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A wide variety of two-dimensional (2D) materials provides an optional route for manipulating heat fluxes at the nanoscale. Nowadays, 2D
carbon-based materials have received important attention due to their adjustable transport properties by a controlled tuning of composition
junction, geometry, etc. In the present paper, we address the thermal transport properties of the B-C-N (Boron-Carbon-Nitride) monolayers
and graphene/X (X=hBN, hSiC, and graphane) nanoribbon heterojunctions by performing non-equilibrium molecular dynamics simulations.
Our results show that the carbon concentration modifies the thermal conductivity of B-C-N monolayers at a mean temperature of 300 K,
producing values of 29.47, 28.94, and 16.58 W/m-K for concentrations of 90, 10, and 50%, respectively. Nevertheless, no major effect of
carbon concentration on the temperature profile of B-C-N monolayers is observed. On the other hand, the mean temperature influences th
interface thermal resistance and thermal conductivity of coplanar graphene/X nanoribbon heterojunctions, these variations are observed fo
the forward direction of the heat flux, modulating the temperature drop at the interface. Besides, graphene/hBN and graphene/graphan
heterojunctions show a pronounced thermal rectification at a mean temperature below 300 K, compared to graphene/hSiC heterojunction. Ir
which the heat fluxes present an asymmetry injthe A curve, highlighting that the heat flux in the backward direction preferentially flows

from X (hBN and graphane) to graphene nanoribbons.
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1. Introduction mainly of complex materials including B-C, C-N, B-N, and

C-C bonds [6,8,9]. The stoichiometry-dependent properties
Since the discovery of graphene (2004), the family of two-0f hBCNs, as well as the difficult-to-control domain distribu-
dimensional (2D) honeycomb lattice materials has expandetion (between B, N, and C atoms), create challenges for de-
rapidly. As a result several 2D materials have been fabrivice fabrication with efficient and reproducible performance
cated and extensively studied, such as hexagonal boron ri10-12]. In addition, by exploring the B-C-N ternary phase
tride (hBN) [1], transition metal dichalcogenides (Mo&hd  diagram, it is possible to indicate stable phases, where some
WS;) [2], transition metal carbides and nitrides (MXenes) physical properties of different monolayers such as BCN,
[3], and a few others [4,5]. The significance of 2D materi-BC2N, and BGN are being determined [6,13,14]. Likewise,
als is associated with their relevant and novel physicochenthese structures are being applied in a wide range of fields,
ical properties that depend mainly on their structure, sizeincluding supercapacitors and lithium-ion batteries to elec-
chirality, and composition. These aspects make them usdrocatalysts and sensors [6,15]. Therefore, constant moni-
ful for the development of new technologies such as thermaltoring of the chemical proportions in hBCNs is a challenge
electronic devices, sensors, and energy storage, among othgrrelation to the final composition that can deviate from
applications [1-5], unlike the zero band gap (Dirac cone) of8/C/N=1:1:1 [8].

graphene. In the same line of research, other 2D material hetero-
In order to address the next-generation thermaljunctions, such as thermal diodes, are promising candidates
management materials, it is important to explore novel 2for future cooling technologies. The main application of
materials that are candidates to solve certain limitations oheat sinks, as a type of thermal interface material, is pas-
current technology. As is well known, the hBN and graphenesive cooling, which is particularly attractive when the size
are similar and comparable systems in some aspects (theoé the electronic device to be cooled is taken into account.
are also many differenced)e., mechanical properties, ther- In addition, this type of cooling is economical and does not
mal response, covalent bonds witgh? hybridization, low  require maintenance or consume additional energy [7]. In
mass density, etc [6,7]. Currently, hexagonal boron carboffact, the graphene-based heterojunctions consist of graphene
nitrides (hBCNs) are a new group of 2D structures consistingnd other 2D materials in vertical and horizontal coupling;
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this additional diversity can enhance the thermal transporgraphene) were simulated using the optimized Tersoff poten-
properties. For example, several 2D heterojunctions, suctial by Kinaci et al. [30], the many-body potential proposed
as graphene/: hBN [16-19], silicene [20,21], M0&6,22], by Tersoff [32], and the adaptive intermolecular reactive bond
graphane [23,24], and black phosphorene [25], have beeorder (AIREBO) potential provided by Stuaet al. [33], re-
studied in both simulation and experimental works. Besidesspectively.
over the last two decades, emerging 2D materials have been In order to quantify the thermal transport properties,
explored to manipulate interfacial thermal conductance, therthe temperature profile was first computed by dividing the
mal conductivity, and thermal rectification ratio [7,26,27].  graphitic system into a certain number of slabs and using the
In this article, we report the thermal transport proper-relation [18,34]:
ties of B-C-N monolayers and coplanar graphene/X (X=hBN,

