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Abstract 

Through larger-scale molecular dynamics simulations, we investigated the impacts 

from vacancy-initiated linkages on the thermal conductivity of bi-layer graphene 

sheets (of size L×W=24.5 nm × 3.7 nm). Three different interlayer linkages, including 

divacancy bridging, “spiro” interstitial bridging and Frenkel pair defects, are 

considered. It is found that the presence of interlayer linkages induces a significant 

degradation in the thermal conductivity of the bi-layer graphene sheet. The 

degradation is strongly dependent on the interlayer linkage type, concentration and 

location. More importantly, the linkages that contain vacancies lead to more severe 

suppression of the thermal conductivity, in agreement with theoretical predictions that 

vacancies induce strong phonon scattering. Our finding provides useful guidelines for 

the application of multi-layer graphene sheets in practical thermal management. 
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Introduction 

Similarly to the monolayer graphene, bi-layer graphene has been reported to possess 

excellent mechanical, electrical, chemical and thermal properties. For example, the 

thermal conductivity of a bi-layer graphene has been measured as 2800 Wm
-1

K
-1

 at 

room temperature,
1
 and its mobility has been reported as high as 40,000 cm

2
V

-1
s

-1
 in 

air at room temperature on h-BN substrate.
2
 The extraordinary properties of bi-layer 

graphene make it as a promising building block for nanoscale devices, composite 

materials and batteries,
3
 such as flexible electrodes for touch screen displays,

4-5
 

microprocessors,
6
 thermoelectric and photonic devices.

7
 For the nanoscale devices, an 



appropriate thermal conductivity (either low or high) of the material is a critical 

requirement for the thermal management purpose due to significantly increasing 

power densities in modern nanoscale devices.
8
 For instance, some electronic devices 

demand efficient heat removal so as to maintain their operating performance and 

long-term reliability. For the thermoelectric devices, however, materials with 

suppressed thermal conductivity are required to ensure a high figure of merit. Recent 

years have witnessed an explosion in research on the thermal conductivity of 

advanced materials, especially the monolayer graphene. Researchers have reported 

that the thermal transport properties of graphene rely on a wide range of factors,
9-10

 

such as the geometry size,
11

 axial strain,
12

 functionalization,
13

 and contact interfaces.
14

  

The excellent thermal conductivity of graphene originates from the strongest 

covalent sp
2
 bonds in nature. Therefore, the straightforward way to tailor the thermal 

transport of graphene is the modulation of sp
2
 bonds. One popular method is chemical 

doping, such as N, B, and C isotopes,
15

 which retain the sp
2
 bonds but introduce 

weaker bonds (e.g., N-C, B-C) to the structure.
16

 According to perturbation theory,
17

 

the strength of the phonon-point defect scattering Г resulted from the dopant 

composition can be expressed by a summation of the mass-difference scattering 

2(1 / )m

i iM MΓ = −  and ambiguous volume or bond-strength-difference scattering 

2[ (1 / )]b

i iR Rε γΓ = −  as ( )m b

i i ii
fΓ = Γ + Γ∑ , where if , iM  and iR  are the fractional 

concentration, mass and Pauling ionic radius of the ith substitutional atom, 

respectively. M  and R  are the average atomic mass and average radius, respectively. 

γ  is the Gruneisen parameter (which is related to the anharmonicity of the lattice), 

and ε  is the phenomenological parameter. Apparently, dopant atoms can exert a great 

influence to the phonon scattering mechanisms of the materials and their associated 

thermal properties.  



In addition, based on the bond-order-length-strength correlation mechanism, 

Xie et al.
18

 reported that the phonon scattering rate due to the change of force constant 

in two-dimensional materials is 3-10 folds larger than that due to missing mass and 

linkages, signifying that the vacancies exert crucial effects on the thermal transport 

properties of graphene. Consistently, monatomic vacancies and Stone-Thrower-Wales 

defects
19

 are found to induce remarkable changes to the thermal transport properties 

of graphene. Moreover, the presence of sp
3
 bonds in the monolayer graphene via 

functionalization, e.g., hydrogenation,
20

 C5H12-functionalization
21

 and fluorination
22

 

are also reported to exert significant impacts on its thermal conductivity.  

