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Due to their excellent electrical and thermal conductivity properties, the nano-scale characteristics of
carbon nanotubes (CNTs) are expected to be suitable for very large-scale integrated circuits and for
next-generation micro interconnected devices. Consequently, CNT—metal composite materials have
been widely researched, and have shown excellent performance in terms of thermal conductivity,
electrical conductivity, thermal expansion, and adaptability to microelectronic devices. However,
there are few studies on halogen—-CNT composite materials with characteristics similar to CNT—
metal composites, including regarding the remarkable electrical compatibility of the halogen and
CNT and the large number of low-frequency phonons that are beneficial for thermal transport. In
this work, iodine chains were considered to explore the halogen effect on CNTs. Variation of the

interfacial thermal conductance of CNTs as a function of the iodine chains loading amount and
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Accepted 1st November 2020 arrangement was explored by a molecular dynamics method. The heat transfer mechanism was

further analyzed based on the phonon state difference. This research is expected to provide a new
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1. Introduction

With the development of device processing accuracy and the
uniformity of semiconductor material doping, the bottleneck of
metal interconnect devices represented by copper has become
more and more obvious, due to the difficult device production
process. The performance of metals deteriorates significantly at
the micro-scale, whereas carbon nanotube assembly structures
have great advantages at this scale. In addition to possessing
high electrical conductivity, which is higher than that of copper,
CNTs have excellent thermal conductivity, which can support
good thermal management and heat dissipation. Another
important aspect for CNTs is related to the unique character-
istics of their solder and ability to work at high frequency. The
nanosoldering technique involves a local heating of CNT fibers
to generate crosslinked fibers."” Based on this technology,
various structures, including 2D networks and 3D cages, can be
built by CNT fibers, and programmable circuits can be
produced. Also, CNTs can work with high performance at high
frequencies of 40 GHz or higher,* which represent limitations in
metals that cannot be overcome due to their nature. In addition,
heat dissipation has become a major bottleneck restricting the
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pathway for the application of CNT composite materials

in the field of next-generation

development of electronic circuit technology, so CNTs offer
promise in addressing this problem.

In application, higher integration leads to a reduction in the
heat dissipation area and an increase in components that
produce heat, resulting in a high-density structure with a local
heat flux of up to 300-1000 W cm ™ .*® Hence, transferring heat
effectively from the source component to the radiator, elimi-
nating local hot spots, and achieving effective thermal
management can improve the reliability and life of devices, and
these also represent the bottleneck challenges for developing
the next generation of microelectronics. However, the
nanometer-scale size also hinders the current application of
carbon nanotubes, and the assembly of materials based on
CNTs is critical for the application of CNTs due to their larger
scale size. Therefore, breaking through the performance
degradation of CNT assembly structures and exploring the
application of carbon nanotube assembly materials have
attracted researchers’ attention.

The control of the heat conduction between CNTs and
metals has attracted researchers for a long time.”* For
example, Xu et al” considered two cases where CNTs were
embedded inside a copper block and adsorbed onto the copper
surface. Xu reported that the unconventional high thermal
conductivity between CNTs and metals confirmed their excel-
lent compatibility. On the other hand, enhancing the energy
transfer between metal nanoparticles and CNTs is also of great

This journal is © The Royal Society of Chemistry 2020
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interest to researchers, owing to their facile preparation process
and potential for large-scale industrial production.