hSiC, and graphane) nanoribbon heterojunctions under the T 1 g}m v2) (1)
influence of carbon concentration and the effect of mean tem- ' 3N;kp —~ aral

perature. We have performed non-equilibrium molecular dy-

namics simulations for this study. In the next section, wewherelN; is the number of atoms in theth slab, andn, and
describe simulation details and methods, and then proceed tg correspond to the mass and velocity of atenioreover,
discuss the results, which are divided into two subsectionghe calculated temperature for each sldb) (vas averaged
Finally, in the last section, our conclusions are summarized.over a time interval to obtain a smooth temperature profile.
The next quantity calculated was the thermal conductixity,
which is the heat conduction ability along graphitic systems
and for graphene/X heterojunctions can be calculated by a

The simulations were carried out using the non-equilibriummixture rule-based expression, which has been successfully
molecular dynamics (NEMD) method implemented in theused to study hybrid monolayers [20]:
LAMMPS code [28]. The standard velocity Verlet algorithm 1 1 1
was used to integrate Newton’s equations of motion, and the k= 5/@;1 + 5/@}1 + EG‘l, (2)
molecular dynamic time step was set to 0.1 fs. Before the
NEMD simulations, all investigated systems were initially wherer, andrxx are the thermal conductivities of graphene
relaxed using the conjugate method to optimize the strucand X nanoribbons, respectively. Thg = jL/A|TL, — Tg|
tures (relaxation time equal to 0.1 ps). Then, for each meafvalid for B-C-N monolayers) comes from Fourier’s law of
temperaturef;, the equilibration runs for 5 ns considering heat conduction. Thé is the thermal conductancé =
an NVT ensemble (canonical ensemble) with addbover  Rj', which comes from calculating the interface thermal re-
thermostat. Once the temperature reached the required valugistance (called Kapitza resistance) between graphene and X
the thermostat was removed, and the NEMD simulation$ianoribbons at the interfac&x = AAT/j. In addition,
were carried out for 20 ns. Furthermore, the temperatureg = W x h (h = 0.33 nm) is the cross-sectional area that
for left and right heat baths were definedlas= (1 + A)Ty the heat flux passes through, ahd’ is the temperature drop
andTr = (1 — A)Ty (see Fig. 1), where heat flux flows across the interface.
left-to-right for the forward direction and right-to-left for the Another important phenomenon is the thermal rectifica-
backward direction. Also, we considered a temperature biagon, n, which appears when the heat flux is different in the
of I' = Ty, — Tr| = 2AT, (A parameter varies from 0.01 to reverse direction [17,19,26,35]. Therefore, the thermal recti-
0.5). Additionally, to avoid spurious effects associated withfication is defined ag(%) = |(j+/j—) — 1| x 100, where the
the specific choice of velocities (related to temperature), ameat fluxesj _ indicate whether the graphene/X nanorib-
average of five random choices of the initial velocity distri- bon heterojunction is operated in the forward or backward
bution was additionally performed. direction. Thej, _ induced by the temperature bifisare

