application
covers a wide range from thermal insulation, additives in refractory, paint manufacturing,
catalyst, toxic waste remediation, to substrate materials for electronic/magnetic devices .(Ma
& Bando, 2003; Smith et al., 2001; Yang et al., 2001) MgO one-dimensional nanostructures
were found to have even more intriguing properties. MgO nanowires were successfully
incorporated into high Tc superconductors to generate column defects which in turn pin the
magnetic flux lines within the superconductor and improve its performance at high
temperature and intensive magnetic field.(Yang et al., 1996) Recently, MgO nanowires were
used as deposition substrate to synthesize nanocables of various functional oxides materials
which are otherwise very difficult to form into one-dimensional nanostructures.(Han et al.,
2005; Zhang et al., 2004)
The synthesis of MgO nanowires has drawn intensive research interests during the
past few years and various types of single-crystalline MgO one-dimensional nanostructures
were produced.(Ma & Bando, 2003; 1,Yin et al., 2002; Zhao et al., 2004; Zhang & 2001;
Klug & Dravid, 2002; Li et al., 2002) It was found that a slow reaction rate between Mg
vapor and O2 is very crucial in forming MgO nanowires. In order to get lower Mg vapor
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pressure which will in turn lead to slower reaction rate, MgCl2, MgB2, Mg3N2 or Mg/Al
mixture were usually preferred as Mg vapor source rather than pure Mg metal which often
results in the formation of MgO cubes rather than MgO nanowires. However, we recently
discovered that, by direct evaporation of Mg metal in an atmosphere of N2/H2, a mass
production of polycrystalline MgO nanowires could be achieved and Mg3N2 nanowires were
also produced during the process. Being an important starting material in manufacturing
functional nitrides, ternary rare-earth nitrides and new semiconductor, Mg3N2 has been made
into ultra-dispersed nanometric powders.(Vissokov & Pirgov, 1996; Cui et al., 1999)
However, it is the first time that the synthesis of Mg3N2 nanowires being reported. Our
successful synthesis of the polycrystalline MgO and Mg3N2 nanowires offers some new clues
in seeking out the nanowire growth mechanism in Mg-O-N system.
The current only available method to produce nanometer sized LaB6 single crystalline
rods is through a chemical vapor deposition procedure (Zhang et al., 2005I, II, III & 2006).
Nanowires with a high growth density appeared on small spots of size around one centimeter
square on the catalyst-coated silicon substrate after the deposition. While the yield is
sufficient for the fabrication of single-nanowire based field emitters for electron optical
instruments, for large area applications such as flat panel displays, field emission x-ray tubes,
field emission lamination lamps, a mass production with a high yield is needed. Molten
aluminum flux method uses aluminum as a media to bring boron and lanthanum together to
form LaB6 at a temperature much lower than the melting point of LaB6 (Lundstrom, 1984;
Gurin et al., 1979; Aita et al., 1974; Futamoto et al., 1975). Due to crystallization
inhomogeneity, LaB6 needle-shaped single crystals with diameters about several hundreds of
micron meters and length of several millimeters are usually produced with large quantities.
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Part of the goal of our research is to explore the possibility of utilizing this aluminum flux
method to produce large quantities of LaB6 single crystalline nanowires.
2.1.3. Overview of Chapter 2
Since similar CVD synthesis approaches were used in producing different nanostructures, we will first introduce our synthesis system and procedures at the beginning of the
chapter. The rest of the chapter will be divided into seven parts with each part centering on
the microscopy characterization of a different nanowire synthesized. They will be about the
following topics: LaB6 nanowires, CeB6 nanowires, GdB6 nanowires, LaB6-CNT nanocables;
LaB12 and YB12 nanowires and two types of magnesium based nanowires, MgO and Mg2N3.
Lastly, the solid synthesis of LaB6 micron size semi one-dimensional crystals will be
introduced. The chapter will be ended after a brief summary and conclusions. Detailed
growth mechanism of these nanostructures will be addressed in the next chapter.

2.2 Synthesis System and Procedures
The CVD synthesis was carried out inside a quartz tube furnace. (Figure 1.1) A quartz
boat holding ReCl3 powders was placed at the center of the quartz tube, an arch shaped
quartz cover was also put on top of the boat in order to concentrate ReCl3 vapor at high
temperature. LaCl3, CeCl3, GdCl3 and YCl3 powders were used one at a time as rare-earth
source. Substrates of different materials were also put inside the boat downstream to the
evaporation powders to serve as nanowires deposition sites. BCl3 gas is used as boron source
and is conducted to the quartz boat area by a quartz tube. The system was evacuated to 10-3
torr and then filled with hydrogen gas (99.9%) before heating up to get rid of oxygen. At
ambient pressure of 1 atm and furnace temperature of 1125oC, the BCl3 gas is then allowed
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into the chamber at a flow rate of 5 ml/min for five minutes. In the same time, hydrogen gas
was flushed through the chamber at a flow rate of 1600 ml/min to serve three purposes: first
to protect the reactants from residue oxygen, second to decompose BCl3 into elemental boron
through the chemical reaction: 2BCl3 + 3H2 = 2B + 6HCl and third to mix the generated
elemental B well with evaporated ReCl3 vapor for better reaction. The ReB6 nanowires
formation is based on the chemical reactions: ReCl3 + 6B + 3/2H2 (flowing) = RaB6 + 3HCl;
and the RaB12 nanowires formation is based on the reaction: ReCl3 + 12B + 3/2H2 (stationary)
= ReB12 + 3HCl. Hydrogen flow rate was set to be 1600 ml/min and 0 ml/min for each
reaction respectively and was found crucial in determining between ReB6 and ReB12 phases.
A 5% H2 in N2 mixture gas was then used to substitute for pure hydrogen gas in order to
study effect from hydrogen concentration on the boride nanowire growth. Different
substrates, such as platinum coated silicon wafer, quartz plate, 316-stainless steal piece and
iron coated silicon substrate were all tested to study the effect on LaB6 nanowire growth from
different catalyst metals. Similar to the CVD approaches that have also been used to produce
ReB6 whiskers with diameters over 1 µm.(Hagimura & Kato, 1980; Givargizov &
Obolenskaya, 1986; Motojima et al., 1978; Givargizov & Obolenskaya, 1981; Kher &
Spencer, 1998)
Our MgB2 nanowire synthesis is similar to the hybrid physical-chemical vapor
deposition (HPCVD) method used to fabricate MgB2 thin films described by Zeng et al.
(Zeng et al.,2002) A tube furnace is used as reaction chamber. A tantalum bowl is placed
inside the furnace tube to hold magnesium chips (99.98%, by Sigma-Aldrich Co.) which
serve as Mg vapor source and a platinum wire (by Ted Pella Inc.) is tied above the chips to
later catalyze nanowire growth. After the furnace being heated to 650oC in an atmosphere of
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Argon mixed with Hydrogen (5% balanced in Nitrogen), magnesium started to evaporate and,
in the mean while, B2H6 gas (10% mixed in Helium, by Sigma-Aldrich Co.) was introduced
into the tube furnace at a flow rate of 75 std. ml/min. Then the furnace was kept at 900oC for
10 mins before cooling down to room temperature. After the reaction, a layer of yellow/white
wool like substance was found covering the Pt wire surface and was sonicated off for
structure characterization on a JEOL 100CX transmission electron microscope (TEM)
operated at 100KV.
The synthesis procedure for MgO and Mg3N2 nanowires is fairly simple: Mg powders
(99% Sigma-Aldrich Co.) was held in an alumina crucible as Mg vapor source and a
platinum wire was tied above the Mg powders both to catalyze the nanowire growth and to
serve as a deposition substrate. The crucible was placed inside a horizontal tube furnace
which was evacuated to 3 mtorr and was then flushed with a mixture of Ar, N2 and H2 (Ar:
N2: H2 = 1:1:0.05) at the pressure of 1atm. The system was then heated to 850oC and held for
10 minutes before cooling down to room temperature. After the reaction, the platinum wire
was found to be covered by a layer of white substance which was subsequently studied by
scanning electron microscope (SEM, Hitachi-S4700) and transmission electron microscope
(TEM, Jeol-100CX).
For solid state synthesis of LaB6 nanowires, the starting material is a mixture of 1.2g
of Lanthanum metal (99.9%, 40 mesh powders, Sigma-Aldrich Inc.), 0.5g of boron powders
(practical grade, Sigma-Aldrich) and 45g of aluminum metal. The lanthanum to boron ratio is
nearly equal to the stoichiometry of LaB6. The La/Al and B/Al weight ratios are about 2.5%
and 1% and the corresponding solidification points are around 660oC and 1000oC
respectively according to La and B elements’ binary phase diagram with aluminum
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(Massalski et al., 1986). The mixture then was put inside an alumina crucible, which was
then placed inside a tube furnace for reaction under 1atm atmosphere of Ar gas. Different
settings of temperature and reaction time were tried one at a time to study their influence on
the growth of LaB6 crystals. This includes 1000oC for 10 minutes, 1100oC for 10 minutes,
1200oC for 10 minutes, 1200oC for 30minutes and 1200oC for 30 minutes followed by
1100oC for 30 minutes. After heating at the set temperature for the set time of each setting,
the furnace was all cooled down to room temperature at a rate of about 500oC/hr.
After the reaction, the aluminum melt was found melted with the crucible. The whole
crucible was then immersed in hydrochloride acid to separate out the product and resolve
aluminum melt. LaB6 Red-purple powders were found precipitated at the bottom of the
beaker with gray powders substance which is believed to be un-reacted boron. The powders
was then sucked into a centrifuge tube which was loaded into a centrifuge machine to
separate LaB6 from excessive boron, based on the fact that LaB6 has a higher density than B.
After several purifications, the final pure LaB6 powders was deposited onto a silicon
substrate for scanning electron microscope examinations.
For electron microscopy observations, the produced nanowires were first dispersed in
ethanol and then collected onto a TEM grid which is coated with a holey carbon film.
Transmission electron microscope (JEM-2010F equipped with a field-emission gun) operated
at 200 kV was used in the electron diffraction and electron microscopy examination, electron
energy loss spectroscopy was applied for chemical composition analysis.

2.3. LaB6 Nanowires
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Figure 2.1 is a typical scanning electron microscope (SEM) image of the synthesized
LaB6 nanowires on silicon substrate. Similar yield density was found covered most of the
substrate area. The nanowires are with lateral dimensions from below a few tens of
nanometers to over 100 nanometers and lengths extended to over microns. Nanometer and
micron sized cubes and rectangular plates were found grow along with the nanowires, which
geometries reveal the crystallographic symmetries of cubic LaB6 single crystals. These cubes
and plates sometimes form a right angle joint to connect two nanowires as marked by the
arrow in Figure 2.1.
A typical low magnification transmission electron microscope (TEM) image of the
produced LaB6 nanowires is shown in Figure 2.2a. The nanowires are about 40 nm in lateral
dimension and extend to over several microns in length. The nanowires have smooth surfaces
and their tips, marked by the bright arrows in the image, are always terminated with a flat
surface and form a right angle with their side surfaces. Selected-area electron diffraction
(SAED) was used to determine the lattice structure of the nanowires. An electron diffraction
pattern of the nanowire A indicated in Figure 2.2a is shown in Figure 2.2b, showing that this
nanowire was grown in the [001] crystallographic direction of the cubic LaB6 with lattice
constant a = 4.153 Å. It was also noticed that all the diffraction spots are elongated into
streaks perpendicular to the [001] lattice direction, indicating that the nanowire axis is
parallel to [001] direction of the LaB6 crystal. The diffraction pattern appeared identical as
we moved the SAED aperture along the entire nanowire, suggesting that the LaB6 nanowire
is single-crystalline. To elucidate more details of the atomic structure of the LaB6 nanowires,
high-resolution transmission electron microscopy (HRTEM) was also employed as shown in
Figure 2.2c. The atomic resolution image confirms that the nanowire is parallel to [001]
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crystallographic direction of the LaB6 crystal and also reveals that a right angle was formed
between the side surfaces and the tip even at the atomic scale. It should also be pointed out
that the HRTEM image contrast near the edge of the nanowire is uniform, unlike to the
diminishing image contrast observed in cylindrical nanowires, suggesting that the crosssection of the LaB6 nanowire were more likely to be square, which was also observed in the
case of LaB6 micron-sized whiskers (Hagimura & Kato, 1980; Givargizov & Obolenskaya,
1986) To determine the chemical composition of the amorphous layer wrapping the
nanowire, a small electron beam probe was focused on the amorphous layer and electron
energy loss spectrum (EELS) was acquired. The fact that only boron and lanthanum elements
were detected suggests that the layer is composed of amorphous boron, since it is the only
feasible amorphous phase among the combinations of the two elements and the lanthanum
signals were speculated to be caused by the electron scattering from the crystalline part of the
nanowire.
LaB6 nanowires with lateral dimensions below 20 nm were also fabricated. Figure 2.3
shows an HRTEM image of a LaB6 nanowire of about 15 nm in width. The growth direction
of the nanowire is also parallel to its <001> lattice direction and its surfaces are all
terminated with the {001} lattice planes. This thin LaB6 nanowire is also single-crystalline.
The <001> direction growth of these LaB6 nanowires are speculated to be rooted from the
fact that LaB6 {001} lattice planes have the highest atomic density and therefore, it would
minimize the total energy for the crystal to grow in this lattice direction. However, the cause
of the thickness and length variations among the nanowires is still unknown and detailed
growth mechanism still needs further investigations.
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In summary, straight single-crystalline <001> oriented LaB6 nanowires with width
ranged from 15 nm to over 100 nm were successfully synthesized by a CVD method. These
nanowires are terminated with {001} surfaces and offer a promising structure as point
electron sources.

2.4. CeB6 Nanowires
A representative morphological study and structure determination of the nanowires
are presented in Figure 2.4. Figure 2.4a is a typical TEM image at low magnification
showing a straight nanowire with smooth surfaces of lateral dimension around 50 nm and
length extending over ten microns. Figures 2.4b-d are three electron diffraction patterns taken
from three different crystal zone axes of the same nanowire to identify the CeB6 crystal
lattice, which has a primitive cubic structure of space group Pm3m and has lattice constant a
−

−

= 0.4129 nm. The three zone axes are [100] (Figure 1b), [2 1 0] (Figure 1c), and [1 1 0] (Figure
2.4d), respectively. The relative orientational relationship between the three electron
−

diffraction patterns are also given in the figures. For example, the [1 1 0] zone axis electron
diffraction pattern (Figure 2.4d) was obtained by rotating 45° the nanowire about its [001]
direction (illustrated in Figure 2.4b)
Due to the important role of emitter tip in the field emission property of the emitter, a
careful study about the CeB6 nanowire tip area was also conducted with results presented in
Figure 2.5. Figure 2.5a is a morphological image showing that the CeB6 nanowire has a flat
tip and its lateral dimension is measured to be 52 nm along this image projection angle. An
HRTEM image about the tip left corner is displayed as insertion, where the nanowire growth
direction is identified to be along the [001] direction of the crystal and both the flat ending of
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the tip and the nanowire walls are found terminated with {100} lattice planes. Figure 2.5b is
the image about the same tip after a 45o tilting along the nanowire axis was performed from
the previous image projection angle. The new projection direction was identified to be along
the [1-10] direction of the crystal as shown in the right image of Figure 2.5b. It’s very
interesting to notice that the lateral dimension of the nanowire at this new projection angle is
73 nm, which makes a ratio of 2^1/2 with that we previously obtained in Figure 2.5a. By
noticing that the tiling angle coincides with the angle between a diagonal and its neighboring
side of a square and the ratio 2^1/2 also matches that of a diagonal length divided by its
neighboring side length, it can be deduced that the nanowire has a square cross-section. This
geometry can also be implied from the left image of Figure 2.5b where a darker contrast line
is shown in the middle of the nanowire and this might be due to the largest thickness along
the diagonal direction of the nanowire. A summary of the nanowire tip geometry is illustrated
in Figure 2.5c: both the nanowire tip and walls are terminated with {100} crystal planes as
labelded in the illustration; the dashed arrows represent TEM electron beam with the
projections labeled underneath using letter A and B, which correspond to the images shown
in Figure 2.5a and Figure 2.5b respectively.
In conclusion, we have developed a CVD method that has been able to produce
successfully CeB6 nanowires of well characterized morphology. The nanowires have a square
cross-section with sides of around 50 nm and have a length extending over 10 microns. The
growth direction of the nanowires is its <001> lattice direction and they have flat tips and
walls which are all terminated by {100} lattice planes. The CeB6 nanowires’ potential
applications include providing thermionic emission, field-induced emission and thermal
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field-induced emission of electrons for TEM, SEM, flat panel displays as well as other
electronic devices that require high-performance electron sources.

2.5. GdB6 Nanowires
The GdB6 nanowires were also examined in a transmission electron microscope
(TEM, JEM-2010F equipped with a Shottky field-emission gun) operated at 200 kV. Figure
2.6a is a morphological image of the grown GdB6 nanowires. They are typically 50 – 60 nm
in lateral dimensions and are more than several microns in length. The nanowires’ tip-top
surfaces are flat and form a right angle with side surfaces as can be clearly seen in the
inserted high resolution image of the area marked by an arrow. The nanowires were found to
grow along their <001> lattice directions and both the tip-top and the side surfaces are
terminated with {100} lattice planes. Figures 2.6b and 1c are the TEM images together with
their corresponding selected-area electron diffraction patterns taken from a single GdB6
nanowire along its [100] and [2-10] lattice directions, respectively. A simple geometric
calculation was performed as illustrated in Figure 2.6d in order to obtain the morphology of
the nanowire tip. By using B = 56 nm measured from Figure 2.6b, C = 68 nm from Figure
2.6c, and θ = 26.6o determined from the two diffraction patterns, we obtained the other side
length A of the nanowire from the equation: A = (C-Bcosθ)/sinθ = 40 nm.
In conclusion, we have developed a CVD process that is able to produce GdB6
nanowires of well characterized morphology. The nanowires have a rectangular cross-section
with width of about 50 nm and have length extending to more than several microns. The
growth direction of the nanowires is its <001> lattice direction and they have flat tips and
walls which are all terminated by the {100} lattice planes.
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2.6. LaB6-Carbon Nanotube (CNT) Nanocables
A representative morphological study of the nanowires is presented in Figure 2.7. The
nanowires with smooth surfaces of diameter around 100 nm and length extending over a few
tens of microns were observed and measured using both electron imaging and selected-area
electron diffraction. Figure 2.7a is a typical TEM image at low magnification where the
dimensional morphology is displayed. Figures 2.7b-d are three electron diffraction patterns
taken from three different crystal zone axes of the same nanowire to identify the LaB6 crystal
lattice, which has a primitive cubic structure of space group Pm3m and has lattice constant a
= 0.4153 nm. The three zone axes are [0 1 -1] (Figure 2.7b), [-1 2 -1] (Figure 2.7c), and [-1 4
-2] (Figure 2.7d), respectively. The relative orientational relationship between the three
electron diffraction patterns are also given in the figures. For example, the [-1 2 -1] zone axis
electron diffraction pattern (Figure 2.7c) was obtained by rotating 30° the nanowire about its
[111] direction (illustrated in Figure 1b). It can also be seen from the diffraction patterns that
all reflection spots are elongated to become streaks and these streaks are always
perpendicular to the [111] lattice direction, indicating that the nanowire axis is parallel to the
[111] direction of the LaB6 crystal. This result was further confirmed by high-resolution
transmission electron microscopy (HRTEM).
HRTEM was applied to analyze the detailed atomic structure around the nanowire tip.
Figure 2.8a is an electron microscope image of the nanowire tip. The tip is hemispherical and
it is terminated by several different lattice planes which are labeled with letters B through G
on the image. The HRTEM images characterizing these faceted lattice planes are displayed in
Figures 2.8b-g in corresponding sequence. Figure 2.8b shows the lattice image of the stem
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area (marked B in Figure 2.8a) of the LaB6 nanowire. The axial direction, [111], which is the
same of the growth direction, of the nanowire has also been indicated in the figure. Figure
2.8c shows the lattice image near facet al of Figure 2.8a, whose surface is terminated with the
(1 1 -1) lattice plane. Figure 2.8d shows the area marked with letter D in Figure 2.8a, which
has a (110) facet. Figure 2.8e shows a (111) facet, which is equivalent to Figure 2.8c in
atomic structure with the same surface energy and is perpendicular to the nanowire axis [111].
Figure 2.8f shows (211) facet alorresponding to the area marked with F in Figure 2.8a. It is
interesting to note that facet F is the smallest comparing with others shown in Figure 2.8a.
Area G, shown in Figure 2.8g, is a facet of (100) which is a low index lattice plane. By
examining the areas covered by the various facets characterized, we found that the (100),
(110) and (111) planes are the dominant terminating facets. Lattice planes of higher indices
appeared only as transitions between the above dominant facet planes of low indices. This
result agrees with the lowest surface energy principle in crystal growth.
Though commercial LaB6 electron gun filaments are usually made along the <100>
direction of the crystal lattice due to the lower work function of the {100} plane and higher
symmetry, it has been suggested that the <111> oriented LaB6 single-crystalline tips might be
an even better alternative since they offer better stability. (Takigawa et al., 1982) Electricfield induced electron emission measurements on the LaB6 nanowires are in progress.
On the 316- stainless steal substrate, a special type of LaB6-in-CNT core-shell
nanocable was collected. TEM was also employed to study its atomic structure with the
results presented in Figure 2.9. Figure 2.9a is a typical low magnification image showing a
multi-walled carbon nanotube with a darker contrast LaB6 crystal core in the center. Unlike
the flat tip top surface of [001] oriented LaB6 nanowire, the crystal core of LaB6-in-CNT
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nanocable is continuous and has a hemispherical tip. The diameter of the nanocable is about
100nm. The open end of the out layer CNT is clearly shown in the inset of Figure 2.9a.
HRTEM study was conducted on the LaB6 core tip area with lattice images presented
through Figure 2.9b to d. The images show that the tip is terminated with three different
lattice planes of cubic LaB6 crystal which are (100) plane, (111) plane and (011) plane
respectively. A high resolution image was also taken at the joint area between the LaB6 core
and the out layer CNT with result shown in Figure 2.9e. The out layer CNT has 17 walls and
at the end of the LaB6 core, 4 out of the 17 walls split from the side surface to grow along the
core top surface. In the meantime, some graphitic layers on the top surface expand to the side
surface and join together with the side walls graphitic layers. These graphitic layers appear
an interesting triangle shape near the LaB6 core top surface and form a donut shaped graphic
tube in the 3-D dimension. The inset of Figure 2.9e shows a magnified image of the CNT
walls which reveals the graphite (001) plane spacing of 3.43Å.
However, [111] oriented LaB6-in-CNT nanocables seem to have a different growth
mechanism and this is supported by the fact that [111] growth of LaB6-in-CNT nanocables
only occurs on 316-stainless steal pieces with carbon contents, but not on iron/silicon
substrate, which doesn’t contain carbon. We speculate the preference of LaB6 molecules to
deposit on the (111) plane instead of (100) plane, which has a higher surface energy, is
caused by some poisoning effect from graphitic layer to prohibit the LaB6 deposition on the
(100) planes of the crystal. Since no gaseous phase of carbon is introduced, we believe that
the CNT formation is caused by the diffusion of carbon from the 316-stainless steal substrate.
In conclusion, we have developed a CVD method that has been able to produce
successfully LaB6 nanowires of well characterized morphology. The nanowires have
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diameter around and smaller than 100 nm and length extending to a few tens of microns. The
growth direction of the nanowires is its <111> lattice direction and they have hemispherical
tips which are terminated by lattice planes of low indices such as {100}, {110} and {111}.
The LaB6 nanowires’ potential applications include providing thermionic emission, fieldinduced emission and thermal field-induced emission of electrons for TEM, SEM, flat panel
displays as well as other electronic devices that require high-performance electron sources.

