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ABSTRACT OF THE DISSERTATION
CARBON NANOTUBE BASED SYSTEMS FOR HIGH ENERGY EFFICIENT
APPLICATIONS
by
Indranil Lahiri
Florida International University, 2011
Miami, Florida
Professor WonBong Choi, Major Professor

In the current age of fast-depleting conventional energy sources, top priority is
given to exploring non-conventional energy sources, designing highly efficient energy
storage systems and converting existing machines/instruments/devices into energy-
efficient ones. ‘Energy efficiency’ is one of the important challenges for today’s
scientific and research community, worldwide.

In line with this demand, the current research was focused on developing two
highly energy-efficient devices — field emitters and Li-ion batteries, using beneficial
properties of carbon nanotubes (CNT). Interface-engineered, directly grown CNTs were
used as cathode in field emitters, while similar structure was applied as anode in Li-ion
batteries. Interface engineering was found to offer minimum resistance to electron flow
and strong bonding with the substrate. Both field emitters and Li-ion battery anodes were
benefitted from these advantages, demonstrating high energy efficiency. Field emitter,
developed during this research, could be characterized by low turn-on field, high
emission current, very high field enhancement factor and extremely good stability during

long-run. Further, application of 3-dimensional design to these field emitters resulted in
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achieving one of the highest emission current densities reported so far. The 3-D field
emitter registered 27 times increase in current density, as compared to their 2-D
counterparts. These achievements were further followed by adding new functionalities,
transparency and flexibility, to field emitters, keeping in view of current demand for
flexible displays. A CNT-graphene hybrid structure showed appreciable emission, along
with very good transparency and flexibility.

Li-ion battery anodes, prepared using the interface-engineered CNTs, have
offered 140% increment in capacity, as compared to conventional graphite anodes.
Further, it has shown very good rate capability and an exceptional ‘zero capacity
degradation’ during long cycle operation. Enhanced safety and charge transfer
mechanism of this novel anode structure could be explained from structural
characterization. In an attempt to progress further, CNTs were coated with ultrathin
alumina by atomic layer deposition technique. These alumina-coated CNT anodes offered
much higher capacity and an exceptional rate capability, with very low capacity
degradation in higher current densities. These highly energy efficient CNT based anodes

are expected to enhance capacities of future Li-ion batteries.
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ability of the electrode in higher number of cycles. Numerical
values mentioned in figure b and ¢ denotes the current rate (mA
g-1), at which charge-discharge tests are performed. (d)
Coulombic efficiency and irreversible capacity loss, as a
function of number of cycles

A schematic of the advantageous features of ultrathin alumina
coated MWCNT anode for Li-ion batteries

A comparison plot showing the specific capacities different
anodes (as available in open literature) and that of the anodes in
the present study, as a function of current density

Differential scanning Calorimetry plots MWCNT anode, during
different stage of preparation and different states of
lithiation/de-lithiation

Electrochemical impedance spectroscopy results for MWCNT-
on-Cu anodes, at different conditions of charge/discharge. (a)
Nyquist plot for the whole frequency domain. (b) Nyquist plot
for the frequency range 10 kHz — 100 mHz. (c¢) and (d) are Bode
plots showing absolute impedance and phase-shift

Equivalent circuit with mixed charge transfer and diffusion
control, for MWCNT-on-Cu anodes

Lils, C1s,0 Is, F 1s and P 2p XPS spectra of the anode after

(a) 1st lithiation, (b) Ist de-lithiation, (c) 2nd lithiation, (d) 2nd
de-lithiation and (e) 55th de-lithiation cycles
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1. INTRODUCTION

“Energy” is being considered as one of the most important challenges for today’s
scientific community. As the source of conventional energy is fast depleting, it is
imperative to search for alternate sources and save energy in all possible applications.
Moreover, sources for conventional energy are the main cause behind increasing
pollution and resulting global warming, which are serious threats to our habitat. Possible
solutions to these issues could be developing alternate non-polluting energy sources (e.g.,
using natural resources like solar, wind power etc.), generating energy in a much more
efficient way and minimizing energy loss, thus, saving energy, in each and every
application. The main aim of this research work is to develop high efficiency energy
sources, through two different applications: (a) cold field electron emission sources,
which have potential applications in high power microwave devices, display materials
and miniature x-ray sources for clinical (imaging) and medical (cancer treatment)
purposes and (b) Li-ion (lithium-ion) rechargeable batteries, for powering future portable

electronic devices and hybrid cars.

With this goal, the basic idea is to implement interface-engineered carbon
nanotubes (CNT) for fabricating these two types of devices, having high energy
efficiency. Emphasis will be given on understanding the nature of the interface between
CNTs and substrate materials, leading to an optimized interface. An in-depth analysis of
electrical and electrochemical properties of the newly developed systems will be
conducted to establish their advantages over the existing ones. Structural characterization

will support properties of these CNT based systems.



1.1 Field Emission - Application of Carbon Nanotubes

The process of field emission is known to human kind for more than a century,
though most of its scientific basis was clarified in 1928 by Fowler and Nordheim [1, 2].
Tungsten (W) was the first material to be used for field emission [3]. It is also the mostly
used field emitter material in commercial instruments. Among other materials, LaBs has
been very popular in practical applications [4]. After discovery of attractive properties of
carbon nanotube (CNT) by S. Iijima [5] and demonstration field emission application of
CNTs by de Heer et al. [6], CNTs took the center stage of field emission research. Within
few years, first CNT-based practical flat panel field emission display was demonstrated
[7]. Field emission research involving CNTs took a sharp peak after this period and many

other applications have been demonstrated.

1.1.1 Carbon Nanotube Based Field Emitters — Advantages, Limitations and Scope

of Improvement

In spite of immense popularity of CNTs, which can be related to its fine tips, high
aspect ratio, good chemical resistance, efficient thermal and electrical conductivity and
exceptional mechanical strength, ample opportunities exist for further development in
this field. Two major properties, which need to be enhanced further for CNT-based field
emitters, are turn-on field and emission current density. Turn-on field implicates the
electrical energy input required to initiate electron emission from the device. In order to
achieve an energy-efficient field emitter, turn-on field has to be minimized. On the other

hand, emission current density needs to be maximized, in order to gain highest output



efficiency from the device. Significant developments in these two issues can further
expand application of CNT-based field emitters.

For practical device applications, stability of emission and device lifetime are two
more extremely important parameters. Emission current achieved from the field emitter,
should be stable enough for reproducible performance of the device. Further, its structure
should be highly stable, so that device lifetime can be enhanced. For better structural
stability, it is necessary to have strong bonding between CNTs and the substrate material
used for the device, because failure from this interface has been known to be the main
reason for restricting device life [8]. A strong bonding between CNT and substrate
material can enhance device life.

With an aim to address all these issues, it seems important to tailor the interface
between CNTs and substrate. Moreover, substrate selection appears to play an important
role in determining field emission response, as its resistance can significantly influence
turn-on field and emission current density. A high-resistance substrate (and interface) will
hinder electron movement towards CNTs and negatively affects these two important
properties of the emitter. Further, device design enhancements can increase output from
the field emitters. Keeping in mind about all these possible solutions to overcome
limitations of CNT-based field emitters, this study aims to develop an interface-
engineered CNT growth on low-resistance substrates, which can appreciably enhance
field emission response. Design enhancements will also be performed to further advance

these achievements and to add new features to CNT based field emitters.



1.2 Lithium Ion Batteries — Application of Carbon Nanotubes

In the present age of extensive use of portable electronic devices, rechargeable (or
secondary) batteries play important role as energy storage devices. Efficient use of
rechargeable batteries can even lead to hybrid or all-electric vehicles, which is expected
to revolutionize the automobile industries. Among all varieties of rechargeable batteries,
lithium ion (Li-ion) batteries have quickly become very popular worldwide and are being
extensively used in electronic gadgets and devices. Such quick industrial acceptance of
Li-ion batteries owes to their excellent properties - high energy density, higher output
voltage, absence of memory effect and lower self-discharge rate, as compared to other
batteries. Comparing all these advantages, it seems quite obvious that Li-ion batteries are
industrially accepted and have attracted lot of research activities in development of
lithium ion batteries with higher capacity and better stability in long-cycle operation [9].

In commercial Li-ion batteries, a complex Li-compound is used as cathode and
graphite is used as anode. Advancement in nanotechnology and specifically excellent
properties offered by CNTs in various applications, propelled replacement of graphite by
CNTs with an aim to achieve enhanced properties from the battery [10]. In spite of
several such efforts, CNTs have not yet shown attractive properties to be considered as a

replacement in commercial Li-ion batteries.

1.2.1 Carbon Nanotubes as Anode in Li-ion Batteries — Pros and Cons and Scope
of Improvement
CNTs have their obvious advantages over graphite in anodic application in Li-ion

batteries. First, CNTs being allotrope of graphite, their chemical interaction with Li is



expected to be known and should be quite similar to that with graphite. Second, CNTs
offer much higher specific surface area (than graphite), which can remarkably enhance
amount of Li" ion intercalated into it. Higher Li" ion storage ability allows CNT-based
anodes to offer higher capacity. Third, CNTs are much better electronic conductor than
graphite, which is anticipated to positively affect charge transfer kinetics [11]. With all
these exciting features, CNTs are expected to excel as anode in Li-ion battery application.

In contrary to this expectation, CNTs have not yet offered any such exciting
properties, as an anode of Li-ion batteries, such that it can replace graphite in commercial
Li-ion batteries. CNT based anodes have offered higher specific capacities than graphite
anodes. But CNTs have also shown high irreversible capacity, which is intrinsic to higher
surface area of a nano-material and is considered as a matter of serious concern for
commercial applications. Further, safety is an important issue in Li-ion batteries and any
new material to be used in Li-ion batteries should successfully demonstrate its safety
features. With high surface area, which can participate in unwanted exothermic reactions
leading to thermal runaway of the battery, CNTs are already presumed to offer less safety
for the battery.

With these pros and cons of CNTs for anodic application in Li-ion battery, it is
necessary to offer solutions to each of the limiting factors. First of all, specific capacities
of CNT-based anodes should be increased to such a level that its application in Li-ion
battery offers direct benefit. Secondly, device lifetime, performance reliability and
reproducibility should be enhanced for CNT-based anodes. These can be achieved by
ensuring structural integrity of the anode during long cycle operations. Further, its safety

factors should be demonstrated and if needed, be improved to match with the expected



levels, such that application of CNT based anodes in commercial Li-ion batteries
(offering much higher capacity and faster charging) can be a reality in near future. The

present research is focused to target these issues.

1.3 Objectives of Present Research

The overall goal of the present research is to demonstrate development of energy-
efficient devices in two different categories — field emitters and Li-ion batteries, using
beneficial properties of carbon nanotubes. This main aim can be achieved through some

specific objectives, as delineated below:

» Understanding the role of substrate materials on the field emission response of
CNTs, grown on them;

» Analyzing the function of interface between CNTs and substrate on CNT growth
and further on field emission response;

» Optimizing selection of materials as substrate, underlayer, catalyst with the goal
of developing an energy-efficient CNT based field emitter;

» Quantifying the bonding energy between CNTs and substrates;

» Exploring the possibilities of 3-dimensional design in improving field emission
efficiency;

» Understanding and analyzing new design and structural modifications in order to
impart new functionalities, such as transparency and flexibility, to field emitters;

» Exploring the possibilities of CNTs as anode in Li-ion batteries, with the aims of

increasing its capacity, enhancing stability, without affecting safety issues;



» Understanding the charge transfer mechanism in CNT anodes in Li-ion batteries.

Figure 1.1 presents a schematic representation of the planned research works, to

be carried out during this study.

The dissertation is segmented into different chapters, sections and subsections to
efficiently narrate the developments related to this research work. Chapter 2 will present
an overview of the state-of-the-art in the associated issues, specifically highlighting the
scope of further research in those fields, which will justify the present research plans.
Chapter 3 will give an account of the methodologies implemented in the present research.
Fourth chapter, the center point of this dissertation, will present results of the current
study and their scientific analysis leading to specific outcomes, in line with the already
laid-out objectives. The key findings and achievements will be summarized in chapter 5.
Further scope of research in the related fields and few specific recommendations for near-

future studies will be proposed in chapter 6.



Figure 1.1: Scheme of the present research plan.
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2. LITERATURE REVIEW

This chapter is divided into two broad sections. While the first section presents a
comprehensive review of scientific investigations performed by other researchers on field
emission and application of CNT as a field electron emitter, the following section deals
with working principles of Li-ion battery and research efforts to use different materials,
specifically carbon nanostructures, as anode of these batteries. An analysis of the
presently available knowledge in these fields facilitates to point out the issues of concern,

leading to experimental planning of this research work.

2.1 Field Emission — History and Applications

Emission, of ions or electrons, from the surface of energized metals, has been
known to human kind for more than a century. Emission processes, in a broad sense, can
be defined as the process of flow of charge carriers, either ions or electrons, from a highly
energized metallic surface to another surface or over some kind of potential barrier.
Emission processes can be divided into different categories either depending on the
source of energy or on the nature of charge carriers. Based upon the process of energizing
the metal surface, emission can be divided as field emission, thermal emission and
thermal-field emission. On the other hand, nature of charge carriers leads to either
electron emission or ion emission.

The process of field emission was first observed by Robert W. Wood in 1897 [1].
However, it was due to Walter Schottky in 1923 [2] and R.H. Fowler and L.W. Nordheim
in 1928 [3, 4] that an insight into the theory of the process was achieved. Putting in

simple terms, during this process, an electric field is applied between two electrodes kept

10



under vacuum and electrons tunnel through the vacuum, from cathode to anode. This
process is generally carried at room temperature or at slightly elevated temperature,
allowing high applied electric field. The process could emit ions or electrons.

Thermal emission, more popularly known as thermionic emission, is initiated by
supplying thermal energy, so that thermally activated electrons or ions emit out of the
surface of the electrode. Though this process was first reported by Daniel Lordan in 1873,
it was due to Edison in 1880 that the theory behind the process could be understood. In
1928, O.W. Richardson won the Nobel prize for explaining the thermionic emission
process [5-7] and the basic equations were named after him. This process is generally
carried out at high temperatures and low or negligible electric field.

In the transition region of these two emission processes, one more process is
defined as thermal-field emission process, in which a combination of electric field and
thermal energy are used to excite the charge carriers [8, 9]. This process is, however, not
as popular as the other two. Due to complex nature of this process, the governing
equations for this process also become complicated, to be used in normal computing

facility. Figure 2.1 shows a simple way to distinguish between these emission processes.

thermionic
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2.1.1 Theory of Field Emission

In order to understand the basic process of field electron emission, it is first
necessary to estimate the energy required to emit electron from a metal surface. First
assumption made in this calculation process is that the metal surface is semi-infinite
plate, having its normal in the z-direction. The surface of the metal is taken as z = 0.
Among all possible energy terms, the most important is Fermi Energy (Er) — defined as
the energy of the highest occupied electron state at absolute zero. Another very important
energy term is the Work Function (¢) of the metal, which is defined as the minimum
amount of energy, at absolute zero, that should be supplied to the metal before an
electron can escape from its surface. Another energy term, the Image Force (given as —
¢’/47%, where the negative sign indicates that the attractive force is inward from the metal
surface), is defined as the attraction force that an electrons feels towards the plane of a
perfect conductor, when situated at a finite distance from it. Adding all these energy
terms, the potential energy of an electron on vacuum side of the metal-vacuum interface
is given by [8]

V(z) = Ep + ¢ - ¢*/47° (1)

In the case of a field emission experiment, an external applied field is applied to
the surface of the metal. In such cases, the potential energy field seen by an electron is
given as

V(z)=Er+¢ - ¢*/4z* — eFz (2)

Figure 2.2, presented in next page, schematically shows the potential energy field

of an electron during field electron emission. This shows the amount of energy that needs

to be supplied to an electron before it actually could escape from the metal surface.
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Figure 2.2: Surface potential barrier seen by an electron during field electron emission
(solid line). Contributions from image potential and applied field are shown by broken

and broken-solid line, respectively. [8]

It may be noted from the figure that the potential barrier takes a triangular kind of
shape and it is lowest at highest energy level of electrons. Thus, it is easier for the
electrons in higher levels of conduction band to be emitted easily, at a much lower
applied field, than the electrons occupying lower energy levels.

In order to calculate the current density obtained in field electron emission, the
first thing to calculate is the number of electrons that hit the surface of the metal, from
within the metal. The number of electrons, with normal energy between W and W + dW,

impinging on the surface of the metal, from within the metal is given as

mdw
27°h?

? mk , T W-E,
[ f(E)dE = S L+ exp(- o )W 3)

w

NW,T)dW =
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However, all the electrons impinging the surface of the metal can not emit from
the metal surface. It will be decided by the probability D(W), known as transmission
coefficient, to be transmitted through the surface potential barrier. Thus, the field
emission current density, number of emitted electrons per unit surface area per unit time
multiplied by the magnitude of electronic charge, is presented as

J(F,T):eTN(W,T)D(W)dW (4)
where T and F denote tempoerature and applied field, respectively. Different terms

of equation (4) can be written as follows:

mk T W-E,.
NW,T)= PyrE In[1+ exp(—T)] 5
D(W) = {l+exp[Q(W)]} " (©)
O(W) = -2i j Az)dz 7
AMz) = [2—’;” W-E.—¢+ 8 + er)]% (8
h 4z

Using the expressions from equations (5) — (8), equation (4) takes the following

shape.

emk, T[J~ln{1+exp -W—-E.) k,T1}dw

JF.T)=—5
T°h 1+exp[Q(W)]

+ [l exp (0¥ = E,)/ ,T} 14V

)
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Equation (4) is the most generalized form for any kind of emission (field or
thermal), from a metal surface. Thus, this generalized form of the equation can be applied
to the case of thermionic as well as thermal-field emission also. With proper assumptions,
equation (4) leads to formulation of Fowler-Nordheim formula for field emission (at high
applied field and low temperature) and to Richardson and Schottky formulae for
thermionic emission (high temperature with weak or no applied field). Since, the main
focus of this chapter is on field electron emission, it is suitable to mention the Fowler-

Nordheim formula, at this moment.

1L537x10°F>  0.6839) 379F" 4

wG1oF" g P VO I (10)

Though equation (70), popularly known as Fowler-Nordheim (or, F-N) equation,

J(F)=

was originally deduced for metallic electron emitting surfaces of conventional 3-
dimensional materials, it has successfully been used for other types of (non-metallic
and/or non-3-diemnsional) materials, too.

It may be appreciated at this point that in most of the practical cases, the emitting
surface is not flat, but curved and small. Thus, removal of an electron from such a surface
leads to consideration of a surface energy term. For such a system, the revised form of
equation (2) should take the shape of

V(z)=Er+¢ - 62/4ZZ—CFZ—2’YO/1" (11)

Analysis of equation (11) immediately shows the reason for better performance of
nano-emitters. For a nano-structured material, surface energy (}°) will be high. If the
structure also has small tip radius (r), then the contribution from the term 2y"/r will be

very high, leading to a much smaller value for the potential barrier, V(z). This equation
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shows clearly how an electron could be extracted more easily from a nano-emitter
structure, as compared to a micro- or macro-emitter.

In nano field emitters, it has been observed that the macroscopic field (Fu),
applied to it and the local field (F), at the tip of the emitter is not same and can be related
by the following equation.

F=pF, (12)

where [ is known as field enhancement factor.

It is experimentally found that the value of B is very high, in the range of 5000-
15000. Several theories exist in support of this behavior; however, none of them could
satisfactorily explain this phenomenon properly [10]. One such theory predicts
geometrical field enhancement due to nanostructures present on the surface of the
emitter. However, atomically flat surfaces were also observed to show efficient field
emission and thus, contradict this theory. Another approach [11] predicts negative
electron affinity or lower work function supports high local field formation. In contrast to
this claim, high work function materials like, hydrogen-terminated diamond was found to
emit significantly. In another study, Robertson [12, 13] suggested that patch fields,
different parts of surface having different work functions, might be responsible for low
macroscopic field emission, though experimental observations against this theory also
exist. It may be possible that each of these theories contributes towards high field
enhancement factor, though any experimental proof of that fact or a detailed theoretical
explanation is still not available.

Field enhancement factor has also been known to be directly proportional to the

aspect ratio (h/r, h being height and r being tip radius) of the emitter. It can immediately
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be concluded that a wire type of structure will show better enhancement as compared to a
plate-like structure. It is of no surprise that carbon nanotubes (CNT), having very high

aspect ratios, are known as a promising candidate for field emitters.

2.1.2 Materials Used in Field Emitters

Field emission is being thoroughly investigated for almost last 50 years. During
this time period, different materials have been characterized for their field emission
response and some of them have found practical applications, too.

Tungsten (W) was the first material used for field emission. In 1966, Swanson et
al. [14] proposed total energy distribution from a tungsten field emitter and the research
in this field started immediately. Among other materials, LaB¢ has been very popular in
practical applications. In last decade, carbon nanotube (CNT) was proposed as an

excellent field emission material.
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Figure 2.3: Research trends for a variety of field emitter materials (decade wise

publication list in English-language journals only). Source: scopus.com.
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Table 2.1 summarizes a variety of materials that has been used for field emission.

Due to space limitation, this table uses only a fraction of available literature — actual

number of published literature is much higher. Figure 2.3 (previous page) presents a list

of publications (decade-wise) for different field emitter materials.

Table 2.1: Summary of materials used in field emitters

Material Aim of the study Reference

Tungsten Theoretical analysis of total energy distribution of a | [14]
tungsten field emitter
Emission current and total energy distribution from | [15-19]
different crystallographic planes of tungsten, with and
without various gas adsorption on them
Experimental and theoretical analysis of emission of hot | [20]
electrons
Field emission from tungsten nanowire [21]
Multistage tungsten oxide nanowire and its field emission | [22]
under poor vacuum condition

Carbon Field emission response from sharpened micro-size | [23]
carbon fiber
Field emission from micro- and nano-sized diamond | [24-27]
emitter arrays
Field emission from single wall- and multi wall- carbon | [28-42]
nanotubes, in the form of arrays or individual nanotube
Field emission from single-layer, multi-layer and thick | [43-49]
graphene structures

Silicon Large-area arrays of sharply-pointed field emitters on Si | [50]
wafers

Molybdenum | Closely packed arrays of micro-size Mo cones [51]
Field emission from single crystalline MoO3 nanobelts [52]
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Aluminum Field emission response of AIN nanotubes [53]
nitride

Boron- Field emission behavior from individual B-C-N nanotube | [54]
Carbon- rope, in situ within a low-energy electron microscope
Nitrogen

Copper oxide | Field emission from aligned cupric oxide nanobelt film, as | [55]
a function of temperature

Tin oxide Field emission from ~ 90 um long SnO, nanobelt array, | [56]
grown on Si wafer

Zinc oxide Different morphologies of ZnO nanostructures — | [57-60]
nanoneedle array, nanowire, nanopencils, nanorod array
on different substrates and their field emission response

Lanthanum Micro-tip and nanostructures of LaB¢ and their field | [61-63]
hexaboride emission response

As can be observed from the figure and the table presented above, carbon
nanotubes have attracted most attention as field emitter in the last decade and hence,
demands special attention. Moreover, carbon nanotube based field emitter is one of the
focus areas of the present research work. This issue will, thus, be discussed in detail in

the following sub-section.

2.1.3 Carbon Nanotubes in Field Emitters

Research on understanding field emission from CNTs and their application in
field emission devices (FED) had taken a big jump in the last decade, owing to its unique
structure and beneficial properties. Though field emission from carbon fibers has been
known since 1973 [23], it was first in 1995 when a carbon nanotube based field emission

electron source has been reported [30]. The device had an array of vertically aligned
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CNTs and the total electron gun was only 0.2 mm thick. The electron source offered high
current density and stability of emission (figure 2.4). With easy scalability to manufacture
devices up to hundreds of square centimeters, the authors predicted its suitability for flat

panel display applications.
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Figure 2.4: Field emission response from a vertically aligned CNT array. (a) Current-

voltage behavior, along with F-N plot in the inset, (b) stability of emission. [30]

Though it took some time to follow this extremely significant study, but in 1999
many exciting results were reported. Two important issues were addressed in two
different studies — field emission energy distribution [33], which helped to understand the
process of emission in a more detailed manner and environmental stability of field
emission mainly in lower vacuum levels or in presence of moisture [34]. Further, Xu et
al. [32] reported an inexpensive and controllable process to produce uniform and high
density of carbon nanotube emitters on large substrate surfaces. Device, prepared by
them, has shown 100-1000 mA cm™ current density at a low macroscopic electric field of

10-15 V um™. With support from the knowledge gained from all such studies and
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fulfilling predictions made by de Heer et al. [30], Choi et al. from Samsung Electronics
have demonstrated an actual CNT based field emission display (figure 2.5) — 4.5 inches
in size [31]. High brightness, good emission current at comparatively low electric field
and good stability of emission immediately attracted attention worldwide. Incidentally, a
sudden jump in research of CNT based field emission was observed in the next decade,

which is continuing till now.
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Figure 2.5: (a) Schematic design of the carbon nanotube based flat panel display and (b)

the actual field emission device showing three different color modes. [31]

Extending this research further, Saito et al. have successfully manufactured
cathode-ray tube type lighting elements and vacuum fluorescence display (VFD) panels,
by replacing conventional thermionic cathodes by multiwall carbon nanotubes
(MWCNT) [35]. These exciting new device performances were quickly followed by
application of new structures — such as CNTs grown on pointed tungsten tips [36], carbon
nanofibers [37], single MWCNT [38]. All these initial success stories have sparked wide
research activities involving application of CNTs in field emission. As can be seen from
figure 2.3, this enthusiasm could be reflected in more than 1400 journal publications (in

English language only) during the time period 2001-2010. In the short space of this

21



dissertation, it is not possible to refer most of them. However, some of the important
findings will be listed below.

As an important development of application of CNTs in field emission displays, it
is necessary to understand behavior of CNTs in presence of different types of phosphors.
It was observed that emission from CNTs degrade with time in presence of phosphor
anode in a field emission back-light unit [64]. Such degradation could be related to
degassing of Zn and S from the phosphor and modification of tips of CNTs to a non-
hexagonal network of carbon atoms, which changed its work function. This study was
important to identify a practical device problem.

For wider acceptance of CNTs as a field emitter material, it is important to reduce
production cost of CNTs and to make it a environmental friendly synthesis route. In an
effort to address this issue, Kumar et al. [65] have shown three dimensional growth of
well-aligned high-purity MWCNT arrays on Si, Ni-coated Si and Co-coated Si substrates
by thermal decomposition of a botanical carbon source — camphor. When used in field
emission device, these MWCNT array have shown 20-30 mA ¢cm™ emission current at an
excitation field of 5.6 V pm™ and stability up to 5 months under continuous operation.
This achievement prompted further research activities in this field.

Enhancing field emission current density from the CNT based emitters is always
considered as an important step. One simple way could be to add a gate structure to the
otherwise diode kind of structure. Such triode type of emitter structure could either be
top-gated or bottom-gated. In a bottom-gated type device, in which gate electrodes were
located underneath CNT cathodes with an in-between insulating layer, it was observed

that emission response was enhanced when a patterned insulator was used [66]. Figure
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2.6 presents the schematic diagrams of device structure. Accumulation of emission
electrons in the insulating layer was reduced by patterning the insulator. Simple structure

and easy fabrication process of this kind of device is attractive for practical applications.

anode plate anode plate
carbon nanotube carbon nanotube
cathode electrode cathode electrode

(b)

glass substrate glass substrate
Figure 2.6: Schematic representation of the device design having a bottom-gated

structure, using (a) whole insulating layer and (b) a patterned insulating layer. [66]

Constructing a top-gated structure, Seelaboyina et al. [40] have used an electron
multiplier micro-channel plate (MCP) as a top-gate-equivalent structure. Figure 2.7 (a)
shows the schematic of the emitter structure. Enhancement in field emission current is
immediately evident from figure 2.7 (b). Enhancement in the field emission current could
be related to dual effect of MCPs. First, MCP operates by avalanche multiplication of
secondary electrons, which are generated when incident electrons strike the channel walls

of a MCP. A voltage applied across the ends of the MCP creates a field which accelerates
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the secondary electrons along the channel leading to avalanche multiplication. Second,

MCP protects the CNTs from irreversible damage during vacuum arcing.
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Figure 2.7: Thin MWCNT based field emitter structure using micro-channel plate

(MCP). (a) Schematic of the device structure, (b) field emission responses with and

without MCP. [40]

Different hybrid structures were also proposed for enhancing field emission
current. One example is growth of CNTs on thin W tips, as mentioned before in this sub-
section. In another variety of hybrid structure, it was shown that a multistage CNT

emitter array, consisting of vertical arrays of SWCNTs and thin MWCNTSs grown on
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MWCNTs, could significantly enhance emission response [41]. Figure 2.8 presents

structure and field emission response of this structure.
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Figure 2.8: Multistage CNT array field emitter. (a) and (b) SEM images of the structure,

(c) field emission response. [41]

The beneficial effect of the multistage structure is clearly visible from figure 2.8
(¢), which shows more than 10 times enhancement in emission current.

All these interesting research works were well supported parallely by related
studies to understand deviation of field emission from conventional F-N relation [67, 68],
simulation studies to better understand field emission mechanism [69, 70], screening
effect [71] and failure mechanism [72] of CNT field emitters and many issues related to
growth, morphology, structure, orientation, bonding, presence of metallic nanoparticles
etc. Considering space limitation of this chapter, it is not possible to cover all these issues

in detail. However, an attempt was made to present important developments and issues
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related to application of CNTs in field emission devices. The following chapter will
highlight different aspects that could influence emission behavior of CNT emitters. A

good understanding of these issues will direct towards research goals of the present study.

2.1.4 Properties Affecting Emission Performance

Before going into discussion about the properties that have significant effect on
field emission performance, it is important to know about the process of field emission.
Field emission process consists of three steps — electron injection, electron transmission
and emission in vacuum [73]. Thus, any property that could affect these process steps
might have high impact on controlling the field emission behavior. For the case of CNT
field emitters, populating the conduction band of the CNTs, with charge carriers, become
important. Thus, it is important to use such a bottom contact, such that it can supply
electrons to the CNTs without much resistance. A metallic bottom contact often appears
to be beneficial.

Substrate material plays an important role in controlling the field emission
response of CNTs. Apart from offering high electrical conductivity (aiding faster electron
transport) and thermal conductivity (effectively dissipating heat generated during
emission process and thus, minimizing de-bonding of CNTs from substrate), metallic
substrates form ohmic contacts with MWCNTs, thus creating a low substrate-CNT
barrier. Hence, it is expected that electrons from MWCNTs grown on metallic substrates
will be able to tunnel through the energy barrier at a much lower excitation field, thus
showing lower Eto values. Among the metallic substrates, the metal with higher work

function (@) than CNTs (but, nearer to CNTs) need least energy to inject electrons into
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CNTs, especially metal contact with semiconducting CNTs and hence, show favorable F-
N tunneling [74]. On the other hand, metal with lower work function than CNTs forms
ohmic contact with semiconducting CNTs. Thus, work function of the contact material is
also important. However, it may be recalled here that for practical purposes, MWCNTs
are considered as metallic.