The principle behind the energy transfer enhancement of
metal guest particles between tubes is mainly based on the
assembly of materials such as CNT fibers and thin films in most
cases, and the weak coupling between the tubes is a deter-
mining factor in material performance. Therefore, strength-
ening the energy transfer between CNTSs is a shortcut to greatly
improving the performance of the assembled materials. Parti-
cles loaded between CNTs have been shown to lead to an
amazing improvement in the thermal conductivity of nano-
fluids**** and in the infrared absorption of CNT thin films.'®
Compared with the non-Ag-loaded material, a Ag-loaded
nanopaper/glass fiber composite material prepared by Chu
et al.*® showed a significantly reduced infrared emissivity at
3-5 mm. In terms of heat transfer, the CNT-based nanofluid
prepared by Jha'* et al. show that its thermal conductivity could
be increased by about 23% after loading metal particles
compared with the CNT nanofluid. The increase in the specific
surface area of nanoparticles in the fluid is an important reason
for the increased heat transfer. Farbod et al.*® loaded 4 wt% Ag
onto CNTs, and found the boundary scattering and heat flow
resistance were reduced, enabling it to achieve an 8% thermal
conductivity improvement compared to CNT nanofluids.

Interestingly, the interaction between halogens and CNTs
also exhibits similar characteristics to the CNT-metal interac-
tion, both of them strengthen the electrical conductivity of
CNTs and aid the transport of numerous low-frequency
phonons. This means that halogens can also regulate the
performance of CNTs, allowing the CNT composite materials to
meet the standards for application in electronic circuits. For
example, iodine-doped double-walled CNT cables were
prepared by Zhao et al.*® and could achieve an extremely high
current-carrying capacity in the order of 10* to 10°> A cm ™2, and
the change in the conductivity with temperature was five times
smaller than that of copper. These results confirmed that CNT
cables have the potential to replace copper cables. Recently,
research on CNT-halogen composite materials has mainly
focused on electrical aspects, and exploration of the thermal
performance is rarely reported. Furthermore, exploration of the
heat transport mechanism is currently performed mainly
through Raman curve analysis, lacking an analysis based on the
nature of the material and in-depth research at the most basic
atomic level. Filho et al.’” prepared CNT composite materials
with Br, physical absorption on the CNT wall. The change of the
G peak during the physical adsorption and desorption of Br, on
the surface with resonance Raman scattering showed that the
loaded Br, affected the surface carbon atoms' vibration, which
affected the double phonon scattering process, whereas the
structure of the carbon tube itself was not affected. Nascimento
et al.*® placed CNTs in I, vapor and Br, vapor, respectively, to
load halogen particles on the CNT surface. The change in the
shape and position of the G peak confirmed that the loaded
halogen affect the interfacial heat transfer of intertube.

Based on the similar characteristics of halogens and metal
particles in their action on CNTs, and the enhancement effect of
metal particles, in order to discover a new way to make CNTs
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applicable for next-generation microelectronic interconnect
devices, it is important to explore the enhancement mechanism of
the halogen particles effect on the CNTs, and to propose a new
strategy to control the performance of CNTs. Therefore, this article
takes iodine particles as an example to explore the thermal
enhancement mechanism of the halogen's effect on the CNTs. The
effects of the amount and arrangement of iodine particles on the
interfacial heat transfer between CNTs were studied based on
molecular dynamics (MD) simulations. The vibration density of
states (VDOS) and phonon overlap energy were used to analyze the
changes in the atomic vibration and phonon state during the heat
transfer process, and to explore the induced effect of the loaded
low-frequency vibration iodine particles on the interfacial carbon
atoms and on the strengthening of the interface force. In addition,
in the heat transfer process, we considered the non-planar curved
surface heat transfer of the CNT interface and the thermal repeater
function of the interfacial iodine chains, and proposed an addi-
tional heat transfer channel induced by iodine chains for analyzing
the interfacial heat transfer.

2. Materials and methods

In order to ensure that the calculations were correct, we first
established a model based on the related past reported
research. Placing the carbon nanotube fibers in iodine vapor at
a certain temperature can allow the iodine to be uniformly
adsorbed on the surface of the CNTs while maintaining its
structure.” In other words, the iodine can penetrate deeply
between the CNTs of the fiber as an intercalation structure.
Through X-ray photoelectron spectroscopy, Raman spectros-
copy, and UV-Vis-NIR optical absorption spectroscopy charac-
terization of the experimental samples of CNT-I, it was observed
that I;7 and I5~ chains were the main forms of iodine on the
surface of the CNTs.?*?* Hence, we built a calculation model for
loading I; and 15 between the tubes. The loaded I~ particles
had a linear structure with a bond length of 2.9 A,22 while the I;~
particles had a symmetrical V-shaped structure with an inclu-
sion angle of 77.9°. The bond lengths from the center of
symmetry to both sides were 3.063 and 2.800 A, respectively.?*

