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SPECIAL TOPIC — Heat conduction and its related interdisciplinary areas

Efficient thermal rectification in nitrogen-doped
carbon nanotube heterostructures
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Carbon nanotubes (CNTs) are widely used in various fields owing to their unique properties. In this study, three
different types of nitrogen-doped CNT heterojunctions were constructed: parallel-doped (PCNT), vertically doped (VCNT),
and mesh-doped (MCNT). Non-equilibrium molecular dynamics (NEMD) simulations were conducted to investigate their
heat flux and thermal rectification (TR) effects. The results show that heat flux preferentially flows from nitrogen-doped
regions to undoped regions, exhibiting distinct thermal rectification behavior, with PCNT showing the most pronounced
effect. Interestingly, the TR ratio of the zigzag PCNT is significantly higher than that of the armchair PCNT. Subsequently,
we examined the effects of system length and diameter on the TR ratio of the PCNT and found that the TR ratio increases
and then decreases with increasing model length. In addition, the effect of defect density on the heat flux of the PCNT is
peculiar. The phonon density of states, phonon dispersion, participation ratio, and phonon spectral heat flux were analyzed
to elucidate the thermal transport behavior of phonons in the nanotubes. This study provides insights into the development

and design of nitrogen-doped CNT thermal rectifiers.

Keywords: carbon nanotube heterojunction, nitrogen doping, thermal rectification, nonequilibrium molecular

dynamics
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1. Introduction

The field of micro/nanotechnology has expanded substan-
tially in recent decades, leading to the development of di-
verse thermal management devices. Notably, such devices,
akin to electric diodes, have garnered considerable attention.
Thermal rectification (TR) — the facilitation of easier heat
transfer in one direction than in the opposite — has be-
come a focal point of research. The origins of this concept
trace back to Starr’s pioneering experimental observation in
1936.111 Since then, experimental and theoretical research has
progressed rapidly, with major studies focusing on thermal
diodes, > thermal transistors,! and further extending to in-
telligent thermal management systems as well as thermoelec-
tric and thermal storage materials.!®’] Initially, research on
thermally rectified materials was concentrated on macroscopic
scales.[91 However, advances in nanomaterials and nanotech-
nologies have revealed their superior TR properties compared
with macroscopic materials. Achieving such properties in
nanomaterials typically involves the creation of asymmetric

(10-12] the introduction of defects and doping,!'3!4]

structures,
and the application of functionalization techniques.!'>! The

TR phenomena observed in these studies can be attributed
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to mismatches in phonon vibrational spectra,[!!-1-18] Jocal-

12,191 and standing wave effects.?"]

ized phonon resonances, |
Guided by these fundamental principles, researchers have
successfully engineered numerous nanoscale thermal recti-
fiers with outstanding performance, such as triangular cone
diamond structures,'®! silicon nanowires,!'”! gradient core—
shell nanowires,*°! nano-heterojunctions,!'"!82!1 and phase
change materials.[2223] Nevertheless, it is important to rec-
ognize that while these materials exhibit promise, they cur-
rently do not demonstrate exceptional rectification ratios or
heat transfer efficiencies. Consequently, the focus of thermal
rectifier development has shifted toward materials exhibiting
both high thermal conductivity and strong rectification perfor-
mance.

