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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 n 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 zE  given by 

 z
VE
L

= , (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  ∆ε  is given by /FV L∆ε = π  [14], / 2h= π , h is 
Planck constant, FV  is Fermi velocity. The investigation 
is done within the semiclassical approximation in which 
the motion of the π-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], 
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where a is the lattice constant of the CNT, 0 3.0 eVγ ≈  is 
the overlapping integral, zp  is the axial component of 
quasimomentum, pφ∆  is transverse quasimomentum level 
spacing and   s  is an integer. The expression for lattice con-
stant a in Eq. (2) is given by 

 –3
2

c ca
a =



, (3) 

where 0.142 nmc ca − =  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 pφ 
can take n discrete values [14], 

 ( )3 1,...,p s p s s n
anφ φ
π

= ∆ = = . (4) 

Unlike transverse quasimomentum, pφ, the axial quasimo-
mentum zp  is assumed to vary continuously within the 
range 0 2 / ,zp a≤ ≤ π  which corresponds to the model of in-
finitely long CNT ( ).L = ∞  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., , ,B ck > ε ∆ε  where Bk  is Boltzmann constant, cε  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]: 
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where 0 ( )f p  is equilibrium Fermi distribution function, 
( , )f p t  is the distribution function, zv  is the quasiparticle 

group velocity along the z axis of carbon nanotube, υ is the 
frequency, t  is time taken, and e is the charge of the propa-
gating electrons. The relaxation term τ given as 1/υ = τ 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 
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where ( )δ p s pφ φ− ∆  is the Dirac delta function,  rsf  is the 
coefficients of the Fourier series and ( )tυψ  is the factor by 
which the Fourier transform of the nonequilibrium distri-
bution function differs from its equilibrium distribution 
counterpart. Substituting Eqs. (6) and (7) into Eq. (5), the 
below expression is obtained 
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Solving the homogeneous differential equation correspond-
ing to Eq. (8), we obtain 
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The expression for the coefficients rsf  of Eqs. (6) and (7) 
is found to be 
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The surface current density is defined by [19–21], 
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where the integration is over the first Brillouin zone, zv  is 
given by 
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Now 0( ) /s zpε γ  is expressed in Fourier series with coeffi-
cients rsε  to be determined 
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The expression for the coefficients is found to be 
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where ( )s zpε  is given by Eq. (2) and from Eqs. (12) and (13), 
( , )z zv p s pφ∆  is obtained as 
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From Eqs. (6) and (7) 
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Substituting Eqs. (15) and (16) into Eq. (11), the current 
density for zigzag CNT as a function of dc field ( zE ) and 
temperature (T ) 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 
0( / )z zJ j j=  versus electric field ( )zE  showing increasing 

electrical conductivity in both ohmic conductivity region 
/ 0z zJ E∂ ∂ >  and NDC region / 0z zJ E∂ ∂ <  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 ( zJ ) and the electrical conduc-
tivity /z zJ E∂ ∂  represented by the tangent to the curve 
at any dc field ( )zE  for either Ohmic ( / 0z zJ E∂ ∂ > ) or 
NDC ( / 0z zJ E∂ ∂ < ) 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 ( zE ). In Fig. 2, the normalized current density ( zJ ) 
versus electric field ( zE ) 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 zJ  as a func-
tion of electric field zE  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), (c) (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 zJ  
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and the electrical conductivity at any dc field zE  represented 
by the tangent to the curve at that particular dc field zE  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 

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. 

Fig. 1. (Color online) Plots of normalized current density zJ  versus electric field ZE  showing increasing electrical conductivity 
/z zJ E∂ ∂  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, 1 THzυ = . 

Fig. 2. (Color online) A plot of normalized current density zJ  versus electric field zE  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, 1 THzυ = . 
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Fig. 4. (Color online) 3D plots of normalized current density zJ  versus dc field zE  and temperature T for semiconducting zigzag: 
(a) (2, 0), (b) (4, 0), (c) (5, 0), and (d) (7, 0) CNTs, 1 THzυ = . 