Further, structure of CNTs or to be specific, nature of bonds in CNTs is known to
influence their field emission response. Under an applied external electric field, the
triangular barrier between the Fermi level of the bottom contact and the conduction band
of CNTs narrows down, facilitating efficient electron tunneling to the CNTs. While sp> C
clusters provide sufficient conducting channels, improving electron transfer from the
metallic substrate to the emitter tip [75], sp> portions reduce the electron affinity and thus
shorten the potential barrier to aid in an easy escape of electrons (emission) into vacuum
[76]. A good combination of sp® and sp> bonds in the CNT structure could be the best
option to positively influence field emission.

Apart from these issues, type of contact also affects the interfacial resistance for
MWCNTs [74, 77]. For side-contacted CNTs, area of contact directly impact the electron
transmission process by imposing a finite energy barrier created by van der waals
interaction between metal and CNTs. This interaction was found to be significant for
smaller contact areas; though for larger contact areas, better electronic coupling between
metal and MWCNTs are reported [74].

Another important factor for a good field emitter is bonding between CNTs with
the materials underneath. It has been reported that poor adherence between substrate-

CNT is known to influence field emission by adding an extra resistance and often leading
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to failure of the device [72]. Good bonding results in lowering of contact resistance and a

high, sustained emission current [78, 79].

2.1.5 Scope of Improvement in Carbon Nanotube Based Field Emitters

Many issues were discussed in the last sub-section, which are known to influence
field emission properties of carbon nanotubes. Some of these issues have been studied
systematically, but some of them have not been studied thoroughly. Out of those less-
studied but very important issues is substrate material. Some scattered studies have been
performed in the past to understand the effect of substrate, underlayer and catalyst
material on CNT growth, but no systematic studies have been found to address and
clarify this important issue. In 2006, Talapatra et al. [80] have stressed on growth of
carbon nanotubes on bulk metallic substrates. Few studies were performed thereafter to
study the effect of metallic substrate and catalyst on CNT growth and field emission
response [81-86]. However, the effect of materials at the bottom of CNTs on their field
emission behavior is still not very much clear. Thus, opportunities exist to clarify this
issue and optimize the effects of substrate material on field emission of CNT emitters.

Apart from this important issue, it is also very much necessary to extract more
current from the field emission devices. This can be achieved by novel materials and/or
design of field emitter devices. Further, CNT based emitters should be constructed in
such a way that these could be used efficiently for future flexible displays. Design of such
devices will be a step forward in popularizing field emission displays. In the present

research work, some of these extremely important issues have been focused. Details
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about the experiments and analysis of results will be presented in chapters 3 and 4,

respectively.

2.2 Lithium Ion Batteries — History and Applications

Among all varieties of rechargeable batteries, lithium ion (Li-ion) batteries have
quickly become very popular worldwide and are being extensively used in electronic
gadgets and devices. Using modern Li-ion batteries, efforts are on to produce hybrid or
all-electric vehicles, which is expected to revolutionize the automobile industries. Such
wide acceptance of Li-ion batteries is facilitated by their intrinsic properties. Li-ion
batteries offer high energy density — 160% higher than Ni-metal hydride (Ni-MH)
batteries and 220% more than Ni-Cd batteries. This means Li-ion batteries of equivalent
energy will be much smaller in size and lighter in weight. In other words, keeping battery
weight or size similar, Li-ion batteries will produce much higher energy than other
rechargeable batteries. Moreover, Li being known as the most electronegative solid
material (with standard electrode potential being -3.04 V; Li <> Li" + ¢), it is quite
expected that Li-ion batteries will offer higher voltages, as compared to other
rechargeable batteries. While normal Ni-MH and Ni-Cd batteries offer 1.2 V and lead
acid battery gives 2.1 V, a normal Li-ion battery generates 3.6-3.7V, depending upon the
electrode materials used. Moreover, Li-ion batteries do not have any memory effect and
its self-discharge rate (~ 5-10% per month) is lower compared to other batteries (~ 30%
per month for common NiMH batteries and 10% per month for Ni-Cd batteries).
Comparing all these advantages, it seems quite obvious that Li-ion batteries are

industrially accepted and have attracted lot of research activities in development of
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lithium ion batteries with higher capacity and better stability in long-cycle operation [87].
Figure 2.9 below will show a trend in publication of Li-ion battery research activities in

English-language journals only.
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Figure 2.9: Publication status (in English-language journals only) showing high interest

in Li-ion battery research (source: scopus.com)

In the present study, stress has been given on development of new CNT-based
anode materials. Before explaining the goals of this study, it is necessary to have
background knowledge of the system. Following sub-sections are designed to present
important issues related to Li-ion batteries, leading towards a plausible justification of the

goals of this study.
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2.2.1 Working Principle of Li-ion Batteries

The structure of a Li-ion battery, in principle, is same as any other
electrochemical cells, having an anode, a cathode, an electrolyte and a separator to avoid
direct short-circuiting by not allowing electrons to travel through, but permitting ions to
move through it. Figure 2.10 presents schematic drawing of a typical Li-ion battery and

shows movement of ions and electrons during charging and discharging cycles.
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Figure 2.10: Schematic drawing of the structure of Li-ion batteries and mechanism of

charge transfer during (a) charging and (b) discharging.
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During charging, external electrical energy aids to break Li into Li" and electron
on the cathode. While Li" ions move through the electrolyte, crossing separator, towards
the anode, electrons takes the path of external circuit. On the other hand, during
discharging, Li" ions move from anode to cathode and the electrons go through the
external circuit (energizing the external ‘load’) to reach cathode in an effort to recombine
with the ions.

LiCoO; is the most commonly used cathode material, though any compound with
the formula LiMO, (M: Mn, Co, Ni) can be used [88]. Recent advancements have shown
good promise for LiFePOy as the cathode material [88]. Many other complex oxides or
mixtures of oxides are used as cathode, but those are still in research scale. Metallic Li is
not considered as a cathode material as its compounds offer higher melting temperature
than metallic Li, less reactivity with atmosphere and much less tendency to form
dendrites during cycling (which can short-circuit the electrodes) [89].

On the other hand, graphite is the most commonly used anode material [90],
though other materials like active carbon, mesocarbon microbead (MCMB) etc. are also
used often. In research scale, a wide variety of materials are being used and proposed for
anode application — next sub-section will present a brief outline of those efforts.
Electrolytes used in Li-ion batteries consist of Li-based salt (most popularly LiPFe) in an
organic solvent, such as ethylene carbonate (EC), diethyl carbonate (DEC) or dimethyl
carbonate (DMC) or a combination of these solvents. In most cases, an electrolyte of
1.0M LiPFs in EC-DEC (1:1 in volume) is used. Considering the most popularly used
components, i.e. LiCoO, as cathode and graphite (C) as anode, electrode reactions for a

Li-ion battery can be written as follows:
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LiCoO, <> Li;CoO, +xLi" + xe™ (at cathode) (13)

xLi" +xe” + 6C < Li,C (at anode) (14)

The value of ‘x’ depends on the structure of the carbon anode used — for graphite,
x =1, i.e., the compound formed at the anode is LiCe. This means that for every 6 carbon
atoms, one Li atom will be intercalated. For higher lithiation capacity, it is obvious that
‘x’ should be high.

From the above-mentioned reactions, it is possible to calculate theoretical specific
capacity of the anode (Q4) in mAh g™ using the following equation [89]

Qa = (x.96500)/(3.6.m.M) (15)

Where ‘M’ is molecular weight of carbon (could be any other element, depending
upon anode material used) and ‘m’ is its exponent of C in the reaction. Inserting
appropriate values for a graphite anode (M = 12, m = 6 and x = 1), it can be shown that
theoretical specific capacity of graphite (or, any other form of carbon, which forms LiCe
with Li) is 372.3 mAh g'. This is an important information which will be used frequently
during the present study.

After knowing about the basics of Li-ion battery, it is important to know about the
materials used in a Li-ion battery. Since, the present study is focused at developing a
novel anode material for Li-ion batteries, the following discussions will be limited to
materials used in anode only. A wide variety of materials have been used as anode in Li-
ion batteries. Section 2.2.2 will present a brief outline of different materials being
proposed for anodic application in Li-ion battery, while section 2.2.3 will focus more on

the carbon-based anodes only.
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2.2.2 Materials Used as Anodes in Li-ion Batteries

Three different categories of materials have been applied (in research scale) as
anodes of Li-ion batteries — carbon and carbon nanostructured based materials, oxide
based materials led by Sn-oxide and Si-based materials. Few other materials have also
been experimented. In this sub-section, a brief outline of all types of structures, except C-
based structures, will be presented.

Though graphite is conventionally used as anode in Li-ion batteries, its low
theoretical specific capacity presents ample opportunities for development of new anode
materials with higher capacities. Si and SnO, are considered to be two important
materials for this application, owing to their very high theoretical specific capacities,
4200 and 782 mAhg™, respectively [91, 92]. However, in spite of such high theoretical
capacities, neither of these materials could be successfully used as anode in Li-ion
batteries as both of these materials suffer from the limitation that during Li-ion
intercalation and de-intercalation, they experience huge (300-400%) expansion and
contraction, resulting into pulverization and capacity loss, in high number of cycles. It
was shown later that an efficient design of their nanostructures can generate very high
capacity, while minimizing the pulverization problem [93-95]. Thus, nanostructures of Si
and SnO, and their composites with other materials have been studied. Capacity
degradation still occurs for some of these anodes in long-cycle operation, though at a
much slower rate.

Among other oxide materials, TiO, and V,0s have shown good promise and these
two oxides have been used either individually or as a composite with other materials.

Though scattered efforts were made to use some other oxides, such as CuO, MnO etc.,
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but none of them were successful to attract much attention. Many other materials have
been proposed for anodic application in Li-ion batteries, e.g. Ge nanowire. Ge is known
to have a theoretical specific capacity of 1600 mAh g™ (forming Lis 4Ge compound) [96]
and 400 times faster diffusion of Li-ions into it as compared to Si [97] indicating that Ge
may be an attractive electrode material for high-power-rate anodes. Nanocomposites of
Ge with carbon [98] and tin [99] have shown promising capacity and cyclability.
However, Ge shows 370% volume change during lithiation/de-lithiation. In line with the
success of Si nanostructures, Ge nanowires have also shown appreciable capacity [96].
Apart from taking care of the volume change (and thus, pulverization issue),
introduction of nanomaterials as electrodes in the Li-ion cells, in place of conventional
ones, are expected to show higher lithiation capability and an overall better performance
simply because of their extremely high surface area as compared to their bulk
counterparts. Hence, in recent times, many nanomaterials have been studied for possible
application in Li-ion batteries. Virus templated Au-Co304 nanowire assembly is example
of one such novel structure, which has shown good specific capacity [100], though its
complicated processing route is restricting its further application. At this point, it must be
mentioned that higher surface area of nanomaterials is also responsible for high
irreversible capacity loss. Thus, structural and material optimization is extremely
important. Table 2.2 presents a summary of a variety of materials used as anode in Li-ion
battery, except C-based nanostructures. It may be noted at this point that many other
materials have been used for the same purpose; however, in the small space of this

chapter, it is not possible to accommodate all such great research efforts.
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Table 2.2: Summary of materials (except carbon-based materials) used as anode in Li-

ion batteries

Material

Achievements of the study

Reference

Si
nanostructures

Si nanowire as anode, showing > 2100 mAh g at 1C*
rate and ~ 3500 mAh g at C/5 rate; but up to 39% drop
in capacity in 50 cycles (at C/5 rate)

[93, 101]

Various
oxides and
their mixtures

Zn0, SnO; and their 1:1 (molar ratio) mixtures — particle
size in the range of 200-250 nm, reversible capacity is
400, 700 and 450 mAh g™, respectively

[102]

Tin-based amorphous composite oxide (TCO) — shows
reversible Li-ion storage capacity > 600 mAh g

[103]

Various nano oxides — FeO, NiO, CoO, Co304, Cu,O —
shows range of capacities from 1000-600 mAh g-1 and
some showing 100% capacity retention up to 100 cycles

[104]

Mixture of metal and oxides — Sb-V,03; and Sb-MnO —
latter shows improved capacity retention ability

[105]

Various sizes of CoO and Co304 (range: 4-30 pm) — CoO
offers best stable capacity ~ 300 mAh g™

[106]

Porous Co0304 nanotubes — discharge capacity of 1200
mAh g at a current rate of 50 mA g”'

[107]

MoO, (x = 2 or 3) nano-particles prepared by hot wire
chemical vapor deposition — capacity of 620 mAh g™ and
93% capacity retention in 50 cycles

[108, 109]

V,0s5 nanoribbon — extremely high Li diffusion rate,
which can provide super-high power rate of 360C (10 s)

[110]

Virus-enabled synthesis of Au-Co3;O4 nanowire -—
approximately 1100 mAh g capacity at a current rate of
C/26.5

[100]

Ge nanowire

High specific capacity — 1141 mAh g at C/20 rate and ~
600 mAh g at 2C rate

[96]

* C-rate convention: 1C rate is defined as the current rate required to dis(charge) the full

theoretical capacity in 1 hour.
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2.2.3 Carbon Nanostructures as Anode in Li-ion Batteries

Advantages of nanostructures are obvious for their application as electrode in Li-
ion batteries. In line with application of nanostructures of Si, SnO,, Ge etc., a variety of
carbon nanostructures have also been attempted for anodic application in Li-ion batteries
[111]. Enormous amount of literature exist dealing with carbon nanostructure based

anodes — the following sub-sections will present a highlight of these structures.

2.2.3.1 Fullerene

Both Cg¢p and C;o fullerenes were studied for understanding their Li storage
capacities. It was observed that a maximum of 1 Li per 5 C can be accommodated in Ce
molecule [112], which presents better situation as compared to graphite (LiCg).
Hydrogenated fullerenes were found to offer higher Li-storage capacity and better
stability [113]. The capacity was also observed to be dependent on the degree of
hydrogenation. However, in spite of some good feedbacks, fullerene based anodes were
not studied much, because of huge advantages expected from two other carbon allotropes

— carbon nanotube and graphene.

2.2.3.2 Carbon Nanotube/ Nanofiber and Graphene

Among the three carbon allotropes — 0-dimensional fullerene, 1-dimensional
carbon nanotube and 2-diemnsional graphene, carbon nanotubes have attracted most
attention in recent years for application as anode in Li-ion batteries, though application of

graphene has also gained quick popularity during last couple of years (figure 2.11).
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Figure 2.11: Publication trend involving carbon nanostructure as anode in Li-ion

batteries. (Source: scopus.com)

Carbon nanotubes (CNT), carbon nanofibers (CNF) and graphene have been used
in different forms as anode material in Li-ion batteries. Apart from forming the anode
individually, these were used as composite with many other metals/oxides/other
materials, sometimes even as encapsulated structures. Accordingly, the anode structures
have shown a wide range of properties, some of them being impressive. Table 2.3
summarizes some of these important findings. As can be observed from figure 2.11,
research with carbon nanostructures as anode in Li-ion batteries have resulted in high
volume of publications. In the following table, only a small fraction of them have been
presented, with the aims to cover widest possible range of structures and properties.

Details about each of these structures could be found in the corresponding references.
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Table 2.3: Summary of applying CNT/CNF/graphene as anode in Li-ion batteries

S| Reversible
N(; Material Capacity C-rate Reference
) (mAh/g)

1 CNT 125 0.02 C [114]
2 CNT 150 0.05C [(115]
3 CNT 200 0.13C [116]
4 CNT 280 0.11C [117]
5 CNT 250 0.07 C [118]
6 CNT 436 0.11C [119]
7 CNT 230 0.13C [120]
8 ONTC* 515 0.5 mA cm™ [95]

9 CNT-Sn,Sb 500 0.08 C [117]
10 Sn-CNT 550 0.13C [120]
11 Sb-CNT 449 0.07 C [118]
12 Bi-CNT 309 0.07 C [118]
13 SnNi-CNT 500 0.13C [120]
14 SnSb-CNT 480 100 mA g’ [121]

SnO,-CNT N
15 coro-shell 586 0.5C (336 mA g [122]
T
y CNT@SnO»- 575 1500 mA g o3
Au nanocable 630 180 mA g

17 Si-CNT 940 0.156 mA cm’™ [124]
8 Slﬁ@ﬂl%te' 584 0.1C [125]
19 Si-Graphite- 960 0.11C [126]

SWNT
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20 CeO,-CNT 133 NA [127]
21 CuO-CNT 500 0.1C(67mAg") [128]
22 SWNT paper 520 02C [129]
23 CNFs@CNT” 400 02C [130]
24 Graphene 540 0.13C

25 Graphene-CNT 730 0.13C [131]
26 Graphene-C60 784 0.13C

* ONTC — Ordered nanostructured tin-based oxides/carbon composite
# CNFs@CNT — Carbon nanofibers encapsulated in carbon nanotubes

NA — Not available in the literature

From table 2.3, it is clearly evident that most of the CNT/CNF/graphene based
anodes offer higher capacities than graphite electrode, but many of them were tested at
low current rates. It will be interesting to know about their capacities at higher current

rates. Moreover, other issues, like safety, also need to be addressed.

2.2.3.3 Specialty Carbon Nanostructures
Apart from the above-mentioned well-known carbon nanostructures, some special
structures were synthesized and applied as anode for Li-ion batteries. Though research on

these structures is in its infancy stage, but novelty of these structures deserves a mention.

2.2.2.3.1 Ordered mesoporous and hierarchically porous carbon

Ordered mesoporous carbon structure has extremely high surface area, which
could successfully be used for lithium storage. Zhou et al. [132] reported such a structure

prepared using ordered silica as a template and sucrose as precursor and it has shown one
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of the highest Li-ion intercalation capacities among carbon-based structures. This
structure offered a reversible specific capacity of 1100 mAh g™ (which corresponds to the
structure Li;Cg) at a current density of 100 mA g”'. Figure 2.12 presents a TEM image of

the structure. This structure shows good promise for anodic application in Li-ion battery.

Figure 2.12: TEM image of the ordered
mesoporous carbon structure, perpendicular to

the direction of hexagonal pore arrangement.

[132]

Another important and almost similar carbon morphology is hierarchically porous
carbon, which contains a 3-diemnsional network of both meso- and macro-pores. This
special structure also exhibited superior electrochemical properties for Li storage [133].

A representative SEM image, in figure 2.13 (a), gives an idea of the structure.
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Figure 2.13: Hierarchically porous carbon structure - (a) SEM image of the structure

and (b) rate capability of the anode. [133]
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This special structure offers a stable capacity of ~ 500 mAh g, at 0.2 C rate.
However, the most interesting property of this structure is its rate capability; even at very
high rate of 60C, this anode has shown appreciable capacity. Advantage of this structure
is the connection between large and small pores, which offers optimized conditions for

electrolyte penetration.

2.2.3.3.2 Superfine expanded graphite fiber

One more special structure is superfine expanded graphite fibers, which consists
of thin carbon ribbons and is characterized by high surface area as well as mesopores (in
the range of 2-5 nm) [111]. This structure offered specific capacities of 1000 mAh g at
0.1 C rate, 700 mAh g at 0.2 C rate and an excellent rate performance, up to a high rate
of 60C. Owing its excellent performance, this structure shows good promise for anodic

application in Li-ion batteries.

2.2.4 Scope of Improvement in Li-ion Batteries

Information presented in the previous sections lead to summarize the
shortcomings of the presently used/proposed anode materials and help to identify the
need of the future. The very first issue that needs to be attended is enhancement of
specific capacity of the anodes. Many anodes, involving carbon nanostructures, are not
yet fully explored to gain excellent specific capacities. Moreover, rate performance and
stability in longer cycles are two other major properties that need to be improved. Even

the anodes with best specific capacities, e.g. Si nanowire anode, did not perform well
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when it comes to higher rate and/or more number of cycles. Capacity degradation per
cycle should be minimized, in order to ensure good life of the anode.

Another important issue is binder. Commercial batteries and most of the research
efforts (mainly involving C-nanostructures) have used polymeric binders in the anodes,
adding a redundant weight, ultimately reducing the specific capacity of the electrode.
Moreover, most widely used binder, poly(vinylidene fluoride) (PVdF), is known to react
with graphitic materials and metallic lithium to form stable compounds [134-137]. Such
reactions are highly exothermic; e.g. reaction with metallic Li produces 7.2 kJ of energy
per gram of PVdF [135]. Thus, presence of binder could lead to thermal runaway,
necessitating incorporation of additional safety features in the battery. Advanced Li-ion
batteries, hence, need a binder-free electrode, to avoid such kind of capacity loss and
inclusion of additional safety features.

In an effort to address all these issues, the present study proposes direct synthesis
of interface-controlled MWCNTs on copper current collectors and their application as the
anode in Li-ion cells. This kind of structure is expected to have many advantages over the
conventional anodes. First of all, unlike all the past studies involving CNTs, which used
raw CNTs and polymeric binders [114-116], the present structure will have directly
grown CNTs on the current collector, thus avoiding the polymeric binders completely. In
this way, it reduces harmful effect of the polymeric binder, reduces weight of the active
material, increases specific capacity and shows potential to be used for high temperature
application. Secondly, CNTs do not have any kind of expansion/contraction and
pulverization problem (like Si and SnQO,), so it should be able to sustain its capacity for

long cycles. Third, due to direct growth on current collector, each CNT is well bonded to
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it, thus all of them contribute to the capacity. Fourth, high specific surface area of CNTs
allows more Li-ion intercalation. Fifth, higher conductivity of the active anode material is
important for achieving higher capacity [138]. In that respect, MWCNT, known to be
excellent charge carriers, is a good candidate and aid in achieving higher capacity.
Moreover, direct growth and strong bonding between the CNTs and substrate further
helps in efficient charge transport. Further, the anode structure can be very easily
fabricated using thermal chemical vapor deposition (CVD) process. With all these
advantages, it is expected that the approach, proposed in this study, will lead to a better

structure for Li-ion battery anodes.
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3. MATERIALS AND METHODS
This chapter presents a detailed description of growth of carbon nanotubes,
samples preparation methods for field emitter and battery, and the characterization
techniques followed in this study to explain structure and properties of these devices.
Figure 3.1 presents an overall schematic about plan of research. Detailed description of

each step is given in the following sections.

3.1 Carbon Nanotube Synthesis

Carbon nanotubes (CNT) were synthesized in the present study through thermal
chemical vapor deposition (CVD) system. During the study of field emission, three
different metals (Cu, Al and W) and one ceramic, low temperature co-fired ceramic
(LTCC) were selected as the substrate materials. Field emission behavior of the CNTs
grown on these substrates was compared with those synthesized on Si substrates. Reason
for such substrate selection will be discussed in section 4.1. However, for the Li-ion
battery purpose, CNTs were grown on Cu substrate only.

500 pum thick pure Cu, Al, W, Si and LTCC sheets (with surface roughness < 10
um) were taken as the substrate materials and all the substrates were first cut into
required sizes. For field emission study, the sample size was 10 mm x 10 mm, while for
battery study, the sample size is ¢ 14 mm disc. Cut samples were then cleaned thoroughly
in acetone, methanol and de-ionized water and further dried in pressurized N, gas. This

process was performed to remove any surface contaminants from the surface of the
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Figure 3.1: A brief schematic presentation of the present research work.
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samples. Cu has a tendency to form oxides when stored for long time. So, Cu samples
were given an extra hot acetic acid treatment, prior to the cleaning step, in order to
remove any surface oxide.

These cleaned samples were then introduced into a magnetron sputtering system
(AJA International). Thin layers (10-15 nm, each) of interface layer (Ti or Al) and
catalyst (Ni or Fe) were sputtered on the samples. During sputtering, which is basically a
physical vapor deposition process, base pressure was kept at ~1x10” Torr. For generating
the plasma or ignition of sputtering gun, continuous flow 10 sccm of Ar gas was
maintained and chamber pressure was raised to ~25 mTorr. Power of ~75 W was applied
to the magnetron guns. High concentration of Ar gas and ~75 W of power was good
enough for initiating the plasma. After generating plasma, the pressure was lowered down
to ~5 mTorr, which was the deposition pressure. The samples were kept at room
temperature during sputtering.

Thin-film sputtered samples were then inserted in a thermal CVD chamber
(Easytube1000, FirstNano). All the CVD cycles were computer controlled. Before
initiation of CVD, the system was used to be heated at 1173K in presence of oxygen,
followed by slow cooling, to ensure oxidation of any residue carbon from the previous
cycle. During heating of the samples to the growth temperature, Ar gas was flown (@
1000 sccm) to maintain an inert atmosphere within the furnace. CVD was performed at
temperature of 923-973K, using H, + C,Hy (1:2 ratio) mixture as the precursor for CNT
growth. After the growth period, samples were slowly cooled within the furnace, under
an inert (Ar) gas envelope. All CNT growth cycles, reported in this study, were

performed at atmospheric pressure condition. Information related to carbon nanotube
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growth could be found in the following references [1-4]. Figure 3.2 presents a schematic

of the process flow chart.

CNTs on
Substrate

Thermal CVD ﬂ
.
. -%1 film deposited

substrate
Sputtering ﬂ

* Bare substrate

Figure 3.2: Schematic process flow-chart for synthesis of MWCNTs on various samples.

CVD growth results in formation of thick mat type randomly oriented multi
walled carbon nanotubes (MWCNT) on the substrates. Figure 3.3 presents representative

SEM images of the structure.

[y e

Figure 3.3: SEM images of the MWCNT structure, grown by CVD.
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3.2 Preparation of Electrodes and Test Devices

During the present study, CNT based structures were used as cathodes in field
emission test set-ups, while similar structures acted as anodes for Li-ion batteries.
Depending upon the application, preparation the electrodes and the test devices followed

different routes. Details about these sample preparation methods are given below.

3.2.1 Preparation of Conventional 2-Dimensional Field Emitters

As-synthesized CNT samples, as described in section 3.1, were directly used as
cathode of the field emitter test devices. In most cases, a flattened Cu sheet was used as
the anode of the device. Field emission tests involving capture of field emission images
used to have a green phosphor coated indium tin oxide (ITO) conducting glass piece as
the anode. Inter-electrode distance was maintained at 1000 pm, by using alumina spacer
materials. The device assembly was mounted on a 10 mm thick Teflon piece to avoid any
short circuit or grounding with the field emission test chamber. Details about the
electrical connection and other parameters of field emission test will be explained in

section 3.4.

3.2.2 Preparation of 3-Dimensional Field Emitters

Preparation of 3-D field emitters involved making micro-channels within Cu
sheets by electro-discharge machining (EDM). Initially, 250 um thick copper sheet was
cut into required size and micro-channels, of diameter 140£10 wm, were formed within
the samples by EDM technique. Distance between each circle was maintained in a similar

and repetitive manner for all samples. The samples, with micro-channels created in them,
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were later treated in the same way for CNT growth, as mentioned in section 3.1. It may
be mentioned here that areas surrounding the micro-channels, except for a square area of
1 mm? covering all the channels, were masked during catalyst deposition and hence, that
area does not see any CNT growth during CVD. This step was performed to ensure that
CNTs are synthesized only a very small lateral surface area and within the micro-
channels only. Figure 3.4 presents a schematic of the process flow chart to prepare the 3-

D cathodes of field emission test device.

Figure 3.4: A schematic of the processing steps to fabricate the 3D CNT-based field

emitter on Cu substrate.

3.2.3 Preparation of Transparent Flexible Cathode for Field Emitters
The process of preparation of transparent flexible field emission device involves

several steps: graphene synthesis, transfer of graphene on polymeric substrate, anode
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preparation and cathode preparation. The following sub-sections will cover these process

steps separately.

3.2.3.1 Graphene Synthesis

Graphene film was synthesized by CVD method, over Cu foils (Nimrod Copper
Company). Large area Cu foils (thickness~50um) were cut into pieces of required
dimensions and were annealed for 1 h, at 1273K (1000°C) and under H, and Ar (flow
ratio 1:5) environment, at 1 atm pressure, with an aim to increase the grain size to 500-
1000 pm. After annealing, Cu foils were subjected to chemical etching at 333K (60°C)
using 1M acetic acid, to remove any oxide film generated over Cu foil during annealing.
After washing the Cu foils with de-ionized (DI) water to remove acid trace from the
surface, these were inserted at center of quartz tube in a thermal CVD system for
graphene growth. Initially quartz tube was flushed with Ar (500 sccm) gas for 30 minutes
to remove air from the quartz tube. Temperature of the furnace was raised up to 1273K
(1000°C), at a rate of 100K/minute, under Ar (500 sccm) and H; (50-100 sccm)
atmosphere. At the graphene synthesis temperature, CHs (10-25 sccm) and H; (50-100
sccm) gas was introduced into the CVD chamber for graphene growth. After 5 minutes of
growth time, furnace was cooled to room temperature under 500 sccm of Ar atmosphere.
Whole CVD process was done at 1 atm pressure. Related information about the graphene

growth and sample preparation may be found in references [5, 6].

3.2.3.2 Transferring Graphene on PET
Large area graphene film was transferred from Cu foils to Polyethylene

terephthalate (PET) substrate using hot press lamination and chemical etching process.
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For hot press lamination, PET film along with graphene over Cu foil was passed through
indigenously developed hot press rollers. This hot press laminated PET/graphene/Cu
sheet was floated over the concentrated FeCls solution for chemical etching of Cu foil.
Chemical etching was performed at room temperature for ~2 h which completely
dissolved the Cu. Graphene/PET film was washed into the de-ionized (DI) water and

dried in air.

3.2.3.3 Cathode Fabrication

For fabricating the hybrid graphene/CNT cathode, multiwall carbon nanotube
(MWCNT) solution was spin coated over graphene/PET substrate. MWCNT solution was
prepared in polyvinyl alcohol (PVA) and DI water mixture. Approximately, 4 wt% of
PVA (with average molecular weight (M,,) of 88,000-97,000 and 98-99% hydrolyzed,
Alfa Aesar) was mixed into DI water and the resulting mixture was stirred continuously
at 333K (60°C), until PVA was completely dissolved into water, forming a clear solution.
After cooling down the solution to room temperature, ~1 ug of MWCNT (ILJIN
Nanotech Co. Ltd) was added into it and dispersed by using high power ultra-sonication
tip. MWCNT in PVA/DI water makes a very homogeneous and stable solution. Spin
coating of MWCNT solution at 1000 rpm for 30 s produces a homogeneous and

transparent coating of CNT emitters over graphene/PET film.

