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Abstract: In this study, the thermal transport properties for various geometries of monolayer h-

BN/h-AlN superlattice nanoribbons are investigated using non-equilibrium molecular dynamics 

simulations. In this context, the lattice thermal conductivities of the superlattice nanoribbons are 

obtained for different period lengths, geometries, sample lengths, and temperatures. Results reveal 

that a decrease in the thermal conductivities of superlattice nanoribbons when compared with those 

of the pristine nanoribbons, the lattice thermal conductivities decrease with decreasing sample 

lengths and increasing temperatures, also the formation of the extremum points resulting from the 

competition between wave-like and particle-like phonon transport in the thermal conductivity of 

superlattice nanoribbons with the change of the period lengths. Moreover, superlattice nanoribbons 

with different geometries are created to connect the h-BN/h-AlN interface, and it is observed that 

there is a difference between the thermal conductivities calculated in the reverse directions. This 

difference leads to thermal rectification in the superlattice structures. As the asymmetry between 

thermal contact areas increases especially at low temperatures, it is found out the thermal 

rectification ratio increases. 

 

 

Tek Katmanlı Hegzagonal Bor Nitrür/Alüminyum Nitrür Süperörgü Nanoşeritlerinin Çeşitli 

Dizilerinde Termal İletkenlik ve Termal Doğrultma 
 

 

Anahtar 

Kelimeler 

Termal 

iletkenlik, 

Termal 

doğrultma, 

Tek katmanlı 

BN/AlN 

süperörgü 

nanoşeritler 

Öz: Bu çalışmada, tek-katmanlı h-BN/h-AlN süperörgü nanoşeritlerinin çeşitli geometrileri için 

termal taşınım özellikleri, denge dışı moleküler dinamik simülasyonları kullanılarak araştırılmıştır. 

Bu bağlamda, farklı periyot uzunlukları, geometriler, örnek uzunlukları ve sıcaklıklar için 

süperörgü nanoşeritlerin örgü ısıl iletkenlikleri elde edilmiştir. Sonuçlar, bozulmamış nanoşeritler 

ile karşılaştırıldığında süperörgü nanoşeritlerin termal iletkenliklerinde bir azalma olduğunu, kafes 

termal iletkenliklerinin azalan örnek uzunlukları ve artan sıcaklıklar ile azaldığını, ayrıca periyot 

uzunluklarının değişimi ile süperörgü nanoşeritlerinin termal iletkenliklerinde dalga-benzeri ve 

parçacık-benzeri fonon taşınımı arasındaki rekabetten kaynaklanan ekstremum noktalarının 

oluşumunu ortaya koymaktadır. Ayrıca h-BN/h-AlN arayüzünü bağlamak için farklı geometrilere 

sahip süperörgü nanoşeritler yaratılmıştır ve ters yönlerde hesaplanan termal iletkenlikler arasında 

fark olduğu gözlemlenmektedir. Bu fark, süperörgü yapılarında termal doğrultmaya sebep 

olmaktadır. Özellikle düşük sıcaklıklarda termal banyo alanları arasındaki asimetri arttıkça termal 

doğrultma oranının arttığı tespit edilmiştir. 

 

 

1. INTRODUCTION 

 

Bulk group III-nitride semiconductor materials (BN, 

AlN, GaN, and InN) and their alloys have attracted great 

attention due to different device applications in 

electronics and optoelectronics as well as in 

thermoelectrics such as the high electron mobility 

transistors, laser diodes, light-emitting diodes, photo-

detectors, solar cells, electro-optic modulators, and 

biosensors [1-4]. Nowadays, with the advance of 

fabrication technologies [5], interest in the hexagonal 

group-III nitride monolayers which possess graphene-

like planar honeycomb structures have increased due to 
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both their potential in producing alternative solutions to 

graphene without band-gap (a disadvantage for 

thermoelectric applications) and their potential to 

achieve the desired device performances (high 

computing performance, low power consumption, etc.) 

for next-generation device applications [6,7]. Recently, 

the low-dimensional structures of BN [8,9], and AlN 

[10,11] have been successfully synthesized with high 

dimensional accuracy. Another class of low- 

dimensional nanomaterials is quasi-one-dimensional 

nanoribbons. The nanoribbons can be produced with 

techniques such as unwrapping of nanotubes [12] or 

cutting the monolayers, and so the phonons confined in 

bring novel properties to materials [13,14]. 

