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Abstract: Interest in the field of carbon nanotubes is due to unique physical properties and to
significant prospects for applied applications. In this review, the quantum nanostructures with
outstanding electrical properties are studied on electron emission performance optimization of
carbon nanotubes with the factors affecting aligning as mechanical elasticity in bending related to
electronic structure. The phenomenon of field emission producing current when an electric field is
applied to a conductor is also discussed. The carbon nanotubes applications in nanotechnology are
clarified in this work and it can be metallic or semiconductor depending on diameter and chirality
with high emission and conductivity properties to create electronic devices.
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1. Introduction

Comparatively new and unusual forms of carbon existence are fullerenes and nanotubes.
Fullerenes were discovered in 1985 as an impurity in soot-shaped products. In a vacuum or in an
inert gas atmosphere, the nuclei of the shells can interact with each other, forming a closed spherical
surface of fullerene [1].
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After 6 years the discovery of fullerenes a carbon nanotube is discovered by Sumio Yijima, as an
employee of the Japanese corporation NEC in 1991[2], the existence of related extended structures,
which are cylindrical particles formed from one or several layers, was established. Such particles,
called carbon nanotubes, are formed in an electric arc with graphite electrodes in the presence of a
buffer gas and under favorable conditions. The idealized structure of a typical single-walled
nanotube is shown in Fig.1 [3]

Fig.1. Idealized nanotube model [3].

The diameter of a typical single-walled nanotube ranges from 0.5nm to several nanometers,
somewhat greater than the diameter of the fullerene C60 molecule [1].

The cylindrical surface of the nanotube is lined at the vertices of which are carbon atoms. At the
ends of the nanotubes, as the layers increase, forming loops and other complex structures with
extended shapes. Multilayer nanotubes differ from single-layer by a wider variety of shapes and
configurations. There can be structures like a scroll [4].

The nanotube is a surface structure, and its entire mass lies in the surface of the layers.
Therefore, nanotubes have an abnormally high specific surface, which determines the characteristics
of their sorption and electrochemical characteristics. The distance between the layers in a multi-
layered carbon nanotube (3.4nm) is sufficient for a certain amount of substance to be placed inside
the tube. If the tubes are folded relative to different directions, then CNTs can be obtained with a
fundamentally different structure and physical properties. The mutual orientation of the hexagonal
grid and the nanotube axis is determined by the main characteristic of the nanotube, which is called
chirality [3].

The study of carbon nanotubes is of considerable fundamental and applied interest.
Fundamental interest is due to the unusual structure of nanotubes and the wide variation in their
physicochemical properties. The mechanisms growth of carbon nanotubes in various experimental
conditions, the nature of their properties, the applied use of carbon nanotubes depends on the cost of
their production. Nevertheless, such properties of nanotubes as subminiature sizes, semiconductor
and metallic properties, good electrical conductivity, high emission characteristics, capillarity, and
high chemical stability, make it possible to hope for the effective use of nanotubes in measuring
equipment, electronics, and Nano-electronics [4].

The carbon atoms of each layer are located against the centers of the hexagons located in the
adjacent layers. Each layer is shifted relative to the other in the horizontal direction. It is possible to
describe the most easily spaced carbon nanotube (CNT) with the help of the vector, which connects
the two atoms on the graph sheet. The cylinder is obtained by rolling this leaf in such a way that the
beginning and end of such vectors will move together. This vector can be expressed through the vital
vectors of the elementary cell of the sheet C = na_1+ ma_2, where n and m are integers and al and
a2 are the lattice vectors of grapheme, with it being assumed that n > m. Each pair of numbers (n,m)
represents the potential structure of the nanotube. The symmetric tubes “zigzag” and “armchair” are
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presented by vectors (n,0) and (n,n) correspondingly. The nanotubes can be both current conductors
and dielectrics can be used in many areas of electronics science and technology [5].