Although numerous researches have been devoted to exploring effective 

avenues to tune the thermal conductivity of monolayer graphene, the investigations on 

bi-layer graphene are relatively lacking. Recent works reported that the inter-layer 

phonon coupling and scattering play a crucial role in determining the thermal 

conductivity of bi-layer graphene,
23

 and the phonons can be effectively modulated by 

twisting the atomic planes.
24

 Motivated by the suppression effects from vacancies and 

sp
3
 bonds on the thermal conductivity of monolayer graphene, here we investigate 

how the thermal transport properties of a bi-layer graphene sheet (GS, of size 

L×W=24.5 nm × 3.7 nm) can be tailored by different vacancy-initiated interlayer 

linkages. Experiments have confirmed that electron irradiation
25

 and femto second-

laser excitation
26

 can create interwall bonds for graphite and pristine multiwall carbon 

nanotubes (MWCNTs). The signatures of sp
3
-linked bilayer GS on adjacent GSs has 

also been evidenced by the quantum molecular dynamics calculations.
27

 Researchers 

have also found that these interlayer/interwall linkages can enhance the mechanical 

properties of MWCNTs,
25

 and bi-layer GS.
28-29

  

 



Computational Methods 

The impacts from different interlayer linkages on the thermal conductivity of bi-layer 

GS are explored via the reverse non-equilibrium molecular dynamics (RNEMD) 

simulations. All the simulations are performed by using the software package 

LAMMPS.
30

 The essence of RNEMD is to generate a heat flux on the sample by 

exchanging the atomic velocities in different slabs.
31

 After the stable state is achieved, 

the heat flux J (in unit of Watt) can be calculated by 2 21 2 ( )
2

hot cold

N

m
J tA v v= −∑ , 

where t is the time duration for the exchange, A is the cross-sectional area, N is the 

total number of exchanges, m is the atomic mass, hotv  and coldv  are the velocities of 

the hot and cold atoms that involved in the exchange, respectively. The thermal 

conductivity κ is calculated using the Fourier’s law, / ( / )J T xκ = − ∂ ∂ , where 

/T x∂ ∂  is the temperature gradient along the heat flux direction, which can be 

estimated from the resulting temperature profile of the sample.  

Three different types of interlayer linkages are formed due to the presence of 

vacancy defects,
25, 32

 including
1

2V (ββ)  divacancy bridging (with two twofold 

coordinated C atoms surrounding each vacancy), “spiro” interstitial bridging (with a 

fourfold coordinated C atom inserted between the two graphene layers) and a Frenkel 

pair defect (a threefold coordinated C atoms sits below the vacancy in the upper layer). 

The atomic configurations of these interlayer linkages are illustrated in Figure 1 and 

denoted as L-A, L-B, and L-C for easy reference, respectively. The concentration of 

interlayer linkages is defined as the number of interlayer linkages divided by the total 

number of atoms in the pristine bi-layer GS. A bi-layer GS with a length of 24.5 nm
 

and width of 3.7 nm was chosen. We note that different simulation domain sizes will 

influence the absolute value of the thermal conductivity.
21

 Our discussions, however, 



focus on the relative thermal conductivity of the bilayer graphene to avoid such 

influence. The atomic interactions are described by the widely used adaptive 

intermolecular reactive empirical bond order (AIREBO) potential.
33

 Owing to the 

presence of sp
3
 bonds, a small time step of 0.2 fs was used to ensure the stability of 

the simulation. After achieving the initial equilibrium configuration, the bi-layer GS 

was equilibrated using Nose-Hoover thermostat
34-35

 under an ambient condition for 

200 ps (i.e. temperature = 300 K and pressure = 1 atm). The system was then switched 

to the microcanonical ensemble for 1.2 ns. Periodic boundary conditions were applied 

in both lateral directions.  