At the same time, carbon nanotubes (CNTSs), discovered
by Iijima in 1991,1*4 have attracted significant research in-
terest. Currently, two primary strategies exist for achieving
efficient TR using carbon-based materials such as graphene
and CNTs. One approach involves constructing heterogeneous
structures, which can be integrated in multiple ways. For in-
stance, CNT arrays can serve as thermal interface materials
filling gaps between chips and heat sinks, heat sinks and ra-
diators, or chips and packaging substrates. They can also be
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incorporated beneath, above, or near the source/drain exten-
sion area of the gate dielectric layer in transistors to reduce
peak channel temperatures. Aiyiti et al.[>>! experimentally in-
vestigated the TR effect of Y-junction CNTs and found that a
TR ratio of approximately 8.3% can be achieved under a small
temperature difference (4 K). This effect arises from new op-
tical phonon modes generated by interlayer van der Waals in-
teractions in multi-walled CNT regions, leading to asymmet-
ric phonon propagation in the high-frequency range. Simi-
larly, Chen et al.!?®! observed a TR ratio of up to 334% in
CNT/hexagonal boron nitride nanotube (BNNT) heterojunc-
tions. By analyzing phonon mode distributions, they found
that during forward heat flow, most atoms in the CNT re-
gion participate in thermal vibration, whereas under back-
ward heat flow, atomic vibration in this region is minimal,
thereby elucidating the TR phenomenon. Moreover, Zhuang
et al.””’! demonstrated that tuning the boundary structure in
graphene/boron nitride heterojunctions significantly enhances
the TR ratio. This enhancement stems from asymmetric heat
flux caused by differences in the overlap of phonon state den-
sities at graphene and boron nitride interfaces under forward
and backward heat flow. Another effective strategy involves
introducing asymmetric doping of foreign atoms. For exam-
ple, Yang et al.!>®! proposed two nitrogen-doped graphene
nanoribbon models, single (SNDG) and vertical (VNDG) dop-
ing configurations, and found that the TR ratio of SNDG de-
creased with increasing temperature, whereas that of VNDG
remained constant. In a subsequent study, Yang et al.!'¥l in-
vestigated the thermal properties of triangular nitrogen-doped
graphene nanoribbons and found that the TR ratio increased
with nitrogen concentration. They observed that the incorpo-
ration of nitrogen atoms expanded the asymmetric interfacial
region, resulting in a greater difference in heat flux between
forward and backward directions. However, studies on mod-
ulating the TR of CNTs through nitrogen doping remain rela-
tively limited.?"]

To further advance understanding, we constructed three
CNT heterojunctions with distinct nitrogen-doping configura-
tions: parallel-doped (PCNT), vertically doped (VCNT), and
mesh-doped (MCNT). Using nonequilibrium molecular dy-
namics (NEMD) simulations, we investigated the interfacial
heat transport mechanisms in these three models. Moreover,

(301 have demonstrated the feasibility of fabricating

Han et al.
such heterojunctions, providing experimental support for our
simulations. The chirality of the CNTs selected for the initial
model is (n,0). Our results reveal that heat flux preferentially
flows from the nitrogen-doped region to the undoped region in
all three models, with the PCNT exhibiting the highest TR ra-
tio. Accordingly, subsequent discussions focus on the PCNT
and explore the effects of temperature difference, size, and de-

fects on the TR ratio. These findings offer valuable insights

into the design of thermal rectifiers, intelligent thermal man-
agement systems, and microelectronic cooling devices.

2. Structure and computational methodology

Three different types of nitrogen-doped graphene sheets
and their corresponding rolled nitrogen-doped CNTs are
shown in Figs. 1(a)-1(c), respectively. The three nitrogen-
doped configurations of graphene selected here are consistent
with our previous work.[?!! The chirality of the CNTs chosen
for the initial model is (r,0), and after structural optimiza-
tion, we used a model with n = 18. The total length of the
model is 17 nm, the diameter is 1.4 nm, and the vacuum layer
is defined as a coaxial region surrounding the CNTs with a
cross-sectional area of 2 x 2 nm?, the length of which equals
that of the model. To maintain structural stability during the
simulation, fixed boundary conditions were applied at posi-
tions 1 nm from both the right and left ends of the model.
These constraints prevented rotation and ensured the model
remained stationary. The gray-shaded areas in Fig. 1 represent
these fixed regions, while periodic boundary conditions were
applied in the other two directions. To establish irreversible
heat flux during the simulation, the intermediate region, ex-
cluding the fixed regions, was divided into 50 layers. The
regions six layers away from each of the left and right fixed
regions were designated as hot and cold baths, maintained at
temperatures T;, and Tj, respectively. These are shown by the
red and blue dashed sections in Fig. 1
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where T is the ambient temperature, and A is the temperature
difference.
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Fig. 1. Schematic models of three nitrogen-doped CNT heterostructures:
(a) vertical doping of CNT (VCNT), (b) mesh doping of CNT (MCNT),
(c) parallel doping of CNT (PCNT), and (d) perspective view of the
atomic model of the mesh-doped CNT heterostructure (MCNT). Hot and
cold baths are applied at both ends of the simulated system (excluding the
fixed layer of 1 nm), generating a heat flux across the interface.

