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1-D Nanostructures are attractive candidates for electron emitters in vacuum 

microelectronic devices because of their sharp tip radii and high aspect ratio. With 

advances in nanotechnology, various strategies have been reported for controlled 

synthesis of nanostructures including 1-D variants (nanowires and nanotubes). While 

various functional electronic/optoelectronic devices and circuits have been 

demonstrated using nanostructures, this work is focused on the synthesis and field 

emission studies of 1-D nanostructures of three  materials systems, namely carbon 

nanotubes, silicon nanowires and graphitic nanocones. The potential applications of 

1-D nanostructures as electron emitters are varied and include displays, microwave 

amplifiers, x-ray sources, holography, multiple e-beam lithography, electronic 

cooling. The carbon nanotubes (CNTs) are grown in anodic alumina templates by 

thermal chemical vapor deposition (CVD). The Silicon Nanowires (Si NWs) are 
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grown by atmospheric pressure CVD (APCVD) via hydrogen reduction of silicon 

tetrachloride with an Au thin film acting as the catalyst for the Vapor-Liquid-Solid 

(VLS) process.  Further post-growth processing was employed in the case of Si NWs, 

namely in-situ annealing and cesiation, to improve the field emission characteristics. 

Finally, field emission characterization of individual tubular graphitic nanocones 

(TGCs) was carried out. The TGCs were grown on iron needle by microwave plasma 

assisted CVD of C2H2 + N2. An individual nanocone emitted a current as high as 80 

µA, corresponding to a current density of ~ 108 A/cm2, without breakdown. 

Individual emitters would be of interest for applications in holography and as 

coherent electron sources.  
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Chapter 1. Introduction 

 

The now famous speech by Richard Feynman1 in which he said “there is 

plenty of room at the bottom”, heralded the field of what has evolved into 

Nanotechnology. The field of Nanotechnology/Nanoscience holds vast potential as it 

promises a paradigm shift in almost all technologies that pervade everyday life 

including computing,2 communications,3 drug delivery,4 structural materials,5 

energy.6 With the successful discovery of nanostructures such as carbon nanotubes,7 

followed by discovery and development of synthetic routes for 1-D8 and 0-D9 

nanostructures of a variety of materials systems, it has been possible to synthesize 

nanostructured equivalents of the bulk materials in sizeable quantities and also 

characterize the enhancement in functionality the nanostructures offer over their bulk 

counterparts using various spectroscopic and microscopic techniques.   There have 

been various reports of enhanced functionality of transistors,10 logic elements,11 

lasers,12 thermoelectric materials,6 catalysts,13 sensors,14 and solar cells15 fabricated 

using nanostructures. While the developments in those respective fields are 

spectacular, there is work that is ongoing in terms of large-area assembly of  

nanostructures so as to realize functional devices on a commercial scale.  

One of the earliest applications in which nanostructures were thought to be 

readily incorporated into was cold cathode or field emission displays as the global flat 

panel display industry was scouting for alternative technologies to cater to the 
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growing market (estimated to be $70 billion within the next decade). Especially 1-D 

nanostructures, namely nanotubes and nanowires were touted to be ideal electron 

sources for field emission flat panel displays because of their sharp tip radii and large 

aspect ratio. The electric field enhancement at the tip of a geometric structure under 

electric field scales as its aspect ratio, and since nanowires/nanotubes can be 

synthesized with a large aspect ratio (50-10,000) the absolute value of the electric 

field in the vicinity of these nanostructures could be quite high, thus facilitating 

electron tunneling through the vacuum gap at voltages substantially lower than in the 

case of planar cathodes. The lower operating voltages have implications in terms of 

portability of vacuum microelectronic devices (handheld displays, x-ray sources,16 

gas ionization sensors17).  

Cathodes in current use are thin film based and do not exploit any geometrical 

field enhancement and find use in microwave power amplifiers,18 electron 

microscopes, CRTs, and retain potential for applications in a host of vacuum 

microelectronic devices such as lighting,19 mass spectrometers,20 e-beam 

lithography,21 x-ray sources,16 free-electron lasers.22 Furthermore, most of the 

cathodes are thermionic e.g. LaB6, which require a heating element to provide 

thermal energy to electrons for overcoming the vacuum barrier and thus hamper the 

portability of various devices. The vacuum microelectronic devices based on cold 

cathodes rely on Fowler – Nordheim (F – N) tunneling as opposed to thermionic 

emission, thus obviating the need for a heating element. The current density 

requirements for each of the above applications is unique and this study is focused on 
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characterizing nanotube/nanowire arrays for display applications, which require 

current densities of  10 mA/cm2, corresponding to the saturation current density of a 

phosphor. Apart from the advantage of portability mentioned above, displays based 

on cold cathodes offer advantages such as higher brightness, higher luminous 

efficiency, flat structure, wider viewing angle and higher resolution. Displays based 

on cold cathodes can be combined with a matrix addressing scheme and can thus 

reduce power consumption dramatically compared to a cathode ray tube (CRT).  

It would be appropriate to discuss about the choice of the field emitter 

material and the brief history of the evolution of the field of vacuum microelectronics. 

The first field emission devices comprised of “Spindt” cathodes, after Charles Spindt 

of SRI who used angle evaporation to form Molybdenum cones.23 The choice of a 

refractory metal was compelled by its superior sputter resistance and the ability to 

withstand higher temperatures. The Spindt cathodes currently find use as ion sources, 

mass spectrometers. Motorola led a huge effort in developing displays based on 

Spindt cathodes and met with limited success.24 They demonstrated prototypes of 15” 

full color displays, but their products were plagued by lifetime issues and in addition 

the cost of manufacturing was prohibitive compared to that of a liquid crystal display 

(LCD), which led them to abandon the route of using Spindt cathodes. With the 

discovery of carbon nanotubes followed by reports of their field emission properties, 

Samsung among many others led the effort in developing displays based on carbon 

nanotubes.25 They have demonstrated prototypes of full-color displays and have not 

yet commercialized them for reasons of reliability and lack of satisfactory low voltage 
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phosphors. The flat panel display research has been rejuvenated by the advent of 

Nanotechnology and low dimensional equivalents of materials across the periodic 

table have been synthesized and their field emission properties reported. The choice 

of the field emitter materials currently being researched can be broadly classified into 

carbon nanotubes (single-walled (SWNT) and multi-walled (MWNT)), 

nanostructures of wide-bandgap semiconductors (SiC,26 AlN,27 GaN,28 and BN29) and 

silicon nanostructures.30-32 Carbon nanotubes have extremely small tip radii (1- 40 

nm) and are hence attractive because of the high field enhancement they offer. 

Nanostructures of wide-bandgap semiconductors are of interest because they have a 

low work function, which is advantageous as Fowler –Nordheim tunneling current is 

very sensitive to the work function. In some wide-bandgap semiconductors (AlN, 

diamond), the bottom of the conduction band lies above the surface vacuum level, 

giving rise to negative electron affinity (NEA).33 Lastly Silicon nanostructures attract 

a lot of attention because of the advantage that it has to offer in terms of the 

knowledge base related to silicon processing compiled over the years and also the 

potential of integrating vacuum microelectronic devices with CMOS driving circuitry.  

For the sake of completeness, it should be mentioned that other competing 

technologies exist for flat panel displays including LCD displays,34 plasma displays,35 

Organic LED based displays,36 Surface Conduction Electron (SCE) Emitter.37 Each of 

the above technologies are poised to cater to niche markets, with the exception of 

SCE, which competes directly with the field emission based flat panel displays. Each 

pixel in the SCE emitter cathode consists of a pair of electrodes separated by a 
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nanometer gap with palladium oxide nanoparticles in between. When the two 

electrodes are biased, current flows through the film via tunneling and multiple 

scattering of the carriers leads to carrier escape under anode bias, giving rise to anode 

current. Canon and Futaba have demonstrated prototype displays based on the SCE 

mechanism.  

 Apart from the choice of the field emitter material, one can engineer the field 

emission device for enhanced functionality. Devices currently in use are in triode 

configuration and sometimes contain multiple gate electrode layers giving rise to 

devices such as quadrode, pentode, hexode etc. Additional gate electrode layers serve 

to better focus the electron beam with the disadvantage of increasing the process 

complexity. A schematic of a field emission triode device is shown below in Figure 

1-1. 

 

Figure 1−1: Schematic of a triode field emission display device. 
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This dissertation reports on the synthesis and field emission studies of carbon 

nanotubes, silicon nanowires, and individual tubular graphitic nanocones. Vertically 

aligned carbon nanotube arrays were grown in nanoporous anodic alumina templates 

by thermal chemical vapor deposition (CVD) of acetylene. This method of 

synthesizing carbon nanotubes was appealing because the process is non-lithographic 

and can lead to a low-cost route for fabricating vacuum microelectronic devices if 

scaled.  

  Silicon nanowires were grown on Si substrates using the Vapor-Liquid-Solid 

(VLS) technique and the effects of various post-growth processing, namely catalyst 

removal, in-situ annealing and cesiation, on the field emission characteristics were 

studied.  Silicon nanowires were studied because of their potential to be integrated 

onto silicon substrates along with the CMOS driving circuitry.  

Finally, the field emission properties of individual  tubular graphitic 

nanocones (TGCs) were studied. The TGCs were synthesized in Prof. Enge Wang’s 

laboratory in the Institute of Physics, Chinese Academy of Sciences, by microwave 

plasma assisted CVD of methane + nitrogen on electrochemically etched iron needle 

substrates. Individual TGCs have potential applications as scanned probe tips and  in 

holography. 

Chapter 2 describes the physics behind the Fowler – Nordheim (F – N) 

tunneling and derives the F – N equation  to its simplified form.  
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Chapter 3 describes the fabrication of nanoporous anodic alumina template 

and the synthesis of vertically aligned carbon nanotube arrays via thermal CVD of 

acetylene. Field emission measurements on these arrays are also reported. 

Chapter 4 details the synthesis of silicon nanowires by the VLS technique and 

describes the effects of various post-growth processing (catalyst removal, in-situ 

annealing, cesiation) on the field emission characteristics.  

Chapter 5 describes the synthesis of TGCs and the field emission 

characteristics of individual TGCs. 

Chapter 6 presents the conclusions and avenues for future study. 
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Chapter 2. Theory of Field Emission  

 
2.1. Introduction   

 
Field emission as a phenomenon was observed in mid 1700s when Winkler 

found electron emission from sharpened wires.1 The first experimental observation 

was made by Wood2 in 1897 followed by reports from both Julius Lillienfeld and 

Franz Rother in the 1910s and 1920s. Robert Millikan at the California Institute of 

Technology had been investigating electron emission in high electric fields.3-6 

Gossling et al. of the General Electric Company investigated field emission properties 

of cathodes in 1926, indicating the commercial potential of field emission devices.7 

Walter Schottky attempted to explain field emission using a classical approach,8 by 

hypothesizing that due to the image interaction the surface potential barrier reduced to 

zero at sufficiently high electric fields. But Gossling’s experiments failed to confirm 

Schottky’s theory and he came to a general conclusion that quantum mechanics might 

be necessary to explain the experimental observations. Millikan and Lauritsen9 

showed that the current-voltage characteristics of cathode follow the equation I = A 

exp(-B/F) where F is the macroscopic field and A, B are constants. Fowler and 

Nordheim10 explained field emission based on quantum mechanics, more specifically 

by solving for the transmission probability of electrons through a triangular potential 

barrier. They also calculated the energy distribution of the emitted electrons. The 

emission current is given by the product of energy distribution (supply function) and 

the transmission probability, integrated over the energy range of interest and they 
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reported that the current-voltage  characteristics followed the relationship I = 

AF2exp(-B/F). Nordheim improved upon this previously obtained result by 

incorporating the Schottky effect of potential barrier reduction resulting from image 

interaction.11 Further milestones in the evolution of field emission research included 

invention of field emission microscope (FEM) by E. W. Muller12 building on the 

work by Johnson and Shockley.13 The FEM consisted of a tungsten whisker as the 

cathode sealed in a glass bulb with the phosphor coated glass as the anode. The 

electrons emitted by the tungsten whisker accelerated towards the phosphor, 

illuminating it and producing a magnified image of the emission at the tip. Details of 

microscope construction and reports of early field emission experiments on whiskers 

and related adsorption studies are documented by Gomer.14 Dyke and Dolan 

improved upon the performance and stability of tungsten field emitters which 

eventually led to their use in flash x-ray tubes.15 Other mechanisms of electron 

emission from cathodes namely, thermionic and photoelectric are not the focus of this 

work and will not be dealt in detail. 