 

Figure 1. Atomic configurations of a bi-layer graphene model with and without 

linkages: (a) pristine; (b) L-A: 
1

2V (ββ)  divacancy bridging; (c) L-B: “spiro” 

interstitial bridging; and (d) L-C: Frenkel pair defect.  

 

Results and Discussion 

Randomly distributed interlayer linkages 

First, we estimated the thermal conductivity for a pristine bi-layer GS, pκ  as a 

reference. The thermal conductivity of the pristine bi-layer GS is around 64.8 ± 3.8 

W/mK by assuming a thickness of 0.67 nm (0.335nm for a monolayer GS), which is 

in good agreement with that obtained by other researchers.
36

 It is worth noting that the 



adoption of different thickness values and different atomic potentials would yield 

different thermal conductivity values. To avoid the thickness effect, we will 

emphasize on the relative thermal conductivity as defined by / pκ κ .  

Figure 2a clearly shows that the presence of the interlayer linkages leads to a 

large reduction in the thermal conductivity, in agreement with the finding for the bi-

layer GS with interlayer sp
3
 bonds.

36
 For instance, 0.52% of 

1

2V (ββ)  divacancy 

bridgings (L-A) are found to reduce the thermal conductivity of the bilayer GS by 

60%. Among the three types of interlayer linkages, the “spiro” interstitial bridgings 

(L-B) lead to the least reduction, followed by Frenkel pair defect (L-C) and divacancy 

bridgings (L-A). More specifically, κ exhibits a steep reduction in the low 

concentration level (<0.5%). Thereafter, κ decreases gradually and approaches to a 

constant value. For the bi-layer GS with 1.39% concentration of 
1

2V (ββ)  divacancy 

bridging, a significant reduction of κ as high as 80% is observed. We note that Liu et 

al.
37

 reported that the covalent cross-linkers could enhance the thermal conductance of 

graphene. Such contradictory observations originate from the difference of thermal 

conductivity and models being investigated, i.e., they studied the cross-plane thermal 

conductivity of two partially overlapped parallel graphene nanoribbon while we 

investigated the in-plane thermal conductivity of a bi-layer graphene GS here. 

 



Figure 2. (a) Variation of the relative thermal conductivity with respect to the 

concentration of the randomly distributed (denoted as “R”) interlayer linkages; (b) 

VDOS of the bi-layer GS with different concentration of 
1

2V (ββ)  divacancy bridgings; 

(c) Comparison of VDOS of the bi-layer GS with 1.39% concentration of different 

interlayer linkages.  

 

To probe the underlying reasons for the κ reduction, we calculated the 

vibration density of states (VDOS) for the pristine and the defective bi-layer GS with 

different interlayer linkages. The VDOS is computed using the autocorrelation 

function of the atomic velocities.
38

 As compared in Figure 2b, the presences of 

1

2V (ββ)  divacancy bridgings (L-A) have induced a significant reduction to the VDOS 

for both the in-plane (high-frequency) and out-of-plane (low-frequency) phonon 

modes, and the reduction increases with increasing linkage concentration. This 

observation explains the greatly suppressed κ when the interlayer linkages are 

introduced to the sample. In addition, as illustrated in Figure 2c, the impact on the in-

plane and out-of-plane phonon modes varies with different interlayer linkages. For the 

“spiro” interstitial bridging (L-B in Figure 1c containing five sp
3
 bonds but no 

vacancy), the presence of weaker sp
3
 bonds (comparing with sp

2
 bonds) is found to 

lead to the largest reduction in the amplitude of the in-plane phonon modes. On the 

other hand, the 
1

2V (ββ)  divacancy bridgings (L-A, which contains two vacancies but 

no sp
3
 bonds in Figure 1b) are found to lead to the largest reduction in the amplitude 

of the out-of-plane phonon modes, but smallest reduction in the in-plane phonon 

modes. In conjugation with the relative κ presented in Figure 2a, it is suggested that 

the GS with stronger out-of-plane phonon modes intends to possess a higher thermal 

conductivity. Such observation is in agreement with the previous theoretical study that 



the thermal conductivity of vacancy defective graphene is dominated by low-

frequency acoustic phonons.
18

  

