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We present theoretical framework investigations of the influence of temperature variation on the electrical

conductivity of zigzag carbon nanotubes (CNTs) under the applied homogeneous axial dc field. This study was

done semiclassically by solving Boltzmann transport equation to derive the current density of zigzag CNT as a

function of homogenous axial dc field and temperature. Plots of the normalized current density versus homoge-

neous dc field applied along the axis of semiconducting zigzag CNTs as room temperature increases from 293 to

299 K revealed a significant increase in electrical conductivity, whereas in metallic zigzag CNTs, almost con-

stant or a negligible decrease in electrical conductivity is observed. The study predicts semiconducting zigzag

CNT as a potential material for temperature sensors since it exhibits a faster response and a substantially higher

sensitivity to room temperature changes than the metallic counterpart. The electrical conductivity of metallic

zigzag CNTs increases immensely as the temperature is reduced to a very low value which could probably lead

to a potential superconductivity property that usually occurs at very low temperatures. These potential tempera-

ture sensors and superconductors of nanomaterial have vast applications in current-day science and technology.
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Introduction

Carbon nanotubes (CNTs) which are allotropes of car-
bon can behave like metals or semiconductors depending
on the twist of the tubes [1, 2]. Zigzag (n, 0) carbon nano-
tube is metallic or conducting if the integer # is a multiple
of 3 or else a semiconductor [3]. Much progress has been
made recently showing that carbon nanotubes are advanced
quasi-1D materials for future high-performance electronics
[4-6]. These quasi-1D nanostructural materials have a
wide variety of possible applications [7—13].

There are several reports on negative differential con-
ductivity (NDC) in CNTs where room temperature which
is the ambient temperature that is suitable for human occu-
pancy and at which laboratory experiments are usually
performed is assumed to be constant throughout the study
in each report [14—17]. In reality, room temperature varies

from one climatic region to another, one day to another and
even within a day. We are therefore reporting the influence
of temperature variation on the electrical conductivity of
zigzag CNTs which to the best of our knowledge is lim-
ited. Thus, in this paper, we present theoretical framework
investigations of the influence of temperature variation on
the electrical conductivity of semiconducting and metallic
zigzag carbon nanotubes under applied homogeneous axial
dc field using the semiclassical Boltzmann’s transport
equation to derive current density. We probe the behavior
of the electric current density of the CNTs as a function of
the applied homogeneous axial dc field as room tempera-
ture varies from 293 to 299 K especially in semiconducting
zigzag carbon nanotubes. We further studied the immense
increase of electrical conductivity of metallic zigzag car-
bon nanotube as the temperature is reduced to a very low
value.
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Theory

Suppose an undoped single-walled zigzag (n, 0) CNT
exposed to a homogeneous axial dc field E, given by

E. =—, (1)

where V' is the voltage between the CNT ends and L is the
length of the nanotube. For a CNT, the energy level spac-
ing Ae is given byAe=nhV, /L [14], i=h/2n, h is
Planck constant, V' is Fermi velocity. The investigation
is done within the semiclassical approximation in which
the motion of the m-electrons are considered as the classical
motion of free quasiparticles in the field of the crystalline
lattice with dispersion law extracted from the quantum
theory [14].

Taking into account the hexagonal crystalline structure
of a rolled graphene in a form of CNTs and using the tight
binding approximation, the energy for zigzag carbon nano-
tube ( CNT) is expressed as in (2) [18],

e(sApy, p.)s(P.) == %7, {1 +4 cos (ap,) cos (%sAp¢)

i
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where a is the lattice constant of the CNT, y, 3.0 eV is
the overlapping integral, p. is the axial component of
quasimomentum, Ap, is transverse quasimomentum level
spacing and s is an integer. The expression for lattice con-
stant ¢ in Eq. (2) is given by

3a
a=—", 3
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where a,_. =0.142 nm is the C—C bond length.

The “—” and “+” signs correspond to the valence and con-
duction bands, respectively. Due to the transverse quantiza-
tion of the quasimomentum p, its transverse component p,
can take n discrete values [14],

/3
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Unlike transverse quasimomentum, p,, the axial quasimo-
mentum p, is assumed to vary continuously within the
range 0 < p, <2n/a, which corresponds to the model of in-
finitely long CNT (L = o). This model is applicable to the
case under consideration because we are restricted to tempe-
ratures and/or voltages well above the level spacing [14, 19],
i.e., kp >¢,, Ag, where kj is Boltzmann constant, €, is the
charging energy and T is the absolute temperature.