3.2.3.4 Anode Fabrication
Anode screen was prepared by dip coating of graphene/PET substrate in green
phosphor solution. Green phosphor powder (Phosphor Tech) was mixed into the DI

water. Solution was ultrasonicated which created suspension of phosphor particle in the
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water. Graphene/PET film was dipped into the solution multiple times for uniform

phosphor coating. Details about anode fabrication could be found in reference [6].

3.2.4 Preparation of Li-ion Battery Test Cells

All tests related to performance evaluation of CNT based structure as anode in Li-
ion batteries, were carried out in half-cell mode. For this purpose, CNTs grown on Cu
discs of 14 mm diameter were used. Samples were weighed before and after CVD growth
to calculate the weight of CNTs.

In order to characterize electrochemical behavior of the structure as a proposed
anodic material in Li-ion batteries, typical coin cells (half-cell) were prepared. The coin
cells were prepared in a CR2032 press (Hohsen Corp., Japan). The complete cell
preparation steps were performed in an argon glove box (Unilab Mbrann), maintaining
the oxygen and humidity level (both individually < 0.1 ppm) within the chamber. A pure
Li (purity — 99.9%) metal foil (150 pm thick) was used as the reference and counter
electrode, while the MWCNT-on-Cu was used as the working electrode. All the coin
cells used 1.0M LiPFs in EC-DEC (1:1 in volume) (ethylene carbonate — diethyl
carbonate) as the electrolyte and a typical polypropylene-polyethylene material (Celgard

3401) as the separator.

3.3  Structural Characterization
Several characterization techniques were used for understanding structural details

of the MWCNT structures, as described below.
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3.3.1 Scanning Electron Microscopy (SEM)

JEOL JSM-7000F™ field emission scanning electron microscope (FE-SEM),
operated at 3kV, was used for the characterization of CNTs. During SEM observation,
samples were sometimes given a tilt up to 45°, to clearly observe a top-view image of the
structures. Most of the samples, except low temperature co-fired ceramics (LTCC)
samples, did not require any conducting coating during SEM observation, since the
samples themselves were conducting. For LTCC samples, a conductive Cu tape was used

to avoid excessive charging during SEM.

3.3.2 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) was mainly used to observe CNTs at
very high resolution, in order to understand more details about their structures. For this
purpose, samples were prepared by dispersing CNTs (scraped out from the samples) on
Cu grids. High resolution transmission electron microscopy (HRTEM) was used to
observe the interface between Cu substrate and CNTs, in the form of selective area
diffraction patterns (SADP) and lattice fringe images. For the purpose of interface
observation, site-specific sample preparation technique, using FEI Nova 200 NanoLab
dual beam focused ion beam (FIB), has been implemented. The area of interest has been
protected by Pt layer deposition, in order to minimize the Gallium damage during sample
preparation. The region of interest was sectioned and milled using gallium ion beam and
lifted out. The sample, with dimensions 10 x 5 X 2 um, was attached to a copper-TEM
grid. Additional thinning and cleaning using FIB, till 60 nm thickness, was consequently

performed at 30 KeV and 5 KeV, respectively, to remove the redeposition and ion beam
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damage. The site specific sample has been characterized using FEI TECHNAI F20™

field emission TEM, operating at 200 kV.

3.3.3 Stereological Analysis

Stereological analysis was carried out by ImageJ software [7], which is public
domain image processing program developed at the National Institute of Health. Using
this software, quantitative analysis of the diameter distribution and density of CNTs was
performed using multiple SEM images. Further, quantification of lattice fringe images

was also done by this software.

3.3.4 X-Ray Diffraction

X-ray diffraction (XRD) studies were performed using in a Siemens D-500"™" X-
ray diffractometer, operating at 40 kV and 40 mA, and using Cu K, (A = 1.542 A)
radiation. A scan rate of 0.2°/min and a step size of 0.01° have been used. The phases

present in the samples were identified using the JCPDS standard database.

3.3.5 Raman Spectroscopy

Raman spectroscopy is one of the important characterization tools that was used
to gain knowledge about structures of CNTs. It is well-known technique for
characterization of CNTs. Raman spectra of various CNT based samples were obtained
by using argon ion (Ar’) laser system (Spectra Physics, model 177G02) of wavelength

514.5 nm. Backscattered spectra were collected by high throughput holographic imaging

66



spectrograph (Kaiser Optical Systems, model HoloSpec f/1.81) with volume transmission
grating, holographic notch filter and charge coupled device detector (Andor Technology).
Raman system had a spectral resolution of 4 cm ™' and the spectra were collected at an

exposure time of 300 s.

3.4 Field Emission Characterization

Field emission characteristics of the samples were tested at a vacuum level of 107
torr. In the diode configuration, used for field emission tests, CNT grown on different
substrates was made cathode and a flattened Cu sheet was used as anode. Electrical

connections of the test device are shown schematically in figure 3.5.

CNT grown sujlr)strate as cathode

iy

C
‘_’Q'b Opper anoge

Figure 3.5: A schematic of field emission test set-up (for better visual effect,
transparency has been added to the anode of this schematic — in reality, anode is a solid

copper sheet).

For direct current (DC) voltage and current measurements, Keithley 248 high

voltage supply and 2010 digital multimeter, respectively, were used. In the pulsed mode,
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field was generated by an Agilent function generator (model 33220A), coupled with a
Trek high voltage amplifier (model 20/20C) and the current was monitored through a
PEARSON current monitor (model 4100, having 1.0 V/A), attached with an Agilent
oscilloscope (model MSO6034A). Frequency of the pulsed signal was kept at 400 Hz and

a sine-wave function was applied through the function generator.

3.5 Evaluation of Battery Performance

The charge-discharge behavior of the coin cells were characterized in TOSCAT
3100U™ multi-channel battery testing unit, at room temperature, in galvanostatic mode.
The instrument was programmed to read in each 10mV step. The half cells were cycled in
the voltage range 2.0 — 0.01V - at a very slow rate (0.1C) during the initial formation
process and at different rates in the following cycles. Information about testing of

batteries can also be found in references [8, 9].

3.6 Other Characterization Techniques

Apart from using these main characterization techniques to understand structure
and properties of CNT based devices, some other specialized techniques were also used
with different aims. Differential scanning calorimetry (DSC) was used to understand
safety issue of the batteries at higher temperature, while electrochemical impedance
spectroscopy (EIS) and x-ray photoelectron spectroscopy (XPS) were mainly focused to
understand the mechanism of charge transfer through CNT-electrolyte interface. Nano-

scratch tests were performed to quantify CNT-substrate bonding energy at nano-scale.
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3.6.1 Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) experiments were conducted in a Du
Pont DSC 2910™ calorimeter on various samples. Since, this technique was used to
understand safety of Li-ion half cells, utmost precaution was taken during handling of the
samples. The cycled cells were disassembled in an argon glove box, all CNTs were
scraped from the current collector and were sealed hermetically in plastic sample boxes.
Sample boxes were opened near DSC equipment, quickly transferred on to the aluminum
pans and the lid was closed to enforce Ar atmosphere. Before ramping, all the samples
were equilibrated at room temperature, 303K (30°C). The scan rate was maintained at
10K min™'. After data acquisition, samples were cooled slowly to room temperature. All
DSC tests were performed under Ar atmosphere, to mimic the actual cell conditions

(which were prepared within Ar glove box and sealed).

3.6.2 Electrochemical Impedance Spectroscopy (EIS)
Electrochemical impedance spectroscopy (EIS) studies were carried out in a

0™ Potentiostat/Galvanostat/ZRA instrument. For all the half cells

Gamry Reference 300
studies, MWCNT-on-Cu side was made as working electrode, while the pure Li metal
side acted as both counter and reference electrode. The tests were performed in
galvanostatic mode, using an AC current signal of 10 pA (rms) amplitude. Data were

recorded for the frequency range of 100 kHz to 1 mHz. Acquired data was analyzed using

Echem Analyst software, in order to generate Nyquist and Bode plots.
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3.6.3 X-ray Photoelectron Spectroscopy (XPS)

The X-ray photoelectron spectroscopy (XPS) analysis for the CNT samples was
performed using a Versa Probe™ 5000 instrument (Physical Electronics, Chanhassen,
MN) for the surface elemental analysis. A monochromatic Al Koo X-ray beam source at
1486.6 eV and 49.3 W power was used for XPS scanning. The spot size of X-ray was 200
um and the sample was sputter cleaned and operated at 4.5 x 10 torr vacuum pressure.
The energy resolution of the survey scan was 1.0 eV.

The depth profile studies using the XPS from the surface have been conducted
using the Al Ko X-ray source. The samples were kept under the Ar-atmosphere capsule
to minimize the exposal time to air. The takeoff angle of the X-ray was 45° and the beam
diameter was 200 um and no charge neutralization was used in this experiment. Ar ion
was used for the sputtering of the depth profile with a beam energy of 1kV and 0.5pA.
The high resolution scans of C 1s, O 1s, F 1s, Li 1s, and P 2p energy spectra were used
for the peak identification with pass-energy of 23.5 eV and energy resolution of 0.1 eV.
The hydrocarbon peak with 284.8 eV was used for peak calibration. Two different depth
profile rates were used for the samples — one using 2 kV, 2 pA (with about 32A/min rate)
and the other was operated 1 kV, 0.5 pA (with about 7A/min). The etching rates were

calibrated on Si sample and hence, actual rates on CNT samples may vary.

3.6.4 Nano-Scratch

Hysitron Triboindenter™ (Hysitron Inc., Minneapolis, MN, USA) with 100 nm

Berkovich pyramidal tip, is used in 2D scratch mode for nano-scratch studies, using a
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normal load of 150 uN. Scratches were initiated from a bare surface and continued for a
length 15 um (see figure 3.6 for a schematic of the scratch test). Scratch profiles are
obtained by scanning probe microscopy (SPM) with the same tip at a set point load of 2
uN. Analysis of the SPM images was performed by Scanning Probe Image Processor

(SPIP) version 4.5.1 (Image Metrology, Denmark) software (10).

Berkovich
Indenter

Substrate

Figure 3.6: Schematic of the nano-scratch method, followed in the present study. A

normal load of 150 UN was used for all the scratch tests.

Response of the nano-scratch tests, in the form of lateral force vs. lateral
displacements are given in appendix-1. Geometric formulae were used to calculate
bonding energy of single CNTs with substrate, from these plots. Details of calculation

procedure are given in appendix-2 [11].
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4. RESULTS AND DISCUSSION

This research was aimed to develop energy-efficient devices, based on application
of carbon nanotubes. Two different types of devices have been considered — field
emission device and lithium-ion battery. Though these two types of devices are quite
different in their operation and application, present research work offered a thread of
connection between them — application of carbon nanotube as the active material in their
electrodes. This chapter is the core of this dissertation, presenting detailed description and
scientific analysis of the results. While sections 4.1 — 4.4 describe different aspects of

field emission devices, the latter sections concentrate on Li-ion battery application.

4.1 Structure and Field Emission Performance of Conventional 2-Dimensional

Field Emitters

As has been pointed out in section 2.1.3, carbon nanotubes (CNT) are being
proposed as the most suitable material for future field emission devices [1-5]. Many
CNT-based field emission devices have shown excellent responses [6-10]. However, it
was noted that practical field emitters, which often have a large number of vertically or
randomly oriented CNTs, did not perform well up to the level of expectation, when
compared to the emission response of a single emitter [11]. While it is feasible to
manufacture a good junction between a single CNT emitter and its substrate (in most of
the cases, the substrate is metallic), it is practically impossible to follow similar
techniques to create good junctions between all emitters in a bulk field emission device
with the substrate. It is also noted that many of the reported CNT based field emitters,

especially for large scale applications, have been fabricated based on screen printing or
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pasting process. The interfaces between CNTs and substrates formed by these processes
have shown loosely bonded structure either by van der Waals forces or weak chemical
bonding. The stable CNT-substrate bonding has been in the focus for high efficiency field
emission and for long term stability. Thus, apart from the performance of individual
CNTs, contact between CNTs and substrate often play important role in restricting the
performance of practical, bulk field emitters [11]. The so-called ‘rooting’ process is one
of the proposed solutions to enhance CNT-substrate bonding [11, 12]. In this process,
CNTs are set on a metallic foil and are allowed to be heated to high temperature (~ 1400
K) under high vacuum (10 Pa or higher) to allow sufficient diffusion and good bonding
between the CNTs and the metal foil. However, this additional high temperature
processing step poses several restrictions on device manufacturing. In this research work,
an advanced ‘rooting’ technique — interface control, was presented to manipulate CNT-
substrate bonding, leading to enhanced field emission response. This technique avoids the
high-temperature heat treatment step (as included in the so-called ‘rooting’ process [11,
12]) and allows CNT growth on a variety of substrates through thermal chemical vapor
deposition (CVD) technique, which is one of the most popular synthesis routes for CNTs.
As part of this process, selected metallic thin films were deposited on substrates (apart
from the catalyst thin films), field emission behavior of CNTs grown on those substrates
were characterized and structure and field emission behavior were correlated to finally
propose efficient ways of interface-control.

In order to achieve a sustainable junction between CNTs and substrates, two
issues were stressed in ‘interface control’ — (i) minimizing electrical resistivity and

maximizing thermal conductivity at interface, and (ii) a strong bond formation between
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CNTs with the material beneath. The process involved three stages of materials selection
— substrate, catalyst and an optional interface layer, which plays an extremely important
role in this study.

One way to reduce interfacial resistance and enhance thermal conductivity is to
adopt CNT growth on a metallic substrate having high enough electrical and thermal
conductivity [13]. It may be mentioned here that CNTs can be semiconducting or metallic
depending on their chiral angle and diameter, thus alignment of Fermi energy levels of
CNT and the substrate plays a crucial role in minimizing the contact resistance. In the
present study, multiwall carbon nanotubes (MWCNT) are used, which have
approximately one-third of the tubes as metallic among the concentric carbon walls. In
such a situation, electrical conductivity of MWCNTs are dominated by the conducting
walls (with almost no role played by the non-conducting ones) and for all practical
purposes, MWCNTs are considered as metallic [14]. Thus, a metallic substrate is
expected to form an ohmic contact with multiwall carbon nanotubes (MWCNT). In the
present study, three different metals (Cu, Al and W) and one ceramic, low temperature
co-fired ceramic (LTCC) were selected as the substrate materials and field emission
behavior of the CNTs grown on these substrates were compared with those synthesized
on Si substrates. During materials selection, formation of a low-resistance ohmic contact
between the CNTs and substrate material has been strongly emphasized. While Cu and Al
were chosen for their excellent electrical and thermal conductivities, W was selected for
its very good high temperature properties, as well as for its satisfactory electrical
conductivity [15]. Si has been chosen for comparison purpose, as it has remained the

most popular choice as substrate material for CNT growth in the electronics and
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semiconductor industry. LTCC, which was also used as a substrate in field emitters [16],
served as another sample for comparing the effects of an insulating substrate on field
emission behavior. Two well-known highly conductive metals, Ag and Au, were not
considered in the present study, as these are too expensive to be considered as substrate
material during CNT growth for any bulk field emission device application.

Two different catalyst layers, Ni and Fe, were used in this study. It may be
mentioned here that both Ni and Fe have higher electrical conductivities as compared to
other commonly used catalysts, Cr and Pd (electrical conductivity of Ni, Fe, Pd and Cr
are 0.143, 0.0993, 0.095 and 0.0774, 10%cm-Q, respectively) [15]. Samples, in the
present study, used Ti as the main intermediate layer. Two aspects were considered
during selection of the interfacial layers — electrical conductivity and ability to form
strong bonds with carbon. TiN is preferred as diffusion barrier layer in many
semiconductor devices, due to its good electrical conductivity [17]. However, TiN has
shown tendency to be oxidized easily and hence, add extra resistance [18]. Ti, on the
other hand, offers electrical conductivity similar to that of TiN [15] and is a well-known
carbide former. Titanium, was thus an automatic choice in the present study. Aluminum
(Al), another known carbide former metal, has much higher conductivity than Ti. In spite
of its advantageous properties, Al-intermediated substrates showed poor or no CNT
growth, mainly due to its low melting temperature. Thus, in conjunction with the focus of
‘interface control’, as depicted earlier, selection of materials in the present study was
aimed to minimize interfacial resistance (to ensure an easy flow of electrons to the CNT
emitters), maximize thermal conductivity and encourage strong bond formation between

CNTs and substrates. Table 4.1 summarizes sample history. Some other issues like work
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function of the metal, its binding energy with carbon, type of contact etc. might also play
important roles in determining the interfacial resistance and effect of those factors will be

discussed in section 4.1.4.

Table 4.1: Nomenclature of the samples used in this study

Sample Substrate | Interface layer | Catalyst | Nomenclature
Cu-Ti-Ni-CNT Cu Ti Ni Cl
Cu-Ti-Fe-CNT Cu Ti Fe C2
Al-Ti-Ni-CNT Al Ti Ni Al

Al-Cu-Ti-Ni-CNT Al Cu+Ti Ni A2
W-Ti-Ni-CNT % Ti Ni W1
W-Cu-Ti-Ni-CNT W Cu+Ti Ni W2
Si-Ti-Ni-CNT Si Ti Ni S1
Si-Cu-Ti-Ni-CNT Si Cu+Ti Ni S2
LTCC-Ti-Ni-CNT LTCC Ti Ni L1
LTCC-Cu-Ti-Ni-CNT LTCC Cu+Ti Ni L2
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4.1.1 Structures of MWCNT Based Field Emitters

Criteria for a good field emitter device are low turn-on field, high emission
current and good stability of emission in long-time operation. Most of the researches
concentrating on field emission from CNTs, have, thus, concentrated on these issues.
Generally, vertically aligned CNTs are used for field emitter applications [19]. However,
randomly oriented CNTs have also shown good field emission response [8, 20]. In the
present study, randomly oriented MWCNTs were found to be formed on all samples,
during thermal CVD process. This finding is in agreement with the expectation as
thermal CVD process is known to produce randomly oriented CNTs [21]. Figure 4.1
shows some representative low-magnification SEM image (and one high-magnification
SEM image as inset) for some of the samples studied. It may be observed that all the
samples had randomly oriented mat type structure of MWCNTs. Similar structures were
observed for all other samples, too. However, a significance difference between the
MWCNT structures existed in their diameter distribution. This issue will be dealt with
separately in a latter sub-section. Representative Raman spectroscopic responses of the
MWCNTs, grown on different samples, are presented in figure 4.2. First-order Raman
spectra of MWCNTs (actually, all graphitic materials) showed a strong peak at 1580 cm™
(‘G’ band, which is a high frequency E,, first-order mode from graphite like sp® bonds),
along with an additional peak at 1350 cm™ (‘D’ band, which is from diamond like sp’
bonds). Since the origin of D band can be explained by double resonance theory, it is also
indicated as A;,D mode — a band caused by defects and disorder of the graphitic material.
In the present study, a shift of G band from 1580 to 1592.4 cm™ indicated presence of

significant amount of nanocrystalline graphitic phase in the material.
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Figure 4.1: Structure of CNTs grown on Cu- and Si-based substrates. (a), (c), (e) SEM

images of the MWCNTs on Cu-Ti-Ni, Cu-Ti-Fe and Cu-Al-Fe samples, respectively. (b),
(d), (f) SEM images of the MWCNTs on Si-Ti-Ni, Si-Ti-Fe and Si-Al-Fe samples,
respectively. All the insets show high magnification images of the respective CNT

Structures.
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Figure 4.2: Raman spectroscopic responses of MWCNTs grown on a variety of samples.

Comparatively wider peaks of D and G bands indicate presence of disorder
induced features in the graphite like (sp”) material and predominance of tubular structures
in the CNTs, respectively. One important point to be noted from this figure is that all the
MWCNT structures contain high defect density (high intensity ratio of D to G peak in
Raman spectra) — almost equal to unity. Table 4.2 summarizes this ratio (Ip/Ig) for all the
samples. It may be observed from figures 4.1 and 4.2 that an overall similitude existed
between all the MWCNT structures, in spite of their differences in diameter distribution.
All the samples had highly dense structure of randomly oriented MWCNTs, having high

defect density. This structural resemblance indicates that the CVD process was successful
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in allowing nucleation and growth of CNTs on all the substrates. However, substrate-
interlayer-catalyst interaction led to different size and distribution of nano-catalytic
islands, which may be held responsible for difference in diameter distribution among

different samples.

Table 4.2: Raman characteristics of MWCNT emitters grown on different samples

Sample ID Raman intensity ratio (In/Ic)
Cl 0.99
C2 1.07
Al 1.15
A2 0.92
W1 1.12
w2 1.14
S1 0.96
S2 1.13
L1 1.01
L2 0.96
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Another noteworthy feature, from figure 4.3, was absence of catalyst particles on
the tip of some of the CNTs (root growth), while others showed presence of catalyst
particle at the CNT tip (tip growth). Thus, the growth process, in this study, seems to be

mixed-control growth of CNTs, involving a combination of root growth and tip growth.

| - Open tip of CNT (b)

Ni catalyst at
tip of CNT
N

Figure 4.3: TEM images of the individual MWCNTs grown on Raman spectroscopic

responses of MWCNTs grown on Si-Ti-Ni substrate, showing tips of the CNTs.

Before initiating discussion on the issues related to ‘interface-engineering’, it may
be important to emphasize here that, except for CNT diameter, all the samples had shown
similar structural features — mat of randomly oriented MWCNTSs, mixed-control growth
process, high defect density in CNTs. Hence, variation in the field emission response of
the samples can be related to CNT diameter difference or to distinct ‘interface control’ of
each samples.

While considering the path of an electron in a typical cathode of a field emitter

device, it may be appreciated that several resistances appear in the conduit — that of
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substrate (Rsupstrate), interface layers (Rinerface), catalysts (Reatalyst), CNTs (Rent) and any
other phase present. Total resistance (Rio1) in cathode can be assumed as a summation of
all these resistances. In the present study, we assumed resistance-free flow of electrons
through CNTs (i.e. Rent ~ 0). However, it may be worth to state here that in practice
CNTs may offer appreciable resistance to electron flow [22]. Though quantum resistance
of CNTs is high ( ~ 12.9 kQ), resistance of MWCNT bundles are often found to be quite
low (30-40 Q), due to parallel contact of several walls of many CNTs [23]. Apart from
that, several other factors such as actual fraction of semiconducting nanotubes in the
structure, strain induced modification of work function [24] etc. are known to affect
electron transport. In the following sections, effect of substrate materials, interfacial

layers and catalysts on the field emission behavior of CNT based have been discussed.

4.1.2 Effect of Substrate on Field Emission Response

Field emission could be characterized either in DC or in AC bias. During
application of DC bias, the emitters are expected to be damaged quickly during field
emission test, owing to continuous ion bombardment. To minimize structural damage of
the emitters, pulsed (AC) electric field is often applied. In the present study, field
emission studies were mostly conducted under an AC applied bias. All the AC I-V plots
presented in this report consider RMS values only (unless otherwise mentioned). Field
emission responses of the MWCNT structures, grown on a variety of substrates — from
metallic through semiconductors to insulators, are compared in figure 4.4. All these
samples used Ti as the interlayer and Ni as the catalyst. Figure 4.4 (a) shows the current-

voltage (I-V) measurement of the emitters under AC bias. It is clearly evident that CNTs
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on Cu substrate offered highest emission current. The turn-on fields (Eto, defined as the
field required to generate 10 wA/cm” current density) for the emitters (figure 4.4 b) were
found to be quite different — while C1 (Cu-Ti-Ni-CNT) and W1 (W-Ti-Ni-CNT) showed

low values (< 1.0 V/um), other samples illustrated quite high Ero values (~ 2.0 V/um or

more).
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Figure 4.4: Field emission response of MWCNT emitters on Ti-intermediated substrates.
(a) Field emission current, (b) Turn-on fields (shown by the dotted lines), (c) Fowler-
Nordheim plots and (d) long-time emission stability of Cu-Ti-Ni-CNT, Al-Ti-Ni-CNT, W-

Ti-Ni-CNT, Si-Ti-Ni-CNT and LTCC-Ti-Ni-CNT samples.
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Straight line behavior of the conventional Fowler-Nordheim (F-N) plots (figure
4.4 c) of all the emitters, except W1 (W-Ti-Ni-CNT), confirmed the emission process to
be tunneling of electrons across the energy barrier. Appearance of a knee in W-substrate
sample may be related to two possible causes. First, appearance of non-linearity (or, to be
more specific, a ‘knee’ type shape) in the F-N plot could be related to either presence of
other emission processes [25] or an extra energy barrier to the flow of electrons [26].
Second, it is known that at higher current levels, the emitter structure slowly degrades
and the deteriorating CNT-substrate electrical contact adds an extra series resistance,
which leads to a voltage drop and saturation of emission current. In such circumstances,
the field emission response of the emitter deviates considerably from the conventional
Fowler-Nordheim behavior [27]. It may be observed that for the W1 sample also, the
deviation from F-N behavior was found at higher current levels. Thus, it seems to be
feasible that the emitter structures in this sample (W1) degraded at high emission current
levels. Apart from this possible degradation of the emitter structure at higher current
levels, W1 sample had shown comparable Ero and emission current with that of C1 (Cu-
Ti-Ni-CNT). Another metallic (Al) substrate based emitter A1 (Al-Ti-Ni-CNT), however,
had shown poor field emission responses, probably due to its low melting temperature
(which is very close to the CVD temperature followed in the present study). Compared to
Cu and W, both Si and LTCC samples have presented higher Ero and lower emission
current. It may be noted here that highly conductive metallic substrates are expected to
offer less resistance to electron flow and thus, minimize the contribution of Rgupstrate tO

Rtotal-
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Practical application of an emitter necessitates stability of the emission current
during high-current, long-time exposure. To examine the emission stability of the CNT-
based emitters, stability test was performed on each of them, in a diode set-up, applying a
fixed AC bias to it and measuring the emission current as a function of time. The results
are included in figure 4.4 (d). It may be observed that all the emitters showed good
stability during its continuous 5-hour long exposure, but at a different current level. C1
(Cu-Ti-Ni-CNT) had again offered best performance among all the samples considered
and was stable at an emission current level of ~ 6.4 mA. All other samples offered stable
emission at a current level of 1 - 2 mA. Thus, it seems the CNT emitters formed on Cu-
substrate were robust enough against possible structural degradation. An overall better
performance of C1 sample (Cu-Ti-Ni-CNT) compared to rest four types of samples could
be related to several favorable properties of Cu. First, high electrical conductivity of Cu
(highest among the substrates under test) ensured minimum Rgpsirate and allowed more
current to be passed through it. Second, high thermal conductivity of Cu also ensured
efficient heat transfer from the CNT-substrate interface and improved structural stability
of the emitters. Third, CNT formed strong bonding with Ti-intermediated Cu substrate,
which might be due to formation of a local intermetallic between Cu and Ti. Moreover,
Ti also forms TiC and strengthens the bonding across Cu-Ti-CNT. Figure 4.5 presents
TEM image taken from the interface to show good bonding between substrate and CNTs.
Presence of TiC at the interface enhanced bonding between CNTs and substrate. A strong
interface between CNTs and the substrate contributed to structural stability and lower

interfacial resistance, leading to enhanced field emission response.
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Figure 4.5: (a) TEM image of the interface between CNTs and Cu. (b) A schematic of the
process showing strong bonding and conductive path formation during CVD growth of
CNTs, which leads to enhanced performance of CNTs-on-Cu field emitter. (c) Diffraction

spots of TiC in the selective area diffraction pattern, taken from the interface.

4.1.3 Effect of Interfacial Layer on Field Emission Behavior

In this study, Ti was selected as the interface layer, because of its high
conductivity and carbide formation ability. For comparison purpose, Al was also used as
interface layer, but all the samples have shown no or negligible CNT formation. In spite

of Al having higher conductivity than Ti, this behavior can probably be related to higher
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growth temperature (~ 923 K) used during CVD process. It seems at that high
temperature, which was very close to the melting point of pure Al, the Al underlayer
became semi-solid and behaved in a different manner and failed to form catalytic nano-
islands for proper CNT growth. It may be mentioned here that further experiments
(probably an in-situ SEM characterization would be best) are required to be performed to
confirm this presumption regarding the nature of Al underlayer at the CNT growth

temperature.

To highlight the importance of the interfacial layers, an additional layer of ultra-
thin (~ 15 nm) Cu was deposited beneath Ti, in all the samples except the Cu-substrate
based ones. Comparison of field emission response of these sets of samples is presented

in figure 4.6 (next page).

It may be noted that all the samples have shown appreciable improvement in
emission current and stability, when the samples had the extra Cu-interface layer. The
observation leads to a conclusion that irrespective of the nature of the substrate material
(i.e., metallic, semiconductor or insulator), inclusion of the ultra-thin Cu layer on the
substrate aids to improve the field emission response from the CNT emitters, directly
grown on these substrates. Comparing with our previous experience (figure 4.4), which
showed a clear level of difference in field emission behavior of CNT emitters grown on a
variety of substrates, the present observation highlights the possibility of manufacturing
CNT-based emitters on any kind of substrate by introduction of Cu intermediate layers,

without much affecting their emission responses.
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Figure 4.6: Field emission responses of MWCNT emitters on Ti-intermediated and Cu-
Ti-intermediated substrates. Field emission current and emission stability (insets) of CNT

emitters on (a) Al-, (b) W-, (c) Si- and (d) LTCC-substrates.

Enhancement in field emission behavior may be related to the structures of the
CNTs, grown on these substrates. As has been mentioned previously, similar structural
features — mat of randomly oriented MWCNTs, mixed-control growth process, high
defect density in CNTs, were observed for all the samples. So, it seems either CNT
diameter difference or ‘interface control’ of each sample could be related to this variation
in field emission response. It may be recalled here that the field enhancement factor (B) in
Fowler-Nordheim equation is inversely proportional to radius of the emitter [28, 29].

Recently, it has also been shown that the contact resistance has a diameter dependant
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component, which is inversely related to the resistance term [30]. Thus, it is expected that
thinner CNTs will have higher contact resistance leading to reduced emission response.
On the other hand, thinner CNTs will also have reduced tip diameter, which improves
field enhancement factor. Thus, two opposing effects of CNT diameter are going to

compensate each other.