In this study, we utilized non-equilibrium molecular dy-
namics (NEMD) simulations performed using the Large-Scale
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Atomic/Molecular Massively Parallel Simulator (LAMMPS)
package.®?! Following the approach outlined by Ghasemi and

Cheng et al., [33,34]

an optimized Tersoff potential function was
employed to accurately describe the force constants between
C—C and C-N atoms in the model. The simulation procedure
comprised four main steps. (1) With a time step of 0.5 fs,
the model was first placed in the NPT ensemble for 500 ps
of relaxation to obtain an optimized structure. (2) The sys-
tem was then equilibrated in a Nosé—Hoover!*>! NPT heat bath
at ambient temperature 7 for 500 ps to maintain temperature
control. (3) Considering the potential instability of the Nosé—
Hoover thermostat, the hot and cold baths were subsequently
controlled using a Berendsen*®! heat bath. (4) Finally, the
model was placed in the NVE ensemble and run for 1.2 x 107
steps to calculate the heat flux. It should be noted that the
heat bath coupling parameter T was set to 100 fs, and the heat
bath layer thickness was set to 10 A. Specifically, we tested
the effects of 7 and heat bath layer thickness on heat flux and
TR ratio and found that a smaller 7 (50 fs) accelerates relax-
ation but may cause slight over-damping of temperature, while
a larger 7 (500 fs) significantly prolongs relaxation. However,
the change in heat flux remained within £6%, and the forward
and backward heat flux trends were consistent. Most impor-
tantly, the TR ratio varied minimally within the tested 7 range.
A thinner heat bath layer (5 A) slightly increased temperature
fluctuations in the thermal bath region, whereas a thicker layer
(20 A) mildly suppressed atomic vibrations near the bound-
ary. Nevertheless, the ratio of forward to backward heat flux
remained similar, resulting in a highly stable calculated TR
ratio. For each simulated system, six independent runs were
performed, and the averaged values were reported in the fig-
ures. Furthermore, simulation conditions were kept consistent
across all cases unless otherwise specified. These included a
temperature of 300 K, a model length of 17 nm, a chirality of
(18,0), an inner diameter of 1.4 nm, and a A value of 0.3.

The heat flux from the undoped region to the nitrogen-
doped region is denoted as J, and the backward heat flux as
J_. The heat flux density of the system, J, can be calculated
from the energy exchange rate in the heat source and sink re-
gions as follows:

J= <8Ehot + aEcold

o 25 ) /(aa), ®

where Eyo and Egqq represent the energy gained by the hot
bath and removed from the cold bath, respectively, and A is
the cross-sectional area of the simulation system perpendicu-
lar to the heat transfer direction. The TR ratio was calculated
using the following equation:

J_—1J
n= Ji* x 100%. 4)

3. Results and discussion

3.1. Effect of temperature on TR of three nitrogen-doped
models

Initially, the forward and backward heat fluxes of the
models were obtained through NEMD simulations, with the
ambient temperature 7 set to 300 K, the temperature differ-
ence A to 120 K, the system length L to 17 nm, and the chiral-
ity of the heterogeneous nanotubes fixed at (18,0). The tem-
perature distribution along the heterogeneous nanotube was
calculated according to

1
T =
3Nk

N
mv?t, 5
=1

where N is the total number of atoms in the heterogeneous
nanotube, kg is the Boltzmann constant, and m; and v; are the
mass and velocity of atom i, respectively. Based on Eq. (5),
the temperature distributions of the heterogeneous nanotube
for forward and backward heat fluxes are shown in Fig. 2(d).
The dependence of the heat flux magnitude and TR rate on the
ambient temperature 7 for the three models is illustrated in
Fig. 2.

In Fig. 2(a), to distinguish between the forward and back-
ward heat fluxes, the ambient temperatures corresponding to
the forward and backward heat fluxes are denoted as 7; and Ty,
respectively. Across all three models, J_ consistently exceeds
J4, indicating a dominant heat flow from the nitrogen-doped
region toward the undoped region. This observation is con-
sistent with previous research./?®! The heat flux values for all
three models increase with rising average temperature. Fig-
ure 2(b) further shows that the TR rate decreases with increas-
ing ambient temperature in all three models. This trend can be
attributed to the progressive enhancement of phonon—phonon
scattering at elevated temperatures, which weakens the asym-
metry between forward and backward heat fluxes.