In the simulation, the interfacial thermal conductance
between two CNTs was calculated, which represented armchair
CNTs with a chirality of (10,10), length of 99.61 A, and the C-C
bond length of 1.42 A. The spacing between the two CNTs was
3.4 A with an overlap length of about 40 A and the iodine chains
were loaded at the groove of the interface of two CNTs. A
schematic diagram of the calculation models is shown in
Fig. 1a, ¢ and d. The iodine chains were placed in the vertical
axial interface and the number of chains was continuously
increased in the axial direction to explore the effect of different
loadings on the interfacial heat transfer (Fig. 1c and d).

In order to accurately simulate the atomic interactions of
CNTs, the adaptive intermolecular reactive empirical bond
order (AIREBO) potential>* has been used to describe the
bonding force and the non-bonding van der Waals force of
carbon atoms. This potential function has been widely applied
in the thermal transport state of CNTs.”>** The iodine atom was
described by a universal force field (UFF),”” and its bond effect
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Fig.1 Schematic diagram of the CNT—iodine calculation setup: (a) CNT length and overlap length, (b) detailed parameters of the iodine chains,
(c) and (d) calculation models of CNT-loaded |5~ and Is~ chains in this work.

was used in the form of a Morse potential function.”®* The non-
bonding forces between iodine chains and between iodine
chains and CNTs could be described by 12-6 Lennard-Jones
potentials,* and its parameters were calculated using the Lorentz-
Berthelot combination rules.** All the thermal conductance
calculations were performed by NEMD simulations based on
Fourier's law using LAMMPS software.*?

In the calculation models, two narrow layers were sited at the
end of two CNTs that were near the boundaries while the carbon
atoms in the layers were fixed as walls, so that the atoms did not
move during the entire simulation. Next to the fixed walls, there
was a heat source and heat sink region and the temperature was
set at 320 K and 280 K, respectively, and the temperature
difference was 40 K. The temperatures of the heat source and
heat sink were controlled by a Nosé-Hoover thermostat (NVT).**
The heat flow for the calculation cell was generated from a high-
temperature heat source and flowed to the heat sink through
the overlap interface of two CNTs. The settings for the heat bath
were reported in previous papers**** to avoid the additional
influence of the heat bath, which enabled studying the variation
of the thermal conductivity as a function of the position and
length of the heat bath. In order to calculate the interface
temperature difference, the whole cell was partitioned axially
into 16 slabs for recording the temperature of each CNT, and
the temperature of the atoms in each slab were averaged every N
ps. The unit length interfacial thermal conductance (G) is

defined by G = LA% , which is based on Fourier's law, where J

is the heat flux, L is the overlap length of two CNTs, and AT is
the temperature difference of the overlap interface. Due to the
establishment of a temperature gradient, the influence of the
initial atomic velocity was eliminated and so did not need to be
considered.

44198 | RSC Adv, 2020, 10, 44196-44204

In order to explore the mechanism of the iodine chain
boosting the heat transfer at the CNT interface, the VDOS was
calculated to show the changes in the atomic vibration
frequency and phonon mode in the system. The VDOS was
calculated by Fourier transform of the atomic velocity autocor-
relation function (VACF).**** Also, for the phonon mode of
frequency v, VDOS was defined as follow:

VDOS(v) = Jy(z)exp(—zmvt)dz (1)
where the VACF can be obtained as follows:

(Suom0)

where i is the atomic number in the system, v,(¢) is the speed of
the i atom at time ¢, and () represents the system average. After
a stable temperature gradient was established in the system and
the temperature of NEMD extracted, VACF could be obtained
under NVE (constant volume without thermostat).