Considering the motion of quasiparticles in an external
axial electric field is described by the Boltzmann kinetic
equation is given by [14, 19]:

-olf(p,0)— fo(P)],
Q)

where f,(p) is equilibrium Fermi distribution function,
f(p,t) is the distribution function, v, is the quasiparticle
group velocity along the z axis of carbon nanotube, v is the
frequency, ¢ is time taken, and e is the charge of the propa-
gating electrons. The relaxation term t given as v=1/1 of
Eq. (5) describes the electron-phonon scattering, electron-
electron collisions, etc. Using the method originally develop-
ed in the theory of quantum semiconductor superlattices [14],
an exact solution of Eq. (5) can be constructed without as-
suming a weak electric field. Expanding the distribution
functions of interest in Fourier series as

SO, FPD) T 2D
ot ooz 0

z

(1) =0py Y. 8(py—5Apy) Y [Py, (1), (6)
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fo(p) = qu)z 3(py —sApy) Z fs€ P2, (7
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where 8( Py —sAp¢) is the Dirac delta function, f,, is the
coefficients of the Fourier series and y, (¢) is the factor by
which the Fourier transform of the nonequilibrium distri-
bution function differs from its equilibrium distribution
counterpart. Substituting Eqgs. (6) and (7) into Eq. (5), the
below expression is obtained

awa()+(learE + Oy, (£) = v. (8)

Solving the homogeneous differential equation correspond-
ing to Eq. (8), we obtain
Vi
v, (0= (ohiracE,)’ (€))

vh+iraek, )

The expression for the coefficients f,, of Egs. (6) and (7)
is found to be

2nia exp (—iarp.)
S = Z dp, (10)
ZnAp(b -([ 1+exp{ss(pz)/(kBT)}
The surface current density is defined by [19-21],
] D, d?p,
= h)2 —= ([ Fp.om.(p)d?p
or
n 2mnla
J: = S (P2ssBpyw o (0)v. (p.oshpy )dp..,
(11

where the integration is over the first Brillouin zone, v, is
given by
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oe
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Now g,(p,)/ v, is expressed in Fourier series with coefti-
cients g, to be determined

8<pZ,SAp¢)= e(p.)= yOZsrs exp (iarp,). (13)

r#0

The expression for the coefficients is found to be

2n/a

[ aprexp (-iamp,)dp.,  (14)
0
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where ¢, (p,) is given by Eq. (2) and from Egs. (12) and (13),
v.(p.,sAp,) is obtained as

0(&,, exp (iarp,
V(P22 SAPY) = V0D (5, ;( )
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From Egs. (6) and (7)

S (PorsBpyw o (0)=Apy . £y exp Giarp,) w,(1).  (16)
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Substituting Egs. (15) and (16) into Eq. (11), the current
density for zigzag CNT as a function of dc field (£,) and
temperature (7') and taking only the real part into consider-
ation we obtained
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The Coulomb electron-electron interaction has been ne-
glected in our approach. It has been established that the
short-range Coulomb electron-electron interaction, typical
for quasi-1D dimensional CNTs, has only weak effects es-
pecially at high temperatures [14, 22].

The effect of the space charge injection and accumula-
tion in carbon nanotubes is suppressed to a large extent
when the strength of the external electric field is less than
400 kV/cm [23].

Results and Discussion

In Fig. 1, we displayed the normalized current density
(J, =j./jy) versus electric field (E,) showing increasing
electrical conductivity in both ohmic conductivity region
0J,/0E, >0 and NDC region &J,/0E, <0 as the room
temperature increases from 293 to 299 K for semiconducting
zigzag (a) (2, 0), (b) (4, 0), (c) (5, 0), and (d) (7, 0) CNTs.
From each of Fig. 1, it has been observed that the peak
normalized current density (J,) and the electrical conduc-
tivity |6Jz / 8EZ| represented by the tangent to the curve
atany dc field (£,) for either Ohmic (0J,/0E, >0) or
NDC (0/, / 0E, < 0) regions increase as the room tempera-
ture increases from 293 to 299 K for semiconducting zig-
zag (a) (2, 0), (b) (4, 0), (c) (5, 0), and (d) (7, 0) CNTs.
This could be attributed to the fact that at lower room
temperature only small numbers of electrons overcome the
energy gap into conduction band for conduction. As the
room temperature increases from 293 to 299 K, the number
of electrons that acquired enough energy to overcome
energy gap into conduction band for conduction increases.
Hence the observed increase in electrical conductivity as
the room temperature increases from 293 to 299 K which is
a measure of the degree of steepness of the curve at any dc
field (£,). In Fig. 2, the normalized current density (J)
versus electric field (£,) showing the electrical conductivi-
ty as the room temperature increases from 293 to 299 K for
(a) metallic zigzag (3, 0) CNT, (b) semiconducting zigzag
(8, 0) CNT in each case is displayed. It has been observed
that unlike semiconducting zigzag CNTs in which as the
room temperature increases from 293 to 299 K the electri-
cal conductivity also increases as shown in Fig. 2(b), the
electrical conductivity of metallic zigzag CNTs as the
room temperature increases from 293 to 299 K remains
almost constant especially in ohmic region as shown in
Fig. 2(a). This is due to the fact that in metallic zigzag
CNTs, there is no energy gap and the valence band and
conduction band touch each other. Hence a relatively small
increase in room temperature from 293 to 299 K will not
increase the number of conduction electrons in the conduc-
tion band and also the vibration of lattice leading to the
increase in the scattering rate of electrons as a result of the
increase in room temperature from 293 to 299 K is minimal.
Therefore, the influence of room temperature changes on
the electrical conductivity of semiconducting zigzag CNTs
is significant while that of metallic zigzag CNTs is negli-
gible for relatively small changes in room temperature
from 293 to 299 K.