Notably, at an average temperature of 300 K, the PCNT
exhibits the highest TR rate of 213.15%, surpassing both
VCNT and MCNT, which highlights its superior performance
as a thermal rectifier at room temperature. However, the TR
rate of PCNT is highly sensitive to temperature variations,
rapidly dropping to 3.05% as the temperature rises to 600 K.
In contrast, the TR rates of VCNT and MCNT decline more
gradually, with the latter maintaining a relatively higher TR
across the entire temperature range. Even at 600 K, the TR
rate of MCNT remains as high as 75%, indicating its excellent
rectification capability at elevated temperatures.

Currently, several studies have investigated the TR per-
formance of two-dimensional planar graphene/C3N hetero-
junctions. For example, Song et al.l®” reported a TR rate
of 13.77% in graphene/C3N heterojunctions, while Farza-
dian et al.3¥! achieved a TR rate of only 50% even un-
der a large temperature difference (A7 = 100 K). To fur-
ther compare and evaluate the difference in TR strength

116101-3



Chin. Phys. B 34, 116101 (2025)

betweentwo-dimensional graphene and one-dimensional car-
bon nanotubes, we constructed and analyzed heterojunction
models with identical nitrogen-doping configurations: paral-
lel doping of graphene (PGR), vertical doping of graphene
(VGR), and mesh doping of graphene (MGR). The TR perfor-
mance indices obtained under identical simulation parameters
for all systems are presented in Fig. 2(c). The results reveal
that the TR ratios of the nitrogen-doped graphene models are
significantly limited at all temperatures.

To further investigate the effects of different nitrogen-
doping configurations on the phonon vibrational modes of
CNTs, we calculated the dispersion curves for three nitrogen-
doped forms, as well as for undoped pure CNTs. These were
obtained by performing a two-dimensional Fourier transform
on the time history of the velocity field,**! which can be ex-
pressed as

0(k0) = |+ [ Vaexplity—ionaray|, (2=, (6)

where N is the number of atoms in the system, y is the heat
conduction direction, k is the wave vector, and @ is the phonon
frequency. The velocity component v is projected onto the x,
v, and z directions to calculate the phonon energy densities
for the individual phonon modes. The calculated results are
shown in Fig. 3(a). To further analyze the dispersion relation,
the dispersion curves were differentiated to obtain the phonon
group velocities, as depicted in Fig. 3(b).

By considering the group velocity and dispersion rela-
tions, it can be inferred that phonon localization in undoped
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CNTs is minimal. Moreover, the parallel-doped region ex-
hibits the flattest dispersion profile. A distinct band gap is
also visible in the region marked by a dashed box. Within
this region, the interaction between the flat and non-flat bands
induces the coupling of local resonance phonon modes with
normal propagating phonon modes, leading to the formation
of high-intensity local resonances. This mechanism signifi-
cantly suppresses heat flux.[*’! Consequently, parallel doping
results in the smallest phonon group velocity and the lowest
heat flux.

It is worth noting that in all three nitrogen-doping models,
when heat flux proceeds from the left end to the right end, that
is, from the non-flat-band region to the flat-band region, most
of the frequency range of the non-flat-band region does not
overlap with that of the flat-band region, making it difficult for
phonons to traverse the interface. Conversely, for backward
heat flux, phonons can pass through the interface more eas-
ily, resulting in different interfacial thermal resistances for for-
ward and backward heat fluxes. Therefore, the backward heat
flux exceeds the forward heat flux. Furthermore, the larger
the proportion of the flat region in the dispersion curve of the
nitrogen-doped segment, the more pronounced the difference
in interfacial thermal resistance between the forward and back-
ward heat fluxes, leading to a higher TR ratio. Consequently,
PCNT exhibits the most significant TR effect at room temper-
ature, while VCNT shows a weaker TR effect.
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Fig. 2. The effect of temperature on (a) the heat flux and (b) the TR ratio for VCNT, MCNT, and PCNT; (c) the TR ratio for VGR, MGR, and
PGR; and (d) the local temperature distribution under forward and backward heat fluxes in PCNT.
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Fig. 3. The effect of different nitrogen doping forms on (a) the dispersion
curves and (b) the group velocity.

To further visualize the phonon heat transfer characteris-
tics, we calculated the phonon density of states (PDOS) for
each of the three models and discussed them in detail.