Fig. 3. (Color online) A plot of normalized current density zJ  versus electric field zE  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, 1 THzυ = . 
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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 zJ  as a function of the dc 
field zE  and the temperature T  for semiconducting and 
metallic zigzag CNTs are displayed in Figs. 4 and 5, re-
spectively. 

In each of Fig. 4, the differential conductivity /z zJ E∂ ∂  
and the peak normalized current density are at the lowest 
values when the room temperature is relative low (i.e., 

293 KT = ). 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 /z zJ E∂ ∂  and the peak normalized 
current density are at the lowest values when the tempera-
ture is relatively high (i.e., 293 K T = ). 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. 

 ________  

1. Richard Martel, T. Schmidt, H. R. Shea, T. Hertel, and
Ph. Avouris, Single- and multi-wall carbon nanotube field-
effect transistors, Appl. Phys. Lett. 73, 2447 (1998).

2. M. S. Dresselhaus, G. Dresselhaus, and A. Jorio, Unusual
properties and structure of carbon nanotubes, Annu. Rev.
Mater. Res. 34, 247 (2004).

Fig. 5. (Color online) 3D plots of normalized current density zJ  versus dc field zE  and temperature T for metallic zigzag: (a) (3, 0), 
(b) (6, 0), (c) (9, 0), and (d) (12, 0) CNTs, 1 THzυ = . 

https://doi.org/10.1063/1.122477
https://doi.org/10.1146/annurev.matsci.34.040203.114607
https://doi.org/10.1146/annurev.matsci.34.040203.114607


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

948 Low Temperature Physics/Fizika Nizkikh Temperatur, 2021, vol. 47, No. 10 

3. J. W. G. Wilder, L. C. Venema, A. G. Rinzler, R. E. Smalley, 
and C. Dekker, Electronic structure of atomically resolved 
carbon nanotubes, Nature 391, 59 (1998). 

4. H. Dai, Carbon nanotubes: opportunities and challenges, 
Surface Sci. 500, 218 (2002). 

5. A. Venkataraman, Eberechukwu Victoria Amadi, Y. Chen, 
and Ch. Papadopoulos, Carbon nanotube assembly and 
integration for applications, Nanoscale Research Lett. 14, 1 
(2019). 

6. H. Dai, A. Javey, E. Pop, D. Mann, W. Kim, and Y. Lu, 
Electrical transport properties and field effect transistors of 
carbon nanotubes, Nano 1, 1 (2006). 

7. G. Dresselhaus, M. S. Dresselhaus, and R. Saito, Physical 
Properties of Carbon Nanotubes, World Scientific (1998). 

8. P. M. Ajayan and O. Z. Zhou, Applications of carbon 
nanotubes, in: Carbon nanotubes, Springer, Berlin–
Heidelberg (2001), p. 391. 

9. J. M. Schnorr and T. M. Swager, Emerging applications of 
carbon nanotubes, Chem. Mater. 23, 646 (2011). 

10.  M. Endo, M. S. Strano, and P. M. Ajayan, Potential 
applications of carbon nanotubes, in: Carbon Nanotubes, 
Springer, Berlin–Heidelberg (2007), p. 13. 

11. M. Terrones, Science and technology of the twenty-first 
century: synthesis, properties, and applications of carbon 
nanotubes, Ann. Rev. Mater. Res. 33, 419 (2003). 

12. M. Paradise and T. Goswami, Carbon nanotubes–production 
and industrial applications, Mater. Design 28, 1477 (2007). 

13. H. Dai, Carbon nanotubes: opportunities and challenges, 
Surface Science 500, 218 (2002). 

14.  A. S. Maksimenko, and G. Ya. Slepyan, Negative differen-
tial conductivity in carbon nanotubes, Phys. Rev. Lett. 84, 
362 (2000). 