In Fig. 3, the normalized current density J, as a func-
tion of electric field E, showing increasing electrical con-
ductivity as temperature decreases from room temperature
of 293 K to a very low temperature of 152 K for metallic
zigzag: (a) (3, 0), (b) (6, 0), (¢) (9, 0), and (d) (12, 0) CNTs
in each case is clearly shown. From each of Fig. 3, it has
been observed that the peak normalized current density J,
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Fig. 1. (Color online) Plots of normalized current density J, versus electric field £, showing increasing electrical conductivity

|oJ. / OE.
CNTs, v=1THz.

and the electrical conductivity at any dc field £, represented
by the tangent to the curve at that particular dc field £, for
either Ohmic or NDC regions increases as the temperature
decreases from 293 to 153 K for metallic zigzag CNTs. This
could be attributed to the fact that at a lower temperature the
rate of vibration of the lattice decreases leading to decrease
in the scattering rate of electrons which results in increase of

as the room temperature increases from 293 to 299 K for semiconducting zigzag: (a) (2, 0), (b) (4, 0), (c) (5, 0), and (d) (7, 0)

the electrical conductivity in metallic zigzag CNTs as tem-
perature decreases. Hence for metallic zigzag CNTs, as the
temperature is reduced to a very low value, the conductivity
increases and this behavior could probably lead to the super-
conductivity property of metallic which occurs at very low
temperatures.
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Fig. 2. (Color online) A plot of normalized current density J, versus electric field £, showing increasing electrical conductivity as the

room temperature increases from 293 to 299 K for (a) metallic zigzag (3, 0) CNT, (b) semiconducting zigzag (8, 0) CNT, v=1 THz.
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Fig. 3. (Color online) A plot of normalized current density J, versus electric field £, showing increasing electrical conductivity as tem-
perature decreases from room temperature of 293 K to a very low of 153 K for metallic (a) (3, 0), (b) (6, 0), (c) (9, 0), and (d) (12, 0)
zigzag CNTs, v=1THz.
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Fig. 4. (Color online) 3D plots of normalized current density J, versus dc field E, and temperature 7 for semiconducting zigzag:
(a) (2, 0), (b) (4, 0), (c) (5, 0), and (d) (7, 0) CNTs, v=1THz.
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Fig. 5. (Color online) 3D plots of normalized current density J, versus dc field E, and temperature T for metallic zigzag: (a) (3, 0),

(b) (6, 0), (c) (9, 0), and (d) (12, 0) CNTs, v =1 THz.

To put the observed influence of temperature variation
on electrical conductivity of zigzag carbon nanotubes un-
der dc field in perspective, the 3-dimensional behavior of
the normalized current density J, as a function of the dc
field E. and the temperature 7' for semiconducting and
metallic zigzag CNTs are displayed in Figs. 4 and 5, re-
spectively.

In each of Fig. 4, the differential conductivity |6J o/ 6EZ|
and the peak normalized current density are at the lowest
values when the room temperature is relative low (i.e.,
T =293 K). For each semiconducting zigzag (2, 0), (4, 0),
(5, 0), and (7, 0) CNTs, as the temperature gradually in-
creases, the differential conductivity and the peak current
density increase until the highest values are obtained at re-
latively high room temperature of 299 K as shown in Fig. 4.

Unlike semiconducting zigzag CNTs, the electrical con-
ductivity for metallic zigzag CNTs as the temperature
changes is quite different in that the differential conductivity
and peak normalized current density increase with decreas-
ing temperature from 293 to 152 K. In each of Fig. 5, the
differential conductivity |8J ./ 6Ez| and the peak normalized
current density are at the lowest values when the tempera-
ture is relatively high (i.e., 7' =293 K). For each metallic
zigzag (3, 0), (6, 0), (9, 0), and (12, 0) CNTs, as the tem-
perature gradually decreases, the electrical conductivity and
the peak normalized current density increase until the highest
values are obtained at the relatively low temperature of
152 K as shown in Fig. 5.