2.7. LaB12 Nanowires and YB12 Nanowires
When YCl3 vapor reacts with BCl3 gas in a stationary hydrogen atmosphere, Yttrium
dedocaboride nanowires were formed. Figure 4 is a set of the structure determination of the
YB12 nanowire using HRTEM. The typical morphology of an yttrium dedocaboride nanowire
is shown in Figure 2.10a. The nanowire is usually around 100nm in diameter and over ten
micron meters long. The surface is rather rough and the nanowire is usually seen broken with
irregular ends. The body of the nanowire is composed of parallel grains showing different
contrasts and those grains are marked by letters B, C, D and E respectively in Figure 2.10a.
Figure 2.10b, 2.10c, 2.10d and 2.10e are corresponding high resolution lattice images of the
grain B, C, D and E. All these lattice images match with YB12 FCC crystal structure with a
lattice constant equaling 7.50Å. It is shown in all these lattice contrast images that all four
grains share [220] lattice direction as their growth axis and they are tilted along the axis with
some angle relative to each other except grains B and C. Though grain B and C have
different image contrasts as shown in Figure 2.10a, they have actually the same crystal
orientation with [1-10] as normal direction. The darker contrast in grain C is probably due to
the larger thickness of grain C as compared to grain B. Between grain C and grain D, a light

43

contrast line can be seen from Figure 2.10a and this region appears to be lack of clear lattice
contrast as can be seen on the right hand side of Figure 2.10c. This is speculated to be the
crystal lattice mismatch zone between grain C and Grain D. Figure 2.10d shows the high
resolution image of grain D with [1-1-1] lattice direction normal to the projection plane.
Grain E, as presented in Figure 2.10e, has its [1-1-2] lattice direction normal to the projection
plane. All four co-axial grains have [220] growth direction, but no epitaxial interfaces are
observed at the grain boundaries between adjacent grains.
In YCl3/BCl3 system, with hydrogen flow rate being 1600ml/min, only amorphous
boron nanowires were produced. This might be due to that the high hydrogen supply
decompose BCl3 dramatically and generate too much elemental boron, which grows into
amorphous boron nanowires on the substrate surface. When hydrogen is kept stationary
without flowing, YB12 is formed from the reaction between elemental B and YCl3 vapor with
a mole ratio of 12:1. However, further lowering the Boron supply rate by either using lower
flow rate of BCl3 or by reducing the hydrogen concentration, doesn’t help to form any lower
boride phase of yttrium. YB12 nanowires are still the only product only with a poorer yield.
These phenomena suggest that YB12 is the most preferred phase in Y/B system at this
synthesis temperature.
When using stationary hydrogen during the reaction between LaCl3 and BCl3, a
different type of lanthanum borides nanowires, LaB12 nanowires, were produced and the
results are presented in Figure 2.11. Figure 2.11a shows a representative low magnification
TEM image of the LaB12 nanowire. The nanowires’ wall is smoother than YB12 and the
whole nanowire body is a single crystal, which suggests better crystalinity than YB12
nanowires. HRTEM characterization was performed on the nanowire and atomic resolution
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images taken at two crystal orientations are presented in Figure 2.11b and 5c respectively.
Using these two 2-D lattice images and knowledge that the tilting angle between the two
orientations is 35o, we are able to reconstruct the 3-D crystal lattice to be a FCC lattice type
with lattice constant equal to 7.57Å. Since the crystal structure is identical to that of YB12
and knowing the fact that only Lanthanum and Boron elements are present, we believed the
crystal is LaB12 which is isostructural to YB12 phase. The fact that the lattice constant of
LaB12 is slightly larger than YB12 is likely due to the slight larger ionic radius that La3+ has
compared to Y3+. Similar to YB12 nanowire, the growth direction of the LaB12 nanowire is
also identified to be [220] as shown in Figure 2.11b before tilting the sample.
However, hydrogen flow rate does have a crucial role in determining the phase
formation in La/B system. Using a hydrogen flow rate of 1600 ml/min leads to the formation
of LaB6 nanowires, while applying a zero hydrogen flow rate results in the formation of
LaB12 nanowires. This phenomenon seems to be contradictory with the fact that higher
hydrogen flow rate generates more elemental boron, therefore should have led to the
formation of higher boride phase. A possible explanation is that the slower hydrogen flow
transfers little kinetic energy to the La/B system and thus causes to form a less stable
intermediate phase LaB12. The reason that this phase was not observed before by using
conventional sintering method could be due to that these rare-earth boride intermediate
phases usually decompose into more stable borides before melting, as in the case of newly
discovered YB50 and YB25.
A CVD method was developed as a general approach to synthesize rare-earth boride
nanowires by using RaCl3 powders and BCl3 gas as reagents. By adjusting experimental
conditions, such as catalyst type and hydrogen flow rate, we are able to control the
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nanowires’ crystal orientation and tune the specific phase of the rare-earth boride nanowires
from amorphous boron, RaB6 to RaB12. Different growth mechanisms are believed to be
account for the formation of these different nanostructures. LaB12 is discovered as a new
compound in La-B binary diagram. More work on this compound is undergoing towards bulk
single crystal growth and physical property measurements. The synthesis of this family of
rare-earth borides nanowires not only has the application in producing low work function
nano-scale field electron emitters but also has fundamental scientific significance such as
studying size effect of superconducting nanowires.

2.8. Other Nanostructures Synthesized By This CVD System
2.8.1. MgB2/MgO Nanocables
The wool like material was found to be nanowires of diameter around 100nm. A
typical TEM image is shown in Figure 2.12a, which reveals fine crystallites features inside
the wire. The polycrystalline structure of the wire was further confirmed by the reflection
rings of SAED pattern taken from the wire as shown in Figure 2.12b. A good match with
MgO plane spacings suggests that the wire is polycrystalline magnesium oxide.
An interesting shell-core cable structure was also found among the same sample.
Figure 2.13a is a bright field TEM image where a darker contrast core is buried inside a
lighter contrast shell which has the same fine crystallites features as in Figure 2.12a. Electron
diffraction pattern, given in Figure 2.13b, showed that, in addition to the same diffraction
rings as those displayed in Figure 2.12b from MgO, a set of extra single crystalline
reflections corresponding to the (001) and (002) lattice planes of MgB2 crystal is also present.
Based on the knowledge that MgB2 has a hexagonal crystal structure with a = 3.086 Ǻ, c =
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3.524 Ǻ and MgO has a face-centered cubic crystal structure with a = 4.213 Ǻ, we simulated
electron powders diffraction profiles for MgB2 and MgO respectively with the results shown
in Figure 2(d). By comparing the first five possible lattice reflections from MgB2 with those
from MgO, we found that except those of {001} and {002} from MgB2, the other three
planes {100}, {101} and {110} all have very close spacing values to those of {111}, {200}
and {220} planes from MgO. Since these small deviations can be easily covered by
measurement uncertainty of the diffraction pattern, it indicates that (001) and (002) lattice
reflections are characteristic features to tell MgB2 phase from MgO phase which is almost
inevitable during the synthesis of MgB2.(Lee, 2003) By taking the dark-field diffraction
contrast image with the MgB2 (002) reflection as marked by a white arrow on Figure 2.13b,
we found out that these reflections were from the darker single core of the nanowire and it is
single crystalline, based on the fact that the core is the only part of the wire that gives bright
contrast which is shown in Figure 2.13c. The diameter of the MgB2 single crystal nanowire is
about 10 nm.
Since no oxygen gas was introduced into the furnace on purpose, the oxidation of the
wires could be due to the oxygen residue inside the furnace. Upon evaporation of the
magnesium chips, two reactions took place simultaneously: 2B + Mg = MgB2 and O2 + 2Mg
= 2MgO, through which both pure MgO nanowires and MgB2/MgO nanocables were formed.
The fact that no pure MgB2 nanowires have been observed in our sample might suggest the
high reactivity of MgB2 with oxygen when its dimension goes down to nano-scale. However,
the mechanism of the formation of these nano-structures still remains unclear and needs
further investigation.
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2.8.2. MgO and Mg3N2 Nanowires
A thick layer of nanowires with length over tens of microns was found to cover the
platinum wire surface and a typical SEM image is shown in Figure 2.14a. The nanowires
were then scraped down to make TEM samples for structure study and a typical TEM image
is presented in Figure 2.14b. The nanowires are about 80nm in diameter and have rough
surfaces. Dark crystallites about 10-20nm in size appear inside the nanowires, suggesting a
polycrystalline structure. Selected Area Electron Diffraction (SAED) was applied on the
nanowire to determine its atomic structure with result shown in Figure 2.14c. The reflection
rings confirmed that the nanowire is polycrystalline and they match well with cubic MgO
structure with lattice constant a = 4.213Å.
Another type of thinner nanowires was also found among the same TEM sample and
its typical TEM image was shown in Figure 2.15a. The nanowire is about 40nm in diameter
and a consecutive core with darker contrast can be seen wrapped inside a lighter contrast
shell. To determine the atomic structure of the nanowire, SAED was again applied and the
area selected by the diffraction aperture is indicated by the white circle in Figure 2.15a. Its
corresponding diffraction pattern was presented in Figure 2.15b. It is very interesting to
notice that the diffraction pattern consists of a set of seemingly 6-fold symmetry reflection
dots and some reflection rings. In order to determine whether the reflection dots are truly one
set of single-crystalline reflections with a 6-fold symmetry or an overlap of several sets of
reflections with a 2-fold symmetry, we applied dark field contrast image technique to form
image contrast only with crystals which give selected reflections in the diffraction pattern.
The reflection dots selected to form dark field contrast images were marked by C-E in Figure
2.15b and their corresponding dark field contrast images were presented respectively in
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Figure 2.15c-e. The fact that when selecting different reflection dot, different parts of the
nanowire give contrast suggests that the 6-fold symmetry diffraction pattern is actually an
overlap of 3 sets of equivalent 2-fold symmetry diffraction patterns with 120o orientation
angles relative to each other. These 2-fold symmetry diffraction patterns are found to match
well with <112> zone diffractions of cubic Mg3N2 structure with lattice constant a = 9.95Å
and their corresponding computer simulated diffraction patterns are presented as the
insertions in Figure 2.15c-e. A sample indexation was given in the insertion of Figure 2.15c
and the pattern is indexed as [1 -1 -2] lattice zone diffraction of Mg3N2 crystal. The reflection
rings are indexed with MgO polycrystalline structure and part of the reflection rings as
marked by F in Figure 2.15b was also selected to form dark field contrast image with result
shown in Figure 2.15f. It was noticed that the MgO polycrystalline phase was only
distributed on the side of the nanowire. It might be due to the partial oxidation of the Mg3N2
nanowires during the synthesis process.
Since no oxygen gas was introduced into the system on purpose, the oxidation of the
Mg vapor must be from the oxygen residue remained in the reaction chamber. This dilute
concentration of oxygen gas was proved to be very crucial in forming MgO nanowires as we
tried another experiment by adding air into the chamber while having the other experimental
conditions remained the same. This time, we got mostly MgO single-crystalline cubes as
shown in Figure 2.16 and didn’t observe any nanowires formation. Similar results have also
been reported by X. Yin et al. and M. Zhao et al. when applying high oxygen concentration
instead of trace oxygen remained in the vacuum system.(Yin et al., 2002; Zhao et al., 2004)
We also noticed that some groups have used very similar experimental conditions as we did,
but didn’t observe MgO polycrystalline nanowires or Mg3N2 nanowires. For instance, in X.
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Yin’s work, they also tried direct evaporating of Mg metal in trace oxygen and barely
produced any nanowires(Yin, 2002); in another work by R.Z. Ma, they reacted Mg metal
with N2 and no Mg3N2 nanowires were reported.(Ma & Bando, 2003) We speculate that what
enabled us to get the high yield of polycrystalline MgO nanowires and Mg3N2 nanowires
might be the H2 usage in our reaction atmosphere. It is believed that slow reaction rate allows
crystal growth to happen only along the most preferred direction and thus form onedimensional nanowires, and the H2 gas in our system might further slow down the reaction
rate at high temperature by reducing MgO and Mg3N2 to Mg. Experiments without Pt
catalyst were also carried out and similar nanowires product was obtained only with much
less yield. Although it seems that Pt greatly enhances the yield of the nanowires, yet since no
catalyst balls were observed at the ends of the produced nanowires, detailed picture of the
catalyst mechanism is still unclear.

2.9. Solid State Synthesis of LaB6 Nanowires
It was found that when reacting for 10 minutes, at different temperature from 1000oC
to 1200oC, the products in each setting are all LaB6 cubes with side lengths of 1-2 microns.
The higher temperature, the higher ratio of LaB6 to excessive boron in the product mixture
was obtained. Very little LaB6 was produced at 1000oC, which is believed to be the
temperature lower limit for Lanthanum metal to react with boron. This limit could be due to
the insolubility of boron in aluminum at temperatures below 1000oC, which cuts off the
reaction by stopping the boron atoms supply, even though La atoms supply is still abundant
since the solidification line of La/Al is below 700oC. An SEM image of the LaB6 cubes
grown at 1200oC was shown in Figure 2.17a. We found that, when extending the reaction
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time to 30 minutes at 1200oC, a better yield of LaB6 was obtained as compared to 10 minutes
reaction time at the same temperature, however, the size of the cubes didn’t change much.
This suggests that at 1200oC, nucleation overruns crystal growth at least for the first 30
minutes, therefore longer time duration only results in more nuclei formations. In the next
experiment, another 30 minutes was allowed for crystal growth following the initial 30
minutes nucleation at 1200oC. In order to have rod shaped crystals, inhomogeneous growth
should be preferred to cause atom adsorption only at one particular crystal plane that happens
to be at an advantageous position. This position could be the relative orientation of the crytal
plane to local liquid vortex motion or its closeness to supplying La or B atoms at random
moments. However, since no mechanism was intentionally introduced to keep this random
inhomogeneous condition, the favored crystal plane could change with time and homogeneity
would be reached over a long period of time from a statistical point of view. Therefore, a
short growth time should favor for one-dimensional growth in this type of random system.
Since the reacting temperature is well below the solidification temperature of LaB6, 2715oC,
a lower crystal growth temperature will result in an even deeper supersaturation, which will
in turn generate a faster reaction speed. Therefore, we tested this hypothesis by allowing
another 30 minutes growth time at 1100oC following the initial 30 minutes of 1200oC
nucleation. The results are presented in Figure 2.17b and 2.17c. It clearly shows that the
LaB6 crystals have grown into rods with rectangular or square cross-sections. The thickness
of the rods is around 2 microns and length sometimes exceeds 10 microns. Noting that the
thickness of the rod is about the same as that of the cubes in Figure 2.17a with only the
nucleation process, we confirmed that the 30 minutes reaction at 1100oC did cause
inhomogeneous growth which leads to rod growth at only one crystal plane. However, no
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cubes or rods with size smaller than one micron were found under any of these reaction
conditions. We speculate this is because the nuclei size has a lower limit which is set to be
the size of the smallest particle of the starting material, in this case, the boron particle size
which is around 1 micron. Therefore, in order to reduce the LaB6 rods diameter into nanoscale, boron nano particles would offer a better chance.
In conclusion, an aluminum flux method is modified in order to produce LaB6
nanowires. It was found higher reaction temperature has better yield of LaB6 single crystals.
A lower temperature crystal growth followed by a higher temperature nucleation process was
found effective in growing rod shaped LaB6 crystals. The thickness of the produced rod is
above 1 micron due to the micron size boron particles in the starting material.

2.10 Summary and conclusions:
In this chapter, we described a series of chemical-vapor-deposition experiments in
synthesizing various types of rare-earth boride nanowires and two types of magnesium based
nanowires. In the synthesis of rare-earth hexaboride nanowires, the chemical reaction of
boron trichloride and rare-earth trichloride in the atmosphere of hydrogen was found fairly
effective in producing corresponding rare-earth hexaboride nanowires. Platinum catalyst or
carbon contained iron catalyst are used to change the so-made nanowires’ crystallographic
orientation. LaB6, CeB6 and GdB6 nanowires all have the same morphology and very close
crystal structures. When the reaction conditions are changed, for example, the hydrogen flow
rate, nanowires of different structures were produced. According to the structural analysis,
they were speculated to be LaB12 and YB12 nanowires with FCC crystal lattice. The
developed CVD system was proven effective in making nanowires of other chemical
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compositions as well. Examples of MgO nanowires and Mg3N2 nanowires are given. Lastly,
a solid-state reaction was introduced with elemental boron, lanthanum and aluminum as
starting materials. LaB6 single crystals with different size and aspect ratio were observed.
Potential of using this method in making large quantity of LaB6 nanowires was implied.
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Figure 2.1. SEM image of single-crystalline LaB6 nanowires synthesized on silicon
substrate. Some cubes and platelets are also grown along with the nanowires. The arrow
indicates a cube grown on a nanowire.
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Figure 2.2. a) Low-magnification TEM image of LaB6 nanowires. Arrows point to the
tips terminated with a flat surface. b) Electron diffraction pattern of the LaB6 nanowire
displayed a) indicated by letter A showing [100] zone axis geometry. Streaks are
perpendicular to the axial direction of the nanowire. c) High-resolution image showing
the tip of the same LaB6 nanowire, revealing the flat tip surface (001).
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Figure 2.3. High-resolution TEM image of a thin LaB6 nanowire of 15 nm in width. The
nanowire is single-crystalline and grown in the [001] direction.
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Figure 2.4. (a) Low-magnification TEM image of a CeB6 nanowire. (b-d) Electron
diffraction patterns of the same CeB6 nanowire tilted to zone axes [100], [1-10], and
[2-10], respectively. Dashed lines indicate the tilting axes about which the nanowire is
rotated to the desired orientation. Circular arrows indicate the tilting angles and the
straight arrows point to the tilting sequence in experiment.
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Figure 2.5. (a) [100] direction TEM image of the CeB6 nanowire tip. Inset is a
high-resolution lattice image of the tip’s top left corner. (b) [1-10] direction TEM image
of the same nanowire together with a high-resolution lattice image showing its right-side
wall. (c) Illustration of the 45° tilting process to reconstruct the morphology of the
nanowire.
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Figure 2.6. (a) TEM image of GdB6 nanowires. Inset is a high-resolution lattice image of
the tip’s top-left corner of the nanowire marked by a dark arrow. (b-c) TEM images and
selected area diffraction patterns taken from the same nanowire along its [100] and [2-10]
lattice directions, respectively. (d) Illustration of the tilting process to reconstruct the
morphology of the nanowire tip.
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Figure 2.7. a) Low-magnification TEM image of LaB6 nanowires. b-d) Electron
diffraction patterns of the same LaB6 nanowire tilted to zone axes [0 1 -1], [-1 2 -1], and [-1
4 -2], respectively. Dash lines indicate the tilting axes about which the nanowires were
rotated to obtain the needed orientation. Circular arrows give the tilting angles and the
straight arrows point to the tilting sequence.
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Figure 2.8. a) High-resolution image of the LaB6 nanowire tip with terminating facets
labeled with letters B through G. b-g) Lattice images of the nanowire stem (B) and facets C
to G as indicated in (a). The terminating facets are lattice planes of low indices, such as
{100} (G), {110} (D) and {111} (C and E).
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Figure 2.9. a) low magnification image of a LaB6-in-CNT nanocable structure, inset:
magnified image at the open end of the CNT; b)-d) high resolution image of the tip area of
the LaB6 core; e) A triangle formed by graphitic layers near the tip of the LaB6 core tip.
Inset: high resolution image showing the graphite layer spacing.
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Figure 2.10. a) low magnification image showing the body of a YB12 nanowire which is
composed of four co-axial grains labeled as B, C, D and E; b)-e) corresponding high
reolution images of grains labeled in a.
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Figure 2.11. a) low magnification image of a LaB12 nanowire; b) high resolution image
taken before the nanowire is tilted; c) high resolution of the nanowire after the sample is
tilted with 35o angle.
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Figure 2.12. (a) TEM image of MgO nanowires. The MgO nanowires’ diameter is
approximately 80 nm; (b) Selected-area electron diffraction pattern taken from a single
nanowire. The reflection rings are only from the polycrystalline MgO crystal.
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Figure 2.13. (a) Bright-field TEM image of an MgB2/MgO nanocable structure. The darker
core is a single crystal of MgB2 covered with a polycrystalline MgO shell showing lighter
contrast. The whole nanowire is about 100 nm in diameter and the MgB2 core is about 10
nm in diameter; (b) Selected-area electron diffraction pattern taken from the nanocable,
showing MgO diffraction rings together with a set of single crystalline reflections of MgB2;
(c) Dark-field image taken by selecting the (002) reflection marked by an arrow in (b).
Only the core inside the nanocable shows bright contrast, indicating that the core is MgB2
and it is single crystalline; (d) Electron diffraction profiles simulated for MgB2 and MgO
powders (grain size set to be 10X10X10nm) with y-axis as intensity and x-axis as
reciprocal d*. The first five MgB2 lattice reflections together with the first five MgO lattice
reflections are indexed.
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Figure 2.14. a) SEM image of MgO nanowires grown on Platinum catalyst wires. Thick
film of nanowires were found evenly cover the whole catalyst wire surface. Their average
length is about 20um; b) TEM image of such MgO nanowires shows an average diameter
of 80nm. Dark contrast grains are visible along the nanowire body; c) Selected area
diffraction pattern reveals the polycrystalline structure of the MgO nanowres; Diffraction
rings are indexed as (220), (200) and (111) planes of the crystal.
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Figure 2.15. a) Bright field image of a composite MgO/Mg3N2 nanowire with a diameter
of about 30nm. A dark contrast core composed of many grains is shown with a lighter
contrast layer wrapping from outside; b) Selected area diffraction pattern taken from the
region marked by a white circle in a. A set of seemingly 6-fold symmetric diffraction
spots presents with diffraction discrete rings. c) to f) are corresponding dark field images
taken with the diffraction spots marked through C to F in b. The insets in c, d and e are
simulated full diffraction pattern of Mg3N2 with respect to the lightened grains.
Diffraction rings are indexed with MgO structure.
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Figure 2.16. MgO powder in the form of single crystalline cubes are observed when air
was added into the reaction chamber to oxidize Mg.
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Figure 2.17. LaB6 single crystals produced by aluminum flux method. a) LaB6 cubes
produced under 1200oC for 30 minutes. b) and c) LaB6 rods produced under 1200oC for
30 minutes followed by 1100oC for 30 minutes.
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Chapter 3 Formation and Growth of One-Dimensional Nanowires

3.1. Introduction
3.1.1. Background
One-dimensional single crystal growth from the vapor phase was initially studied
in the 1950’s (Levitt, 1970). Two categories of growth mechanisms were proposed for the
formation of whisker structures: an impurity assisted “vapor-liquid-solid (V-L-S)”
mechanism and a screw dislocation induced “vapor-solid (V-S)” mechanism.

V-L-S

mechanism was first proposed by Wagner et al. in 1964 to explain the whisker growth of
Si on an Au coated substrate (Wagner & Ellis, 1964; Wagner & Treuting, 1961). In their
model, a low freezing point Si-Au alloy liquid droplet was first formed on the substrate
surface. This liquid droplet serves as a sink for the further adsorption of Si atoms from the
gas phase. After the droplet reaches supersaturation, the Si nuclei solidify on the droplet
surface. As the droplet continuously traps more Si atoms from the gas phase, more Si
atoms deposit at the interface between the previously formed Si nuclei and the droplet. By
this manner, one-dimensional single crystal growth of Si is realized. The presence of a
catalyst ball at the tip of the grown whisker was found to be a sign for such a growth
mechanism. The catalyst can be a foreign metal that forms eutectic solid solution with the
whisker material or one of the metal components of a compound that grows into the
whisker structure. The V-S mechanism was established to explain the whisker growth on
non-catalyst surfaces (Sears, 1955; Brenner & Sears, 1956). Screw dislocations on the
initial substrate are believed to be the higher energy sites that favor the deposition of
atoms from the gaseous phase. Therefore, the deposited single crystal grows

perpendicular to the substrate surface. The screw dislocation develops with the grown
crystal and always remains at the tip top surface. On one hand, this mechanism succeeded
in explaining the quite often observed non-catalyst growth of whisker structures, but on
the other hand, the necessary existence of the screw dislocation at the top surface was
rarely observed. For some compound nanowires, though the catalyst balls were not found
at the tips, it was believed that the VLS mechanism still accounts for the growth (Xia et
al., 2003; Yao et al., 2002). One element from the compound could serve as the catalyst
ball or a layer at the tip. Eventually, this catalyst layer reacts with the other components
and disappears at the end of the growth. However, the growth of pure metal whiskers
without catalyst is still hard to explain by the VLS mechanism, though the VS mechanism
doesn’t seem to be valid either, since no screw dislocation has been found.
The discovery of carbon nanotubes in 1991 brought tremendous research interests
into this type of one-dimensional nano-scale system (Iijima, 1991). Though being similar
to graphite, made out of carbon element with SP2 bondings, the nanotube exhibits very
different properties originated from its unique morphology and dimensionality. Many new
device concepts and applications based on these new properties have been proposed for
solving some important real-life issues, from building a ladder to the moon to curing of
cancer. The benefits are not restricted to carbon. A large variety of nanowires have been
synthesized through the past 15 years (Rao et al., 2003; Xia et al., 2003), including:
elemental metals, semiconductors, binary metal oxides, nitrides, carbides, chalcogenides,
borides and some ternary compound metal salts. Quaternary copper oxides based
superconducting nanowires have also been synthesized.

The combinations of the

intrinsic and size-induced properties of the materials have enabled a wide range of device
applications using these nanowires as their functioning parts, which for examples are,
electronic transistors, computing logic gates, chemical and bio-sensors, photodetectors,
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high efficiency solar cells, colorimetric markers, laser device, wave guides, and field
emitters.
To make these functional nanowires and nantubes, different strategies have been
developed. These can be divided into four categories. The first type is to use directly the
high anisotropy of the material. Some crystals are made of chain-shaped molecules or
have layered structure. For such structures, only one direction is favored when crystallize,
therefore produce one dimensional nanotubes/nanowires naturally. For the synthesis, little
has to be done to restrict the growth in one dimension. One just has to prepare the
molecules in a dilute form, either solutions or vapors, and then let them crystallize. Type
two is to use a template material as the host, and then physically confine the desired
material in the nanometer-sized pores available in the template. This could be done by
electrochemical plating, vapor phase deposition or liquid phase filling. After that, the
template should be removed by certain reactant that does not etch away the wanted
material. The third type is to use the principle of VLS mechanism: forming catalyst
particles followed by introducing a vapor phase of the desired materials. The last type is
VS growth of nanotubes/nanowires. This type of growth is as generally applicable as the
VLS mechanism, though its exact mechanism still remains unknown (Dai et al., 2003). In
a typical VS procedure to produce metal oxide nanowires, the gas phase of the metal is
brought into a furnace tube to react with the oxygen gas. Nanowires growth is often found
on the wall of the furnace tube, where temperature is slightly lower than the reaction
zone.
Regarding the progress in nanowire growth mechanism study, more work has been
focused on the VLS mechanism than others (Tan et al., 2003 & 2004; Liu et al., 2005;
Westwater et al., 1997; Zhang et al., 2001; Yang et al., 2004; Kikkawa et al., 2005). It is
because: firstly, the mechanism is the most generable and usually produces nanowires
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with good crystalinity; secondly, the growing picture is relatively clearer. The effects of
operation parameters, such as the catalyst type, catalyst size, temperature, and vapor
density have been understood basing on a thermodynamic model. The mechanism has
been intensively studied ever since it was first proposed by Wagner et al. in 1964.
However, though the trend of how these parameters affect the nanowires growth can be
roughly predicted, there is little good match between predictions and actual observation
on a quantitative level. The reason for that is the lack of accurate measurements of most
of the thermodynamic and kinetic quantities involved in the theory, even though these
quantities could be well defined. Another reason is the poorly controlled experimental
environment used in synthesis. Unpredictable factors such as turbulence, temperature
fluctuations, and gas flow fluctuations, for example, are very hard to take into
consideration quantitatively.

3.1.2. Motivations:
In Chapter 2, using the same chemical vapor deposition system, we synthesized
successfully nanowires of LaB6, CeB6, GdB6, YB12 and LaB12. Oxide nanowires of MgO
together with nitride nanowires Mg3N2 were also obtained. For the LaB6 nanowire growth
alone, different phenomena were observed when experimental conditions changed. These
phenomena all indicate different growth history and mechanisms. It was found by using
an iron catalyst, <001> oriented LaB6 nanowires can be changed into <111>. Carbon
graphitic layers were always observed on the <111> LaB6 nanowires and sometimes even
extended out as nanotubes. While in some other batches, carbon balls were always
observed on the nanowires and the nanowires seemd to have a flower-like pattern, where
more than 100 nanowires rooted from the same spot on the substrate. In some runs, more
than 50% of the LaB6 nanowires have sub-branches which form a right angle with main
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stems, while in other runs, all nanowires are perfectly free of sub-structures. Since our
synthesis was the first report on rare-earth hexaboride nanowires, no studies have been
done about their growth mechanism. At the same time, these growth mechanisms should
be generally applicable to other nanotube/nanowire growth studies. We will develop three
growth models in this chapter using thermodynamic theories. Experimental data are also
used as a reference to justify the proposed models in a quantitative way.