 Rest of the chapter is devoted to deriving the Fowler – Nordheim (F – N) 

equation. A phenomenological explanation of the field emission process is provided, 

followed by derivation of expressions for the supply function, the transmission 

probability and the simplified F – N equation. 
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2.2. Phenomenology of Field Emission 
 
 Field emission or “cold” emission refers to the emission of electrons from a 

solid surface into a dielectric medium (predominantly vacuum) via tunneling, solely 

under the influence of an electric field as opposed to thermionic emission which in 

addition uses thermal energy or photoelectric emission which uses photons to achieve 

the same.  The phenomenon of field emission can be explained by the thinning of the 

vacuum barrier in the vicinity of the solid, via geometric deformation of the applied 

field by atomic-scale surface undulations, resulting in increased probability of 

electron tunneling. The schematic in Figure 2 – 1 illustrates the mechanism of 

tunneling via a triangular vacuum barrier.  

 

 

Figure 2−1: Schematic of electron tunneling through the vacuum barrier under  
applied field. 

 

Ef 

Vacuum
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All of the prior research on field emission geared towards practical applications has 

predominantly involved planar cathodes, in which case the applied field drops across 

the vacuum in a linear fashion. The advent of semiconductor micromachining and 

more recently various nanostructure synthesis techniques have enabled large scale 

fabrication of high aspect ratio, 1 – D nanostructures. It is believed that due to their 

high aspect ratio, the applied field is deformed to a great extent resulting in a 

curvilinear drop across the vacuum gap and is depicted in Figure 2 – 2.  

 

Figure 2−2: Nature of the potential drop across the vacuum gap in case of both 
planar and sharp cathodes. 
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planar electrode case. This implies that in 1 – D nanostructures, for a given electric 

field one can extract higher current densities and conversely one can get useful 

current densities at lower electric fields and thus lower voltages. Reduced operating 

voltages of vacuum microelectronic devices as a result of geometrical field 

enhancement would enable their portability. As shown in the band diagram of Figure 

2 – 3, the term field emission applies to electrons tunneling from Fermi level and 

below. There exists an intermediate regime of tunneling known as Thermionic – Field 

(T – F) emission, which refers to the electron tunneling from levels slightly above the 

Fermi energy. The other mode of tunneling, Thermionic emission occurs when there 

is enough thermal energy available for the carriers to overcome the vacuum barrier.  

 

 

Figure 2−3: Different regimes of electron emission. 

φ 

E 

 x 
Ef 
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The following sections are devoted to deriving the F – N equation, which governs the 

I – V characteristics of field emission devices. The supply function, N(Ex), calculated 

in section 2.3, describes the number of electrons incident upon the surface x = 0 per 

unit area per unit time with momentum in the range dpx where Ex is the x-component 

of the electron energy. The transmission function, T(Ex), gives the probability that an 

electron with energy Ex will penetrate the barrier. The product of the supply function 

and the transmission function, integrated over the energy range of interest yields the 

expression for current density. 

  

2.3.  Derivation of the Supply Function 
 

This is done using the Sommerfeld model17 and the number of electrons states 

dn, in a volume V with momenta in the range dpxdpydpz  is given by  

)/exp(1
2

3 TkEE
dpdpdp

h
Vdn

Bf

zyx

−+
=                                                                 (2.1) 

E = total electron energy 

Ef = Fermi Energy 

h = Plank’s constant 

kB = Boltzmann’s constant 

T = temperature 

The number of electrons incident upon the surface in the x-direction per unit area per 

unit time with momenta in the range dpx is given by multiplying equation (2.1) with 

the velocity in the x-direction (px/m) and integrating over all py and pz.  
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∫ ∫
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)/exp(1
2)( 3                              (2.2) 

where m = m0, free electron mass. In case of semiconductors m = mc, the conduction 

band effective mass. 

The energy of the electron in the x-direction is given by  

f
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EE

+=
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22
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                                                                                 (2.3) 

In equation (2.3), in the case of semiconductors Ef is replaced with Ec, energy of the 

conduction band minimum. 

From 2.3 it emerges that xxx dppmdE = . Substituting this and equation (2.3) into 

equation (2.2), we get 
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The equation (2.4) can be integrated using polar co-ordinates and is detailed by Good 

and Muller.18 The supply function takes the form  

x
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fxB
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h
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4
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π
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2.3. Calculation of Transmission Function 

 
 The transmission function is a measure of probability of a particle to penetrate 

a barrier of given geometry and is defined as the ratio of probability density of the 

transmitted wave to that of the incident wave. The construction of the potential barrier 

is shown in Figure 2 – 5. In the region x < 0, the electron sees a constant potential –

W0, and the effective potential away from the surface (x > 0) is the combination of the 

applied field and the image interaction. Symbolically, the potential barrier is defined 

as follows: 

 

V(x) = –W0                               x < 0          (2.6) 

        = qFx−φ                        x > 0     where F is the applied field, φ = work function 
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Figure 2−4: Triangular potential barrier presented to the electrons during F – N    

tunneling. 
 
The transmission function is obtained by solving the time independent Schrodinger’s 

equation ( ) 0)(2
22

2

=−+ ψψ xVEm
dx
d

x
h

, for waves traveling from left to right of the 

barrier. The transmission probability can be symbolically written as 2
11

2
22

)()(

)()(

xxk

xxk

ψ

ψ
, 

which is the ratio of probability densities weighted by wave amplitudes at the turning 

points x1 and x2 of Figure 2 – 4 respectively. The Schrodinger equation in this case is 

best solved by using the Wentzel, Kramers and Brillouin (WKB) approximation. The 

WKB approximation is valid when V(x) is slowly varying and when the turning 

points x1, x2 are separated by several wavelengths. In the above case V(x) abruptly 

EF 

-W0 

 

x = 0 = x1 
x  

φ 
-qFx 

x2 = (φ-Ex)/qF 
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increases at the surface (x1), but in-spite of this the application of WKB 

approximation yields remarkable results. A more rigorous solution can be obtained by 

using a WKB-like approximation.19 The Transmission probability is given by  

( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−= ∫

2

1
2 )(8exp)(

x

x
xx dxExVmET

h
, where x1,  x2 represent the turning points. 

After integration, 

( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−−= 2

3

3
24exp)( xx E
qF

mET φ
h

                                                                    (2.7) 

If one includes the image interaction,11 a factor 2
016 x

q
πε

−  should be added to the 

potential definition in the region x > 0 of equation (2.6). For a semiconductor the 

image interaction should include a pre-factor ⎟⎟
⎠

⎞
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⎝

⎛
+
−

1
1

s

s

ε
ε

 , where εs is the low frequency 

dielectric constant of the semiconductor. The Transmission probability is obtained by 

WKB approximation with the help of elliptical integrals18 and is of the form 
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 and v(y) is a tabulated function.20  
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2.5.  Derivation of the Fowler-Nordheim (F – N) Equation 
 

 The derivation of the F – N equation involves multipliying equation (2.5) and 

equation (2.8) and integrating it over all energies. The integrand is given by 

( ) x
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B
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                                                                                                                                 (2.9) 

The above expression cannot be integrated analytically and has been evaluated by 

carrying out Taylor expansion around Ex = Ef, as most of the emitted electrons tunnel 

out from around the Fermi level. Expansion of the exponent in the Transmission 

function gives 
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Further the supply function can be simplified18 as 

⎥
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                                           =   Ef – Ex    when Ex < Ef 

Using equations (2.10) and (2.11), equation (2.9) can be written as 

P(Ex)dEx  =  0  when Ex > Ef 
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The current density is obtained by evaluating the following integral  
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Brodie and Spindt21 approximated the functions t(y) and v(y) as 

t2(y) = 1.1 and v(y) = 0.95 – y2 

Substituting for the constants in equation (2.13), we get  
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where F is expressed in V. cm-1 and φ in eV. 

The most simplified form of the F – N equation is expressed as below 
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where A = 1.54 × 10-6 and  B = 6.83 × 107 

Since one obtains I – V  characteristics in an experiment, the equation is written as  

∫
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where α = Αrea of emission and d = electrode separation. 

It would be appropriate at this juncture to mention about determination of 

emission area in field emission experiments. The accurate determination of emission 

area is important because the figure of merit viz. threshold field (Eth), for cathodes in 

the display industry is the macroscopic electric field required to extract a current 

density of J = 10 mA/cm2, which corresponds to the current density to saturate a 

phosphor. Any underestimation of the emission area, leads to prediction of lower 

values of the threshold field. In the case of field emission measurements on planar 

cathodes, one can place a flat electrode of known dimensions as the anode which 

would have the disadvantage of non-parallelism between electrodes, unless done 

using microfabrication techniques. To avoid introducing uncertainties in electrode 

separation due to non – parallel electrodes, one can use a spherical electrode of 

known dimensions to measure the field emission current at different locations on the 

cathode. This technique ensures parallel electrode configuration locally, but the 

disadvantage being that one cannot carry out large area measurements on cathodes.    

 Zhu et al.22 have estimated the emission area in a sphere-plane (spherical 

anode; planar cathode) geometry by the formula α = 2πRZ(21/n – 1) for R >> Z, where 

R = radius of curvature of the anode, Z = inter-electrode separation and n = 

(V/I)(dI/dV). The criterion for the determination of emission area was the area of the 
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circle in which J ≥ 0.5 Jmax, where Jmax is the on-axis (hence maximum) current 

density.  In our case, as will be described in Chapter 4, the quantity dI/dV was 

obtained by differentiating the smoothed I – V data obtained from experiment.  