 

Controlling heat flow provides potential advantages in 

promising application fields such as thermoelectrics 

[15,16], thermal management [17,18], information 

processing [19], and optoelectronics [20]. In particular, 

the phonon interface scattering in structures such as two-

dimensional superlattices is proposed as an alternative 

option in heat management applications. A superlattice 

implies a periodic or quasi-periodic arrangement of a 

certain period length layers composed of two or more 

crystal structures. In numerous experimental [21-23] and 

theoretical [24-26] studies, it has been pointed out that a 

superlattice with various components may indicate quite 

different thermal transport properties from the ones of its 

constituents due to due to its new translational symmetry 

and its capability to produce unusual phenomena [27-

29]. Since the phonon mean-free-path is significantly 

suppressed  by the phonon-boundary scattering at the 

interfaces between the materials, the lower lattice 

thermal conductivity of these structures compared to 

their constituents  has been predicted [28-30]. 

 

One of the most fundamental phenomena associated with 

thermal manipulation in solid-state device applications is 

thermal rectification. The thermal rectification arises 

heterostructures (such superlattices) [31,32] or thermal 

asymmetry in the heat flow direction of asymmetric 

structures [33,34] or materials with asymmetric thermal 

contact [35,36]. For instance, by Chang et al. [37], heavy 

molecules were externally and in-homogeneously loaded 

to carbon and BN nanotubes, and about 7%  thermal 

rectification coefficient was experimentally measured 

between the forward and backward directions by 

yielding asymmetric axial thermal conductance. In 

various asymmetric monolayer graphene nanostructures 

of the micrometer scale samples, the thermal 

rectification was experimentally measured by Wang et 

al. [34], and a 10% (26%) thermal rectification factor 

was reported for pristine monolayer graphene with 

nanoparticles deposited on one side or with a tapered 

width (for asymmetric monolayer graphene with 

nanopores on one side). Moreover, by Duan et al. [38], 

the interfacial thermal resistance between the carbon 

nanotube films and copper was experimentally 

measured, and the thermal rectification coefficient 

ranges between 57 − 68%  were presented. Also, the 

thermal rectification coefficient originated from phonon 

confinement in the lateral dimension in asymmetric T-

shaped or trapezoidal graphene nanoribbons using 

molecular dynamics simulations was predicted around 

10%  by Wang et al. [39]. Lastly, the thermal 

rectification coefficient for nozzle-like graphene/boron 

nitride nanoribbons having various geometries has been 

estimated at values of up to 25% by Dehaghani et al. 

[40]. 

 

Consequently, knowing and understanding the thermal 

transport properties of materials by controlling the heat 

flow is important and necessary for promising next-

generation thermal device applications. Therefore, 

investigation of the thermal behavior of heat carrier 

phonons in monolayer superlattice nanoribbons is chosen 

as the subject of this study for both to clearly understand 

its nature and to indicate can be used as a thermal 

management tool in low-dimensional layered systems.   

Here, the thermal transport properties of monolayer 

hexagonal BN/AlN (h-BN/h-AlN) superlattice 

nanoribbons using the non-equilibrium molecular 

dynamics (NEMD) simulations via the Large-scale 

Atomic/Molecular Massively Parallel Simulator 

(LAMMPS) [41,42] are investigated. To this end, the 

force-field Tersoff potential parameters reported 

previously are used to model inter-atomic interactions of 

the h-BN/h-AlN nanoribbons [43,44]. 