To realize importance of this issue in the present case, CNT diameters (for all the
samples) were measured (diameters of more than 200 CNTs, randomly selected from
different regions of each sample, were measured) and are plotted in figure 4.7, in the
form of a statistical ‘box plot’. The plot shows that the CNT diameter distribution is
spread over a wide range. A closer comparison between the diameter distributions,

however, did not show any kind of direct relation between CNT diameter and their field

emission response.
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Figure 4.7: Statistical box plot showing CNT diameter distribution of all the samples

considered in the present study. Refer to table-1 for nomenclatures of the samples.
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Introduction of ultra-thin Cu layer on each of these metallic, semiconductor and
insulating substrates are expected to enhance field emission response of CNTs grown on
them due to several factors. One of the important steps of field emission process is
electron injection into the emitter [31] (which is CNT, here). A low-resistance, all-
metallic (or, in other word, ohmic) contact between substrate-CNT ensures minimization
of interfacial resistance and efficient flow of electrons from the substrate to CNTs.
MWCNTs being predominantly metallic, ohmic contacts are formed with metallic
substrates. However, other materials present in the interface also plays important role in
deciding the contact resistance. Ti was present in all the samples as the interfacial layer.
LTCC anyway forms a high resistance interface with Ti, as it is an insulator. The p-type
(100) Si, used in the present study, formed a schottky barrier with Ti, due to fermi energy
alignment between Si and Ti [32]. Though W-Ti and Al-Ti interfaces formed ohmic
contacts, their interface resistances were expected to be higher. This could be explained
by the tendency of W and Ti to remain as separate phases at the CVD temperature, while
Al prefers to form solid solution [33]. It may be noted here that intermetallics show
significantly lower resistance, as compared to solid solutions or mixture of two phases
[34]. Hence, formation of an intermetallic, at the interface, is expected to offer two
benefits — better conductivity and stronger bonding. Introduction of Cu at the interface, in
all these samples, favored formation of Cu-Ti intermetallic phase at the interface [35].
Thus, at a given bias, electrons could move much easily from the substrate to the CNTs,
through the Cu-intermediated samples. Moreover, reduction in interfacial resistance also
decreased the total energy barrier in the electron path and thus, enhanced electron

tunneling from the CNTs. Further Cu, being metallic, also acted as a source of electrons,
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which ensured availability of more electrons during the emission process. Cu also acted
as a heat sink during the emission process, which efficiently removed heat generated
during electron emission and thus, minimized degradation of CNT emitters during long-
time exposure. Cu-Ti-Ni combination also offered a strong bonding with the CNTs (will
be discussed in detail in section 4.2), which improved the structural stability of the
emitter and hence, the emission stability. Considering all these facts, it seems obvious
that introduction of an ultra-thin layer of Cu, on any kind of substrate, aids in enhancing
the field emission response of CNTs, directly grown on them. This finding widens the
application regime of CNT based field emitters on a variety of substrate materials, from
metals to insulators, without severely compromising with their emission responses. It also

proves the importance of ‘interface-control’ in determining the field emission response.

4.1.4 Effect of Catalyst Layer on Field Emission

After analyzing the contribution of substrate and interface layers in controlling the
field emission behavior of CNT emitters, through the so-called ‘interface engineering’,
the next emphasis was on the effect of catalyst on field emitter performance. The present
study followed thin film catalyst deposition by sputtering. During CVD, the catalyst
formed a homogeneous distribution of nano-islands, on which CNTs were synthesized. It
is well-known that the catalytic island formation initiates by dewetting from the substrate
surface and final shape, size and crystallinity of these islands depend strongly on the
minimization of surface and interface energy [36]. CNT diameters closely relate to the
size of the catalyst islands. Thus, catalyst selection, its thickness and its interaction

(specifically wetting) with the material beneath it, plays important role. To highlight the
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effect of catalyst material, thickness of catalyst was maintained at a constant level (~ 10
nm) throughout this study.

Findings described in the previous sub-sections showed that Cu-Ti combination
worked very well, as long as field emission behavior of CNTs grown on them was
concerned. Hence, this combination was further used during the tests to understand the
effect of catalysts. Apart from Ni, which was used for all the samples discussed so far, Fe
was used as catalyst for another set of samples, having Cu as substrate and Ti as interface
layer. Field emission response of this sample (C2, Cu-Ti-Fe-CNT) is compared against

C1 (Cu-Ti-Ni-CNT) in figure 4.8.
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Figure 4.8: Effect of catalyst (Ni or Fe) on field emission response of CNTs directly
grown on Cu substrates. (a) Field emission current and (b) turn-on field for Cu-Ti-Ni-

CNT and Cu-Ti-Fe-CNT samples.

It shows that replacing Ni by Fe as catalyst causes a up shift in Eto from 0.7
V/um to 1.0 V/um and an increase in the field required to produce comparable emission

current (~ 7 mA). A close look into CNT diameter distribution in figure 4.7 indicates that
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the difference in field emission response of these two samples could be related to
diameter effect. Moreover, higher resistance of Fe, as compared to Ni (electrical
conductivity of Ni and Fe are 0.143 and 0.0993, 10°cm-Q, respectively [15]) is also
expected to contribute more towards Reatlyst and thus, to the total resistance, Riowr. Further
studies are required to conclusively determine which factor affects field emission

behavior most.

4.1.5 Other Possible Factors Affecting Field Emission

In the previous sections, it was shown that ‘interface engineering’ through
substrate optimization, inclusion of a suitable interface layer, choice of catalyst material
played important role in determining the emission properties of CNTs, grown onto them.
Appreciable emission could even be obtained from CNT emitters, grown on an insulator
substrate, when an ultra-thin conductive copper layer was introduced onto it. Studies,
reported so far, have also not found any conclusive relation between CNT diameter and
field emission behavior. In this section, an effort will be made to relate field emission
properties with other possible factors.

Conduction property and work function of the metal contact has been known to
affect CNT-field effect transistor (FET) properties, but mainly for single-wall carbon
nanotubes (SWCNT) [37-39]. However, in such studies, it was found that Ti formed
much stronger bonding with CNTs [37, 39] and both Ti and Ni formed low-resistance
ohmic contacts with various semiconducting and metallic SWCNTs [39, 40]. Though
these studies were performed for SWCNTs, still these observations give us an idea about

suitability of Ti and Ni, in contact with CNTs. At par with this theoretical expectation,
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results of the present study revealed that, out of the different varieties of underlayer-
catalyst combinations used, Ti-Ni combination outperformed all others.

Apart from these issues, type of contact also affects the interfacial resistance for
MWCNTs [41, 42]. For side-contacted CNTs, area of contact directly impact the electron
transmission process by imposing a finite energy barrier created by van der waals
interaction between metal and CNTs. This interaction was found to be significant for
smaller contact areas; though for larger contact areas, better electronic coupling between
metal and MWCNTs are reported [42]. Further, contacting multiple walls of concentric
nanotubes, which is a definite possibility in the present study, is known to reduce
interface resistance [42]. Thus, contact between MWCNTs and the material underneath
were not expected to create any extra resistance since the CNTs were synthesized directly
onto substrate via chemical bond formation, in the present study.

After explaining the importance of catalyst and barrier layer materials, it is
important to understand the effect of the substrate. This observation may also be
explained in terms of properties of substrate materials. Apart from offering high electrical
(aiding faster electron transport) and thermal conductivity (effectively dissipating heat
generated during emission process and thus, minimizing de-bonding of CNTs from
substrate), metallic substrates form ohmic contacts with MWCNTs, thus creating a low
substrate-CNT barrier. Hence, it is expected that electrons from CNTs grown on metallic
substrates will be able to tunnel through the energy barrier at a much lower excitation
field, thus showing lower Ero values. Among the metallic substrates, the material with
higher work function (@) (but nearer to that of CNTs) need least energy to inject electrons

into CNTs, especially metal contact with semiconducting CNTs and hence, show
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favorable F-N tunneling [42]. However, for metals with lower work function than that of
CNTs, the junction will behave as an ohmic one. In light of this observation, it is evident
that Cu (¢ = 4.65 eV), W (¢ = 4.55 eV) and Al (¢ = 4.28 eV) will form low-resistance
ohmic contact with CNTs (assuming its work function to be 5 eV). On the other hand, Si,
being a semiconductor, the nature of the interface depends strongly on Fermi energy level
alignment of Si and the interfacial materials. In the present study, a p-type (100) Si is
used, which has work function value of 4.91 eV, while Ti has much lower work functions
(4.33 eV) [32]. Thus, schottky junction is formed at the Si-Ti interface. Schottky junction
offers much higher interfacial resistance and hence, delays the initiation of field emission
process. However, in spite of having higher conductivity, Al-substrate based CNT emitter
does not perform well during field emission which could be related to higher CVD
temperature, as mentioned earlier. Moreover, solid solution formation tendency of the Al-
Ti may also be responsible for its poor field emission response. This issue is explained
further in next paragraph.

Another important factor for a good field emitter is bonding between CNTs with
the materials underneath. It has been reported that poor adherence between substrate-
CNT influence field emission by adding an extra resistance and often leading to failure of
the device [43]. Good bonding results in lowering of contact resistance and a high,
sustained emission current [44, 45]. Ti, as already been explained previously, forms
strong bond with CNTs [37, 39]. Moreover, Cu reacts with Ti above 873K (CNT growth
temperature, used in the present study, was higher than 873 K) to form Cu-Ti
intermetallic phase [35] and this intermetallic formation is expected to enhance adhesion

between them. Further, presence of an intermetallic is known to enhance electrical
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conductivity of the material, as compared to presence of mixture of two elements or even
a solid solution [34]. While Cu-Ti is known to form intermetallic easily, all other
systems, considered during the present course of study, either do not form intermetallic
(Si-Ti, Si-Al, W-Ti) or prefer to form solid solutions (Cu-Al, Al-Ti) [33]. Thus,
considering all the relevant materials’ properties, selection of Cu, Ti and Ni as substrate,
barrier layer and catalyst, respectively, is expected to lead to an efficient CNT growth and
good field emission from them. The results obtained in the present study fully support
this observation.

A variation in the nature of CNTs, grown on different substrates, could possibly
be another reason for different field emission behavior. Under an applied external electric
field, the triangular barrier between the Fermi level of the bottom contact and the
conduction band of CNTs narrows down, facilitating efficient electron tunneling to the
CNTs. It is known that while sp® C cluster offers conducting channels, thus improving
electron transfer from the substrate to the emitter tip [46], sp’ nature of the carbon present
in the structure reduces the electron affinity and hence, shrinks the potential barrier
supporting easy escape of electrons into vacuum [47]. Moreover, sp type of defects in an
otherwise sp® network of graphitic materials is also known to lower local work function
[48]. In the present study, Raman spectra of the CNTs, grown on all the substrates, have
shown presence of both sp” and sp’ bonds in the MWCNT structures. Thus, from the
point of view of contribution of sp® and sp’ bonds to field emission, all samples were
almost similar. So, variation in nature of CNTs, grown on different substrates during this

study, also can not be related to their diverse field emission behavior.
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4.1.6 Importance of Interface Engineering on Field Emission

In the present study, different material combinations were used as substrate (Cu,

Al, W, Si and LTCC), interface layer (Ti and Cu) and catalyst (Ni and Fe) for MWCNT

growth with an aim to optimize their field emission response. ‘Interface engineering’,

through application of suitable substrate, interface layer or catalyst, has been shown to

play an extremely important role in maximizing the field emission responses. Analysis of

the structural and field emission data proposes Cu, Ti and Ni to be the best combinations

for substrate, underlayer and catalyst, respectively, among the materials studied. Figure

4.9 compares literature reported field emission data with those of the best sample (Cu-Ti-

Ni-CNT) in the present study. Two important parameters of field emission, turn-on field

and field enhancement factor (), were compared.
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Figure 4.9: A comparison of the achievements of the present study with the literature

reported values, for turn-on field (left half) and field enhancement factors (right half) for
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CNT based field emitters. While the points denote literature values [13, 21, 49-73], the

lines represent the status of the present study.

The figure clearly shows the superiority of the MWCNT field emitter structure,
produced in the present study, with the lowest turn-on field and highest 3. However, few
reports showed almost comparable turn-on field [53, 54] or high total emission current
[44]. In all those cases, CNT field emitters were prepared using special techniques,
including sandwitch-growth technology, micro or nano patterning, microwave plasma
enhanced CVD etc., to grow well-patterned and aligned CNTs. The present study used a
simple thermal CVD processing technique to grow randomly oriented CNTs, showing a
very high field emission application potential. An intelligent choice of substrate, barrier
layer and catalyst has probably contributed most to the excellent contact degradation
resistance of the structure.

Introduction of an extra Cu interface layer was found to enhance field emission
properties of CNT emitters grown on any kind of substrate. Significance of ‘interface
engineering’ has been explained in terms of minimizing total resistance, better thermal
conductivity, proper work function etc. The study highlighted the importance of
‘interface engineering’ in order to be able to predict the optimized interface for
development of an efficient CNT-based field emitter. In future, large-scale experiments
should be performed to cover all possible materials and to know the best possible
materials for an optimized field emission performance of MWCNT-based field emitters.

Another important issue of scientific interest would be the emission sites of this

emitter structure. In spite of the concern that the actual emission sites of these randomly
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oriented CNTs could be different from CNT tips, sufficient proof is not available.
Published reports [74-76] have not pointed out to any emission site, other than the CNT
tips. High [ values found in our study also indicate that the emission site is actually very
fine and probably the CNT tip. However, this is an indirect support and a detailed study
involving simulation of the emitter system or in situ field emission test within SEM [77]

may throw some light on this issue.

4.2  Substrate-CNT Bonding Strength

Section 4.1 has demonstrated experimental results and analysis to prove
importance of interface engineering for field emission devices. As a matter of fact,
substrate-nano material (be it CNT or any other nano material) bonding is one of the
fundamental issues for any type of nano devices. A poor nanomaterial-substrate adhesion
may cause unreliable behavior and a very short life span of such a device. Hence,
knowledge about nature and strength of the nanostructure-substrate bond is considered as
one of the most fundamental issues. It is of utmost importance to device a methodology
to quantify the nanomaterial-substrate bonding, to apply that technique to understand
bonding between different nanostructure-substrate bonding, ultimately leading to
development of well-bonded nanostructured devices. CNTs, being the focus material in
the present research work, were used to quantify this bonding energy.

Many researchers have already made efforts to understand and explain this critical
issue of CNT-substrate adhesion or bonding. Table 4.3 summarizes the main efforts
undertaken till the planning period of the present study. The qualitative methods do not

offer any standardized procedure and reproducible results, as the techniques are user
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sensitive. The quantitative methods, experimented so far, have some common ground for
comparison of adhesion strengths, though all these techniques pose several limitations.
First, none of these methods have been calibrated to single out the bonding between only
CNT-substrate. These methods do not show the amount of stress required to pull out the
adhesive tape from a blank substrate (without having CNTs grown on it) [78-80]. Thus,
the strength values found in these methods are often overestimated values of exact
contribution from CNT-substrate bond. Second, the adhesion strength was calculated
assuming the area of the tape as the contact area. The actual contact area, where CNTs
are in contact with the tape, is much lower. So, the reported values are likely to be an
underestimate of the actual strength required to de-bond CNTs from the substrate. Third,
the number of CNTs in contact with the tape was not known and hence, none of these
methods could predict adhesion strength of a single CNT. Furthermore, it was not known
whether the CNTs were breaking at the CNT-substrate interface or at any defective
locations along its length or if one or few layers of multiwall CNTs were being detached
or whether the CNTs were detaching from the adhesive tape itself and not removed from
the substrate. These uncertainties of the reported methods lead to unknown errors in the
evaluation of bond strength. Therefore, it is essential to design a new test methodology,
which can more reliably characterize the bond strength between CNTs and their
substrates. Since the area of importance for CNT-substrate adhesion is the interface (at
nano level), a nano-level characterization technique should be best suitable for this
purpose. Keeping this point in mind, during the present study, a new methodology of
nano-scratch technique was developed to quantify CNT-substrate bonding, overcoming

limitations of the existing techniques.
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Table 4.3: Overview of literature reported CNT-substrate adhesion testing methods

Techniques Adhesion strength Remarks Reference
or energy

Blowing, rubbing, NA Qualitative method, unreliable technique, extremely user sensitive | [81]
brushing
Ultrasonication in NA Qualitative method, widely used for understanding bond of CNTs | [82-86]
solvent with substrates, results may vary in different laboratories
Dropping, shaking, NA Qualitative method, unreliable technique, extremely user sensitive | [87]
bending samples
Peel test using adhesive | NA Qualitative method, widely used for understanding bond of CNTs | [87-89]
tape with substrates, highly operator sensitive
Pulling CNTs by NA Qualitative method, result may vary for different operators or [90]
tweezers tweezers
Hanging known 0.12-0.18 MPa » Used for quantifying strength of CNT based adhesive tapes: [91, 92]

weights from substrate

» Able to quantify adhesion of CNTs with substrate but not
calibrated against standards,
» Only a range of de-bonding stress could be predicted in

absence of continuous load-displacement plot,
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» Stress can not be predicted as contact area is not known,

» Accurate breaking/de-bonding position (whether at CNT-
substrate interface or along the length of CNT itself) is not
known

» Can not predict bond strength/energy for single CNTs

Tensile test after 0.26-0.50 MPa » Used for quantifying bonding of CNTs grown on wire Not [93, 94]
wrapping the CNTs by calibrated against standards,
adhesive tape » Stress can not be predicted as contact area is not known,
» Accurate breaking/de-bonding position not known
» Can not predict bond strength/energy for single CNTs
Compression test using | 2.05 MPa » Used for quantifying bonding of CNTs grown on flat [95]

Cu tape to contact

CNTs

substrates:
» Not calibrated against standards,
» Stress can not be predicted as contact area is not known,
» Accurate breaking/de-bonding position not known

» Can not predict bond strength/energy for single CNTs
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4.2.1 Bonding Energy Quantification by Nano-Scratch

Nano-scratch technique is well established for measurement of mechanical
properties in two-dimensional nanomaterials like thin films used in magnetic storage
materials, micro-electromechanical systems (MEMS) etc. [96, 97]. However, application
of this technique to quantify CNT-substrate adhesion is unique. Before going into
detailed description of experiments and analysis of results, it is important to have a quick
look at the working principle of this method. Figure 4.10 presents a schematic flow chart

of the process, for easy understanding of the principle.
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Figure 4.10: Schematic diagram of the working principle of nano-scratch technique.

During the process of nano-scratch, a Berkovich indenter was used (figure 4.11).
The indenter first was moved to a point on the sample which was a bare substrate. Then it

was programmed to move forward with a constant normal load of 150 uN, for a distance
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of 15 um. During this travel, the indenter encountered CNTs and uprooted them from the
substrate. A corresponding load increment could be observed in the lateral force vs lateral
displacement plot, which was used further for quantifying the bonding energy of CNTs
with the substrate. It is very much clear at this point that the nature of the later force-
displacement plot will be dictated by the nature of the sample. Since, the present study
focuses on dense, randomly oriented MWCNTs on different substrates, nano-scratch was
primarily used for this kind of structures. However, to prove high resolution of the
method, same technique was used for individual carbon nanocone (CNC) structure.
Following sub-sections will provide detailed results and analysis of the nano-scratch

study, performed on these two different types of structures.

W:h=81

Figure 4.11: Schematic drawing and important geometric ratios of the Berkovich

indenter used during nano-scratch study.

4.2.2 Bonding Energy for MWCNT Structure
As demonstrated in section 4.1, selection of substrate is one of the important

issues to control field emission response of CNTs grown on them. To better understand
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this issue, nano-scratch tests were performed on two different MWCNT samples — using
the combinations of Cu-Ti-Ni and Si-Ti-Ni (substrate-interlayer-catalyst). Both the
samples had densely grown, randomly oriented MWCNT structure on them (figure 4.1
and 4.2). Detailed structural information could be found in section 4.1. For the nano-
scratch study, three structural parameters were important — diameter, length and density
of CNTs. Figure 4.12 presents diameter and density of CNTs, on Cu and Si substrates, as

a function of CVD growth time.
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Figure 4.12: Structural features of CNTs on Cu and Si substrates. (a) Plot of diameter
distribution of CNTs on both substrates, at two different growth time, 2 and 30 minutes.

Insets show SEM images of catalytic islands on both samples (scale bar length is 200

nm). (b) Density of CNTs for both the samples, after 1 and 2 minutes of CVD growth.

Figure 4.12 (a) presents a quantitative estimation of the diameters of CNTs on
both substrates as a function of growth time. It can be seen that the diameter of CNTs was

almost independent of growth time, irrespective of substrates, although CNTs on Si
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substrate showed much wider diameter distribution. This fact is further supported by the
observation reported by Bedewy et al. who have noted a maximum of 5-10% change in
CNT diameter during growth period [98]. Moreover, in line with the in sifu observation
of CNT nucleation by Hofmann et al. [99], the present study also showed that CNT
nucleation was almost instantaneous and only the growth in the longitudinal direction
predominated with growth time. It should be mentioned here that due to random
orientation of the MWCNTs, length of them could not be measured. However, keeping in
mind about their possible effect on nano-scratch data (extra resistance provided by longer
CNTs), nano-scratch tests were performed for samples with two different growth time — 2

and 30 minutes.

Though during growth process, some CNTs may terminate or de-bond from the
substrate abruptly [98, 100], CNT density was not found to change much with growth
time. To gain further insight into this aspect, CNT densities were measured for both types
of samples, after 1 and 2 minutes of growth time (Figure 4.12b). CNT density was found
to remain nearly constant with growth time, although it was higher for the Si substrate, as
compared to the Cu substrate. This difference in density of CNTs on Cu and Si substrates
may be correlated with the distribution of catalytic nano-islands on these two surfaces
(insets of Figure 4.12 a). It is well-known that the catalytic island formation initiates by
dewetting from the substrate surface and final shape, size and crystallinity of these
islands depend strongly on the minimization of surface and interface energy [36]. Initial
thickness of the catalyst film also plays an important role [101]. Another important factor

to explain variation in catalytic island number and size distribution may be differential
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solubility of catalytic layers in Cu and Si substrates. Higher solubility of Ti in Cu (1 wt%,
as compared to zero solubility of Ti in Si [33], at growth temperature) leads to onset of
inter-diffusion and imposes additional constraints for breakage of the thin film, resulting
in formation of less number of nano-islands. However, in absence of any such factors for
Si (due to almost zero solubility of the catalyst in Si [33]), catalytic island formation is
solely governed by wetting, presence of surface defects etc. and lead to a wider
distribution. After clarifying all the structural issues, like diameter, length and density of
CNTs on these two different substrates, nano-scratch tests were performed for

quantifying the bonding between CNT-substrates.

Nano-scratches, using a standard Berkovich indenter (with 100 nm tip radius),
were made in such a way that each scratch started from a bare surface and then traversed
through the CNT forest, using a constant normal load (see section 3.7.3 and Figure 4.10).
While moving through the CNTs, the indenter tip faced an extra opposing force, which
was reflected through an increased lateral force on the tip. To calibrate the samples with
respect to the contributions of substrates and the catalyst thin films on the lateral force
behavior, comparative nano-scratch tests were conducted on bare substrates, substrates
after thin catalyst film deposition and finally, after CNT growth. Figure 4.13 presents
scanning probe microscopy (SPM) images of scratches on these three different types of
Si-substrates. Responses from these three types of samples were found to be clearly

different.
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Figure 4.13: 2-dimensional scanning probe microscopy (SPM) images of the nano-
scratches, made on samples with Si-substrate. From left to right, (a) scratches are visible

on bare sample, (b) only catalyst deposited sample and (c) sample after CNT growth.

Nano-scratch plots, i.e., lateral force-displacement plots, are presented in figure
4.14 (a) and (b). These figures show that in presence of CNTs, the indenter tip
experiences a much higher lateral force. Figures 4.14 (¢) and 4.14 (d) (and their insets)
show SEM images of the nano-scratch from Cu and Si samples, respectively (after CNT
growth), indicating that CNTs were actually removed from the area of the scratches.
Increased lateral forces for both samples were responsible to break the CNT-substrate
bonds and to uproot the CNTs from the respective substrates. One important observation
to be made from figure 4.14 (a) and (b) is the effect of Ti underlayer. Inability of Si and
Ti, to form a solid solution [33], led to retention of Ti as a separate layer (clearly visible

as a separate layer in the SPM images presented in figure 4.15), which exerted an extra
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opposing force on the indenter. This force appeared as a peak in the lateral force curve

for Si substrate (figure 4.14 b). However, in the case of Cu substrate, good solid

solubility of Ti in Cu leads to extensive inter-diffusion and thus, disappearance of any

separate layer on Cu substrate.
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Figure 4.14: Nano-scratch through CNTs on different substrates. Lateral force response

during nano-scratch tests on (a) Cu-CNT and (b) Si-CNT samples. Curves represent

force required to scratch bare substrates, substrates with only catalysts and substrates

after CNT growth. (c and d) SEM images of nano-scratches through the CNT structure

on Cu and Si substrates, respectively. Insets show higher magnification SEM images of

the scratches (scale bar length is I um).
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Figure 4.15: Scanning probe microscopy (SPM) images of the (a) Cu and (b) Si

substrates after catalyst deposition.

Another important issue to be noticed is the effect of initial surface roughness of
the substrates. Cu-substrate had rougher surface as compared to the Si wafer (figure
4.15). This was reflected in the nano-scratch plots also (Figure 4.14 a and b) — scratching
through the bare Cu substrate showed much more lateral force as compared to Si
substrate. Thus, the nano-scratch technique was able to distinguish effects from substrate,

catalyst and CNTs.

Increments in the lateral force, which can be interpreted as adhesion or bonding
force of CNTs with their substrates, are plotted in figure 4.16, for five (5) scratches per
sample and for two different growth times of 2 and 30 minutes (see appendix-1 for plots

of all the nano-scratches).
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Figure 4.16: Plot of lateral force increment for both Cu-CNT and Si-CNT samples, after

2 minutes and 30 minutes of growth time.

It may be observed that growth time did not affect the lateral force in any
significant way for both Cu and Si substrates. As higher growth time is related to longer
CNTs, it seems that long CNTs, which formed a dense, tangled network, did not exert
any extra load on the indenter. Hence, the increment in lateral force was mainly due to
uprooting of CNTs from their substrates. Figure 4.16 also points out that the force
required to de-bond CNTs from Cu substrate was much higher (almost 2 times) as
compared to that of Si substrate. During CVD growth, Ti underlayer reacted with carbon
precursor gas and formed TiC, providing a strong bonding between the underlayer and
the CNTs. However, to achieve better adhesion of CNTs to the substrate, it is necessary
that the substrate and the underlayer form a strong bond. Comparison of Cu-Ti and Si-Ti

phase diagrams indicates that solid solubility of Ti in Cu may promote formation of such
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bond between Cu and Ti, while nil solubility of Ti in Si may prevent formation of any
such bond [33]. However, interfaces need to be studied in detail for a better

understanding of this issue.

After quantifying the forces required to debond a dense forest of CNTs from Cu
and Si substrates, an effort was made to illustrate the bonding energy of individual CNT
with the substrates. For this calculation, average densities of CNTs were taken for all
samples. Due to extensive entanglement, CNTs could not be counted for samples having
growth time more than 2 minutes during the present study. It is observed that till 2
minutes growth time CNT density remained almost constant (figure 4.12 b) [98].
Therefore, it was assumed that CNT density remained constant throughout the growth
period. Though self-termination (sudden and sharp fall in growth rate) was reported to be
observed by some researchers during CNT growth [98], which may decrease CNT
density, it was found to occur at higher temperatures (> 1283 K) [100]. Moreover, time
to initiate ‘self-termination’ was strongly dependent on growth temperature and found to
increase sharply with lower growth temperature. During the present study, CNT growth
was performed at much lower temperature of 973K. Following the trend reported in
reference [100], it is expected that the effect of self-termination on CNT density would be
minimum during the present study. However, nano-scratch tests were performed on 2-
minutes CNT grown samples also, for which CNT density was calculated (in addition to
30-minutes CNT grown samples) and results from both types of samples were compared.

Figure 4.17 presents the results.
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Figure 4.17: Comparison of adhesion energy of individual CNTs on both Cu and Si

substrates.

The procedure to calculate adhesion energy of single CNTs is strongly dependent
on the indenter geometry (figure 4.11) and is given in detail in appendix-2. Figure 4.17 is
generated from this calculation procedure. As the diameter of CNTs remains almost
constant but length increases with growth time, the difference in bonding energy of 2 vs
30 minutes grown samples can be related to the effect of CNT length. This difference was
found to show a variation of 1-2% only for both Cu and Si substrates, while the actual
calculated debonding energy values range over = 15% of the mean. Hence, the CNT
length effect on the debonding energy is considered to be negligible. The energy
calculated thus represents the energy required to de-bond a single CNT. It may be
observed that ~ 3 pJ energy is required to debond one single CNT from the Cu-substrate,
which is equivalent to breaking 5 million C-C bonds [102]. It may be noted here that the

adhesion energy for CNTs on Cu-substrate is ~ 4.7 times higher than that of Si-substrate,
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while the debonding force was nearly 2 times higher for CNTs on Cu-substrate than that
on Si-substrate. This difference in the factor is due to CNT density difference among both
the samples. It will be appropriate to mention here that the bonding energy of single
CNTs, as calculated above, is true only for the materials and methods used in the present

study and is expected to vary depending up on the experimental conditions followed.

Nano-scratch tests performed on both Cu-Ti-Ni-CNT and Si-Ti-Ni-CNT samples
have shown marked differences in CNT-substrate bonding energy, which can be logically
related to the structure beneath CNTs. In line with the observations made in section 4.1, it
is evident that interface engineering plays extremely important role and Cu-Ti-Ni
combination presents itself as a good combination of substrate-interlayer-catalyst for
growth of strongly bonded CNTs, which can be used successfully for devices such as

field emitters.

After successful demonstration of bonding energy of single CNTs in a mat of
randomly oriented CNTs, further effort was made to prove high resolution of this

technique by using CNC structure, as described in the following sub-section.

4.2.3 Bonding Energy for Carbon Nanocone Structure

In order to show the ability of nano-scratch technique to directly quantify
adhesion energy down to single nanostructure level, an explicitly different 1-D
nanostructure - a periodically spaced and vertically aligned carbon nanocone (CNC)
structure grown on a lithographically pre-patterned Si substrate, was further considered

[103]. Figure 4.18 presents SEM images of this structure.
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Figure 4.18: SEM images of nano-patterned carbon nanocone structure - (a) before
nano-scratch, imaged from top, showing presence of multiple CNCs in each catalytic
islands and (b) before nano-scratch, imaged at a tilt angle of ~40°. All scale bars in this

figure are I um.