 

2.6.  Field Enhancement Factor ‘β’ 
 
 It would be instructive to consider briefly the origin of field enhancement in 

the context of field emission. The electric field necessary for electron emission can be 

calculated theoretically using Heisenberg’s uncertainty principle,14 which states that 

∆x.∆p ≥ ħ/2, where ∆x and ∆p are uncertainties in particle position and momentum 

respectively. For a barrier height of φ (work function), the uncertainty in momentum 

∆p = φm2 . Therefore ∆x = φm22/h . For an electron at the Fermi level, the 

barrier width is φ/Fq, where F is the applied electric field. The electron can tunnel out 

if ∆x is comparable to φ/Fq, which implies that the critical electric field for electron 

tunneling is F  = 
q

m
h

22
3

φ . For φ = 5 eV, the required field is ~ 108 V/cm, which is an 

order of magnitude higher than observed critical fields. This discrepancy was 

explained by the presence of surface undulations which provide geometrical field 

enhancement by increasing the electric flux density and hence the electric field.  The 

idea that the electric fields can be enhanced by structural geometry is at the 

cornerstone of exploiting high aspect ratio 1 – D nanostructures for extracting 

meaningful field emission currents at lower applied voltages. The field enhancement 
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factor is defined as the ratio of local electric field to that of the macroscopic electric 

field,
mac

loc

F
F

=β , or electric field at the tip, 
d
VFtip β= , where V is the applied voltage 

and d is the electrode separation. Intuitively, the field enhancement factor β  is a 

strong function of the emitter geometry and β has been modeled using finite-element 

methods for various geometries.23-26 The numerical methods consist of solving the 

Laplace equation ( 0Φ2 =∇ ) using appropriate boundary conditions for the emitter 

(cathode) and anode. Simple geometries yield analytically tractable expressions for β, 

but mostly numerical methods are resorted to for calculating the field enhancement 

factor. The β  for a cylindrical nanostructure having tip radius ‘r’ and height ‘h’ has 

been computed both numerically and analytically, and is given by the expression 

c
r
h

+=β , where c is a constant ranging from 1.5 – 3. The β factor has a weak 

dependence on anode-cathode separation (d) as has been reported by Edgcombe et 

al.27  

All of the above calculations apply to single emitters as modeling of arrays of 

emitters is computationally intensive. It has been common practice to use a lumped 

field enhancement factor for the cathode area from which emission occurs. The F – N  

equation with the lumped β can then be written as  
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One can get the value of β from the slope of a Fowler-Nordheim plot (ln(I/V2) vs. 

1/V), when the emission area α and the work function φ are known. 

 

2.7. Engineering Considerations 
 

The above sections dealt with the formalization of the field emission theory 

and have not addressed practical issues related to field emission applications. One has 

to consider factors such as emission fluctuation, emission noise,28 electron focusing 

schemes, device capacitance, current-limiting schemes, device lifetime and 

packaging.29 This dissertation does not address any of the above issues in context of 

the materials systems studied.  

It would be appropriate to mention briefly about the causes of device failure 

and degradation and the various schemes that seek to address those very issues. 

Vacuum arc has been the predominant cause of catastrophic damage in field emission 

devices, leading to destruction of emitter. Ideally, ultra-high vacuum (UHV) 

environment can minimize the possibility of arcing and UHV is desirable within the 

device, but it is not feasible in practice. Possible solutions for improving the vacuum 

level of the device are various gettering mechanisms (evaporable and non-

evaporable), placed at appropriate locations, so that getters can adsorb residual gases 

and convert them to stable, solid compounds.30 In the case of displays, the ultimate 

vacuum level achieved upon packaging of the device is constrained by limited 

conductance offered by the narrow gap (~ 1 mm) between the anode and the cathode 
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for diffusion of molecules. The other strategy that is employed along with the getters 

is low anode voltage (~ 5 kV). This reduces the energy of the ions which can cause 

emitter failure via sputter damage. Although lower anode operating voltages are 

possible (300 – 1000 V), it has not reached fruition because of the lack of efficient 

low-voltage phosphors. Lack of efficient low-voltage phophors has forced the use of 

high-voltage phosphors, which require higher operating voltages. Higher operating 

voltages lead to outgassing of the phosphor material due to high energy electron 

bombardment, thus compromising high vacuum environment within the device and 

eventually causing arc discharge.  

Considerations of emission noise and device capacitance are critical for field 

emission devices to be employed in RF electronics. Emission noise primarily results 

from fluctuations in the emitter work function via adsorption/desorption of molecules, 

and the problem is more exacerbated in the case of chemically reactive emitters. 

Further device engineering such as incorporation of current-limiting resistors and 

multiple focusing electrodes adds to the device RC delay. 

 

2.8. Summary 
 

The derivation of the F – N equation was presented and was reduced to its 

simplest form (equation (2.17)). The F-N equation was derived for the case of a 

planar cathode and modification for sharp geometries by introduction of field 

enhancement factor β may not be adequate.16 Further refinements to the F – N theory 
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include accounting for space-charge effects, and more accurate prediction of I – V 

characteristics for sharp emitters. Also advances in finite-element methods can 

predict I – V characteristics for arrays of emitters.  
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Chapter 3. Synthesis and Field Emission studies of 

Vertically Aligned Carbon Nanotube Arrays 

 

3.1. Introduction 
 

Ever since the discovery of carbon nanotubes (CNTs),1 considerable research 

effort has been directed towards realizing functional devices that incorporate carbon 

nanotubes. One of the earliest applications for which carbon nanotubes were 

earmarked was for field emission based flat panel displays (FPDs). Carbon nanotubes 

were deemed ideal candidates for field emitters because of their small tip radii (1- 40 

nm), high aspect ratio, high chemical stability, high mechanical strength, thermal 

stability and their ability to carry high current densities.2,3 Current field emission 

cathodes are based on variants of Spindt tip technology.4 The fabrication scheme of 

the Spindt tips is quite complex and expensive. Although Spindt cathodes have not 

been satisfactory as display devices, they do find applications as mass spectrometers,5 

gas ionization sensors, ion sources etc.  

Some of the approaches for reducing costs and improving performance of 

field emission FPDs as display devices are 1) replacing the field emitter with an 

alternate material and 2) producing field emitters that do not require complex 

photolithography or thin film technology. The advent of self-assembled templates 

(e.g. nanoporous anodic aluminum oxide6) and template transfer techniques have 

facilitated large area synthesis of nanostructures without the use of lithography or 
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conventional microelectronic fabrication processes. The nanoporous anodic 

aluminum oxide (AAO) templates offer a non-lithographic route to fabricating 

vertically aligned nanotube arrays for displays and other vacuum microelectronic 

devices. Vertical alignment of nanotubes would result in the lowering of the electric 

field required for extracting meaningful current densities and also in the 

maximization of the emission current. High current densities are desired for high 

brightness displays and if it can be achieved at relatively low electric fields and hence 

lower operating voltages, it would result in increased device lifetime as it would 

reduce probabilities of catastrophic breakdowns occurring due to arc discharge.  

In this work vertically aligned carbon nanotube arrays were grown in AAO 

templates. Nanoporous anodic aluminum oxide is an example of a self-assembled 

template with a hexagonally ordered array of nanometer sized pores which is formed 

when aluminum is anodized under the right conditions. The pore size can range from 

4 – 500 nm depending upon the anodizing conditions.7 Metal catalyst is 

electrodeposited at the bottom of the pores and the AAO template is subject to 

thermal chemical vapor deposition (CVD) under hydrocarbon flow at an elevated 

temperature. The template is then ion milled and chemically etched to expose the 

nanotubes for subsequent structural characterization and field emission study. The 

mechanism of ordered pore formation and the template synthesis procedure is 

described in section 3.2. Section 3.3. describes the process and mechanism of   

nanotube growth and section 3.4. reports the field emission studies of CNT arrays.  
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3.2. Formation Mechanism and Synthesis of AAO template 
 

Preparation of AAO templates has been carried out in various electrolytes for 

over 50 years.8 Furthermore, it is a non lithographic technique and does not require 

costly fabrication facilities or clean room environment. Uniform pore sizes varying 

from 4 nm to 500 nm have been reported.6,9 The geometry of AAO template can be 

schematically represented as a honeycomb structure with a close-packed array of 

columnar hexagonal cells, each containing a central pore as shown in Figure 3 – 1.7 

However, the geometry of the anodic porous alumina usually obtained is far from that 

of the idealized model and the arrangement of the cells is not perfectly hexagonal. It 

has been found that self-organized and highly regular crystalline pore structures occur 

only for a quite small processing window.6, 9 

                 

Figure 3−1:  Schematic of the idealized structure of anodic porous alumina.  
 

Barrier Oxide 
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Aluminum when anodized does not form the porous structure under all 

conditions and results in the formation of a “barrier oxide” layer.                               

The common electrolytes used are oxalic acid (C2H2O4), sulphuric acid (H2SO4), 

phosphoric acid (H3PO4), and some weak alkaline solutions. The anodizing voltage is 

specific for the electrolyte that is chosen. To get a porous structure with a desired 

diameter, one has to choose the electrolyte appropriately. The typical anodizing 

voltages for sulphuric, oxalic and phosphoric acids are 25, 40 and 200 V respectively, 

albeit a minor variation in the anodizing voltages does not result in significant 

changes.  Various models have been proposed to describe the self-assembled pore 

growth.10-13 The sequence of events leading up to pore growth is as follows:  

i) formation of barrier layer 

ii) pore nucleation due to local thickening of the oxide layer 

iii) field enhanced oxide dissolution at oxide/electrolyte interface 

iv) oxidation at the aluminum/oxide interface due to field enhanced migration 

of O2- ions 

v) sustenance of pore growth due to the fact that electric field is highest in 

the region around the pore bottom, leading to field assisted oxide 

formation  and growth of alumina sidewalls at the expense of field assisted 

oxide dissolution at the pore bottom (as illustrated in Figure 3 – 2).  
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Figure 3−2: Sustenance of pore formation during anodization.  
 

These models are based on the electric field distribution at the pore tips and give 

explanation regarding the sustenance of this pore growth. Further refinement of this 

theory has yielded reasons for pore diameter and inter-pore distance dependence on 

anodization voltage and electrolyte concentration,11 where the constants of 

proportionality are around 2.5 nm V-1 for inter-pore spacing and 1.29 nm V-1 for the 

pore diameter respectively.14 But the above theories based on electric field 

distribution cannot explain the formation of highly regular crystalline pore structures. 

An attempt has been made on this front by Jessensky et al.15 They propose that a 

repulsive interaction is responsible for the formation of such a highly ordered 

structure and these repulsive forces arise due to the mechanical stress that is 

associated with the expansion during oxide formation at the metal/oxide interface, as 

illustrated schematically in Figure 3 – 3. The atomic density of aluminum in alumina 
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is lower by a factor of two as compared to metallic aluminum and this gives rise to 

residual compressive stress in the oxide film. Also since the oxidation is taking place 

entirely at the pore bottom, the material can only expand in the vertical direction, so 

that the existing pore walls are pushed upwards, thus giving rise to vertical pore 

growth. 

 

Figure 3−3: Expansion of aluminum during anodization.  
 

 
3.2.1. Experimental   

Pure aluminum (99.99%) sheets (ESPI Metals), 25 X 15 X 1 mm3 in size, 

were annealed under nitrogen flow at 500 ºC for 4 hours. This was done to promote 

grain growth and hence relieve any mechanical stresses present in the sheets. They 

were then subject to electropolishing in a solution of perchloric acid (HClO4) and 
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ethanol (C2H5OH) (1 : 4) under a constant current density of 100 mA cm-2 at a 

temperature below 10 ºC for 4 minutes. The electropolishing step is known to induce 

pits which are speculated to serve as nucleation sites for pore formation in the 

subsequent anodization process. It has been reported that aluminum when anodized 

without prior annealing and electropolishing does not show any porous structure, 

making this step absolutely necessary.15   

The procedure for formation of porous anodic alumina followed in this work 

is the two step anodization process.16 Though the porous structure can be obtained 

through single step anodization for a long time, it is reported that the structure is 

distorted and very thick.16 The electropolished sample was anodized in 0.3 M oxalic 

acid (H2C2O4) solution at 17 ºC for 15 minutes. The anodized layer was then etched 

away in 6 wt % phosphoric acid (H3PO4) solution at room temperature. The first 

anodization step serves to leave the surface with a textured pattern of  nanometer 

sized concave pits corresponding to the spots where anodization was initiated. When 

this sample was subsequently anodized in 0.3 M oxalic acid solution, anodization 

took place vertically (perpendicular to the substrate) along these concave pits and the 

depth of the resulting pores was a function of anodization time. Scanning electron 

micrographs of both oblique and plan views of a typical template used in this work 

are shown in Figure 3 – 4.  The pore size in the samples is approximately 50 nm and 

the inter-pore spacing is about 100 nm as shown in Figure 3 – 4 (b). This is in 

agreement with the previous observations that the pore diameter and inter-pore 

distance (cell size) are proportional to the anodizing voltage,11 where the constants of 
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proportionality are around 2.5 nm V-1 for inter-pore spacing and 1.29 nm V-1 for the 

pore diameter respectively.14 The previously reported growth rates of alumina in 0.3 

M oxalic acid are in the range of 1 – 2 µm/ hour.17 The maximum pore depth is 

expected to be 6 µm.   

