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Abstract. Carbon nanotubes (CNTs) are currently attractive materials for a diverse range of
applications because of their extra ordinary mechanical and electrical properties. Their application
has already been demonstrated in field emission displays, nanoscale electronic devices, biosensors and
hydrogen storage medium. The field emission properties of carbon nanotubes are an important field
of study because they give very high values of current density as compared to the already existing
field emission devices. The effect of various factors such as plasma parameters, substitutional atoms,
dimensional effects, anode-cathode distance etc. on field emission from CNT has also been extensively
studied. The present talk will cover the plasma production and effect of doping of hetero-atoms on the
growth and field emission properties of Carbon Nanotubes (CNTs) tip placed over a cylindrical surface
in complex plasma. A theoretical model incorporating kinetics of plasma species such as electron, ions
and neutral atoms including doping elements like nitrogen (N), Boron (B), Potassium (K), Cesium (Cs)
and energy balance of CNTs in complex plasma has been developed. The effect of doping elements of
N, B, K, and Cs on the growth of CNTs namely the tip radius has been carried out for typical glow
discharge plasma parameters. It is found that doping elements affect the radius of CNTs extensively.
We obtained small radii for CNT doped with N and large radius for CNT doped with B. The field
emission characteristics from CNTs have therefore been suggested on the basis of results obtained.
Some of theoretical results are in compliance with the existing experimental observations.
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1. Introduction

Carbon nanotubes (CNTs) show excellent electron field emission properties because of their
high aspect ratio, high chemical stability and thermal conductivity. The field emission from
CNT is regarded as the most promising application of this nanostructure because they give
very high values of current density as compared to the already existing field emission devices.
Many extensive studies have been made by many researchers to study the field emission
properties of CNTs [1–10]. Doping of CNT is an effective way to tailor the physical and chemical
properties of CNTs. However, several groups have studied the field emission properties of doped
CNTs [11–17].

Claye et al. [11] have achieved reversible insertion of lithium into purified single wall carbon
nanotube electrochemically. They showed a continuous decrease in charge transfer resistance
upon doping, consistent with the decrease in electronic resistivity of the electrodes. They also
showed that the high lithium capacities are not due to double layer capacitance effects but to
an actual ion insertion/extraction process in the bulk material.

Zhou et al. [12] have studied the p-type doped single wall Carbon nanotube (SWCNT) bulk
samples by temperature dependent resistivity and thermo power, optical resistivity and Raman
spectroscopy. All these give consistent results for Fermi level downshift (∆EF) induced by
doping. ∆EF ≈ 0.35 eV and 0.50 eV for concentrated nitric and sulfuric acid doping, respectively.
With these values, evolution in Raman spectra can be explained by variation in resonance
condition as EF (Fermi energy level) moves down into the valance band.

Salvato et al. [13] have investigated the effect of potassium doping on the transport properties
of the aligned single walled carbon nanotube fibers. The temperature dependence of the electrical
resistance, current – voltage characteristics and the magneto resistance vs. external magnetic
field of the fibers consistently shows that doping enhances the metallic characters of the fibers.
In the framework of variable range of hopping theory they suggested that the increase in
conduction with potassium doping is due to the increase of density of states.

Wadhawan et al. [14] have reported the effects of Cesium (Cs) deposition on the field emission
properties of single walled carbon nanotube bundles. Cesium deposition decreases the turn on
field for FE (field emission) by a factor of 2.1-2.8 and increases the FE current by six orders of
the magnitude.

Xu et al. [1] have studied the enhance field emission mechanism by tip-flat emission mode.
The results indicate that the radius of apex r is an important factor in field emission with a
relationship of field emission factor β∝ r−

1
2 , while the tube length has little influence on β.