3.1.3. Over view of Chapter 3:
In the nanowires we produced from vapor phase using our CVD system,
altogether 3 types of growth mechasnims were observed. They are the vapor-solid
mechanism, the vapor-liquid-solid mechanism and the carbon nanotube template assisted
mechanism. They will be detailed with experimental examples of LaB6 nanowire growth
in the following three sections. In each section, thermodynamic models will be
established first, and then experimental parameters will be input to predict the growth
results. These will be compared with actual electron microscope observation to justify the
models. Lastly, summary will be briefly provided and conclusions will be drawn at the
end.

3.2. Vapor-Solid Growth
The reaction was conducted as following: after evacuating the furnace tube to
remove the oxygen, the hydrogen gas was allowed in. Hydrogen flow rate and pumping
rate were set to a certain ratio so that in the chamber hydrogen partial pressure was kept at
104 Pa. The furnace temperature was then raised to 1400 K. The LaCl3 powders placed in
a quartz boat start to melt and the vapor pressure at the temperature is 186 Pa
(Chervonnyi & Chervonnaya, 2004). The BCl3 gas was then let into the reaction zone
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through a quartz conduction tube. BCl3 is a gas at room temperature. At 1400K, it would
have higher pressure than atmosphere. However, considering the environmental pressure
of 104 Pa created by the vacuum pump, its partial pressure is taken as 105 Pa in the
calculations. The chemical reaction is:

LaCl 3 ( g ) + 6 BCl3 ( g ) +

21
H 2 ( g ) = LaB6 ( g ) + 21HCl ( g )
2

Here, the LaB6 product on the right hand side is treated as a gas phase first, its
condensation into the solid phase will be taken as a second step.
Since there is no additional LaB6 or HCl sources, their partial pressure should
follow the ratio of PLaCl6 : PHCl = 1:21. At equilibrium, the reaction constant K is
K=

PLaB 6 ⋅ PHCl
6

21

PLaCl 3 ⋅ PBCl 3 ⋅ PH 2

21 / 2

=

2121 ⋅ PLaB 6
6

22

PLaCl 3 ⋅ PBCl 3 ⋅ PH 2

21 / 2

(3.1)

where K is a function of the reaction Gibbs free energy ∆Gr and temperature T:
K = exp(−

∆G r
)
RT

(3.2)

where R is the gas constant, R=8.314J/K•mol; According to Peshev, ∆Gr is equal to 420
kJ/mol at 1400 K (Peshev, 2000). After substituting the partial pressure values PLaCl3=186
Pa, PBCl3=105 Pa and PH2=104 Pa, we obtain PLaB6=25 Pa;
Since there is no direct measurement on the vapor pressure of LaB6 at 1400 K,
the following treatment is used to obtain this value for our calculations. The melting point
of LaB6 is 2485 K, its sublimation energy, Ls, is 564.8 kJ/mol (Nordine et al., 1991), and
these values are very close to those of boron, which are 2349 K and 565.6 kJ/mol,
respectively. Therefore, it is reasonable to assume that the equilibrium vapor pressure of
LaB6, PELaB6, equals that of boron, PB at the temperature of about 1400 K. To find the
vapor pressure of boron, the following formula could be used, if we assume that the
sublimation energy is independent of temperature change (Swalin, 1972):
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P = A exp(−

Ls
)
RT

(3.3)

There are two unknown parameters in this equation; P and A. Therefore, we need another
set of data to evaluate A for P=105 Pa at T=4200 K, which is the boiling point for boron.
This gives us the equilibrium vapor pressure of LaB6, PELaB6, to be 9×10-10Pa at 1400 K.
We now can define the supersaturation α(Hook, 1963):

α=

PLaB 6
= 2.7 × 1010
PELaB 6

(3.4)

As for nucleation, we consider that the nucleus is a cube cubic terminated with {100}
planes. This is due to several reasons: first, most LaB6 nanowires grown are observed to
have {100} planes as their terminating facets; Second, a recent calculation by Uijttewaal
et al. indicates that the {100} plane has the lowest surface energy σ of about 8 ev/nm2=1
J/m3, when the chemical potential of La gets close to its value of bulk form (Uijittewaal et
al., 2006). The nucleation energy ∆GN can be expressed as:

∆G N = ∆g B l 3 v + 6l 2σ

(3.5)

∆G N = ∆g N l 3 v (3.6)
where, ∆gB is the condensation energy of bulk form, ∆gN is the nucleation energy density,
l is the nucleus side length, v is volume density in the unit of mol/m3. The critical cube

length l* is thus:
l* = −

4σ
∆g B ⋅ v

(3.7)

Substitute it back to equation 3.5, we obtain the relation between critical nucleation
energy density ∆gN and the condensation bulk energy density ∆gB:
*

∆g N − ∆g B =

6σ
l *v

(3.8)

On the other hand, if P is the vapor pressure in equilibrium with ∆gN* and PE is the vapor
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pressure in equilibrium with ∆gB, we have
*

∆g N − ∆g B = RT ln(

P
) = RT ln(α ) .
PE

(3.9)

Therefore, the critical length l* and nucleation energy ∆GN* are

l* =

∆G N

6σ
, (3.10)
vRT ln α
*

72σ 3
= 2 2 2 2 . (3.11)
v R T ln α

By taking the volume density of LaB6 v=2.35X104mol/m3, at the current supersaturation,
we obtain l*=9.1×10-10m, ∆GN*=1.67×10-18J.
The impingement rate of an ideal gas, N, can be expressed as:
N=P

3
. (3.12)
mRT

For a nucleus of volume l3, its mole number is l3/v, therefore, the impingement
rate for such a nucleus is:
K=

N
P
3
= 3
,
3
l v l v mRT

(3.13)

where m is the mass density of LaB6, m=0.205 kg/mol. The overall rate of nucleation is:
V = K exp(−

∆G N
),
kT

(3.14)

where k is the Boltzmann constant. At the current nucleus size and temperature,
V=1.58X10-15 /m2s. As Figure 3.1a shows, the number of nanowires grown in an area of
400 µm×400µm is about 50 in 300 s of time span. If each individual nanowire grows from
a single nucleus, the corresponding nucleation rate is at least 107/m2s. A supersaturation
of 2.7×1015 will be required, which is 105 higher than our experimental value. Therefore,
homogenous nucleation is impossible for our experimental supersaturation condition!
If the nucleation is 2-D, which means one layer of LaB6 atoms are formed on the
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substrate, the energy needed to form a new surface is significantly less. We can still use
the same derivation as above, except the change of a few expressions. The shape of the
nucleus is considered as a square with length l and thickness a, which is lattice constant
of LaB6, a=4.15×10-10m. For such a scenario, forms of the critical length l* and the critical
nucleation energy ∆GN* are changed into:
l* =

4σ
, (3.15)
vRT ln α
*

and ∆G N =

8aσ 2
. (3.16)
vRT ln α

Due to the change of the shape of the nucleus, the nucleus impingement rate K
needs to be modified as such:
K=

N
P
3
.
=
2
2
a ⋅ l v a ⋅ l v mRT

(3.17)

With other equations being the same, we obtained the critical nucleus length l*= 6X10-10m,
the critical nucleation energy ∆G*N=5X10-19 J and the nucleation rate 1.07X1012/m2s.
Noting that this rate of nucleation also accounts for the growth of nanowires into
one-dimension.
A model of 2D nucleation and growth is therefore able to explain the VL growth
of the LaB6 nanowires. Figure 3.2 illustrates the procedures In step i, a single layer of
LaB6 atoms are formed on the substrate surface, with its side equal to the critical length.
After the nucleus is formed, it grows in two dimensions as shown in step ii, until a second
nucleus forms on top of it, as shown in step iii. This 2D growth rate is much higher than
the nucleation rate, since the energy it cost to add one more atom to the previously formed
nucleus is much smaller. The second nucleus grows in 2D as well till it reaches the edge
of the first layer. By this layer after layer manner, the crystal grows eventually in the
direction perpendicular to the substrate surface. The reason that no nucleus is formed on
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the side of the nanowire is that, since the LaB6 vapor phase is away from the substrate, it
forms a natural pressure gradient from top to bottom, as shown in step v. Note that the
vapor impingement rate K is proportional to vapor pressure P, the nucleation will be much
faster on the top than on its side surfaces. Practically, the growth will only occur on the
top of the nanowire.
This layer by layer growth is supported by the SEM observations given as the
inset to Figure 3.1a. In the image, it is clearly revealed that the nanowires have growth
perpendicular to its axis. The nanowire on the right hand side stopped growing vertically
due to a white particle landed on its top surface. Such particles are marked with black
arrows in the image. Only after the top surface growth was suppressed by the particle did
side surface nucleation start. The LaB6 vapor pressure is still higher where it is close to
the tip, therefore branching occurred only at the top area as shown in the image. It is very
interesting to notice that, after the branch grew for a short length, it turned its way back to
vertical. It further shows that the pressure gradient is the driving force for the
one-dimensional growth of these nanowires.
In the above described model, it is possible to estimate the growth rate by
accumulating the thickness of each layer throughout the entire experiment duration. For
example, in Figure 3.1a, if we take an area of 400 µm×400 µm, and a total growth time of
300 s, a total of 5.14×107 nuclei are expected. There are roughly 50 nanowires, so about
106 nuclei for each nanowire, which corresponds to 4.15×10-10×106 m axial growth for
each nanowire. This value agrees well with the actual length of the nanowire, as measured
from Figure 3.1a, which is about 400 µm. Another area from the same sample was imaged
and the result is shown in Figure 3.1b. In this area, all nanowires are coated with a layer
of particles, which are believed to be the condensation of LaCl3 approaching the end of
the growth. As shown in the inset, a fine straight core is seen and this core is a single
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crystalline LaB6 nanowire. The area presented in the image is about 50 µm×50 µm,
containing about 30 nanowires with an average length about 40 µm. Using the nucleation
rate deduced from these observations, we obtain a supersaturation value of 9×107, which
is higher than our pre-set of 2.7X107. This difference could be caused by the vapor
pressure fluctuations over the substrate surface. The reason that the number of nanowires
in Figure 3.1a is less than that in Figure 3.1b might be that the former substrate area had
fewer flat clean sites for nucleation. This can be seen in the inset of Figure 3.1a, where
particle-looking debris is seen covering the entire surface.

3.3. Vapor-Liquid-Solid Growth

In our other runs to synthesize the rare-earth hexaboride nanowires, different
morphologies were also observed. An SEM image of the CeB6 nanowires is shown in
Figure 3.3a, where we find the CeB6 nanowires are either buried inside as a core for
melt-looking substance or interconnect several round ball-shaped particles. TEM image of
such nanowires is shown in Figure 3.3b. Two nanowires are found to have grown from a
large particle. At the root of each nanowire, thickening is also observed. The presence of
such particles suggests a VLS growth mechanism, in which the particle is a catalyst and
the nanowires nucleate inside these liquid catalysts. Figure 3.3c is an SEM image of the
LaB6 nanowires with a similar morphology. About 300 nanowires are formed in a
radiation-shaped pattern, suggesting that they all grow from the same spot, which could
be a catalyst underneath. These experiments are performed using the same parameters as
those in Figure 3.1.
To investigate the composition of these catalyst particles, TEM samples were
made and they were studied by electron energy loss spectroscopy (EELS) in the scanning
transmission electron microscopy (STEM) mode. Figure 3.4a is an STEM image acquired
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in the area where a catalyst is seen attached to a LaB6 nanowire. From the image contrast,
we can see that the nanowire passes through the catalyst, so the particle might not be the
original catalyst ball where the nanowire nucleates. However, it is very likely to be a drop
of catalyst liquid that happens to stick to the nanowire when it grows out of the catalyst
surface. Therefore, its chemical composition should be the same as the original catalyst.
An EELS spectrum was taken at the particle. The actual acquisition spot forms a black
hole as shown in Figure 3.4a, which is caused by radiation damage from the electron
beam. The spectrum shows that three elements are presented in the particle: La, B and C.
Because of the small size of particle’, the spectrum is often affected by the LaB6 nanowire.
We took another STEM picture on the nanowire and acquired another EELS spectrum
from it. The results are shown in Figure 3.4c and d. In the spectrum, we can see that all
the three elements are revealed again. However, the relative intensities from La and B got
higher compared to C signal. The lowest La and B signals from the particle suggest that it
might mainly contain C with much less contents of LaB6. Although we did not find
ternary phase diagram with La, B and C elements, La and C do form an alloy at
temperature below 1200 K (Massalski et al., 1986). Therefore there might be a certain
solubility of LaB6 in C around our experimental temperature.
Based on the above discussion, a VLS growth model is proposed and the process
is shown in Figure 3.5. In step i, a catalyst ball is formed with a certain mixture of C and
LaB6. Then the LaB6 vapors continue to arrive and dissolve in the liquid catalyst. After
the concentration of LaB6 exceeds the equilibrium concentration of the alloy, LaB6 starts
to nucleate in the liquid catalyst, as steip ii shows. Half of the nucleus stays outside of the
catalyst and half of it stays inside to serve as the growth sites. In step iii, the 2D
nucleation takes place on the preformed nucleus bottom surface and thus realizes the
one-dimensional nanowire growth by a layer-by-layer manner.
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Such a process can be evaluated by the thermodynamic theory based on a 3D
homogenous nucleation and a 2D crystal growth. Since all other parameters are the same
as the VS growth, except the introduction of the C catalyst, the vapor pressure of LaB6 is
still 25 Pa. The supersaturation in the catalyst liquid is not known without the knowledge
of the exact shape of phase diagram. However, if we consider a supersaturated liquid has
the same energy as its counterpart in equilibrium temperature of the same concentration,
the supersaturation value αcan be estimated. For example, in the extreme case, the liquid
mixture is so supersaturated that it has almost the same concentration as pure LaB6. Since
we know that the equilibrium temperature for liquid LaB6 is 2400 K, the supersaturation
can be treated as a value close to this up-limit, which is:

α Max =

P2400 K
= 5.8 × 10 9 .
P1400 K

(3.18)

On the other hand, the gas impingement rate Kl should have a different form with that of
the gas phase K, because in the catalyst droplet, conductance of the material is by
diffusion in the solution. This quantity is dependent on the specific alloy and therefore is
not known for our case. A rough estimation could be made this way: first, normally the
diffusion rate in gas is 105 times that in liquid phase; second, at 25 Pa, the density of
vapor is 10-8 of that of liquid. Therefore the impingement rate Kl is about 10-3 times that
of Kg. The surface energy σl must be reduced as well. This is because in solid-gas
interface, the surface dangling bonds should be more than that at the solid-liquid interface.
Since there are no values for the interfacial energy is available, we take the interfacial
energy of solid-liquid to be less than half of that of the solid-gas interface. Taking into
consideration that only half of the nucleus is exposed to gas, the overall effect leads to
more than 25% deduction of the original σ. We therefore will use 0.73 J/m3 for in this
case.
With these parameters, we obtained that 280 nuclei are formed during an
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experiment duration of 300 s and a catalyst area of 20 µm×20 µm. The catalyst area is
considered as the whole area for LaB6 source impingement. This value agrees well with
the observed roughly 300 nanowires grown from the same spot of the size 20 µm×20 µm
as observed in Figure 3.4c. The growth rate from the 2D nucleation model, however,
brings only 2 µm for the length of each nanowire. This is much shorter than the observed
100 µm length on average for the nanowire length in Figure 3.4c. The reason for the
discrepancy could come from the fact that a much larger area should also be accounted
for the LaB6 impingement.
The much higher homogenous nucleation rate is mainly due to the lowering of
the surface energy of the formed nucleus. The increase in impingement rate K also helps,
but contributes only to a lesser extent. During the 2D growth, however, the increase in
surface area with each addition of layer happens at the solid-gas interface. Therefore, the
benefit of reducing the surface energy is not at by the 2D growth compared to the 3D
homogenous nucleation. We should notice fully utilized that the actual nucleation driving
force, the supersaturation α, actually gets lower in the VLS scenario. However, in the
VLS case, the homogenous nucleation rate is about 1024 faster than that in the VS case.
This proves again the importance in reducing the surface energy in the nanowire growth
process. Therefore, the use of a metal catalyst should be preferred if it reduces the most of
the surface energy of wanted nanowires.

3.4. Nanotube-Assisted Template Growth

By choosing 316-stainless steel as a catalyst, a special type of LaB6
nanowire-inside-CNT nanocable structure was obtained. The obtained structure has been
studied in the TEM and the results are shown in Figure 3.6. As Figure 3.6a shows, this
type of nanowires are usually consisted of a dark LaB6 crystalline core and a carbon
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nanotube wrapping around it. The nanotube lots of times extends out as a hollow tube of
micron meter long. Most of the times, they are open tubes as shown in the lower image in
Figure 3.6a. The terminating faces of the LaB6 core are all low index planes, which are
(100), (111) and (110) as shown in Figure 3.6b-d. It is quite interesting to see that some
small humps on the stem of the nanowire. These humps have {100} planes as their
terminating facets even though the overall growth direction of the stem is along the <111>
direction. Knowing that the {100} has a lower surface energy than {111}, this leads us to
believe that the surface energy is still the driving force in forming such a unique
nanocable structure. In Figure 3.6f, we found that rather than having dangling bonds at
the solid-gas interface, the LaB6 nanowire core is covered with graphitic layer as well.
This is believed to reduce the surface energy σ.
The [111] oriented LaB6-in-CNT nanocables, however, have a different growth
mechanism and this is indicated by two facts: first, the [111] growth of the LaB6-in-CNT
nanocables only occurs on 316-stainless steel pieces with carbon contents, but not on the
iron/silicon substrate, which does not contain carbon; second, the [111] oriented LaB6
nanowires are always observed inside a CNT shell, no naked LaB6 nanowires were ever
observed with [111] orientation. We propose a CNT-assisted growth mechanism for this
type of nanocable structure, which is illustrated as a five-step process in Figure 6. In step i,
when the temperature reaches above 800oC, liquid droplets of Fe/C are formed on the
stainless steel substrate. In step ii, the solubility of C in Fe decreases, leading to C
precipitations to form a CNT on the droplet surface. The drop of the solubility of C could
be due to the absorption of La/B elements in the Fe/C droplets. In step iii, more LaB6
molecules are absorbed and start to nucleate. The initial nuclei are more likely to be cubic
shaped due to its primitive cubic structure and randomly oriented in the catalyst droplets.
In step iv, the continuous supply of LaB6 molecules into the droplets causes nuclei to
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grow into a single crystal. In order to reduce the surface energy, the surface of the crystal
prefers to end against the pre-formed CNT walls. In order to most closely match the
circular cross-section of CNT, the LaB6 crystal orient itself with its [111] direction
parallel to the CNT axis so that it forms a hexagon with the (110) planes as the
terminating surfaces. The lattice orientation of the crystal is also shown in the figure.
Lastly, as shown in step v, with the continuous supply of LaB6 molecules from the
atmosphere and C molecules diffused from the stainless steel substrate, this LaB6-in-CNT
nanocable structure keeps growing till either of the material supplies is terminated. When
C is absent in the catalyst, there will be no CNT formed and therefore will not provide a
template to guide the [111] orientation of the LaB6 crystal. In this case, [001] will still be
the more favored growth direction to achieve surface energy minimization.
The quantitative thermodynamic analysis is difficult due to the lack of
measurement of the parameters. The equations developed in the VLS section should be
still applicable in this model. The only modification that has to be made is the surface
energy of the LaB6 nucleus. In this case, since the crystal is wrapped with a graphitic
layer, no solid-gas interface exists. We should expect a even lower surface energy than the
already reduced one in the VLS case. This reduction in surface energy is also valid in the
2D growth. Therefore, not only would we expect a higher nucleation rate, but also a much
higher growth rate. Nucleation in this case, both in the initial nucleation period and in the
subsequent 2-D growth period, is heterogeneous. Had been terminated with its (100)
planes, the LaB6 core could have had more solid-gas interface due to the morphology
mismatch. The fact that the LaB6 nanowires terminate their surface with (110) planes
which have surface energy double that of (100) suggests that the interfacial energy
between LaB6 core and C coating should be less than half of that between solid-gas
interface. This observation justified our surface energy reduction value of more than 50%
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in the estimation of the VLS nucleation estimation.

3.5. Summary and Conclusions

In this chapter, we used a thermodynamic theory to analyze semi-quantitively
the growth process of the LaB6 nanowires. Three mechanisms have been proposed for
three different types of growth: the vapor-solid (VS) growth model, the vapor-liquid-solid
(VLS) model and the VLS-carbon nanotube-assisted growth model. Experimental
parameters were used to find the vapor pressure of LaB6. Then this vapor pressure was
used to compare with the equilibrium vapor pressure at the reaction temperature, in order
to find the supersaturation value. After knowing the driving force, supersaturation,
homogenous nucleation and 2-D heterogeneous nucleation were evaluated separately to
match with the experimental observations. It was found that the 2D nucleation accounts
for both nucleus formation and growth in the VS model. In the other two models,
however, the presence of catalyst droplets was found to reduce the surface energy for
nucleation, therefore homogeneous nucleation is highly possible in the VLS model even
its final supersaturation is at least one order of magnitude lower. In the VLS-CNT assisted
growth, the surface energy was further reduced due to the presence of the carbon
wrapping layer. The pre-formed CNT also serves as the nucleation substrate for the LaB6
precipitation and thus indures heterogeneous nucleation.
An important conclusion is that the employed parameters in our experiment
provide a sufficient driving force to grow LaB6 nanowires without the assistance of
catalysts. However, the presence of C or Fe as a catalyst will enhance the growth by
orders of magnitude in growth rate. This is mainly due to the reduction of surface energy
due to catalyst.
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Figure 3.1. a) SEM image at lower part of a Pt coated silicon substrate, on which LaB6
whiskers were found evenly distributed. Lengths of the whiskers are around 400 μm and
diameters are around 1 μm. Change of growth direction of one whisker is shown in the
inset; b) Particle wrapped LaB6 nanowires on the upper part of the substrate. With an
average length about 50 nm, the 20 nm-thin nanowires can be seen through the particle
layer as shown in the inset.
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Figure 3.2. Illustration showing the vapor-solid growth process of LaB6 nanowires. Step i,
a monolayer of LaB6 with critical side length l* nucleates on the substrate; step ii, the
nucleus grows into 2 dimensions till it reaches a certain size; step iii, second monolayer
nucleates on top of the grown layer. Its side length is also l*; step iv, the second nucleus
undergoes 2-D growth till it reaches the size of the layer underneath; v, vertical LaB6
vapor gradient drives the 1-D growth of the nanowire. Growth on the side walls is
suppressed of its lower vapor density, which results in a lower nucleation rate.
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Figure 3.3. a) SEM image of CeB6 nanowires grown on Pt coated Si substrate. Smooth
surfaced melt-looking substance and spherical particles are seen around the nanowires; b)
TEM image of the CeB6 nanowires. Diameter increase at the nanowire/catalyst ball
intercept area indicates it is the growth sites; c) Over 200 μm long LaB6 nanowires with
similar morphology grown on Pt coated Si substrate. Over 300 nanowires are grown from
the same center in radial directions.
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Figure 3.4. a) STEM image of a catalyst ball with LaB6 nanowire passing through. The
nanowire is about 200 nm in diameter and the catalyst particle is about 400 nm in
diameter; b) EELS spectrum taken from the catalyst ball shown in a, at the site left with a
hole caused by radiation damage. La, B and C elements are detected; c) STEM image of
the body of a LaB6 nanowire. Very light contrast shell can be seen at the edges; d) EELS
spectrum taken from the nanowire body shown in c. Much higher La and B peaks are
obtained with reduced intensity from C.
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Figure 3.5. Illustration showing vapor-liquid-solid growth mechanism of LaB6 nanowires.
Step i, C and LaB6 form alloy liquid at temperature above 1400 K. LaB6 vapor keeps
dissolving into the catalyst droplet; step ii, after the LaB6 concentration inside the alloy
liquid reaches certain supersaturation, homogeneous nucleation occurs with a critical side
length l*; step iii, 2-D monolayer nucleation and growth take place at the nucleus/liquid
interface. With the continuous LaB6 supply from vapor and the monolayer-by-monolayer
growth, 1-D nanowire growth is achieved.
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Figure 3.6. a) Low magnification TEM image showing the crystalline LaB6 core and an
open-ended MWCNT wrapping outside. The hollow part of the tube is about 5 μm long.
Only the end of it is presented in the lower part of a; b) to d) The three facets terminating
the LaB6 core in a. They are low index planes of (100), (111) and (011) respectively; e) a
hump on the nanowire wall showing the actual terminating facet of (100) plane, though
the nanowire axial direction is <111> in this case; f) splitting of the MWCNT at the tip of
the LaB6 single crystal core.
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Figure 3.7. Illustration showing the VLS-CNT assisted template growth of LaB6/CNT
nanocable. Step i, Fe catalyst ball is formed on the substrate surface; step ii, diffusion of
C into the Fe catalyst ball induces supersaturation and eventually leads to the growth of
MWCNT; step iii, LaB6 vapor dissolves into the Fe/C catalyst droplet. After reaching
supersaturation, LaB6 3D heterogeneous nucleus forms on the wall of MWCNT at the
liquid-solid interface; step iv, to closely match the circular shape of the MWCNT
template, the LaB6 single crystal reorient itself into <111> direction vertically and has
{110} planes as terminating faces; step v, continuous supply of LaB6 from vapor phase
maintains a 2D nucleation and growth process. The nanowire grows along with the
growth of MWCNT with continuous C deposition.
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Chapter 4 Nanotube/Nanowire Field Emission