This work focuses on properties for carbon nanotubes that are an attractive object of basic
science and broad prospects for applied development use in electronic and communication devices.

2. Physical properties of carbon nanotubes
2.1.  Mechanical properties of nanotubes

Nanotubes have an abnormally high tensile, bending, and torsional strength [6]. The
mechanical stress S in a tube is defined as the ratio of the load W to the cross section of tube A where
stress S = W/A.The relative deformation € is defined as the ratio of the elongation AL of the tube to
its length L before loading: € = AL / L. According to Hooke’s law, the stress S is proportional to
the relative deformation: S = Ee. The proportionality coefficient E = LW / AAL is called Young's
modulus and is a property of a particular material that characterizes its elasticity. The greater the
value of Young's modulus, the more material is malleable. The Young's modulus of carbon
nanotubes ranges from 1.28 to 1.8TPa, while the Young's modulus of steel is almost 10 times smaller
(0.21TPa). This implies that the carbon nanotube is very tough and difficult to bend. However, this is
not so because the nanotubes are very thin. Deviation of an empty cylindrical rod of length L,
inner radius ri and outer radius r0 under the action of the force F applied to its end, the normal axis is
given by the expression: D = FL3/3EI [7], where I = m (r§ — r{")/4 is the moment of inertia of the
rod section. Since the wall thickness of a single-layer nanotube is -0.34nm, the value of r§ — rf
is very small [8], which compensates for the large value of Young's modulus. (Fig.2.a and b) shows
the Carbon nanotubes at elastic in bending and without.

Fig.2: The optimized bent tube a) at bending angle b) without bending angle [8].

Carbon nanotubes are very elastic in bending. They do not break and can straighten without
damage, because they have few structural defects (dislocations, grain boundaries). In addition, the
carbon rings of the walls in the form of regular hexagons change their structure during bending. The
tensile strength characterizes the stress required to break. The tensile strength of a single-layer
carbon nanotube is 45GPa, while for steel it is 2GPa. Multilayer nanotubes also have better
mechanical properties than steel, but they are smaller than single-walled nanotubes. For example, a
multilayer nanotube with a diameter of 200nm has a tensile strength of 7GPa and Young's modulus
of 0.6TPa [9].

Table 1 shows the main mechanical characteristics of single-walled carbon nanotubes in
comparison with known materials [10].
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Table 1: Mechanical characteristics

Material Elastic moduli GPa | Resistance to break gPa | Density (g /cm?)
Single layer carbon nanotube 1210 65.0 1.4
Graphite kernel 152 2.1 1.6
Titanium 103 0.9 4.5
Aluminum 69 0.5 2.7
Steel 207 0.8 7.8

The difference lies in the chirality vector, which in turn exhibits different mechanical properties
of the carbon nanotubes have very good mechanical properties, because the carbon nanotubes are
extremely elastic, can be bent over large angles due to its hollow capillary characteristics, their
Young's modulus and tensile strength is hundreds of times stronger than that of steel wires, graphite
kernel, titanium, and the aluminium but their weight is extremely light, and they have both metal
properties and semiconductor properties. The Young's modulus is 1210 GPa for a single-walled
carbon nanotube, which is about more than 5 times that of steel. The density is only 1/6 of that of
steel and makes the tensile strength is very high. The composite material can exhibit good strength,
elasticity, and break resistance. The composite material is made of other engineering materials and
carbon nanotubes, which greatly improves the performance of the composite material.

Carbon nanotubes have the hardness but have good flexibility and can be stretched. The strength
factor is determining the ratio of length to diameter, which gives an ideal high-strength fiber of
carbon nanotubes referred to as super fibers.

2.2.  Electronic field emission.

In terms of electrical properties, the single-walled CNTs can exhibit semiconductor or metal
properties and this depends on the way they are convolved. The phenomenon of field emission
occurs when an external electric field is applied to a conductor. As a result of this effect, conduction
electrons, originally located in a rectangular potential well [11], have the possibility of going beyond
the conductor due to quantum tunneling.