The PDOS along the heat flux direction was obtained by
performing a Fourier transform on the velocity autocorrelation
function (VACF),!*! as given by

1 oo 1 [N
PDOS(w):EL e‘“”N<iZ‘iv,-(t)v,~(0)>dt, )

where v;(0) denotes the mean velocity vector of particle i at
the initial moment, v;(z) denotes that at time ¢, @ represents
the vibration frequency, and the angle brackets indicate the
ensemble average.

To quantify the degree of spectral matching between dif-
ferent regions under forward and backward heat flux, we
calculated the overlap of the PDOS based on the theory of

density-of-states overlap!*?!

Si — /Ooomin{Pl(a)),Pz(a))}dw, @®)

where Pj(®) and P, (o) are the PDOS of regions A and B, re-
spectively. The subscripts “+” and “— represent the forward
and backward heat flux directions. The in-plane and out-of-
plane PDOS overlaps are defined as Sy and So, respectively.
The in-plane PDOS at 300 K was calculated for the three mod-
els, as shown in Figs. 4(a)—4(f).

From Fig. 4, it is evident that in the in-plane direc-
tion, the overlap of PDOS curves under backward heat flux
is greater than that under forward flux for all three nitrogen-
doping models. This indicates that heat flow from region B
to region A experiences lower thermal resistance, resulting
in higher heat flux in the backward direction. However, the
differences in PDOS overlap between the forward and back-
ward cases are not substantial. The VCNT exhibits the largest
in-plane phonon overlap in both directions, suggesting that it
should exhibit the highest forward and backward heat fluxes at
T =300 K. However, this observation contradicts the data pre-
sented in Fig. 2. Therefore, it is necessary to examine the out-
of-plane phonon vibrational modes in regions A and B of the
three models, as shown in Figs. 4(a)—-4(f). Analyzing these vi-
brational modes provides additional insights into the observed
TR behavior and helps reconcile the discrepancies between the
expected and observed heat flux patterns.

As depicted in Fig. 5, consistent with the in-plane PDOS,
the overlap of the PDOS corresponding to the backward heat
flux surpasses that of the forward heat flux for all three models.
Furthermore, the overlap between the forward and backward
out-of-plane PDOS of the three models exhibited notable dif-
ferences, with S/S values of 1.02, 1.03, and 1.071 for VCNT,
MCNT, and PCNT, respectively. Moreover, S/S. values were
calculated for the three models at temperatures of 300 K and
400 K, yielding values of 1.033, 1.054, 1.04, and 1.015, 1.023,
1.01, respectively. These values, along with their respective
comparisons of TR rates, are illustrated in Fig. 6. The figure
elucidates that the disparity between the forward and back-
ward heat fluxes of the PCNT is most pronounced at 300 K.
This suggests that the TR rate reaches its peak at this temper-
ature. Similarly, the ratios of S/S and TR rates for the other
two models first increase and then decrease with temperature.
Apparently, the ratio of the overlap of forward and backward
heat flux shows the same trend as the TR rate as the tempera-
ture rises. This observation suggests that out-of-plane phonon
transport plays a decisive role in the heat flux and TR rate of
the model. Considering the absolute advantage of the TR of
PCNT at 300 K, our subsequent study focuses on PCNT.

To explore the effects of sawtooth and armchair shapes
on the heat flux and TR rate of the model, we analyzed the de-
pendence of the heat flux on the temperature difference A for
the zigzag PCNT (ZPCNT) and the armchair PCNT (APCNT),
as depicted in Fig. 7(a). Initially, in both cases, the heat flux
preferentially flows from the nitrogen-doped region to the non-
doped region, exhibiting a significant TR effect, consistent
with the aforementioned analysis. Furthermore, the TR rate
increases as the magnitude of |A| increases, aligning with the
findings of Chen et al.!'' and Yang et al.'*! When A < 0, the
heat flux increases rapidly with |A| for both models. However,
when A > 0, the increase in heat flux of ZPCNT is notably
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slower than that of APCNT, particularly for large temperature
deviations. To delve deeper into the underlying mechanisms
driving these differences, we employed Eq. (9) to calculate the
phonon participation rate (PPR) for both models under for-
ward heat flux

2

) l {Zz (f eifm%zy1<Vi(0)Vi(t)>dt)2]
Ny (el ey vi(0pwi(r))de)