4.1. Introduction

4.1.1. Background
4.1.1.1. NT/NW Field Emission Theory
Emission of electrons is essentially a process of free electrons in a solid escaping
from the surface to enter the vacuum. Therefore, the electronic structure of the solid
determines the processes. When groups of atoms condensed into solids, their electron
cloud overlaps with each other and forms a series of electron energy bands. Electrons
located in a band which is not fully occupied are free electrons and those free electrons
are the cause of electric current related phenomena, including electron emission. We call
the average energy of these free electrons the Fermi energy and the corresponding energy
level, the Fermi level. In a metal, we always have bands that are partially occupied while
in an insulator, all energy bands are fully occupied. In semiconductors, all energy bands
are originally fully occupied. However, excitations by thermal power or the insertions of
an impurity energy level, always cause some electrons to upgrade their band locations and
create partially occupied bands, thus also, free electrons. Fermi level of Metal is usually
2-5 eV lower than the vacuum level, we call this energy difference the work function.
Though an insulator does not have free electrons, the bottom of the energy band next to
its last full band is very close to vacuum level and sometimes even higher. We call that
energy distance, electron affinity, which is an analog to work function in the case of metal
and semiconductor.
For a metal, the above mentioned energy difference between the Fermi level and

the vacuum level forms the energy barrier that a free electron has to overcome so as to
escape from the metal surface. Figure 4.1 is electron energy diagram of a metal/vacuum
interface. As Figure 4.1a shows, before applying any external potential, the interface
between the metal and vacuum is abrupt and the work function is denoted as Φ. After a
negative external potential is added on the metal side, a linear potential drop is formed
and thus forms as well an energy barrier with a sharp corner, as Figure 4.1b shows. The
barrier height is Φ and its width x equals Φ/Ee, where E is the external field strength and
e is the electron charge. At the same time, another energy term, Vimg, the image potential,
is caused by polarization of the metal surface due to the external field and this can be
expressed as Vimg = -e2/4x. Its effect is the rounding of the sharp corner of the original
potential barrier and reducing its width as well. The effect is only minor and the exact
reduction in barrier height and width is hard to give as exact. This is shown graphically in
Figure 4.1c. (Gomer, 1961)
Based on the picture described above, Fowler and Nordheim derived the classical
Fowler-Nordheim (F-N) formula, which describes the determination of field emission
current density J at a local electric field strength E and emitter work function Φ. (Fowler
& Nordheim, 1928) When taking the units of J, E and Φ conventionally in A/cm2, V/cm
and eV respectively, the formula is written as
J = 6.2 × 10 −6

µ
φ 1.5
E 2 ⋅ exp(−6.8 × 10 7
) A / cm 2
E
(µ + φ ) φ

(4.1)

with µ being the Fermi energy of the free electrons. For metals we commonly deal with, µ
is around 5 eV, Φis around 5 eV. A rough estimation from the F-N formula shows that a
field with strength at the order of 3-6X107 V/cm will extract a current density of 102-103
A/cm2. This result agrees with the experimental data. A big uncertainty here is the
determination of the local field strength, which could vary a lot due to complexities in
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geometric factors such as the surface roughness. The value of work function value could
also be tricky to use in this formula, since the value could be different even from the same
emission area due to adsorptions. A more commonly used way to judge if the set of field
emission data agree with the F-N formula is to compare with F-N plot. Before doing that,
the external applied voltage V and the field enhancement factor β are used to substitute
the electric field strength E with the relation E = βV. The formula can then be written as:
1.5
µ
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After taking a natural logarithm on both sides, we obtain
ln(
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Therefore a linear relation between the quantities ln(I/V2) and 1/V are expected. From the
slope, one quantity between β andΦ is also extractable after knowing the other from
different measurements. Eventually, the emission area A can also be deduced from the
y-intercept of the F-N plot. The above formula does not take into account the image effect
on the current density, since the effect is minor.
The formula neglects the influence of temperature, so it should be only valid at
T=0 strictly speaking. However, as long as T is within a normal range, which is to say
µ>>kT, it works as well for field emission under moderate temperatures. From the F-N
formula, the energy distribution in the applied field direction can also be calculated. Let E
be the kinetic energy of the electron, △ be the energy difference between the Fermi
energy and the kinetic energy of the electron, the energy distribution density, I(E)dE is
then
I ( E )dE = 16 P ⋅ im{∆

E (φ + ∆ )
h 3 (φ + µ )

⋅ exp(−
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b(φ + ∆ )1.5
)}dE (for E<μ)
F

(4.4)

I ( E )dE = 16 P ⋅ im{kT

E (φ + ∆ ) ⋅ e ∆ / kT
h 3 (φ + µ )

⋅ exp(−

b(φ + ∆ )1.5
)}dE (for E>μ)
F

(4.5)

Where h is plank constant and b is a constant. From the above formula, it is clearly seen
that as F (electric field strength) becomes stronger, the energy distribution is broadened.
The absolute value of the Fermi level µ only slightly affects the distribution. However, the
width of the distribution broadening is strongly dependent on the values of ∆ and Φ,
which both decide the tunneling barrier dimensions.
Applying a negative potential at the semiconductor surface results in the whole
band structure being bent down and this effect is illustrated in Figure 4.2. The Fermi level
which is originally located between the conduction band bottom and the valence band top
therefore has a chance to sit above the conduction band now or still sits below it, if the
bending is not strong enough. In the former case, as shown in Figure 4.2, the emission is
just like in case of metal field emission and is independent from the temperature. In the
latter case, however, thermal energy will still be needed to pump electrons from valence
band into the conduction band to provide the ‘electron pool’ for field tunneling. The
distribution of such electrons obeys Boltzman statistics and therefore strongly depends on
temperature.
In order to achieve a current sufficiently large to be used in electron optical
applications, the local electric field strength in the order of 107 V/cm is usually required.
In reality, such a field strength is impractical to achieve just by applying an electric
potential to a normal flat surface. Therefore, a sharp needle shaped metal is usually used
to generate an intensified local electric field at its tip apex when an electric potential at
the order of 3000 V is applied. If we define an external field Eexternal as a spatial average
of the applied potential, V/d, with d being the distance between the emitter tip to the
anode, β, the enhancement factor is then the ratio of actual local electric field divided by
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this average applied field, Elocal/Eexternal. For normal metal emitters, the value of β is
usually considered as a constant and is only determined by the geometry of its tip apex,
such as the radius of curvature. A commonly accepted empirical form is β = 1/kr, with k
being a number around 5 (Brodie & Spindt, 1992). Therefore, using nanometric sized
emitter tips is of great advantage to obtain a higher emission current density under the
same applied field. The recent discovery of carbon nanotubes and one-dimensional
nanowires of other materials make people believe that their extremely sharp tips and long
aspect ratios are advantageous in field emission applications. The most extensively
studied subject is the cold field emission from carbon nanotubes.
Carbon nanotubes can be as small as about 1 nm in diameter. A single walled
carbon nanotube (SWCNT) is only composed of one single layer of carbon atoms. It is
hollow in the middle and can be either terminated with a closed cap or open tube structure.
In either case, there are only a few atoms at the tip apex and they contribute the most to
field emission current. However, the general F-N theory was formulated to describe
electron tunneling from bulk metal surfaces, in a relatively much more uniform electric
field. Experimental results do show that some emission features from CNT, especially
SWCNTs can not be explained by the F-N theory. These deviations include the
non-linearity of F-N plot and an emission current saturation under high electric field (Han,
Lee, & Ihm, 2002). Though there is no generally applicable theory to describe the detail
emission from CNTs, in other words, the picture is still unclear, there has a considerable
amount of theoretical work been done to address this issue. The following points have
been proposed: Buldum and Lu proposed that the local electric field is distributed with a
large variation on the nanotube cap and this distribution also changes with externally
applied electric field (Buldum & Lu, 2003); Zheng et al. suggested that the strong field
penetration at the CNT cap region is responsible for the lowering of tunneling barrier
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(Zheng, Chen, Li, Deng, & Xu, 2004); Liang et al. compared the behavior of metallic and
semiconducting CNTs and concluded that, due to the band structure changes, the emission
current density of a semiconducting CNT actually increases with the increase of tube
diameter. This is opposite to what the F-N theory predicts (Liang, Huang, Deng, & Xu,
2004); Han et al. proposed that the CNT has some localized states at the cap region which
contributes 10 times more electron current than the extended graphite states (Han & Ihm,
2002).
For multi-walled nanotubes (MWCNT) or nanowires of relatively larger diameters
(>10 nm), the emission current characteristics usually agree quite well with the F-N
formula, due to their similarities to bulk crystals. This type of consistency is usually
evidenced by the good linearity of the F-N plot. Though in such cases, the field
enhancement factor β seems to be constant being given a certain experimental set-up, its
exact value and dependence on the specific geometry parameters still remain unclear.
Some formulas have been determined empirically through experiments where a set of F-N
plots was recorded while changing parameters like the cathode-anode distance, nanotube
length and diameters (Bonard, Dean, Coll, & Klinke, 2002; Xu, Bai, & Wang, 2006).
However, these formulas seem to be limited within a small range of cathode-anode
configurations and parameters. A more commonly applied approach to determine β is to
use numerical simulations according to a certain experimental set-up and nanowire
emitter geometry.

4.1.1.2. Previous Studies
Aside from theoretical studies of NT/NW field emission, experimental
examinations have been carried out to offer a large amount of knowledge about using
NT/NW as field electron emitters. Nanowires including Si, SiC, ZnO, Co, TiO2, W, MoO3
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and many others have been demonstrated to have good field emission properties under
low extraction voltages (Chueh et al., 2005; Wong et al., 1999; Li et al. 2004; Vila et al.,,
2004; Wu et al., 2005; Lee et al., 2002; Li et al., 2002). Noting that a lot of these materials,
especially oxides, are not considered as good candidate for field electron emission in their
bulk forms, however, do give surprisingly good I-V curves when the size comes down to
the nano-scale. The huge field enhancement at the sharp tip could be the reason to
overcome its high work function barrier and surface states could contribute more to the
electron conductance, which compensates the insulating nature of its body. Among all the
one-dimensional field emission structures tested so far, CNT still attracted the most
attention in the field. Its field emission properties have been systematically studied
(Bonard et al., 1999; de Jonge & Bonard, 2004). The following issues have been carefully
addressed: the field enhancement factor (Peng et al., 2006), shape of the emission beam
(Dean et al., 1999I), emission stability (Dean & Chalamala, 1999II), emitter failure
(Bonard & Klinke, 2003) and energy spread (Groning et al., 2000).
CNT has many forms that differed both in size and in its cap structure. A SWCNT
can be as thin as below 1 nm, while a MWCNT can be grown in the range of tens of
nanometers. SWCNT has only a few atoms at its apex and is a natural atomically sharp
needle. Its enormous field enhancement effect is the very reason to attract people into the
field emission studies of this kind of material. Closed-capped MWCNTs are found to start
emission at a much lower voltage than expected from an enhancement factor calculated
directly from its geometry. It is proposed that adsorbates or local small protrusions may
always exist on its cap surface and therefore enhance the field more than a clean smooth
cap. Open-capped MWCNTs are expected to have more efficiency in field induced
emission compared to their closed-capped counterpart. This is expected because the open
edges of the nanotube have more local protrusions for field amplification. However,
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opposite phenomena are always observed in experiments: twice as much extraction
voltage is usually needed for open tubes than for closed ones. It again indicates that the
actual emitting sites are not atoms on a smooth hemisphere surface as would be expected
in an ideal model.
By recording the field emission patterns with a multi-channel plate and phosphor
screen, the deviation of the emission from an ideal perfect structure is more clearly shown.
For open-capped tubes, multiple bright spots in the field emission pattern are usually
observed. These spots sometimes appear as rings as expected from the dangling atoms on
the edge of an open tube structure. However, patterns of other structures were also
observed quite often. For a closed-capped tube, though the presence of only one bright
spot is observed, the spot changes with time and eventually becomes much dimmer and
flattened out when the tube is heated to desorb surface molecules. Emission current
dropped four times compared to when it started. The speculation is that the emission is an
adsorbate-type, though the local protrusions are also a possible mechanism. The results in
part explained the lower turn-on voltage of CNTs than the calculated value directly
through the F-N formula and emphasized the importance in obtaining clean emitter tube
surface for good stability.
Field emission stability is always a most important factor in determining if the
emitter can be used in a practical field emission device. It can be directly measured by
recording the emission current with the elapse of time or recording the applied voltage to
keep a certain value of emission current. Stability studies under a high vacuum, 10-7 mbar,
show the following chracteristics: emission from SWCNT films is not stable and loses its
emission current gradually as emission continues. SEM examinations before and after the
emission test shows a significant reduction in film density. It is likely due to the ion
bombardment damage on the layer of carbon atoms of SWCNTs at such a vacuum level.
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Closed-capped MWCNT films are better option to offer stable emission. For the same
type of CNT, either single nanotube form or film, it is always observed that the emission
current density also affects the stability of the emitter. At low current densities, emission
is stable with some low amplitude noise. When emission current density is raised to the
medium range, current steps which fluctuate more than 10% are observed. The best
stability is obtained after the current goes to high values, although catastrophic
breakdowns usually follow after a short span of time, depending on the specific emitter
structure. The phenomena could be explained as follows: under a low current density, it is
an adsorbate-emission type. Field emission is actually from the local absorbed molecules
on the nanotube top surface. Under the median emission, desorption and absorption occur
at the same time. Absorption leads to localized large field amplification and as a result,
higher emission current. Desorption on the other hand, causes a loss of local protrusions
and damping of emission current. The switching between these two mechanisms causes
large current fluctuations. When the emitter is operated at high current, however, the joule
heating caused by the emission current keeps the emitter tip clean so that a stable
emission is obtained. The catastrophic breakdown of the emitter is likely due to the ion
bombardment damage to the emitter body. Good stability is also observed when an
emitter temperature of about 600 oC is maintained by a heating unit during emission.
Operating the emitter at a ultra high vacuum with base pressure less than 10-9 torr, is
helpful in getting stable emission current (de Jonge et al., 2003). Current drifts lower than
0.5% were observed for a single CNT during an hour of continuous emission. The
emission current was set at 190 nA, the emitter temperature was set at 500 oC and the
vacuum level was 10-10 torr.
Generally speaking, field emitters running at poor vacuum environment and high
emission current are subjected to more damage from chemical et alhing or sputtering,
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thus usually have a shorter service life. The limit of a safe operation current is different
from emitter to emitter. It is found that the type of gas residues has very different effects
on the emitters’ destruction. For example, a CNT emitter keeps an emission current of 1
uA without much degradation when working under H2O gas for any pressure lower than
10-6 torr. The H2O gas is also believed to restore a certain surface state which is the origin
of CNT field emission. H2 gas of 10-6 torr seems to have little effect on the operation of
the same nanotube emitter. No obvious degradation was observed after running the same
emitter for more than 40 hours under 10-7 torr of Ar. However, the same pressure of O2
gas made the emission current drop by more than 75% at a time span of 48 hours. Rapid
non-recoverable decrease in emission current still occurs even running the same emitter
under 10-8 torr of O2 residue gas. The conclusion is that the CNT emitter behaves
differently from the regular W metal based emitters. For W metal emitters, bombardment
from light ions such as hydrogen, usually causes ion enhanced protrusion growth on the
emitter apex; bombardment from heavy ions like Ar, usually causes blunting of the tip.
Neither of these two was observed with the CNT emitter and it is very likely due to the
stronger co-valence bonds between C atoms than the metallic bonds in W. Oxygen ion
bombardment could cause chemical et alhing on the surface and eventually destruct the
CNT emitter.
Energy spread of the emitted electrons is an important quantity. For applications in
high resolution electron optical instruments, energy spread causes chromatic aberrations,
and therefore limits the ultimate resolution. For energy resolved spectrometry, the
narrower distribution of the electron probe energy is directly desired. Highly coherent
electron beam with narrower energy spread is the basis of phase interference techniques,
such as electron holography. Energy spread can be deduced from F-N theory. By
combining the energy spectrum and I-V curves, one can obtain the true work function of
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the emitter. For such a study, a value around 5ev was extrapolated for CNT field emitters.
The energy spread of the CNT emitter is found to be only half of the value of typical
metal emitters. The origin of this low energy spread is believed to be that electrons
tunneled from a localized surface state on the CNT apex, not directly from the body states.
Similar lowering of the energy spread was also found in W nanotip emitters, where the
surface state is dominant.
Though these studies were all based on the CNT emitters, several of the key issues
are generally applicable to the nanostructure field emitters. The results and properties
obtained are to some extent shared with other refractory non-metal NT/NW emitters, such
as the response to ion bombardment, lower energy spread and contamination induced
current fluctuations.

4.1.2. Motivation
4.1.2.1. Fundamental Properties and Device Applications
The phenomenon of electric field induced electron emission has been known to
the world for almost a century. The emission mechanism is well understood and
established for most of the encountered situations in real life. Device applications in
microelectronics industry hold an unshakable position for its unique advantages over
other electron emission mechanism (Fursey, 2005). However, the advancement in the
emitter materials preparation always brings up new scenarios in which the old theories
fail to explain or seem inadequate. On the other hand, the immergence of new emitters
offers chances not only to enable better use of the present applications but also further its
application in new areas of our life, which a lot of times are more significant. These
opportunities demand better understanding of the mechanism and more knowledge about
the properties of the new emitter materials’ characteristics.
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Conventional emitters are divided into two types. Type one is usually metal or
semiconductor needles sharpened from their bulk forms through chemical et alhing. To
further localize the electron emission site in order to get a more stable, angular confined
and coherent beam, either a field build-up or low work function adsorbates are utilized to
produce point emission. Its advantage is the ability to make atomically sharp tips and to
produce a highly confined electron beam. The disadvantage is the difficulty in controlling
the needle shape and therefore can only be used to construct single emitter structures.
Type two is pyramid shaped emitter arrays fabricated through semiconductor processes.
The materials can be a metal or semiconductor with dielectric material coatings. This type
enables the application of field emission on a relatively large scale. But the sharpness of
individual tips is hard to improve. Recent development in the chemical synthesis of
one-dimensional nano-structures has offered new opportunities in search of nanowire
emitter materials. Nanotubes and nanowires, grown through chemical methods on a large
scale, naturally have nano-scale sharpness at their tip end. By making a
nanotube/nanowire film, one can easily obtain field emitter arrays with individual tip
sharpness comparable to or even better than the state-of-the-art type one emitter.
Therefore, in principle, it combines the advantages from both type one and type two field
emitters.
Current stability and emitter lifetime are the most important characteristics for a
practical field emitter. Fundamental properties that affect the emitter stability and life time
include: joule heating, ion sputtering, emission site, vacuum stringency, and surface
absorption. The electric field enhancement factor β is also important since it determines
the ease of operation in terms of the applied voltage (Gomer, 1961). However, the above
listed properties are all material sensitive and emitter-geometry sensitive. Since
nanotubes/nanowires have very different dimensions and geometry from the conventional
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field emitters, their fundamental properties as field emitters must be studied in detail.
Joule heating is caused by the passing of emission current through the emitter
body. Field emission usually generates a current density at the order of 107 A/cm2.
Because of small cross section of nanotubes/nanowires, joule heating could be very
severe. Though the field emission itself is fairly stable with temperature variations, the
emitter material might fail when temperature approaches its melting point. As the
temperature increases, the mobility of the emitter tip goes up. Under a high electric field,
atoms will start to build up into even sharper protrusions. The protrusion leads to an even
higher localized electric field and higher emission current density, which in turn generates
more joule heating. Eventually this accumulated effect results in the destruction of the
emitter. Therefore, it is crucial to know the heat transportation property of the
nanotube/nanowire emitter material, strength of bonding, its response to field build-up
and electric resistivity. Ion bombardment is another cause of emission instability. The
emitted electrons ionize the gas residues around the tip area and those ionized gas
molecules could bombard the emitter tip due to static forces. The bonding strength of the
emitter materials is therefore crucial in response to the ion bombardment. The consistency
of emission sites on the tip top surface is also important, because current fluctuations and
changes in electron coherence will occur if more than one spot on the tip top surface is
emitting electrons. Field built-up and adsorbates both could be the cause of changing
emission sites. The influences of the adsorbates on the emission properties are from two
aspects. Some adsorbates can the lower work function of the emitter material on certain
crystal planes. Zr absorped on W (100) plane is one of such examples. Adsorbates also
form a localized protrusion, which greatly enhances the local electric field. In both cases,
electron emissions are localized to the sites of adsorbate. Sometimes, two mechanisms
work at the same time when field build-up occurs underneath the adsorbates due to
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localized emission originally induced by the lowering of work function. The reactivity of
the emitter materials with gas residues is especially important in determining the emission
stability and life time. The emission crystal planes usually have the lowest work function
and at the same time the highest reactivity with active gas residues, such as oxygen.
Different materials therefore have different stringency for vacuum conditions. These are
the determining factors for the manufacturing cost and put a limit on applications.
Nanotubes/nanowires usually grow along their crystallographic axis and terminated with
crystal planes determined by specific crystallographic features. Therefore, the geometries
of different types of nanotubes/nanowires are quite different. This difference results in
different electric field enhancement. Since the field enhancement affects directly the
emission current density, this property should be addressed as well.
The unique features of field emission include: extremely high current density,
instantaneous emission almost without any time delay, high temperature tolerance,
compactness, high coherence and sensitive to vacuum conditions. Based on these features,
the applications of field emission devices fall into two categories: single emitter point
source and field emitter arrays. Point electron source is mainly used in electron optical
and surface analysis instruments, which includes TEM, SEM, electron lithography system,
and surface analyzer for example. In these applications, in order to achieve high spatial
resolution, the brightness of the emission source is crucial. Field emission source can
reach a brightness in the order of 109 A/cm2*sr, which is two orders of magnitude higher
than the thermionic LaB6 source and 3 orders of magnitude higher than the thermionic W
source. Such a high brightness enables the operator to achieve very a small electron probe,
below 10 nm in diameter, but still with a sufficient beam intensity both for imaging and
chemical composition analysis. The theoretical brightness limit of an electron source is
defined by the Langmuir equation (Fursey, 2005):
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Bmax =

jeV
,
πkT

(4.6)

where j is the emission current density of the emitter. As shown by the F-N formula, j is
dependent on the emitter tip geometry and its emission surface work function. Therefore,
nanotubes/nanowires out of low work function material, such as LaB6 will be highly
suitable for such applications. Another use in electron optical systems is to use a highly
coherent electron beam to form holograms of the object under observation. Electron
holography can retrieve phase information about the object, which reflects magnetic field
or electric field distribution around the object. For such applications and electron energy
resolved analyzer, such as electron energy loss spectrometry (EELS), low energy spread,
or in other word, high coherence of the emission source is required. The energy spread of
field emission source is around 0.2-0.3 eV, which is only a tenth of that of a thermionic
source. Recently, Dejonge has built a field emission point projection microscope with a
single SWCNT as the field emitter and obtained a magnified image of a holey carbon film
without the help of any lens (de Jonge, 2002). It is from this work that the field emission
characteristics of the carbon nanotube were evaluated and were shown to be even better
than the commercial field emission source based on tungsten needles. In a subsequent
work, he also pointed out the importance in using nanotubes/nanowires of low work
function in achieving a higher coherence of the electron beam (de Jonge, 2005). LaB6
nanowires are therefore an excellent candidate for the purpose.
Besides electron optical applications, field emission is very useful in vacuum
microelectronics. In these fields, more than one field emitter is needed to work with many
others. So field emitter arrays are usually the desired configuration. Each emitter unit has
a triode structure, where a well shaped control gate is used to extract electrons out of the
cathode emitter and those electrons are accelerated and collected at an anode. Some
examples are listed below.
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Field emission flat panel display utilizes arrays of field emitters as the electron sources.
Each emitter is individually addressable through a control matrix. By applying a negative
potential between the emitter tip and its control anode gate, electrons are extracted out of
the emitter and its trajectories strike a phosphor screen put in the front, thus produce
images. Because of the compactness of the emitter structure, a high density packing is
attainable. Each display pixel usually contains more than 1000 emitters. Such a layout is
necessary not only to produce a high current, but also to get an overall even current
between different pixels. Conventionally, the emitters are pyramid shaped Si or Mo tips
fabricated through semiconductor processes. Vertically grown nanotubes/nanowires on a
metal surface or nanotube/nanowire pasted films are also promising candidates as field
emission arrays. Their advantage is having much sharper tips, capability of producing
large area arrays and the low cost to manufacture. Recently, Choi, et al. have reported a
full color field emission display based on pasted carbon nanotube film (Choi et al., 1999).
Same type of nanotube/nanowire films can also be used as a cathode for x-ray generation
in a micro-CT device (Yue et al., 2002). The advantage of such a micro-CT is its large
area of coverage, which enables 3-D imaging of large living object, such as the human
body. The triode structure of the field emission arrays can be easily used as field emission
transistors and amplifiers. Space concerned, field emission transistors only occupy a very
small vacuum tunneling gap in the range of microns, thus enabling higher density packing
compared to solid-state transistors. The biggest advantage of using field emission
transistors is that the event of field emission is instantaneous without any delay time,
electrons fly in a ballistic manner without inertia, so it allows fast switching between on
and off. The switching frequencies are ranged from a few GHz to thousands GHz. These
unique features can be used in building all types of microwave devices and energy
converters. Since field emission does not have any energy consumption, light source
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utilizing this feature could save much energy. A field emission lamp using CNT pasted
films have been built (Croci et al., 2003).

4.1.2.3. Experimental Goals
The

above

mentioned

application

potentials

are

for

one-dimensional

nanotubes/nanowires in general. Recently, systematic studies and large amount of
experimental data have been collected for carbon nanotube field emitters. Nanowires out
of rare-earth hexaboride family, though possessing better properties in terms of their
lower work functions, more robust structure, have received less attention. Such
negligence is due to the lack of synthesis method for these materials. Our recent
successful growth of rare-earth hexaboride nanowires now makes the evaluation on their
field emission properties possible (Zhang et al., 2005I, 2005II, 2005III, 2006). To achieve
an ultimate goal of realizing a product out of single rare-earth hexaboride nanowire field
emitter, we plan to achieve the following results at this stage. The first goal is to develop
a reliable route to fabricate single nanowire field emitters. Special attention will be paid
on the bonding nature between the nanowire and the supporting object, such as a tungsten
wire. A mechanically robust, electrically and thermally conductive bonding is expected.
The second goal is to make a thorough structural characterization of the single nanowire
emitter. High resolution TEM equipped with chemical analysis spectrometer will be the
major tool for this purpose. Special attention will also be paid to the surface structure and
compositions, which contribute the most to the emission properties. The third goal is to
measure the field emission characteristics of the so made nanowire field emitters. The I-V
curves will be collected and field emission patterns will be recorded. Emission
characteristics such as the work function, field enhancement factor, emission area, current
density will all be extrapolated from the data. Finally, our goal is to correlate the
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structural and compositional information with the real-time field emission properties. One
approach is to perform ex-situ experiment by measuring the same structure separately in
TEM and in emission measurement chamber; another approach is to utilize in-situ
microscopy method to perform field emission measurement inside a TEM. Both of these
two approaches will be executed in this research.

