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ABSTRACT

In search of opto-electronic nano materials, we often come
across Gallium Nitride nanotubes (GaN-NT) with excellent
electrical and optical characteristics. Gallium Nitride
nanotubes are predominantly semiconducting and have been
less explored in its application as a transistor channel through
Density Functional Theory (DFT). Comparing Gallium
Nitride nanotubes with Boron Nitride nanotubes (BN-NT) and
Carbon nanotubes (CNT), we have obtained distinguishing
features of Gallium Nitride nanotubes. In this work, Transistor
simulation with Gallium Nitride nanotubes has been reported
with the nanotube as channel. Properties of various
configurations of nanotubes are compared among Carbon,
Boron Nitride and Gallium Nitride nanotubes.
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1. INTRODUCTION

Recently it has been claimed the semiconductor size limit has
been reached for silicon [1]. Nanotubes devices outweigh the
performance of Silicon devices. A group of IBM researchers
have synthesized a 9-nm nanotube transistor which has been
found to work efficiently compared to any other transistor of
that size [2]. Nanotubes other than organic origin can also be
used as a transistor channel. Many such nanotubes like Boron
Nitride nanotube, Gallium Nitride, Silica, Nickel Halide are
available [3]. Our subject of interest would be Gallium Nitride
nanotubes and transistors with them as channels. Gallium
Nitride (GaN) in bulk had established itself as a wonderful
material with excellent applications in high power
applications, LED applications and high mobility applications.
Gallium Nitride differs from other materials as it has a stable
hexagonal structure [4]. GaN bulk transistors have shown to
be lightning-fast and allow frequencies of up to 205 GHz
which would make the current devices faster and economical
[5]. Without loss of generality, Gallium Nitride nanotubes
(GaN-NT) also had been found to have very good electrical
and optical properties.

Single crystal Gallium Nitride nanotubes have been
synthesized successfully using epitaxial casting method [6].
What known less about them are their applications as devices
like transistors. Till now there has been literally very little
research in the area of Gallium Nitride nanotube transistors.
Following the path of Carbon nanotubes (CNT), Gallium
Nitride nanotubes can also be used to obtain field effect
transistors. The predecessor for Gallium Nitride nanotubes is
the Boron Nitride nanotubes (BN-NT) which also have been
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synthesized and have been found to have semiconducting
properties [7]. Even though both Boron Nitride and Gallium
Nitride nanotubes belong to the same class of Ill-group
Nitride nanotubes, there are differentiating features between
them [8]. From simulation studies through Density Functional
Theory concepts, it has been observed that, Boron Nitride and
Carbon nanotubes behave in a similar manner. The energy of
Gallium Nitride nanotubes, which decides the stability of
nanotubes, depends on the chiral factor. The armchair
configurations have been found to have lower energy
compared other configurations. The bandgap of the nanotubes
also depend on chirality [9]. Spin effects on the nanotubes are
also considered for analysis. On the mechanical perspective of
nanotubes, selective single bond rotation effects have been
considered [10]. Transistor simulation of Gallium Nitride
nanotube has been proposed.

In this paper, a basic introduction about density functional
theory is provided. Gallium Nitride nanotubes of various
chiral configurations are tried for their properties using
simulation done using Atomistix Tool Kit [11] software based
on the principles of Density Functional Theory. The
comparison of Carbon, Boron Nitride and Gallium Nitride
nanotubes has been presented in this work. A comparison of
properties of all the I11-group Nitride nanotubes is reported.

2. DENSITY FUNCTIONAL THEORY

All material Density Functional Theory utilizes the basic task
played by electron density in determining the properties of
materials [12]. Even after applying many simplifications to
many-body Schrodinger problem through approximations, it
still remains complex. Complex nature of many-body problem
results from the presence of large number of electrons and
their indifferent interactions among themselves known as
electron-electron interactions. Even with a two electron
system, many times it is difficult to solve. It becomes still
more complex when an external potential is present in the
system. The computational cost of this problem remains high.
By using DFT, the complexity of wave function approach can
be reduced. The DFT uses the electron density n(r) as a
fundamental entity to use it as a functional for the properties
such as energy instead of wave functions.