 

2. MATERIAL AND METHOD 

  

Schematic representations of monolayer h-BN/h-AlN 

superlattice nanoribbons, Boron (B): blue circle, 

Aluminum (Al): green circle, Nitrogen (N): grey circle) 

are shown in Fig. 1. Periodic boundary conditions are 

applied in the x-direction where the heat flow direction, 

while free boundary conditions are put into practice in 

the y-direction. The Ly width is 16𝑎 (𝑎 =  0.306 nm is 

the lattice constant). For Lx eight different length values 

in the range of 120 − 768  unit cells ( √3𝑎 ) are 

considered. Simulation cells that the numbers of atoms 

in materials to be the same are created for six different 

period lengths (lp  =  l1, 2l1, 3l1, 4l1, 6l1, 12l1, where 

l1  =  1.060  nm is the minimum period length). In 

addition, the simulation cells of nanoribbons, half of 

which is h-BN and the other half which of h-AlN, are 

created to connect the h-BN and h-AlN interface at four 

different angles ( θ = 0o, 30o, 60o, and 90o ). The 

NEMD simulations are performed for 7.5 ns with 0.5 fs 

time steps. Before applying the thermal gradient, the 

system is allowed to reach equilibrium at the desired 

temperature in the NVT ensemble for 1 ns. The thermal 

conductivity values are provided by using the data 

collected over the last 5 ns. 

 

The thermal conductivity values of the superlattice 

nanoribbon simulation cells are obtained via Fourier’s 

law 

κ = −
J

∂T/ ∂x
 (1) 

 

by defining the heat flow, J = ∆Q/2A∆t, removed from 

(or added to) the hot region (cold region) [45]. Here, 

∂T/ ∂x  is the temperature gradient generated between 

hot and cold regions along the heat flow direction, ∆Q is 
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energy flux, ∆t is the simulation time and A is the cross-

sectional area that the heat flux passes through along 

simulation cells. The A  is calculated considering lz =
 0.337  nm as the effective layer thickness of the 

monolayer nanoribbons [43]. Langevin thermostat that a 

stochastic heat bath [46], is used to establish thermal 

reservoirs in order to control the temperature difference 

as 60  K. The length of both hot and cold thermal 

reservoir regions (LL and LR, see Fig. 1) is kept constant 

as 16 unit cells (16√3𝑎) to form symmetrical thermal 

contacts. 

 

The intrinsic lattice thermal conductivity of infinitely 

long samples is predicted through extrapolation of the 

finite sample length results determined from the NEMD 

simulations via [47]: 

 
1

κ(Δx)
=

1

κ∞
(

lpmfp

∆x
+ 1)  (2) 

 

here ∆x (see Fig. 1) is the sample length between hot and 

cold reservoir regions, lpmfp  is the phonon mean-free-

path, κ(∆x) is the thermal conductivity value obtained 

for the selected ∆x length, and κ∞ is the intrinsic lattice 

thermal conductivity of the real system with infinite 

length. 

 

By exchanging the thermal asymmetry, the thermal 

rectification (TR) is calculated as: 

 

TR(%) =
|κ+−κ−|

κ− × 100  (3) 

 

where κ+  is the thermal conductivity while LL: hot 

region and LR: cold region, and κ− is for the reverse. 

 

3. RESULTS  

 

Intrinsic lattice thermal conductivity of the monolayer h-

BN/h-AlN superlattice nanoribbons is estimated using 

the extrapolation function in Eq. 2 over the thermal 

conductivities calculated for the simulations of the finite 

sample lengths along the x-direction. In Fig. 2(a)- (c), the 

extrapolated data for six different superlattice period 

lengths of the superlattice nanoribbons are given at 200 

K, 300 K, and 600 K temperatures, respectively. In the 

thermal conductivity results of six different superlattice 

period lengths, eight different finite simulation sample 

lengths are taken into account for extrapolations, and 

only a single NEMD simulation is carried out to 

determine the thermal conductivities of the finite sample 

lengths. The increment in nanoribbon sample length 

contributes to the thermal conduction as brings about an 

increase in the total phonon life-times along the heat flux 

direction, and thus the lattice thermal conductivities 

increase with increasing ribbon length. 