Traditionally it is believed that the source of field emission is the top of the nanotube, in the
vicinity of which the field strength is maximum. However, recent studies have shown that the lateral
surface of nanotubes serves as a good source of field emission. At certain orientations of the
nanotube with respect to the direction of the electric field, the contribution of emission from the side
surface to the total current of field emission can be decisive, since the area of the side surface
significantly exceeds the surface area of the top, the electron work function for single-walled
nanotubes is ~ 4-5eV, for multilayer ~ 0.2-7eV [12].

Fig.3 shows the current-voltage characteristics of emitters obtained with different orientations of
nanotubes relative to the substrate [13]. The threshold value of the electric field strength was
determined by a minimum emission current as the value of the emission current density of ImA/cm -
2 required for the operation of flat-panel displays is achieved at electric field strengths (E) of 4.2, 6
and 6.8V/cm for the three orientations as: parallel to the substrate plane, at an angle of 45°, and
perpendicular to the substrate plane, respectively.
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It turned out that due to their specific structure, nanotubes have emission properties, in particular
field emission. The threshold tensions for them turned out to be an order of magnitude smaller than
the typical metal dioxide cathodes used now.
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Fig.3: The current-voltage characteristics of emitters with different orientations [13].

Field emission is described by the Fowler-Norgeim formula[14] :

J = E*exp () &)

3 8smV2m 3 1
G = 81rhte(y)2<p G2 = Zhem 0200,y = e(eE) 12/¢ 2

Where J: the emission current density on the electric field strength E. The parameters C1 and C2 are
expressed through the magnitude of the basic constants are charge (e) , mass m of the electron, the
Plank constant (h), electron work function (¢) of the conductor where 6 is the tilting angle of the
nanotube and the temperature effect t. At tensions of the order of 10 6 -10 7 VV/m, the current density
begins to increase.

2.3.  The conductivity of carbon nanotubes.

Large mechanical stresses arise, which leads to a distortion of the electronic structure. There
are not very many atoms in a nanotube (with chirality = 1 hundred atoms), it is not energy zones that
are formed, but separate states. The overlap of free states is described by the formula: m-n =3q (the
difference of the numbers of chirality, a multiple of three).

Measuring the conductivity of individual nanotubes is a rather difficult task. It is necessary to
use an atomic force microscope, and it turns out that the resistance of metallic nanotubes is ~1—
10kQ. This resistance corresponds to the ballistic mechanism of charge transfer, in which the
electron overcomes a piece of tube of approximately 1um without scattering, as it occurs in a
vacuum. The conductivity of nanotubes depends not only on chirality but also on structural defects
and the presence of attached radicals (OH, CO, etc.)[15]. In addition, the conductivity of the
nanotube is extremely sensitive to the degree of bending. For example, the conductivity of a straight-
line portion of a single-walled nanotube, which does not experience an external load, at room
temperature is ~100uS, which corresponds to a resistance of 10kQ2. As a result of the bending of a
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nanotube at an angle of 105°, its conductivity decreases by a factor of 100, reaching a value of ~1puS.
The study of the temperature (T) dependence of the conductivity of the bent portion of the nanotube
made it possible to establish that the electron tunnels through the bend site (Fig.4)[16]. Therefore,
bending the tube, you can create a tunnel junction in it and devices based on it. These dependencies
are usually modeled by a power function, because of the absence of dependences reliable data on the
temperature of transport coefficients:

T ¢4
R(D) = Ro () 3)
Where: Ry is the resistance at T = Ty, and a is the fitting parameter. A similar approach is used for
representing the temperature dependence of the thermal conductivity coefficient.
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Fig.4. Results of the solution of the electrical conduction, (a) I-V characteristics of Fowler-
Nordheim a carbon nanotube 5 nm in radius and 1.6mm in length and b) Dependences of the
emission current I_max on the ratio R/A, where the A thermal conductivity[16].