The matching degree between the VDOS is the main
mechanism that affects the transport and scattering of
phonons. The degree of matching between the two atomic
VDOS can be quantitatively expressed by the overlap energy.
The phonon overlap energy is calculated by using the
frequency integration of the overlapping area, which is the
overlapping vibrational dynamic density of the two types of
atoms. The overlap area means there are a number of
phonons at the same frequency, which enables efficient
energy transfer since the closer the atoms' vibrations, the
easier the energy transfer between them. The overlap energy
is defined as follows:*

This journal is © The Royal Society of Chemistry 2020
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expivflesT) — 1%

Eoverlap = JgO(V) (3)

where Eqyerap i the phonon overlap energy, go(v) is the area of

the overlap region, » is the phonon frequency, zv represents the
1

energy per phonon, and e r o

represents the Bose-

Einstein distribution.

3. Results and discussion

We calculated for the overlapping CNTs' system that the groove
of the CNTs interface was loaded with I3~ chains numbering 2,
4, 6, 10 (Fig. 2a). It could be observed that G showed a marked
rise until it peaked at 4 chains loaded and then slightly
decreased with the increasing number of iodine chains loaded.
Moreover, the G values of all the iodine-loaded systems were
higher than their no-loaded counterparts. In order to investi-
gate the mechanism behind the enhancement of G, the VDOS of
the overlapped carbon atoms was calculated to analyze the
phonon motion difference in the heat transfer process with all
the loaded and non-loaded CNT systems.

For the interfacial carbon atoms (Cy,) belonging to the CNT
system that included a heat source and the other that was C.q,

View Article Online
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the VDOS results of Cy,; and C.q1q 0f I3~ chains of the loaded on
cases are illustrated in Fig. 2b. With the increase in the amount
of I;~ chains loaded, the VDOS of C,, for the six-I;~ chains
system was high and concentrated in the low-frequency of 0-3
THz, while second was the four-I;~ chains case with a small
concentration that appeared at 1 THz. The system with the
decorated amount of 10 chains had the lowest concentration of
phonons at the low-frequency portion of 0-3 THz, while
a significantly high peak appeared at 20-23 THz, which indi-
cated that the atomic vibrations of Cy,; were significantly blue-
shifted, which means that the atoms as a whole tended to
vibrate at a higher frequency. For the phonon density of state of
Ceolds in the frequency of 0-3 THz, the 4-loaded system was
significantly stronger than the other systems, followed by the
system with 2 and 10 chains loaded for the relatively dense
phonon state. Additionally, the 6-loaded case had fewer
phonons in this band, but it was slightly stronger than the 2-
and 10-loaded chains systems at 20-24 THz.

It is known that the long wavelength of low-frequency
phonons results in a higher heat transfer capacity than that of
high-frequency short-wave phonons. Therefore, it can be seen
from the results of the existing VDOS that the low-frequency
phonon states clearly had an advantage over other systems
when the loaded amount was 4 since that case had the strongest
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phonon state density and heat transport capacity. In order to
further clarify the heat transfer differences with the other three
loaded systems, we calculated the phonon overlap energy of the
four loaded systems at 0-5 THz and 0-62.5 THz, respectively,
and compared the phonon energy between the systems to
evaluate the phonon mismatch level in a semi-quantitative way.