The figure shows typical SEM images of the structure, where each catalyst island
is observed to accommodate 1-3 CNCs. Figure 4.18 (b) shows some of the islands having
single carbon nanocone only. Each island is ~300 nm in diameter and the CNCs formed
on these islands are ~ 2 um in length. Nano-scratches were performed on this sample in
such a way that these scratches traverse through the nanocone structures. During the
scratching, CNCs were uprooted by the scratching force and gave us a directly measured
value of bonding energy. The result of the test is given in figure 4.19, clearly showing
uprooting of CNCs (in SEM image) and corresponding lateral force increment in the

lateral force vs lateral displacement plot.
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Figure 4.19: Nano-scratch on nano-patterned carbon nanocone structure. (a) SEM
image of the CNC structure after nano-scratch, showing removal of CNCs, imaged at a
tilt angle of ~40° (b) Lateral force response during nano-scratch test on Si-CNC sample,
comparing effects on bare substrate and through CNCs. The upper inset shows a
schematic of the process, uprooted CNCs being shown in a different color. The lower

inset shows corresponding SEM image. All scale bars in this figure are 1 um.
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Nano-scratches made on this sample clearly showed uprooting of individual
CNCs, both in SEM images and in corresponding quantitative data. Appearance of peaks
in nano-scratch plot (Figure 4.19 b) could easily be correlated with the distance between
consecutive nanocone islands. Separate peaks for each island of nanocones showed high
resolution of the nano-scratch technique to quantify de-bonding force for single nanocone
structure. Force required to debond CNCs in each island was found to vary between 10-
25 uN, depending on the number of CNCs present in each island. This corresponds to a
debonding energy of 8-10 pJ per CNC. However, it may be noted here that debonding
energy for CNCs includes the effect of catalysts. Synthesis techniques and parameters
used for CNCs and CNTs (as mentioned in previous sub-section) were totally different.
Furthermore, CNCs had a much higher contact area (having a solid base diameter of ~
300 nm) than the CNTs (ring-type base, with a diameter in the range of 60-80 nm). As
mentioned before, CNT-substrate bond is a strong function of the properties of materials,
synthesis conditions and their exact contact area. Thus, debonding energy values, as
measured for the CNCs and CNTs, are not directly comparable. However, nano-scratch

test on CNC sample shows its direct application in single nanotube/nanowire samples.

Interface engineering seems to play a very crucial role in determining
performance of CNT based devices. Nano-scratch technique now can act as a quantitative
tool to describe CNT-substrate bonding energy and hence, can be related to device
performance and reliability. In the following section, a completely different geometry (3-
dimensional structure) of CNT based field emitter will be presented, which also

incorporates the lessons learnt from sections 4.1 and 4.2.

118



4.3 Structure and Field Emission Performance of 3-Dimensional Field Emitter

Though CNTs have become widely popular as a potential material for field
emitters, future devices require further enhancement in emission current density and
emission stability and a simpler processing technique for efficient fabrication of CNT-
based field emission cathodes [8]. Current research activities on CNT-based field emitters
were focused to address these issues. The simplest way to enhance emission current from
CNT cold cathodes could be increasing the density of active CNT emitters present within
a specific area. However, screening effect from closely spaced neighboring CNTs is
known to adversely affect the field emission properties, which limits the maximum
allowable active CNT emitters without deteriorating the emitter performance [44].
Another important issue for electron sources used in high power microwave (HPM)
devices and other high current applications is structural stability at high operating electric
fields, to obtain higher emission current. Operating the field emitter at higher electric
field may cause ion bombardment and arcing, especially from highest localized electric
field areas of protrusions, loosely bonded absorbents/contaminants. This may cause
significant damage to the CNT structure and could lead to permanent impairment of the
emitters. These issues can be addressed well in a three-dimensional (3-D) design of the
field emitter structure, in which CNT emitters are embedded within microchannels.

As schematically shown and described in section 3.2.2, the 3-D design
incorporates specific number of micro-channels within a particular surface area of a two-
dimensional (2-D) substrate. Creation of the micro-channels offers increment in total
surface area (owing to extra side walls of the channels) available for CNT growth,

without consuming more 2-D space (foot-print area). Increased surface area depends on
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the size and number of the channels and the thickness of the substrate being considered.
Figure 4.20 shows a graphical representation of this fact, for different channel diameters
and substrate thickness, assuming a fixed foot-print area of 1 mm® and incorporating
maximum number of channels within this area. The scheme of calculation, used in
creating this plot, is based on geometry of the system and is explained in detail in

appendices (appendix-3).
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Figure 4.20: Representation of the effect of substrate thickness and channel diameter on
total active surface area available for CNT growth (values mentioned against each line

in the plot is the channel diameter).

It is evident from this plot that higher surface area enhancement could be
achieved by creating finer channels in a thicker substrate. Due to enhanced surface area
and growth of CNTs within channels, these 3-D cathodes offer higher emitter density in a
specific area and hence, are expected to enhance field emission response, as compared to

conventional 2-D cathodes. In a previous study by Seelaboyina et al. [8], it was shown
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that such a 3-D field emitter, created on alumina substrate, offers better emission
response compared to its 2-D counterpart. However, low thermal and electrical
conductivity of alumina (29-33 W/m.K [104, 105] and 1x10™"° S/cm [106], respectively)
may affect heat transfer and electron movement during field emission and finally, on the
structural stability and emission current, respectively. In the previous sections, it was
shown that an interface-controlled growth of MWCNTs on Cu substrate offers best field
emission response and emission stability, when compared to other samples. Using the
lessons learnt from those studies, hence, a synergistic effect of the advantages offered by
3-D emitter structure and interface-controlled MWCNT emitter on Cu substrate was
proposed, which could lead to much better field emission response. Thus, MWCNT-
based 3-D microchannel cathode structure on Cu substrate was fabricated. Field emission

response from this structure will be presented in the following sub-sections.

4.3.1 Effect of Number of Micro-Channels on Field Emission Performance

To study the effect of number of micro-channels on field emission behavior, three
different types of samples were prepared with 4, 9 and 16 micro-channels, respectively.
Structure of the 3-D field emission device is presented in figure 4.21. Micro-channels,
before CNT growth, are observed in figure 4.21 (a) As can be seen from figure 4.21 (b)
and (c), dense CNT forest type structure was grown on the substrate, surrounding the
micro-channels, including the walls of the channels. CNTs have length of approximately
20 um and diameter in the range of 80-120 nm. Raman spectra, taken from the samples
(figure 4.21 d), showed high D/G peak intensity (Ip/lg) ratio, indicating presence of

defects in the CNT structures. The structure was found to be quite similar to those found
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in 2-dimensional field emitters and a detailed description about interpretation of Raman

spectra is given in section 4.1.1.
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Figure 4.21: Structure of the 3-D field emission device. (a) Micro-channels created on

the Cu substrate. (b) MWCNTs synthesized around and (c) within the micro-channels. (d)
Comparison of Raman spectra, before and after field emission tests, showing D and G

peaks — signature peaks for CNTs.

Field emission responses of the CNT based 3D emitters, with varying number of

micro-channels, are presented in figure 4.22 (next page).
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Figure 4.22: Field emission response of the 3-dimensional cathode structure (numbers
mentioned within the plots are the number of micro-channels in corresponding samples).
(a) Field emission current density from the emitters having different number of channels,
under DC bias. Inset shows field emission image, captured using green phosphor coated
ITO glass as anode. (b) Fowler-Nordhiem (F-N) plot of the emitters showing straight line

behavior. (c) Field emission current density from the emitters having different number of
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channels, under AC bias. (d) Stability of emission during continuous, long-time
operation, under AC bias. (e) Field emission response of emitters under DC bias, after 10
hours of exposure during stability test, showing emitter structure stability. (f)
Comparison of current density from 2-D and 3-D CNT based emitters [ ‘red square’: data
for 2-D CNT based emitter on Cu substrate (taken from section 4.1); ‘green triangles’:

data from 3-D CNT based emitter on alumina substrate (taken from Seelaboyina et al,

ref. 8)].

While figure 4.22 (a) shows the current density vs. applied bias (J-E) curves for
the emitters, figure 4.22 (b) presents the conventional Fowler-Nordheim (F-N) plots —
both under DC bias. It could be pointed out from the J-E curves that emission current
density increases with increasing number of micro-channels. The turn-on field (Ero,
defined as the field required to produce 10 pA/cm® emission current) was found to be
quite low for all the emitters (irrespective of number of channels) — 1.1-1.2 V/pm.
Though these values were higher as compared to previously reported Ero values for 2-D
emitter structure (section 4.1), this behavior could be related to uncertainty in identifying
exact inter-electrode distance, caused by the rare situation of 3-D structure (due to
presence of CNT emitters within the channel wall). While all calculations were based on
minimum inter-electrode distance (i.e. the distance between top surfaces of both the
electrodes), actual scenario might be quite different, as CNTs were present over a range
of inter-electrode distance (within the channels). In order to better understand this
complex situation, simulation studies need to be performed in future, to predict electric

field distribution along the channels. On the other hand, threshold field (Ey, defined as
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the field required to achieve 10 mA/cm? current density) of these emitters were observed
to vary in wider range — 1.69 to 2.04 V/um, depending upon number of channels. This
can easily be correlated to the total number CNT emitters present in structure — samples
with more channels have more emitters and hence, higher emission current density at
lower excitation field. Further, straight line nature of all the F-N plots ensures that the

emission, observed in this study, is a result of electron tunneling through MWCNTs.

Since continuous operation in DC bias can damage structure of the MWCNT
emitters, AC bias (often with very low duty-cycle) is preferred for practical purposes. In
the present study, a sinusoidal AC bias (50% duty cycle) was used. Figure 4.22 (c) shows
field emission response of the emitters under AC bias, as a function of number of micro-
channels present in the structure. Again, the field emission current was found to depend
on the number of channels and the highest emission current density (189 mA/cm?, RMS)
was obtained from the sample having 16 channels. Current density obtained from this
sample was very high and is considered as one of the best emission current densities,
reported in open literature. Excellent emission behavior of these 3-D emitters can be
related to the novel geometry of the device and to the low interface resistance. MWCNTs,
predominantly being metallic in nature, created a metallic contact with Cu-substrate and
offered low contact resistance, facilitating easy electron transport and good emission

properties.

Stability of the emitters is another extremely important issue for any practical
application. It was found (figure 4.22 d) that all the emitters showed very good stability

over a continuous operational period of 10 hours, though at different emission current

125



density levels. During the stability test also, the emitter with 16 channels showed much
better performance as compared to other emitters, in terms of operating at a higher
current level. Apart from the emission stability, structural stability of the emitters is
another important factor for predicting life-time of field emission devices. Structural
stability of the emitters was tested after the 10-hour long, continuous exposure of stability
tests, in two different ways — field emission under DC bias and Raman spectroscopy.
Figure 4.22 (e) shows the result of the field emission test. A quick comparison between
figure 4.22 (a) and (e) shows that the emission current level was similar in both the cases,
though the turn-on field was little higher for the latter case. This result indicates that
damage to the emitter was not significant. This conclusion can further be supported from
the Raman spectra, obtained from the samples, after stability test (figure 4.21 d). Raman
spectra obtained from the MWCNT structures, tested in as-grown condition and after
finishing field emission experiments did not show any appreciable difference. As
indicated in the figure, positions of D and G peaks and their relative intensity ratios
(In/Ig), for both the samples, remained almost same. This observation indicates that the
rigorous field emission experiments could not induce much defect to CNT structures. In
contrast to the observation made by Chen et al. [44], this 3-D MWCNT-based field
emitter structures on Cu substrate, did not show any visible sign (e.g., partial uprooting)
of structural damage. This fact may be related to good bonding between Cu and CNTs, as
already pointed out in section 4.1 and 4.2. Moreover, an all-metallic structure from
MWCNT to Cu substrate, through a metallic interface (Ti and Ni), aided in faster heat
dissipation during field emission experiments and thus minimizing the chances of any

structural damage.
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4.3.2 Predicted Current Density

The best advantage of the 3-D MWCNT-based emitters on Cu substrate is the
high current density. Figure 4.22 (f) presents a comparison of emission current density
among different varieties of 3D emitters (with 4, 9 and 16 number of micro-channels,
within 1 mm?® foot-print area) and with those reported for 2-D emitter structure
(MWCNTs-on-Cu, section 4.1) and 3-D emitter structure (CNTs on alumina micro-
channel plates [8]). The highest emission current density (~ 190 mA/cm®) observed for
the sample having 16 micro-channels (in the present study), is actually more than an
order of magnitude higher than all current density values reported in section 4.1 and
reference 8. This observation clearly points out to the benefits of the 3-D emitter structure
on Cu substrate. It may further be noted that variation in current density, as a function of
number of channels, is almost linear (with more than 95% degree of fit). Following this
linear trend, current densities of 3-D emitters of Cu substrate having higher number of
channels, could be predicted (table 4.4). Current density, predicted for 1400 channels,
(6.054 A/cm?) is found to be well above the predicted current density values for 3-D
alumina based CNT emitter (708 mA/cm?) [8] and other literature reported values (3.55
A/em?’ [44] and 4 A/cm?® [107]). However, it may be noted here that the actual current
density from such a sample might be limited by screening effect from neighboring CNTs.
Limitation of our instruments, to measure such a high current, restricts us in providing
experimental support to this issue. However, it is proposed at this point that detailed

experimental and simulation is undertaken to clarify this issue.
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Table 4.4: Estimated current density from different number of channels (from 1 cm’ foot-

print area)

Number of | Estimated Current Density
Channels (A/cmz)
100 0.542
400 1.814
625 2.768
900 3.934
1200 5.206
1400* 6.054

* Maximum number of channels that could be created within 1 cm” area is 1412, which is

approximated as 1400, here.

The results indicate that a proper 3-D design, on a suitable substrate, can lead to a
big increment in current density, as compared to the 2-D emitter structures. In the present
case, the 3-D emitter structure on Cu substrate with 16 channels showed a gigantic 27
times enhancement in current density, as compared to its 2-D counterpart. Further,
selection of Cu over alumina and realization of interface-control (through Ti and Ni)
ensured a strong and low-resistance interface and contributed as another favorable factor
in enhancing emission current density. 3-D emitter on Cu-substrate registered a huge 23
times increment in emission current density over similar 3-D structure on alumina

substrate. The results found during the present study clearly indicate that a 3-D emitter
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structure on a conductive substrate (such as Cu) offers much higher efficiency, as
compared to conventional 2-D emitters on metallic substrates or other 3-D emitter

structures on alumina substrates.

4.4 Structure and Field Emission Performance of Transparent Flexible Field

Emission Device

After successful demonstration of energy efficient field emission devices (in
terms of low turn-on field and high emission current) through application of interface
engineering and 3-D design, the next was to incorporate two more exciting features to
field emitters — flexibility and transparency. Application of these flexible and transparent
displays ranges from flexible head-up displays, foldable electronics, lightning tiles and
others. A hybrid structure of 1-D CNTs over 2-D graphene can be an ideal architecture
for application as flexible and transparent field emission displays.

Graphene was synthesized through CVD process on Cu foils and transferred onto
polyethylene terephthalate (PET) substrate using hot press lamination and chemical
etching process. Details about graphene synthesis and transfer processes were given in
section 3.2.3, and basic properties of the transferred film are given in appendix-4. Figure
4.23 shows the schematic processing chart of field emitter device fabrication. For
fabricating the hybrid graphene/CNT cathode, multiwall carbon nanotube (MWCNT)
solution was spin coated over graphene/PET substrate. MWCNT solution was prepared in
polyvinyl alcohol (PVA) and de-ionized (DI) water mixture. Anode was made by dip
coating the green phosphor over the graphene/PET film. Anode and cathode were stacked

over each other for fabricating flexible, transparent field emission device.
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Figure 4.23: Process flow for cathode and anode preparation. Schematic of assembled full

flexible and transparent FE device showing CNT-graphene/PET cathode and phosphor coated

graphene/PET anode.

Figure 4.24 shows a representative SEM image of PVA coated MWCNT emitters
on graphene/PET. The average diameter and length of MWCNTs were 60 nm and 1-3
um, respectively. Many CNTs were found to be in erected position, which was suitable
for good field emission response. PVA acted as binder for MWCNT on graphene film
and provided stability to the emitter under strong electric field [108-110]. A low density
(~1.2x10%/cm?) of CNTs over graphene film was maintained for high optical

transparency of cathode.
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Figure 4.24: Structure of the graphene-CNT hybrid emitter — SEM image of PVA coated

CNTs on graphene/PET film.

Both the cathode (MWCNT/graphene/PET) and the anode
(phosphor/graphene/PET) were framed with adhesive conductive copper tape at the edges
(figure 4.25 a). Field emission device was assembled over a glass tube (27 mm diameter)
by stacking the electrodes over each other, using ~600 pum thick spacers along their
edges. Such an assembly aids to quantify field emission response of the device in a bent
state. Figure 4.25 (b) shows a photo of the assembled fully transparent and flexible field
emission device (dimension 15mmx15mm). This image clearly shows the flexibility and
transparency of our device. While its ability to perfectly take the contour of the glass tube
proves its flexibility, clearly visible letters through this device supports the claim of high

transparency. Slight difference in the visibility of the letters was mainly due to the
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presence of thin film of phosphor coating on the anode. Inset of the figure shows the field

emission image captured from the anode end of the device.
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Figure 4.25: (a) Images of flexible and transparent anode and cathode. (b) Fully
transparent and flexible FE device assembled on glass tube (“FIU” character can be
seen from the front side of the FE device). Inset shows FE image from the device. (c)
Emission current versus electric field characteristics of FE device operating under DC
bias voltage. Inset shows corresponding F-N plot. (d) Emission current versus electric
field characteristics of FE device operating under AC bias voltage. Inset shows

corresponding F-N plot.
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Field emission response of the device is presented in figure 4.25 (¢) — (d).
Emission current as a function of applied DC bias to the device is shown in figure 4.25
(c). Turn-on field (Eto, defined as the electric field to generate 1 LA/cm” current density)
of the device was found to be 2.05 V/um. Low turn-on field from a FED ensures that the
device started performing at a very low applied field and hence, was always desirable. In
fact, the present result showed much lower turn-on field, as compared to the flexible,
transparent cathode structure, reported very recently (33% of the value mentioned in that
reference) [111]. Similarly, the threshold field (Ery, defined as the electric field required
to generate 10uA/cm?® current density) was also found to be extremely low, 2.2 V/um,
which is almost 20% of the comparable value in ref. [111]. It may be mentioned here
that unlike ref. [111], which presented only a flexible and transparent C-nanostructure
based cathode for application in FEDs, our device allowed flexibility and transparency to
both the cathode and anode. The images on the back side of the screen can be seen
through the all-graphene based display as seen in figure 4.25 (b), thus the assembled
device can be used for transparent and flexible display.

In order to calculate the field enhancement factor (B), Fowler-Nordheim (F-N)
equation was used and the corresponding plot is included as insets of figure 4.25 (c) and
(d). F-N equation is stated as I= (aABzEz/(I))exp(-b(I)3/2/BE), where [ is the emission
current, A is emission area, 3 is the field enhancement factor, V is applied voltage, @ is
the work function of the emitter (assuming work function of CNTs to be similar to
graphite, i.e., 5.0 eV), a and b are two constants, of values 1.54x10° A eV/V? and 6.83 x

10" eV¥* V/em, respectively. From the F-N plot, field enhancement factor has been
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calculated as 1023, in DC bias. The straight line nature of the F-N plot ensures that the
emission process was through tunneling of electrons from CNTs.

Further, the FED was subjected to AC bias, using a 1 kHz sine-wave function and
the emission response is presented in Figure 4.25 (d). In AC bias, the turn-on field further
reduces down to 1.4 V/um and a total emission current of 350 LA could be achieved.
Moreover, under AC bias, the field enhancement factor is highly enhanced to a value of
~16434. Emission behavior of this graphene based field emitter seems to be impressive.
It may be noted here that in this design of the device, graphene (on flexible, transparent
polymer) mainly acted as the highly conductive base material, while CNTs embedded
onto the graphene performed as the actual electron emitting sources. Figure 4.26 shows
stability of the emission current under DC bias (at an electric field of 2.15 V/um), for a
continuous operation of 10 hours. Variation in current was found to be low and the device

offered very good stability over the experimental time-period.
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Figure 4.26: Emission stability of the graphene-CNT hybrid field emitter, under DC bias.
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Overall, the results presented here show that the CNT-graphene hybrid structure
based field emitter device is also highly energy efficient and has good potential for

flexible and transparent field emission devices.

4.5 Structure and Performance of Carbon Nanotube Based Anode in Li-ion

Battery

In the previous sections, successful research efforts to manufacture energy
efficient carbon nanotube based field emitters have been presented. After field emitter,
the focus was on application of CNTs in energy storage devices, such as Li-ion batteries.
Application of CNTs in Li-ion batteries is not new [112-114], though the results were not
encouraging. CNT-based Li-ion batteries have offered lower specific capacity of the
battery, as compared to the conventional graphite anode based Li-ion batteries. Analyzing
the failures, it was observed that CNT was added in a small percentage (to the electrode)
along with other active materials like graphite, active carbon etc. and organic binders.
These materials were mixed together as a paste and painted on current collector materials
like copper, aluminum or stainless steel. This process of anode preparation did not allow
direct contact between CNTs, electrolyte and Li" ions and hence, effect of CNT addition
could not be fully understood.

To address all these issues, the present research aimed at direct synthesis of
interface-controlled MWCNTSs on copper current collectors and their application as the
anode in Li-ion cells. This kind of structure is expected to have many advantages over the
conventional anodes. First of all, unlike all the past studies involving CNTs, which used

raw CNTs and polymeric binders [112-114], the present structure would have directly
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grown CNTs on the current collector, thus avoiding the polymeric binders completely. In
this way, it will reduce harmful effect of the polymeric binder, reduce weight of the
active material, increase specific capacity and show potential to be used for high
temperature application. Secondly, CNTs do not have any kind of expansion/contraction
and pulverization problem (like Si and SnO,), so it will sustain its capacity for long
cycles. Third, growth of CNTs on interface-engineered metallic substrates will ensure
that each CNT is well bonded to the current collector, thus all of them contribute to the
capacity. Fourth, high specific surface area of CNTs will allow more Li-ion intercalation.
Fifth, higher conductivity of the active anode material is important for achieving higher
capacity [115]. In that respect, MWCNTs, known to be excellent charge carriers, are an
alternative option and aid in achieving higher capacity. Moreover, by the interface-
control, proposed in this study, an ohmic contact and strong bonding between the CNTs
and substrate will be ensured, which will further help in efficient charge transport.
Further, the anode structure of MWCNTs grown on Cu foil, can be very easily fabricated
using thermal chemical vapor deposition (CVD) process. Keeping in view of all these
multifarious advantages, the present study used interface-controlled MWCNTSs grown on
Cu current collector as the anode for Li-ion batteries. This novel anode structure was
tested as half-cell (as described in sections 3.3 and 3.6) and results are discussed below.
The novel anode structure was prepared by depositing catalysts (through
sputtering) onto Cu foils, followed by MWCNT growth by CVD. Electrochemical studies
are performed on half cells prepared by CR2032 press. Electrochemical characteristics of
the MWCNT-on-Cu electrode are presented in figure 4.27. First two charge-discharge

curves, at a current rate of 0.1C (38mAg™', assuming theoretical specific capacity same as
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that of graphite, i.e. 372 mAhg™), are shown in figure 4.27a. The first discharge cycle
wais characterized by very high specific capacity of 2547 mAhg™', while the following
de-lithiation (charge) cycle showed specific capacity of 1455 mAhg'. This led to an
irreversible capacity loss of 42%. However, the second discharge and charge cycles
almost maintained the reversible capacity from the first cycle. During the first discharge
cycle, a plateau in the voltage region 0.9-0.5V was observed. Such plateau is typical of
all CNT-based electrodes and is related to decomposition of the electrolyte and formation
of solid electrolyte interphase (SEI) on the CNT surface [116]. The plateau was not
observed from the next cycle onwards, indicating that SEI formation was complete in the
first discharge cycle itself. A good fraction of the capacity was found to be at a voltage
range > 0.5 V, which was a common feature for all nanostructured carbon anode
materials and even for C-Si core-shell nanowires [117-120]. Though this type of behavior
was different from that shown by graphite electrodes [121], it did not affect the full-cell
characteristics much, as was shown for C-Si core-shell nanowire structure [118].

Rate capability of the electrode is shown in figure 4.27 (b). Reversible capacity of
the electrode was found to be very high and quite stable (especially, after few initial
cycles). Very high specific capacity could be observed at all current rates. Even at very
high charging/discharging rate of 1.116 Ag™ (3.0C), the electrode showed a reversible
capacity of 767 mAhg™, representing 106% increment in capacity as compared to the
theoretical capacity of graphite anodes (372 mAhg™). This huge increment in specific
capacity, that too in a higher current rate, proves suitability this anode structure for

possible application in Li-ion batteries.
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Figure 4.27: Electrochemical characteristics of the proposed CNT-based electrode
structure. (a) First two charge-discharge cycles of the MWNT-on-Cu anode, at 38 mAg”
rate. (b) Reversible capacity of the MWNT-on-Cu anode, at different C-rates. (c)
Exceptional stability of the reversible capacity (~ 900 mAhg”) of the MWNT-on-Cu
anode in long-run, at 372 mAg' rate. (d) Coulombic efficiency of the MWNT-on-Cu

anode, showing very high efficiency, except for the first cycle. After initial 5 cycles, the

efficiency remained more than 99%.

To specifically understand the stability of capacity, the electrode was subjected to
50 charge/discharge cycles at 372 mAg™ rate (1.0C), after two initial cycles each in 0.1C
(38 mAg") and 0.5C (186 mAg™") rate (figure 4.27 c). The figure shows very high

capacity of the electrode (~900 mAhg™, 140% enhancement as compared to theoretical
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capacity of graphite) at this rate and excellent stability of the capacity over 50 cycles. In
fact, there was nil capacity degradation during these 50 cycles (except for the initial two
cycles). The coulombic efficiency of the electrode was also very high, more than 99%,
after two initial cycles at 38 mAg™ rate (figure 4.27 d). Such high capacity and nil
capacity degradation over 50 cycles make this electrode a suitable alternative to the
graphite anodes, conventionally used in Li-ion batteries.

It is well understood that the unique structure of the proposed anode is responsible
for its excellent performance. In order to better understand the structure and lithiation-
delithiation mechanism, a thorough structural characterization, using SEM, high
resolution transmission electron microscope (HRTEM), X-ray diffraction and Raman
spectroscopic analysis has been performed. X-ray diffraction (figure 4.28 a) and Raman
spectroscopy analysis (figure 4.28 b) showed different peak shapes and intensity ratios in
different stages, pointing towards a possible structural change.

Figure 4.28 (a) shows XRD patterns of the proposed anode structure in the
pristine, lithiated and delithiated stages, respectively. Due to the presence of high
intensity peaks from Cu substrate, no other peaks, except C(002), could be pointed out in
the XRD pattern. Broadening of the C(002) peak, in lithiated condition, indicates
possibility of increase in defect concentration in the samples. However, the broadening
was not observed in the delithiated sample. A semi-quantitative analysis, using CMPR
software showed that the full width at half maxima (FWHM) of the peaks increased from
as-grown state (FWHM = 2.20°) to lithiated state (FWHM = 4.81°) and then decreases

upon de-lithiation (FWHM = 2.75°). Since, FWHM can be related to the defect density in
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the material, it can be concluded that lithiation increased defect sites on the CNTs and de-

lithiation eliminated most of these defects.
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Figure 4.28: Structural comparison of the proposed anode structure in different stages.

(a) X-ray diffraction patterns and (b) Raman spectroscopic analysis.
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The observations made from XRD match well with Raman spectroscopic
analysis. Ip/Ig ratio in Raman spectra, which indicates purity or crystallinity of CNTs,
increased from 0.95 for the pristine sample to 1.21 in the lithiated condition and
decreased to 0.94 in the delithiated condition. So, the crystallinity of the CNTs was lost in
lithiated state and recovered in delithiation stage.

Figure 4.29 (a) (and its inset) shows SEM micrograph of the as-grown CNTs on
the Cu current collector, while figure 4.29 (b) (and its inset) shows TEM micrographs of
the same structure. The CNTs (outer diameter ~ 100 nm), which formed a forest-like
structure of ~ 30 um height on the Cu current collector, created a porous network and
opened up huge surface area of CNTs, thus increasing the lithiation capability of the
electrode. The as-grown CNTs also showed some amount of defects in the structure (inset
of figure 4.29 b), which could probably lead to enhanced Li-ion intercalation. Some of
the CNTs were found to be twisted (figure 4.29 c¢). The twisting increased specific
surface area of CNTs, which was probably one of the reasons of high Li insertion in these
CNTs.

No noticeable volume expansion of the CNTs was observed after lithiation.
Figure 4.29 (b), (d) and (e) shows representative SEM micrograpghs of CNTs in as-
grown, lithiated and delithiated states indicating that the diameter of CNTs remained
almost constant (~ 100 nm). This observation is unique and distinctly different from the
observations made by Maurin et al. [122], who has reported swelling and shrinkage of
CNTs, during the lithiation and delithiation. Absence of this volume change in the CNT

anode is beneficial for practical application.
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Figure 4.29: Structure of the electrode in as-grown, lithiated and delithiated states. (a)
SEM and (b) TEM images of the as-grown MWNT-on-Cu structure (insets are at higher
magnification). (c¢) TEM images of twisting in the as-grown sample. (d) and (f) show
TEM images of the CNTs in lithiated condition (FFT image at inset). (e) and (g) are TEM

images of the CNTs in delithiated condition, showing absence of the second phase.
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A quick comparison of the structure of the CNTs, in lithiated and delithiated can
be performed from the TEM images in figure 4.29 (d) - (g). The lithiated CNT structures
clearly showed formation of thick layer of a second phase (the lithiated phase) on their
walls, while such a second phase structure could not be observed in delithiated condition.
This second phase could be Li-oxide phase, which might have formed during mis-
handling of the sample during TEM sample preparation or it could also be a second phase
(Li-C) formed during lithiation. To minimize exposure of sample to air, the sample
preparation was carried out in Ar glove box. Further, to confirm the effect of long-time
air exposure on the structure, a separate study has been performed. Figure 4.30 (next
page) shows the outcome of this study, in terms of TEM and HRTEM images. For the
comparison of amorphous lithiated carbon and lithium oxide, delithiated sample was
exposed to air for long time and has been investigated. Even though most regions of CNT
wall were recovered and crystallized, fine nanocrystals were observed at few junctions of
CNTs. The HRTEM and its corresponding FFT, as shown in the figure, clearly reveals
the existence of crystalline phase having 4 fold symmetry with 2.3A d-spacing, which
corresponds to the (002) plane of cubic-Li,O phase. The structure of the observed oxides
which are commonly observed after charge and discharge experiment in Li-ion battery,
was identified as face centered cubic Li,O with a= 4.6 A. Dupont et al. [123] reported
Li,0 structure using in-situ XRD, coupled with carefully designed HRTEM experiment.
Our results were in close agreement with their reported values. The inverse FFT image
using the indicated arrows in filtered FFT, as shown in (d), clearly demonstrates the

crystalline phase on the CNT surface.

143



Figure 4.30: (a) TEM image of MWCNTs showing fine nanocrytalline particles on the
MWCNTs surface, (b) higher magnification of circled region shown in (a), (c) HRTEM
image on the one of the nanocrystalline particle showing the lattice fringes, (d) Inverse
FFT image indicated by arrow from the filtered FFT showing 4-fold symmetry of

reciprocal lattice fringes.