As a matter of fact, the computational details men-computed asy — = (9E;"~ /0t + OE};~ /ot)/2, where
tioned are valid for the two graphitic systems studied: B-E;'~ andE};~ are the total energies that have been added
C-N monolayers and coplanar graphene/X (X=hBN, hSiC to/subtracted from the atoms in the hot/cold regions for tem-
and graphane) nanoribbon heterojunctions. It is worth menperature control, respectively.
tioning that hSiC is a 2D silicon carbide with a hexago-
nal_and planar structure [29]. On the one hand, the inter3_ Results and discussion
actions among B, C, and N atoms for B-C-N monolayers
were simulated by using an optimized Tersoff force field3.1. B-C-N monolayers: Influences of carbon concen-
parametrized by Kinacgt al. [30], which has been widely tration and mean temperature
used for the investigation of the physical properties of vari-
ous BCN nanomaterials [17,19,31]. On the other hand, wdVe first analyzed the thermal transport properties of B-C-N
have used three force fields for graphene/X nanoribbon hethonolayers using average quantities such as thermal conduc-
erojunctions as follows: X=hBN (hexagonal boron nitride), tivity and temperature profile, where we only focused on the
X=hSiC (siligraphene 1:1), and X=graphane (hydrogenatedorward direction of heat flux. Following the experimental

2. Computational details and methodology
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FIGURE 1. Schematic representation of thermal transport setup for B-C-N monolayer at 50% of carbon concentration. For all concentrations,
the dimensions aré =~ 13 nm, W = 7.3 nm, and the hot or cold regio®n 3.3 nm. The pink, cyan, and blue balls correspond to the B, C,
and N atoms, respectively.

study on h-BCN by Beniwaét al. [8] and theoretical works temperature throughout the transport device occurs for differ-
by Zhangat al. [31,36], we have considered a model basedent carbon concentrations corresponding to a thermal bath of
on a random carbon substitution in h-BN as an alternativel’;, =330 K (the first three points on the left) afig = 270 K
proposal for a different atomic ratio of B/C/N. The carbon (the last three points on the right) with a temperature bias of
concentration was defined as= (N/N)100%, whereNe  T' = 60 K. The relationships betweefi and L are practi-
is the number of carbon atoms, and is the total number cally linear and quasi-independent of the carbon concentra-
of atoms, maintaining the same number of B and N atomstion. Furthermore, this trend is observed for other high val-
For example, the atomic ratio with the concentration of 50%ues of mean temperature (data not shown), which suggests
is B/C/N=1:2:1. In Fig. 1, the illustrative model for NEMD that these B-N-C monolayers can be used as thermal devices
of thermal transport at = 50% is shown. We have fixed that operate at high temperatures without losing their sensi-
the ends in the X-direction (fixed region) to avoid global ro- tivity.
tations of the system during the simulation. Also, we have Likewise, the influence of mean temperature on the ther-
considered periodic boundary conditions on the XY plane formal conductivities and temperature profiles of B-C-N mono-
all carbon concentrations of B-C-N monolayers. layers for a temperature bias ©of2 x Ty is shown in
The thermal conductivity of B-C-N monolayers as a func-Fig. 3. Thex values of the three concentrations increase as
tion of carbon concentration is shown in Fig. 2a). The therthe T; increases, the gradual increase being monotonic for
mal conductivities present large values of 28.94 and 29.4&ny concentration, resulting in values of 23.89, 18.08, and
W/m — K for concentrations of 10% and 90%, respec-24.70 W/m-K at 700 K for 20, 50, and 80%, respectively
tively, and a small value of 16.58 W/m-K for the concen- [see Fig. 3a)]. This marked dependence is mainly due to the
tration around 50%. The values are similar to h-BCN significant increase in the heat flux provided by the thermal
systems close in the atomic ratio [36], these values arbath throughout the monolayer (see the inset box). For exam-
very small compared to the pristine graphene and hBN syssle, for 7, = 200, 400, and 600 K, we have the temperature
tems. Meanwhile, the experimental thermal conductivity ofbias of 40, 80, and 120 K, respectively. Indeed, the value
the BCN nanosheets exhibited a relatively low value (0.58-0f heat fluxes is due to the majority or minority contribution
1.86 W/mK) [10]; however, aligned carbon doping in hBCN of the B, N, and C atoms in the monolayer. However, for
thin films can improve heat transpog86+ 312 W/mK) [37].  the 50% concentration, it is observed that the values arfe
In our work it is clearly observed that the valuessoflepend  always lower than the rest of the concentrations (20% and
strongly on the heat flux [see inset of Fig. 2a)] that manage80%). This characteristic is consistent with then graph
to pass through the monolayer with a certain carbon conceri-ig. 2a) for c=50%. Consequently, in Fig. 3b), no significant
tration. In the meantime, we can observe in Fig. 2b) that thénfluence of thel;; on the temperature profile for the forward
temperature profile for the forward direction gradually de-direction is observed,e., all T'(K') show practically a linear
creases along the B-C-N monolayers.( This decrease in and decreasing dependence along the B-C-N monoldyer (
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FIGURE 2. a) The thermal conductivity and the heat flux (inset box) of the B-C-N monolayer as a function of carbon concentration.
b) Temperature profiles concerning the length of the system for carbon concentrations of 20%, 50%, and 80%. Both graphs at a mean
temperature of 300 K and fak = 0.1.
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FIGURE 3. a) Thermal conductivities and heat fluxes (inset box) versus mean temperature of the B-C-N monolayers for carbon concentrations
of 20%, 50%, and 80%. b) Temperature profiles concerning the length of the system for three values of the mean temperature at 50% of
carbon concentration and fdx = 0.1.