 

Fig. 2(d) show the estimated intrinsic lattice thermal 

conductivity values of the monolayer h-BN/h-AlN 

superlattice nanoribbons as a function of superlattice 

period lengths at 200  K, 300  K, and 600  K. The 

standard deviations are determined from the fit curve of 

the thermal conductivity data obtained for the 

Figure 2. Period length dependent lattice thermal conductivity as a 

function of the 𝛥𝑥 length for the monolayer h-BN/h-AlN superlattice 

nanoribbons at (a) 200 K, (b) 300 K, and (c) 600 K. Here, the line fit 

curves drawn in the same color as the data of each period length are 
generated using Eq. 2. (d) Intrinsic lattice thermal conductivity as a 

function of the period length at 200, 300, and 600 K temperatures for 

the monolayer h-BN/h-AlN superlattice nanoribbons. 

Figure 1. Some of the schematic representation of the monolayer 

h-BN/h-AlN superlattice nanoribbon sequences (a) 𝑙𝑝  =  𝑙1 , (b) 

𝑙𝑝  =  2𝑙1 , (c) 𝑙𝑝  = 3 𝑙1 , (d) 𝑙𝑝  =  𝐿𝑥  and 𝜃 = 0𝑜 , (e) 𝑙𝑝  =  𝐿𝑥 

and 𝜃 = 60𝑜 , and (f) 𝑙𝑝  =  𝐿𝑥  and 𝜃 = 90𝑜 . Boron (B): blue 

circle, Aluminum (Al): green circle, Nitrogen (N): grey circle. 

Illustrative representation of thermal contacts (LL and LR) and 

sample geometry (width of Ly, length of Lx, symmetrical 𝛥𝑥 length 
between contacts) in the MD simulations. 
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simulations with finite sample lengths, using the function 

in Eq. 2. The intrinsic thermal conductivities of the 

superlattice nanoribbons at all the period lengths 

decrease with increasing temperatures as expected, due 

to the enhancement of the Umklapp process domination 

[27,48]. When compared with those of the pristine 

nanoribbon structures given in Table 1, the reduction in 

the thermal conductivities of superlattice nanoribbons is 

observed. Note that, the intrinsic lattice thermal 

conductivities of the monolayer h-BN and h-AlN pristine 

nanoribbons given in Table 1 have been calculated by 

using the same NEMD procedure for comparability [49]. 

 
Table 1. Intrinsic lattice thermal conductivity of pristine monolayer h-

BN, and h-AlN nanoribbons obtained using the NEMD simulations at 

200, 300, and 600 K temperatures [49]. 

κ∞/Temperature 200 K 300 K 600 K 

h-BN (Wm−1K−1) 
337.79 
±  3.58 

231.46 
±  2.44 

122.51 
±  1.60 

h-AlN (Wm−1K−1) 
  76.31  
± 0.58 

  54.66 
±  0.52 

   30.25 
±  0.63 

 

A remarkable characteristic in the thermal conductivity 

of superlattice nanoribbons for all temperatures in Fig. 

2(d) is the observation of extremum points with the 

change of the period length of superlattice nanoribbons. 

This extremum thermal conductivity behavior of the 

superlattice nanoribbons for the specific superlattice 

period lengths is consistent with previous results of 

studies both theoretically [25,26] and experimentally 

[22,50] performed for bulk and besides low-dimensional 

[27-30] superlattice structures. The increment of thermal 

conductivity in different superlattice period lengths 

implies the incoherent phonon transport where particle-

like properties are dominant, while the decrement of 

thermal conductivity in different superlattice period 

lengths implies the coherent phonon transport in which 

wave-like properties are dominant [23]. 

 

Fig. 3 presents the temperature profiles of the NEMD 

simulations belonging to six different period lengths for 

h-BN/h-AlN superlattice nanoribbons with 𝐿𝑥 = 288 

unit cells at 300  K. The temperature profiles are 

smoother for shorter superlattice period lengths, and 

these imply that there is no resistance caused by local 

scattering, thus the superlattice nanoribbons can behave 

like a homogeneous structure. The jumping behavior in 

the temperature at the superlattice interfaces with 

increasing period lengths can comment as a series of 

thermal resistors for superlattice nanoribbons [29]. The 

behavior of the temperature profiles makes meaningful 

the interpretation of coherent and incoherent phonon 

transport for different superlattice period lengths. 