 

 

Figure 3−4: (a) Scanning Electron Micrograph (plan view) of  AAO (b) Scanning 
Electron Micrograph (tilt view). 

 

150 nm 

1 µm 

(a) 

(b) 
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The pores that are formed have a thin bottom barrier oxide layer (Figure 3 – 1) 

which is formed at the start of the anodizing process. The dissolution of this barrier 

layer is important for the subsequent process of electrodeposition of metal catalyst 

onto the underlying metallic aluminum. The barrier layer is dissolved in 6 wt % 

phosphoric acid for 40 minutes at room temperature. One can also use a solution of 6 

wt% phosphoric acid and 1.8 wt % chromic acid at 60 ºC to achieve the same. Pore 

widening occurs when phosphoric acid is used due to isotropic etching.  The metal 

catalyst, cobalt in this case, is then electrodeposited into the pores via a solution of   

240 g/l cobalt sulphate (CoSO4· 7H2O) and 40 g/l boric acid (H3BO3) at a current of 

50 mA for 30 seconds at room temperature. This template is then used to grow carbon 

nanotubes by thermal chemical vapor deposition (CVD) of acetylene as described in 

the following section. 

       
3.3.  Background on the Growth of Carbon  Nanotubes 

 
Carbon nanotubes have been synthesized using many different methods 

varying from arc discharge1,18,19 to laser ablation20 to thermal decomposition of 

hydrocarbons in the presence of a catalyst.21 The latter technique is most closely 

related to the traditional carbon fiber manufacturing methods and has been well 

adapted to the production of nanotubes. Nanotube growth has been demonstrated 

using various hydrocarbons such as acetylene, ethylene, methane and n-hexane.22-25 

The most widely used catalysts are transition metals like Fe, Co, Ni in various forms 

like thin films, islands, particles etc. At elevated temperatures, the hydrocarbon 
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dissociates in the presence of catalyst, whereby long nanotubes are spun from the 

catalyst surface. The nanotubes obtained are inhomogeneous in structure and size. 

The growth mechanism of carbon nanotubes using the catalytic decomposition 

technique has been investigated extensively26,27 and it has been established that 

catalyst particles upon adsorbing the reactant hydrocarbon molecules undergo 

carburization (formation of metal carbide) on certain faces, leading to carbon 

saturation and ultimately out-diffusion of excess carbon in the form of a nanotube 

(single and multi-walled). Lower growth temperatures (550 – 850 °C) and acetylene, 

ethylene precursors yield multi-walled nanotubes (MWNTs) while a combination of 

higher growth temperatures (> 900 °C) and methane precursor produce single walled 

nanotubes (SWNTs). 

 
  3.3.1.  Experimental 

Porous anodic alumina templates with electrodeposited cobalt catalyst   were 

subjected to CVD under acetylene flow with nitrogen  as a carrier gas. The CVD was 

carried out in a tube furnace (LINDBERG Blue). Since the underlying substrate is 

aluminum, the maximum growth temperature was limited by the melting point of 

aluminum viz. 660 ºC. In this study all the nanotube growths were done at 600 ºC. 

The samples were placed in the quartz tube and nitrogen flushing was carried out for 

2 hours at room temperature. The temperature was slowly ramped up to 600 ºC, 

where the nitrogen flow was stopped and hydrogen was passed for 2 hours over the 

sample to reduce the cobalt catalyst in the event of any possible oxidation. The 
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hydrogen flow was then switched off and a mixture of acetylene and nitrogen in the 

ratio 1:10 was passed over the sample for 2 hours. The flow rates were 100 ml/min 

for acetylene and 1 l/min for nitrogen respectively. The acetylene flow was stopped 

after 2 hours and the sample was annealed under nitrogen flow for 10 hours at 600 ºC 

to aid graphitization.17  

The as-grown samples were covered with a thick coating of amorphous 

carbon on both faces. It has been reported that nanotubes grow all the way from the 

pore bottom up to the surface, where the growth is self-terminated.28 The amorphous 

carbon coating and part of the alumina was etched in order to expose the nanotubes. 

Solutions like 6 wt % phosphoric acid or 6 wt % phosphoric acid  + 1.8 wt % chromic 

acid are known to be selective etchants of alumina over aluminum. One of the 

approaches to expose the nanotubes was direct etching in a solution of 6 wt% 

phosphoric acid at room temperature, with the possibility of simultaneous erosion of 

the amorphous carbon along with the etched alumina. The etching was observed to be 

isotropic and the exposed lengths of nanotubes were exceedingly long, causing the 

nanotubes to collapse against each other, forming huge bundles (Figure 3 – 5). 

Anisotropic etching was observed (Figures 3 – 6 (a) and 3 – 6 (b)) when a solution of 

6 wt % phosphoric acid + 1.8 wt % chromic acid  was used. The etching was carried 

out at 60 ºC and the etching rate of alumina is approximately 8 nm min-1.29 The 

etching time was varied to expose the nanotubes to different lengths.  Prior to the 

chemical etch, the samples were Ar+ ion milled to remove the amorphous carbon 

layer in order to reduce the physical barrier for transport of species during the etch. 
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The Ar+ ion milling was carried out at a beam voltage of 500 V and beam current  of  

8 mA for 1 hour. Some of the etched samples revealed nanotubes with closed tips, 

something that has not been observed previously (Figure 3 – 7).  

 

 

 

Figure 3−5: Isotropic etching of alumina in a solution of 6 wt% phosphoric acid at 
room temperature. 

 

 

5 µm 
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Figure 3−6: a) Large area view of  exposed nanotube samples etched in H3PO4 + 
H2CrO4 with prior ion milling  b) magnified view on the same sample.  

a) 

b) 

500 nm

857 nm

500 nm
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Figure 3−7: Nanotube samples etched in H3PO4  +  H2CrO4 with ion milling.  
 
 

3.3.2.  Field Emission Measurement 

The field emission measurement of the carbon nanotube arrays was carried 

out in a diode geometry in a vacuum of 10-6 torr or better. The exposed nanotube 

samples were glued onto a stainless steel plate with the  help of  a conductive carbon 

tape and forms the cathode. A mica spacer 127 µm thick with a 4 mm diameter hole  

was glued to the sample using insulating epoxy. The 4 mm diameter hole defined the 

emission area of the nanotube cathode, as rest of the cathode was covered by the mica 

spacer. Another stainless steel plate which served as the anode was placed over the 

cathode/mica assembly and fastened while maintaining electrical isolation. This was 

done to ensure that the mica spacer was the only dielectric between the anode and 

cathode plates. Before any field emission study was carried out on the samples, a 

150 nm
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“knocking” or a “conditioning” treatment was done to get stable and consistent field 

emission characteristics and also reduce the possibility of adsorbate assisted 

tunneling. This involved  applying a very high voltage for a short period of time (~ 1 

hour). A Valhalla DC power supply capable of delivering 1200 V was used as the 

voltage source and a Keithley picoammeter was used to measure  the current. Figures 

3 – 8 and 3 – 9 show the I – V curves obtained on two nanotube cathodes which had 

exposed lengths of 60 nm and 300 nm respectively. The peak current densities at an 

electric field of ~ 10 V/µm were 67 µA/cm2 and  3.9 µA/cm2 respectively. The simple 

threshold field (where the I – V curve exhibits an exponential behavior) for observing 

field emission was about 6.9 V/µm and 8.1 V/µm. The above data indicate that there 

is a field-screening effect; with shorter exposed length (60 nm) of nanotubes, the 

threshold field was lower and the peak current density was higher compared to that of 

the sample with longer exposed length of nanotubes (300 nm). This was due to the 

fact that the sample which had longer exposed lengths (~ 300 nm) caused the 

nanotubes to collapse against each other, thus creating a situation  that was more akin 

to a thin film morphology. However, nanotubes in sample with shorter exposed 

lengths (~ 60 nm) were isolated and retained their individuality and therefore the field 

was less screened. 
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Figure 3−8: I –V curve for a nanotube cathode with 60 nm exposed length. 

 

 

Figure 3−9: I –V curve for a nanotube cathode with 300 nm exposed length. 



 47

A further systematic study of the field-screening effect was attempted by 

using PMMA masks to pattern a triangular lattice of  holes (150 nm diameter, inter-

hole spacing 1 µm) via e-beam lithography. The PMMA mask along with the pattern 

allowed for the catalyst to be selectively electrodeposited. But subsequent CVD 

growth yielded nanotubes over the entire surface of the AAO template leading to 

believe that the PMMA mask contained microcracks through which the electrolyte 

(240 g/l cobalt sulphate (CoSO4· 7H2O) + 40 g/l boric acid (H3BO3)) seeped through. 

An alternative method of catalyst deposition was tried via e-beam evaporation of Fe 

through the patterned mask, only to result in nanotube growth over the entire surface 

of the AAO template. This led to the conclusion that alumina was acting as a weak 

catalyst for nanotube growth and this hypothesis was supported by its role as a 

support material for traditional catalysts used in carbon nanotube synthesis.30 This 

conclusion was further fortified by reports of catalyst-free growth of carbon 

nanotubes in AAO templates.31  

 
 3.4.  Electrical Transport Study of Individual CNTs 

 
Another characteristic of the nanotubes produced by thermal CVD in these 

templates was their inability to carry large currents (and hence larger current 

densities) as compared to perfect single-walled and multi-walled nanotubes reported 

in literature.2,3 To investigate this, electrical transport and Transmission Electron 

Microscopy (TEM) study were carried out on individual carbon nanotubes.32 The 

CNTs were separated from the template by a selective chemical etch in a solution of 6 



 48

wt% H3PO4 + 1.8 wt% H2CrO4. The CNTs were separated from the solution via 

repeated decantation and the mass of CNTs was then transferred to a 1, 2-

dichloroethane solution. This solution was subject to repeated centrifugation to 

completely remove the etching remnants. The solution was sonicated briefly and spun 

onto an oxidized heavily doped silicon substrate (thickness of SiO2 ~ 500 nm) 

containing an array of prefabricated Au alignment marks. The locations of the 

nanotubes with respect to the alignment marks were determined by an optical 

microscope or an atomic force microscope (AFM). Electrodes consisting of 10 nm of 

Cr and 160 nm of Au were fabricated on top of the nanotubes by electron-beam 

lithography, metal deposition, and lift-off. In some samples, the nanotube segments in 

the contact region were exposed to an O2 plasma for 3 min. to remove possible 

amorphous carbon remnants before metal deposition. However, no systematic 

difference in resistances was observed in samples treated with this process. Figure 3 – 

10 shows the AFM image of a CNT device fabricated using the above process and 

was used in electrical transport investigation.  

