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Table 1.  Lattice parameters.
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Fig. 1. Interface model of gallium nitride (18 layers)/grap-

hene/diamond (18 layers) heterostructure.
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Table 2.  Lennard-Jones parameters.
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Fig. 2. (a) Accumulation of energy from heat source and heat sink; (b) temperature distribution along the direction of heat flow.
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Fig. 3. Relationship between the interfacial thermal con-

ductance and temperature for 1-layer graphene and 3-layer
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Fig. 4. PDOS diagrams of heterostructure with single-layer graphene under temperature change: (a) GaN; (b) graphene; (c) overlap

factor.
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Fig. 6. (a) GaN, (b) graphene, and (c) diamond PDOS diagrams for varying layers in the GaN /diamond; (d) overlap factor.
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Fig. 7. (a) GaN, (b) graphene, and (c) diamond PDOS diagrams with varying numbers of graphene layers; (d) PPR diagram.
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Abstract

Gallium nitride chips are widely used in high-frequency and high-power devices. However, thermal

management is a serious challenge for gallium nitride devices. To improve thermal dissipation of gallium nitride

150202-9


https://doi.org/10.1016/j.apsusc.2023.156419
https://doi.org/10.1016/j.apsusc.2023.156419
https://doi.org/10.1016/j.apsusc.2023.156419
https://doi.org/10.1016/j.apsusc.2023.156419
https://doi.org/10.1016/j.apsusc.2023.156419
https://doi.org/10.1016/j.apsusc.2023.156419
https://doi.org/10.1016/j.apsusc.2023.156419
https://doi.org/10.7567/1882-0786/aaf4ee
https://doi.org/10.7567/1882-0786/aaf4ee
https://doi.org/10.7567/1882-0786/aaf4ee
https://doi.org/10.7567/1882-0786/aaf4ee
https://doi.org/10.7567/1882-0786/aaf4ee
https://doi.org/10.7567/1882-0786/aaf4ee
https://doi.org/10.7567/1882-0786/aaf4ee
https://doi.org/10.7567/1882-0786/aaf4ee
https://doi.org/10.3390/nano12060894
https://doi.org/10.3390/nano12060894
https://doi.org/10.3390/nano12060894
https://doi.org/10.3390/nano12060894
https://doi.org/10.3390/nano12060894
https://doi.org/10.3390/nano12060894
https://doi.org/10.1039/C8NR10468A
https://doi.org/10.1039/C8NR10468A
https://doi.org/10.1039/C8NR10468A
https://doi.org/10.1039/C8NR10468A
https://doi.org/10.1039/C8NR10468A
https://doi.org/10.1039/C8NR10468A
https://doi.org/10.1039/C8NR10468A
https://doi.org/10.1016/j.mtphys.2020.100324
https://doi.org/10.1016/j.mtphys.2020.100324
https://doi.org/10.1016/j.mtphys.2020.100324
https://doi.org/10.1016/j.mtphys.2020.100324
https://doi.org/10.1016/j.mtphys.2020.100324
https://doi.org/10.1016/j.mtphys.2020.100324
https://doi.org/10.1016/j.ijheatmasstransfer.2013.02.045
https://doi.org/10.1016/j.ijheatmasstransfer.2013.02.045
https://doi.org/10.1016/j.ijheatmasstransfer.2013.02.045
https://doi.org/10.1016/j.ijheatmasstransfer.2013.02.045
https://doi.org/10.1016/j.ijheatmasstransfer.2013.02.045
https://doi.org/10.1016/j.ijheatmasstransfer.2013.02.045
https://doi.org/10.1016/j.ijheatmasstransfer.2013.02.045