15. S. S. Abukari, S. Y. Mensah, K. W. Adu, N. G. Mensah, 
K. A. Dompreh, A. Twum, Ch. L. Y. Amuah, M. Amekpewu, 
and M. Rabiu, Domain suppression in the negative differen-
tial conductivity region of carbon nanotubes by applied ac 
electric field, World J. Condens. Matter Phys. 2, No. 4 (2012). 

16. M. Amekpewu, S. S. Abukari, K. W. Adu, S. Y. Mensah, 
and N. G. Mensah, Effect of hot electrons on the electrical 
conductivity of carbon nanotubes under the influence of 
applied dc field, Euro. Phys. J. B 88, 13 (2015). 

17. M. Amekpewu, S. Y. Mensah, R. Musah, N. G. Mensah, 
S. S. Abukari, and K. A. Dompreh, Hot electrons injection in 
carbon nanotubes under the influence of quasi-static ac-
field, Physica E 81, 145 (2016). 

18. M.-F. Lin and K. W. Shung, Magnetization of graphene 
tubules, Phys. Rev. B 52, 8423 (1995). 

19. M. Amekpewu, S. Y. Mensah, R. Musah, N. G. Mensah, 
S. S. Abukari, and K. A. Dompreh, High frequency con-
ductivity of hot electrons in carbon nanotubes, Physica B 
488, 83 (2016). 

20. S. S. Abukari, K. W. Adu, S. Y. Mensah, N. G. Mensah, 
M. Rabiu, A. Twum, M. Amekpewu, and K. A. Dompreh, 
Rectification due to harmonic mixing of two coherent elec-
tromagnetic waves with commensurate frequencies in carbon 
nanotubes, Euro. Phys. J. B 86, 106(2013). 

21. M. Amekpewu, S. Y. Mensah, R. Musah, S. S. Abukari, 
N. G. Mensah, and K. A. Dompreh, Radius Dependence of 
the electrical conductivity of zigzag carbon nanotubes, 
Physica E 130, 114712 (2021). 

22.  Ch. Kane, L. Balents, and M. P. A. Fisher, Coulomb inter-
actions and mesoscopic effects in carbon nanotubes, Phys. 
Rev. Lett. 79, 5086 (1997). 

23. P. Yang, M. He, X. Ren, and K. Zhou, Effect of carbon 
nanotube on space charge suppression in PP/EPDM/CNT 
nanocomposites, J. Polymer Res. 27(5), 11 (2020). 

 ___________________________ 

Вплив зміни температури на електропровідність 
зигзагоподібних вуглецевих нанотрубок 

в однорідному осьовому постійному 
електричному полі  

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

M. Kuwonu 

Представлено теоретичні дослідження впливу температур-
них змін на електропровідність зиґзаґоподібних вуглецевих 
нанотрубок (ВНТ) під дією однорідного осьового електрич-
ного постійного поля. Рівняння Больцмана використано для 
визначення щільності струму зиґзаґоподібних ВНТ як функ-
ції однорідного осьового постійного поля та температури. 
Графіки нормованої щільності струму в залежності від одно-
рідного постійного поля, яке прикладене вздовж осі напів-
провідникових зиґзаґоподібних ВНТ, при підвищенні кімна-
тної температури з 293 до 299 К показали значне збільшення 
електропровідності, тоді як в металевих зиґзаґоподібних ВНТ 
вона практично постійна або незначно зменшується. Перед-
бачається, що напівпровідникові зиґзаґоподібні ВНТ можуть 
стати потенційним матеріалом для датчиків температури, 
оскільки демонструють більш швидкий відгук та значно ви-
щу чутливість до змін кімнатної температури, ніж їх металеві 
аналоги. Електрична провідність металевих зиґзаґоподібних 
ВНТ значно збільшується при зниженні температури до дуже 
низького значення, що, ймовірно, може привести до надпро-
відності, яка зазвичай виникає при дуже низьких температу-
рах. Ці потенційні датчики температури та надпровідники з 
наноматеріалів знаходять широке застосування в сучасній 
науці та техніці.  

Ключові слова: вуглецеві нанотрубки, провідність, зміна тем-
ператури, щільність струму, постійне поле. 
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