4.1.3. Overview of Chapter 4
The rest of the contents of Chapter 4 will be organized in the following manner.
Fabrication of single nanotube/nanowire emitters will first be described. Four methods,
namely, the direct contact method, dielectrophoresis method, focused ion beam method
and electron beam lithographic method will be introduced in sequence. Since the electron
beam lithographic method is what we found the most efficient at the current stage, it will
be discussed in more details. In the following part, high vacuum chamber, the ex-situ,
measurement of three types of single nanowire field emitters will be reported in such
order: first, carbon glue bonded LaB6 emitters; second, EBL bonded LaB6 emitters and
lastly, carbon glue bonded GdB6 emitter. In the third part of the Chapter, details about the
in-situ field emission measurement will be introduced. It will start with the field emission
in-situ holder design in general and the studies that have been done, followed by the
details of our own design of an in-situ holder for JEOL 2010F TEM and the description of
the experiment procedure. Then results and discussion will be presented on two major
experiments we performed by this method: the emission current density study and a study
over the charge of distribution using TEM imaging as a tool. Concluding remarks will be
given at the end. Finally, summary and conclusionss of the Chapter shall be presented,
followed by a reference list.
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4.2. Fabrication of Single Nanowire Electron Field Emitters

To use nanotubes/nanowires as a electron point source, the first step is to make a
single nanotube/nanowire field emitter strucuture, which usually consists of a
free-standing nanotube/nanowire attached to the tip of a needle. Electrochemically et
alhed tungsten needle is a popular choice for this purpose. Its sharp tip is usually below
tens of nanometers, providing a comparable size for the nanowire attachment, while its
shaft can be as thick as a third of a millimeter, offering convenience in handling and
manipulation. There are four major ways to attach a nanotube/nanowire onto the tungsten
needle.

4.2.1. Direct Contact Method
The simplest way is the direct contact method. It usually involves a manipulator
with micron precision. The tungsten needle is first bound to the manipulator and then is
directed towards a selected nanotube/nanowire previously grown on a deposition
substrate. For a carbon nanotube, after the tungsten tip is brought into contact with the
desired nanotube/nanowire, a large current density is passed through the CNT. The
current introduces severe joule heating and will eventually break the CNT in the middle.
The half of CNT left attaches to the tungsten tip and completes a single nanotube emitter
structure (Nishijima et al., 1999). Due to the small size of CNT (<10 nm), it is beyond the
resolution of an optical microscope. This type of experiment is usually done inside an
SEM using an in-situ manipulator. Stronger bonding between the CNT and tungsten tip
can be achieved by focusing the electron beam on the joint area for some time under a
rather poor vacuum (Nakayama et al., 2000). In this way, the electron beam induced
deposition of amorphous carbon will serve as a binding glue to enforce the joint. An
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alternative way is to prepare a soot of nanotubes/nanowires so that there is no strong
bonding between them and the growth substrate (Rinzler et al., 1995). In that case, the
van der Waals interactions between the tungsten tip and the nanowire/nanotube are
sufficient to pull it out of the bunch.
The operation could be done under an optical microscope without the help of
SEM. Even though the individual nanotube/nanowire can not be seen during tip
approaching, one can still tell if the tip is in contact with the bunch. Chances are that there
are always some nanotubes/nanowires attached to the tip after retraction of the tungsten
needle. Single nanowire/nanotube attachment is possible to obtain after multiple tries. To
secure the single nanowire/nanotube attachment and reduce the bonding strength of it to
the supporting substance, it is preferred to disperse the nanotubes/nanowires on the edge
of the substrate or on holey carbon films. It should be noted that, though it is a
cost-efficient way to attach a single nanotube/nanowire to the tungsten needles through
the direct contact method, the bonding strength is rather poor. This usually leads to a loss
of the nanotube/nanowire during transportation or field emission process. A recent work
done by Fan’s group used an AFM to measure the force born by the apex of a single CNT
field emitter during field emission (Wei et al., 2006). A pulling force in the range of tens
of nano newtons is obtained, which corresponds to a pressure of 5X108 Pa. Some groups
reported the use of ‘’carbon glue’’ in helping to improve the bonding strength between the
CNT and the tungsten tip. In their experiments, a tungsten tip first pierced into a carbon
tape and then was brought into contact with the CNT sample. However, the sticky
substance on carbon tape is acrylic, which is insulating and also has a low melting point
(about 300o C). The lack of reliability of the direct contact method is still inevitable.

4.2.2. Dielectrophoresis Method
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It is well-known that under a non-uniform electric field, particles suspended in
dielectric media is subject to a force due to polarization. The force exerted on a field
aligned cylinder is expressed as (Pohl, 1978):
F=

πa 2 b
3

ε m Re(

ε p* − ε m*
εm

*

2

)⋅∇ E ,

(4.7)

where a is the radius, b is the length in axial direction, εp and εm are the dielectric constant
for the cylinder and the media, respectively, and E is the electric field. The formula tells
us that by applying a non-uniform field in the suspension of nanotubes/nanowires, we can
drive them to the place where a higher electric field is present. The force can be negative
if εp < εm. Tang et al. uses a sharp tungsten tip piecing into a water suspension of CNT
(Tang et al., 2003). A non-uniform electric field which is greatly intensified at the tip
region was thus produced. As a consequence, CNT bundles are attracted to the apex of the
tungsten tip and formed a fibril as the tip was drawn out of the suspension. The length of
the fibril can be controlled by the concentration, frequency used and the speed of the tip
in leaving the suspension surface. Entangled nanotube bundles are found to wrap the
tungsten tip, providing a strong binding. Field emission measurement by Zhang et al.
showed a good structural stability (Zhang et al., 2004). The strength of the binding is also
exhibited by the unchanged tip structure after testing the structure for AFM probe
applications. The reliability of the technique is fairly good. However, the number of
nanotubes/nanowires attached is hard to control. Since this method involves the use of
suspension, it is also hard to guarantee the cleanness of the nanotube/nanowire surface,
which is on the other hand a determining factor for current stability of the field emitter.

4.2.3. Focused Ion Beam (FIB) Method
An improvement over the above mentioned direct contact method is to use
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focused ion beam (FIB) technique to deposit a tungsten metal bond at the
nanotube/nanowire joint with the supporting tip. The procedure is to use the direct contact
method to attach more than one nanotube/nanowire on the tungsten tip. Then put the
structure into an FIB chamber, where the milling mode will be first used to cut off the
excessive nanotube/nanowires, and then deposition mode will be used for the tungsten
binding formation. A demonstration of this procedure is given in Figure 4.3. In Figure
4.3a, two nanowires of about 10 µm long and 100 nm wide were attached to the surface of
a tungsten tip. They are marked by white arrows. Then the top nanowire was cut off by
the focused ion beam. After introducing tungsten vapors into the FIB chamber at a
pressure of about 5X10-6 torr, ion induced deposition was performed at the root area for
30 minutes. The FIB image taken after these steps is shown in Figure 4.3b. The inserted
images show the magnified details of the cutting and deposition sites, respectively. The
technique offers high resolution imaging and precise tailoring capability. The bonding
between the nanowire and the tungsten tip has fairly good mechanical strength and
conductivity. The two drawbacks of this technique are that firstly, the FIB imaging
process is destructive. If the nanotube/nanowire is too small, for example a few
nanometers wide or even less, damage to the structures could become severe. Secondly,
the use of Ga ion in the process could introduce surface contaminations, which could
affect the work function of the so made nanotube/nanowire field emitters.

4.2.4. Electron Beam Lithography Method
4.2.4.1. Introduction
One-dimensional nanotube/nanowire (NT/NW) has raised tremendous scientific
interests for the past 15 years. One of the most intensively studied applications is the use
of nanotube/nanowire as electron field emission sources which directly take advantage of
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the extremely small tip size and long aspect of the ratio to generate a high brightness in
the highly coherent electron beam, yet with a low fabrication cost (de Jonge & Bonard,
2004; Bonard et al., 1999). One promising example of this application is the electron field
emission point source for electron optical instruments such as the transmission electron
microscope (TEM), scanning electron microscope (SEM) and electron beam lithography
system (de Jonge, 2002).
While fabrication of flat panel displays usually desires a continuous film out of
NTs/NWs, a point electron source, on the other hand, demands a single free-standing
NT/NW structure attached to a supporting object through a robust, thermally and
electrically conductive contact. Current methods of fabricating single NT/NW emitters
include direct growth (She et al., 2003), dielectrophoresis (Zhang et al., 2004), or simply
putting a supporting object in contact with the NT/NW and hold it by the van der Waals
forces (Rinzler et al., 1995), acrylic based glue (de Jonge et al., 2003) or electron
irradiation induced C contamination bonding (Akita et al., 1999). While these attempts
were proven useful in making structures for the purpose of laboratory measurements and
have indeed demonstrated the excellent properties of the NT/NW field emitters, they are
all somehow lack of reliability and therefore might not be suitable for making a practical
electron emitter product. For example, the direct growth method is very hard to control
the length and number of the NTs/NWs grown on the desired sites. It is also not
applicable to NTs/NWs formed through non-catalyst reactions. Electrophoresis usually
attaches a bundle of NTs/NWs instead of a single unit and it inevitably introduces serious
contamination due to the nature of the liquid-based process. C contamination bonding
restricts the post contaminants cleaning procedures that are necessary to obtain a stable
electron emission. At the same time, both theoretical and experimental studies have
shown that, during field emission, the NT/NW field emitter body is under a high out pull
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electrostatic force and a self joule heating, which easily raises the emitter body
temperature to over 1000o C (Bonard et al., 2003; Vincent et al., 2002; Huang et al., 2004).
This harsh environment always causes falling-offs of the NTs/NWs from the van der
Waals bonding and the acrylic glue bonding, which has a temperature tolerance of only
60o C (Wang et al., 2005; Zhang et al., 2005). Another frequent cause of failure of the
NT/NW emitters fabricated by these methods, including the direct growth, is that the
supporting substrate melts even before the breakdown of the NT/NW body. This is due to
the poor thermal conductivity at the emitter/substrate contact (She et al., 2003; Wang et
al., 2005; Zhang et al., 2005; Nilsson et al., 2003). Therefore, a better fabrication method
must be established in order to make a reliable NT/NW field emitter, because after all, for
an ultra-high vacuum field emission gun system, it costs much more replacing the
electron emitter than the actual cost of the emitter material itself.
Photo and electron beam lithography (EBL) techniques are well-established
fabrication process used in modern microelectronic industry. The wirings and connections
made by this masked metal deposition approach offer excellent electrical and thermal
conductions which make possible the reliable performance of every piece of daily
electronics. The nano-scale precision and manipulation flexibility of the technique have
been utilized to make various kinds of NT/NW based electronic devices such as field
effect transistors (Tans et al., 1998), logic gates (Huang et al., 2001; Bachtold et al., 2001),
laser emitters (Duan et al., 2003), random access memories (Rueckes et al., 2000) and
nano-scale electromechanical devices such as the torsional pendulums (Meyer et al.,
2005; Williams et al., 2003; Papakakis et al., 2004). The lithography-made contacts
between the NT/NW and its supporting substrate have excellent thermal, electrical
conductivities and robust mechanical strength. It enabled passing through a large current
to break the carbon nanotube shells layer by layer and can provide robust anchoring
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attachments for nanotube torsional springs (Collins, 2001). In thesis, we also used EBL in
making a reliable and practical single LaB6 nanowire electron field emitter. High
resolution transmission microscope (HRTEM) was employed to study the field emitter
structure before and after the emission measurements. While this method is generally
applicable to all single NT/NW field emitter structures, we chose LaB6 nanowire because
it has the greatest chance to be the optimum field emission nanowire material as promised
by the compound’s low work function, high melting point, high chemical resistance at
high temperature and high electrical conductivity (Zhang et al., 2006).

4.2.4.2. Experimental
A silicon substrate was covered with CVD synthesized single crystalline [001]
oriented LaB6 nanowires and the CVD method is described somewhere else. A copper foil
(0.1 mm thick, McMaster-Carr, Inc.) is cut into a rectangle with dimensions of 2 mmX10
mm to be used as a supporting object for the emitter body. The foil tip was dipped into
contact with the silicon substrate so that it has randomly distributed nanowires dangling
out of its tip top edge. The foil was then put onto a clean silicon substrate with the
nanowire-covering side facing upwards. The structure was examined by an SEM (Hitachi
S4700, equipped with a cold field emission gun) to select and locate the desired LaB6
nanowire. A drop of PMMA (10% in chlorobenzene) was then applied on top of the
structure to cover the nanowire area after drying in air. The structure was then transferred
back to the SEM where a home developed computer EBL program, Seegerizer, was used
to drive the electron beam to expose the selected root area of the nanowire at an
acceleration voltage of 30 kv and a dose of 1.4 nC/cm. The exposed area was then
developed in a 1:3 mixture of methylisobutylketon (MiBK) and isopropyl alcohol (IPA)
for 1 minute. The structure was then loaded into a thermal evaporator where 10 nm thick
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Cr was first deposited onto the sample followed by a 100 nm thick Au deposition. Lift-off
was done by immersing the sample in acetone for 10 minutes before the excessive Au
layer was peeled off from the PMMA resist protected area. The single nanowire field
emitter was then dried in air.
The copper foil was further cut short in order to fit a TEM (JEOL2010F, equipped
with a Schotky field emission gun) double-tilting sample holder and then it was put into
the TEM chamber for characterization. EELS analysis was performed with the same type
of TEM with a Gatan imaging filter.

4.2.4.3. Results and Discussions
Figure 4.4 illustrates the procedure for the EBL fabrication of a single LaB6
nanowire electron field emitter. A copper foil cut into a slim rectangle was used as support
for a LaB6 nanowire in order to achieve optimum thermal conductance (Akita et al., 1999).
The foil tip was then brought into contact with a silicon substrate covered with single
crystalline [001] oriented LaB6 nanowires grown by a chemical vapor deposition (CVD)
method (Zhang et al., 2006) (Figure 4.4a, step i). the LaB6 nanowires with random
diameters and lengths are consequently attached to the foil tip with random orientation
through van der Waals interactions (Figure 4.4a, step ii). One nanowire with preferred
diameter, length and orientation can then be selected and its relative location can be
recorded with reference to the foil edge topographic features. It is found helpful to put a
substrate on the back of the structure in order to provide a support for the following
polymethylmethacrylate (PMMA) resist coating (Figure 4.4a, step iii). After the PMMA
coating, it turned out that, although the nanowires were all buried underneath the resist,
topographic features at the foil edge were still recognizable and with their help we were
able to locate the desired “welding” spot on the selected nanowire. A hole through the
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resist was drilled to expose the root of the selected LaB6 nanowire after electron beam
exposure and developing procedures. 10 nm thick Cr layer was thermally deposited into
the hole to ensure a good adhesion and the best mechanical strength between the
nanowire and the deposited 100 nm Au layer. After lift-off, as shown in Figure 4.4b, the
foil tip was found clean with only the presence of the selected nanowire with its root
buried underneath a layer of Cr/Au metal. The presence of the Au layer can be verified by
seeing a golden colored spot near the copper foil tip edge under the optical microscope.
A single LaB6 nanowire emitter fabricated by the method described above was
studied by TEM before field emission measurements. Figure 4.5a is a low magnification
image showing the morphology of the emitter structure. A single LaB6 nanowire with
diameter of 90 nm extends out of the copper foil tip with a length of 2.5 µm. The
film-looking substance near the root of the nanowire is suspected to be the PMMA resist
residue which was not completely removed by acetone rinsing. A magnified image,
Figure 4.5b, shows that the root of the LaB6 nanowire is buried in metal particles of
diameters ranging from 10 nm to 50 nm. Figure 4.5c is an HRTEM image of one of the
particles marked by a black arrow in Fig. 2b. It clearly shows the face-entered cubic
lattice of Au with a lattice constant of 4.08 Å. Figure 4.5d is also an HRTEM image
characterizing the side wall of the LaB6 nanowire. We confirmed that the nanowire is
grown along its [001] lattice direction and both its side surfaces and top surface are
terminated with the (100) lattice planes. The wall of the nanowire is found wrapped with
a 5 nm thick layer which is composed of amorphous substance and a crystalline phase
which we identified us graphite. These graphitic layers are believed to have formed
during the CVD synthesis of the LaB6 nanowires. In order to identify the chemical
composition of the amorphous substance, electron energy loss spectroscopy (EELS) was
applied to study a single LaB6 nanowire. In order to avoid influence from sample drifting
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during data collection, we acquired the spectrum in the scanning transmission electron
microscopy (STEM) mode so that we can simultaneously observe the image when
acquiring the EELS spectrum. The STEM image is presented in Figure 4.5e. The two
marked circles i and ii represent two spots on the main body and wrapping layer,
respectively, where we set the electron beam to collect the EELS spectra. The beam size
is about 3 nm in diameter. The cubic lattice image indicates that the nanowire is tilted to
[100] lattice direction, which ensures the same thickness along the electron beam
direction where the two spots were set. It is based on the knowledge that the nanowire has
a rectangular cross-section with (100) lattice planes as the terminating surfaces. In Figure
4.5f, we can see that spectrum i and ii both have La, B and C peaks. However, noting the
fact that both the B peak and the La peak are lower in spectrum ii than in spectrum i and
that the C peak is ranked reversely, we deduce that the amorphous substance is more
likely to be amorphous C. This is because if the amorphous substance is La or B, their
signal intensities should be the same in the main body as in the wrapping layer, since both
parts have the same thickness. However, since C does not exist in the main body, its only
existence in the wrapping layer makes the C signal much stronger when the electron beam
was set on the wrapping layer than on the main body. The presence of La and B in
spectrum ii is speculated to be from the electron scattering effect due to the relatively
large beam size we used.

4.2.4.4. Conclusions
As a conclusion, an electron beam lithography method has been established to
make single NT/NW based field electron emitter structures with robust, electrically and
thermally conductive contacts.
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4.3. High Vacuum Chamber Measurement:

4.3.1. Carbon Glue Bonded LaB6 Emitter:
For field emission measurement, the tungsten wire was used as the cathode and a
piece of ITO glass plate was used as the anode. A layer of phosphor was also painted on
the ITO glass to enable observation of electron emission pattern when field emission
electrons from the cathode reach the anode. The FE measurement was carried out in a
high-vacuum chamber of pressure 10-7 torr.
Figure 4.6a shows a TEM image of a single LaB6 nanowire of 140 nm in width
and about 1 µm in length, fixed to the top of a 0.5 mm thick tungsten wire. Field emission
measurement on this structure was performed in at pressure of 10-7 torr inside a
high-vacuum chamber. While an increasing voltage was applied, the electron fluorescent
pattern observed on a phosphor screen was recorded by a CCD camera. An observable
bright emission pattern started to appear on the phosphor screen when the applied voltage
reached 650 V and the emission pattern is presented in the inserted image of Figure 4.6a.
The elliptical shape of the emission pattern is likely due to the fact that the emitter was
not well aligned with respect to the applied electric field and therefore caused the
cylindrical electron beam to intercept the phosphor screen with an angle from a direction
normal to the viewing screen. The emission I–V curve is displayed in Figure 4.6b. A
measurable field emission current of 0.5 pA was obtained at 450 V, which corresponds to
average electric field strength of 1.5 V/µm obtained by dividing the applied voltage by the
cathode-anode separation of about 300 µm. Also inserted is the F-N plot from the data
ln(I/V2) vs. 1/V. The good linearity of the plot suggests that the field emission from the
LaB6 nanowire emitter agrees with a metal-vacuum field emission model as described by
the F-N equation. In addition, by knowing the work function of the LaB6 emitter (2.6 eV
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for the {001} planes), the slope of the F-N plot
k = −6.44 × 10 7 φ 3 / 2 / β

(4.8)

can be used to estimate the lateral dimension of the emitter with enhancement factor
β ≈ 1 / 5r . For this structure, we obtained D = 2r ≈ 152 nm. This value falls between the
edge length and the diagonal of the cross-section of the square LaB6 nanowire measured
from the TEM image shown in Figure 4.6a. The good consistency again revealed the
validity of applying F-N equation in describing the field emission from our LaB6
nanowire emitter. Effective emission area A was derived to be 6.4nm2 after substituting β
and φ into the F-N plot y-intercept
b = Ln(

1.5 × 10 −6 Aβ 2 10.4
) + 1/ 2 .
φ
φ

(4.9)

Although the reason why only a small spot from the relatively large area of the whole tip
(about 2000nm2) was activated for emission is still unclear, the small emitting area is a
desired feature for high resolution electron optical applications, since it promises low
energy spread which in turn low down chromatic abrasion and enhance resolution. The
emission current density at 800v was estimated to be about 5x105 A/cm2 by dividing the
total emission current by the effective emission area. Comparing to the state-of-art W/ZrO
thermal assisted field emitter working at 1800oC with 3000v extraction voltage, the LaB6
nanowire emitter offers a current density one order of magnitude higher while working at
room temperature with 800v extraction voltage. The current density of the LaB6 nanowire
emitter was also compared with that of a carbon nanotube field emitter, which was
believed to be the most promising field emitter material among all other
nanotubes/nanowires emitters. Result obtained from a single-walled carbon nanotube
bundle emitter under the same experimental configuration shows that the current density
is at the same order of magnitude as the tested LaB6 nanowire emitter. Four other I-V
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curves were also obtained from the same LaB6 nanowire emitter with continuous emitting
time duration of 30 minutes. The good consistency among the curves indicates a good
stability of field emission from the LaB6 single nanowire emitter.
To study the influence of the amorphous boron layer on LaB6 nanowires’ field
emission property, an amorphous boron nanowire of about 170 nm in diameter was
attached to a tungsten tip and arranged in the similar field emission measurement set-up
as the LaB6 nanowire emitter. Emission current never exceeded 1 nA before the applied
voltage went over 800 V in contrast to the 30nA stable emission from the LaB6 nanowire
emitter of the similar size and under the same applied voltage. This might be due to the
high work function of boron (4.5 eV) while that of LaB6 is much lower (2.6 eV). This
suggests that the field emission from LaB6 nanowires should be mainly contributed from
the crystalline part of the nanowire rather than the amorphous boron layer though some
partial impact still can not be excluded at this point. This point of view is also supported
by the field emission data from the single GdB6 nanowire emitter with a similar geometry.
While having the same thickness of amorphous boron layer and a GdB6 crystalline part of
lower work function (1.5 eV), the GdB6 nanowire emitter had higher emission current
than LaB6 nanowire emitter at the same applied voltage, which should not occur if it is
the amorphous boron layer that played the key role in the field emission property.

4.3.2. EBL Bonded LaB6 Emitter
Before the measurement, a copper foil was taped to a micrometer and connected
as cathode. A phosphor pasted ITO glass was put 300 μm in front of the copper foil to
serve as both the anode and an imaging screen, from which, the emission pattern can be
observed and recorded with a CCD camera. The set was then put into a high vacuum
chamber with a pressure of 5X10-7 torr and I-V, I-t curves were subsequently recorded by
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a highly sensitive amp meter connected to a control computer.
After TEM characterization, the same single LaB6 nanowire field emitter was
transferred to a high vacuum chamber where field emission property was measured.
Altogether 18 field emission I-V curves were recorded from 700 volts to 1400 volts at a
vacuum level of 10-7 torr. The emission current went as high as several micro amperes,
after which the emission from the copper foil starts. Figure 4.7a is a representative I-V
curve from the LaB6 nanowire emitter and its inset panel is the field emission pattern
taken at 950 V, recorded on a phosphor screen which also serves as anode. The single
round bright spot at the center screen verifies that the emission is indeed from the single
LaB6 nanowire. By plotting Ln(I/V2) versus 1/V, one can obtain the F-N plot, from the
slope of which, work function of the emission surface can be extrapolated by using the
formula of φ= (-0.031*m/r)2/3 (eV) with m being the F-N plot slope and r (nm) being the
nanowire tip radius. We found that the F-N curve plotted from the emission data in Fig. 3a,
instead of forming a straight line, actually consists of two straight lines with different
slope values and those are presented in Figure 4.7b and Figure 4.7c respectively. The
splitting point is marked by a black arrow in Figure 4.7a. Figure 4.7b presents a less steep
slope at high current and high voltage end, which corresponds to a work function value of
2.67 eV+_0.06 eV. Figure 4.7c presents a steeper slope at low current and low voltage end,
which gives a work function value of 5.2 eV+-0.11 eV. Noting that 2.67 eV agrees with
the reported work function value of 2.6 eV for LaB6 and 5.2 eV is very close to the work
function value of 5.1 eV for C, we proposed the following emission mechanism of the
LaB6 nanowire field emitter. When the extraction voltage is low, it is an adsorbates
emission type from the high work function C layer on the LaB6 nanowire surface. When
the extraction voltage gets higher, the wrapping C is “burned away” through current
induced defects forming and it allows the emission from true LaB6 surface with a low
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work function. The observation of the similar emission characteristic in the I-V curve
taken immediately after this run suggests that, however, the newly exposed LaB6 gets
covered again with C contaminants from the chamber through electrostatic attraction, and
the two emission mechanisms follow each other in this switching manner. We calculated
the work function values for each of the 18 runs and plotted the profile in Figure 4.7d.
The work function values are found to fluctuate between 2.1ev and 5.5ev throughout the
whole emission test period and this indicates that the emissions are from C contamination
layer, true LaB6 surface and sometimes a mixture of both. A poor vacuum condition is
believed to be accounted for the large C presence in the emission testing chamber. The
emitter current is also recorded under a fixed extraction voltage of 1000 V with respect to
time duration and the data is presented in Figure 4.7e. Since work function exponentially
affects the emission current density, as a direct consequence, the emission current also
exhibits a large fluctuation over the whole testing period. The fact that emission current
over 400 nA still constantly recovers after damping off even towards the end of the testing
period suggests that neither of the emitter structure nor the LaB6 nanowire gets damaged
throughout this 3 hours continuous emission test.
After the field emission measurement, the same single LaB6 nanowire field
emitter was transferred back to the TEM sample holder again for imaging characterization.
We found that the nanowire’s thickness and length remained unchanged after the emission
test and the gold contact area also stayed the same way, without signs of melting or
mechanical failure. Figure 4.8a and Figure 4.8b are respectively the TEM image about the
emitter’s tip left corner before and after the field emission measurement. After field
emission test, the emitter top surface is still atomically smooth without the presence of
any oxide phase, proving the properties of LaB6 nanowire, such as the high resistance
against oxidation, field evaporation and ion bombardment under a high electric field.
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However, obvious changes were observed on the C wrapping layer, as can be seen from
the graphitic layers’ position change marked by arrows in Figure 4.8a and Figure 4.8b.
The disappearance of the graphitic layer from the emitter top surface after the emission
supports the current induced damaging mechanism as often be accounted for the failure of
Carbon nanotube emitter. The fact that only amorphous carbon formed on the top surface
suggests that the temperature at the emitter top surface raised by joule heating is not high
enough for the formation of graphite.