                

Figure 3−10: AFM image of a CNT device used in electrical transport study. 
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As shown in Figure 3 – 11, the room temperature four-probe resistance 

changed in proportion to the nanotube length, which suggests diffusive nature of 

transport. Using an outer diameter of 90 nm and a wall thickness of 25 nm for the 

nanotubes, the resistivity was estimated and ranged from 2.1 × 10-2 to 5.0 × 10-2 Ω-

cm for all the samples.  

            

Figure 3−11: Four-terminal resistance as a function of nanotube length. 
 

 

To elucidate the mechanism of electronic transport in our nanotube devices, 

the variation of conductance G was measured with standard ac lock-in technique over 

a wide range of temperature T from room temperature down to 4.2 K, as shown in 

Figure 3 – 12. The conductance decreased monotonically with decreasing 

temperature. Such kind of behavior was observed in both SWNTs and MWNTs, 

where the temperature dependence was fitted to a power-law function. Neither 

Lutinger – Liquid (LL) behavior (characteristic of clean 1 – D systems) nor thermally 

activated transport (ln(G) ∝ -1/T ) nor weak localization (G(T) ∝  ln(T)) could 
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explain the observed G(T) dependence of Figure 3 – 12. However, the G(T) behavior 

showed a remarkable agreement with Mott’s theory for Variable Range Hopping 

(VRH) in the non-interacting regime for disordered systems, more specifically for the 

2 – D case.  Mott predicted that conductance should vary as 

⎥
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exp)( , where TM is a characteristic temperature and d is the 

dimensionality of the system.33 As shown in the inset of Figure 3 – 12, ln(G(T)) vs. T 

-1/3 exhibits a linear behavior over the entire temperature range, indicating that G(T) 
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⎤
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1
1exp T  and hence confirming that the conductance is in accordance with 2 

– D VRH in the non-interacting regime. The characteristic temperature TM was 

estimated from the linear fit to be 69.48 K. The localization length can be estimated 

via the formula 
MFDB TENk )(
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2 =ξ ; ξ = 304 nm. The optimum hopping length 

calculated as 3
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⎠
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⎝
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TTR Mξ  and is found to be 258 and 62 nm at 4 and 300 K 

respectively. The hopping length over the entire temperature range was greater than 

the CNT wall thickness (25 nm) and hence consistent with 2 – D VRH behavior. 
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Figure 3−12: Conductance as a function of temperature for one nanotube segment.  
Inset: ln(G) vs T-1/3. 
 

The disordered nature of the CNTs was confirmed by TEM study as shown in 

Figure 3 – 13. The TEM image showed a disordered sidewall structure, quite unlike 

the perfectly concentric graphene cylinders observed in the case of perfect MWNTs. 

The sidewall consists of curved graphene segments which stack along the length of 

the alumina pore to form a tubular carbon structure with a hollow center. The CNT 

nucleates from the catalyst particle as described in section 3.3. by out-diffusion of 

excess interstitial carbon from the carburized surface of the catalyst. At the same 

time, hydrocarbon precursor molecules within the pore decompose to release carbon, 

which combines to form graphene sheets and stack around the growing front of the 

CNT. The final CNT structure is a resultant of nanotube outgrowth from the catalyst 

particle and the stacking of graphene sheets along the length of the nanotube, which 

induces structural disorder within the system.  
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Figure 3−13: (a) Low magnification TEM image of CNTs dispersed on a copper 
TEM grid. (b) TEM image of the sidewall of the nanotube showing the disordered 
nature of the nanotubes. 
 

 Another observation that was made during the electrical transport studies on 

individual CNTs was their inability to carry large current densities. As shown in 

Figure 3 – 14, the CNT broke down at a current density of  ~ 2 × 106 A/cm2, which is 

well below the current carrying capabilities of SWNTs and MWNTs but is 

comparable to electromigration thresholds in copper interconnects. The other 

peculiarity observed in this context was that the CNT had undergone a breakdown at 

around 6 V (shown in the inset of Figure 3 – 14), but during the subsequent voltage 

sweep the CNT exhibited no memory of the previous breakdown. This was indicative 

of self-annealing behavior within the CNT and one can speculate that Joule heating 

provided thermal energy for internal  structural readjustment, thus restoring the CNT 

to its original state electrically. This property of self-repairing can be advantageous 

for CNTs proposed to be used as interconnects in ULSI circuits.    

(b)(a) 
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Figure 3−14: I – V  curve at room temperature showing electrical breakdown. 

 

  
3.5.  Summary 

 
 Vertically aligned CNT arrays were grown in nanoporous AAO templates by 

thermal CVD of acetylene at 600 °C. The alumina was selectively etched to expose 

the CNTs and field emission measurement on these exposed arrays was carried out. 

The current densities were found to be inadequate for display applications, but these 
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arrays have tremendous potential for gas sensing,34 infra-red photodetector 

applications.35 Field screening effect was observed in these arrays and a combination 

of lithographic patterning and selective deposition was tried so as to engineer the 

inter-nanotube spacing in a bid to alleviate the field screening effect. After trying a 

few strategies, it was concluded that pore-selective CNT growth was impossible in 

the absence of a hard mask (e.g. SiO2) due to the weak catalytic role played by 

alumina in the promotion of nanotube growth. In order to establish structure-property 

co-relationship of the CNTs grown in AAO templates, electrical transport and TEM 

study was carried out. The CNTs exhibited 2D non-interacting VRH which is 

characteristic of disordered systems and the structural disorder was confirmed via 

TEM observations of the CNT sidewall. The CNTs also exhibited self-annealing 

behavior, resulting in restoration of electrical properties post-breakdown.   

  
 

  
 

 

 

 

 

 

 



 55

References: 

1. S. Iijima,  Nature, 354, 56 (1991). 

2. Z. Yao, C. L. Kane, and C. Dekker, Phys. Rev. Lett., 84, 2941 (2000). 

3. P. G. Collins, M. Hersam, M. Arnold, R. Martel, and Ph. Avouris, Phys. Rev. 

Lett., 86, 3128 (2001). 

4. C. A. Spindt, I. Brodie, L. Humphrey, and E. R. Westerberg,  J. Appl. Phys., 47, 

5248 (1976). 

5. D. Nicolaescu, V. Filip, J. Itoh, and F. Okuyama, Appl. Surf. Sci., 146, 217 

(1999). 

6. H. Masuda, and K. Fukuda, Science, 268, 1466 (1995). 

7. H. Asoh, K. Nishio, M. Nakao, T. Tamamura, and H. Masuda, J. Electrochem. 

Soc., 148, B152 (2001). 

8. F. Keller, M. Hunter, and D. L. Robinson, J. Electrochem. Soc., 100,  411 (1953). 

9. H. Masuda, F. Hasegawa, and S. Ono, J. Electrochem. Soc., 144, L127 (1997). 

10. J.P. O’Sullivan, and G. C. Wood, Proc. R. Soc. London. Ser. A.,  317, 511 (1970). 

11. G. Bailey, and G. C. Wood, Trans. Inst. Metal Finishing, 52, 187 (1975). 

12. G. E. Thompson, and G. C. Wood, Nature, 290, 230 (1981). 

13. V.P. Parkhutik, and V. I. Shershulsky, J. Phys. D: Appl. Phys., 25, 1258 (1992). 

14. D. Crouse, Y. H. Lo, A. E. Miller, and M. Crouse, Appl. Phys. Lett., 76, 49 (2000) 

and references therein. 

15. O. Jessensky, F. Müller, and U. Gösele, Appl. Phys. Lett., 72, 1173 (1998). 

16. H. Masuda, and M. Satoh,  Jpn. J. Appl. Phys., Part 2  35,  L126 (1996). 



 56

17. J. Li, C. Papadopoulos, J. M. Xu, and M. Moskovits, Appl. Phys. Lett., 75, 367 

(1999). 

18. W. Kratschmer, L. D. Lamb, K. Fostiropoulos, and D. R. Huffman, Nature, 347, 

354 (1990). 

19. T. W. Ebbesen, and P. M. Ajayan, Nature, 358, 220 (1992). 

20. A. Thess, P. Nikolaev, H. Dai, C. Xu, A. G. Rinzler, D. T. Colbert, G. E. 

Scuseria, R. E. Smalley, R. Lee, J. E. Fischer, P. Petit, J. Robert, Y. H. Lee, S. G. 

Kim, and D. Tomanek, Science, 273, 483 (1996). 

21. M. Endo, K. Takeuchi, K. Kobori, K. Takahashi, H. W. Kroto, and A. Sarkar, 

Carbon,  33, 873 (1995). 

22. X. B. Zhang, X. F. Zhang, D. Bernaerts, G. van Tendeloo, S. Amelinckx, J. van 

Landuyt, V. Ivanov, J. B. Nagy, Ph. Lambin, A. A. Lucas, Europhys. Lett., 27, 

141 (1994). 

23. V. Ivanov, J. B.Nagy, Ph. Lambin, A. Lucas, X.B. Zhang, X.F. Zhang, D. 

Bernaerts, G. Van Tendeloo, S. Amelinckx, J. Van Landuyt, Chem. Phys. Lett., 

223, 329 (1994). 

24. A. Fonseca, K. Hernadi, J.B. Nagy, Ph. Lambin, and A.A. Lucas, Synth. Met., 77, 

235 (1996). 

25. H. W. Zhu, C. L. Xu, D. H. Wu, B. Q. Wei, R. Vajtai,  P. M. Ajayan, Science, 296, 

884 (2002). 

26. Y. H. Mo, A. K. M. F. Kibria, and K. S. Nahm, Synth. Met., 122, 443 (2001). 



 57

27. S. Amelinckx, X. B. Zhang, D. Bernaerts, X. F. Zhang, V. Ivanov and B. Nagy, 

Science, 265, 635 (1994). 

28. D. N. Davydov, P. A. Sattari, D. AlMawlawi, A. Osika, T. L. Haslett, and M. 

Moskovits, J. Appl. Phys., 86, 3983 (1999). 

29. Jung Sang Suh, Private Communication. 

30. H. Dai, Top. Appl. Phys., 80, 29 (2001). 

31. H. Gao, C. Mu, F. Wang, D. S. Xu, K. Wu, Y. C. Xie, S. Liu, E. Wang, J. Xu and 

D. Yu,  J. Appl. Phys., 93, 5602 (2003). 

32. W. Y. Jang, N. N. Kulkarni, C. K. Shih, and Z. Yao, Appl. Phys. Lett., 84, 1177 

(2004). 

33. N. F. Mott, Conduction in Non-Crystalline Materials, Oxford University Press, 

Oxford, 1987. 

34. A. Modi, N. Koratkar, E. Lass, B. Wei, and P. M. Ajayan, Nature, 424, 171 

(2003). 

35. A. Yin, H. Chik, and J. Xu, IEEE Trans. Nanotech., 3, 147 (2004). 

 

 

 

 

 

 



 58

Chapter 4. Synthesis and Field Emission studies of Silicon 

Nanowires 

  

4.1.  Introduction 
 
 The motivation for studying field emission from silicon nanostructures viz. 

nanowires is manifold. Silicon is attractive because it has been the workhorse 

material of the microelectronics industry for decades and the silicon processing 

knowledge base has served as a fountainhead for processing innovations in other 

materials systems. Secondly, the possibility of integrating vacuum microelectronic 

devices with CMOS driving circuitry would enable smart devices and also system on 

a chip (SOC). Another application for which field emission from Si would be 

important is in the event that the semiconductor industry would revert to nanoscale 

vacuum triode devices for achieving higher processing speeds (> THz), as carriers in 

vacuum can travel without any scattering. Lastly, the work function of intrinsic Si is 

4.5 eV,1 which is lower than that of graphite (φ  = 5 eV). From the F-N equation 

(2.17) one can predict that for the same cathode geometry, it is easier to extract 

electrons from silicon as compared to graphite.  