Levchenko et al. [18] have presented the results of hybrid numerical simulation of the
growth kinetics of carbon nanowall like nanostructures in the plasma and neutral gas synthesis
processes. Low temperature plasma based process was found to have a significant advantage over
the purely neutral flux deposition in providing the uniform size distribution of nanostructure. It
is shown that nanowall width uniformity is the best in the high density plasmas, worsens in
lower density plasmas and is the worst in neutral gas based process.

Keidar et al. [19] suggested that length of SWNTs significantly increases (upto 4000 nm),
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along with the purity of carbon deposit, when the magnetic field is applied to arc discharge. It is
shown that nanotube charge with respect to the plasma as well as nanotube length depend on
the plasma density and electric field in the inter electrode gap.

Wang et al. [20] have investigated the electron field emission (EFE) characteristics of
vertically aligned carbon nanotubes (VACNTs) without and with treatment by the nitrogen
plasma. The VACNTs with the plasma treatment showed a significant improvement in the EFE
property compared to the untreated VACNTs. It is shown that the significant EFE improvement
of the VACNTs after the nitrogen plasma treatment is closely related to the variation of the
morphological and structural properties of the VACNTs.

Tewari and Sharma [21] presented the theoretical model to study the growth of carbon
nanotube (CNT) on the catalyst substrate surface subjected to the reactive plasma. It is found
that the height of the CNT increases with the ion density of the carbon ions and radius of CNT
decreases with hydrogen ion density, hence field emission of electrons from the CNT increases.

Bonard et al. [2] reported the field emission properties of single-wall carbon nanotube
films, with emphasis on current-versus-voltage (I-V) characteristics and current stability. The
films are excellent field emitters, yielding current densities higher than 10 mA per cm2 with
operating voltage that are far lower than for other field emitters, but show a degradation of
their performance with time.

Wong et al. [3] prepared the Silicon Carbide (SiC) nanowires on the silicon substrate using
hot filament assisted chemical vapor deposition with solid silicon and carbon source. The silicon
nanowire show good field emitting properties as revealed by the current-voltage characteristics.

Bonard et al. [4] have studied the emission behavior of single-wall, closed and opened arc
discharge multiwall, and catalytically grown multiwall nanotubes, as single emitters and in
film form. They suggested that to obtain good performances as well as long emitters lifetimes,
the nanotube should be multi-walled and have closed, well-ordered tips.

Kenneth et al. [5] demonstrated that an individual nanotube exhibits current saturations
above 100 nA of emission current and showed that this current saturation is a direct result
of an adsorbate enhanced field emission mechanism. Current saturation results from the
displacement of adsorbates from configurations of tunneling enhancement as electric field and
current are increased.

Srivastava et al. [6] have shown the randomly oriented short and low density carbon
nanotubes (CNTs) on silicon substrate. These films have superior emission characteristics
compared to high density vertically aligned or randomly oriented bamboo shaped CNTs (BS-
CNTs) films. These films were highly crystalline and had many open edges on the outer surface,
particularly near the joints of the compartments.

In this paper, we have seen the role of different doping elements on the growth and field
emission properties of a carbon nanotube (CNT) tip placed over cylindrical surface. A theoretical
model is developed for spherical CNT tip placed over cylindrical surface, which is based on the
charge neutrality of the CNT tip, kinetics of various species (electrons, positively charged ions,
neutral atoms, and doping atoms) in plasma, number density of the CNT tip and the energy
balance of various plasma species and CNT tip.
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2. Model

Following the elegant models of the Sodha et al. [22, 23] and Tewari and Sharma [24], we
consider the plasma containing electrons, positively charged ions and neutral atoms of three
different types (1, 2 and 3) and CNT with spherical tip placed over cylindrical surface. We
assume singly ionized positive charged ions. Atom 1 refers to the Carbon atom, 2 refers to the
Neon, and 3 refers to the doped atoms i.e. Nitrogen (N), Boron (B), Potassium (K) and Cesium
(Cs). The initial radius a0 of the carbon nanotube (CNT) can be estimated by equating the
accretion of electrons and positively charged ions on the CNT.
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where