These vectors measure the proportion of atoms participating in
a given mode and can effectively indicate a localized mode for
0(1/N) and an off-delocalized mode for &(1).1** The results
are depicted in Fig. 7(c). It is evident that ZPCNT exhibits
a significantly lower phonon participation rate across the ma-
jority of frequencies compared to APCNT. This discrepancy
can be attributed to the more pronounced boundary scatter-

PPR(o) )

ing characteristic of the zigzag configuration in contrast to the

armchair type, causing the transition of too many delocalized
phonons to localized ones, which leads to a lower heat flux.
Furthermore, we calculated the dispersion curves and group
velocities of both ZPCNT and APCNT using Eq. (6), as illus-
trated in Figs. 7(d) and 7(e). A clear distinction is observed:
ZPCNT features a flatter dispersion profile, and its group ve-
locity is substantially lower than that of APCNT across almost
the entire frequency range. This indicates that ZPCNT harbors
a higher proportion of localized phonon modes. Meanwhile,
the local phonons are not affected by temperature, so the for-
ward heat flux of the ZPCNT does not significantly increase
with temperature difference. However, the APCNT, with a
higher proportion of off-delocalized phonons, exhibits a more
sensitive temperature dependence. Correspondingly, the TR
ratio of the ZPCNT grows faster than that of the APCNT as A
increases. At A = 0.5, ZPCNT can reach 342%, while APCNT
is only 45.92%.
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Fig. 4. In-plane PDOS of VCNT ((a) and (b)), MCNT ((c) and (d)), and PCNT ((e) and (f)) at 300 K.
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Fig. 5. Out-of-plane PDOS of VCNT ((a) and (b)), MCNT ((c) and (d)), and PCNT ((e) and (f)) at 300 K.
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3.2. Effects of size

At the nanoscale, where the model size is comparable
to the phonon mean free path, even subtle dimensional al-
terations in a model can impact its heat transport properties.
Therefore, it is imperative to investigate the influence of size

on the TR ratio of the model. In this context, we explore
the effects of the length L of heteronanotubes and the diam-
eter W of the tubes on the TR rate of PCNT. As illustrated
in Fig. 8(a), with the increase in length, J; remains almost
constant initially, while J_ experiences rapid growth. Sub-
sequently, when L surpasses 12 nm, J; undergoes a sudden
The TR ratio, calculated
using Eq. (2), is depicted in Fig. 8(a), reaching its peak at

increase, whereas J_ stabilizes.

L = 12 nm before declining rapidly. For instance, TR =219%,
367%, and 50% when L =4 nm, 12 nm, and 30 nm, respec-
tively. To provide a more comprehensive understanding of
the variations in heat flux and TR ratio, we conducted cal-
culations on the PDOS inside the PCNT, and the results are
presented in Fig. 9(a). It is clear that the 30 nm model exhibits
a greater percentage of PDOS in the low-frequency range com-
pared to the 4 nm and 12 nm models. In the high-frequency
region, however, there is no significant difference among

the three. When the length of the heteronanotube becomes

(a) 6f I=-ZPCNT (®) 350[ o-zPoNT () 10
R 1=~ APCNT, —o— APCNT
LA L 300} 0.8t
R i
= : g 0.6
1 6F

E or A S o 200 &
[=] N =

—4} 1 = a8 L ®
? ' e 150 0.4 3

ol 1
Z 2 H 50 5 100 0.2} b e
5 O : 3 50f ‘
S s ! o APCNT
o : ol Of s ZPCNT

96604 02 0 o2 04 06 0.1 02 03 04 05 0 10 20 30 40 50 60 70

A |A| Frequency (THz)
(d) (©) 100
o APCNT
0 ZPCNT

Frequency (THz)
The group velocity (m/s)

10 20 30 40 50
Frequency (THz)

Fig. 7. Effect of temperature difference A on (a) heat flux and (b) TR rate of ZPCNT and APCNT; (c) phonon participation rates of ZPCNT and
APCNT under forward heat flux; (d) dispersion curves; and (e) group velocities of ZPCNT and APCNT.
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further increased, more long-wave phonons transferring across
the interface are easily excited, which reduces the difference in
forward and backward heat fluxes and weakens the TR ratio.
This is consistent with Refs. [26,45-47]. In addition, to more
clearly show the TR effect of the model at a large length, we
plotted rectification as a function of the inverse of the length,
as shown in Fig. 8(b). It can be seen that the model does
not have an obvious TR effect at a large scale, which further
proves our conclusion.