More specifically, we notice that the two groups of results from the models 

containing vacancies (L-A and L-C) are also consistent with the recent theoretical 

predictions based on the bond-order-length-strength correlation mechanism.
39

 Apart 

from the Umklapp phonon-phonon scattering ( 1

,U λτ − ) and the phonon-boundary 

scattering ( ),
40

 the vacancies can introduce another two phonon scattering 

mechanisms, including the missing mass and linkages ( 1

Vτ
− ), and the change of force 

constant 
zk  of bonds between the under-coordinated atoms adjacent to the vacancies 

( ).
18

 For graphene, the phonon scattering induced by the under-coordinated atoms 

near the vacancies is derived as:
18

 

                                     (1) 

where z is the coordination number (CN) and x is the density of single vacancy. 

1 /z zk k−  is the force constant ratio between the C atom around a single vacancy 

(CN=2) and a normal C atom (CN=3), which is estimated as 2.03.  is the phonon 

density of states, and G is the number of atoms in the crystal. From Eq. (1), it is 

evident that the bi-layer GS with more vacancies ( 1

2V ( )ββ  divacancy bridgings) will 

induce severer phonon scattering, and thus lead to a lower thermal conductivity.   

 

Longitudinal interlayer linkages pattern 

Next, we assessed the influence from the locations of the interlayer linkages on the 

thermal conductivity of the bi-layer GS. Figure 3 shows the relative thermal 

conductivity as a function of the concentration of interlayer linkages when they are 



aligned along the length direction of the sample (see inset of Figure 3). Similar as the 

findings in the previous section, the relative κ decreases monotonically with the 

increasing concentration of interlayer linkages, and the presence of 
1

2V (ββ)  divacancy 

bridgings (L-A) leads to the largest reduction. Particularly, the longitudinally aligned 

interlayer linkages are found to induce less reduction to the thermal conductivity 

when comparing with the randomly distributed interlayer linkages in Figure 2a.  

More interestingly, the relative thermal conductivity almost decreases linearly 

with increasing interlayer linkage concentration, following the mixture rule in 

composites.
41

 According to the mixture rule, for the structure with longitudinally 

aligned interlayer linkages, the effective thermal conductivity follows 

(1 )eff p lx xκ κ κ= − + ⋅ , where lκ  denotes the thermal conductivity of the bi-layer GS 

with full coverage of interlayer linkages, and x is the density of the interlayer linkages. 

Though it is hard to define the full coverage of interlayer linkages (and also the 

corresponding thermal conductivity), Figure 3 shows that the results obtained from 

the sample with “spiro” interstitial bridgings (L-B) agree well with the linear fitting 

from the mixture rule. However, the effective thermal conductivity obtained for the 

other two interlayer linkages diverge from this linear relation. 

 

 



Figure 3. Relative thermal conductivity as a function of the longitudinally patterned 

(denoted as “L”) interlayer linkages concentration. Inset shows a simulated model. 

 

Transverse interlayer linkages pattern 

We also examined the bi-layer GS with transversely aligned interlayer linkages (a 

representative model is shown in inset of Figure 4a). It is apparent from Figure 4a that 

the relative thermal conductivity decreases with increasing linkages’ concentration, 

and a most significant impact is observed from the 
1

2V (ββ)  divacancy bridgings (L-A) 

followed by the Frenkel pair defect (L-C). Comparing the structures with random and 

longitudinally aligned interlayer linkages, the transversely patterned linkages are 

found to exert larger impacts on the thermal transport of the sample. Reconsidering 

the mixture rule,
41

 when the linkages are transversely aligned, the effective thermal 

conductivity follow / [(1 ) ]eff p l l px xκ κ κ κ κ= ⋅ − + ⋅ . However, as shown in Figure 4a 

for the bi-layer GS with “spiro” interstitial bridging (L-B), there are big discrepancies 