The overlap energy of C-1 of all the I;™ chains-loaded systems
in the range of 0-5 THz and 0-62.5 THz are shown in Fig. 2c.
The two diagrams show a similar variation of the VDOS as
a function of frequency, with a little amplitude of the changes.
Due to the few introduced chains, there were fewer carbon
atoms available to vibrate at lower frequency resonated by
iodine chains, and these carbon atoms vibrated at a lower
frequency, which was close to the frequency of iodine, resulting
in the low C-I phonon matching level in the 2-chains-loaded
system. In addition, with the increasing number of loaded
iodine chains, the more carbons atoms were resonated by
iodine chains and the more atoms (carbon and iodine atoms)
vibrated at close frequencies, resulting in the higher C-I
phonon matching level. Therefore, the maximum capacity in
the axial direction between the CNTs was approached by the
introduction of 6 chains, and thus the 6-loaded system showed
the highest phonon matching degree of C-I1. When the loaded
iodine chain number was increased to 10, part of the I;~ chains
located at the end of the CNTs overlap the interface and can
affect the atoms on the edge of the CNTs' overlap. The positive
induction effect of the edge atoms was very limited due to the
slight resonance induction being limited to only a few carbons
and it was greatly inferior to that of the iodine chains in the
middle position. However, the phonon scattering effect caused
by heteroatoms was not reduced, resulting in a decrease in low-
frequency phonons and a decrease in the matching level. In
addition, in the 0-5 THz region, the system with a loading of 4 was
equivalent to the 6-loaded system, and neither Cy,o—I NOr Cypq-I in
the 4-loaded system was weaker than in the 6-loaded system. In the
0-62.5 THz region, the system with the loading of 4 was inferior to
the 6-loaded system, which indicated a stronger effect on the low-
frequency carbon atoms from the introduced iodine, while the
phonon scattering caused by heterogeneous iodine atoms mainly
occurs at higher frequencies.

In addition to introducing low-frequency phonons and
inducing carbon atom resonance, more importantly, the iodine
chains can also serve as effective thermal repeaters for the
interfacial heat transfer. Different from the normal interfacial
heat transfer, the CNT interface is composed of two curved
surfaces instead of planes. Due to the variation of the interface
distances, the intertube non-bonding forces is a function of the
distance and there is a great difference in the intertube
strength. When the distance increases from the equilibrium
distance of 3.4 A, the van der Waals force can rapidly decrease.
When the distance is increased by 1 A, its effect can be reduced
by half.** Hence, the effect of the interface distance changes on
the heat transfer cannot be neglected. Based on a continuous
model of the binding energy between two parallel CNTs,** the
surface area of the attraction curve above the reduced equilib-
rium distance was integrated to obtain the normalized inter-
tube distance. Then the effective separation of the van der

44200 | RSC Adv, 2020, 10, 44196-44204
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Waals force of the (10,10) chiral CNTs in this work was calcu-
lated as Ax = 1.46 A, and the corresponding effective action
length between the tubes was Leggive = 6.12 A (Fig. 2d). It can be
considered that beyond the effective length, the corresponding
excessively high separation interface causes the heat flow to
dissipate in a vacuum and thus it cannot be transferred to
another CNT.

In this study, the chains were placed 4.83 A from the center
line of the two CNTs, which was greater than 1/2Le¢sive, and the
corresponding distance of iodine from the CNTs was 2.98 A and
within the van der Waals force range of C-I (Fig. 2d). The
introduced iodine chains acted as a thermal repeater at the
interface and created an additional heat transfer channel, so
that the heat flow that could not be transmitted through the
C-C path was transmitted to the destination through C-I-C.
With the increase in the loading, the increasing number of heat
transfer channels caused an enhancement in the heat transfer
capability, and the interface thermal conductance reached
a peak when the loading was 4. With further increasing the
loaded chains, the additional thermal channel effect of the
newly introduced I~ chains was weaker than the phonon
scattering effect, so G then began to decrease. The slowdown in
the increase of the overlap energy also proved the effect of
scattering. When the number of loaded iodine chains was 10,
only a small part of the iodine chains was at the overlapping
interfacial edges, and the repeater effect was effectively power-
less, while the newly introduced phonon scattering was not
weakened, so G was slightly lower than in the case of the 6-
loaded system.