 The study presented in this chapter details synthesis of Silicon nanowires (Si 

NWs)  by the Vapor-Liquid-Solid (VLS) technique.2 The VLS technique, first 

reported in 1960s as an alternative for growing micrometer and millimeter sized 

single crystal Si, has been exploited in recent years to grow Si single crystals at the 
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nanometer scale.3 The lithography bottleneck in the semiconductor industry poses the 

biggest hurdle for the sustenance of Moore’s law and this has been the driving force 

for developing non-lithographic techniques of nanofabrication. The VLS technique is 

one such technique which offers a route for large area fabrication of nanostructures 

and holds potential for bottom-up assembly of large area circuits. Several groups have 

used the VLS technique for growing NWs of a variety of materials including III-V4 

and II-VI5 compound semiconductors and have demonstrated both axial6 and radia7 

heterostructures within few semiconductor systems. The VLS technique is versatile 

and can enable heterogeneous integration of plethora of nanomaterials which is 

inconceivable in the case of their bulk counterparts. The synthesis of nanowires and 

nanowire heterostructures have enabled discovery of interesting material properties 

such as size-dependent emission,8 single electron tunneling,9 metal-insulator 

transition10 etc. which are manifestations of quantum confinement of carriers at the 

nanoscale.  

 This chapter also details the field emission study carried out on as-grown Si 

NWs and the effect of various post-growth processing on their field emission 

characteristics. The post-growth processing steps included catalyst removal via 

selective wet etching, in-situ annealing, and cesiation. As described in later sections, 

the Au catalyst resides on top of the Si NWs forming a Schottky barrier and the 

catalyst was etched in order to determine if the Schottky barrier played a limiting role 

in the field emission of Si NWs. In-situ annealing was carried out to rid the surface of 

adsorbates that might be present in vacuum in an attempt to minimize emission 
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instabilities occuring due to adsorbate assisted tunneling. Finally cesium was 

evaporated onto NWs’ surface so that work function could be reduced due to 

formation of a surface dipole.     

  

4.2.  Vapor-Liquid-Solid (VLS) growth of Si NWs 
 
 The Vapor-Liquid-Solid (VLS) technique has evolved as one of many 

techniques for the growth of crystals from the vapor phase. Crystal growth from the 

vapor phase resulted in anisotropic crystals or “whiskers”. Frank11 proposed that 

anisotropy resulted from the presence of a preferential growth site at the tip of the 

whisker. This preferential site consisted of a screw dislocation which served as a 

perpetual growth front. Some of the earliest Si whiskers were synthesized using 

vapor-solid (VS) growth. The growth procedure consisted of heating a mixture of Si, 

I2, and Ni impurity in an evacuated and sealed quartz tube placed in a gradient 

furnace. The mixture was placed at the hot end of the furnace (1100 °C) and whiskers 

were collected at the colder end maintained at 800 °C after 10 min. The 

thermochemistry of the process has been explained12 and the reaction can be written 

as 

2SiI2 (g) ↔ Si (s) + SiI4 (g)                                                                             (4.1) 

At higher temperatures (> 1050 °C) the reaction proceeds to the left, producing SiI2 

which moves to a region of lower temperature. In the region of lower temperatures 

(900 °C), the reaction proceeds to the right producing Si deposit in the form of 

whiskers or filaments and SiI4 returns to the hot zone to react with additional Si. The 
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whiskers’ axes were oriented in the <111> direction, which is the close-packed 

direction for cubic crystals and energetically most favored growth direction. The role 

of impurities was further studied and it was found that extensive filamentary growth 

was observed under the addition of Au, Ni, Pd, Cu, Gd, Mg and Os while 

predominant nodular growth was observed on the addition of Zn, C, Mn, Sn and Ge. 

Whiskers obtained were dislocation free and some of the whiskers had a “liquidlike” 

globule at their tips, which was in stark contrast of the growth model proposed by 

Frank. This led to the belief that impurities played a critical role in nucleation of 

whiskers and that the mechanism of growth was different. Further, there was 

observation of liquid layer on crystals growing from the vapor phase e.g. MoO3,13 

SiC.14 

 The above departures from the screw dislocation based growth model coupled 

with the presence of liquid layer lent credence to the fact that the liquid layer was 

acting as the nucleation site for whisker growth and the length of the whisker 

increased by precipitation of excess solute within the liquid at the liquid-solid 

interface. This growth mechanism was termed as the VLS mechanism, in which 

atoms from the vapor dissolved into the liquid, before precipitating as a solid. Figure 

4 – 1 shows the schematic of the VLS process. The VLS growth involves a catalyst 

particle or an island which forms a eutectic with the underlying substrate. Adatoms 

from the vapor land onto the substrate and dissolve into the liquid due to its large 

accommodation coefficient. The eutectic liquid becomes supersaturated with the 

material supplied from the vapor and subsequent growth of whisker takes place via 
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precipitation of the “solute” atoms at the liquid-solid interface. If the substrate has a 

favorable crystallographic orientation, e.g. <111> Si , <0001> Sapphire, the whiskers 

can grow epitaxially.  

 

 

 

Figure 4 – 1: Schematic of the VLS growth process. 
 

Hereon, the term whiskers will be replaced by nanowires (NWs). In this study,  

Si NWs were grown using Au as the catalyst. The choice of the catalyst is important 

and has to meet certain criteria. The catalyst should form a eutectic with the 

underlying substrate at the growth temperature. The distribution coefficient of the 

catalyst, k = Cs/Cl, should be less than unity, where Cs and Cl refer to the solubilities 

of the catalyst in the solid and liquid at the growth temperature.  Apart from Au, a 
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variety of metals have been used as catalysts for Si NW growth among which are Fe, 

Ni, Cu, Ag, Pt, Ga. The VLS process is pictorially depicted by superimposing the 

various stages of VLS technique with the Au-Si phase diagram in Figure 4 – 2.   

 

 

Figure 4 – 2: Different stages of VLS growth superimposed on the Au – Si phase 
diagram. 
 

In the Au – Si system the eutectic temperature is ~ 363 °C and the eutectic point is at 

18.6 at % Si. Therefore the minimum growth temperature is set by the eutectic 

temperature and is 363 °C in this case. For a growth temperature of about 850 °C as 

shown in Figure 4 – 2, the three stages of growth are as follows.  

Si 
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I. Formation of the eutectic- which refers to the alloying process between the 

catalyst particle and the underlying substrate. 

II. Incorporation of the Si adatoms supplied by the decomposition of an 

appropriate Si precursor (Si2H6, SiCl4 etc.) into the eutectic liquid region. 

III. Supersaturation of the eutectic liquid and precipitation of excess solute at 

the liquid-solid (substrate) interface, leading to NW growth. 

The diameter of NWs grown by VLS technique depends on a number of factors 

including the critical radius for heterogeneous nucleation. The minimum critical 

radius is given by 
σ

σ
ln

2
min RT

V
r LLV= ; where σLV is the liquid-vapor interfacial energy, VL 

is the liquid molar volume, and σ is the degree of supersaturation. The equation 

predicts the minimum diameter of the NW that can be grown at a given temperature 

when only the VLS growth mode is operative and other growth modes (e.g. VS) are 

absent.  The diameter of the NW depends on the various interfacial energies involved; 

vapor-solid, vapor-liquid and liquid-solid. These interfacial energies determine the 

wetting angle of the eutectic liquid and hence the diameter of the growing NW.  The 

orientation of the NWs w. r. t. the substrate is determined by the wetting angle of the 

substrate and hence the surface tension of the eutectic liquid. If a <111> Si  substrate 

is used for growth of Si NWs, ideally the NWs should grow normal to <111> surface. 

But lateral temperature gradients can introduce “kinking” due to movement of the 

eutectic liquid towards the direction of higher temperature. Multiple “kinking” events 

can occur during the growth process and each kink assumes a crystallographic 
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direction belonging to the <111> family. Also, a temperature gradient along the 

growth direction can change the diameter of a growing NW. For example, if the 

growth temperature is decreased gradually, the excess solute from the eutectic liquid 

precipitates at the liquid-solid interface due to increased supercooling. The eutectic 

liquid shrinks in volume and to preserve its contact angle, the solid-liquid interface 

area decreases. This gives rise to growth of NWs in which diameters can be 

controlled via a temperature gradient and induce taper within the NW structure.2 

 While there is no theoretical limit to the minimum diameter of NWs grown by 

the VLS technique,15 the minimum diameter achieved by the VLS growth process has 

been sub -10 nm. It has been reported that at NW diameters less than 20 nm, VS 

growth occurs alongside VLS growth, because of surface energy considerations. All 

NWs greater than 20 nm in diameter are oriented in the <111> direction with their 

surface comprised of six {110} planes while NWs with diameters less than 20 nm are 

oriented in the <110> direction with their surfaces comprising of four {111} planes 

and two {100} planes.16  

  
4.2.1.  Experimental  

In our study two approaches were explored for growing Si NWs. The 

approaches differed in terms of form of catalyst used viz. Au nanoparticles (diameter 

~ 20 nm) and a thin Au film (thickness 5 – 20 nm). Most of our Si NWs growths were 

carried out by halide reduction by hydrogen (SiCl4 reduction by H2), while a brief 

mention will be made about Si NWs obtained by decomposition of Disilane (Si2H6). 
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Initial efforts to grow Si NWs were carried out using commercial Au 

nanoparticles (Ted Pella, diameter ~ 20 nm) by spin coating a diluted solution of the 

as-purchased product onto H-terminated  <111> n+-Si wafers. The Si wafers were 

cleaned prior to the catalyst deposition using a sequence of Piranha, buffered HF 

(BHF), RCA I, RCA II etches. The backside of wafers were polished prior to the 

etching steps to facilitate electrical contact during the field emission measurement. 

The final step of hydrogen passivation was carried out by 2 min etch in BHF. The 

diluted Au nanoparticle solution was spin coated onto the passivated Si wafers. Our 

initial growths were tried by Low Pressure Chemical Vapor Deposition (LPCVD) of 

Si2H6. The Si NWs were grown by LPCVD of 4% Si2H6 in Ar at a pressure of 125 

mTorr in the temperature range of 500 – 600 °C. The growth yielded needle-like 

structures, with the Au nanoparticle residing at the tips of the NWs, which is 

characteristic of the VLS technique. The base diameter of these needle-like structures 

was about 200 – 300 nm and their tip diameter was about 20 nm which was the same 

as that of the catalyst nanoparticle. The needle-like structures were indicative of a 

temperature gradient in a direction perpendicular to the substrate and as explained in 

section 4.2, the volume of the eutectic liquid changes with temperature, with 

decreased temperature away from the substrate leading to reduced cross-section of the 

NWs. The above scenario was conceivable in our experiments as the substrate was 

radiatively back heated using a W – filament.  