Conclusion

In conclusion, the influence of temperature variation on
the electrical conductivity of zigzag carbon nanotubes (CNTs)
has been studied theoretically using a semiclassical ap-
proach. A higher significant increase of electrical conducti-
vity in semiconducting zigzag CNTs has been observed
whereas a negligible decrease in metallic zigzag CNTs has
been also noticed as the room temperature increases from
293 to 299 K. Also, the electrical conductivity of each me-
tallic zigzag CNT increases immensely as the temperature
is reduced to a very low value which could lead to poten-
tial superconductivity property which occurs at very low
temperatures. Therefore, the study predicts semiconducting
zigzag CNT as potential material for temperature sensors
since they exhibit a faster response and a substantially
higher sensitivity to room temperature changes than metallic
CNT. Furthermore, metallic zigzag CNTs could probably
exhibit superconductivity behavior since their conductivity
increases immensely at very low temperatures.
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Bnnue 3miHK TemnepaTypu Ha eNekTPonpoBIAHICTb
31raaronodioHux ByrreLeBnx HAHOTPYOOK
B OOHOPIAHOMY OCbOBOMY MOCTIMHOMY
eneKkTpUYHOMY noni

M. Amekpewu, S. Y. Mensah, R. Musah,
S. S. Abukari, K. A. Dompreh, N. G. Mensah,
M. Kuwonu

IIpencraBiieHO TEOPETHYHI JOCIIIKEHHS BIUIMBY TeMIeparyp-
HHUX 3MIH Ha €JIeKTPOIPOBIIHICTh 3MUI3aronoiGHUX BYTJIEHEBUX
HaHotpy6ok (BHT) mig mi€ro oIHOPIZHOTO OCHOBOTO €IEKTPHY-
HOro HoctifiHoro nosist. PiBHsiHHs BonblMaHa BUKOPHUCTaHO IS
BU3HAYCHHS LIIIBHOCTI cTpyMy 3ur3arononibuux BHT sk GyHk-
il OAHOPIZHOTO OCHOBOTO MOCTIHHOTO IOJISI Ta TEMIICPATYpH.
I'padiki HOPMOBAHOI IMIITEHOCTI CTPYMY B 3QJISKHOCTI B/l OJTHO-
PIAHOTO TOCTIMHOTO TOJISA, SIKE MPUKIAJCHE B3IOBXK OCI HAIliB-
npoBigHUKOBHX 3ur3aronofiouux BHT, mpu migBuiienHi kiMHa-
THOI Temrepatypu 3 293 10 299 K moka3zanu 3HayHe 301LTBIICHHS
EJIEKTPOIPOBIIHOCTI, TOII SIK B MeTaneBux 3ur3arononionnx BHT
BOHA IMPAKTUYHO MOCTiifHa a00 HE3HAYHO 3MEHIIyeThes. [lepen-
6avaeThCs, IO HAMiBIPOBiAHKUKOBI 3ur3arononioni BHT moxyTs
CTaTH IMOTCHLIHHUM MaTepialloM Uil JATYHKIB TEMIEpaTypH,
OCKIJIbKH JIEMOHCTPYIOTh OiNTbII LIBUAKUIT BIATYK Ta 3HAYHO BU-
Ty YyTIMBICTB 0 3MiH KIMHATHOI TeMIIepaTypH, HiXx iX MeTaleBi
ananoru. EnekTpryHa MpOBIIHICTh METAJIEBHX 3UI3aronoiioHNX
BHT 3Ha4yHO 3011bIIYETHCS [P 3HIKCHHI TEMIIEpaTypH 10 IyxKe
HM3BKOTO 3HAYEHHs, 1110, IMOBIPHO, MOKE MPUBECTH JI0 HAJIPO-
BiIHOCTI, siKa 3a3BHYaii BUHUKAE NPH J(y)Ke HU3bKUX TEMIIEpaTy-
pax. Lli moTeHwiiHI faTYMKK TeMIepaTypy Ta HAJANPOBIAHUKH 3
HaHOMAaTepialiB 3HaXOMATH IIMPOKE 3aCTOCYBAHHS B CydacHii
Haylli Ta TeXHiLi.

KimrouoBi ciioBa: ByriereBi HaHOTPYOKH, IIPOBIAHICTD, 3MiHA TeM-
neparypu, IiIbHICTh CTPYMY, OCTiiHE HOoJIe.
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