https://doi.org/10.1088/2053-1583/ab8969
https://doi.org/10.1088/2053-1583/ab8969
https://doi.org/10.1088/2053-1583/ab8969
https://doi.org/10.1088/2053-1583/ab8969
https://doi.org/10.1088/2053-1583/ab8969
https://doi.org/10.1088/2053-1583/ab8969
https://doi.org/10.1088/2053-1583/ab8969
https://doi.org/10.1016/j.tsf.2023.139766
https://doi.org/10.1016/j.tsf.2023.139766
https://doi.org/10.1016/j.tsf.2023.139766
https://doi.org/10.1016/j.tsf.2023.139766
https://doi.org/10.1016/j.tsf.2023.139766
https://doi.org/10.1016/j.tsf.2023.139766
https://doi.org/10.1021/acs.chemmater.1c04322
https://doi.org/10.1021/acs.chemmater.1c04322
https://doi.org/10.1021/acs.chemmater.1c04322
https://doi.org/10.1021/acs.chemmater.1c04322
https://doi.org/10.1021/acs.chemmater.1c04322
https://doi.org/10.1021/acs.chemmater.1c04322
https://doi.org/10.1021/acs.chemmater.1c04322
https://doi.org/10.1073/pnas.2201451119
https://doi.org/10.1073/pnas.2201451119
https://doi.org/10.1073/pnas.2201451119
https://doi.org/10.1073/pnas.2201451119
https://doi.org/10.1073/pnas.2201451119
https://doi.org/10.1073/pnas.2201451119
https://doi.org/10.1073/pnas.2201451119
https://doi.org/10.1016/j.ceramint.2020.01.102
https://doi.org/10.1016/j.ceramint.2020.01.102
https://doi.org/10.1016/j.ceramint.2020.01.102
https://doi.org/10.1016/j.ceramint.2020.01.102
https://doi.org/10.1016/j.ceramint.2020.01.102
https://doi.org/10.1016/j.ceramint.2020.01.102
https://doi.org/10.1016/j.ceramint.2020.01.102
https://doi.org/10.1088/1361-6463/abe500
https://doi.org/10.1088/1361-6463/abe500
https://doi.org/10.1088/1361-6463/abe500
https://doi.org/10.1088/1361-6463/abe500
https://doi.org/10.1088/1361-6463/abe500
https://doi.org/10.1088/1361-6463/abe500
https://doi.org/10.1088/1361-6463/abe500
https://doi.org/10.1088/1361-6463/abe500
https://doi.org/10.1021/acs.cgd.3c00481
https://doi.org/10.1021/acs.cgd.3c00481
https://doi.org/10.1021/acs.cgd.3c00481
https://doi.org/10.1021/acs.cgd.3c00481
https://doi.org/10.1021/acs.cgd.3c00481
https://doi.org/10.1021/acs.cgd.3c00481
https://doi.org/10.1021/acs.cgd.3c00481
https://doi.org/10.1021/acs.cgd.3c00481
https://doi.org/10.1063/1.4913430
https://doi.org/10.1063/1.4913430
https://doi.org/10.1063/1.4913430
https://doi.org/10.1063/1.4913430
https://doi.org/10.1063/1.4913430
https://doi.org/10.1063/1.4913430
https://doi.org/10.1063/1.4913430
https://doi.org/10.1016/j.coco.2023.101616
https://doi.org/10.1016/j.coco.2023.101616
https://doi.org/10.1016/j.coco.2023.101616
https://doi.org/10.1016/j.coco.2023.101616
https://doi.org/10.1016/j.coco.2023.101616
https://doi.org/10.1016/j.coco.2023.101616
https://doi.org/10.1016/j.coco.2023.101616
https://doi.org/10.1088/1674-1056/acbf26
https://doi.org/10.1088/1674-1056/acbf26
https://doi.org/10.1088/1674-1056/acbf26
https://doi.org/10.1088/1674-1056/acbf26
https://doi.org/10.1088/1674-1056/acbf26
https://doi.org/10.1088/1674-1056/acbf26
https://doi.org/10.1088/1674-1056/acbf26
https://doi.org/10.1088/1674-1056/acbf26
https://doi.org/10.1016/j.physleta.2019.126077
https://doi.org/10.1016/j.physleta.2019.126077
https://doi.org/10.1016/j.physleta.2019.126077
https://doi.org/10.1016/j.physleta.2019.126077
https://doi.org/10.1016/j.physleta.2019.126077
https://doi.org/10.1016/j.physleta.2019.126077
https://doi.org/10.1016/j.physleta.2019.126077