Fig.4.a calculated for various model temperature dependences of transport coefficients: 1:
experiment; 2: o=4; 3: a=—1; 4: 0=0; 5: a=0; the thermal conductivity A=constant; 6: a =1. The inset
presents an enlarged part of the current-voltage characteristics. The Fig.4.b calculated for various
model temperature dependences of transport coefficients: 1: a =0, A=constant; 2: a=4; 3: o=—1; 4:
0=0; and 5: o=1.

If a nanotube has semiconductor properties, it is concentrated in barriers located approximately
every 100nm along the length of the nanotube. Then its resistance is tens of MegaOhms, and it is not
distributed evenly along the length, like a normal conductor, but according to the experimental data
obtained [17], the resistance of a multilayer nanotube with good accuracy is described by the relation;

R=2 @

d?

Where: p =700 Q / cm is the resistivity of the nanotube; L is the length of the nanotube and d is the
diameter of the nanotube. This resistance behavior indicates the nonballistic nature of charge
transfer[18]. Therefore, a multilayer nanotube is a two-dimensional conductor of length L and

thicknessd.
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3. Carbon nanotubes application in nanotechnology.
3.1. Nanomechanisms and Nanomachines

After cutting off several layers from one of the ends of a multi-layered CNT, the inner
nanotubes can slide back and forth with very little friction. That is what is required for the
mechanical parts of nanoscale mechanisms [19].

The experiments also demonstrated that the van der Waals forces, which attract all neutral
atoms to each other, force the internal nanotubes to retract back into the shell (Fig.5). It is
theoretically shown that after the inner tubes (“core") is stretched and released, they will be pulled
inward and having passed through the shell from the outer tubes, will come out from the other
side[20]. Low friction between the tubes by the force of attraction is no more than 10 -10 N. The gear
train is a carbon nanotube with a diameter of 1 to 10 nanometers. Benzene molecules (like teeth)
attach to a carbon nanotube, forming a gear that operates at gigahertz frequencies Fig.6.

Fig.5. Shell retract back by force the Fig.6 Benzene molecules (like teeth) attach
internal nanotubes which attract all neutral to a carbon nanotube [20].
atoms to each other [20].

Theoretical studies of the structure and operating conditions of nanomachines show that gears
based on carbon nanotubes are very strong and can function even when slipping in conditions where
the conventional gear does not work. Based on the results of computer simulations, scientists have
concluded that nano-transmission or other nanomachines in the future can be used to control the
power of laser radiation or control external electric fields[21].

3.2.  Carbon nanotubes in electronics
3.2.1. Electronic devices on nanotubes

Interconnects today, electrical connections inside chips are provided with the finest copper
contacts. Chip manufacturing has come to the limit of further reducing the electrical conductors
connecting the various components of a single silicon chip. Currently, electron-beam lithography
allows you to create lines 50nm wide and several nm thick. Due to the reduction in the size of
transistors and the increase in their number, problems arise with a high density of electric current
which must pass through increasingly thin conductors. Therefore, single-layer nanotubes 0.6-1.8nm
in diameter (1.4nm typical) grown on a silicon substrate can serve as interconnecting conductors in
microchips [22].

In addition to miniature sizes, carbon nanotubes are more thermally resistant up to -2800°C in a
vacuum and up to 750C° in the air than metal wires in microcircuits that melt at 600-1000°C. The
thermal conductivity of nanotubes is up to 6000W/m-K, which exceeds the thermal conductivity of
diamond (3320W/m-K).
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The record of electron mobility in carbon nanotubes at room temperature is 100,000
cm 2/V-s. This mobility value is 23% higher than the mobility value in InSb (77000 cm 2/V-s); 70
times higher than silicon (1500 cm 2/V-s). Carbon nanotubes with such high mobility can be used to
make faster transistors.