When Schrodinger equation is solved for many-body problem
for Hamiltonian and corresponding eigen states, it is possible
to calculate expectation value of any operator [1].
Hamiltonian is the operator associated with the total energy of
the system. In case of an external potential Ve(r), energy due
to external potential along with default terms, kinetic (T) and
potential energy (V), should be included. The Hamiltonian,

H=T+V +V,, )

If Hamiltonian of a system is known, according to DFT, it is
possible to find the ground state density of the system. Since
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other components (kinetic and potential) of Hamiltonian
remains constant, only external potential determines the
electron density. This phenomenon is the basis for
Hohenberg-Kohn theorems. Hohenberg-Kohn theorems were
used to simply the DFT to be an exact formulation of many-
body problem. For a system of electrons in an external
potential Vey(r), the potential is exactly determined by ground
state electron density [13]. If system Hamiltonian is obtained
from electron density, then the system is declared as
completely defined.

Hohenberg-Kohn theorem mentions to use electron density as
the basic entity to obtain any parameter from the system. But
it didn’t mention any method for obtaining it. Kohn-Sham
formulation [14] provides a method to use a reference (non-
interacting) system and to search for an external potential
whose ground state density would be same as real system [1].
The equations have to be solved self-consistently to obtain the
exact density and potential for the real system.

The self consistent field formulation is performed to get exact
electron density and the corresponding effective potential U.
The iteration is started with an initial guess of electron density
n(r). The number of electrons in a level will be given by
Fermi function instead of an integer. U, is the new effective
Kohn Sham potential after iteration and Ny is the number of
electrons under equilibrium condition of the system and N is
number of electrons in the system at any time.

N =jn(r)dr L

The rate of electrons escaping from the terminals to contacts
is called escape rate (y). The escape rate of source and drain
are given as y; and v,. These escape rates determine the rate of
flow of electrons and electron density in the device. The
iteration stops when there is no change in the effective
potential value.

When Schrodinger equation is solved for the Hamiltonian and
many-body eigen states, expectation value of any operator can
be obtained. The Hamiltonian, therefore, determines the
expectation value of any operator, and, in particular, the
Hamiltonian determines the ground-state density, since this is
just the ground-state expectation value of the density operator

(1]

Even though simplifications had been made for the wave
function crisis, the problem of electron-electron interaction
still remains. Electrons interact among themselves in a very
sophisticated way. Approximations are required for the
interactions of electrons.

The till-now-best approximation known way is the Local
Density Approximation (LDA) [15]. It is known that
exchange and correlation effects are local in character and the
exchange correlation energy is simply the integral of the
exchange correlation energy density at each point in space
assumed to be the same as a homogeneous electron gas with
that density. Based on this approximation, exchange
correlation energy is calculated.

By employing Kohn Sham equations and Local Density
Approximation (LDA), the many-electron problem can be
simplified as DFT is the only efficient method used for
quantum analysis for more than four decades. It gives
Successful approximation. Interaction of electrons is given by
exchange correlation energy functional
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Fig 1. Self-consistent formulation of Kohn-Sham scheme.

3. GALLIUM NITRIDE NANOTUBES
Gallium Nitride as a well known material suitable for high
power, high density and opto-electronic applications, has been
proved of excellent characteristics. Many products such as
power supply, inverters and motor drives started to
concentrate on Gallium Nitride whose market is expected to
be more than a billion dollars within a decade [16]. Another
wonder supporting Gallium Nitride growth is that its
properties as a nhanotube is astonishing. Gallium Nitride
nanostructures are of particular interest because it has been
shown to yield good quality wires and can be either as-grown
n type or doped p type by the incorporation of magnesium
during growth [17].

Gallium Nitride nanotubes were successfully synthesized by
using epitaxial casting method in which Zinc oxide nanorods
were used as templates [6] [18]. After this significant
invention, there had been a lot of research in this field to
understand these nanotubes and put them to efficient use.
Some of the properties concentrated in this paper are
mechanical and electronic properties. Mechanical properties
are important as it decides the actual realization of a device.
Electronic properties determine its use in opto electronics,
transistor and other high power applications.

Mechanical properties has been investigated based on
Molecular Dynamics simulation [19] [10]. Bond rotation
analysis is performed by selecting a single bond and rotating
through a particular angle 6. For bond rotation studies,
consider a single bond along circumferential direction and
allows bond rotation through 90°, then the nanotube property
changes. If the bond rotated nanotube variation is less
compared to default nanotube, then it is mechanically stable.
Such bond rotations usually elongate the tube and they are
called Stone Wales transformation [10]. A reduction in total
energy is expected in case of Gallium Nitride nanotube
implying its stability. Bond rotation is expected to cause
variation in electronic cloud around the nanotube and change
in density of states. When a bond rotation event occurs, there
is a deviation from ideal perfect nanotube and as obvious as it
seems there should be a reduction in transmission coefficients.