h0 = height of the CNT,

Vs = surface potential on the cylindrical surface,

ne = number density of electrons,

Te = electron temperature,

kB = Boltzmann’s constant,

Ti = ion temperature,

ni1 = number density of ions of type 1,

mi1 = mass of ions of type 1,

ni2 = number density of ions of type 2,

mi2 = mass of ions of type 2,

ni3 = number density of ions of type 3,

mi3 = mass of ions of type 3,

e = electronic charge

Charge neutrality equation

Qncnt +ni1 +ni2 +ni3 = ne , (2.1)

where Q = charge on CNT, ncnt = number density of CNT.
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Charging of the CNT

The charge is developed on the CNT due to accretion of electrons and positively charged ions on
the surface of the CNT, which is given by the equation:

dQ
dτ

= I i1cnt + I i1cntcyl + I i2cnt + I i2cntcyl + I i3cnt + I i3cntcyl −γe
(
Iecnt + Iecntcyl

)
, (2.2)
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, is the ion collection current

due to jth type of atom (1, 2 or 3) at the cylindrical surface of CNT, αi =
(

e2

akBTi

)
, where a

is the radius of the spherical tip of the CNT placed over cylindrical surface (i.e. radius at any
instant of time), γe is the sticking coefficient of the constituent electron at the surface of the
spherical CNT tip.

Growth rate equation of electrons

dne

dτ
= (

β1n1 +β2n2 +β3n3
)− (α1neni1 +α2nen12 +α3neni3)−γencnt

(
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)
, (2.3)

where β is the coefficient of ionization of the constituent neutral atoms i.e. atom 1, 2 or

3, α j(Te) = α j0

(
300
Te

)k
cm3 /sec, is the coefficient of recombination of electrons and positively

charged ions due to jth atom i.e. atom 1 or 2 or atom 3.

First term on the RHS in this equation describes the rate of gain in electron density per unit
time due to ionization of neutral atoms, second term describes the decaying rate of electron
density due to electron-ion recombination, and third term describes the electron current at the
surface of CNT.

Growth rate equation of positively charged ions

dni1

dτ
=β1n1 −α1neni1 −ncnt

(
I i1cnt + I i1cntcyl

)
, (2.4)
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)
, (2.5)

dni3

dτ
=β3n3 −α3neni3 −ncnt

(
I i3cnt + I i3cntcyl

)
, (2.6)

First terms on the RHS describes the gain in ion density per unit time due to ionization of
neutral atoms, second term describes the electron-ion recombination and third term describes
the ion collection current to the surface of CNT.
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Growth rate equation of neutral atoms:
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at the surface of spherical tip CNT, I jcntcyl =πah
(
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(1, 2 or 3) neutral atom at the cylindrical surface of CNT.

First term on the RHS describes the gain in neutral atom density per unit time due to
electron-ion recombination, second term shows the decrement in neutral atom density due to
ionization, third term describes the gain in neutral atom density due to neutralization of the
atom collected at the surface of CNT, and the last term describes the accretion of neutral atoms
of species 1 and 3 on CNT.

Growth rate equation for the mass of CNT
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where mcnt = 4
3πa3ρcnt +πa2hρcnt , is the mass of CNT and ρcnt is the density of CNT.

These equations describe the gain in mass density due to collection of atoms of type 1 and 3.

Energy balance equation for spherical CNT tip placed over cylindrical surface
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where CP is the specific heat of CNT at constant pressure, ε is the emissivity of the material
of CNT, σ is the Stefan Boltzmann constant, εs

i jcnt(Q)=
(( (2−Qα ji)

(1−Qα ji)

)
−Qα ji

)
kBTi , is the mean

energy of jth type ion at the surface of CNT [25], εs
ecnt(Q)= 2kBTe , is the mean energy of

electrons at the surface of CNT [25].