A quick comparison of the Li,O phase and the second phase formed in figure 4.29
(f) immediately points out that the latter is not the oxide. So, thick layer on the lithiated

CNTs was expected to be an amorphous lithiated carbon phase only. Formation of such
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structures was found throughout the whole lithiated sample. This amorphous lithiated
phase was expected to have a stoichiometry of LiCy, (x — 2-6), as reported previously for
C-based anodes of Li-ion batteries [124]. Though the specific stoichiometry of the
lithiated compound was not known, very high defect density of CNTs and high reversible
capacity (> 900 mAhg™), which was comparable to the theoretical capacity (1116 mAhg’
") of SWCNTs (forming LiCy) [124, 125], indicates that the composition is likely to be
LiCy (x = 2-3). However, the composition needs to be confirmed by Li nuclear magnetic
resonance (NMR) technique. These results clearly indicate that during lithiation CNTs
partly lose their crystallinity along the outer surface, probably due to their interaction
with the Li" ions. However, the same samples in de-lithiated state did not show presence
of the thick amorphous phase on the walls of CNTs (see Figure 4.29 e, g). It was not very
clear, if the loss of crystallinity was fully recovered during delithiation process, but the
HRTEM images of the delithiated sample exhibiedt better crystallinity, demonstrating at
least a partial recovery of loss of crystallinity.

Structural characterization of the samples, in different stages of lithiation, shaded
light on the mechanism of lithium insertion and extraction into the anode and highlighted
the advantages of the anode structure. Initial higher defect density of the pristine CNTs,
as evident from the Raman spectroscopic analysis, XRD and HRTEM, might have helped
the anode structure to show very high capacity, as defective CNT structure is known to
have higher conductivity than graphitic CNTs [126] and better lithiation capability [117].
Moreover, twisted CNTs offered higher specific surface area and hence, probably more
Li-ion intercalation. During lithiation, Li" ions reached individual CNTs, passing easily

through the CNT forest structure and attached with their sidewalls. Very high surface
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area of the CNTs promoted huge amount of Li" ion intercalation. On the other hand,
during delithiation, most of the ions returned back to the opposite electrode. Highly
porous nature of the CNT forest structure allowed easy transport of the intercalating ions
from one electrode to the other. A schematic of the lithiation-delithiation mechanism is

given in figure 4.31.

De-lithiated
Lithiated

CNT

. o ') ’0‘
997D
D)

Figure 4.31: A schematic (not to scale) of the proposed lithiation-delithiation
mechanism, showing huge amount of Li" ion intercalated to walls of CNTs during

lithiation and de-intercalation of most of the ions in delithiation.

It is very important for the Li-ion battery to have an efficient electron transport
from the current collectors to the CNTs to show good cycling behavior. Interface-
controlled MWCNT structure, grown directly on Cu current collector, ensured minimum
resistance. Through the choice of diffusion barrier layer and catalyst layer (Ti and Ni,

respectively), presence of high-resistivity material in the electron path has been
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minimized. Total resistance of the electrode structure (Cu to CNT tip), as measured by a
two-probe method, was found to be 3.3 Q, which wais considered to be very low. It may
be mentioned here that such kind of contact resistance measurements between substrate
and CNT tip resulted in lowest value of ~ 135 Q [127], which is almost 40 times higher
than the values found in the present study. One of the reasons to achieve such low contact
resistance is presence of Ti, which is known to show very low (an order of magnitude
lower than that of Pd, Pt, Cu and Au) contact resistance with CNTs [128]. Moreover, it
was necessary to have good bonding between substrate and CNTs, in order to avoid
pulverization and to achieve good stability in high-cycle. Strong bond formation between
CNTs and Cu substrate, through Ti interfacial layer, has already been shown in section
4.2. HRTEM image, taken from the interface region of the pristine sample, showed very
good bonding between the substrate and the CNT layer, through formation of an interface

layer (figure 4.32).
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Figure 4.32: Structural analysis of the proposed anode. (a) HRTEM image of substrate-
CNT interface, showing well-bonded interface and presence of interfacial phase. (b)

Selective area diffraction pattern showing formation of TiC at the interface.
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A selective area diffraction pattern (SADP) taken from this interface region
showed presence of TiC. Formation of TiC, in the interface, helped in two ways: first,
TiC, being highly conductive, provided low-resistance paths for electron movement from
Cu current collector to CNTs and secondly, it ensured a strong bond formation between
the substrate and the CNT [129].

The benefits of using an interface-controlled MWCNT structure, directly grown
on Cu current collector, as the anode material in Li-ion batteries can be appreciated from

the schematic presented in figure 4.33.
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Figure 4.33: A schematic (not to scale) of the proposed anode structure, showing its

advantageous features.

As shown in the drawing, this proposed structure offers many advantages: (i)
CNT structure did not show any expansion/contraction problem during lithiation
/delithiation and hence, posed no threat of pulverization; (ii) very high surface area of

CNTs was available for lithiation and easy ion transport through the highly porous CNT
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forest structure; (iii) formation of TiC allowed a strong bonding of CNTs with the
substrate, thus minimizing breakage and improving the long-cycle behavior and (iv) from
CNT tip to copper current collector, the structure presented an ultra-low resistance path
(CNTs having highest current carrying capacity, ~10° A/cm® and substrate material also
being highly conductive), which aided in faster charge transport. All these beneficial
factors of the interface-controlled MWCNT structure on copper current collector aided in
enhancement of the capacity of the electrode and provided excellent stability. The
stability offered by this MWCNT based electrode showed comparable performance with
Si nanostructure based electrodes [130, 131] and even better capacity of 900mAhg™ at a
current rates of 1C as compared to C-Si core-shell nanowire(Figure 3d of reference
[118]).

Apart from its high-cycle stability, the interface-controlled MWCNT-on-Cu
anode has shown higher capacity than any other anode fabricated by carbon nano/meso-
structure and its composites, at all the current rates. Figure 4.34 presents a comparison
plot of reversible specific capacities of different anode materials, as a function of current
rate. It is clearly visible that apart from Si-nanostructures, MWCNT-on-Cu anode
material has offered either equal or higher specific capacity. Difference between
capacities of the anodes was more prominent in high current rate zone, where MWCNT-
on-Cu outperformed all other anode materials by huge margin. This comparison plot
clearly shows the advantages offered by the MWCNT-on-Cu anode, over other
conventional and new materials. Depending upon the performance of this anode, it may
be concluded that CNT is going to one of the important candidate materials for future

high-capacity Li-ion batteries, offering better safety, too.
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Figure 4.34: Comparison of reversible specific capacities of literature reported values of
different types of anodes and that of the electrode used in present study, over a range of
current rates. The interface-controlled MWCNT-on-Cu electrode has shown 1.5-5.5 times
higher capacities than all reported carbon-based anodes [80, 112-114, 116, 117, 119,

120, 125, 132-143].

4.6  Structure and Performance of Ultra-thin Alumina Coated Carbon Nanotube
Based Anode in Li-ion Battery
In an effort to further advance the benefits of MWCNT-on-Cu anode for Li-ion
batteries, aim was fixed to enhance specific capacity of the electrode, with incorporation
of more safety issues. Inactive metal oxides are often considered as an anode material or

as one of the components of anode due to their ability to protect solid electrolyte
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interphase (SEI) and thus, contributing towards better cycle life and safety. Surface
modifications of active anode materials, such as mild oxidation [144], coating by metal
oxides [145, 146], have been suggested for higher efficiency electrodes. Among them,
oxide-coated carbon nanostructures are expected to perform better, combining additional
stability, safety and capacity offered by the oxide and excellent conductivity (thus, faster
charge transport) and strength (rigidity of the structure) provided by C-nanostructures,
specifically CNTs. Thus, a hybrid structure consisting of thin-layered oxide coated CNTs
seems to be a promising candidate as an anode material for Li-ion batteries. A thin oxide
coating on carbon nanotubes is expected to restrict unwanted reactions between carbon
and the electrolyte and thus, provide extra stability to the anode [147]. It may be noted at
this point that solid electrolyte interphase (SEI), which is known to be lithium ethylene
di-carbonate [148], allows Li" ions to diffuse through it, while blocking the electrolyte
molecules; ensuring reversible intercalation and de-intercalation of Li" ions during
cycling [149]. Thus, stability of SEI is extremely important for good cyclability of Li-ion
batteries. Surface modification by oxides was observed to improve bonding of the SEI
with carbon, better wetting with electrolyte and less decomposition of SEI during charge-
discharge [144-146], thus enhancing stability of the SEI. Improved stability of SEI also
contributes towards better safety of the cell as SEI decomposition is known to be
exothermic, leading to thermal runaway [150, 151]. Recently, Y. Jung et al. have
demonstrated that atomic layer deposition of alumina directly on natural graphite
improved stability and safety performance of the Li-ion battery [147]. Enhanced
performance, especially at elevated temperature, was attributed to formation of a

protective surface layer on graphitic particles. Therefore, introducing a protective surface
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layer on nanostructured carbon materials is expected to further enhance its stability, while
maintaining high capacity. In the present study, the prospect of a new anode consisting
of an ultra-thin layer of aluminum-oxide coated on interface-controlled CNTs directly
grown on Cu current collector was studied further.

During this study, atomic layer deposition (ALD) technique was applied to
deposit alumina (Al,O3). The novel anode was prepared by sputter deposition of catalysts
onto the Cu foils, chemical vapor deposition (CVD) for direct CNT growth on the
substrates and ALD to deposit Al,O; on the randomly oriented CNTs. ALD is well
established atomic layer coating process to generate conformal thin film structure on any
convoluted network of high surface area material [152, 153]. This approach to the
development of the novel anode offers the obvious advantages of an oxide-CNT anode,
i.e. good stability, enhanced safety and high capacity of alumina, along with faster charge
transport, rigidity and capacity offered by the CNTs. This structure ensures extra safety
by providing a binder-free nature of the cell and making a protective coating on the
CNTs, thus shielding the CNTs and SEI from unwanted, exothermic reactions with the
electrolyte. The results, as discussed below, have shown enhanced performance of the
anode.

Details about CVD growth, anode preparation, button cell making, structural
characterization and electrochemical characterization can be found in sections 3.1, 3.2.4,
3.3.2, 3.4 and 3.6, respectively. However, ALD was a new process step, which will be
described here. During this process, remote plasma ALD (RPALD) was followed due to
its ability to be performed at lower temperature (523 K) because of its reactivity of

radicals and ions with precursor [154] and minimum damage of the substrate and the
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CNT structure, caused by the plasma process [155, 156]. The process pressure and
plasma power were kept at 0.5 Torr, and 100 W, respectively. A trimethylaluminium
(TMA, AI(CHj3);3) as the Al precursor was introduced into the reactant chamber. O,
plasma was used as the oxygen reactant. Ar purge gas was introduced for complete
separation of the precursor and O, plasma.

The structure of the anode material is evident from figure 4.35. As described in
the previous section, MWCNTs grown directly on the Cu current collectors, could be
characterized as a thick forest of randomly oriented CNTs, having diameter in the range
of 70-100 nm and ~ 30 um long, some of them being twisted (which further increased the
available surface area for Li" ion intercalation). Presence of huge free space around CNTs
allowed formation of a porous network through which Li" ions could migrate easily and
reached to all CNT surfaces. SEM and TEM images (figures 4.35 a-d) showed presence
of a second phase on the CNTs. Figure 4.35 (c) shows presence of (113) of Al,Os3 (d =
0.21 nm, ICDD 2010 card no. 00-001-1243) and (002) of C (0.34 nm, ICDD 2010 card
no. 00-001-0640). High angle angular dark field scanning transmission electron
microscope (HAADF-STEM) image (figure 4.35 d), through Z-contrast, clearly shows
presence of a different phase and localized elemental analysis (figure 4.35 e and f) shows
presence of Al and O on different positions of walls of the CNTs. Figure 4.35 (g) presents
HRTEM image taken from wall of one of the CNTs to show multiple walls, which further
confirms the CNTs to be MWCNTs.

Deposition of Al,Os; on the walls of the CNTs was quite expected in ALD
process. TEM images unambiguously establish that ALD precursors successfully

deposited Al,O; on individual CNTs, penetrating through the open space between CNTs.
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Figure 4.35: Structure of the anode material. (a) SEM images of the ALD alumina coated
MWCNT; the inset shows high magnification image of individual MWCNTs. (b) TEM
image of individual CNTs, showing the ultra-thin coatings of alumina on CNTs. (c)

Lattice fringes showing alumina (0.21 nm) and CNT (0.34 nm). (d) TEM images of few
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CNTs. The inset shows the high angle angular dark field scanning transmission electron
microscope (HAADF-STEM) image from the same location. (e) and (f) Spot elemental
analysis performed at different positions on the wall of a few CNTs. Both analysis show
presence of Al and O, indicating that alumina has covered the walls of the CNTs forming
a thin and discontinuous coating on CNTs. (g) HRTEM image from walls of one of the

MWCNTs, showing a presence of multiple walls.

However, formation of Al,O3; by ALD on CNTs is theoretically not expected on
conjugated C bonds of graphene planes of CNTs. ALD Al,Os formation can be initiated
on a hydroxyl terminated surface or on defective sites [152]. A large fraction of structural
defects in the pristine CNT, as evident from high (more than unity) Ip/Ig ratio in Raman
Spectrum (see figure 4.28), ensured Al,O; nucleation on CNTs. ALOs is expected to
improve the electrochemical response of the anode in Li-ion batteries in two ways:
providing extra Li" ion intercalation sites (forming LigAls, leading to a theoretical
specific capacity of 2234 mAh g') [157] and protecting individual CNTs from
undesirable reaction with the electrolyte by forming a stable thin oxide layer [147].
Figure 4.36 presents lattice fringe image of a CNT in the lithiated state to show formation
of LigAls on its wall (ICDD PDF card number 00-024-0008 for the crystal structure
information of LigAls). From this HRTEM image, it is clear that Al,Os also takes active
part in Li-ion intercalation and hence, contribute directly to the enhancement of specific
capacity of the anode. In the following parts, electrochemical performance of the

electrode will be discussed, which will further highlight this issue.
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Figure 4.36: Lattice fringe image showing CNTs (0.34 nm) and (400) plane of LioAl,

(0.45 nm) on the outer surface of CNTs (after lithiation).

Electrochemical performance of the half-cells, prepared using the ALD alumina
coated CNT structure on Cu current collectors as working electrode and Li metal foil as
reference and counter electrode, are presented in figure 4.37. First two charge-discharge
cycles, at a current rate of 38 mA g'l, are shown in figure 4.37 (a). First lithiation
capacity for the oxide-coated CNT sample was very high (3036 mAh g'). However, first
delithiation cycle for the sample showed huge irreversible capacity loss, in the range of
43-45%. This high irreversible capacity loss may be related to solid electrolyte interphase
(SEI) formation. However, from the second cycle onwards, irreversible capacity loss was

found to be very low.
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Figure 4.37: Electrochemical performance of the anode material. (a) Charge-discharge

behavior of the CNT anode with alumina coating in first two cycles. (b) Rate capability of

the alumina-coated CNT anode at five different current rates (114, 228, 372, 558 and

1116 mA g, respectively For comparison, theoretical specific capacity of graphite is

included. (c) Specific capacity retention ability of the electrode in higher number of

cycles. Numerical values mentioned in figure b and ¢ denotes the current rate (mA g”'), at

which charge-discharge tests are performed. (d) Coulombic efficiency and irreversible

capacity loss, as a function of number of cycles.

First lithiation cycle for the alumina-coated CNT anode structures also showed

plateau in the range of 1.0-0.5V. This is a typical signature of SEI formation in C-

nanostructure based electrodes [116], which was also observed for the CNT anodes,
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reported in section 4.6. However, it may be noted that the plateau was extended over
wider voltage range for the ALD alumina coated CNT anode. This may be related to
initial breakdown of the oxide. Absence of the plateau from the second cycle onwards
indicates a complete formation of SEI in the first cycle itself. Another important feature
of the charge-discharge curves is the availability of a good fraction of full capacity at a
voltage higher than 0.5V. This is again a common feature for all C-nanostructure based
anodes and even nano-composite anodes like C-Si nanowire structures [117-120].
Contrary to expectation, this behavior does not affect the full cell characteristics in any
significant way [158].

Figure 4.37 (b) presents the rate capability for the ultra-thin alumina-coated CNT
anodes. Specific capacities of the electrodes were tested at five different current rates
(114, 228, 372, 558 and 1116 mA g, respectively), after two initial cycles at 38 mA g
At all the current rates, oxide coated CNT structure has shown very high specific
capacity. It may be noted here that specific capacity of this alumina-coated MWCNT
anode was much higher than that offered by bare MWCNT based anode, at all current
rates (compare with figure 4.27 b). Moreover, the reduction in specific capacity, when
tested under higher current rate, is very low for the alumina coated CNTs. Thus, this
anode showed a high potential for fast charging, a basic requirement for practical
applications. The uncoated CNT anode, on the contrary, showed a typical staircase type
nature of the rate capability plot, common to most anode materials (compare with figure
4.27b).

Another important feature for practical application of the anode is its capacity

retention in long-cycle operation. Specific capacity of the electrode was tested for more
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than 50 cycles, at a current rate of 372 mA g (figure 4.37¢c). It may be observed that the
ALD alumina-coated CNT electrode showed stable capacity. The alumina coated CNT
anode offered higher capacity (~ 1100 mAh g') than the uncoated CNT anode (~ 900
mAh g). Capacity fading for the alumina coated CNT anode showed extremely low (less
than 0.1 % per cycle) degradation in specific capacity, which was considered to be
comparable to most electrode materials. This electrode also offered very high Coulombic
efficiency (> 99%) and very low irreversible capacity loss (< 1%), after initial five cycles
(figure 4.37 d), indicating good battery performance.

ALD alumina coated CNT anodes, directly synthesized on Cu current collectors,
have shown multifarious advantages over conventional MCMB or natural graphite based
electrodes (figure 4.38).

High

surface area

Protection by

St bondi ith
ALOj; coating rong bonding wi

Cu substrate

Ultra-low resistance path through CNTs

Figure 4.38: A schematic of the advantageous features of ultrathin alumina coated

MWCNT anode for Li-ion batteries.

First, direct growth of interface-controlled MWCNTs on Cu current collector

ensures good CNT-substrate bonding and extremely low resistance path for faster
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electron movement, thus ensuring structural stability and faster charge transport. Second,
higher surface area of MWCNTSs provide extra Li" ion intercalation sites. A conservative
geometrical calculation (considering MWCNTs as cylinders and taking into account of
only the outer surface area of outermost wall, their average outer diameter and density)
predicts the specific surface area to be 113 m?/g. It is worthy to mention here that actual
surface area of the samples is expected to be much higher — due to contributions from the
inner walls of the MWCNTs and defects present in the structure. Third, alumina coating
on the CNTs provides further intercalation sites, apart from providing stability to the
electrode (by forming an extra layer, which protects CNTs against reactions with the
electrolyte). Moreover, alumina coating makes the SEI more stable, thus minimizing the
chance of thermal runaway [152]. Further, the binder-free nature of the electrode offers
enhanced safety of the battery, as binders are known to decompose at higher temperature
and initiate exothermic reactions, leading to explosions [158]. Strong bonding of the
CNTs with the Cu substrate is another favorable issue for this electrode structure,
increasing its structural stability during long cycle operation. Finally, specific capacity of
the alumina coated CNT anode showed extremely high capacity; even at a very high
current rate of 372 mA g the anode showed a specific capacity of ~ 1100 mAh g,
which was almost 3 times the theoretical specific capacity of graphite. Ultrathin alumina
coated MWCNT anode, developed in present study, showed higher specific capacity than
any other C-nanostructure based anodes and any type of oxide-containing anodes for Li-
ion batteries (figure 4.39). A quick comparison of specific capacities of anodes reveals
that both MWCNT-on-Cu and alumina-coated MWCNT-on-Cu anodes show similar or

better capacities, compared to most anode materials.
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Figure 4.39: A comparison plot showing the specific capacities different anodes (as
available in open literature) and that of the anodes in the present study, as a function of

current density. [112-114, 116, 117, 119, 120, 125, 135, 138, 139, 140-144, 159-168]

Better performance of these two types of anodes, proposed in the present study, is
more evident in higher current density ranges. Thus, these novel nanostructured anodes
are promising candidates for possible replacement of anodic material in future Li-ion
batteries. Further studies to verify its performance in actual battery system should
expedite use of these anodes in practical Li-ion batteries, enabling higher capacity, faster

charging and better safety.
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4.7 Operational Mechanism of Carbon Nanotube Based Anode in Li-ion Battery

In sections 4.5 and 4.6, detailed description and analysis have been provided
regarding development of two types of novel anode materials for Li-ion battery —
MWCNT-on-Cu and ultrathin alumina coated MWCNT-on-Cu anodes. From structural
and electrochemical characterization, issues like its mechanism, reasons for high capacity
and high stability were understood. However, structure of SEI and its stability also
dictates long term operational performance and safety of these anodes. Thus, further
efforts were made to understand these issues. Differential scanning calorimetry (DSC)
can indicate structural stability of the electrode and its performance at higher operational
temperature, indicating safety of the electrodes. On the other hand, electrochemical
impedance spectroscopy (EIS) can predict about development of any unusual resistance
in electron’s path, leading to an idea about charge transfer process and probability of
generating heat during operation. Further, x-ray photoelectron spectroscopy (XPS) can
identify the type of bonds in SEI layer and hence, will be able to predict SEI formation
and its stability. In the present study, these three techniques were used to gain further
insight into stability and safety issues. The following sub-sections will concentrate on

each of these techniques, separately.

4.7.1 Differential Scanning Calorimetry (DSC) Studies on MWCNT Anode

DSC studies were performed on the anode samples at different stages of lithiation
and de-lithiation. Anode samples were collected after 1% and 2™ cycles, each after
lithiation and de-lithiation and characterized for existence for any exothermic peak up to

a temperature of 773 K (500°C). For comparison purpose, samples are also collected
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during different stages of sample preparation. Results obtained from all these samples are
compared in figure 4.40. Data obtained from DSC were compared with the calibration

sample to understand its reliability.
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Figure 4.40: Differential scanning Calorimetry plots MWCNT anode, during different

stage of preparation and different states of lithiation/de-lithiation.

A quick look at the figure reveals immediately that the MWCNT-on-Cu anodes
did not show any appreciable exothermic peak till 500°C. Some minor peaks were
observed in the de-lithiated states; however heat evolved in those peaks were almost
negligible. So, it seems that the MWCNT-on-Cu anodes are safe for practical use. The
content of the electrode did not undergo any reaction, producing any appreciable amount

of heat, which might have led to thermal runaway. However, it is important to investigate
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further into the smaller peaks found on de-lithiated samples. It may be observed that such
peaks were absent in the lithiated state and even during all stages of sample preparation.
To understand this issue more clearly, it is necessary to check formation of any extra
resistance and its possible composition, which can be performed through EIS and XPS

analysis. Following two sub-sections will focus on these two kinds of characterization.

4.7.2 Electrochemical Impedance Spectroscopy (EIS) Studies on MWCNT Anode
EIS studies are becoming increasingly popular for electrochemical systems,
though interpretation of the EIS plots and explaining basic electrical circuit elements is
still not easily understandable to all [169, 170]. In the present study, EIS was performed
for half cells with different charging/discharging history and results are explained in
order to understand internal mechanism. It may be recalled here from chapter 3 that
during the present study, all EIS tests were done in galvanostatic mode, using a 10 pA
(rms value) ac signal, within the frequency domain of 100 kHz to 1mHz. Samples with
five (5) different charging history were tested — 1% cycle after lithiation, 1* cycle after de-
lihiation, 2™ cycle after lithiation, 2™ cycle after de-lithiation and 55" cycle after de-
lithiation. Before onset of measurement, each half cell was equilibrated for 100 s at open
circuit voltage (OCV). Figure 4.41 summarizes the EIS output, in terms of Nyquist plots
and Bode plots, which are the conventional methods of explaining EIS data. The plots
were compared with available theory for EIS to understand their meaning. Equivalent

circuit models are proposed after analysis of the data.
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Figure 4.41: Electrochemical impedance spectroscopy results for MWCNT-on-Cu

anodes, at different conditions of charge/discharge. (a) Nyquist plot for the whole

frequency domain. (b) Nyquist plot for the frequency range 10 kHz — 100 mHz. (c) and

(d) are Bode plots showing absolute impedance and phase-shift.

A quick look at the Nyquist plots, figure 4.41 (a), show that EIS responses from

all the samples have a semi-circular part and a straight line part, which makes

approximately 45° angle with the horizontal axis. It becomes obvious that the latter part,

straight line with roughly 45° angle with x-axis, is due to Warburg impedance, which is
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known as the impedance caused by diffusional movement of species. Warburg impedance
is affected by the frequency of applied signal — at high frequencies, this impedance is
small as diffusing species don’t have to move very far. On the other hand, Warburg
impedance is substantial at lower frequencies, as reactants have to diffuse further. In the
present case also, same trend is observed, which is more visible in figure 4.41 (b), in
which a certain portion of the low frequency results have been purposefully omitted to
show this effect. Even in such a case, it is observed that Warburg impedance is negligible
for lithiated samples, but appreciable for all de-lithiated samples. This common trend
indicates that products of de-lithiation cause more impedance in the cell.

Comparison of the Nyquist and Bode plots of this anode material with case
histories, reported in open literature [171-176], gives an idea of the equivalent circuit for

the present system. Figure 4.42 shows the basic equivalent circuit.

Qa
N
I

B
Ry W

Figure 4.42: Equivalent circuit with mixed charge transfer and diffusion control, for

MWCNT-on-Cu anodes.

In figure 4.42, R, is ohmic resistance of the cell, including resistance of current
collectors, active materials, electrolyte and separator; Qg is the capacitance for the

constant phase element (double-layer capacitance — it is called constant phase element, as
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it behaves little differently than ideal capacitors in electrochemical cells); R is the
charge transfer resistance and W is the Warburg impedance. An equivalent circuit, which
does not have this “W” term, shows a typical semi-circle behavior in Nyquist plot.
Considering only the semi-circular part of the Nyquist, values of solution resistance and
charge transfer resistance can be appreciated. Solution resistance is given by the intercept
value between the plot and the real impedance axis (at highest frequency), while diameter
of the semi-circle is the charge transfer resistance. It may be observed from figure 4.41
that the solution resistance (R;) is very low, between 3 — 5 Q, for all the samples and it
remains nearly constant even after 55 cycles. However, charge transfer resistance (R)
varies extensively between different samples. During the initial cycles, charge transfer
resistance is very high, while it shrinks to low value after 55 cycles. This trend indicates
better performance of the anode with cycling, which is evident from the excellent
capacity stability during cycling. Another important issue to be observed from figure 4.41
(a) is that the semi-circular parts of the ‘lithiated’ samples could be approximated as
super-position of two semi-circles, while for the ‘de-lithiated’ samples, it is clearly one
semi-circle. While the first semi-circle (at high frequency end) is associated commonly
with SEI, the second semi-circle has often been related to presence of an extra double-
layer capacitance [174] or an extra interface [172]. Sometimes, such second semi-circles
are related to any extra reaction front created by a failing coating [173]. In the present
case, decreasing charge transfer resistance with increasing number of cycle does not
indicate any failure of SEI. However, with available data, it is difficult to conclude about

the source of such second semi-circles in ‘lithiated” samples.
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4.7.3 X-ray Photoelectron Spectroscopy (XPS) Studies on MWCNT Anode

XPS aids in predicting possible composition of the SEI layer, formed on
MWCNTs, during charging and discharging processes. A systematic study of several
samples, after different cycles, can also highlight the stability of the SEI. Since, SEI
stability is known to be associated with battery performance, analysis of XPS data is
expected to give valuable information about the stability of the electrode. Figure 4.43
presents different XPS spectra of a number of samples. Peaks are identified using several
references [171, 177-179].

For understanding the composition of SEI, each peak in the high resolution scans
of Li Is, C 1s, O 1s, F 1s and P 2p energy spectra needs to be identified. In the present
case, Li 1s spectra showed presence of Li;COs in all the samples. Peak from this
compound was also found in C 1s and O 1s spectra. Its amount also does not change
much, with increasing number of cycles and conditions of charge or discharge. Thus, it is
concluded that Li,CO3 was a permanent component of SEI, irrespective of number of
cycles or state of charge/discharge. Li,COs is a known component in graphite-based
anodes. Several theories exist explaining formation of this compound — all of them
indicate that it is a product of decomposition of electrolyte (EC or DEC) and reaction
with Li" ions [177]. Hydrocarbons (C-C or C-H type bonds) were also present in all the
samples, which was a very common and expected observation. C 1s spectra showed one
prominent peak in the range of 287-288 eV, which could either be related to lithium alkyl
carbonates (R-CH,OCO,L1) and lithium ethers (R-CH,OLi) or simply with C-O type
bonds. However, corresponding energy peaks of these bonds are not observed in Li 1s

and O 1s spectra. Thus, at this moment, it is not possible to specifically identify this peak.
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Both F 1s and P 2p spectra showed peaks for P-F bonds (LiPF¢). From both the
spectra, it was clear that it started forming from 1% lithiation cycle itself and showed
highest concentration after 1% discharge cycle. After this cycle, its concentration went
down and remained almost constant even up to 55" cycle. One important issue to be
observed from F 1s spectra was the peak for LiF. Though it was found in both charged
and discharged conditions till 2™ cycle, its absence in 55" cycle indicates that LiF was
not a stable part of SEI and during cycling, it probably decomposed to form other
products. Formation of LiF, either by reaction with trace water or with Li,CO3, was not
directly driven by electrochemical lithium insertion [177] and probably during long
cycling, it reacted back to form Li,COs and LiPFg.

In figure 4.43, possible positions of some other bonds are identified, such as
polyethylene oxide (PEO) type oligomers with a structure of —(CH,CH,0),-, lithium
containing phosphates (Li,PF,;0,), lithium oxide o the (Li,O). Though these bonds are
often found in SEI formed on graphite anodes in Li-ion batteries, none of these were
observed in the present case. This is in direct contrast to the observations made for
graphite electrodes. However, it may be stressed at this moment that SEI on MWCNT
anodes has not been analyzed before. So, it may be concluded that composition of SEI on
MWCNT anode is little bit different from that on graphite electrode, though it is found to
be very stable even up to 55 cycles.

Detailed analysis through DSC, EIS and XPS aided in understanding the
composition and stability of SEI, which were helpful in explaining excellent properties of

MWCNT-on-Cu anode for application Li-ion batteries.
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5. CONCLUSIONS

This dissertation presented a detailed study on growth of multi walled carbon
nanotubes (MWCNT) on interface-engineered substrates and application of such
structures in enhancing performance of two types of CNT based devices — field emission
device and lithium ion battery. While complete structural characterization and field
emission analysis have been performed for the field emission devices, application of
CNT based anodes in Li-ion batteries was supported by electrochemical and structural
characterization, with special emphasis given on understanding the stability of solid
electrolyte interphase (SEI), which is very closely related to reliable performance and
safety of the battery. It was observed in the present study that the interface-controlled
growth of CNTs significantly affected the emission properties of field emitters.
Furthermore, application of similar structures as anodes of Li-ion batteries improved the
capacity of anode by a factor of three, clearly indicating the beneficial effects of this
structure. The main aim of the present study was to develop CNT based energy efficient
devices, which was achieved by successful demonstration of these two types of devices.