At present, prototypes of field-effect transistors based on a single nanotube have been created
(Fig.7): upon application of a blocking voltage of several volts, the conductivity of single-layer
nanotubes changes by 5 orders of magnitude. The bandgap of semiconductor nanotubes depends on
the diameter of the nanotube and varies in the range of 0.7-1.1 eV[23] .

When creating an LED-based on nanotubes, a three-pole configuration of a field-effect
transistor was implemented using a SiO2 substrate as the base (Fig.8) [24]. The photon is emitted
during the recombination of current carriers with opposite charges: electrons and holes. The electrons
and holes are injected into the nanotube in the area of contact with the metallic conductor of the
emitter and collector by creating a Schottky barrier, therefore, the contact potential difference of the
corresponding sign.
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Fig.7 High electron mobility in CNT to Fig.8 Three-pole of field-effect transistor
make faster transistors based on nanotubes.

The nanotube has finite dimensions; therefore, the levels at which electrons can be located in it
are discrete, and the possibility of conduction is determined by electron tunneling. The position of
these states can be controlled by the field allocated on the substrate, and thus determine the
conductivity. The splitting of the levels depends on the size of the nanotube. If the nanotube is about
1 micron in size, then 1-10 pV, the temperature is 1-10 K. If the size of the nanotube is about 1-10
nm, then 1-10 mV, and it is possible to work at room temperature [25].

3.2.2. Displays and lighting devices on nanotubes

Nanotubes are capable of significant electron emission, 1-2 orders of magnitude smaller than
traditional emitters (10°-10°v/ m). Nanotube displays combine the advantages of LCD displays and
CRT screens [26].

A phosphor is applied to the anode, which glows when electrons are bombarded. If we place
the grid close enough (modern technologies allow us to do this at 1..10 nm), we can form an image
by controlling the voltage on the grid. In this way, we can have the glow of the phosphor without
limiting the viewing angle, as in CRT screens, and controlling the emitter, as in LCD displays. They
have a fairly low field, causing emission, which allows for tens of volts to cause emission. The Light
is determined by phosphors are red, blue, and green. Red - Y203 : Eu Green - ZnS: Cu Blue - ZnS:
Ag, Cl. But in Lighting fixtures, the idea is the same, but there is some struggle to cover as large a
surface as possible with phosphor, which will entail a greater distance and more voltage [27].

One of the manufactured samples had the following characteristics: 50 mm in length and 42 mm in
diameter; 5.4kV supply voltage, wire diameter 1mm, made of iron, aluminum and chromium, the

214



A Review of Carbon Nanotubes Electrical Properties for Future Ali J. Ghaffoori; Wameedh R. Abdul-Adheem
Nanotechnology Applications

output of the nanotubes was about 5 eV, which is comparable to typical emitters, and the gain relative
to the Fowler-Norgeim formula is about 23000. The current density on the anode - 0.06 A/cm, which
gives a brightness of 10,000 cd/m? (comparable to modern fluorescent lamps). Such a lamp can be
used to illuminate the TV [28].

Flat displays are considered one of the promising areas for the use of carbon nanotubes (CNTSs).
Their work is based on the ability of CNT to emit electrons when exposed to an electric field (due to
the quantum-mechanical effect of tunneling through a potential barrier). In this case, the CNTs
actually perform the function of a cathode ray tube of conventional monitors [29].

A group of researchers from Northeastern University (Northeastern University, Boston, USA)