In order to investigate the effect of length on the involve-
ment of low-frequency phonons in thermal transport, we cal-
culated its spectral heat flux using Eq. (9). When the heat flux
is close to the steady state, we respectively take the atoms in
layer 1 and layer 2 (as shown in the blue shaded regions in
Fig. 1, respectively) in the J. direction. The spectral heat flux

at these positions is calculated as#8-3%!

2
gisj(@) = ——

= ¥ Im<ﬁ;"(w)*1<9fﬁﬁ‘?(a))>, (10)

a,Be(xy)

where @ is the angular frequency, ¢ is the simulation time, K;;ﬁ

is the second-order interatomic force constant, and v (@) and

\7? (w) are the discrete Fourier-transformed velocities of atoms

i in direction o and atoms j in direction 3, respectively. The
sum of the heat flux of the atoms in layers 1 and 2, divided by

the cross-sectional area, is the spectral heat through the struc-

ture, expressed as

4(0) = 1 T T ai-5(0)

i€L jeR

an

Figure 9(c) displays the spectral heat flux calculated us-
ing Egs. (10) and (11). As previously mentioned for PDOS,
an increase in length stimulates more low-frequency, long-
wavelength phonon modes to participate in thermal transport.
Therefore, the effect of the increased length in Fig. 8(a) can
be attributed to the fact that the increase in model length ex-
cites more long-wave phonons, which are more likely to pass
through the doped region and thus contribute to the heat flux.
On the other hand, the increase in model length is accompa-
nied by an increase in the number of nitrogen atoms, which
enhances phonon scattering at nitrogen-doped sites, thereby
suppressing the heat flux to some extent. It is the alternat-
ing influence of these two factors that causes the forward and
backward heat flux to increase asynchronously, so that the TR
rate does not show a linear decrease.

Subsequently, we explored the effect of the model diam-
eter W on the heat flux and TR rate, as shown in Fig. 8(c). It
is evident that the overall forward and backward heat fluxes,
as well as the TR rate, do not significantly change with an in-
crease in W. The internal PDOS of the PCNT was calculated
using Eq. (6), and the results are presented in Fig. 9(b). It can
be seen that the PDOS curve varies very little with diameter.
The spectral heat flux, shown in Fig. 9(d), further confirms that
the PCNT heat flux is not sensitive to changes in diameter.
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3.3. Effect of defects

During the fabrication of nanomaterials, randomly dis-
tributed point defects usually appear in the model, signifi-
cantly affecting the heat transfer properties of the material.
Therefore, it is of great research importance to study the effect
of point defect concentration. The parameter p is introduced
as the defect density, defined as the number of point defects
Nefect @S a percentage of the total number of atoms N in the
model

_ Nefect

x 100%. (12)

In the models we have studied, defects are likely to appear
in the left part (undoped region) or the right part (doped re-
gion), which may affect the heat flux differently and are there-
fore discussed separately. The concentration of defects is de-
noted by pr. when they appear randomly only in the left part of
the model, by pr when they appear randomly only in the right
part, and by p,; when they are randomly distributed through-
out the model. Here N denotes the total number of atoms in
the PCNT. The effect of defect concentration on heat flux and
TR rate is calculated for these three cases, as shown in Fig. 10.
It can be seen that the heat fluxes in the three cases do not vary
monotonically with increasing defect density.

Comparison of the effects of pr. and pr on heat flux is
shown in Figs. 10(a) and 10(b). The forward heat flux in-
creases steadily with increasing pr, when pr, < 0.3%, but first
increases and then decreases when pr, > 0.3%. In contrast,
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The J, of p,
o —o— The J_ of p;,
251
£
=
= 2.0
'S
Z
w 1.5
=
S
-
g 10f
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0.5F
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when the defects are distributed only on the right side, both
forward and backward heat fluxes decrease to varying degrees
as the defect concentration rises. Figure 10(c) shows the effect
of overall defect concentration on heat flux, which exhibits an
overall trend of increasing and then decreasing.