https://doi.org/10.3390/molecules27030905
https://doi.org/10.3390/molecules27030905
https://doi.org/10.3390/molecules27030905
https://doi.org/10.3390/molecules27030905
https://doi.org/10.3390/molecules27030905
https://doi.org/10.3390/molecules27030905
https://doi.org/10.3390/molecules27030905
https://doi.org/10.7498/aps.73.20240026
https://doi.org/10.7498/aps.73.20240026
https://doi.org/10.7498/aps.73.20240026
https://doi.org/10.7498/aps.73.20240026
https://doi.org/10.7498/aps.73.20240026
https://doi.org/10.7498/aps.73.20240026
https://doi.org/10.7498/aps.73.20240026
https://doi.org/10.7498/aps.73.20240026
https://doi.org/10.7498/aps.73.20240026
https://doi.org/10.7498/aps.73.20240026
https://doi.org/10.7498/aps.73.20240026
https://doi.org/10.7498/aps.73.20240026
https://doi.org/10.7498/aps.73.20240026
https://doi.org/10.7498/aps.73.20240026
https://doi.org/10.7498/aps.72.20230537
https://doi.org/10.7498/aps.72.20230537
https://doi.org/10.7498/aps.72.20230537
https://doi.org/10.7498/aps.72.20230537
https://doi.org/10.7498/aps.72.20230537
https://doi.org/10.7498/aps.72.20230537
https://doi.org/10.7498/aps.72.20230537
https://doi.org/10.7498/aps.72.20230537
https://doi.org/10.7498/aps.72.20230537
https://doi.org/10.7498/aps.72.20230537
https://doi.org/10.7498/aps.72.20230537
https://doi.org/10.7498/aps.72.20230537
https://doi.org/10.7498/aps.72.20230537
https://doi.org/10.7498/aps.72.20230537
https://doi.org/10.7498/aps.72.20230537
https://doi.org/10.1109/TCPMT.2023.3290303
https://doi.org/10.1109/TCPMT.2023.3290303
https://doi.org/10.1109/TCPMT.2023.3290303
https://doi.org/10.1109/TCPMT.2023.3290303
https://doi.org/10.1109/TCPMT.2023.3290303
https://doi.org/10.1109/TCPMT.2023.3290303
https://doi.org/10.1109/TCPMT.2023.3290303
https://doi.org/10.1109/TCPMT.2023.3290303
https://doi.org/10.1016/j.surfin.2022.102119
https://doi.org/10.1016/j.surfin.2022.102119
https://doi.org/10.1016/j.surfin.2022.102119
https://doi.org/10.1016/j.surfin.2022.102119
https://doi.org/10.1016/j.surfin.2022.102119
https://doi.org/10.1016/j.surfin.2022.102119
https://doi.org/10.1016/j.ijthermalsci.2021.107231
https://doi.org/10.1016/j.ijthermalsci.2021.107231
https://doi.org/10.1016/j.ijthermalsci.2021.107231
https://doi.org/10.1016/j.ijthermalsci.2021.107231
https://doi.org/10.1016/j.ijthermalsci.2021.107231
https://doi.org/10.1016/j.ijthermalsci.2021.107231
https://doi.org/10.1016/j.ijthermalsci.2021.107231
https://doi.org/10.1016/j.ijthermalsci.2021.107231
https://doi.org/10.1021/acsami.1c08275
https://doi.org/10.1021/acsami.1c08275
https://doi.org/10.1021/acsami.1c08275
https://doi.org/10.1021/acsami.1c08275
https://doi.org/10.1021/acsami.1c08275
https://doi.org/10.1021/acsami.1c08275
https://doi.org/10.1021/acsami.1c08275
https://doi.org/10.1016/j.surfin.2023.102736
https://doi.org/10.1016/j.surfin.2023.102736
https://doi.org/10.1016/j.surfin.2023.102736
https://doi.org/10.1016/j.surfin.2023.102736
https://doi.org/10.1016/j.surfin.2023.102736
https://doi.org/10.1016/j.surfin.2023.102736
https://doi.org/10.1016/j.surfin.2023.102736
https://doi.org/10.1016/j.surfin.2023.102736
https://doi.org/10.1088/1361-648X/aba014
https://doi.org/10.1088/1361-648X/aba014
https://doi.org/10.1088/1361-648X/aba014
https://doi.org/10.1088/1361-648X/aba014
https://doi.org/10.1088/1361-648X/aba014