between the mixture rule and the MD results. These may be attributed to the 

following factors. The dominant origin is the interfacial phonon scattering at the 

interfaces between the pristine graphene and graphene with interlayer linkages. As 

illustrated in Figure 4b, the interface is found to result in a local temperature drop, 

indicating the existence of interfacial thermal resistance. Because of the local 

temperature drop, the temperature gradient /T x∂ ∂  in the calculation of κ is derived 

by fitting the two temperature values near the cold and hot regions (see the blue line 

in Figure 4b). From the VDOS in the pristine and modified regions (regions I and II 

highlighted in inset of Figure 4a), we found an obvious mismatch of the VDOS in 

Figure 4c, signifying the interfacial phonon scattering. Such interfacial phonon 



scattering stems from the mismatch number of interface atoms or the mismatch 

structures, which cannot be captured in the mixture rule. 

          It is interesting to note that, unlike the GS with random and longitudinally 

aligned interlayer linkages, the relative thermal conductivity exhibits a U-shape 

profile due to the presence of transversely aligned linkages. Similar results have also 

been reported for the graphene with functional groups
21

 and carbon isotopes.
42

 The U-

shape thermal conductivity is in agreement with the theoretical model for alloy 

semiconductors,
43

 e.g., SixGe1-x, AlxGa1-xAs, which predicts the highest thermal 

conductivity for the material with either x=0 or x=1 and a fast decrease to a minimum 

as x deviates from 0. Besides the impacts from the pattern of interlayer linkages and 

interfacial phonon scattering, the different influence on the in-plane and out-of-plane 

phonon modes induced by the linkages, and also the competitions between different 

phonons’ contributions are also responsible for the U-shape thermal conductivity. To 

identify those factors, further work is in progress. 

 

Figure 4. (a) Relative thermal conductivity as a function of the transversely patterned 

(denoted as “H”) interlayer linkages concentration, inset shows a simulated model; (b) 

Temperature profile of the bi-layer GS with transversely patterned 
1

2V (ββ)  divacancy 

bridgings; (c) Comparison of the VDOS between the pristine bi-layer GS region (I) 

and defective region (II) with 
1

2V (ββ)  divacancy bridgings.  



From the simulation results in Figures 2a, 3 and 4a, it is concluded that 

 divacancy bridgings (L-A) lead to the largest reduction to κ while the “spiro” 

interstitial bridgings (L-B) has the least influence. In view of the fact that the L-A and 

L-C interlayer linkages contain two (none sp
3
 bonds) and one vacancies (two sp

3
 

bonds), respectively, whereas the L-B linkage has five sp
3
 bonds (but no vacancies), it 

is evident that the interlayer linkage with vacancies is able to cause larger reduction to 

the thermal conductivity than the one with sp
3
 bonds. In other words, the vacancy is 

more efficient in degrading the thermal transport of the bi-layer GS than sp
3
 bonds.  

 

Conclusions 

In summary, we performed intensive MD simulations to investigate the thermal 

conductivity of the bi-layer GS with different interlayer linkages, i.e., 
1

2V (ββ)  

divacancy bridgings, “spiro” interstitial bridging and Frenkel pair defect. It is found 

that the thermal conductivity of the bi-layer GS can be effectively tailored through the 

introduction of different interlayer linkages, and the impacts from the interlayer 

linkages can be further modulated through their density and distribution. Up to 80% 

reduction in the thermal conductivity is achieved for the bilayer GS with 1.39%  

divacancy bridgings. We also found that the interlayer linkages with vacancies 

(
1

2V (ββ)  divacancy bridgings and Frenkel pair defect) are more efficient in 

suppressing the thermal conductivity, in good agreement with the previous theoretical 

studies based on the bond-order-length-strength mechanism. It is believed that the 

present study can offer an important guideline for the design and application of bi-

layer and multi-layer GS in nanoscale thermoelectric devices where suppressed 

thermal conductivity is essential.  

 

1

2V (ββ)
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