Specific conclusions on this study can be summarized as follows:

> Substrate for MWCNT growth has been observed to have profound effect on the
field emission properties. Among the substrates studied, i.e., Cu, Si, W, Al and
LTCC, it was observed that Cu substrate offered best field emission response, in
terms of lower turn-on field, high level of emission current and good stability
during long-time operation. This behavior can be related to several favorable

factors such as strong bonding between CNTs and substrate, higher electrical and
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thermal conductivities of Cu compared to others, which led to easier electron
injection and faster heat dissipation, respectively. While low resistance to electron
injection facilitated lower turn-on field, high heat dissipation ensured that the

substrate-CNT bonding was not damaged, which led to better long-time operation.

Ti appeared as a good interface layer, which enhanced bonding between Cu and
CNTs. Further, its low resistance ensured that electron could be transferred

through this layer without much hindrance.

A Cu interface layer — for non-Cu substrates, acted as a source of electrons and
easy flow path for electrons and thus, increased field emission response of
MWCNTs grown on substrates like Si, W, Al, LTCC. This observation can lead
to achievement of high emission current, even in cases where Cu can not be

directly used as substrate for device design consideration.

Catalyst used for CNT growth also affected field emission behavior, as it was
present in the electron flow path, either at root or tip of the CNTs. Ni catalyst was

found to outperform Fe catalyst, in consideration of turn-on field.

MWCNTs were found to bond strongly with Cu-Ti (substrate-interlayer
combination) than with Si-Ti combination. Nano-scrtaches performed on both
these types of samples showed almost 4.7 times higher bonding energy for Cu and

CNT, as compared to Si and CNT. This huge difference can be directly related to
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intermetallic formation between Cu and Ti and TiC formation between Ti and C.

However, Si did not react with Ti to form any such intermetallic.

Nano-scratch technique offered high accuracy and resolution, such that it can
even be applied to quantify bonding energy of individual (lithographically
patterned) carbon nanocones. This technique can be used for any kind of one-
dimensional nanomaterial to quantify its bonding with substrate materials.
However, caution should be exercised to explain the results obtained by nano-

scratch as bonding energy is strongly dependent on material’s history.

3-dimensional (3-D) emitter, which constituted of MWCNTSs grown within micro-
channels engraved in Cu substrates, showed much better performance as
compared to conventional 2-D emitters. 3-D CNT emitter on Cu substrate was
found offer very high emission current density (189 mA/cm®, RMS), which was
one of the best emission currents, reported in open literature. Emission current
was found to be directly related with number of micro-channels up to the level of

16 channels, experimented during this study.

3-D emitter structure on Cu substrate with 16 channels showed a gigantic 27
times enhancement in current density, as compared to its 2-D counterpart. It also
offered a huge 23 times increment in emission current density over similar 3-D

structure on alumina substrate.
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Graphene-CNT hybrid emitter offered two extremely important features to field
emitters — transparency and flexibility, thus making it suitable for next generation
flexible display materials. This hybrid emitter offered sufficient emission

performance to establish feasibility of the proof-of-concept device.

MWCNT-on-Cu was used as anode of Li-ion batteries and the anode performed
excellently. Even at very high charging/discharging rate of 1.116 Ag™ (3.0C), the
electrode showed a reversible capacity of 767 mAhg’, representing 106%
increment in capacity as compared to the theoretical capacity of graphite anodes

(372 mAhg™).

MWCNT-on-Cu anode also offered excellent stability of its specific capacity, up
to 50 cycles. The structure showed zero capacity loss, after few initial cycles,
which made it attractive for application in Li-ion batteries. Such outstanding
performance of the anode could be related with CNTs’ high conductivity, surface
area and zero expansion/contraction during lithiation/de-lithiation and strong

bonding between CNTs and Cu substrate.

An ultra-thin alumina coating of the MWCNTs (through atomic layer deposition
process) further enhanced specific capacity of the anodes and added extra safety
feature to it. Specific capacity increment can be related to extra Li' ion

intercalation sites offered by alumina.
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Differential scanning calorimetry (DSC) studies showed no appreciable

exothermic peak for the MWCNT anode, which supported its safety issue.

Electrochemical impedance spectroscopy (EIS) and x-ray photoelectron
spectroscopy (XPS) explained reactions happening in solid electrolyte interphase
(SEI) and low impedance of the cell during long run, which clarified excellent

stability of the electrode.
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6. RECOMMENDATIONS FOR FUTURE RESEARCH

The current research was aimed to develop energy efficient devices based on
carbon nanotubes. In that effort, highly efficient 2-dimensional and 3-dimensional CNT
based field emitters have been demonstrated. Application of MWCNT-on-Cu in Li-ion
batteries (as anode) offered much higher specific capacity and excellent capacity
retention ability. With these success stories, the aim of the research was achieved.
However, ‘science’ never stops and there is no end to scientific understanding and
technological developments. Some of the related issues need further exploration to finally
achieve the goal of commercial production of these CNT based devices. Following is a

list of recommendations for advancing this research towards its final destination.

1. Interface engineering: Optimization of structure
In the present study, only five substrate materials, two interfacial layers and two
catalysts could be studied. However, this set of experiments should be expanded to cover
more substrate-interface-catalyst combinations with an aim to optimize the structure
required for best field emission performance of CNT based emitters. Further, addition of
Cu intermediate layer should also be extended to all possible substrate materials, so that
the degree of field enhancement is known, when CNTs are grown on all such substrates.
On a large scale, this study can lead to creation of a roadmap for optimized performance
of CNT based field emitters. This important step will certainly help to popularize

application of CNT field emitters.
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2. 3-D field emitters: Simulation and experimentation
The present study portrays enormous scope for 3-D field emitters, which offers
very high emission current density. Many scientific issues are not yet fully understood for
the 3-D field emitters. For example, knowledge about shape and magnitude of electric
fields of such emitters can assist to understand interaction between different electric
fields and thus, can predict maximum possible emission current. Simulation studies can
be helpful to understand these issues very quickly. In parallel, experiments should also be
performed to practically measure highest emission current achievable from such devices.
This knowledge will be extremely useful in expanding the application areas of 3-D field

emitters.

3. Performance optimization of CNT-based anodes in Li-ion batteries

This study has shown good promise for application of directly grown CNTs on Cu
current collectors as anode in Li-ion batteries. However, before this structure can be used
commercially further characterization is required. These anodes are to be tested for
longer cycles, may be for 1000 cycles, their rate capabilities are needed to be understood
more clearly — specifically at very higher current rates. Further, all the characterization
should be repeated at elevated and lower temperatures, in order to understand their
behavior at extreme weather conditions. With all these information in hand, it will be
easy to perform full-cell tests with commercially available or promising cathode

materials, which will finally lead to probable commercialization of these anodes.
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4. Understanding the mechanism of Li-ion intercalation/de-intercalation

Though XPS and EIS studies have highlighted some of the important issues
related to the mechanism of charge transfer in MWCNT based batteries, further scientific
studies are required to be performed in order to understand the system fully. This
involves thorough XPS and EIS studies at different states of charge and depths of
discharge, for many numbers of cycles. Further, an in-situ TEM study can reveal more
information about structural change of CNTs at nano-level during charging and

discharging. All these basic information will be helpful in further developing the system.

5. Graphene-CNT hybrid structure as anode in Li-ion batteries

The MWCNT anode structure, studied in this research, is grown directly on Cu
current collectors. At the root of the CNTs, a few layer graphene could be inserted. While
the graphene structure will offer extra intercalation sites, thus increasing capacity of the
electrode, it will also offer stronger bond with the substrate, which will ensure long
electrode life-time. This hybrid structure has good promise for anode application in Li-

1on batteries.

6. 3-D electrode design and performance optimization

In line with the idea of construction of 3-D field emitters and their excellent
response, 3-D anode should be designed for Li-ion battery application also. Since, 3-D
electrodes offer much more surface area, it is expected that those anodes will offer much

higher specific capacities. Such 3-D electrodes should be characterized thoroughly, as is
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done in the present study and as recommended in the above-mentioned points (# 3 and 4)

to gain full knowledge about such electrodes.
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APPENDICES

Appendix-1: Growth time effect on nano-scratch tests
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Figure Al: Nano-scratch tests on Cu (a and b) and Si (c and d) substrates, after a CNT
growth time of 2 minutes (a and c) and 30 minutes (b and d). Both the samples have
shown approximately same lateral force increment values for 2 minutes and 30 minutes,
indicating that length of CNTs (which is much higher for 30 minutes samples) do not
affect the scratching force to any significant level.
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Appendix-2: Calculation of de-bonding energy of single CNTs from nano-scratch

tests

For calculation of debonding energy, following relations were used.

A=W XL
W =8xh

E=FxL
N=pxA4
E°=E/N

Where,

A = Area of interest, m’

W = Width of scratch, um

L = Arbitrary length of scratch, taken as 1 um

h = Normal displacement as measured from the normal displacement plots generated by
the software, nm

E = Energy to de-bond CNTs, pJ

F = Lateral force as measured from lateral force-displacement plots generated by the
software, UN

N = Number of CNTs in area of interest A

p = CNT density (as measured from SEM images), /um’

E’ = Energy required to de-bond each CNT, pJ per CNT

Lateral force (F) used in this calculation were calibrated to subtract the effects of

substrates and catalysts.
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During CNT density calculations, 50 images (which is a statistically significant
number) were captured at high magnification (> 30, 000 X) for each type of samples.
Number of CNTs in the area of images was counted on each of these images using
ImageJ software.’’ For CNT density calculation, counted number for CNTs for each

image was divided by the area of the image.
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Appendix-3: Calculation of area in 3-D field emitters
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Figure A2: Schematic representation of calculation scheme followed for MCP area

enhancement.

Let, d = diameter of each channel (~100 um); t = thickness of copper MCP (~ 250 um).
If number of channels in one line (of length L, taken as 1 mm in the present study) is
given by n, then the following relation holds true for the geometry given above.

L =(n-1).3d + 2.(d/2)

So, n = {(L-d)/3d +1}
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In a square of size L* (taken as 1 mm’ in the present study), there will be n? number of
channels. In the calculation (excel file), we assumed n® = N.

Now, the total 3-dimensional area of the MCPs will be given by A.

A =[(N.zdt) + {L* — (N.nd*/4)}]

Ao = Standard 2-dimensional emitter area = 1 mm?®

Table Al: Active area for CNT growth in each sample (calculated following the method

mentioned above)

Active area for CNT
Number of channels
growth (cmz)

4 0.012826
9 0.016359
16 0.021304
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Appendix-4: Characteristics of graphene used in transparent, flexible field emitter
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(a)

;
.

Figure A3: Fabricating graphene-on-PET. (a) Process flow for graphene transfer from
Cu foil to PET substrate. Hot press lamination and chemical etching processes were used

in this method. (b) Large area graphene film transferred over PET substrate. (c)

Flexibility of graphene/PET film.
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Figure A4: Characteristics of graphene-on-PET. (a) Raman spectra from graphene on
copper foil and PET substrates. (b) Transmittance of graphene film over PET substrate.
Inset shows large area transparent graphene/PET film. (c) Variation in resistance of
graphene/PET film uniaxial stretched by 60 %. (d) Resistance of graphene/PET film with
different bending radii. Insets show schematic of stress modes applied to graphene/PET

film.
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Ultrathin alumina-coated carbon nanotubes as an anode for high capacity

Li-ion batteriest
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Alurrmma -aoaled carbon namatubes (CNTE ) were symithearal on 2 copper subsirate smd have heen used
a5 an anade in Ly hattenes. CWNTs wene grown directly on the copper curmend colledor by chemncal
vapor deposition and an wlirathin byer of alumina wes deposited on the CNTs by atomc ayer

deposition, this forming the hinder-inee electmode for the Li-ion hattery. While CWTs, which fomm the
aoreadl the structune, provide excellent conductivily, structural integrnly and Li-ion miencalabion abibity,
the alwrrrim wm god e coaling prowides additional sisbibity Lothe slectmde, with further enhancement o
capacily. The amxle showed very high specalic capaaly, goxxl capaaly relenlien abdily and excellent
rale capability. This novel anode may be considersd = an advanced anode for future Lidon balberes.

1  Iniroducton

High demrand lor rechargaable batleriess m hybmid or all-eledric
vehicks and poriable slectmomicand medical devices has enfionced
elensve msaach ellors m advanced Lidon ballenes! Mex
genetation Li-ion hallenes nesd Lo ofler beller salzty o well as
ecellenl capacily amd high rale capahility. Developrment of new
decimxde materials and novel electmxde designs are, thus, bang
sphomed lor enhanang the perfommance of electrodes, while
mamntming ther structural misghty, Mesocarbon microbesd
({MCMB) andfor nalural graphile® are widdy wed a8 the anode
mulerials of commensially avalasble Lidon ballenss. However,
kw theretical spadific capacily of graphile (372 mA h g')
necemilale development of new anode matlenalk with mproved
capacilies® Recaily, 51 namcstruciuns have resives] appne-
dable atentim due Lo s exodlenl capacily " Carbwn nama.-
{ubes (CWTs*"" and variow ocides™™ are also highlighied as
pessble elacirode malamls

Thawgh mitial reseanchellons with CNTs (aled bo show betler
capacily, ™ we have recenily demonstrated high capacily,
hinder-free anode wsng inerface-cmirdled CNTs diractly
grownon 2w current colledior. ™ Insclive metal oxidles are ollen
ansilensd 35 an andde material or a5 one o the componenis of

“Deparrmumr of Mehowsal aed Moreids Esgesering,  Florids
Twrmarional Usiersiry, Mismi, FL, 55774 USd. Emal cbotwiljfic
ady; Fae: +1 903 148 1932; Tel +1 305 348 1975
*Duparmmumr of EBergy Eugtarieg, Honemy Uewersity, Seowl, Kora
“Dparimarer of Mararials Scisece and Enpioceriey, University of Nordk
Tevas, Dowron, T US4

“Dparimemr of Maerial Scimes and Engiorering, Hanpany Univarsiry,
Seroasl, Kowea

4+ Electronic  supplementary mformation  (EST) awvaibble: Raman
spectrosoopy and differential smrming calon metry (DA0) remlt. See
DL 00, K5 Ll 1474c

anoade due Lo thear akahbty 1o protect sehd dectrolylz imerplase
(SEI ) and Uhis, amiributing Lowards betler oycle life and safay.
Surlace modiications of active anode materiak, such & mikl
oxklation," coating by metal oxkdes, "™ have been suggested for
higher ellidecy slkcimades. Among them, mile-coaled carbon
nanosiructnes ane expecied Lo parlomn beller, combining sddi-
tomal siahility, sfely and capacity oilensd by the oxide and
encellent conductvity (thus, fmer chage (amporl) and
sinength {rigadity of the structure) prosided by Conamostruciures,
specalically CWTs. Thus, a hybrxd strudure @nszbing thm-
layensd omade aoated CNTS seems Lo be @ prommang candwdate as
an anide materisl for Li-ion batteries. A thin oxkle coating on
carbon nanolubes 15 expected o mesiricl unwanied resctions
bAwesn carbon and the electrayle and thus, povile exra
slabitity anad mone 5 abilily Lo Uhe anode.™ I may be notal atl tis
paandl that sehd dectmolyle intarphase (SEI), which 5 nown e
be hithium ethyleme di-carbonate,'™ alkows Li* dons b0 dilTuse
through it, while Blocking the elctrolyte mekcuks; ensuring
meversible misrcalation and dedintercalation of Li~ jom duning
cycling™ Thus, stability of SEI &5 extremdy moporiant For good
cyclability of Li-ion battenes . Surface modification by oxides was
olkerval 1o improve honding of the SEI with carbon, better
welling with elactrayle and les decompostion of $EI duning
charge-discharge ™™ thus enhancing stahality of the SEL.
bmproved stabdlily of SET also contribules lowards betler safisty
of the cell = 5EI decomposiiion ® known & be exothenmic,
leading 1o themmal runaway 5= Reeenily, Y. Jumng f al. have
demomstratal thal atomic byer depostion of gl wmmna dinscily on
nalural graphile improveal stabdity and safely pedommance of
the Liiom batlery.® Enhanced performomee, especially al
elevatal lempenatune, was attnbuted o formabon o a proteciive
surface layer on gaphilic particks. Themlons, intm<dudng
a prodscive suface layer on nanos ructunsd carbon matenals is

This joumal is & The Royal Society of Chemistry 2011
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Interface control: A modified rooting technique for enhancing
field emassion from multiwall carbon nanotube based bulk emitters

Indranil Lahir, Wonbong Choi*
Noawairiels and Desice Lab, Dapartoant of Mechanical avd Mt sl Exgrairivg Floida Inérnstiona Diisersiy,
MESS Werr Flagler Speer, Mol FL VW, D54
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Abstract

The unique properties of @rhaon manotubes (CWT's) have raised hopes that these materials might find wide application as cold cath-
ades in various electron sources. The ancelant fisld amission propertiss shown hy CNThased field emiters has further stimulated this
expectation. However, sfficient parformance of 2 practical field emitter, which comprises a large numher of randamly ar regularly an-
ented CWTE, is restricied primarly due 40 poor junctions formed hetween CNTs and substrates . This study is aimed at enhancing the
junation performance by way ofa modified “rooting” tachmique — interface contral. In this process, the nterface batween CNTsand sub-
strate has heen wilored with difierent metals in an atempt to improve the CWT-substrate junction performance. Muhiwall carhon mana-
tuhes | MWW Ts) were synthesized on difierent interface-con trolled subsirates, ie Cu, AL W, 5iand lwtemperature ooefired ceramic.
All the samples produced mat-type, mndomly oriented MWCONT struciures. Among the four difierent substrates stmdied, MWCNT.
hased field emitters on Co subsiraie demonstrated the hest field emission response, in terms of ko turn-on field, high emission current,
gond field enhancement factor and excellent stahility in long-erm opeation. Emitter structures and thar fisdld emission hehavior wene
corrdyed and itwas shown that inerface contral, 25 an ad vanced “rooting™ process, plays an importantrals in determin ng the amission

respamse from a bulk fidd amitter.

@ 2011 Aca Materiakia ITnc Puhlished by Elsevier Lid. All rights reserved.

e pwerrde: Cagton, Nasoorstliee ek, oo, Eleotroal pepe fes

L. Imtraduction

In pecenit years, ookl fleld electmomn emtlers have showna
wide range of applications, in fleld em#aion digalays [1],
vacuwm elcliome devices [2,3], miemwave power amplifi-
ers [4] elecimm microsco pes [ 5] gas sensors (6] and X-ray
tuwbes [T] Owang b ther favorable properiies, namely fine
s, high mpect ratio, good chemical ressiance, efficent
thermal conductivity and exceplional mechameal strength,
carbon nanol whed (CWNT 8) have altracted mosl allenlion as
the most swilable materal for futere feld anssion devicss
[A-12] Many CWNT-bassd feld emidon devices have
shown excellenl responses [13-15). However, il was moled

* Coavespondisg woibor. Tel- +1 305 343 197 fax +1 305 343 932
Email addrers clacstw (o sl (W. (o).

that practical fekd emitens, which oflen have a e num-
ber ool vertically or mndomly onental CWTs, did ol per-
form well when compared Lo the emBdon nesponse of &
angle emitter [16]. While it 15 fessible o manulacione a
o junelion belween a dngle CNT emiller and ils sub-
sirate (in most of the cases, the subsimie is melalbic), it is
practeally imposs ble o apply stmilar lechnigues b cneale
o] junetions between all emitters i a bulk feld emsdon
device wilth the substrate. I 15 abo noted that many of the
reporled CMNT feld emitlers, epecally lor large-acale
applcaiions, have been labricaied baed on screen printing
or pasting processs, The interfaces beiween CNTs and
subsirates formed in this way show strocteres loosely
bomaled either by van der Waals fores or parial chemical
bonding. Siable CWT-subsirate bonding has been the focus
T hgh elficiency feld ertsaon and for lomg-lerm stalidbitg.

I3E RS 00 & 2001 Acia Mool e Poblabed by Eeovier Lid AR rights sesened.
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Carbon Nanotubes: How Strong
Is Their Bond with the Substrate?

Irecdramil Lakiri, ™ Debrupa Lahiri** Sungho Jin® Arvind Agarwal,** and Wonb ong Choit*

 aam el e Dvvice L ratary, and "Wamamechun e and Maneribaligy Lt atory, Department of Miehanical and Mot riss Engineing, larida

It el U bverslty, M, Firida 33174, Unnoed Sttes, and Department of Mechankal and Aer ripace Enginessing, Unkeriity of Calfomia, San Diega,
La ol Calfarmia 9N, United Seates. * These e conisibue d equally in i wark.

withe vatiety of ane-dirmens bna nana-
roaterial, @ich &8 nanofibes and

, are proposed for -

proved performance of & number of futune
diew e s—hrom sensos tosalar celk ' Haw-
ever, detired seamiless integration, long
tirne, refishle performance and extended
dewiice [Hefrme of all theds namarmaterisk-
bamed devicss neces:sitates stability of the
strueture® ¥ One of the citical Bauss in
structural stability i the banding be teeen
the nanomaterisls and the substrate A paar
nanomaternisl—sbstrate sdhesion may
canise uneelishle behavior and & very short
Iife span of such a devies Hencs, knowh
edge about natus and srength of the
nanostruciure —substirate bond B consid-
emcas ame of the st fundamm entalis s
It s of utrnas tirm portance to devise a meth-
adalagy o quantify the nandmaterisl—aib-
sate banding, %o apply that technique
o undestand bonding betwesn different

ndnanichis— aibstmte honding, ullimately
leadmy to develagr of welbamded
nanostructuned devices

Ammang &l the one-dimendional (1-D)
nanomaterisl, carhon nanotubes {ONT)
are pmbably the most mponant for &
rryriad of potentisl ned generafion deices,
awing ta their fascnating properties, such &
umique structums” eccellbnt ekannic and
electrical propeies” " high s pecific s trength
good themal conductivity,' and chemical
e " Aot two decades of Mtense
reheanch Scdtivities have resibed in the dem-
onstration of vafows ONT-based devices, far
exampls, nancsbotmnics, fisld  emibsion
elisplys, ™" bk e ors and Bomaeriak, ™'
and hydrogen storage and ensgy genemtion
devices " " R st h e flats {Supporting in-
formation Table 51) to claify the natume of
bemding betwisen nanomaterials and sub-
strdles are fhis modtly mrided o ONT-
bamed syters. However the qualitstive
ot wtiized dia not offer any s tandadied

AR ET AL

ABETRACT A relable quandSication techrique for interprefing nanomua e —subsvae Bond
srengh & highly deied topredicteicient, long-term perfrmame of nanamateria Baed device.
Adoping & novdl namosratch-Based techrique, hem we demmstrate quanSa$m of caban
namotube (NT)— ubsteate adbedion stengh S demde ONT stmeture and for pattemed carbon
namoceme (M) Anscturs. D dbonding enengy far a dnghe (N7 & Mlusteated to range between 1 md
0p), and hevatationis fmngly dependent an henatureaf heinter i betwoen VT3, ctapis,
ad mbstrates. Our pposed techrique could be adopted Sor charact aization of banding 1y engeh
between a wide vaiety of ramotube, naowins, and other anedimensional naetwtwed

materials and idin underdying ubstrave.

KEYWORDS: nanotubes « adheshon « nanosc@atdh « bonding anesgy

procedine snd smaducible results, &5 the
teschniques are sctremely user sensitive. The
quantitative methods expermented o G
v saree carmman ground for com pa on
of adhesion stengths, though &l of thess
techniquss pase seversl Irmitatins. Frsy
nane of thess methods have besn ol
brated to singhe aut the banding betwesn
ey CAT = ubstrate. Propased quantitative
rethads da net show the & maunt of s
sespuiiresd o paill out the sdhesive tape fam
& blank substrate (without having ONTs
grewm on 1.2 This, the arength vales
found m these methods am often over
estirmated vahies of sxsct cantribution fram
the ONT=substrate baond. Sedond, the ad-
hesion strength wes caboulsted swiming
the ares of the tape & the mntsct ares
The actual comact ama, where CNTs &% in
contact withthe tape, b much kower 5o, the
repanted vahies s fikely to be an undar
satrrate of the sctusl srength mqumed ta
deband ONT: frorm the subatrate Thind, the
nurnber of CNTS in contaa with the tape
wias nat known, and hencs, nane of these
et harels con ld predict ad hesian strengh af
& smagle ONT . Fusthermaone, it was not knawn
whether the CNTS were baeaking at the
CNT=substrate interface or atany defoactie
locatins slng fts kngth or i ane o few

e w3 o nopondenee
v al,
ageareratba b

i cstvme ol Pioe rentowy Juna 18, X110
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An all-graphene based transparent and flexible field emission
device
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ALl grap hexod bas &4 catho 3 and anode SrocTones wem fabrmned and Suedr appboaton a5
& fheacinde and trare parentdiel d endsson devios &5 presented. The graphens fim was groen
aon & Sa fod by thermal doemies] vapo r depoaiion and laer e femed 1o & polymer sab-
straw mroogh @ hot press lamimation schnsqoe Molowal calon neanotobes MRCHTS)
W S D00 Eied oo @ graphene dlm on & manspanent, el sobs TR 1o lorm hecah

ode of the feld emismon device A gresnephoap hor coamd graphens. FET film was uaed a5
e anode The dewor showed good mansparency and fiexindiny as well a5 givingan appre.
iainl @7H S on Cornen . The simyple proces Sing Tesch 1 s mad Cen ey beoperaded o e
lavper seale and be milored for any traraparent and fleckde sobarae The dewice offers

SXETng apphcatons of oaribon namnos rocrones in hokdaile ek Tomes .

& 010 Esevier Ly ALl rights reserved.

i Intreducton

Graphene, 2 new class of mrbon material, has oeated novel
device concepts owing to its inique mmiinatonafelednial,
optimm] and mechanical properties [1,7] This single atom
thick, 2-dimensiona] {ZI) material demonstrates high curment
@ pacity, optical transperency and stifness Graphene exhibe
its an elestron miohibty of ~.15,000 oo A om, fra nemd tance
~87 5% and Young's modulus ~1.0 TPa [1-4]. These propertes
ke graphens an ideal cand date for poiential a pphication 2=
tramsparent flexdhle eloctrode in foldable electronics and I
new gemerafion opib-electronic devices. Carbon nanotubes
(CNT), concepmalized s 1-.dimensional {10) ralled sheets of
graphene, are well Inown candidate for display technal ogies
such as field emission devices (FEDs), mcandescent display
and touch soreens [5,56]. In particular, CNTs hawe huge paten-
tial in FEDs because of their high aspecdt mto and low wark
fonction, along with exdting mechanical properties, good
cherrd@] mertness and thermal robustness [7.8]. CNT-hased

FEDs show very high field enhancement fctars (8 = 109, Hgh
emismion cument and low tum on fields {1 Viam) [78] A
hytrid strocture of 100CNTs over 213 graphene can be anideal
architectune for apphcation as flexdble and transparent field
emimion displays. Application of these flexible and transpar-
ent displays ranges from flexdble hesd-up displays, foldahle
eleatronics, lightning tles and athers.

Recenfly, snthesis of graphene and nanowine/nano tuhe
hyorid structure and their application in electronic and
optoele dronicsystems have been reported [9,10]. In a similar
development, Lee et 2l has grown CNT farest structure by plas-
mz-ernhanced cherrdm] vapar depasition PECVIN method, on
spin coated graphene film [11] In this method ONT grows
lacally from patterned Fe atalyst particles on graphense film.
This CNT forest/Fe-catalyst/graphene hyirid strocture was
transfrred on poly dimethy] slozne (ommonly known as
POMS) and used for fiel d emission device. However, this CHTY
graphene film @oniins unwanted Fe catalyst nanoparticles,
overlapped nanoplatdets of graphenein the hybrid structure.

T DT Gt Gl 5 @ Mamd materials aned Devioes Lanoran Ty, Deperoment of Mechanssal and Mawriad Brgmasnng Forsde
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Surface Engineering Research Summary

Application of Carbon
Nanostructures—Energy
to Electronics

Indramil Labiri, Santanu Das, Chiwon Kang, and Wonbong Choi

A wide variety qff carbon nanostric-
furgs, fhom zero-dimenzional fulerens
throush one-dimansional carbon nano-
tube fo two-dimensional graphene, have
arracied atention qf seiennfic corm-
ity warldwide for their exciting prop-
erties.  Carbom-bazed  manoearerial
bave found applications i a vast fleld
—afeciromics, sensovs, Notechnology,
energy, structural, efc. e have con-
cenirated our gffort i daveloping new
EnEmegring nanomargrials (erapheme,
carbon namoiibes) and their device ap-
plications i the field of enerey genera-
tion gnd sforgse, mOnesiecronics, and
Big-elactronic sensors. This article aims
o capmure thosa recant retearch gffores
i pymthezis and applications gff carbon-
Dbased mamomanarials.

SYNTHESIS OF
HNANOMATERIALS

Graphene

Large Scale Graphene Symthesis using
Tharmal Chemical Fapor Depasition
Graphene, the two-dimensional car-
bon nancsmmchre, is being considered
a2 isine next . al
owing to its umnsual properties ke kigh
mechamical and thermal properties, ex-
etr. Graphene can be directly synthe-
sized on ramsition metal surface (metal
fioil) or ransition mesal thin film nsing
the thermal chemical vapor technignes.
Graphene research in our lab, is con-
centrated on growth of sraphens over &
wide range of mansition metals, and thin
films, of size from 1 cm = 1 cmoap o
as large as 16 cmo = 6 cm and their ap-
plication in energy and elecmomics. Dhr-
(b and Cu, thickmess ~ 50-200 wm)
and thin films (34 and Co, 300-500 nm

thick) were wsed as substrate. For the
laster context, 21 and Cn thin films were
deposited on 5#0,/51 subsmates using
FF mammeiron spuitering sysem and E-
beam evaporaton. Before synthesis, the
substrates were Cleaned property with
scetons, methanol and  Bo-propanol
(TFA) soluton and amealed atr 1000°C
for 1 hin an mert (A1) zas ahmosphere

g How would you...