Currently, the iodine-loaded CNT samples obtained in the
experiments generally contained I;~ and Is~ chains, so we also
explored the enhancement effect of Is~ chains loaded at the
CNTs' interface (Fig. 3). Fig. 3a shows the variation of G of the
CNT interface as a function of the number of Is~ chains loaded.
It can be clearly seen that after Is~ chains were added between
the CNTs, G increased sharply and then decreased significantly,
and the difference between I3~ and I5;~ chains was obvious,
which may be due to the differences in the structure and volume
of the chains. In order to investigate the mechanism for the
thermal conductance difference, the VDOS of the overlapping
carbon atoms was obtained (Fig. 3b). As can be observed in this
plot, the VDOS of the Cy,, and Ceq1q Of the system with 2-loaded
chains were highly concentrated in the low-frequency part of 0-
3 THz, resulting in a strong interatomic heat transfer. For the
VDOS of the hot-end carbon atoms, there was no significant
difference in the low-frequency region among the 4-, 6-, and 10-
loaded chains systems, where their phonon modes were mainly
located at 0-3 THz, while their higher frequency part showed
a blue-shift of the vibration frequency as the loading amount
increased. For example, the peaks around 10 THz for the 4- and
6-loaded systems did not appear in the 10-loaded chains system,
but the strength of the VDOS peak around 20 THz followed the
order: 10 > 6 > 4.

Since the long-wave phonon mode dominates heat transfer,
the overlap energy of the Cpo—Ceolg from 0 to 5 THz and the
overlap energy of each frequency segment are important and are
shown in Fig. 3c and d. As can be observed from Fig. 3c, with the

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Thermal conductance and mechanism study of the |5~ chains-
amount-loaded cases, (b) VDOS comparison, (c) variation of the overla
the overlap energies at 0-5 THz.

loaded amount increasing, the overlap energy decreased as per
the stepped curve, and the variation trend was very close to the
interfacial thermal conductance shown in Fig. 3a. Fig. 3d
illustrates a comparison between the overlap energy and the
loading number of iodine chains. It can be seen that as the
loading amount increased, the more atoms tended to vibrate at
lower frequency. Unlike other examples, the overlap energy of
the 10-loaded chains case was lower than for the others, which
may be caused by the shape of Is~ chains. Although the place-
ment position distance between I5~ chains and CNT is smaller
than for the I3~ chains, where the distance range was 1.88-3.90
A for 1,~ chains and 2.98 A for I~ chains, only a part of the I5~
chains can directly receive and transfer heat as a repeater, and it
cannot make the entire chain act as an effective heat transfer
medium. Moreover, due to the large chain weight, the scattering
effect introduced by Is~ is more significant. In short, the
interfacial heat transport increased significantly when the first
two Is~ chains were introduced, and then decreased signifi-
cantly when more chains were introduced.

According to the calculation results for the I;~ and I5~ cases,
the number and distribution of iodine chains have an obvious
effect on the thermal transport of the interface. Therefore, we
used I;~ chains as an example to illustrate its effect on the
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interface heat transfer. These models and the thermal
conductance of the three cases are summarized in Fig. 4. The
distance to the center I;~ chains was 2.98 A according to the
CNT, the upper and lower distance was 3.04 A and the distance
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Fig. 4 Thermal conductance of the three cases with the iodine
arrangements: 2 x 3 x 1,2 x 1 x 3,and 2 x 3 x 3.
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(b) phonon overlap energy and atomic energy.

between the chains with each other was 3.5 A. In the system,
besides the original C-C path to transfer heat flow, additional
C-I-C and C-I-I-C channels were added for heat transfer in the
system with three chains on each side, while the system with
one molecule on both sides only added C-I-C channels.