 

In addition to superlattice nanoribbons with different 

period lengths, the superlattices of nanoribbons, half of 

which is h-BN and the other half which of h-AlN, are 

created to connect the h-BN and h-AlN interface at four 

different angles ( θ = 0o, 30o, 60o, and 90o ). Here, 

two different thermal conductivity values (κ+, and κ−) 

are calculated for the 0o , 30o , 60o  angles, considering 

that the energy flow from the hot region to the cold 

region may vary from the energy flow in the inverse 

case, due to the different atom arrangements at the 

superlattice interface for these structures. In Fig. 4, the 

thermal conductivity data determined according to Eq. 1 

and extrapolation curves according to Eq. 2 based on 

these data are given as a function of the nanoribbon 

sample lengths for four different connect angles of the h-

BN/h-AlN superlattice nanoribbon structures at 200 K, 

300 K, and 600 K. 

 

Table 2 demonstrates the intrinsic thermal conductivities 

and thermal rectification results of the monolayer h-

BN/h-AlN superlattice nanoribbons for θ = 0o, 30o,
60o, and 90o  at 200 , 300 , and 600  K temperatures. 

Here, the discussed superlattices should not be 

considered as different from the superlattices created for 

the various period lengths discussed above. Because the 

superlattice created for the 0o  is actually a superlattice 

with lp = Lx period length. The 30o  and 60o  angles are 

superlattices developed to increase the asymmetry at the  

Figure 3. Temperature profiles of the monolayer h-BN/h-AlN 

superlattice nanoribbons with 𝐿𝑥 = 288  unit cells for the period 

lengths 𝑙𝑝 = 𝑙1, 2𝑙1, 3𝑙1, 4𝑙1, 6𝑙1, 12𝑙1, at 300 K. 

Figure 4. 𝜿+ and 𝜿− lattice thermal conductivities of the monolayer 

h-BN/h-AlN superlattice nanoribbons as a function of the 𝜟𝒙 length 

for 𝜽 values of (a) 𝟎𝒐, (b) 𝟑𝟎𝒐, (c) 𝟔𝟎𝒐, and (d) 𝟗𝟎𝒐,  at 𝟐𝟎𝟎, 𝟑𝟎𝟎, 

and 𝟔𝟎𝟎 K temperatures. The line fit curves drawn in the same color 

as the data of each temperature are generated using Eq. 2. 
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interface. 90o  offers a useful superlattice structure to 

manipulate thermal conductivity results in a different 

way. When the calculated thermal conductivity results 

are evaluated, it is observed that the results for the θ 

values of 0o, 30o, and 60o at all temperatures are close 

to each other, but the results for the 90o are 

approximately 40%  lower than the results of other 

angles. Determining different thermal conductivities in 

the reverse directions for θ = 0o, 30o, and 60o can be 

attributed to the differences in phonon transmissivity 

caused by asymmetric structures. These differences lead 

to thermal rectification in the superlattice structures. As 

the rate of asymmetry between connect areas increases at 

200 K, and 300 K, the rate of thermal rectification also 

increases. However, the thermal rectification ratio at 600 

K, on the contrary, decreases with increasing angles. 

 
Table 2. Intrinsic lattice thermal conductivity of the monolayer h-

BN/h-AlN superlattice nanoribbons for 𝜃 = 0𝑜, 30𝑜, 60𝑜, 𝑎𝑛𝑑 90𝑜 

at 200, 300, and 600 K temperatures. Thermal rectification rates for 

the 𝜃 values of 0𝑜, 30𝑜, and 60𝑜 at all temperatures. 