...describe the oversll sigmificance
S0 of this paper?
This article kghiights spntfasis

im eleciromics, sensor, feld amission,
...describe this work to a
meaterials sciemce and engineering
professicnal with no experience in

= vyour techsical specialiy?
Carbom mancstruciuray, aspecioiy

followed by acefic acid treastment fo re-
move any residnal oxide layver The as-
prepared subsirates were placed inside a
guartz mbe of a thermal chemical vapor
deposition (CVIX) system for graphens
synthesis. The graphene growth process
was performed at am elevated temnpers-
ture of 1,000°C for 5-15 mimies. The
amibient of TV furmsce was kept at 0.8
amospheric pressure in the presence of
mert gas (Ar) stmosphere and CH H,
(1:4) was used as a prequsor gas mix-
ture for grapbene growth. Finally, the
famace was cooled dowm amd broughe
down 1o room fenpersiore 1mder 8 con-
stant fow of Ar zas m order o avedd
amy sarface oedation ™ Graphens
grown on metallic surface, can firther
be transferred to polymeric substrates

Falrication of Graphena PET
Flgxrible Film as Flexible Transparent
Comducting Elecirode:

A umigque combination of hat press
eiching process is nsed to ansfer gra-
phene from the metal foils onto trans-
parent flexible polystiylene teirapthal-
ate (PET) substrates. The transfer pro-
cess is illustrased as a schematic in Fig-
ure la. Even after trapsfeming, graphens
Aintains continuity in the large sample
{16 = & cm®, Figare 1), Graphens PET
film is flewible, transparent snd conduce-
mez &5 demoenstrated in Figors 1, d, and
g, respectvely. Furthermore, the flm
exhibits ~20% optical fransmottance
and 1.1742 kW/sq shest resistance.” Fa-
A specira, tken from as-sypthesized
CWD graphene on Cu and as-transfemed
on PET (Figure 1f), show characteristic
sharp & band and 2D (or &7) band of
graphene and a ratio of [T ~ 0.5, rep-
resenfing monolayer grapheme om Cn
and 2 saccessfnl ransfer of sraphene on

70
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High Capacity and Excellent Stability of
Lithium Ion Battery Anode Using
Interface-Controlled Binder-Free
Multiwall Carbon Nanotubes Grown on

Copper

Indranil Lahir,* Sung-Woo Oh* Jun ¥. Hawang® Sung)in Cho,* Yang-Kook 5un,* Rajarshl Banerjee.® and

Wonkbong Chot*™*

“Hang Matartals and Device Lab, Departmant of Machanikal and Matartals Engineering, Florkda inberrofional Univesstty, Mbml, Florida, 'Department of Enargy Enginsariag,
Hanyang Unkersty, Sesul, Koraa, "Dagartment of Wzterak Soence and Englneering, Untwersity of Morth Tesas, Denton, Tems, and “Matertdl Researdh Lab, Wanquatte

Universiy, Milwatkzs, Whoonsn

ABSTRACT We present 2 novel binder-fres multiwall carbon nanobbe (MWONT) struchwe a5 an anode in Li
iiom batteries. The imbarface-controlled MRCHT structure, synihesized through 3 tee-step process of catalyst
depesition and chemical vapor deposition [OVD) and diractly growm on 2 copper cament collecton, showsd very
high spedific capadty, almost thees times a5 that of qraphite, escellent e capability even ata

charging/discharging rate 0f 3 €, and no capadity degradation up t 53 cycs. Sigrificanty enhaned properias
o this anode could B related 1o high Li jon imtercalation on the carbon ranctube walls, strong boeding with the

‘ibstrate, and excellant coeductivty.

capacity - stabiley

KEYWORDE: carbon nanotubs - Intarcalation - Iithiem lon battarks - specific
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Igh demand for rechargeable bat-

teries In hiybrid vehicles and por-

table electronic and mediczl de-
wices have sparked research efforts in the
development of Iithium lon batteries with
higher capacity and better stability In long-
cycle operation.” Commercial U lon battes-
le=s meosthy wse graphite as the anode ma-
teral because of its excellent stability.
However, because the thearetical specific
capadty of graphite Is low (372 mAh g—")?
amiple oppartunity exsts for the develop-
ment of new anode materals with higher
capadties. The Introduction of nanomatert-
als as electrodes in the cells, In place of con-
ventional electrodes, was Intended to pro-
vide higher Iithiation capability and an
owverall better performance simply because
of the nanomatenals’ extramely high sur-
face area as compared to their bulk counter-
parts. Hence, much reszarch efort was con-
centrated on selecting good dor the bast)
nanomaterials sultable for this application.
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Out of the many nanomaterials avallablie,
carbon nanotubes (CNTs) attracted much
attention, mainly because of their excellent
conductivity properties.” The application of
CHTs In LI lon batteries dates back to 2001.
However, all those Inttial efforts®® could
only obtain a madmum capacity of 280
mh g7, miuch balow the theoretical ca-
pactty of graphite. Thaugh a few recent ef-
forts have shown higher attainable revers-
Ible capacites using single-walled
nanotubes (SWNTs), the processing tech-
nikgues Invohve defiect creation by etching
or ball milling, use additives In elactrolyte,
and apply CHT paste (with organic binder
as anoda.™ However, like graphite, CNTs
showed good stability In the long run® Re-
searchers also used other allotropes of car-
ban, graphens and fullerene and compos-
Itas of them, as anodic replacement of
graphita In L1 lon cells.™ The best capacity
obtained from these materals 1= 784 mah
g~"at a bow current rate of 0.3 C (for
graphene—fullerene compasite], but with
a capacity fading with cycles. Among other
materials, 51 and Snd, atiracted much atten-
‘tion because of their very high thearatical
specific capacitias, 4200 and 782 méh g,
raspactively,""* but both these matarals
suffer from the imitation that during L lon
Intercalation and deintercalation, they ex-
perience huge (300 —400%) expansion and
contraction, resuling in pubverization and
capadty loss In a high number of cycles.
Thouwgh It was shown that an efficient de-
sign of thelr nanostnuctures can generate
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Enhanced field emission from multi-walled carbon nanotubes
grown on pure copper substrate
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An efhcient CHT-based feld smiter was prapansd on e Co sobeinae w6ing thammnad ohem-
al vapor deposition. Fald emisson chareaerimtion of the emiger shoead 2 very ow
oo faeld, high s sslon coment, long O stabdiity end pood nes stancos o depmdation
in high-feld, long-ome erporame Thess soperior feld smisson chaBc BT nes ane aorb

med o & e corracr bamier and higher condoctivity of the sobemae High resobomon
RIS DN alETon Moo pe analyss showed the pesence of & condocting phase,
TEC, at the maSl LNT inerfce, providing 2 kow oonGct mssance harrsr

& 005 Flaewier Ltd ALl dghts reserinsd.

L Intoduction

Cold field emiters have snhstantally replaced thermionic
emitters in aloost all vamum electronic deviees [1,7] like
electron microsmpes [3], X-my tubes |], microwave power
amplfiers [5], field emission displays 5] Among the field
emitters, carhan nanombe (CNT) amay emitter has attracted
most attention due to its fine tps, high aspect mtio, good
chemical resistance, eficdent thermal ondudivity, and
exceptional mechanical strength [7<10]. Due to it potential
applimtions in semicondnctor indnstries, CNTs are comen
tiomally grown on S wafers. However, 5 is not the best st
ahble substmate matkeral for applietons, where high
electnical and thermal condudhivity are required. Thus it is
fmpartant to grow CNTs on suitahle metallic snhstrates with
out compramisng the properties required for the intended
appliction. Monsover, minimization of the mntd resistance
betwesn a thin metal filtm and the CNTs has remained 2 ma-
jar e n nano-electronics [11] Apart from geometrical fc
tors, comtact resstance depends mostly on alignment of
Fermmd energy levels of CNT and the substrate Since, MWCNTs

" Coregpoaiing author: Fax +1 30 348 1533
E-madl gd dres 5 chodeniing ad0 {WE Chof)

are predominantly metallic, thus a metallic suhstrate i ex

pected to have least contact resistance. Talapata ot al [12]
have directly grown CNTs on Inmnel substrate and stressed
upan the mmmediate need of synthes zing CNTs on high con-
ductivity metal surfaces, or applications in nterconnecs,
super capadinrs, and field emitters. The present paper &

cuses an the field emitter apphications.

The most Impartant requirements of a commendal field
emitter device are low tum-on field, high emision cument,
and good swhility of emismion While an ochmic contact
emsnuTes ezsy elsctron transpart and thus, low trneon field,
a well-developed CNT strudure supports high emission
current. However, emission sthbility is affeced by many
parameers, such as low substrate-CNT barrier {to emsure
un-interrupted electon tamsport from svhstrate to CNT
structure), high thermal conductivity of the substrate o ex-
tract amy heat that is generated due to contact resistance {io
minimize debonding of CNTs from sbstrate), presence of
gas contaminants an CNT surfase (most of which inoeases
wark fimction, hinders continnons mnnelng of elsctrons
from the emiter swface, thus reducing emissvity], poor

O0E-E333F - sk front mater & 2005 Eleevier Ll All righs reserved.
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Svnthesis and characterization of self-organized multilavered

or aphene—carbon nanotube hyvbrid films
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and Wonbong Choi*
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W reporl Lhe synihess and charactenzation of a sdl-omanteed graphens-carbon nanslube (CNT)
hy b film aomsisting of multilayer graphene | M LG supported by vertical CWNTs on @ 54 subsirate. The
hybmid fitm shews an mier=sting siructure of graphee m cmnecling o vertical CNTs while
mainiaming ohimc conlact al il junction. The i s fommation of 2 CNT-graphens hetemgmclion &
anlirmed by high recsluben transmsoen dectron mcrascomy (HETEM). The as-oblamed liln shows
alingar rdabions hip for eleciniaal conductanae with sgnificantly kow ress lanos varying from 100-8000
im %1 substrate. This hybrid fitm & inverted and transferred Lo flexd ble swhsirates for ils aprcaton in
fexible elecimonics, deanomirating an oheervable vanation of slecincal condudivity for both tension
andl compresson. Furthemone, both turn-m fiskl and tolal ansson conent wens fowmad Lo depend
strongly on the bending radius of the film and wene found Lo vary in rangs of 0.8-3.1 ¥ pm~ and

4204 mA, respectvely.

Introduction
Carbon mano-malenials have been studied over the lasl 2 decades
wilh greal altention for their Eashility m lwlune apphcabions dus
L ther exoepliimal properies like high cumenl comang
capacily, ballste charge transport, high thermal conductivaty,
chemmical merines:, amd high mechanical sirengih "™ Fullenene
{0, carbon namotube (CNT) {10) and gaphene (20} are the
carbom nanes ruclures most widely anveshgaled in omder o
splone ther novel properiies. Apard from ther individusl
roperties, hybmd properties ane ako studied and applicatons
have ben proposed based on fullerenes CNT, graphens
Tullenene and graphensCNT due o the significan) technol omeal
mmperance of the hybrd structure " The 11 fomm, carbon
mandrlube, has hﬂ:luﬁiﬁlrjgmmﬂy.ﬁw last 2 decades, bul has
tmited applications due the dilficulliss m manulacluning il on-
demand with umilomm elecincal and physical properiies*=
Sinee the fistreport on solation of sngle lyer grapheme shest
m A, scaling up of graphene is a major concem which & naot
anly for 115 scentilic mien=sl bul slw for s impact on the fesi
hility of different technological apphcations.* S0 far graphens
has been synithesasd m esther on 51 or meta] subsirates, and
translaned Lo other fexible substrates aflerwards o be usal for
fenible lectmomics and solar cell slectmodes 7 The nesults due 1o

the exceptonal properies of graphene, sven m the device prodo-

“Deparrmemy of Mechoial and Mareids Engesering.  Florida
Tewraional Ushersity, Mizm, FL, 33074, (US4), Emal datwiific
adie; Fapc: +1 (303 ) 348 1932; Tl +1 (305) 348 1973

"Deparrmumr of Marerids Seimes ond Enpoacormg, Untversity of Ntk
Tewas, Dowron, T Fab0r, D54

Lype s lage, has led Lo demomstrabion of vanows devices in a wide
range of ansas including fliskd emuson (FE) cathods, sensors,
ekclronks, solar ek, Li-ion batlenes anl 0 on e

In addition 1o the applcations hased on ether graphene or
CMT, the graphens- LN T hybrid s tructune & highly beneficial lor
microdedromnics applications & 11 can incorporale the advan-
lages from properiies of grapheme and CNTs m the plmar and
anial dirsctions, respedively. In particular, dinect manskr of
CNTs omlo a polymer malnx suflers from lack o a homeoge-
neus hadtam conlact for the CINT layers, & polymer subsirates
arehigh resisbance m nature, In ths cmizxl, the hybnd structune
will b in high demramnd & il couk! provide a unifrm condwcting
graphene layer which woukl be beneficial for applying on any
lype of polymer subsirate, Funhemmone, the thermal conduc-
tvily of a mulbiwall mnolube (MWONT) & ~3000 W mE-'
which medwces by several omlers of magmitude even Lo 20 W mE-~!
ar lower when MWONT: are m the fomm of mal or lonest
structures > The primary resson for the reduction i thermal
omductivily 15 due Lo the discontmuites n the homogeneous
baoltom @oniacts i all the forest CNT ' Similarly, elecincal
cmductivily & also alleced due & the noneunifrm contact
betwemn all the CNTS in 2 mal or frest structune CNT film over
any subsimles WSS Come o these shorlawmmngs can be
adlelnessed by the unigue graphene-carbon manaslube hybrxd lilm,
cmsubng of CNTs connecled perpedicaularly b gaphas
ltayers, Recently, Lee of al ** reporial an inlensting approach Lo
erow verbcally shgmed MWUNT: on raluced graphens oxxde
plabelas and proposed i1s applicability & a flexible fidd emmsaomn
device. However, the msducsd graphens omde involves kot
of imues hke, low conductivily, kss uniformily, and high

This joumal is & The Rosal Society of Chemistry 2011
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Controlled Growth of Single-Walled Carbon
Nanotubes for Unique Nanodevices

Jun Huang', Unjeong Kim?, Bei Wang?, Indranil Lahiri', Eunhong Lee?,
Peter C. Eklund®#, and Wonbong Choi =
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* Department of Maferials Science & Engingering and Materials Research lnstifute,
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The controlled growth of bent and horizontally aligned single-walled carbon ranatubes (SWiTs) is
demonstrated in this study. The benl SWHTs growth is stidbuted to the interaction between van der
Waals force with subsirate and aerodynamic force from gas flow. The curvature of bent SWNTs can
be tailpred by adjusting the angle betwsen gas flow and step-adge direction, Electrical character-
jzation shows thal 1he one-dimensional resistivity of benl SWHTs is correlated with the curvature,
which is dus fo strain induced energy bandgap variation. Additionally, a downshift of 10 em—" in
G-hand is found at cureed part by Raman analysis, which mey be resulted from the banding induced
carbon-carbon bond varlation. In addition, horizontally aligned SWNTs and crossbar SWNTs ware
demaonsirated. To prove the possibility of integrating the SWNTS hinving confrollable manpholagy in
caron nanoiube based electronics, an inverter with B gain of 2 was built on an individual horizon-
iy aligned carbon nanotube,

Keywords: Single-Walled Carbon Manotube, Controlled Growth, Banding, Horizontally Aligned,

Wl 11, 2622 T

Elecirical Properly. Invarier,

1. INTRODUCTION

The unigue electrical and mechanial properties of single-
walled carbon  panotubes (SWNTs) make them one
of the most promising candidates for nexl peneration
namoelecironics,” For better wtilization of the electrical
properties of SWHNTs, it is crocial w controd their mor-
phologies {e.g., straight, junction. coiled) and growth
direction (e.g., vertical, horizontal), The growth of SWNTs

with the conirolled morphologics and funciionalities muy -

apen 4 new way to inferesting nanoslecironic cireuats and
nanoelectromechanical systems (NEMS). In this report, we
demonsicate novel SWHNTs devices based on different mos-
phologies, ie., bent and horizontally aligned SWNTs,

In the previous reports, horzentally aligned SWNT
growih has been demonstrated by application of electric
field during growih,” using “fast-heating™ method.” ulira
low gas Aow method,* and utilizing certain types of single-
erystal substrates, including quartz®® and sapphire '™
Complex geometries, such as crossthar structane, have been

*Aulber 1o whomn cormespondence should ke addressed.
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achieved by multi-step iransfer of aligned SWNTs ontlo
other substrates® or by applying electric-field during nano-
tube growth, " Howeves, direct growth of SWNTs in the
complex geometries still remains o challenging task. Te
fully agpreciate SWNTs in nancelectronic circuit or nands-
clectromechanical systems (MEMS), it may be necessary
fo mrow SWNTs having different morphologies and func-
tionalities. Very recemtly, SWMTs with muliiple bends (5o
called nanotube serpentines) hawve been growm by cat-
alytic chemical vapor deposition and no appreciable cur
rent drops were found along the nanotube serpentincs
by electrostatic force microscopy. The present study,
however, show that the curvature of bent SWNTs ploys
an important role in electron wanspor, which may he
sitribsted 1o the introduction of topologicnl defects, hetero-
Junetions and local strain at the bends. The existence of
negative curvatere fullerene based wnits in bent SWNT:
necessitates the presence of topological defects (in the
form of pentagons, heptagons and octagons) at the junc-
tion regions o mainizin o low enerpy sp* configaration."
Presence of these intrinsic defects can modify chirality of
bent SWNTSs across the junctions and thus helero-junctions

1533-ABRINI0) 171126278 A 10 16650 20013120
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Tuning Electrical Conductance of Serpentine Single-Walled

Carbon Nanotubes

By Jun Huang, Bei Wang, Indranil Lakiri, Awnish K. Gupta, Peter C. Eklund,

and Wonbong Choi*

Changes in resistivity of serpantine single-walled carbon nanotubes are
presented &= a function of bending radius, ry, in the range of T00—2000 nm.
Resistivity {p) is observed to increase with curvature [1frg), which s con-
sistent with theoretical speculation on strain-induced bandgap increment.
Furthermore, a sharp bend ([, < 50 nm) in the nanotubes results in a drastic
change in the field-effect behaviog, i.e., from ambipolar to p type across the
bend. Local Raman spectra show that the G-band Raman frequencies shift
along the curvatura, which may be attributed to local deformation and broken
cylindrical symmetry in the nanotubes. The results suggest the possibility to
tune the electrical properties by bending nanotubes and to build an all-
nanotube device by modulating the structure of the same tube.

1. Introduction

The unigue electrical and mechanical properties of single-
walled carbion nanotubes (SWNTE} make them one of the most
promising candidates for nanoelectronics."2 Although SWHNTs
have besn studied for more than a decads, large-scale integra-
tiom of the tubes into micro- or maoosale systems has not yet
been achieved. One of the major bottlenecks is the diffoulty
to efficiently control the nanotube elsctronic properties, which
is directly related to diameter and wrapping indices (n, m} of
SWNT: To utilize SWNTs as different electronic components
{e.g., resisior or transistor), it is oritical to tailor the electrical
properties of the SWNTs. One of the simplest approaches, in

[*] Dr.). Huang, |. Lahir, Prof.'W. B Chos
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Haorida Intermational University
Miami, FL 33174, I5a
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terms of ease of cperation, is to contral the
conductance of individual SWHTs by mod-
ulation of the marphology via mechanical
perturbation. For instance, atomic force
microscopy [AFM) tips have besn wsed
to introduce local defects in SWNT struc-
turel!l & mechanical perturbation can
induce defect sites into the SWNT struc-
ture, which results in a drop of conduc-
tivity due to increassd density of scattering
centers. Mareover, the thecretical specu-
htion of bandgap wariation in the bent
part can play an important rale# How.
ever, synthesis of lomlly stressed SWHNT
structure, in the growth stage itself has
remained as a theoretical possibility for a
long time. Recently, selforganized SWNT serpentine objects
were reported to be smthesized by controlling the combined
forces of surface adhesion and aercdynamic dragls”] By uti-
lizing the parallel s=gments of an individual serpentine tube,
Jeon et al® and Yao =t al Pl have achieved high current outpast
from bent nanotube devices, which is promising for future
high-current  carbon-nanotube-based nancelectronic devices.
Until now, however, in-depth study to comrelate the cunved part
of thess serpentine tubes with their eledtrical condudance has
not been pecformed. Our previous result demonstrated that
an SWNT segment with sharp curvature has higher resisance
than a2 smooth one Pl The resistance change may be attributed
to the induced strain where the C-C bonds on the inner and
outer sides of the bend are put under compressive and tensile
strain, respectively. It was also reported that a strain of 34%,
imposed via AFM manipulation, can reduce the conductance
by two arders of magnitade Pl Uniaxial strain in metallic {m)
SWNT: has been theoretically proposed to open small gaps at
the Fermi level [Ef), whils in semiconducting {s] SWNT5, it
induces significant change in the energy bandgap, ie, AE/
{strain) = £ [20-90) meVe 15 Recently, bittice dynamics
calculations have predicted that G-band components of Baman
spectrum change their position and intensity due to broken
spmmetry in bent SWNTE, when the curvature of the bend is
high"® Very sharp curvatars can produce kinks in the tube
wall and possibly induce a perturbation of the sp? structure of
the SWMT and a noticeabile shift in Raman spectrum. Although
controlled formation of serpentine SWHNTs has besn reportsd
by our group and athers, systematic study of curvature effect
on electrical property has not been reported yet. Here, we
present experimental studies of the resistvity of serpentine

Ay Funz. MEs 3G J0 43354393
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Large-area graphene on polymer film for flexible and transparent anode

in fleld emission device

ved Prakash Verma, Santanu Das, indranil Lanin, and Wonbong chol™
Department af Mechanical and Materials Ergimeenng, Flovida nternational University, Miam,

Flovide 33174, USA

(Received 25 March 2010; accepted 28 April 2010; published online 20 May 2010)

We present the fabrication and electrical chamcterization of large graphene structure on
polyethylens terephthalate (PET) fexible substrate. Graphene film was grown on Cu foil by thermal
chemical vapor deposition and transferred to PET by using hot press lamination. The grapheneET
film shows high quality, flexible transparent conduoctive strocture with unigue electrical-mechanical
properties; —-BEBO% light transmittance and —1.1742 kfl/sq sheet resistance. We demonstrabe
application of graphene/PET film as flexible and transparent electrode for field emission displays.
O proposed technigees can be tailored for any flexible substrate and large scale production, which
could open up exciting device applications in foldable electronics. @ 2000 American nstitite of

Physics. [doi: 10.1063/1.3431630]

Craphene is a two-dimensional (2D} carbon material
having wnigue band structure and cotstanding thermal, me-
chanical, and electrical properties.’ ™ Some of the potential
applications of graphene are for sensors, transistors, superca-
pacitors, solar cells, and flaxible displays** It is wall known
that graphens has high mechanical strength with fexibility,
high transmitiance, and high electron mohility.* These prop-
erties make graphene an emerging alternate for transparent
conductive metal oxides electrodes, in particular, indium tin
oxide (ITO) which contains indium as a costly and scarce
element.

Ini order to make a transparent conductive graphene film,
mist of the researchers have used liguid solution of graphene
flakes (obiained by reducing graphenme oxide flakes) for
deposition of iransparent - conductive film. ™" Recently,
Yamagochi e al' has deposited chemically derived
graphene solution on flexible sobstrate for larpe area trams-
parent fAexible electrode which contains 2 to 30 layers of
graphene. Application of graphene in flexible electronics will
need synthesis of contineous graphene film on substrates and
transfer it to palymeric substrate in large scale. Li et al ' has
grown high quality, predominately monolayer graphene films
on copper foils by chemical vapor deposition (CVD) method.
Kim er al* have demonstrated two different techniques
(stamping and scooping) for transferring graphene from
nickel substrate to other arbitrary substrates. These tech-
niques are not effective for industrial application which will
require low cost, high quality, and large area production of
graphene flexible electrodes.

Here we present a direct and effective method for sym-
thesis of large gmphene film on copper fodls and fransfemring
it to polyethylene terephthalate (PET) flexible substrate by
hot press lamdnation process. This method provides an effec-
tive way to handle large area of graphene film with minimal
physical damage to it. The resulling graphene polymer film is
flexible and remains conductive under hizgh tensile strains.
The application of this graphene film as flexible transparent
conductive anode has been demonstrated in carbon nanotube
(CNT) field emission devices (FEDs).

Uilectranic mail: choiwrfnsds
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Graphene film was synthesized by CVD of hydrocarbon
on copper foil. Commercially available, cold rolled Cu fodl
of 50 to 200 gem thickness and large area 6 cm width and
15 cm length) was first annealed at 1000 *C for 1 h under Ar
atmosphere. After annealing, Cuo foil was acid-treated for 10
min wsing | M acetic acid at 60 "C. This acid treatment
helps in removing oxide layer genemted at the Co foil sur-
face during annealing process. Copper foils were thoroughly
washed with de-ionized water and dried at the ambient con-
ditions. Graphens films were grown on copper foils in &
similar way o the previously reported CWID ]:ln:ﬂ:ass.IJ In
short, graphene on the Cu fioil was synthesized at 1000 *C
and | atm pressure, using 8 5 min Aow of CH, and H; pases
in 1:4 ratios. Afier graphene growth, the foil was cooled
down to room temperature before being taken out from the
furnace. Graphene growth on Cu foil has been reported as a
surface-catalyzed process which indicates that Cu act as cata-
lyst for CVD of graphene. A detniled discussion about
growih mechanism of graphene formation on copper fioil has
been presented elsewhere.'”

We have used hot press lamination and chemical etching
process for transferring graphene grown over the Cu foils to
the transparent flexible substrates. Figure 1(a) shows fAow
diagram of gmphene transfer technique. Cu foils with
graphene were hot press mlled with a transparent Bexible
PET film having thickness —50 gm. For complete removal
of Cu from the graphene and laminated film, we have wsed
concentrated FeCls solution. Laminated polymer film with
graphene and Cu foil undemeath was foated owver the FeCly
acid bath at room temperature, After 40 min of etching pro-
cess Cu was completely dissolved into the solution leaving
graphene film with the PET substrate. This transparent flex-
ible film was then thoroughly washed with de-ionized water
and dred in air at mom temperatre. Figure 1) demon-
strates @ flexible. transparent graphene film with diagonal
length of —16 cm. This hot press lamination process pro-
vides a very adherent graphene film om the flexible substrate
which can be deformed easily into various geometries [Fig.
Lic)] without damaging the film.

Characterization of graphene over Cu and flexible suh-
strafe were done by Raman spectroscopy. The Raman spec-

2 2010 amaricen Instiule of Physics
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Carbon-nanotube-embedded novel
three-dimensional alumina microchannel
cold cathodes for high electron emission
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Absiract

Thiz prese ot work describes 8 comprehensive design and scatshle micro-fabrication echnique
far the production of novel 3D cathodes, comsisting of chembcal-v apor-deposition-grmwn
high-density multl-wzll carbon nanobabes along the walls of alumina microchannels. Under
high DC and AC eleciric nelds, the 30 cathodes displayed signincantty high and moderatety
stahle emdssion curment of ~~5.25 and -~ 14 mA, respectively. The iInheent advaniages of the 30
microchanne] geome iy for cold catbodes ap: higher emitier ara, less ion bombardment and
robasine ss ander high voliage conditlons. The 310 cathodes are envisioned io offer an entisely
new class of minlature ebeciron sources for kgh cament vacuum microelectronics.

{5ome Ngures in this articke are in colour cnly in the electronic version)

L Iniredoction

Feld emission cathodes basd on carbon namotubes (CNTS)
am Imnovative glectron sources that can polentislly meplace
thermionic cathodes. The extraordinary feld emission (FE)
properiies of CHTs arise due o their unique smasctare, and
remarkzhle mechamical, electrical and chemiczl properies
[1-5]. Furthermaore, the larpe aspect ratio and nanodime nsionzl
apen of CNTs has resulied In electronemission 2 exceptionzlly
low theeshold electric felds (F,) of 052 ¥ pm-! [1-10].
Emission curment density of ~10 mA cm > can be achieved
from CHTemitters al #n Fe, of the orderof 1-10V pm-! [4],
which & mlatively bow, compared fo several other emitiers,
such as diasmond and Spindi-type tps [4, 6. 7). Al the
sorementomed properiies male CMWTs suitsble for several
iechnodogical applications. Few of the demomsiraied prototype
devices hased on FE properties of CNTs Inclode field emission
displays [9], ekeciron sowrces for high power microwave
(HPFM) cathodes [1, 3] and miniaiup: x-ray soures [10].
Desplie pUMeRMIs pioneeTing Esearch reports om CWT FE
propertbzs, several challenges including long-Erm emission
stability with high emission current, e mission uniformity and

! justhor o whom any comespondence shoud be addresed

DT AL IV 45 50 53000

methods for the efficent production of CNT cathodes still
exist [4].

Emission curent from CWT cold cathodes has been
suggesied @0 Increas. by enhancing the number of CWT
emliers present In a specific area, provided the majority of
the emitters paribcipsie in the electron emission process [4, 5).
For any cold cathode, In addiion o higher emission curment.
siable operation i the rangs of & few mA io A in high electric
field comditions [ 1-5] is also essentlal. To achieve such a high
magnitude of emission curend, electron sources I HPM and
other high cument zpplications have to be operated at high
electric felds, which may cans debilliiating efiects such as
lon bombardment and arcing [4]. Dee io these phenomena,
perfommance of cold cathodes can be permanently impaired
To address these issmes, In this repori for the first Gme ever
we proposz 2 movel codd cathode concept for moderately
high, unifrm and siable electton emission.  As shown
In figures 1(a) and Map-(ch, the movel cathode consisis of
chemical-vapor-deposition (CV Dj-grown bigh-density maulil-
wall carbon nanotuhes (MWHNTs) 2long the walls of three-
dimensional (30 alumima (AlCs)y microchanmels.  The
Inhemznt advantage of 30 cathodes, comparsd o conventional
panar two-dimensional (20¥) cathodes, 15 enhaned emitier
demsity im & specinic area and robusimess & Righ voltage
conditions. To dete, the primary peometry of the substrate on
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Synthesis of Graphene and Its Applications: A Review

Wonhong Choi,'* Indranil Lahiri,' Raghunandan Seelaboyina,'
and Yong Soo Kang®

| Nanomaterigls and Devices Labonsfony, Florida Infernational University, Miami, Florids, U5A
Department of Energy Engineering, Hanyang University, Seonl, Korea

Graphene, one-atom-thick planar sheet of carbon stoms densely packed in o honeycomb
EmlhmhmhwmlﬂemmuﬂmmmwmdmmW
inelecironic properties. The reported properties and applications of this two-dimensional
form of corbon siruciure have opened wp new opportunities for the Tulure devices and
systems, Although graphene is known as ene of the best dectronic moterials, synthesiz-
ing nugl-e sheet of graphene has been less explored. This review article aims (o present an
overview of the sdvancement of research in graphene, in the area of synthesis, properties
ond applications. such as field emission. sensors, electronics. and energy. Wherever applica-
ble. the limitations of present knowledgebase and future research directions have also been
highlighted.

Keywords dectronic proportics, growih iochnigues, scnsors, bansisions, clocirodes, rochargeablc
batiery
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