Although at first glance, these structures were ideal for field emission 

applications because of their sharp tip radii, their areal density was quite low ~ 103 



 67

cm-2. For display applications, the minimal requirement is 106 emitters / cm2.17 The 

other issue encountered with this growth route was that the catalyst particles  

 

Figure 4 – 3: a) SEM image of needle like Si NWs grown by decomposition of Si2H6 
using 20 nm Au nanoparticles as the catalyst. b) High magnification SEM image of 
the Si NW tip. 
 

agglomerated to form larger particles and produce large NWs. It should be mentioned 

that recent reports have circumvented the problem of catalyst agglomeration on bare 
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10 µm 
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Si surfaces by patterning nanoparticles using microcontact printing (µ-CP) and 

suitable polyelectrolyte (Poly-L-lysine).18  

 The second route adopted for growing Si NWs was to using a thin Au film (5 -

20 nm) as the catalyst. Annealing of the thin film (850 – 950 °C) under hydrogen 

flow prior to the growth step ensured that the film broke up into islands to minimize 

surface tension and thus  provided NW nucleation sites, albeit with a certain size 

distribution. In addition to the choice of a thin film catalyst, the growth setup was 

changed to a tube furnace (Lindberg Blue) based Atmospheric Pressure CVD 

(APCVD) system. The tube furnace was modified in order to carry out Si NW growth 

by H2 reduction of SiCl4. The gas manifold was connected to a home-built SiCl4 

bubbler, through which purified H2 was bubbled to carry the SiCl4 molecules to the 

hot zone of the tube furnace. The growth temperature was typically 850 °C. The 

bubbler was maintained at -30 °C using a mixture of dry ice and acetone, so as to 

ensure that the SiCl4:H2 mole ratio was about 0.02. Mole ratios of greater than 0.2 

meant that excess byproduct HCl would be produced, leading to etching of the Si 

substrates.19  

The reduction reaction which leads to Si deposition can be written as follows: 

SiCl4(l) + 2H2 (g) → Si(s) + 4HCl (g) 

This method of Si deposition has an advantage in that if any SiO2 builds up as a result 

of O2 contamination within the growth chamber, the byproduct HCl can etch away the 

same. The <111> n+ - Si wafers (Sb doped, 0.01 ohm-cm) were coated with a thin 
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film of Au by thermal evaporation under a vacuum of 10-5 Torr. The Au film 

thickness ranged from 5 - 20 nm. The coated wafers were loaded into the center of the 

tube furnace and pumped to 40 Torr using a mechanical pump. H2 was flown into the 

furnace at 100 – 300 sccm after being purified by a Pd diffuser. The H2 flush was 

carried out for 2 hours to minimize any oxygen content within the furnace. Leak 

valves allowed for the pressure to be maintained at around 1 atm within the furnace. 

The temperature was ramped up to the growth temperature under H2 flow and the 

samples annealed at the growth temperature for 1 hour to allow for the breakup of the 

thin film into nanoparticles. The H2 flow (100 – 300 sccm) was then directed through 

the SiCl4 bubbler, wherefrom the H2 gas was saturated with SiCl4 molecules upon 

exit. The SiCl4 saturated H2 then entered the hot zone of the furnace whereupon the 

SiCl4 was reduced by H2 and Si atoms were released as result of the reduction 

reaction. Si atoms landed on the substrate surface and diffused to be eventually 

accommodated into the eutectic liquid formed between the Au nanoparticles and the 

underlying Si substrate. Continued supply of Si atoms via the reduction reaction 

ensured supersaturation of eutectic liquid and subsequent precipitation to form NWs.  

 The SEM images of the Si NWs obtained by the above process are shown in 

Figure 4 – 4. An Au film of thickness 5nm yield NWs with a mean diameter of 30 nm 

and that of thickness 20 nm yields NWs with a mean diameter of ~ 100 nm. The areal 

density of the NWs obtained by this route is quite high ~ 3 × 108 cm-2 and is adequate 

for display applications. The NWs do not have a preferred orientation w. r. t. the 

substrate and exhibit a high degree of kinking. A better control over the growth 
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parameters to obtain vertically aligned NWs is a focus of future study.  The NWs are 

assumed to be intrinsic and at best lightly n-doped. They are assumed to be intrinsic 

because the NW growth occurs via precipitation of Si adatoms from the eutectic 

liquid at the liquid-solid interface. This interface travels away from the substrate 

surface as the growth proceeds and hence there is no doping taking place during the 

growth. On the other hand, if one considers the nucleation site at the beginning of 

NW growth, the underlying substrate can act as an infinite source for diffusion of 

dopant atoms – Sb in our case. The Sb atoms can diffuse along the length of the NW 

during the growth process and doping density then can be estimated to be of the order 

of 1013 - 1014 cm-3, though this has not been confirmed by any electrical transport 

measurement. Autodoping can be ruled out in the case of Sb-doped wafers because of 

its higher atomic weight.  
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Figure 4 – 4: a) SEM image of NWs grown using a 5 nm Au thin film. b) SEM 
image of NWs grown using a 20 nm thin Au film. 
 

4.3.  Field Emission Study of Si NWs 
 
 Field emission from Si planar cathodes20 and micromachined structures21,22 

have been the subject of investigation for many years. Field emission from Si 

microstructures grown by VLS technique has also been reported23-27 alongwith study 
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of coating the microtips with wide bandgap semiconductor e. g. diamond. More 

recently fabrication of a triode field emission device28 incorporating Si microwires 

grown by VLS technique was reported. The broad effort for studying field emission 

from Si is reflective of a desire within the vacuum microelectronics area to integrate 

field emission devices with CMOS logic and thus enable smart devices and SOC. The 

study reported in this dissertation focused on characterizing the field emission 

properties of as-grown high areal density Si NWs and also the effect of different post-

growth processing steps, namely catalyst etching (Au-selective etching), in-situ 

annealing and cesiation on the field emission characteristics.  

 The field emission measurement was carried out in a home built ultrahigh 

vacuum (UHV) system capable of going down to 1.5 × 10-10 Torr by using a 

combination of 2 sorption pumps, a 60 l/s ion pump and a titanium sublimation pump 

(TSP). A spherical Au ball (500 µm diameter) was used as the anode and was 

mounted on a 2 – D piezo-driven micropositioning system (walker). The walker had a 

resolution of ~ 50 nm per step. The 2-D motion of the walker allowed for field 

emission measurement for different electrode separations as well as for measurement 

at different locations on the substrate. All measurements were done in a diode 

configuration. The sample holder was equipped with tantalum contacts which served 

as a heater for in situ annealing and the chamber contained a cesium (Cs) evaporation 

source (SAES Getters29) with a direct line of sight to the substrate, which allowed for 

in situ cesiation. Finally the entire anode-cathode assembly, which was mounted on a 
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support, could be raised using an external rotational feedthrough so as to bring the 

electrodes into the focus of a long working distance objective lens (Mitutoyo 10X). 

The objective lens was positioned into the recessed window provided by the UHV 

chamber and an in-built reticle in the eyepiece enabled measurement of inter-

electrode separation with an accuracy of ~ 5 µm. A DC high voltage (HV) power 

supply (Matsusada) capable of delivering 10 kV was used to bias the anode w. r. t. 

cathode (Si substrate). The HV power supply was driven by a data acquisition board 

(PCI – 6014, National Instruments). A home built current amplifier with current 

sensitivity of 20 nA was used to measure the field emission current. A 10 MΩ series 

protection resistor was used in all field emission measurements. All I – V curves were 

obtained after repeated forward and reverse sweeps till subsequent sweeps were 

almost identical. The data were acquired using LabVIEW® and all field emission 

measurements were performed in vacuum with base pressure < 5 × 10-9 Torr.  Field 

emission measurements done in relatively poor vacuum (10-7 Torr) caused arcing and 

led to catastrophic failure of the emitters via melting (Figure 4 – 5). 
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Figure 4 – 5: Local melting of Si NWs due to arcing in low vacuum. 
 

 Field emission measurement was carried out on as-grown samples and 

subsequent measurements were performed at the end of each of the following post-

growth processing steps: (a) catalyst removal (Au-selective etching), (b) in situ 

annealing and (c) in situ cesiation.  

  
4.3.1.  Field Emission study on as-grown samples 

Figure 4 – 6  shows the I - V characteristics of the as-grown Si NW sample for 

different electrode separations. The I - V characteristics are not smooth, indicating 

instabilities in emission current, presumably from adsorbate assisted tunneling.  

10 µm



 75

0 1 2 3
0

10

20

30

40

50

60

250 µm

150 µm

100 µm
as-grown

I (
µA

)

V (kV)
 

Figure 4 – 6: I – V  characteristics of as-grown Si NW sample. 
 

The figure of merit for display cathodes is the macroscopic electric field (threshold 

field, Eth) required for extracting a current density J = 10 mA/cm2. The J – E plot for 

the as-grown NWs is shown in Figure 4 – 7. The average Eth for as-grown NWs was 

found to be 11.58 V/µm.  
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Figure 4 – 7: J – E characteristics of as-grown sample. 
 
 

4.3.2.  Field Emission Studies on Si NWs after catalyst etching 

As a consequence of VLS growth the catalyst, in this case Au, resides at the 

tips of NWs. Au is known to form a Schottky barrier on n-Si and this is schematically 

shown in Figure 4 – 8. To determine if the Schottky barrier played a limiting role in 

the field emission characteristics of the Si NWs, selective etching of the Au catalyst 

was carried out in a solution of aqua regia (HNO3 : HCl = 1:3) and subsequent field 

emission measurement was carried out. The catalyst etching was confirmed by energy 
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dispersive x-ray spectroscopy (EDS) in a SEM (LEO 1530). The sample was loaded 

into the UHV chamber after thorough cleaning.  

 

 

Figure 4 – 8: Schematic of Schottky barrier formed between Au and n--Si. 
 

Figure 4 – 9 shows the I – V characteristics of the Au-etched sample and Figure 4 – 

10 shows the J – E characteristics of the same. The I – V characteristics are plagued 

by instabilities due to adsorbate assisted tunneling. From the J – E curves, we deduce 

a threshold field (Eth) of 11.5 V/µm. Since the threshold fields are the same in as-

grown and catalyst-etched cases, it was concluded that the Au-Si Schottky barrier did 

not play any limiting role in the field emission characteristics of these Si NWs. 
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Figure 4 – 9: I – V characteristics of the Au-etched sample. 
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Figure 4 – 10: J – E characteristics of Au-etched sample. 
 

 
4.3.3.  Field Emission Studies on Si NWs after in-situ annealing 

Surface adsorbates play an important role in the field emission properties of 

cathodes. Adsorbates are molecules such as CO, CO2 which are present in the 

vacuum environment and can contribute to field emission current when situated at an 

appropriate energy level w. r. t. the Si bandgap. The adsorbate molecules desorb over 

time and can cause instabilities in the I – V characteristics. In situ annealing was 

carried out to remove the surface adsorbates via thermal desorption by passing a DC 
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current of 1.2 A (equivalent to a current density of 16 A/cm2) for 4 s. Based on the 

color of the sample (red-hot) we estimated the temperature was raised to 700 
o
C.  The 

sample was then rapidly cooled down. The field emission measurement was carried 

out after a reasonable time (> 30 min) had elapsed from the point it was heated so as 

to avoid any thermionic contribution to the emission current. This procedure removed 

the surface adsorbates30 as evidenced from the smooth I – V characteristics shown in 

Figure 4 – 11. The  J – E plot for the Au-selective etched  +  in situ annealed case is 

shown in Figure 4 – 12, from which we deduce an average threshold field (Eth) of ~ 

9.53 V/µm, indicating that Eth decreased upon in situ annealing.  From the simplified 

F – N equation, (Equation (2.17))  J = (Aβ2E2/φ) exp (-Bφ3/2/βE) where A = 1.54 × 

10−10 (AV−2 eV) and  B = 6.83 × 103 (VeV−3/2 µm−1), β  was estimated to be ~ 500 

using the work function of intrinsic Si (φ  =  4.5 eV).1 
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Figure 4 – 11: I – V characteristics of in-situ annealed Si NWs. 
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Figure 4 – 12: J – E characteristics of in-situ annealed Si NWs.  
 