under the guidance of Professor Yun Jun (Yung Jung) proposed an original approach to the design of
displays from CNT. They manufactured large arrays of vertical (perpendicular to the substrate) CNTs
in a dimethylsiloxane polymer matrix by chemical gas-phase deposition. In this case, the CNTSs are
grouped into regularly arranged “columns” with a diameter of 0.5mm and a height of 0.1mm each.
Such a composite "polymer / CNT" is easily separated from the substrate after polymerization. All
CNTs retain their excellent emission characteristics, and the gain (the ratio of the electric field
strength at the edge of the “column” to the external field strength) reaches 10,000. This property will
allow in the near future to produce flexible displays that can literally be rolled up into a tube.
In order to obtain an image using field emission, a phosphor is fixed on the anode[30]. For example,
when used as a phosphor zinc sulfide with the addition of copper and aluminum, there is a green
glow, and with the addition of silver-blue. The red color is obtained using europium-doped yttrium
oxide (Fig.9). Color panels and carbon nanotube displays made in this way can have high mechanical
strength, high brightness up to 8000 cd /m? , viewing angle up to 160°, high speed and the ability to
work continuously for thousands of hours [31].
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Fig.9. Diagram of the display based on CNT [31].

3.2.3. CNT lithography

Carbon nanotubes can be wused as probes for atomic force microscopy (AFM)
(Fig.10)[32]. Such probes for AFM can be used to create nano-patterns for nanolithography or for
surface etching in the production of semiconductor chips. Thus, the CNT probe is used as a nano-
forceps to remove atoms from the surface.

In etching mode, the nano-probe slightly touches the surface and selectively removes atoms
from the surface. In the identification mode, the CNT probe presses against the surface to make
nanholes[33]. Branched grids in biological dendritic neural trees provide signal switching and
processes at branch points.

In Fig.11 a model of a 4-level neural tree made of 14 carbon nanotubes connected by a Y -junction
is considered. At each branch level, the Y-junction is shown in one color[34].
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Fig.: 10. (AFM) probes of the carbon Fig.11. Model of neural tree based Y-tube
nanotubes. connections.

3.3.  Cold carbon nanotube cathodes
Auto electronic cathodes in nanotubes have obvious advantages - negligible height variation (10nm),
uniform current collection over the surface[35], high emission current density (up to 1A/cm?), the
ability to vary the cathode geometry, a record low work function (1eV). Power consumption with
performance comparable to those of a 100watt incandescent lamp is only 25 watts. Metal nanotubes
activate the phosphor at 1-3V/um, while molybdenum filaments at 50-100V/um.

Fig.12. Schematic depicts the experimental setup for detecting nanotube field emission source,
and collector plate are housed in a vacuum chamber at 1026torr. The prepared surfaces were brought
into contact with a 50% transmitting copper grid and then withdrawn by 10-100mm from the grid by
using a precision micrometer. By the bias towards the grid were caused accelerated the electrons field
emitted from the sample surface. current | detected by using an electrometer as half of the total
emitted electrons passed through the grid and were collected onto a plate. the voltage bias could be
ramped in 70mV , the temperature at T=5300K under control and the emission characteristics are for
a cold-cathode configuration[36].
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Fig.12. Schematic of the carbon nanotube field emission with emission current transmitted
detected by electrometer through the acceleration grid [36].

3.4.  Fuel cells based on carbon nanotubes

Carbon nanotubes can be used in the manufacture of batteries. Lithium, which is the carrier of
charge in some batteries, can be placed inside the nanotubes. It is estimated that you can place one
lithium atom for every six carbon atoms. Another possible use of nanotubes is hydrogen storage in

them, which can be used in the design of fuel cells as sources of electrical energy.
The method of filling carbon nanotubes with hydrogen consists in using an electrochemical cell
(Fig.13)[37]. Multi-walled nanotubes in the form of a sheet of paper make up the negative electrode
in the H,O electrolyte solution. The other electrode consists of Ni (HO),. Oxidation of hydrogen
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molecules takes place at the anode to produce protons and electrons, where the electrolyte water
decomposes with the formation of hydrogen ions (H") moving to the negative electrode of the
nanotubes. The presence of hydrogen bound in nanotubes is determined by the decrease in the
intensity of Raman scattering. To operate such a fuel cell, a carbon nanotube must absorb 6.5% of
hydrogen by weight. At present, only 4% hydrogen by weight has been put in the nanotube.