Electronic properties are analyzed based on band structure,
eigen states, density of states, electron density, total energy
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and transmission spectrum of the nanotubes. Gallium Nitride
nanotubes are inherently semiconducting. They are expected
to have high transmission coefficient at high energy values as
they are well known for high energy applications in bulk [20].
Eigen states are the orbitals whose eigen values correspond to
the energy levels. The occupied eigen states defines the
electron density of the system [21].

When compared with Carbon nanotubes, Gallium Nitride
nanotubes have discrete eigen states and electron density.
Density of states indirectly defines ability of conduction by
the device. Higher density of states implies good transmission.
Energy is calculated based on density functional theory where
the ingredients of total energy are external, electrostatic,
kinetic, exchange correlation and entropy terms. External
energy is due to any external voltage applied to the nanotube.
Exchange correlation energy includes the interaction between
electrons in a multi-electron system. Transmission process
through the nanotube is processed by the density of energy
levels in the channel [22].

4. GALLIUM NITRIDE NANOTUBE
TRANSISTOR

Transistors are the core devices of microelectronics and
Gallium Nitride nanotubes fulfill the basic criterion of a
transistor channel as all of them are semiconducting. The
essential feature of a well-designed transistor is that the gate is
much closer to the semiconducting channel, allowing it to
hold the channel potential constant despite the voltage on the
drain [21].

Moore’s law has been driving the designers to reduce the size
of transistors every now and then. After a limit, it has been
found various quantum mechanical effects had been affecting
the performance of transistors as devices started entering nano
regime. The transistors can no longer be applied with classical
physics concepts. When moving to such tiny dimensions,
quantum concepts are to be applied. Definitions of quantities
like resistance, current and conductance have to be seen
through a new perspective.

For one-dimensional devices, the conductance of a single
level gets defined as a function of density of states and the
conductance has been limited to a maximum value of 80 x10°°
Q? [23]. Density of states is determined by the number of
energy levels within a range of the Fermi level in the channel
of the device. When number of energy levels in these range
increases, the interaction of electron that would be present in
those levels and the complexity of computation increase. A
transistor with nanotubes as channels belongs to one-
dimensional devices.

To determine the current flow in nano transistor, equilibrium
energy level diagram should be used to calculate the
electrochemical potential (u) and the movement of electrons
when an external bias is applied. For the transistor to perform
properly, states either filled or empty should be available near
the electrochemical potential [21].

In equilibrium condition, source, drain and channel will have
same electrochemical potential. When a bias is applied, the
levels in source and drain split as pl and p2 depending on the
applied voltage.
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Fig 2. Structure of a nano-level transistor under external
bias

Source tries to fill the channel with electrons and drain tries to
empty it. Thus the current flows in the circuit. The escape rate
of source and drain are given as y1 and y2. The current flow
depends on the electrochemical potential of the terminals,
escape rate of electrons and external bias. The electrochemical
potential of the terminals define the number of electrons in
these terminals at any instant. The current can be calculated as
follows.

5. RESULTS AND DISCUSSION

The results of the work have been presented in this section.
Gallium Nitride nanotubes and Gallium Nitride nanotube
transistor are analyzed separately.

5.1. Gallium Nitride nanotubes

From the synthesis of single crystal Gallium Nitride
nanotubes, there has been a lot of research on this nanotube in
the search of profitable optoelectronic characteristics. Gallium
Nitride is a semiconductor both in bulk and nanotube form.

For simulation purpose, Carbon and Boron Nitride nanotubes
are chosen with a bond length of 1.42 A and Gallium Nitride
nanotube with bond length of 1.90 A. Local density
approximation method is used for exchange correlation
function.

Fig. 3 Gallium Nitride nanotube (5, 5) from Virtual
Nanolab software

Bond rotation effects can be seen in Gallium Nitride
nanotubes as reduction in total energy in Gallium Nitride
nanotube is higher compared to reduction in Boron Nitride
nanotube. Table 1 shows the change in total energy due to
bond rotation.
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Table 1: Energy change due to bond rotation

Total energy Total energy Energy

before after deviation
rotation (El) rotation (E2) AE=E1l-E2
ineV ineV (eV)

CNT -15795.38 -15784.73 11

BNNT -17715.02 -17703.15 12

GaN NT -24976 41 -24860.36 116

There is a random change in density of states of Gallium
Nitride nanotube after a bond rotation of 90° as shown in
figure 4.
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Fig 4. Density of states of Gallium Nitride nanotube before
and after bond rotation

The band structure shows all the nanotubes are
semiconducting. The band gaps of various GaN nanotubes are
shown in figure 5. For nanotubes of same number of atoms in
x-direction, the bandgap increases linearly with linear increase
in the number of atoms in the y-direction. As number of atoms
in the nanotube increases, the bandgap also increases.
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Fig 5. Band gaps of various Gallium Nitride nanotubes

Density of states is found in both sides of the Fermi level
predominantly on the positive side of the Fermi level.
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Fig 6. Density of states of (3,1), (3,2), (3,3) GaN nanotubes

Figure 6 shows the density of states of (3, 1), (3, 2) and (3,3)
configurations plotted. As it can be seen, the density of states
peaks for (3, 2) among the three configurations. (3,2)
nanotube has denser states but the distribution of states
follows similar pattern for all the three nanotubes.