Comparing the calculations for the same numbers of chains,
as shown in Fig. 4, the heat transfer of the 2 x 1 x 3 arrange-
ment of single chains on both sides was slightly higher than
that for the 2 x 3 x 1 arrangement of the three chains on each
side. The worst heat transfer case was the 2 x 2 x 3 arrange-
ment case, where there were three chains on each side and three
groups of chains in the axial direction. As can be observed from
Fig. 5 regarding the VDOS of Cy(, the 2 x 1 x 3 case had a large
number of phonon states at 0-5 THz, while the phonon mode in
the 2 x 3 x 1 case was rigid and more low-frequency shifted to
7-13 THz, and a blue-shift of the phonon mode was more
significant in the 2 x 3 x 1 case, whereby fewer low-frequency
and strong peaks were found at 18-25 THz. For the VDOS of
Ceola, the results showed that the difference between the three
cases was small. The greater the number of atoms along the axis
of the CNT, the more carbon atoms there are that tend to vibrate
at higher frequencies. For instance, the 2 x 3 x 3 had less
phonons at 0-3 THz than the 2 x 3 x 1 case, and a more intense
VDOS appeared at 4-8 THz. When the chains on both sides were
increased, the phonon scattering effect was more obvious. The
2 x 1 x 3 case was more concentrated at low frequencies; for
example, the 0-3 THz part was relatively flat, while the 2 x 3 x 1
and 2 x 3 x 3 cases had obvious grooves and a higher phonon
mode appeared at 10-13 THz.

Further, comparing the overlap energy at 0-5 THz of C-I
atoms and the energy of C atoms, it can be seen that the energy
of carbon atoms in the 2 x 1 x 3 system was the highest, and
when the chains on both sides were further increased (2 x 3 x 1
and 2 x 3 x 3 cases), the introduced heteroatoms reduced the
atomic power energy. The overlap energy of C-I and the low
overlap energy of the 2 x 3 x 3 case showed that the

44202 | RSC Adv, 2020, 10, 44196-44204

heterogeneous effect of the additional I;” chains on both sides
was far greater than from the resonance induction of CNT
atoms. As more I3~ chains were added along the axis, a more
negative effect was produced. From all the results of VDOS and
the overlap energy discussed above, it is clear that for the 2 x 3
x 1 and 2 x 3 x 3 cases of three chains on both sides of the
CNT®(10,10), the amount of atoms exceeded the effective
capacity of this CNT. That resulted in carbon atoms resonance
by the iodine chains being far away from the effective interface,
and thus the enhancement of heat transfer energy was mainly
transmitted through the C-I-I-C path, which was weaker than
the C-I-C path; while along the axial unit length, the hetero-
geneous atom scattering effect resulted from the atomic mass
and vibration mismatch, where the phonon scattering of the
2 x 3 x 1 arrangement was twice as high as thatof the2 x 1 x 3
arrangement.

4. Conclusion

In this work, the thermal conductance of the two-CNTSs' inter-
face showed a tendency to increase to a peak first and then
decreased as the loading increased, owing to the additional heat
channels and greater low-frequency phonon mode brought
about by the loaded iodine chains. Unlike planar surfaces, the
heat transfer of a curved interface is limited in a certain range
since the farther from the center, the greater the distance. This
work calculated the effective transfer distance of CNT@(10,10)
based on the interfacial force and this value was 6.12 A. Placing
the iodine chains outside the original heat transfer length of the
CNT interface and a C-I distance less than the van der Waals
force ensure energy transfer will happen. The part of the heat
flow that is out of the CNT effective range at 6.12 A can be
transferred to the other side through the C-I-C and C-I-I-C
paths, so that more heat is transferred by the additional chan-
nels. Furthermore, iodine chains with a low-frequency phonon
mode and induced carbon atoms tend to vibrate at a lower

This journal is © The Royal Society of Chemistry 2020
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frequency to transfer more heat flow. Also, the heat transfer
benefit brought about by a small amount of iodine loading can
completely offset the phonon scattering caused by its hetero-
atoms effect. In this work, based on the effective range of the
non-bonding force between carbon nanotubes, we raised
concerns about additional thermal channels, and proposed an
analysis method for interfacial heat transfer enhancement by
tuning the arrangement of the particles. In addition, the results
of the CNT-I calculation can provide a theoretical basis for the
thermal design of CNT fibers and films. This work also provides
new ideas for the design and application of CNT assemblies,
and proposes the possibility of applying CNT-iodine materials
to electronic circuits.
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