Load
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Fig.13: The multi-walled carbon nanotubes used as platinum support for proton exchange
membrane fuel cells have been investigated as increased utilization of platinum a way to reduce
the cost of fuel cells [37].

3.5. Carbon nanotube biosensors

Biosensors allow you to quickly and with high selectivity to carry out an automated analysis of
complex objects, determining glucose, cholesterol, urea, amino acids, and other substances, the
content of which can vary from 0.05ug /I to Img /1.

Fig. 15 shown the biosensor on an individual single-layer carbon nanotube allows you to
control the pH up to 0.1 (Fig.14)[38]. Immobilization of Glucose Oxidase (GOx) significantly
reduced the conductivity of single-layer CNT. CNT coated with GOX, in contrast to the initial ones,
turned out to be very sensitive to pH in the range of 4-5.5. At pH=5.5, their conductivity increases
significantly, and the changes in conductivity are reversible. It also turned out that GOx-coated
semiconductor CNTs are sensitive to BD-glucose — when added to a solution, their conductivity
increases.

The part of the construction task for a structural model of a carbon nanotube with metallic and
semiconductor properties with given chirality indices (n, m). The cylindrical carbon nanotubes are so
thin that 50,000 of these nanotubes, stacked in a row, hardly reach the thickness of a human hair. Due
to its unique properties, nanotubes can be an effective means of delivering a wide variety of
therapeutic agents to patient cells. However, the insufficient amount of data on what happens to
nanotubes after they have become detached from their “load” has been the main obstacle in their use
up to now [39].

Researchers from Stanford University (Stanford University) (USA) traced what happens to the
nanotubes after their introduction into the body of the mouse. The results of the study were published
in the journal PNAS (Proceedings of the National Academy of Sciences). The study eliminates the
possibility that the nanotubes can be toxic to the body while remaining in the tissues for a long
time[40] .

By modulating the structure of nanotubes, one can change the duration of their persistence in
the bloodstream, according to researchers. The best results were obtained when nanotubes were
coated with polyethylene glycol (PEG) as shown in Fig.15[41]. The branched form of the polymer

217



Journal of Al Rafidain University College Issue No. 45/ 2019

was used, which proved to be more effective than the unbranched. PEG coated nanotubes are
biologically inert and do not react with molecules of the extracellular matrix and the cytoplasm of
cells. They also have a high solubility in water, which contributes to their long-term (up to 10 hours)
circulation in the bloodstream[42].

(ilucose oxidese g

Semiconducting SWNT

Polyethylene glycol

Fig. 14: The biosensor on an individual Fig.15: Carbon nanotube coated with
single-layer carbon nanotube [38]. polyethylene glycol[41].

3.6. Carbon nanotube antenna oscillator

An antenna has been created in Boston College that can detect optical radiation in the same
way that ordinary antennas catch radio waves. An antenna is a surface covered with a kind of
nanoscale of short carbon nanotubes. Under the action of light waves, electrons in nanotubes begin to
oscillate, generating a super high-frequency electric current. The developers believe that such devices
can form the basis of optical television, and also serve to convert sunlight into electricity[43].
Antenna-oscillator - the creation of a new generation of antennas for the transfer of huge amounts of
information. Further research is aimed at creating oscillators for telecommunications as an oscillator
antenna with a size of about 1 micron was obtained in the laboratory of the University of Boston.
This device has 50 million atoms and can oscillate with a frequency of 1.49GHz. This will allow
transferring large amounts of information with it [44].

In everyday life, we regularly come across the usual antennas used to receive or transmit
television and radio signals. It is known that the same idea of receiving electromagnetic waves can
also be used for optical radiation, but in this case, the geometric dimensions of the antenna will have
to be reduced to nano-scales. Nano-antennas are characterized by so-called plasmon modes, which
can be tuned to resonance with optical transitions in molecules located in the immediate vicinity of
the antennas. It is the tuning for these modes that ensures the connection of photons emitted by the
antenna and neighbouring molecules.