Electron density profile can be obtained from the simulations.
It has been found that the density is discrete unlike Carbon
nanotubes, where the electron density is continuous.The
Fermi level of (n, 0) GaN nanotubes are the highest among all
the (n, m) GaN.

Gallium nitride nanotubes
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—&—fermi level (eV)
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Fig. 7 Radius, Fermi level, total energy and electrostatic
energy of various GaN nanotube configurations

Compared to Boron Nitride and Carbon nanotubes of same
configuration, Gallium Nitride nanotubes have higher energy
in most cases.
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Fig. 8 Comparison of total energy of various
configurations of Gallium Nitride, Boron Nitride and
Carbon nanotubes.
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5.2. Gallium Nitride nanotube transistor

In transistor simulation, we have considered a (5, 5) GaN
nanotube with regions around it defining the source, drain,
gate and dielectric. This simulation was performed to
understand how density of states, transmission spectrum and
electron density changes compared to nanotube itself
simulated on the same platform.

It has been found that density of states is higher in GaN
nanotube transistor compared to Carbon nanotube but less
than Boron Nitride nanotube transistor. The band structure of
the device was also semiconducting. There was not much
difference regarding electron density. The nanotube transistor
was simulated using quantum concepts of a one-dimensional
transistor [21] in MATLAB. The parameters for the design are
tabulated in the table 2.

The parameters are based on the simulations performed before
for Carbon nanotube transistors with a change in the density
of states, Fermi level and some parameters which belongs to
GaN nanotubes [21].

Table 2: List of parameters used for GaN nanotube
transistor modeling

S.No  Parameter Value

1. Configuration (n, m, c-direction)

2. Length 10x10%m

3. Width 1x 10%m

4. Thickness 1x10%m

5. Temperature 300K

6. Dielectric constant 4

7. Input voltage range 0-10V

8. Gate voltage 05V

9. Fermi level Based on nanotube

10. Density of states Based on nanotube

11. Lattice constant 1.76 x 10-'m

12. Bond length 090x 10-10m

13. Escape velocity 1x 107 ms1

14. Electrochemical potential 0.9 (palladium)
(contacts)

15. Effective mass 025

As it can be seen in figure 6, the density of states in Gallium
Nitride nanotubes is entirely random compared to density of
states of Carbon nanotubes.
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Fig 9. Current versus drain voltage of GaN nanotube

transistor
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Figure 9 shows the current-voltage plot obtained from the
model. The saturation current value is 12 x 10 A which is
good compared to previously designed Carbon nanotube
transistor (FETTOY) which gave a current of 30 x 10° A [24].
The variations in the transition region of current are due to
unevenly distributed density of states of Gallium Nitride
nanotubes.
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Fig 10. Current versus drain voltage of GaN nanotube
transistor with (7, 0) to (7, 4) GaN nanotube channels

The variations in the transition region of current in transistors
made from (7, 0) to (7, 4) GaN nanotubes as shown in figure
10 are consistent with FET characteristics.

6. CONCLUSION

In this work, we have evaluated Gallium Nitride nanotubes for
its efficiency as a transistor channel. The band gaps are 2.5 —
3.5 eV for the nanotubes of radius less than 6 A. Fermi
function is highest for armchair configuration which decides
the number of electrons. It can be inferred that (n, n-1) GaN
nanotubes have higher density of states compared to all (n, m)
GaN nanotubes with similar distribution of states. It has been
found from simulation studies that the energy of (n, n-1) GaN
nanotubes are higher compared to all (n, m) GaN nanotubes
and can be declared as most stable among all (n, m)
nanotubes. GaN nanotube transistor exhibited characteristics
similar to conventional field effect transistor with a mild
variations corresponding to bizarre density of states in the
GaN nanotubes. GaN nanotube is designed using the same
procedure as that of Carbon nanotubes. Palladium contacts
had been used for simulation, as materials with lower work
function can be used.
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