4.3.3. Carbon Glue Bonded GdB6 Emitter
For field emission property study, a GdB6 nanowire with lateral dimension of about
200nm was picked up by an optical microscope assisted manipulator and attached onto an
electrically et alhed 0.5mm W tip with carbon adhesive. The set was then put into a high
vacuum chamber working at 10-7 torr for field emission measurement. With the W tip as
cathode, a piece of P coated ITO glass as anode with a separation of 250um in between, an
increasing electric voltage was then applied and in the meantime, emission current was
recorded by a high sensitive ampere meter and emission pattern was recorded by a CCD
camera simultaneously.
Figure 4.9a shows the I-V curve of the field emission from the GdB6 single
nanowire emitter. An emission current of 10 nA was able to be achieved at a voltage of
650v and eventually reached an emission current over 200 nA before an abrupt shut off
occurred. After the experiment, the nanowire was found lost from the W tip and this was
believed to cause the abrupt shut off of the emission. The poor attaching between the GdB6
nanowire and the W tip might also count for the current fluctuation in the emission I-V
curve. An F-N plot with Ln(I/V2) versus 1/V was graphed as displayed in Figure 4.9b. Even
with some spreading in the high voltage range, we can still see the straight line tendency
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which indicates a metallic field emission characteristic. Figure 4.9c is a low magnification
TEM image of the GdB6 nanowire emitter and the insertion is the emission pattern recorded
from the P screen at an applied voltage of 750 V. The ring feature of the emission pattern
might be due to the fact that local electric field was more enhanced at the edges and corners
of the tip top surface and therefore induced emission from this circle of sites. We then
performed a computer simulation (FEMLAB) with a model based on experimental
conditions and obtained a local electric field enhancement factor β of 3.3X104 cm-1 at the
edges of the top surface. By substituting β into the F-N plot slope k=-6.44X107X φ 3/2/β, we
got a work function value for the GdB6 nanowire as about 1.5ev, which agrees with the
Russian researcher ‘s result. The lower work function of the GdB6 can also be seen by
directly comparing its emission current value with that of LaB6 nanowire emitter. For
example, at 750 V, GdB6 nanowire emitter offers more than 50 nA emission current which
is more than 5 times the current drawn from the LaB6 nanowire emitter working under the
same condition.

4.4. TEM in-situ Measurement

4.4.1. Introduction
4.4.1.1. Field Emission In-situ Holder Designs
TEM has very small pole piece gap where specimen is allowed (about 3 mm in
height) in order to obtain high resolution. The sample holder head piece can only be about
1mm in thickness to still allow tilting operation. Width concerned, the holder head for
conventional side-entry TEM is normally about 10mm wide. So every manipulating part
including the sample to be studied has to be built within this limited space. To enable
general 2 probe conductivity measurement, field emission I-V curve recording or electric
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field induced bending/vibration, the wiring of the holder design isn’t too complicated.
Only two wires needed to be carried out side of the vacuum using proper feedthroughs.
The biggest challenge in the holder design is the movement of a manipulating tip. To
ensure the safe handling and in the same time have the capability of approaching the
specimen, the manipulating tip must be able to move in the axial direction with both
coarse and fine modes. The movement in the TEM z direction is also crucial if one want
to align the tip with the specimen under study. Such alignment is for both imaging
purpose and accurate measuring of their distance, which is very important in field
emission experiment. The movement in lateral direction is desirable, for it will allow the
access of the manipulating tip to the whole specimen area. The nanotubes/nanowires
under study are nanometric in size, but spacially located in the range of millimeters. This
nature of the specimen demands that both coarse and fine movements are incorporated in
all 3 dimensions. There are roughly 3 types of moving mechanisms utilized among the
available in-situ holder designs for a conventional medium voltage side-entry TEM.
Type one is the simplest design as the one used in Wang’s work. (Wang et al.,
2003; Xu et al., 2006; Dong et al., 2002) Only axial direction move is built. Coarse move
is realized by a step motor which translates the linear movement to the head piece area
through a solid rod. A piezo ceramic is either put at the tip of the translation rod or on the
other electrodes to perform fine movement down to sub-nanometer scale. This design is
cost efficient. But the lack of movement in the other two directions restricts the tips
accessibility and also introduces error in measuring the distance between two electrodes.
The second type is a 3-D moving holder using step motors for coarse movements and
piezo ceramics for fine tuning (Oshima et al., 2003; Wall et al., 1998; Stach et al., 2001).
The holder is similar to the structure of the first type, except that the translation rod is
coupled to 3 step motors or micrometer screws at the rear of the holder. A below structure
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is used to separate the motors from the vacuum parts but still enable motion translation.
Such holder design enables its tip to access much larger area of the specimen. The price to
pay is the heavy weight of the motors and rather complicated translation mechanic system.
The last type of the holder utilizes the frontier inertial sliding technique to realize coarse
move just by a piece of piezo ceramic (Svensson et al., 2003; Bobji et al., 2006). The
basic idea is to controllably switch between static friction and sliding at the interface
between the piezo ceramic and the moving part. When the piezo is accelerated at certain
speed, the moving part of the holder in contact moves with its motion. In other
acceleration, the moving part goes on a sliding motion on the surface of the piezo ceramic.
A full cycle of the above described motion moves the moving part forward once at a time.
Such mechanism saves much space in the design by removing the necessity for step
motors. An oxford group uses three such inertial sliding motors in three directions
respectively, while a more compact design is proposed by Svensson where only one piezo
tube is used for all. In his design, a sapphire ball is rigidly fixed to the top of piezo cerami
tube. A tip holder embraces the sapphire ball with six metal spring legs. By applying
waves with different shape to the piezo tube, the tip holder can slide on the surface of the
sapphire ball in three dimensions. The directions and magnitude of the movments all
depend on the vibration modes of the sapphire ball driven by the piezo tube. This is to
perform coarse move. Fine movement is simply by bending and stret alhing of the piezo
tube. This design bears no translation rod and no additional motors out side of the vacuum.
It is commercialized now through Nanofactory Inc. distributed by Gatan Inc.

4.4.1.2. Studies Been Done by in-situ Method
Considerable amount of work has been done with these TEM in-situ holders and
special attention was paid to mechanical properties, field emission and conductivity study
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of carbon nanotubes. For mechanic property studies, Wang et al. applied an oscillating
potential between a single standing nano entity and an electrode placed by its side
(Poncharal et al., 1999; Wang et al., 2003). When the frequency of the oscillating
potential matches with the resonance frequency of the nano entity, maximum amplitude in
vibration is expected. The resonance frequency:
f =

β i 2T
4πL

E
, (4.10)
3ρ

where T is the thickness of the nanoentity in the bending direction, βi is a constant related
to the ith harmonic, L is its length, E is the bending modulus and ρ is the mass density of
the nano-emitters. Therefore, by finding the resonance frequency, the bending modulus of
the nano entity can be extracted out. As an extension of this method is the mass
measurement of small particles attached to a carbon nanotube. Since the change in
resonance frequency is related to the inertia of moment of the structure, its mass is
therefore extractable after knowing the geometry information obtained from direct TEM
image. Other studies about mechanical properties of 1 D nano entity include using
electrostatic force to bend them and in the same time imaging the deformation area.
A recent interesting conductance measurement of CNT was done by Peng’s group
(Wang et al., 2006I). They use a STM-TEM holder to bend a CNT inside TEM and then
utilize the electron beam to induce amorphous carbon deposition at the bending site. The
bending was found to keep its shape even after the initial bending force was removed.
Another CNT/CNT joint structure was also created by the same means. Electrical
conductance measurement showed that all these in-situ fabricated joints have good
electric contact. The total structure has the same electric conductance as the original CNT.
The results provide the hope to shape circuit interconnects with high current density
carrying CNT.

142

A lot of attention has been paid to the field emission property of CNT in recent
years. It is believed that the small size of CNT greatly localizes the electron emission sites
and therefore provides a better coherent source and a large emission current density. More
importantly, CNT has a very good emission current stability. In the same time, emission
current from CNT was observed to drop when the emission current exceeds a certain limit.
Current steps are also quite common during field emission study. These phenomena all
found answers in the in-situ field emission study of CNT under TEM. It is found that
when current go over tens of micron amperes, CNT tends to split or shorten. A gradual
modification on the tip cap structure was also observed (Wang et al., 2006II; Wang et al.,
2005). Inner tubes inside a nano bell structures can sometimes fly off during high electric
field condition.
A recent experiment done by K. Svensson demonstrates the possibility of using
CNT as a nano pipette to pick up and transfer iron particles (Svensson et al., 2004). The
pick-up and transportation of the iron particles is done by applying negative bias on the
nanotube to repel and applying positive potential to attract the particles.
A CNT biprism was also proposed for an application of the TEM in-situ holder,
where they try to use the positively charged CNT as a biprism to form holography of the
sample under study (Cummings et al., 2002 & 2004).

4.4.2. Experimental
4.4.2.1. 2010F HRTEM in-situ Holder Design and Fabrication
The general instrumental design for the in-situ field emission measurement is
presented in Figure 4.10. The 2010F holder will be constituted of 3 major parts: actuator
chamber, transmission chamber and head piece. Inside the actuator chamber will sit the PI
actuator with a linear resolution of 50 nm. The motion of the actuator is then transmitted
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to the final nanowire emitter through an alumina rod which goes through the transmission
chamber. The nanowire will be attached to a tungsten tip which is clamped to the alumina
rod. In the head piece region, the anode and the nanowire emitter cathode will be
connected with a copper wire respectively, which eventually connected to external
circuits through a vacuum feedthrough. Since there is no y-tilting mechanism, the holder
is a single-tilt type. A voltage power supply and a high sensitivity ampere meter are
connected in series with the anode and cathode in order to measure field emission current.
The anode end is grounded in this case. For computerized control, the actuator, power
supply and ampere meter are all connected to computers.
Detailed design of the holder is presented in Figure 4.11. Altogether 7 major
components constitute the holder body and they are labeled through a to g in the
illustration. Part a is the head frame, which is also the field emission anode. Its material is
chosen to be aluminum for conductance purpose and in the same time, because no
magnetism is allowed inside the objective lens pole piece to prevent its interference with
the projection electron beam. Several screw holes are prepared on the top beam to hold
some special shaped anode metal. Part b is a Teflon disk. Its function is to insulate the
anode frame from the main body. Insulating Teflon screws are used to fix it together with
part a to part c. Part c and part d are the same shape as the original JEOL 2010F holder in
order to match the vacuum sealing system. Part c is partially anodized for insulating
purpose. Two small holes are drilled through in order to support an alumina sheath for
wiring and to confine the move of the alumina transmission rod respectively. It is made a
separate part from part d because the difficulty in drilling the two holes through the whole
length with required precision. Part e is electrode chamber. It is made of stainless steel to
enable welding with the electrode feedthroughs. Wirings are silver soldered onto the
feedthroughs before part e is assembled with part f. Part f and Part g consist the actuator
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chamber. The PI 50 nm resolution actuator sits inside and it transmits the motion to the
nanowire emitter through the transmission rod. The actuator chamber is the biggest space
consuming part and also the heaviest, due to the big size of the actuator with the desired
resolution and moving range combination.
The final product of the field emission holder is shown in Figure 4.12. Four
photographs are taken at the whole holder, head piece, actuator chamber and electrode
chamber respectively and they are labeled as a, b, c and d in Figure 4.12. The whole
holder measures about 31 inches long without the connecting cables and its relative size
to a ball-pen is revealed in Figure 4.12a. Figure 4.12b is the photo of the head piece. A
tungsten tip is clamped to the alumina transmission rod and it is connected as cathode. A
thin copper foil is clamped to the frame and it’s connected as anode. Figure 4.12c is the
actuator computer interface and Figure 4.12d is the feedthroughs for the cathode/anode
connection.
Figure 4.13a is an optical microscope image taken during tip alignment. LaB6
nanowire is attached to the tip of the tungsten wire. The object opposing the tungsten
sharp tip is the thickness of the copper foil, which measures about 100 μm. Before
putting into the electron microscope, the foil is aligned with the tungsten tip so that when
the tip approaches the anode foil, it is within the thickness range. Since in electron
microscope, the image we obtain is only a projection shadow. So if the tip is out of the
anode foil thickness range, determination of the anode/cathode distance will be
impossible. However, since this is no mechanism designed to align the edge of the anode
foil parallel to projection electron beam, the angle deviation still introduces considerable
errors in determining the exact anode-cathode distance. This effect is depicted in Figure
4.13b. If we take the projection direction of electron beam as normal direction, one
degree off of the anode foil surface will introduce about 1.7 μm difference between the
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measurement distance and the actual distance. Reducing the thickness of the anode foil
will help in reducing this measurement difference, but in the same time, make the
alignment of the tungsten tip harder. In the actual experiment, we use larger
anode-cathode distance to reduce the relative error in order to minimize the effect from
this angular misalignment.

4.4.2.2. TEM in-situ Measurement and Imaging
A single LaB6 nanowire is first attached to the tip of a tungsten wire. The tungsten
tip is then clamped onto the head piece of 2010F field emission holder. The tip vertical
position is then adjusted under an optical microscope so that it is within the anode foil
thickness range when approaching it. After the alignment, the holder is inserted into the
sample chamber of our JEOL 2010F HRTEM. It takes about 2 hours for pre-pumping
before the holder is completely allowed into the objective lens pole piece. A high voltage
power supply and a high sensitivity ampere meter are connected in series with the cathode
of the holder and anode feedthroughs. Both electronic equipments are connected with a
computer for controlling and recording. The actuator is then used to push the nanowire
emitter towards the anode to obtain the desired cathode-anode distance. Before applying
extraction voltage, the projection electron beam is shut off to eliminate its contribution to
the measured current. A series of I-V curves are recorded with different cathode-anode
separations.
To study the charge distribution on the cathode tip during field emission, the
microscope is set at focus and under-focus conditions respectively while a series of
voltage is applied on the nanowire emitter. A series of images are taken at 75 V, 100 V
and 160 V bias when using under-focus imaging condition. After that, another thicker
LaB6 nanowire emitter is used to study the contrast shrinkage when different negative
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bias is applied on the emitter. A series of images are taken at -2200 nm under-focus while
9 V, 16 V and 24 V negative bias is applied on the nanowire.
Numerical simulations about the charge distribution are done with FEMLAB
software. The image contrast difference is used to trace back the charge distribution and
the results are compared with the numerical simulations.

4.4.3. Results and Discussion
4.4.3.1. Emission Current Density Study
A low magnification image showing the experiment set-up is presented in Figure
4.14a. A LaB6 nanowire previously welded to a copper foil edge is connected as cathode.
The nanowire is about 10 μm long and 250 nm wde, perpendicularly sticking out of the
foil edge. The in-situ anode is another copper foil edge. The cathode-anode distance can
be adjusted by an actuator with a resolution of 50 nm. A dc voltage supply and a high
sensitivity ampmeter with a minimum reading of 1 Pico ampere are connected in series
with the cathode and anode. Since the actual anode could be some humps loosely attached
to the copper surface, and the strong electric static force can move the hump or nanowire,
which cause the change of cathode-anode distance. Such change is in the range of one to
two micron meters. Therefore, if small cathode to anode distance is used, the large
relative distance change could induce large field enhancement change and as a
consequence, cause instability of the emission current. In our experiment, the cathode to
anode distance was first set at 10 μm. The field emission I-V curve obtained at this
condition is shown in Figure 4.14b. A detectable emission current of about 1 pico ampere
was recorded when the voltage reached 350 V. The voltage was increased till 500 V and
no current saturation was observed. We didn’t go to higher voltage for the equipment
safety reason. During field emission measurement, electron beam from the microscope
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was turned off to remove its influence on the current reading. A current with opposite sign
to the field emission current is still detected when the applied voltage is zero if we keep
the imaging beam on and it is usually in the magnitude of a few pico amperes.
F-N fitting of Ln(I/V2) versus 1/V was plotted with results shown in the inserted
panel of Figure 4.14b. From the F-N formula, the slope of the plot m = −

6.8 × 10 7 φ 1.5

β

,

with Φ in the unit of ev and β in the unit of cm-1; The y intercept equals

b = ln[

A ⋅ 6.2 × 10 −6 ⋅ 1.45 ⋅ β 2

φ (2.12 + φ )

] with A being emission area in the unit of cm2. Therefore,

if we know the value of Φ or β, all other emission parameters can be accordingly
deduced. β, the field enhancement factor can be numerically calculated with the
knowledge of the exact geometry information about the emitter. However, field emission
is usually localized by very tiny surface extrusions or local spot with lower work function.
Those emission sites are usually in the order of a few nanometers or even atomic.
Therefore, knowing the exact emission spot is almost impossible. The deviation of β
value from calculated can be off by orders of magnitude. On the other hand, for most
metals, the work function Φ is usually in the range of 2-5 eV. In the LaB6 nanowire
system, the possible contaminants, carbon or boron are all with work function around 5
eV and LaB6 with 2.3 eV for its (100) plane. Emission area, A, value is very sensitive to
that of work function. So it could be used as a good reference to tell which work function
value should be used from a certain F-N plot. In this case, we use a value of 5 eV, which
results in an emission area diameter of 182 nm. By putting LaB6 work function value 2.3
eV, we got an emission area much larger than the actual nanowire diameter, so it was
excluded. Using the actual emission area diameter, we can

trace back β by the simple

empirical relation of 1/5r to compare with the fitted value. In this case, they all fall in the
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same magnitude. The measurement result matches with our previous high resolution
image showing the amorphous carbon layer covering the LaB6 nanowires. This indicates
that the contamination layer greatly reduces the emitter emission current density.
The distance was then adjusted to 6 μm and another I-V curve was obtained, the
result of which is shown in Figure 4.15a. This time the current goes above 1μA at 200 V.
When applied voltage reaches 260 V, the emission current is almost 20 μA without
showing any sign of saturation. The current fluctuation is also very small. F-N plot was
presented in Figure 4.15b and this time, same method was used to extract work function
value Φ and emission area A by fitting field enhancement value β. As a result, the work
function 2.3 eV of the LaB6 (100) plane was found to match the curve the best and its
corresponding emission site diameter was determined to be 6.6 nm. Field enhancement
factor β is consistent in the same magnitude as predicted from the emission diameter. It’s
much larger than the value obtained by a direct evaluation based on the cathode-anode
distance. It proved again that in nanotube/nanowire field emissions, field enhancement is
determined by detailed tip top surface geometry, which could be off by one order of
magnitude if only cathode-anode distance and simple model were used for numerical
calculation. The small emission area might be due to a local LaB6 (100) surface extrusion
just been formed after the burnt off of the contamination layer above it. After that, the
voltage was kept at 260 V and stable current at 20 μA was obtained with fluctuation less
than 10%. The stability was much improved compared to our ex-situ measurement with
glue attached or gold attached nanowire emitters. This is probably in account for the good
attachment through the FIB method.
A high resolution image about the LaB6 nanowire emitter tip was taken before and
after the emission measurement. They are presented in Figure 4.16a and b, respectively.
Because the nanowire crystal axis forms an angle away from the perpendicular direction
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with the projection electron beam, we were unable to get lattice contrast image. However,
a thin layer of lighter contrast contamination layer is shown outside the emitter body in
figure 4.16a, which proved the existence of higher work function surface. Though through
such 2D projection image, local protrusions as emission sites are hard to identify, we do
see some rough features on the tip surface. Such geometry details affect the field
enhancement factor value, thus making simple model calculation deviated from its true
value. Figure 4.16b looks almost the same as figure 4.16a except that the upper right side
of the tip seems to be a little sharper, but this is very likely due to the tilting of the tip
caused by slight sample movement during emission experiment. The similarity between
the two images taken before and after emission indicates that the emitter structure
remains quite stable during approximately 20 minutes high current density electron
emission.
The in-situ emission measurement confirmed that the LaB6 field emitter is indeed
composed of one single nanowire. Its field emission current was initially from large area
covered with high work function contamination layer and then from localized protrusions
of real LaB6 surface with a lower work function. The emission current can go up to tens
of micron amperes without showing much current fluctuation or sign for saturation. A
current density as high as 108 A/cm2 can be achieved with good stability. High resolution
image shows no sign of destruction to the tip after the emission measurement.

4.4.3.2. Charge Distribution Study
Another LaB6 single nanowire field emitter was used to study the charge
distribution on the nanowire tip using in-situ microscopy when a voltage is applied
between cathode and anode. The original projection image without applying extraction
voltage is shown in Figure 4.17c. In previous studies, we have already confirmed that the
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LaB6 nanowires all have a flat tip top with rectangular cross-section. The reason this
nanowire appears to have triangle tip is that the nanowire is not perpendicular to the
projection electron beam and therefore has one of its four corners sticking out in the front.
A numerical simulation about the charge density distribution was performed using
FEMLAB software. The model is presented in Figure 4.17a, in which the geometry of the
nanowire and relative angle to the projection direction were chosen so as to match the
microscope image in Figure 4.17c. The white contrast represents areas with higher
electron charge density. A series of images were taken under different focus conditions
and different voltages applied between cathode and anode. It is noticed that when the
image is at focus, the change in applied field has little affect on the image contrast.
However, when it is under-focused, the nanowire image starts to shrink as we apply
higher voltage. The shrinkage is also non-linear. It tends to narrower the nanowire more
on the top than bottom. Figure 4.17e is an image taken at an under-focus value of 2.2 μ
m when 9 V is applied between cathode and anode. Figure 4.17f is an image taken at the
same focus value when 24 V is applied. The shrinking of the nanowire is obviously
shown through the whole nanowire body and more shrinkage is at its top.
We adopted a charge density approximation theory in order to interpret the
observed phenomena (Lynch et al., 1975; Amelincks et al., 1997). From the charge
density approximation theory point of view, the image contrast is from two aspects: one is
the absorption of electron by sample thickness and the other is the charge density of the
crystal. Here, we consider a reverse dependence of absorption contrast on sample
thickness as: Iab = 1- A/t, with A as an imaging coefficient and t as sample thickness. We
assume here that when t approaches A, the image contrast is white, which means the
sample being transparent. According to above assumptions, Iab is simulated as shown in
Figure 4b. The gray scale gradient represents the thickness variation of the sample along
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projection electron beam direction. Based on charge density approximation theory, the
image contrast caused by charge density is presented as Icharge = 1 + 2ελσρ, where ε is the
focus value, λ is electron wavelength, σ is a electron wavelength and electrostatic
potential related constant and finally, ρ is the charge density projected along the electron
beam direction. From the expression, we can see that when the beam is under-focused
which corresponds to a negative ε value, image will lose its contrast more where electron
charge density is higher. The charge density simulation image of Figure 4.17a reflects
exactly this effect and therefore Figure 4.17a is also a simulation of Icharge. Finally, in
order to combine the two types of contrast together, we assume the final contrast to be
Ifinal = Iab * Icharge. In order to simulate the final contrast image, we first simulated two
charge density distribution images like the one shown in Figure 4.17a, but with different
applied voltages. Secondly, we multiplied those images with Figure 4.17b by using Adobe
Photoshop software to generate the final images as shown in Figure 4.17f and Figure
4.17h. The images were leveled to choose the absorption coefficient value A in order to
match with the observed contrast in Figure 4.17e and Figure 4.17g. We can clearly see
that, the shrinkage trend is indeed revealed. With higher applied voltage, shrinkage
becomes more severe and nanowire is not only narrowed, but also sharpened on the tip
top. However, the above method fails to explain the lighten-up on the tip when voltage
exceeds a certain value. Also the shrinkage at the bottom is less developed compared to
the actual observation in Figure 4.17e and h. The limitation could be rooted from the fact
that the charge density approximation theory is originally developed for small defocus
value, while in our system, the defocus is in the range of micron meters, which is too
large for the theory to still hold valid.
In Figure 4.18, the single nanowire field emitter was also applied with a series of
different voltages. The original image taken at focus before applying voltage is shown in
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Figure 4.18a. Then the imaging was set at under-focus condition. 75 V, 100 V and 160 V
are applied one at a time to the emitter and the corresponding images are presented in
Figure 4.18b, c and d respectively. The original dark contrast nanowire becomes a bright
contrast reverse triangle. The triangle is wider when higher voltage is applied. To note in
Figure 4.18b that the stem of the nanowire still have some dark contrast left and that
contrast is lost when higher voltage is applied. Another interesting thing to notice by
comparing Figure 4.18a and b is that the right edge of the bright triangle is the same
shape as the left edge of the original nanowire and vice versa. Such phenomena are
believed to be a continuing effect of those observed in Figure 4.17, only at higher
potential bias or deeper under-focus values.
The charged effect in imaging field emission carbon nanotubes was initially
mentioned in the work by Wang’s group and briefly discussed in Cummings’ work about
CNT bi-prisms (Wang et al., 2002; Cummings et al., 2004). It can also well explain the
observed image contrast change along with voltage in our case. Figure 4.19 is a series of
ray diagram illustrating the effect of negative charges on the image formation in an
electron microscope when the imaging condition is set at under-focus. As shown in Figure
4.19a, the object is negatively charged, so the incident electron beams in the vicinity of its
edge are repelled. The scattering angle increases as the voltage applied gets higher. The
beam passing at the edge of the object goes through the objective lens and always
intercepts the image plane at the same location for a given magnification. This location is
independent from the applied bias voltage. This is the reason why no shrinkage or
expanding is observed when the imaging condition is set at focus. However, when the
actual image plane is set at under-focus, the dark projection contrast area reduces when
scattering angle increases. This is depicted from Figure 4.19a to b. As the angle goes
larger, the beams from both side of the object start to overlap and cause the contrast to flip
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from dark to bright, as shown in Figure 4.19c. A further increase of the bias, thus the
scattering angle, leads to the expanding of the overlap area and this is shown in Figure
4.19d.
The overall effect of the negative charge is depicted in Figure 4.20. The dark
square represents the nanowire. The two dents on each side mark the right and left side
respectively. The two areas within the dash line are the projection beams that will be
moved during charging. As seen from the under-focus imaging plane in Figure 4.19, as
the nanowire is applied with increasing voltage, the two beams will come towards each
other. However, the beam closer to the nanowire tip will move faster, because of the
higher charge density on the emitter tip. Therefore, the two beams are tilted with an angle
while moving closer to each other, as shown in Figure 4.20b. This scenario represents
what has been observed in Figure 4.17e. As voltage increases, the beams come closer,
with only a dark triangle left in the middle, as shown in Figure 4.20c and this is the case
in Figure 4.17f. Figure 4.20d is the case when top parts of the beam already overlap while
the bottom parts still separate. Therefore, half bright contrast and half dark contrast are
shown in the same image and this is observed in Figure 4.18b. As the two beams come
towards each other even more as voltage increases, the original dark contrast triangle
completely changes into a bright contrast reverse triangle. It can be easily seen that if the
movement continues, the bright region will get wider. These scenarios match with our
observation in Figure 4.18c and d respectively.
As a conclusion remark, the above charge effect study offers an opportunity to
directly observe charge distribution on the nanowire emitter tip through off-focus imaging
technique. Similar effects are expected if positive bias is applied and imaging is done
under over-focus condition. The triangle shape of the contrast image proves the higher
density at the emitter tip region, which agrees with the simulation results. Provided with
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the detailed information about the imaging ray diagram and under-focus value, one could
extract out the exact scattering angle of the electron beam by measuring the shrinkage.
Since the scattering angle is related to the charge density, it is possible to quantify the
charge density distribution with such procedures. The charge density distribution will help
us to find the accurate field enhancement factor, which is hard to obtain using other
methods. It is also interesting to notice that the above described brightening effect of
charged nanowires is a common phenomenon in field emission microscopy, where
focusing is not performed (Prigent and Morin, 2001). However, the brightening in those
occasions are caused by the attraction force due to positive charging on the nanowire,
while in our case, opposite effect was observed. This is because the different image
forming process between transmission microscope and field emission microscope, though
both techniques use electron beam as projection tool.