To investigate the impact of defect concentration on the
sudden increase effect of heat flux (Fig. 10(a)), we separately
calculated the out-of-plane PDOS at various concentrations.
Additionally, to measure the PDOS overlap relationship, ac-
cording to Dong et al.®' and Diao et al.,'>?! we calculated the
cumulative correlation factor (CCF) for out-of-plane PDOS
using the following equation, and the results are shown in
Fig. 11.

CCFj(y) = Jo* Di(@)-Dj(0)do

~EDi@dof; Dwde 1Y

where i and j represent individual groups of atoms, and
CCF;j(wy) is the CCF of PDOS below a specific frequency
@, between i and j.

As observed in Figs. 10(a)-10(c), when defects are ran-
domly doped only on the left side, the PDOS on the right side
remains largely unchanged, while the PDOS on the left side
exhibits a decreasing trend overall. Analysis of the cumulative
correlation factor reveals that the PDOS overlap between the
left and right sides first increases and then decreases as the
defect concentration rises. This trend aligns with the observed
variation in heat flux, indicating that the degree of PDOS over-
lap between the two sides correlates with changes in heat flux
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Fig. 10. Heat flux as a function of defect concentration for (a) pr, (b) pr, and (c) pay, and (d) corresponding TR ratio.
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induced by defect doping. For pr, a low defect concentra-
tion weakens the thermal conductivity of the left undoped re-
gion slightly, reducing the difference in thermal properties be-
tween the two sides, which increases the PDOS overlap and
decreases the interfacial thermal resistance, leading to a rise in
heat flux. However, when the defect concentration is too high,
the left side is excessively weakened, increasing the PDOS
mismatch again and reducing the heat flux.

As seen in Figs. 11(d)-11(f), when defects are only intro-
duced on the right side, the PDOS on the left remains essen-
tially unchanged, and the PDOS on the right side decreases
slightly. The originally poorer thermal conductivity of the
doped region combined with additional defects enhances the
mismatch in the phonon spectrum, reducing heat flux. How-
ever, this weakening effect is not significant because the ni-
trogen doping on the right-hand side dominates phonon scat-
tering, and the effect of additional point defects is relatively

minor.

In summary, we can infer the effect of p,;; on the heat flux.
When defects appear randomly on both the left and right sides
of the model, the thermal properties of the left region weaken
faster than the right side because the undoped region is more
sensitive to defects. As a result, the overall difference in heat
transfer capacity between the two sides decreases, increasing
the heat flux. If the defect concentration is too high, the ther-
mal conductivity of the left region becomes lower than that of
the right region. This increases the phonon spectral mismatch,
thereby weakening the heat flux. As shown in Fig. 10(d), re-
gardless of the defect location, the defect concentration exerts
a strong inhibitory effect on the rectification capability of the
model. This is attributed to the defects weakening the asym-
metry of the forward and backward heat fluxes, and should
therefore be minimized during the synthesis of the model.
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4. Conclusion

In this study, we simulated three different nitrogen-doped
CNT heterojunctions: PCNT, MCNT, and VCNT. The results
show that PCNT exhibits superior TR efficiency at room tem-
perature, which decreases with increasing temperature, and the
TR mechanism is verified through PDOS and phonon disper-
sion analysis. Furthermore, a comparison between ZPCNT
and APCNT highlights that although ZPCNT possesses supe-
rior rectification efficiency, it has a lower forward heat flux,
while APCNT shows the opposite trend. The PPR versus
phonon dispersion reveals that ZPCNT has a flatter dispersion
profile and a significantly lower group velocity compared to
APCNT across almost the entire frequency range.

Subsequently, we explored the effect of size on the TR
rate of PCNT. Analysis of spectroscopic heat flux and PDOS
reveals that increasing length excites more low-frequency
phonons inside PCNT and intensifies phonon scattering at ni-
trogen atoms. The competition between these mechanisms re-
sults in asynchronous growth of forward and backward heat
fluxes, yielding an extremely high TR rate at an intermediate
length of 12 nm. In contrast, the model diameter has negligible
impact on heat flux.

Finally, the effect of defect density on the TR ratio was
investigated. As defect concentration increases, the heat flux
exhibits a non-monotonic behavior, first increasing and then
decreasing. This phenomenon is explained by the interplay be-
tween the change in thermal conductivity differences between
the two sides of the model and phonon scattering at defect
sites, analyzed via the overlap of PDOS on both sides. These
findings provide valuable insights for the design of PCNT-
based high-efficiency thermal rectifiers.
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