for a fixed carbon concentration. This thermal response of th€ bonds are formed for X=hBN, hSiC, and the graphane,
B-C-N monolayers is independent of the temperature bias afespectively. After structural relaxation, the average bond
10, 40, and 100 K, &f, = 50, 200, and 500 K, respectively. lengths were 1.45 (B-N), 1.78 (Si-C), and 1.1 (CA)which
are different from the bond length of graphene 1442All
3.2.  Graphene/X nanoribbon heterojunctions: Effect of  simulations for free-standing heterojunctions have been done
mean temperature with free boundary conditions in all directions.

In this subsection, we proceed to study the dependence of Once the graphene/X heterojunction reaches a thermal
mean temperature on the thermal transport properties cfteady state, a heat flux is imposed along the entire device
coplanar graphene/X (X=hBN, hSiC, and graphane) nanoriblength L + Lx), and the temperature profile is computed.
bon heterojunctions using the average quantities such as thdfigure 5a) shows the temperature profile along the graphene
mal conductivity, temperature profile, interface thermal resisto X nanoribbons (forward direction,.) at a mean temper-
tance, thermal rectification, and— A curve (corresponding ature of 300 K and a temperature bias of 60 K. It is worth
to thel — V curve for an electric rectifier). The setups of the mentioning that in the NEMD simulation, the total ener-
thermal transport of graphene/X heterojunctions are showagies of hot and cold regions are changing continuously, thus
in Fig. 4, where fixed regions, thermal baths, and the zigzaghese regions are excluded from the thermal quantities cal-
interface are observed. At the interface, C-N, C-C, and Ceulations. The temperature variations in graphene/X hetero-
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FIGURE 4. a) Schematic representation of thermal transport setup for the coplanar graphene/hSiC nanoribbon heterojunction from a top
view. b) Atomic configuration of coplanar graphene/X (X=hSiC, hBN, and graphane) nanoribbon heterojunctions from a frontal view. For
all heterojunctions, the dimensions dre + Lx ~ 6 nm,W = 4.5 nm, and the hot or cold regioa 1.5 nm. The cyan, yellow, pink, blue,

and orange balls correspond to the C, Si, B, N, and H atoms, respectively.