First, second and third term of the equation describes the rate of energy transferred to the
CNT due to sticking accretion and elastic collision by constituent’s species of the plasma. Fourth
terms describes the energy per unit volume per unit time carries away from the surface of CNT
by the neutral species generated due to recombination of the accreted ions and electrons. Fifth
term describes the rate of energy dissipation in the form of radiation and conduction from the
CNT to the host gas [26].

Field Enhancement Factor

For the vertical CNT with cylindrical surface, Wang et al. [27] obtained an expression for field
enhancement factor β of the CNT.

β= h
ρ
+3.5,

where h is the height of the CNT and ρ is the radius of the CNT.

3. Results and Discussions

A theoretical model to study the effect of the hetero-atoms such as B, N, K and Cs on the growth
of the CNTs in the complex plasma, is developed in this paper. The mass and energy balance of
CNT, charging on CNT, kinetics of electrons, ions and neutral atoms have been incorporated in
the present model. Growth of CNTs in complex plasma can occur in different ways like cluster
formation, nucleation, coagulation and growth of embryonic nanotubes. We have studied the
growth of embryonic nanotubes by condensation in complex plasma because we are willing to
investigate the growth process of CNTs in the presence of hetero-atoms. These hetero-atoms
act as different dopants on the surface of CNT. Neutral atoms are ionized by the electrons in
plasma due to which positive ions and electrons are produced. Various processes are considered
in the model like ionization process in which atom or molecule lose or gain electrons and acquire
positive or negative charge, respectively, recombination process in which positive ions gain the
free electrons or combine with negative ions and form the neutral atoms, sticking of plasma
species on the surface of CNT.

To investigate the effect of different doping elements (N, B, K and Cs) on the growth of
CNTs, numerical calculations have been carried out. Effect of addition of these dopants on
the normalized radius of CNT have been investigated for the fixed number density of CNT
(ncnt), electron temperature (Te), ion temperature (Ti), neutral atom temperature (Tn) and
for variable number density of electrons (ne), number density of ions (ni), number density
of neutral atoms (nn) because when we change the doping element, number density of ions,
electrons and neutral atoms changes. All physical quantities used are taken in CGS units.

Boundary conditions at τ =0 and all relevant parameters used are, number density of
CNT (ncnt)= 107 cm3 , temperature of electron (Te)= 0.6 eV, temperature of ion (Ti)= 2600 K,
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temperature of neutral atom = temperature of CNT (Tn = Tcnt)= 2000 K, mass of neutral atom
= mass of ion of type 1, i.e Carbon (m1 = mi1) = 12 amu, mass of neutral atom = mass of ion
of type 2, i.e Neon (m2 = mi2) = 20 amu, mass of electron (me) = 9.31×10−28 g, emissivity of
the material of CNT (ε)= 0.6, specific heat of CNT at constant pressure (CP )= 7×106 ergs/g K,
density of CNT (ρcnt)= 4.2 g/cm3 , ionization energy of atom of type 1, i.e. Carbon (φ1)= 11.26 eV,
ionization energy of atom of type 2, i.e. Neon (φ2)= 21.5 eV, sticking coefficient of ion and neutral
atom of type 1 and 3 (γi = γn)= 1, initial height of CNT (h0)= 10µm.

Parameters and boundary condition at τ= 0 used for undoped CNT are, number density of
ions (ni1 = ni2 = ni3)= 1010 cm−3 , number density of electrons (ne)= 1010 cm−3 , number density
of neutral atoms (n1 = n2 = n3)= 1011 cm−3 , coefficient of recombination of electrons with ion of
type 1 and 2 (α01 ≈α02)= 10−7 cm3 /s, initial radius of CNT (a0)= 1.1 nm.