4.4.4. Conclusions
The simple design of the field emission in-situ holder for JEOL2010F TEM
proves to be successful. It allows the clamping of a single nanowire field emitter as
cathode and the use of anode of any shaped materials, as long as the dimension coincides
with that of the TEM pole piece. In this study, an FIB attached LaB6 single nanowire
emitter was installed onto the holder as cathode and a copper foil was used as anode. With
the help of the PI linear actuator, one can adjust the cathode/anode distance with a
resolution of 50 nm. Voltage up to 1000 V can be applied between the cathode and anode
from external power supply outside the vacuum. The holder allows recording of field
emission I-V curve and imaging its emission tip at the same time.
I-V curve measurement on the single LaB6 nanowire emitter revealed fair stability
at low current level (a few nano amperes), compared to a better stability achieved at high
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current level (a few tens of micron amperes). The results probably correlate to an
adsorbates emission and true LaB6 surface emission respectively. Emission area is used to
help estimate the work function of emission sites in each case, which support the
existence of two emission types.
Image contrast shrinkage was observed for LaB6 nanowire during field emission,
using an under-focus image mode. Charged density approximation theory was used to
simulate the effect and successfully obtain similar shrinkage when imaging conditions are
set to be under-focus. Further increasing of the bias voltage or degree of under-focus
results in reversing of the image contrast and subsequent expanding of the overlap shadow.
A projection beam bending model was established and qualitatively explained these
charge distribution induced phenomena.

4.5. Summary and Conclusions

In the beginning of the chapter, classical field emission theory was first briefly
reviewed. The Fowler-Nordheim electron tunneling model was developed originally for
emitter structures with flat surface and uniform electric field distribution. In many
experiments, field emission from nanotubes/nanowires still followed the model well, as
shown by the good linearity in the F-N plots. Deviations from the theory are also
commonly observed. Corrections to the theory were made in the literatures in recent years,
studying the emission from very thin single walled carbon nanotubes, which only have a
few atoms at its apex. For nanotubes/nanowires with bigger dimensions, F-N theory is
still a good phenomenological basis to extrapolate the various parameters of the nanowire.
Towards the goal of utilizing nanotubes/nanowires in field emission devices, considerable
amount of works in the field are directed to study the field enhancement factor, field
emission sites, field emission stability, emitter failure and emission energy spread.
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Rare-earth hexaboride nanowires are a new family of nanostructures that just been
produced by us. Therefore, both of its field emission mechanism and accurate parameters
remain blank in literature. Our motivation of the current work is partially set to fill this
blank in knowledge. Another part of the motivation is drawn by the huge application
potential that field emission devices in general posses. Aside from its most immediate
application as high brightness point electron source, the nanotube/nanowire field emitters
are also promising switching devices in microelectronics. Some of its unique features,
such as instantaneous response and extremely low consumption of energy can greatly
promote the current microelectronic technology. Motivated by the above two aspects, our
work is set at the direction of developing a method of fabricating and obtaining some key
characteristics of single rare-earth hexaboride field emitters.
Four methods were introduced to make single nanotube/nanowire field emitter
structure, which is usually a single nanotube/nanowire bonded to an electrochemically et
alhed tungsten tip. The relative pros and cons of these methods are compared. The
nanotube/nanowire emitters made from these methods are used in our field emission
measurements.
Ex-situ measurement is to characterize the detailed structure and chemical
composition of the NT/NW emitter in HRTEM and then carefully transferred to high
vacuum chamber for field emission measurements. Comparing to in-situ method, one can
fully utilize the capability of the HRTEM, such as tilting and the use of vibration proof
holder. Also the filed emission measurement can be done in a freer environment. Two
types of LaB6 nanowire emitters, one by EBL method and one by direct contact method,
are studied thoroughly. It was found that the emitter has a low work function close to
reported value for LaB6 crystal. The emission current density is comparable to CNT
emitter tested under the same circuitry. No apparent destruction was observed after the
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emission test, revealing robustness of the emitter material. Current fluctuations are fairly
large and it is believed to originate from carbon contaminants’ adsorption and desorption
process, which is inevitable at vacuum levels used. GdB6 emitter was tested also using the
same ex-situ method. A lower work function value of 1.5 eV was convinced with the
reported bulk value. The emitter failed during emission due to the melting of bonding
glue when joule heating causes the emitter temperature to reach over 300 oC.
In-situ experiment was also conducted with a home-made field emission holder
for JEOL2010F HRTEM. Simultaneous emission measurement and image recording are
achieved. The single nanowire emitter was confirmed to be quite stable during emission
even high current of more than 20 μA was drawn from the tip. High resolution images
taken before and after the emission show similar morphology, indicating no destruction
occurred. Different emission types are observed when changing the cathode/anode
distance with the built actuator. A qualitative projection bending model was built to
explain a series of image shrinking, contrast flip and image expanding observed when
imagine the charged single nanowire field emitter at under-focus conditions.
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Figure 4.1. a) Interface between metal and vacuum before applying potential. Energy step
height is φ; b) Metal/vacuum interface after an external field is applied. A energy barrier
with height φ and width x is formed; c) Modification of the barrier shape due to image
potential. Reduction in both height and width occurs due to image correction.

165

Φ-(μ-V0)
μ

V0

Valence band

Figure 4.2. Energy diagram of semiconductor/vacuum interface. Electron pool formed by
band structure bending of V0. Actual potential barrier height is φ-(µ-V0).
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Figure 4.3. a) FIB image of a tungsten tip attached with two free-standing nanowires,
which are marked by two white arrows on the graph; b) The upper nanowire is removed
by Ga ion beam milling and the lower nanowire is welded to the tungsten body through
deposition of W metal. Insets are magnified view of where arrows point to.
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Figure 4.4. a) Procedures for the EBL fabrication of sinlge LaB6 nanowire field emitters.
Bring a rectangular copper foil in contact with a silicon substrate covered with pre-grown
LaB6 nanowires (i); lay the copper foil against a supporting substrate with
nanowire-covering side facing up. Select a desired nanowire and record its relative
position with reference to foil edge topographic features (ii); apply a PMMA resist on top
of the foil covering the nanowires area (iii); Expose electron beam at the root area of the
selected nanowire (iv); Develop the drawn pattern with MiBK solution to expose the
selected nanowire’s root (v); deposit 10nm thick of Cr and 100nm thick of Au into the
hole sing thermal evaporation (vi); Resist lift-off by rinsing the sample with acetone to
remove excessive Au metal and LaB6 nanowires. b) An SEM image of a fabricated single
LaB6 nanowire field emitter.
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Figure 4.5. a) A low magnification TEM image of a single LaB6 nanowire emitter
fabricated by EBL. b) Au nano-particles covering the nanowire’s root area. c) An HRTEM
image showing the (20-2) lattice plane of a gold nano-particle. d) An HRTEM image
about the side wall of the nanowire, showing the LaB6 crystal’s (-100) lattice plane
(darker contrast region) and the (-210) lattice plane of graphite (lighter contrast region). e)
STEM image taken on the side wall of a LaB6 nanowire with (100) lattice direction
parallel to electron beam. Two circles i and ii mark the spot where we collect the EELS
spectra. f) EELS spectra i and ii, taken from marked cirlcles i and ii in fig. 2e. The La, B
peaks’ intensities are higher in spectrum i than in spectrum ii, C peak is ranked reversely.
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Figure 4.6. a) Low-magnification TEM image of a single LaB6 nanowire field electron
emitter. Inset: Fluorescent electron emission image of the emitter recorded on the
phosphor viewing screen. b) I-V curve of the field emission from the single LaB6
nanowire emitter with F-N plot ln(I/V2) vs. 1/V inserted. Excellent agreement with the
F-N theory of field emission is observed.
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Figure 4.7. a) Field emission I-V curve of the single LaB6 nanowire electron field emitter.
The arrow marks the splitting point of two sets of emission characteristics. Inset is the
field emission pattern taken from a phosphor screen at 950v. b) F-N plot of the I-V curve
after splitting point, suggesting emission from a low work function surface. c) F-N plot of
the I-V curve before splitting point, suggesting emission from a high work function
surface. d) Work function profile throughout the 18 I-V curves recorded from the same
LaB6 emitter. e) Field emission stability profile with duration of 2.7 hours.
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Figure 4.8. a) TEM image taken at the left corner of the LaB6 nanowire field emitter tip
before field emission measurement. b) TEM image taken at the same spot of the same
nanowire after the 5-hour field emission measurement. arrows mark the wrapping
graphitic layers.
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Figure 4.9. (a) field emission I-V curve from a GdB6 single nanowire field emitter (b)
F-N plot of the field emission I-V curve (c) low magnification TEM image of the single
nanowire field emitter. Inset is the field emission pattern recorded from a P screen.
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Figure 4.10. Diagram showing the general design for field emission in-situ holder for
2010F HRTEM.
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Figure 4.11. Designer drawing for the entire 2010F HRTEM field emission in-situ
holder. Parts labeled as through a to g are: head frame, Teflon disk, supporting head, rod
chamber, electrode chamber, actuator chamber and actuator chamber lid respectively.
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Figure 4.12. a) Top view of the entire 2010F field emission in-situ holder body with a
ball-pen beside as reference; b) Holder head with two copper pieces as cathode and anode.
A tungsten needle is attached to the cathode to hold nanowire to be studied; c) Rear of the
holder where computer interface for the linear actuator is shown; d) high voltage
feedthroughs for cathode and anode connection.
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Figure 4.13. a) A photograph taken with optical microscope showing the alignment of
tungsten needle to the anode copper foil (side view); b) Drawing illustrating the blocking
effect caused by the thickness of anode foil. Measured distance is shorter than actual
distance as shown.
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Figure 4.14. a) Low magnification TEM image about a LaB6 single nanowire field
emitter connected in series to the counter electrode with a DC power supply and an amp
meter; b) field emission I-V curve recorded during low current in-situ field emission.
Inset is the corresponding F-N plot showing good linearity.
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Figure 4.14. a) Emission I-V curve with higher emission current and lower onset voltage
after changing cathode/anode distance; b) F-N plot from the I-V curve in a, revealing a
steeper slope which corresponds to a lower work function.
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Figure 4.16. a) High resolution image taken at the LaB6 nanowire field emitter tip before
field emission measurement; b) image about the same area after 20 minutes high current
density emission experiment.
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Figure 4.17. a) charge density simulation distribution on a LaB6 nanowire’s tip with
bright contrast representing higher density; b) thickness profile of the nanowire emitter
along the direction of projection electron beam; c), e) and g) TEM projection images
taken at a LaB6 nanowire emitter’s tip area at under-focus condition when 0v, -9v and
-24v are applied respectively; d), f) and h) simulation projection images by multiplying a
with b. For each conditions, different voltages as of those in c, e and f are used to simulate
a.
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Figure 4.18. A series of TEM images taken at under-focus condition about a LaB6
nanowire field emitter. The negative biases applied to the nanowire are 0v, -75v, -100v
and -160v, respectively presented through a to d.
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Figure 4.19. Ray diagrams showing the effect of negative charge on size of image when
taken at under-focus conditions. Through a to d, sequence is followed by from weak to
stronger bias. Grey line at the image plane represents bright contrast and black line
represents dark contrast.
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Figure 4.20. Effect of negative charge distribution on the shape of object image when
taken at under-focus conditions. Dark area in panel a is the objects original projection
image with 0 charge and grey areas inside dashed rectangles are the beams to be bent by
charge. Panel b to e show the movement of the two beams and its effect on the image
contrast development of the original object.
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Lanthanum hexaboride (LaB6) is widely used in modern technology as an excellent thermionic electron emission source which offers
high brightness and long service life. The advantages are originated
from its low work function and nature of low volatility.1,2 Extensive
thermal field-emission tests have also been performed with LaB6.3-5
These studies revealed that, compared to the LaB6 thermionic
electron emitters, a brightness of at least 2 orders of magnitude
higher could be achieved with the LaB6 thermal field emitter. The
required local electric field is only half of that needed by the typical
commercial thermal field emitters made with zirconiated tungsten
sharp tips.
For a LaB6 thermionic electron emitter, a smaller emitter tip
diameter results in a brighter electron beam and a smaller minimum
electron beam spot size, which will in turn improve greatly the
resolution and performance of electron optical instruments such as
the transmission electron microscope (TEM) and the scanning
electron microscope (SEM) that are often equipped with a thermionic LaB6 electron emission cathode.6-8 The tip diameter of
commercial LaB6 thermionic electron guns is typically in the range
of ∼5-100 µm. The emitter tip size plays an even more important
role in the thermal field-emission applications such as the Shottky
electron gun, which at present is considered as the best highresolution electron filament. With a low work function as one factor,
a strong local electric field is the other factor to determine the
electric field-induced emission for a given applied voltage and
cathode gun geometry. For a rod-shaped field-induced electron
emitter, the local electric field F which extracts electrons from the
emitter tip can be expressed as a function of the applied voltage V,
the emitter tip radius r, its longitudinal length h, and the distance
d between the anode and the substrate where the emitter stands: 9

F ) 1.2V(2.5 + h/r)0.9 [1 + 0.013d/(d - h) 0.033(d - h)/d]/d
The above relationship indicates that the smaller the emitter tip
radius r and the higher its aspect ratio h/r, the greater the local
electric field F will become, which in turn will enable field-induced
electron emission to occur at a lower applied voltage compared to
emitters of the same material but of larger dimensions. This lowered
turn-on voltage for field-induced electron emission has been
observed in many nanoscale structures including carbon nanotubes
and nanowires of SiC, W, CuS, and MoO3 materials.10-14 The small
diameter and large aspect ratio of such one-dimensional nanostructures magnify enormously the local electric field at the emitter’s
free end and give greatly enhanced electric field-induced emission
from these materials whose work functions are even considered
†
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high compared to that of LaB6. Therefore, it is of both great
scientific and practical significance to fabricate and investigate
nanoscale LaB6, the compound being considered as the best electron
emitter material thus far.
We herein report the synthesis and structural characterization of
LaB6 nanowires with diameter smaller than 100 nm and length more
than a few tens of micrometers. We have developed and applied a
chemical vapor deposition (CVD) method that produces singlecrystalline LaB6 nanowires of uniform diameter and well-defined
growth direction. The synthesis is based on the following chemical
reaction:15-17

2LaCl3(g) + 12BCl3(g) + 21H2(g) ) 2LaB6(s) + 42HCl(g)
The reaction was conducted in a tube furnace operated at 1150 °C
where the BCl3 gas was introduced to the reaction zone in a stainless
steel tube and LaCl3 powders were vaporized in a tantalum bowl
placed inside the tube furnace. The reaction was conducted in an
atmosphere at 1 atm pressure of hydrogen and nitrogen (5%H2 +
N2) gases. Single-crystalline nanowires were grown on gold metal
films coated on silicon substrates. Single-crystalline whiskers can
also be produced under similar conditions.
For electron diffraction and microscopy observations, the LaB6
nanowires were first dispersed in ethanol and then collected onto
a copper grid that was coated with a thin holey carbon film. The
TEM (JEM-2010F equipped with a Shottky field-emission gun)
was operated at 200 kV during structural characterization.
A representative morphological study of the nanowires is
presented in Figure 1. The nanowires with smooth surfaces of
diameter around 100 nm and length extending to more than a few
tens of micrometers were observed and measured using both
electron imaging and selected-area electron diffraction. Figure 1a
is a typical TEM image at low magnification where the dimensional
morphology is displayed. Figures 1b-d show three electron
diffraction patterns taken from three different crystal zone axes of
the same nanowire to identify the LaB6 crystal lattice, which has a
primitive cubic structure of space group Pm3m and has lattice
constant a ) 0.4153 nm. The three zone axes are [0 1 -1] (Figure
1b), [-1 2 -1] (Figure 1c), and [-1 4 -2] (Figure 1d). The relative
orientational relationship between the three electron diffraction
patterns is also given in the figures. For example, the [-1 2 -1]
zone axis electron diffraction pattern (Figure 1c) was obtained by
rotating the nanowire 30° about its [111] direction (illustrated in
Figure 1b). It can also be seen from the diffraction patterns that all
reflection spots are elongated to become streaks and these streaks
are always perpendicular to the [111] lattice direction, indicating
that the nanowire axis is parallel to the [111] direction of the LaB6
crystal. This result was further confirmed by high-resolution
transmission electron microscopy (HRTEM).
HRTEM was applied to analyze the detailed atomic structure
around the nanowire tip. Figure 2a is an electron microscope image
10.1021/ja043512c CCC: $30.25 © 2005 American Chemical Society
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Figure 1. (a) Low-magnification TEM image of a LaB6 nanowire. (b-d)
Electron diffraction patterns of the same LaB6 nanowire tilted to zone axes
[0 1 -1], [-1 2 -1], and [-1 4 -2], respectively. Dash lines indicate the
tilting axes about which the nanowire was rotated to obtain the needed
orientation. Circular arrows give the tilting angles, and the straight arrows
point to the tilting sequence.

faceted lattice planes are displayed in Figures 2b-g in corresponding sequence. Figure 2b shows the lattice image of the stem area
(marked B in Figure 2a) of the LaB6 nanowire. The axial direction,
[111], which is the same of the growth direction, of the nanowire
has also been indicated in the figure. Figure 2c shows the lattice
image near facet C of Figure 2a, whose surface is terminated with
the (1 1 -1) lattice plane. Figure 2d shows the area marked with
letter D in Figure 2a, which has a (110) facet. Figure 2e shows a
(111) facet, which is equivalent to Figure 2c in atomic structure
with the same surface energy and is perpendicular to the nanowire
axis [111]. Figure 2f shows (211) facet corresponding to the area
marked with F in Figure 2a. It is interesting to note that facet F is
the smallest compared with others shown in Figure 2a. Area G,
shown in Figure 2g, is a facet of (100) which is a low index lattice
plane. By examining the areas covered by the various facets
characterized, we found that the (100), (110), and (111) planes are
the dominant terminating facets. Lattice planes of higher indices
appeared only as transitions between the above dominant facet
planes of low indices. This result agrees with the lowest surface
energy principle in crystal growth.
Though commercial LaB6 electron gun filaments are usually
made along the 〈100〉 direction of the crystal lattice due to the {100}
plane’s lower work function and higher symmetry,1 it has been
suggested that the 〈111〉 oriented LaB6 single-crystalline tips might
be an even better alternative since they offer better stability.18
Electric field-induced electron emission measurements on the LaB6
nanowires are in progress.
In conclusion, we have developed a CVD method that has been
able to produce successfully LaB6 nanowires of well-characterized
morphology. The nanowires have a diameter around and smaller
than 100 nm and length extending to a few tens of micrometers.
The growth direction of the nanowires is its 〈111〉 lattice direction,
and they have hemispherical tips that are terminated by lattice planes
of low indices such as {100}, {110}, and {111}. The LaB6
nanowires’ potential applications include providing thermionic
emission, field-induced emission, and thermal field-induced emission of electrons for TEM, SEM, flat panel displays, as well as
other electronic devices that require high-performance electron
sources.
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Single-crystalline rare-earth hexaborides, especially lanthanum
hexaboride (LaB6) and cerium hexaboride (CeB6), are thermionic
cathode materials widely used in a broad range of electron beam
applications where a high brightness electron source with long
service life is required. The advantage of using rare-earth hexaboride
originated from its crystal structure, which is composed of rareearth metal atoms embedded inside a stable boron octahedron
network.1 This arrangement allows a unique combination of all the
desired properties for an excellent cathode material, such as low
work function, low volatility, low electrical resistivity, high
mechanical strength, and high chemical resistance, while these
properties seldom coexist in any other materials. Compared to LaB6,
CeB6 is believed to have even lower work function (∼2.5 eV) and
lower volatility, which mean lower operation temperature and longer
service life when used as a thermionic electron emitter.2,3 The low
work function is even more crucial a criterion when a cathode
material is designed for field-induced electron emission applications,
which offer a brightness 100 or more times higher than a thermionic
electron source. Field emission current density J can be expressed
by the Fowler-Nordheim equation:4

J ) 1.5 × 10-6(E2/φ) exp(10.4/φ1/2 - 6.44 ×
107φ3/2/E)A/cm2
where E is the local electric field produced at the tip and φ is the
work function of the emitting surface of the tip. It can be inferred
that the emission current density J is enhanced almost exponentially
with the decrease of work function φ. However, to achieve a high
emission current density J, high local electric field E is another
important factor and can be expressed as E ) V/5r, with V being
the voltage applied on the emitter tip and r being the tip radius.
The difficulty in making single-crystalline rare-earth hexaboride
sharp tips has impeded the development of field emission cathode
from this low work function material. Several attempts were made
to fabricate electrolytically sharpened LaB6 and CeB6 needle-shaped
field emitters from bulk single crystals, but no satisfactory field
emission results have been reported, in contrast to the highly
expected low turn-on voltage and high emission current promised
by the low work function that these hexaborides possess.5-9 On
the other hand, sharper tips and higher aspect ratio will also enhance
field emission for a given material. In a recent communication, we
reported a successful synthesis of 〈111〉 oriented LaB6 nanowires
with diameter below 100 nm.10 In a subsequent article, we reported
the fabrication of 〈001〉 oriented LaB6 nanowires and measurement
of their field emission characteristics where a field emission current
density of about 5 × 105 A/cm2 was obtained at a driving voltage
of 800 V.11 In this communication, we present the successful
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Figure 1. (a) Low-magnification TEM image of a CeB6 nanowire. (b-d)
Electron diffraction patterns of the same CeB6 nanowire tilted to zone axes
[100], [11h0], and [21h0], respectively. Dashed lines indicate the tilting axes
about which the nanowire is rotated to the desired orientation. Circular
arrows indicate the tilting angles, and the straight arrows point to the tilting
sequence in experiment.

synthesis of single-crystalline CeB6 nanowires with lateral dimension around 50 nm, length more than several micrometers, and a
well-defined 〈001〉 crystal growth direction.
The synthesis is based on the following chemical reaction:

2CeCl3(g) + 12BCl3(g) + 21H2(g) ) 2CeB6(s) + 42HCl(g)
The reaction was conducted in a tube furnace operated at 1125 °C
where the BCl3 gas (Aldrich, 99.9%) was introduced to the reaction
zone in a quartz tube and CeCl3 powders (Aldrich, 99.9%) were
vaporized in a quartz boat placed inside the same tube furnace. A
silicon substrate coated with platinum was placed at a position
downstream of the quartz boat for CeB6 nanowire deposition.
After the reaction, CeB6 nanowires with lateral dimensions
ranging from below 50 nm to more than 1 µm were grown on the
substrate surface. The nanowires were examined in both scanning
electron microscope (SEM, JEM-6300) equipped with an energydispersive X-ray spectrometer (EDX, KevexSigma3) and transmission electron microscope (JEM-2010F operated at 200 kV). EDX
analysis indicates that these nanowires are composed of B and Ce
elements.
A representative morphological study and structure determination
of the nanowires are presented in Figure 1. Figure 1a is a typical
10.1021/ja051340t CCC: $30.25 © 2005 American Chemical Society
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Figure 2. (a) [100] direction TEM image of the CeB6 nanowire tip. Inset
is a high-resolution lattice image of the tip’s top left corner. (b) [11h0]
direction TEM image of the same nanowire together with a high-resolution
lattice image showing its right-side wall. (c) Illustration of the 45° tilting
process to reconstruct the morphology of the nanowire.