junctions and the temperature drops at the interface are olthe crossing point of the forward and backward heat fluxes
served in these temperature profiles. This temperature drdp observed. The can reach values up t886%, 67%,
(AT) is used to calculate the thermal resistance, indicatingnd 27% when the mean temperature is 50 K for X=hBN,
that the interface plays a crucial role in controlling or enhanc-graphane, and hSiC, respectively. Furthermore, the gradual
ing thermal transport in different heterojunctions. The notice-decrease of; is mainly because the forward and backward
able change in temperature drop at the heat bath-device intdneat fluxes are similar. For the graphene/hBN heterojunc-
face isAT ~ 24 K (for X=hBN) compared taAT ~ 16 K tion, the valugj, = j_ is at temperatures greater than 400 K
(for hSIC) orAT ~ 12 K (for graphane). [see inset of Fig. 6a)]. The heat flux in the backward direc-
For the forward direction, the interface thermal resis-tion from hBN towards graphene nanoribbon heterojunction
tance, Rk, is reduced according to the mean temperadis always greater than in the forward directigin. (> j),
ture increase independently of material heterojunction [se& which an asymmetry in the heat flux is predicted; the re-
Fig. 5b)]. To our knowledge, th&x is usually lower as the sults for thermal rectification and heat flux are in agreement
temperature is higher [16,18]. Moreover, this decrease in thaith previously published theoretical and experimental work
Ry values is directly associated with a smAll" and big  [17,26,39].
heat flux from the graphene to the other nanoribbien, as In order to test the prediction above, we present the heat
the mean temperature increases, the heat flux passes throutix versus theA parameter at room temperature in Fig. 6b).
the device with a lower opposition at the interface. Variousin general, the relationship betwegandA is indeed asym-
experimental techniques were used to measure the thermaletric with respect tdA = 0 for two graphene/X hetero-
contact resistance in different graphene-based nanomatejisnctions. We first analyze the graphene/hBN heterojunction,
als; the works report higher orders Bf¢ [27,38]. Interest- whenA < 0, the heat flux {;, 5 v— ) increases rapidly with
ingly, our results are in contrast to those found for thermalA, meanwhile forA > 0, the heat flux {¢_.,5x~) IS much
conductivities, which gradually increase as a function of thesmaller and presents a negative differential thermal resistance
mean temperature, reaching a maximum value of 106 W/m(NDTR) at A = 0.5, akin to that of other studies [17,40].
K at 700 K for the graphene/hBN heterojunction comparedThis effect on negative differential resistance was also ob-
to graphene/graphane heterojunction (61 W/m-K). served in CNTs connected with BNNTSs at high bias voltages
For the sake of clarity, we now focus on the forward[41]. Likewise, the graphene/graphane heterojunction also
and backward directions of the heat flu) (andj_) to an-  presents an asymmetry with respectto= 0, i.e., the heat
alyze the thermal rectificatiom;. As seen in Fig. 6a), the fluxis greater/lesser fah < 0/A > 0. Obviously, this phe-
1n(%) displays a non-monotonous dependence with respectomenology is not clearly observed for the graphene/hSiC
to the mean temperature, where for higiha minimum at  heterojunction. Therefore, the heat fluxes preferentially flow
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the forward direction of the heat flux amsl =0.1.
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from the X (hBN and graphane) to the graphene domaingonductivity increases similarly for any concentration (ex-
which demonstrates a pronounced thermal rectification effeatept to a lesser extent for the 50%).

in these coplanar nanoribbon heterojunctions.
On the other hand, we also observed that the mean

temperature influences the transport properties of coplanar
4. Conclusions graphene/X nanoribbon heterojunctions, namely, the inter-

face thermal resistance decreases, and the thermal conduc-
In this study, the influences of carbon concentration and meativity increases as the mean temperature increases for the
temperature of B-C-N monolayers and coplanar graphene/Xorward direction of the heat flux. These variations were
(X=hBN, hSIiC, and graphane) nanoribbon heterojunctionsnainly due to the fact that the temperature drdg/{) ob-
were achieved by the use of molecular dynamics simulationserved in the temperature profile decreases, and the heat
On the one hand, we have concluded that the carbon concefiux increases for increasingly larger thermal baths. Fur-
tration modifies the thermal conductivity of B-C-N monolay- thermore, the thermal rectification shows that graphene/hBN
ers, generating various values at a mean temperature of 3@hd graphene/graphane heterojunctions are good rectifiers at
K, such as 29.47, 28.94, and 16.58 W/m-K for carbon conimean temperatures below 300 K, compared to graphene/hSiC
centrations of 90, 10, and 50%, respectively. Otherwise, ndeterojunction, because the rectification decreases as the
major effect of the carbon concentration on the temperaturenean temperature increasds (> 300). This fact of pro-
profile of B-C-N monolayers is observed. Likewise, whennounced rectification was corroborated in the A curve,
considering the increase in mean temperature, the thermal which there is an asymmetry in the heat flux with respect
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