Angle 

(o) 

Temperature 

(K) 
κ∞

+  (Wm−1K−1) κ∞
−  (Wm−1K−1) 

TR 

(%) 

0 

200 116.79 ± 1.67 113.33 ± 2.00 3.05 

300   84.36 ± 1.37   83.99 ± 1.59 0.44 

600   49.30 ± 0.99   47.65 ± 1.18 3.46 

30 

200 117.81 ± 1.67 111.87 ± 1.50 5.31 

300   86.09 ± 1.20   84.10 ± 1.69 2.36 

600   48.32 ± 0.67   47.14 ± 0.91 2.51 

60 

200 117.55 ± 1.17 110.06 ± 1.04 6.80 

300   86.35 ± 1.33   82.64 ± 1.20 4.49 

600   50.62 ± 0.89   50.08 ± 0.82 1.08 

90 

200   65.39 ± 1.57 - - 

300   53.40 ± 1.31 - - 

600   38.70 ± 1.27 - - 

 

The temperature profiles of the NEMD simulations for 

four different angles of h-BN/h-AlN superlattice 

nanoribbons with Lx = 288  unit cells are presented in 

Fig. 5. In the figures, the orange curves are the results of 

the simulations that take account of the energy flow from 

the hot region to the cold region, while the green curves 

are the results of the simulations that take into account 

the energy flow of the cold region to the hot region. For 

the 0o, 30o, and  60o angles, both materials are located 

in different temperature regions and therefore it is 

observed that the temperature profiles exhibit sharp 

transitions at the interface of the superlattices. While the 

transitions are sharper at lower angles, the transitions 

become smoother as the angle values increase. At the θ 

value of  90o , where the superlattice is like a 

homogeneous structure, a smooth temperature profile is 

displayed as expected.  

 

The obtained results for the h-BN and h-AlN superlattice 

nanoribbons show up that the thermal conductivity of 

these structures can be controlled by superlattice sample 

length, temperature, and various geometries. The 

temperature across the reservoir regions for device 

applications of materials with high thermal conductivity 

reaches equilibrium very quickly, and this renders the 

thermoelectric device useless. Therefore, materials with 

low thermal conductivity are needed for thermoelectric 

device applications. The reduction of lattice thermal 

conductivity by inhibiting phonon propagation is one of 

the best ways to reduce the thermal conductivity of 

materials. Results of this study can be interpreted as the 

h-BN and h-AlN superlattice nanoribbons may be 

considered as a convenient choice to control the heat 

flow in thermoelectric device applications. 

 

4. DISCUSSION AND CONCLUSION 

 

Consequently, the thermal transport properties of the 

monolayer h-BN/h-AlN superlattice nanoribbons are 

analyzed using non-equilibrium molecular dynamics 

simulations. The thermal conductivities of the 

superlattices are determined as a function of the different 

period lengths, geometries, sample lengths, and 

temperatures. The estimated lattice thermal conductivity 

values of the superlattice nanoribbons are much lower 

than those of pristine structures, as expected. The results 

expose the extremum points in the lattice thermal 

conductivity that implies wave-like and particle-like 

phonon transport by controlling the period length of the 

superlattice nanoribbons. Also, the thermal conductivity 

of superlattice nanoribbons can be reduced with both 

decreasing sample lengths and increasing temperature. 

Besides, the thermal conductivities of the superlattice 

nanoribbons with non-symmetric geometries have a heat 

flow difference due to asymmetry in the reverse 

directions. This difference leads to thermal rectification 

in the superlattice structures. Especially at low 

temperatures, it is found out the thermal rectification 

factor can be increased up to 7%  by adjusting the 

connect geometries. As a conclusion, this study presents 

detailed information on the thermal transport properties 

of the monolayer h-BN and h-AlN superlattice 

nanoribbons which could be used to manipulate the heat 

flow in thermal management and thermoelectric device 

applications. 

 

Figure 5. Temperature profiles of the monolayer h-BN/h-AlN 

superlattice nanoribbons with 𝐿𝑥 = 288 unit cells for 𝜃 values of 0𝑜, 

30𝑜, 60𝑜, and 90𝑜 at 300 K. Orange curves for LL: hot region and LR: 

cold region, and green curves for the reverse. 
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