Parameters and boundary condition at τ= 0 used for Boron doped CNT are, number density
of ions (ni1 = ni2 = ni3) = 1010 cm−3 , number density of electrons (ne) = 1010 cm−3 , number
density of neutral atoms (n1 = n2 = n3) = 1012 cm−3 , coefficient of recombination of electrons
with ion of type 1 and 2 (α01 ≈ α02) = 1.08×10−7 cm3 /s, initial radius of CNT (a0) = 1.43 nm,
ionization energy of atom of type 3, i.e., Boron (φ3)= 8.3 eV, mass of neutral atom = mass of ion
of type 3 (m3 = mi3)= 10.8 amu.

Parameters and boundary condition at τ= 0 used for Potassium doped CNT are, number
density of ions (ni1 = ni2 = ni3) = 1012 cm−3 , number density of electrons (ne) = 1012 cm−3 ,
number density of neutral atoms (n1 = n2 = n3) = 1011 cm−3 , coefficient of recombination
of electrons with ion of type 1 and 2 (α01 ≈ α02) = 1.21× 10−7cm3 /s, initial radius of CNT
(a0)= 0.91 nm, ionization energy of atom of type 3, i.e., Potassium (φ3)= 4.3 eV, mass of atom =
mass of ion of type 3 (m3 = mi3)= 39.08 amu.

Parameters and boundary condition at τ= 0 used for Cesium doped CNT are, number density
of ions (ni1 = ni2 = ni3) = 1011 cm−3 , number density of electrons (ne) = 1011 cm−3 , number
density of neutral atoms (n1 = n2 = n3) = 1010 cm−3 , coefficient of recombination of electrons
with ion of type 1 and 2 (α01 ≈ α02) = 1.31×10−7 cm3 /s, initial radius of CNT (a0) = 0.84 nm,
ionization energy of atom of type 3, i.e., Cesium (φ3) = 3.8 eV, mass of atom = mass of ion of
type 3 (m3 = mi3)= 132.9 amu.

Parameters and boundary condition at τ = 0 used for Nitrogen doped CNT are, number
density of ions (ni1 = ni2 = ni3) = 1011 cm−3 , number density of electrons (ne) = 1011 cm−3 ,
Number density of neutral atoms (n1 = n2 = n3) = 109 cm−3 , coefficient of recombination of
electrons with ion of type 1 and 2 (α01 ≈ α02) = 1.54× 10−7 cm3 /s, initial radius of CNT
(a0)= 0.73 nm, ionization energy of atom of type 3, i.e., Nitrogen (φ3)= 14.5 eV, mass of atom =
mass of ion of type 3 (m3 = mi3)= 14 amu.

Figure 1(a) represents the growth of undoped CNT (Spherical tip placed over cylindrical
surface) with respect to time. From the graph, we can interpret that normalized radius of the
undoped CNT increases with time and get saturated after some time. This is because accretion
of neutral atoms on the surface of CNT increases with time. The value of sticking coefficient of
atom of type 1 is the important parameter for the growth of CNTs, as value of sticking coefficient
increases, saturation region is achieved faster. When number of neutral atoms on the surface
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of CNT increases, negative charge on the CNT decreases, which stops the further accretion of
neutral atoms on the surface of the CNT and radius of the CNT attains the saturated value.

Figure 1(b) illustrates the variation of the normalized radius of the Boron doped carbon
nanotube. Growth pattern is same as of undoped CNT but radius of the boron doped CNT is
greater than the radius of the undoped CNT. Boron consumes electrons to form the covalent
bonding with carbon to attain stability, thereby reducing the number density of electrons which
reduces the ionization of neutral atoms and accretion of neutral atoms on the surface of CNT
increases, hence radius of the CNT increases.