 
4.3.4.  Field emission characteristics of cesiated Si NWs 

Cesium has the lowest ionization potential of all the elements and hence gives 

up its valence electron readily. This property of cesium has been used in cold 

cathodes to lower the work function of the cathode and in some materials to create 

negative electron affinity (NEA) surfaces,31 thus enabling higher field emission 

current densities. Cesium upon adsorbing on the surface transfers fraction of its 
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electronic charge to the underlying Si atoms forming a atomic scale dipole layer, and 

is depicted in Figure 4 – 13.32 This dipole counteracts to lower the work function 

barrier by lowering the vacuum level. The work function of a surface shows gradual 

decrease upon evaporation of a few monolayers (ML) of Cs, but continued cesiation 

may increase the work function.32  

 

Figure 4 – 13: Work function lowering due to creation of surface dipole. 
 

In situ cesium evaporation was then carried out in UHV using a Cs source 

from SAES Getters.29 The cesium was evaporated for 5 min corresponding to a 

nominal coverage of 5 ML. The I – V characteristics of Si NWs is shown in Figure 4 

– 14. As can be seen from the J – E characteristics of the cesiated Si NWs (Figure 4 – 

15), the average threshold field reduced to ~ 7.17 V/µm, which is lower compared to 

prior reports on silicon NWs25,26 and Si microstructures.27 The superior field emission 

characteristics can be explained based on the fact that the Si NWs were grown by H2 
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reduction of SiCl4, in which the byproduct HCl is simultaneously etching the Si 

surface as the growth proceeds,33 rendering NWs with a superior surface quality .  

Figure 4 – 16 shows the F – N  plot for different post-growth processing 

conditions at an electrode separation of 250 µm. From the F – N equation, the ratio of 

slopes in the F – N  plot of the cesiated sample to that of the as-grown sample is equal 

to (φcesiated/φas-grown)3/2. From Figure 4 – 15 we deduce that (φcesiated/φas-grown) = 0.4147, 

indicating that there is a clear reduction in the work function of the Si NWs’ surface 

after cesiation. 
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Figure 4 – 14: I – V characteristics of cesiated Si NWs. 
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Figure 4 – 15: J – E characteristics of cesiated Si NWs. 
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Figure 4 – 16: F – N plot for different post-growth processing conditions with 
respective linear fits.  
 

4.4.  Summary 
 

In conclusion field emission studies on VLS grown Si NWs were reported and 

the effects of various post-growth processing steps on their field emission 

characteristics were studied.  The threshold field Eth decreased from 11.58 V/µm in 

the as-grown case to 7.17 V/µm in the cesiated case as shown in Figure 4 – 17. The 

cesiated Si  NWs exhibit a low threshold field  ( ~ 7.17 V/µm) compared to most 

silicon nanostructures,25-27 with the exception of carbon coated Si cones.34 This low 

threshold field emission from cesiated Si NWs is comparable to that reported from 
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various 1 – D materials35-41 including carbon nanotubes,42 and Si has the added 

advantage of being potentially integrated with microelectronic driving circuitry, 

making vacuum microelectronic devices including displays based on Si NWs viable 

in the future. Further improvement in the field emission characteristics can be 

obtained by incorporating the Si NWs into a triode structure, as compared to the 

diode device reported in this study.  

 

 

 

 

 

 

 

 

 

 

Figure 4 – 17: Progressive decrease of the threshold field as a function of different 
post-growth processing conditions. 
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Chapter 5. Field Emission study of Tubular Graphitic Cones     

 

Over the past few years, there has been considerable interest in the 

investigation of field emission properties of nanostructures,1-7 for they are believed to 

be ideal electron sources because of their sharp tip radii and large aspect ratio. The 

potential applications of nanostructured field emitters include flat panel displays,8 x-

ray sources,9 microwave amplifiers,10 gas ionization sensors11 and other vacuum 

microelectronic devices.12 Other potential applications of nanostructured field 

emitters include holography13 where coherent and high brightness electron sources 

are desired, and would pave the way for high resolution imaging as has been 

demonstrated by Fink et al.14  De Jonge et al.15 reported a high brightness beam from 

a multi-walled carbon nanotube with low energy spread and higher reduced 

brightness, suggesting that this would bring about substantial increase in the 

resolution of electron-beam instruments. Furthermore, true nanoscale single emitters 

hold promise for interesting observations such as Young’s interference of electrons,16 

quantum interference in microtriodes17 and atmospheric pressure field emission RF 

electronics.18    

Recently Wang et al. reported the growth of Tubular Graphite Cones 

(TGCs),19 which are similar to multi-walled carbon nanotubes, but exhibit conical 

shape due to varying lengths of graphite multilayers. The TGCs were grown on an 

electrochemically etched iron needle via microwave plasma assisted chemical vapor 
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deposition (CVD) with a mixture of CH4 + N2 as the reactive gas. Figure 5 – 1 shows 

a scanning electron microscope (SEM) image of TGCs grown on an 

electrochemically etched iron needle. The TGCs have extremely sharp tip radii (1 - 5 

nm) and high aspect ratios (500 – 5000), making them ideal for field emission 

devices. Individual TGCs were found to carry as high a current as 80 µA, 

corresponding to a current density of ~ 108 A/cm2 at the tip of the TGC.  SWNTs are 

known to exhibit ballistic electron transport with the current density limited by optical 

phonon emission.20 The current density carried by the TGC approaches the limit 

observed in SWNTs  and because of the TGC structure the electron beam emerges 

from the single walled inner layer, making the beam extremely narrow and can be 

focused without the use of electromagnetic lenses. Such a combination of high 

brightness and reduced width of the beam can truly lead to high resolution 

microscopy.15  

 

 

 

 

 

 

 

Figure 5 – 1: SEM image of TGCs on a iron needle. 

2 µm
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The TGC formation is thought to be a combination of axial and radial growth 

of graphite layers with the iron substrate playing a critical role.21 The TGCs are 

reported to be monochiral, with the chirality preserved from the inner graphite layer 

to the outermost one. The monochirality of the TGCs is due to interaction of the 

graphite layers as subsequent layers grow. The TGCs have other potential 

applications apart from field emission such as nano-pipettes and nano-tweezers.19 

The remarkable field emission properties of individual TGCs are reported 

here. An individual TGC was defined by Ga+ ion milling (Figure 5 – 2) on the iron 

needle on which the TGCs were grown by milling away the surrounding regions. The 

individual TGC was loaded in high vacuum (10-7 Torr) and the field emission 

properties were probed using a spherical Au anode (diameter ~ 500 µm). The field 

emission data were acquired at different electrode separations using a graduated 

linear feedthrough to vary the inter-electrode separation. The data were acquired 

using LabVIEW® and a home built current amplifier was used to measure the field 

emission current. The I – V curves were obtained after repeated forward and reverse 

voltage sweeps for different electrode separations and are shown in Figure 5 – 3 and 

the F – N plots are shown in Figure 5 – 4. The TGC shows a remarkable ability to 

carry a current as high as 80 µA without breaking down. This corresponds to a 

current density of ~ 108 A/cm2 with the tip of the TGC as the nominal emitting 

region. Chalamala et al. reported vaporization of single  SWNT  at current densities in 

the range of 108- 109 A/cm2 due to Joule heating.22 The TGC has a larger thermal 
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mass compared to a SWNT and can be thought of as a MWNT narrowing down to a 

SWNT at the very tip, allowing for more efficient conduction of heat. This may 

explain the ability of the TGC to sustain high current densities by minimizing the 

detrimental effects associated with Joule heating.  

 

 

 

 

 

 

 

 

 

 

Figure 5 – 2: Individual TGC defined by FIB milling. 
 

In conclusion, we report the remarkable field emission properties of individual 

TGC. The extremely high current density (~ 108 A/cm2) field emission from TGCs 

can find potential applications in myriad vacuum microelectronic devices – including 

coherent and high brightness electron sources for holography, scanning probe 

microscopy, and nanobiology.  

300 nm
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Figure 5 – 3: I – V characteristics of individual TGC.  
 

           

Figure 5 – 4:  F – N  plot for the individual TGC with linear fits. 
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Chapter 6.  Conclusions 

 
 In conclusion, synthesis and field emission studies of three 1 – D systems, 

namely vertically aligned CNT arrays, Si NWs and individual TGCs have been 

presented.  

Vertically aligned CNT arrays were grown in AAO templates by thermal 

CVD. The low growth temperature of 600 °C resulted in disordered CNTs and this 

was reflected in their field emission properties. The current densities were ~ 67 

µA/cm2 at best for macroscopic fields of ~ 10 V/µm. It was concluded that these CNT 

arrays were not suitable for display applications, but they hold promise for devices 

like gas ionization sensors which could be an effective tool for detection of toxic 

agents and the advantage of portability could ensure easy deployment for homeland 

security applications. The crystallinity within the CNTs can be improved by growing 

at a higher temperature, which can be accomplished by detaching the porous alumina 

layer from the underlying aluminum substrate. The other route to facilitate high 

temperature growth within the AAO templates, is to anodize aluminum sputtered on 

silicon substrates. Recent developments in synthesizing AAO templates have opened 

exciting possibilities of controlling the pore size and inter-pore spacing 

independently,1 which was not possible before unless aided by lithography. Thus the 

AAO can provide a valuable non-lithographic template for growth of 1 – D 

nanostructure arrays with tunable spacing and facilitate novel devices.  
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The cesiated Si NWs exhibit a low threshold field compared to previous 

reports of field emission from Si nano and microstructures. The advantage of Si 

nanostructures is that they can be integrated with standard CMOS driving circuitry by 

using well established microfabrication techniques. There is a valid concern about the 

depletion of cesium, the work function reducing agent due to desorption from the 

surface. Programmable getter release sources or thin film getters2 have been proposed 

to replenish the cathode surface with cesium. Though the cost of such a display 

device may be prohibitive, it will be indispensable for applications such as avionic 

displays, portable displays for military etc. where cost is not the primary factor. 

Furthermore, it would be appropriate to talk about smart sensing applications based 

on Si field emitters integrated with driving circuitry. Lastly field emission from Si 

nanostructures holds promise for radiation hardened electronics and RF applications. 

While it is not to suggest that miniaturized vacuum tubes might supplant present day 

solid state devices, certain niche applications may entail the development of field 

emission logic and Si based field emitters would be well placed to enable rapid 

product development.     

Lastly, the field emission properties of TGCs make it suitable for a variety of 

applications such as holography, scanned probe microscopy, and nanobiology. The 

unusual growth needs to be further understood and a strategy needs to be developed 

to enable large area growth of these remarkable nanostructures.  

Finally, it would be appropriate to mention the challenges that need to be 

tackled to commercialize field emission based flat panel displays. With a variety of 
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materials that can be synthesized as nanostructures, candidate materials for display 

applications should emit useful current densities at very low threshold fields (< 10 V/ 

µm). Furthermore, the nanostructure growth/assembly process should be scalable and 

should not pose hurdles for process integration. Satisfactory low-voltage phosphors 

need to be developed as high-voltage operation leads to decreased device lifetimes. 

Integrated gettering systems are attractive as they can ensure satisfactory vacuum 

levels within the device after it has been packaged. Lastly, devices can be operated in 

depletion mode to avoid charging of dielectric spacers by emitted electrons.3 
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