Television and radio antennas are easily tuned, which makes it possible to receive or emit
electromagnetic waves from a specific spectral range. For a wide practical application of nano-
antennas, the same capabilities are needed. Unfortunately, compared to conventional antennas, nano-
antennas working with optical waves are difficult to configure.

It seems that a group of scientists from Harvard University (USA) has found a worthy solution
to this problem. Scientists have shown that the resonant frequency of a nano-antenna constructed
according to a specific scheme and containing graphene can be tuned within the middle IR region of
the electromagnetic spectrum by applying external voltage. The nano-antenna designed for our CNT
based nano IR detectors as depicted in Fig.16. It consists of two symmetric thin metal wires which
are separated by a nanometric gap[45].

As experiments conducted by scientists have shown, the gate voltage applied to graphene
allows changing the concentration of free charge carriers in the material (electrons and conduction
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holes), thus affecting the conductivity and optical constants of the material. Therefore, a small
fragment of graphene, located in the nano space of an optical antenna, acts as a tunable element of
the circuit, allowing you to control the resonant frequency of the entire system. The main feature of
the material is that it allows you to tune the antenna in a wide spectral range.

As part of the experiment, an array of nanoantennas containing graphene was built by scientists
on a silicon substrate equipped with a thin layer of silicon oxide as insulation as in Fig.17[46].

The scientists themselves believe that the nanoantennas proposed by them may in the future
find application in a wide variety of fields, from the construction of various sensors to the
development of new optoelectronic devices. At the moment, the research team is looking for a new
structure that would allow them to expand the range of settings for nanodevices. At the same time,
studies of the behavior of meta-surfaces, which are arrays of hundreds of similar nanoantennas, are
being conducted.

atenna...___

prylene~.
L _\"/
microed ectrode- / /
qatze. . |/
Ta
Fig.16: Schematic structure based a Fig.17: Array of nano-antennas a) An Si
nanoscale antenna of CNT [45]. substrate b) A graphene and metal contains.

Rectifiers located

Fig.18: The scheme rectenna (rectifying antenna) as multi-layered carbon
nanotubes and rectifier diodes [47].

Scientists at technology have developed a technology capable of capturing light and converting
it into electrical energy. The rectenna (rectifying antenna) created not on its basis consists of multi-
layered carbon nanotubes and rectifier diodes. When solar, or light from any other source gets to the
antenna from the nanotubes, an alternating current arises in it, and the rectifiers located on it
switching to ultrahigh frequencies convert the alternating current to direct current. To do this,
researchers had to create an array of billions of carbon nanotubes located on a silicon substrate
formed using plasma - chemical processes [47]. Each nanotube is an alumina insulator. The anode is
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an optically transparent layer of calcium and aluminium, which covers the entire array, as shown in
Fig.18.

4. Conclusion

The unusual properties dimension measurements of biomolecules are illustrated of the
nanotubes, and more studied applications in nanoelectronic fields are provided to proposed and
analyzed. The use of nanotechnology in solving environmental problems of the future nano practical
industry and materials science. Nanotubes come in very different shapes: single-layer and multi-
layered, straight and spiral. In addition, they demonstrate a whole range of unexpected electrical,
magnetic and optical properties such as displays combine the advantages of LCD displays and CRT
screens based on modern fluorescent lamps. Prospects for the use of nanotechnology in the medicine
biosensor, which with the same volume can be ten times stronger than biological ones, they are not
afraid of high temperatures, vacuum and many chemical reagents as new bactericidal, antiviral agents
and creation of nanorobots doctors. Then analyzed the direction of development of electrochemical
sensors manufactured by these methods. They are creating smart materials that can change their
structure depending on the environment depending value of Young's modulus for elastic in
mechanical bending as a creation of a new generation of antennas for the transfer of huge amounts
information and the development possibility of nanoparticles.
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