Figure 1(c) and Figure 1(d) show the variation of normalized radius of CNT when doped
with alkali metals like Potassium (K) and Cesium (Cs), respectively. Growth pattern is same as
of undoped CNT but radius of alkali metal doped CNT is less than the undoped CNT. Being
a metal, Potassium and Cesium release electrons to form the stable bond with carbon. This
increases the number density of electrons, thereby ionization of neutral atoms increases hence
radius of the CNT decreases. But the radius of the Cesium doped CNT is less than the radius
of Potassium doped CNT this is because, free electrons in Cesium are loosely bound than
the Potassium therefore ionization of neutral atoms is more in Cesium doped CNT than the
Potassium doped CNT hence accretion of neutral atoms in the case of Cesium doped CNT is less
due to which radius is less than the Potassium doped CNT.

Figure 1(e) shows the time evolution of the normalized radius of the Nitrogen doped CNT.
From all fives figs. we can see that radius of the Nitrogen doped CNT is least among all doped
CNTs. Nitrogen is penta valent element i.e. contains five electrons in outer most shell, to attain
the stability it requires three more electrons. Therefore ionization of neutral atoms is maximum
in the case of Nitrogen doped CNT and accretion of neutral atoms on the surface of CNT is least
and radius is minimum among all doped CNTs.

Figure 1. Illustrates the growth of normalized radius of spherical CNT tip placed over cylindrical
surface for (a) boron doped CNT, (b) undoped CNT, (c) Potassium doped CNT, (d) Cesium doped CNT and
(e) nitrogen doped CNT.
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Figure 2. Shows the dependence of the field enhancement factor on the radius of different types of CNTs,
i.e., undoped CNT, Boron doped CNT, Potassium doped CNT, Cesium doped CNT and Nitrogen doped
CNT.

Figure 2 shows the variation of the field enhancement factor with respect to the radius of the
CNT at constant height. From the results obtained, field enhancement factor for the different
CNTs have been roughly estimated at the constant height, we have calculated the radius of all
different types of CNTs and we get 23.1 nm for undoped CNT, 41.47 nm for boron doped CNT,
14.56 nm for potassium doped CNT, 10.92 nm for cesium doped CNT and 4.38 for nitrogen doped
CNT, height of the CNT is considered to be 15 µm and field enhancement factor are obtained
as 652.85, 365.20, 1033.71, 1377.12 and 3428.15 for undoped, boron doped, potassium doped,
cesium doped and nitrogen doped CNTs, respectively. The graph between field enhancement
factor and radius of the different CNTs shows that as radius (a) of the CNT decreases, field
enhancement factor (β) of the CNT increases i.e. Nitrogen doped CNT has highest field emission
factor and boron doped CNT has lowest field emission factor. The similar plot has been obtained
experimentally by Xu et al. [1].

Figure 3. Displays the variation of the field enhancement factor with respect to the different heights
of CNT for undoped CNT, Boron doped CNT, Potassium doped CNT, Cesium doped CNT and Nitrogen
doped CNT.
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Figure 3 shows the effect of height on the field enhancement factor of different CNTs. Radius
and field emission properties of CNTs have been calculated corresponding to the different
heights of CNTs. We found that the height of the CNT hardly effect the field enhancement factor
of the CNT. Results obtained have also been experimentally verified by Xu et al. [1].

Similar results have been observed experimentally by Padya et al. [28], Srivastava et al. [8],
Chan et al. [29], Zhang et al. [10], Ha and Lee [30] and Wadhawan et al. [14]. Therefore, doping
of CNT tip with nitrogen atom can lead to enhance field emission properties. This has multiple
applicative utilizations in the field of microelectronics, nanoscience and Technology.

4. Conclusion

A theoretical model has been developed for calculating the radius of spherical CNT tip placed
over the cylindrical surface with different doping elements. The effect of different dopants has
been studied with the help of an analytical model. The charging of CNT, charge neutrality,
growth of electron density, neutral atom and positive ions density and energy balance of CNT
with different doping elements are included in the model. It can be seen that decrease in the
radius of the CNT is larger when CNT is doped with nitrogen. We conclude that radius of the
CNTs has enormous effect of the field emission properties of the CNT whereas height of the
CNTs does not play an important role to influence the field emission properties of the CNTs.
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