TEM image at low magnification showing a straight nanowire with
smooth surfaces of lateral dimension around 50 nm and length
extending more than 10 µm. Parts b-d of Figure 1 show three
electron diffraction patterns taken along three different crystal zone
axes of the same nanowire to identify the CeB6 crystal lattice, which
has a primitive cubic structure of space group Pm3m and has lattice
constant a ) 0.4129 nm. The three zone axes are [100] (Figure
1b), [21h0] (Figure 1c), and [11h0] (Figure 1d). The relative
orientational relationship between the three electron diffraction
patterns are also given in the figures. For example, the [11h0] zone
axis electron diffraction pattern (Figure 1d) was obtained by tilting
the nanowire 45° about its [001] direction (illustrated in Figure
1b).
Due to the important role of the emitter tip in the emission
properties, a morphological study of the tip area of a typical CeB6
nanowire was also conducted as shown in Figure 2. Figure 2a is a

TEM image showing that the CeB6 nanowire has a flat tip top, and
its lateral dimension is measured to be 52 nm in this orientation. A
high-resolution electron microscopy (HRTEM) image of the top
left corner the CeB6 nanowire is displayed in the inset. We found
that, similar to the LaB6 nanowires,11 the growth direction is the
[001] axis of the crystal and both the flat tip top and the nanowire
side surfaces are terminated with the {100} lattice planes. Figure
2b is a TEM image of the same tip after a 45° tilting about the
axial direction of the nanowire. As expected, the electron diffraction
pattern confirmed that the nanowire was oriented in the [11h0] zone
axis, as also shown in the HRTEM image in Figure 2b. Moreover,
since now the projected width of the nanowire at this angle is 73
nm, which makes a ratio of x2 with that obtained in Figure 2a, it
suggests that the nanowire has a square cross section. This
morphology of the nanowire is also indicated in the left image of
Figure 2b, where a darker contrast line appears in the middle of
the nanowire due to the largest thickness in the diagonal direction
of the nanowire of a square cross section. A schematic summary
of the nanowire morphology is illustrated in Figure 2c: both the
tip of the nanowire and the side surfaces are terminated with the
{100} crystallographic lattice planes as labeled in the illustration;
the dashed arrows represent the direction in which the electron beam
is incident with the projections labeled underneath using letters A
and B, which correspond to the images given in Figure 2a and
Figure 2b, respectively. After checking several other nanowires
among the same sample, we obtained similar results except that
some nanowires have cross sections that are rectangular rather than
square. The fact that catalyst particles were sometimes seen at the
end of the nanowires suggests that the formation of the CeB6
nanowires is likely a vapor-liquid-solid process.
In conclusion, we have developed a chemical vapor deposition
method that is able to produce successfully CeB6 nanowires of welldefined morphology. The nanowires have a square cross section
with width of about 50 nm and have lengths extending more than
10 µm. The growth direction of the nanowires is the 〈001〉 lattice
direction, and they have flat tips and walls that are all terminated
by the {100} lattice planes. These CeB6 nanowires are of potential
use as point electron emitters for applications including providing
thermionic emission, field-induced emission, and thermal fieldinduced emission of electrons for TEM, SEM, flat panel displays,
as well as other electronic devices that require high-performance
electron sources.
Acknowledgment. We wish to thank the UNC Research
Council for financial support and J.T. is also partially supported
by Japan-U.S. Collaborative Scientific Research Program of JSPS.
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Rare-earth hexaborides are the best thermionic electron sources
due to their low work function, low volatility at high temperature,
high conductivity, high chemical resistance, and high mechanical
strength.1 Single-crystalline LaB6 and CeB6 (with work functions
of about 2.5 eV) have shown this advantage in thermionic electron
emission applications during the past 50 years. In the rare-earth
hexaboride family, GdB6 is believed to have the lowest work
function (∼1.5 eV).2 However, satisfactory thermionic emission
has not been achieved with this material, likely due to the relatively
poor stability of GdB6 at high working temperature around 1500
°C.2-4 Nevertheless, GdB6’s extremely low work function offers a
great opportunity for making this material room temperature field
emitters that put less stringency on the high-temperature stability.
A field emission electron source offers a brightness more than 100
times higher than the conventional thermionic electron sources, and
its current density J can be expressed by the Fowler-Nordheim
equation (in SI units):5,6

J ) 2.23 × 10-25(E2/φ) exp(4.12 × 10-9/φ1/2 - 1.02 ×
1038 φ3/2/E) A/m2
where E is the local field produced at the tip, and φ is the work
function of the emitting surface of the tip. It can be inferred that
the emission current density J increases rapidly with an increasing
electric field E, which can be expressed as E ) βV, with V being
the voltage applied on the emitter tip and β a geometry-dependent
enhancement factor that becomes larger as the emitter tip is sharper.
It can also be seen that the emission current density J is enhanced
almost exponentially with the decrease of work function, φ. A recent
study also indicates that, in electron optical applications, reducing
the emitter’s work function is the only way to achieve high
brightness without increasing the electron energy spread, which
causes chromatic aberrations.6 Therefore, to obtain a high emission
current with small energy spread at a convenient working voltage,
sharp field emitters out of low work function materials, for example,
rare-earth hexaboride nanowires, are desired. In our previous work,
we have demonstrated the synthesis of 〈111〉 oriented LaB6
nanowires, 〈001〉 oriented LaB6 nanowires, and 〈001〉 oriented CeB6
nanowires and also demonstrated field emission from a single LaB6
nanowire emitter with a current density as high as 5 × 105 A/cm2
at a working voltage of 800 V.7-9 In this communication, we present
for the first time a successful synthesis of single-crystalline GdB6
nanowires and a measurement of their field electron emission.
The synthesis is based on the following chemical reaction:

2GdCl3(g) + 12BCl3(g) + 21H2(g) ) 2GdB6(s) + 42HCl(g)
The reaction was conducted in a similar chemical vapor deposition
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(CVD) system described before,7 except that GdCl3 powders
(99.99%, Aldrich) were used as the evaporation source and a clean
silicon wafer was used as the deposition substrate.
After the reaction, a scanning electron microscope (SEM, JEM6300) equipped with an energy-dispersive X-ray spectrometer
(EDX, KevexSigma3) was used to examine the nanowires. The
lateral dimensions of the nanowires range from below 100 nm to
more than 1 µm. EDX analysis indicates the nanowires are
composed of B and Gd elements.
The GdB6 nanowires were also examined in a transmission
electron microscope (TEM, JEM-2010F) operated at 200 kV. Figure
1a is a morphological image of the grown GdB6 nanowires. They
are typically 50-60 nm in lateral dimensions and are more than
several microns in length. The nanowires’ tip-top surfaces are flat
and form a right angle with the side surfaces, as can be clearly
seen in the inserted high-resolution image of the area marked by
an arrow. The nanowires were found to grow along their 〈001〉
lattice directions, and both the tip-top and the side surfaces are
terminated with the {100} lattice planes. Panels b and c of Figure
1 are the TEM images together with their corresponding selected
area electron diffraction patterns taken from a single GdB6 nanowire
along its [100] and [21h0] lattice directions, respectively. A simple
geometric calculation was performed, as illustrated in Figure 1d,
in order to obtain the morphology of the nanowire tip. By using B
) 56 nm measured from Figure 1b, C ) 68 nm from Figure 1c,
and θ ) 26.6° determined from the two diffraction patterns, we
obtained the nanowire’s other side length A from the equation A )
(C - B cos θ)/sin θ ) 40 nm.
To study its field emission properties, a GdB6 nanowire with
lateral dimension of about 200 nm was picked up under an optical
microscope assisted with a manipulator, and the nanowire was then
attached onto an etched 0.5 mm tungsten (W) tip with an acrylic
adhesive. Field emission was measured in a high vacuum chamber
of 10-7 Torr. With the W tip as the cathode and a phosphor-coated
ITO glass as the anode spaced at 250 µm, an increasing electric
voltage was then applied and, in the meantime, the emission current
was measured and the emission patterns were recorded with a CCD
camera simultaneously.
Figure 2a shows the I-V curve of the field emission from the
GdB6 single nanowire. An emission current of 10 nA was obtained
at a voltage of 650 V, and the emission current reached 200 nA
before the emitter broke down. During the entire emission process,
the emitter’s surface is estimated to reach a maximum temperature
of about 400 °C, which is much lower than the melting point (2510
°C) of GdB6, but is much higher than the acrylic adhesive’s
tolerance temperature of 60 °C. The large current fluctuations
observed in the I-V curve are therefore suggested to be caused by
the melting of the adhesive attaching the GdB6 nanowire to the W
tip. A Fowler-Nordheim plot (ln(I/V2) vs 1/V) is depicted in Figure
2b, revealing characteristics of metallic field emission. Figure 2c
is a low-magnification TEM image of the GdB6 nanowire emitter,
10.1021/ja054251p CCC: $30.25 © 2005 American Chemical Society
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Figure 2. (a) Field emission I-V curve from a GdB6 single nanowire. (b)
Fowler-Nordheim plot of the field emission I-V curve. (c) Lowmagnification TEM image of the single nanowire field emitter. Inset is the
field emission pattern recorded on a phosphor screen.

nanowires have a rectangular cross-section with a width of about
50 nm and have a length extending to more than several microns.
The growth direction of the nanowires is its 〈001〉 lattice direction,
and they have flat tips and walls which are all terminated by the
{100} lattice planes. A GdB6 single nanowire field emitter produced
emission current of more than 150 nA at an average applied field
under 3.2 V/µm. The work function of the GdB6 nanowires was
determined to be about 1.5 eV, which is lower than that of LaB6
nanowire emitters. These GdB6 nanowires have great potential use
as point electron emitters for applications including providing point
emission sources for TEM, SEM, flat panel displays, as well as
other electronic devices that require high-performance electron
sources.
Figure 1. (a) TEM image of GdB6 nanowires. Inset is a high-resolution
lattice image of the tip’s top-left corner of the nanowire marked by a dark
arrow. (b-c) TEM images and selected area diffraction patterns taken from
the same nanowire along its [100] and [21h0] lattice directions, respectively.
(d) Illustration of the tilting process in reconstructing the morphology of
the nanowire.

Acknowledgment. We thank H. Jing and Dr. R. Superfine for
assistance in the simulations and use of SEM, and Dr. J. Zhang for
assistance in field emission measurement. J.T. is partially supported
by the Japan-U.S. Collaborative Scientific Research Program of
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and the inset is an emission pattern recorded at an applied voltage
of 750 V. The ring-like feature in the emission pattern is attributed
to the fact that the local electric field was more enhanced at the
edges and corners of the tip-top surface and therefore induced more
emission from a circle of emission sites. We also performed a
numerical simulation (FEMLAB) using a model based on the
experimental conditions and obtained a local electric field enhancement factor β ) 3.3 × 106 m-1 at the edges of the top surface. By
substituting β into the Fowler-Nordheim plot with slope k ) -1.02
× 1038 φ3/2/β, we obtained the value of work function for the GdB6
nanowire to be about 1.53 ( 0.2 eV, which agrees well with the
reported value.2 The lower work function of the GdB6 can also be
seen by directly comparing its emission current with that of a LaB6
nanowire emitter. For example, at 750 V, the GdB6 nanowire emitter
produces more than 50 nA emission current, which is more than 5
times larger than the current drawn from the LaB6 nanowire emitter
working under same conditions.8
In conclusion, we have developed a CVD process that is able to
produce GdB6 nanowires of well characterized morphology. The

Supporting Information Available: SEM image, EDX spectrum,
computer simulation, and procedure descriptions. This material is
available free of charge via the Internet at http://pubs.acs.org.
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ing in a bending of the AFM cantilever and an increase in the shear
stress at the interface. The cantilever bending increased until the force
applied to the nanotube was sufficient to pull the nanotube from the
polymer (Fig. 1) owing to interfacial failure in shear. This test was repeated using larger nanotube embedded lengths by pushing the nanotube at different depths into the liquid. The embedded lengths were
evaluated from SEM images of the nanotube before and during embedment within the epoxy. Further experiments were performed using
carbon nanotubes that had been previously chemically modified with
carboxylic groups [12] to improve the adhesion with the epoxy matrix.

Lanthanum hexaboride (LaB6) single crystals have been
one of the most widely used thermionic electron sources in a
large variety of devices requiring electron emission. The low
work function (∼ 2.6 eV)[1] together with low vapor pressure
at high temperature[2] makes LaB6 a thermionic electron cathode material superior to conventional filamentous tungsten in
electron optical instruments such as the transmission electron
microscope and the scanning electron microscope. To pursue
higher performance in these microscopy applications, fieldemission (FE) electron sources have been introduced to
achieve an even higher brightness and lower energy spread.
W or W/ZrO based field-emission guns (FEG) are now commercially available and can offer a brightness two orders of
magnitude higher than the LaB6 thermionic electron gun.[3]
The brightness of an FEG is proportional to the current density J of electrons emitted from the cathode surface, which can
be described by the zero-temperature Fowler–Nordheim
(F–N) equation (in A cm–2) as[4]
!
E2
10:4 6:44 × 107 f3=2
exp 1=2
(1)
J  1:5 × 10 6
f
E
f
where f is the cathode material’s work function and E is the
local electric field applied on the cathode tip, which can be
expressed as E = V/5r with V being the applied voltage and r
the radius of the cathode tip.
The above relations show that a lower work function and a
smaller tip radius of the cathode result in a higher emission
current density. Stimulated by the fact that LaB6 has a much
lower work function than W or W/ZrO and that it offers ex-
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cellent performance as a thermionic electron source, extensive
field-emission studies have been carried out on electro-etched
LaB6 needles with tip radii ranging from 100 nm to 300 nm in
the search of a brighter field-emission electron source.[5–9]
High temperature field-emission studies showed that a brightness at least two orders of magnitude higher than that of a
LaB6 thermionic emitter could be achieved with good stability
and that only half of the local electric field was necessary to
draw substantial current from the LaB6 needles compared to
a thermal-assisted W/ZrO FEG, which was attributed to the
lower work function of LaB6. However, when the electron
emission is operated at high temperature, it requires a higher
vacuum and has a larger energy spread in the electron beam,
resulting in a larger chromatic aberration in electron coherence. In cold field-emission studies, a high-temperature flashing procedure and a high vacuum of at least 10–9 torr
(1 torr ∼ 133 Pa) were required throughout the measurement
in order to obtain field emission. These limitations have made
FE electron source applications impractical for this type of
electro-etched LaB6 needles.
One-dimensional nanotube/nanowires have very sharp tips
with diameters ranging from more than a hundred to just a
few nanometers. Their properties in field emission were first
demonstrated in carbon nanotubes.[10–12] The nanometer-scale
tip geometry of carbon nanotubes greatly enhances the local
electric field and allows stable field emission of high current
density under much more practical experimental conditions,
such as low applied voltage, low vacuum, and room temperature, and even without the need for the flashing procedure.
These attractive features have aroused a tremendous amount
of scientific interest in this field, and today its advantage over
conventional field-emission electron sources has been well
demonstrated.[13–15] In the meantime, nanowires of many
other materials have also been reported to show low turn-on
voltage field-emission phenomena which are believed to originate from their small tip dimensions.[16–20] However, the large
work functions of these materials, including carbon nanotubes, still require tough working conditions for the utilization
of these materials. To find a high-performance nanowire/
nanotube field-emission cathode material, LaB6 nanowires,
which have a low work function and good electrical conductance, offer a better possibility that has not been well explored. Among all the crystal lattice planes of LaB6, the {001}
planes have both low work function and low volatility, and
therefore they are usually preferred as the emission planes for
commercialized LaB6 thermionic electron guns.[1,2] In this article, we report the synthesis by chemical vapor deposition
(CVD) of <001> oriented single-crystalline LaB6 nanowires
and the measurement of their excellent FE characteristics.
Figure 1 is a typical scanning electron microscopy (SEM)
image of the synthesized LaB6 nanowires on a silicon substrate. The nanowires have lateral dimensions from a few tens
of nanometers to more than 100 nm, and lengths extending to
more than a few micrometers. Nanometer- and micrometersized cubes and rectangular platelets were also found to have
grown on the substrate along with the nanowires, whose ge-
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Figure 1. SEM image of single-crystalline LaB6 nanowires synthesized on
silicon substrate. Some cubes and platelets are also grown along with
the nanowires. The arrow indicates a cube grown on a nanowire.

ometries reveal the crystallographic symmetries of cubic LaB6
single crystals. These cubes and platelets sometimes form a
right angle connecting two nanowires, as indicated by the arrow in Figure 1.
A typical low-magnification transmission electron microscopy (TEM) image of the produced LaB6 nanowires is shown
in Figure 2a. The nanowires are about 40 nm in lateral dimensions and more than several micrometers in length. The nanowires have smooth surfaces and their tips, indicated by the arrows in the image, are always terminated with a flat surface

Figure 2. a) Low-magnification TEM image of LaB6 nanowires. Arrows
point to the tips terminated with a flat surface. b) Electron-diffraction
pattern of the LaB6 nanowire displayed in (a) labeled A showing [001]
zone axis geometry. Streaks are perpendicular to the axial direction of the
nanowire. c) High-resolution image showing the tip of the same LaB6
nanowire, revealing the flat tip surface (001).

and form right angles with their side surfaces. Selected-area
electron diffraction (SAED) was used to determine the lattice
structure of the nanowires. An electron diffraction pattern of
the nanowire labeled A in Figure 2a is shown in Figure 2b,
showing that this nanowire was grown in the [001] crystallographic direction of the cubic LaB6 with lattice constant
a = 4.153 Å. It was also noticed that all the diffraction spots
are elongated into streaks perpendicular to the [001] lattice
direction, indicating that the nanowire axis is parallel to the
[001] direction of the LaB6 crystal. The diffraction pattern ap-

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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grow in this lattice direction. However, the causes of the
thickness and length variations among the nanowires are still
unknown, and a detailed growth mechanism still needs further
investigation.
Figure 4a shows a TEM image of a single LaB6 nanowire of
140 nm in width and about 1 lm in length attached to the tip
of a 0.5 mm thick tungsten wire. Field-emission measurements
of this structure were performed at a pressure of 10–7 torr in-

Figure 3. High-resolution TEM image of a thin LaB6 nanowire 15 nm in
width. The nanowire is single crystalline and has grown in the [001] direction.

Figure 4. a) Low-magnification TEM image of a single LaB6 nanowire
field-electron emitter. Inset: Fluorescent electron emission image of the
emitter recorded on the phosphor viewing screen. b) Current–voltage
(I–V) curve of the field emission from the single LaB6 nanowire emitter.
c) F–N plot of ln(I/V2) vs. 1/V. Excellent agreement with the F–N theory
of field emission is observed.

LaB6 nanowire is also single crystalline. The <001> growth of
these LaB6 nanowires is attributed to the fact that the {001}
lattice planes of LaB6 have the highest atomic density, and
therefore, it would minimize the total energy for the crystal to

side a high-vacuum chamber. While an increasing voltage was
applied, the electron fluorescent pattern observed on a phosphor screen was recorded by a charge-coupled device (CCD)
camera. An observable, bright emission pattern started to ap-
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peared identical as we moved the SAED aperture along the
entire nanowire, suggesting that the LaB6 nanowire is single
crystalline. To elucidate more details of the atomic structure
of the LaB6 nanowires, high-resolution transmission electron
microscopy (HRTEM) was also employed, as shown in Figure 2c. The atomic-resolution image confirms that the nanowire is parallel to the [001] crystallographic direction of the
LaB6 crystal and also reveals that a right angle was formed between the side surfaces and the tip, even at the atomic scale. It
should also be pointed out that the HRTEM image contrast
near the edge of the nanowire is uniform, unlike the diminishing image contrast observed in cylindrical nanowires, suggesting that the cross-section of the LaB6 nanowire were more
likely to be square, which was also observed in the case of
LaB6 micrometer-sized whiskers,[21,22] as well as CeB6 and
GdB6 nanowires of the same type of crystal structure.[23,24] To
determine the chemical composition of the amorphous layer
covering the nanowire, a small electron-beam probe was focused on the amorphous layer and electron energy-loss spectra (EELS) were acquired. The fact that only boron and
lanthanum elements were detected suggests that the layer is
composed of amorphous boron, since it is the only feasible
amorphous phase among the combinations of the two elements, and the lanthanum signals were due to the electron
scattering from the crystalline part of the nanowire.
LaB6 nanowires with lateral dimensions below 20 nm were
also fabricated. Figure 3 shows an HRTEM image of a LaB6
nanowire about 15 nm in width. The growth direction of the
nanowire is also parallel to its <001> lattice direction, and its
surfaces are all terminated with {001} lattice planes. This thin
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pear on the phosphor screen when the applied voltage
reached 650 V, and the emission pattern is shown in the inset
of Figure 4a. The elliptical shape of the emission pattern is
likely due to the fact that the emitter was not well aligned
with respect to the applied electric field, therefore causing the
cylindrical electron beam to intercept the phosphor screen at
an acute angle. The emission current–voltage (I–V) curve is
displayed in Figure 4b. A measurable field-emission current
of 0.5 pA was obtained at 450 V, which corresponds to an
average electric field of 1.5 V lm–1, obtained by dividing the
applied voltage by the cathode–anode separation of about
300 lm. Figure 4c shows the F–N plot, ln(I/V2) vs. 1/V. The
good linearity of the plot suggests that the field emission from
the LaB6 nanowire emitter agrees with a metal–vacuum fieldemission model as described by the F–N equation. In addition, by knowing the work function of the LaB6 emitter
(2.6 eV for the {001} planes[1]), the slope k of the F–N plot,
where k = –6.44 × 107 f3/2/b, can be used to estimate the lateral
dimensions of the emitter with an enhancement factor b ≈ 1/
5r. For this structure, we obtained D = 2r ≈ 152 nm. This value
falls between the edge length and the diagonal of the crosssection of the square LaB6 nanowire measured from the TEM
image shown in Figure 4a. The effective emission area A was
derived to be 6.4 nm2 after substituting b and f into the y-intercept b of the F–N plot as
!
1:5 × 10 6 Ab 2
10:4
(2)
b  ln
 1=2
f
f
Although the reason why only a small spot of the relatively
large area of the whole tip (about 2000 nm2) was activated to
emit electrons is still unclear, the small emitting area is a
desired feature for high-resolution electron optical applications where point electron sources are needed. The emission
current density at 800 V was estimated to be about
5 × 105 A cm–2 by dividing the total emission current by the
effective emission area. In comparison with the state-of-theart W/ZrO thermal field emitter working at 1800 °C with a
3000 V extraction voltage, the LaB6 nanowire emitter offers a
current density one order of magnitude higher while working
at room temperature with an 800 V extraction voltage. The
current density of the LaB6 nanowire emitter was also compared with that of a carbon nanotube field emitter, which was
believed to be the most promising field-emitter material of all
nanotube/nanowire emitters. Results obtained from a singlewalled carbon nanotube bundle emitter under the same experimental configuration show that the current density is at
the same order of magnitude as the tested LaB6 nanowire
emitter.[15] Four other I–V curves were also obtained from the
same LaB6 nanowire emitter with a continuous emitting time
duration of 30 min.
To study the influence of the amorphous boron layer on the
field-emission properties of the LaB6 nanowires, an amorphous boron nanowire about 170 nm in diameter was attached to a tungsten tip and arranged similarly to the LaB6
nanowire emitter field-emission measurement setup. The
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emission current never exceeded 1 nA before the applied
voltage rose higher than 800 V, in contrast to the 30 nA stable
emission from the LaB6 nanowire emitter of similar size and
under the same applied voltage. This might be due to the high
work function of boron (4.5 eV). On the other hand, it also
suggests that the field emission from the LaB6 nanowires
should mainly result from the crystalline part of the nanowire
rather than the amorphous boron layer. This point of view is
also supported by the field-emission data from single-crystalline GdB6 nanowires with a similar geometry.[24] With the
same amorphous boron layer on a GdB6 single-crystalline
nanowire of work function 1.5 eV, the GdB6 nanowire emitter
has a higher emission current than the LaB6 nanowire emitter
at the same applied voltage. This should not have occurred if
it were the amorphous boron layer that played the key role in
the field emission.
In summary, straight single-crystalline <001>-oriented LaB6
nanowires with widths ranging from 15 nm to more than
100 nm have been successfully synthesized by a CVD method.
These nanowires are terminated with {001} surfaces and offer
a promising structure as point electron sources. Field-emission
measurements on a single LaB6 nanowire showed that a high
emission current density of 5 × 105 A cm–2 was achieved at a
voltage below 800 V with an effective emission area as small
as 6.4 nm2. With an even thinner emitter, LaB6 nanowires offer the prospect to make the best point electron sources as a
consequence of the low work function and low dimensionality
of this unique material.

Experimental
The synthesis of the LaB6 nanowires is based on the chemical reaction
2LaCl3(g) + 12BCl3(g) + 21H2(g) → 2LaB6(s) + 42HCl(g)

(3)

The reaction was conducted in a tube furnace operated at 1150 °C
where BCl3 gas and LaCl3 powders were brought together in an atmosphere of hydrogen and nitrogen gases. Single-crystalline nanowires
were grown on metal substrates with a good yield and a small amount
of amorphous boron impurity, similar to the CVD approaches that
have also been used to produce LaB6 whiskers with diameters over
1 lm [21,22,25–27].
For electron-microscopy observations, the LaB6 nanowires were
first dispersed in ethanol and then collected onto a TEM grid coated
with a holey carbon film. A transmission electron microscope (JEM2010F equipped with a field-emission gun) operated at 200 kV was
used in the electron-diffraction and electron-microscopy examinations, as well as for electron energy-loss spectroscopic analysis.
For field-emission measurements, the tungsten wire was used as the
cathode and a piece of indium tin oxide (ITO) glass plate was used as
the anode. A layer of phosphor was also painted on the ITO glass to
enable observation of the electron-emission pattern when field-emission electrons from the cathode reached the anode. The FE measurement was carried out in a high-vacuum chamber at a pressure of
10–7 torr.
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–

The fundamental and applied physics of noble-metal nanoparticles is currently attracting much attention. To a great extent this is due to promising new applications of noble-metal
colloidal nanoparticles in fields such as materials science,[1]
biophysics,[2] molecular electronics, and fluorescence-spectral
engineering based on surface-enhancement effects.[3] In particular the nanoparticles have promising applications as bright
fluorescent markers with enhanced photostability in fluorescence microscopy, sensor technology, and microarrays. The
enhancement of the fluorescence emission of molecules near
a metal surface arises from interactions with surface plasmon
(SP) resonances in the metal particles.[4–6] These interactions
may also result in shortening of the excited-state lifetime thus
improving the photostability of the dye.[7]
The optical properties of a fluorescent molecule located
near a metal nanoparticle are affected by the near-field electrodynamical environment.[4–6] This can cause an enhancement or quenching of the fluorescence depending on the distance between the molecule and the metal surface. In the
case of fluorescent molecules located at very short distances
from a metal surface, non-radiative energy transfer to SPs in
the metal takes place.[8,9] Electromagnetic-field enhancement
due to SPs, however, still occurs at longer distances from
the metal core. As a result, there is an optimal fluorescent
molecule to metal-core distance for fluorescence enhancement.
Important factors affecting the strength of the fluorescence
enhancement are the size and shape of the nanoparticle, the
orientation of the dye dipole moments relative to the nanoparticle surface normal, the overlap of the absorption and
emission bands of the dye with the plasmon band of the metal,
and the radiative decay rate and quantum yield (Q) of the
fluorescent molecules.
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