https://doi.org/10.1088/1361-648X/aba014
https://doi.org/10.1088/1361-648X/aba014
https://doi.org/10.1063/1.2335373
https://doi.org/10.1063/1.2335373
https://doi.org/10.1063/1.2335373
https://doi.org/10.1063/1.2335373
https://doi.org/10.1063/1.2335373
https://doi.org/10.1063/1.2335373
https://doi.org/10.1063/1.2335373
https://doi.org/10.7498/aps.70.20210613
https://doi.org/10.7498/aps.70.20210613
https://doi.org/10.7498/aps.70.20210613
https://doi.org/10.7498/aps.70.20210613
https://doi.org/10.7498/aps.70.20210613
https://doi.org/10.7498/aps.70.20210613
https://doi.org/10.7498/aps.70.20210613
https://doi.org/10.7498/aps.70.20210613
https://doi.org/10.7498/aps.70.20210613
https://doi.org/10.7498/aps.70.20210613
https://doi.org/10.7498/aps.70.20210613
https://doi.org/10.7498/aps.70.20210613
https://doi.org/10.7498/aps.70.20210613
https://doi.org/10.7498/aps.70.20210613
https://doi.org/10.1166/jctn.2015.3710
https://doi.org/10.1166/jctn.2015.3710
https://doi.org/10.1166/jctn.2015.3710
https://doi.org/10.1166/jctn.2015.3710
https://doi.org/10.1166/jctn.2015.3710
https://doi.org/10.1166/jctn.2015.3710
https://doi.org/10.1166/jctn.2015.3710
https://doi.org/10.1166/jctn.2015.3710
https://doi.org/10.1016/j.ijheatmasstransfer.2023.124123
https://doi.org/10.1016/j.ijheatmasstransfer.2023.124123
https://doi.org/10.1016/j.ijheatmasstransfer.2023.124123
https://doi.org/10.1016/j.ijheatmasstransfer.2023.124123
https://doi.org/10.1016/j.ijheatmasstransfer.2023.124123
https://doi.org/10.1016/j.ijheatmasstransfer.2023.124123
https://doi.org/10.1016/j.mtcomm.2022.103147
https://doi.org/10.1016/j.mtcomm.2022.103147
https://doi.org/10.1016/j.mtcomm.2022.103147
https://doi.org/10.1016/j.mtcomm.2022.103147
https://doi.org/10.1016/j.mtcomm.2022.103147
https://doi.org/10.1016/j.mtcomm.2022.103147
https://doi.org/10.1016/j.carbon.2017.12.110
https://doi.org/10.1016/j.carbon.2017.12.110
https://doi.org/10.1016/j.carbon.2017.12.110
https://doi.org/10.1016/j.carbon.2017.12.110
https://doi.org/10.1016/j.carbon.2017.12.110
https://doi.org/10.1016/j.carbon.2017.12.110
https://doi.org/10.1016/j.mtcomm.2020.101856
https://doi.org/10.1016/j.mtcomm.2020.101856
https://doi.org/10.1016/j.mtcomm.2020.101856
https://doi.org/10.1016/j.mtcomm.2020.101856
https://doi.org/10.1016/j.mtcomm.2020.101856
https://doi.org/10.1016/j.mtcomm.2020.101856
https://doi.org/10.1016/j.mtcomm.2020.101856
https://doi.org/10.1016/j.mtcomm.2020.101856
https://doi.org/10.1021/acs.nanolett.6b01565
https://doi.org/10.1021/acs.nanolett.6b01565
https://doi.org/10.1021/acs.nanolett.6b01565
https://doi.org/10.1021/acs.nanolett.6b01565
https://doi.org/10.1021/acs.nanolett.6b01565
https://doi.org/10.1021/acs.nanolett.6b01565
https://doi.org/10.1021/acs.nanolett.6b01565
https://doi.org/10.1016/j.carbon.2024.119021
https://doi.org/10.1016/j.carbon.2024.119021
https://doi.org/10.1016/j.carbon.2024.119021
https://doi.org/10.1016/j.carbon.2024.119021
https://doi.org/10.1016/j.carbon.2024.119021
https://doi.org/10.1016/j.carbon.2024.119021
https://doi.org/10.1016/j.carbon.2024.119021
https://doi.org/10.1016/j.diamond.2011.06.019
https://doi.org/10.1016/j.diamond.2011.06.019
https://doi.org/10.1016/j.diamond.2011.06.019
https://doi.org/10.1016/j.diamond.2011.06.019
https://doi.org/10.1016/j.diamond.2011.06.019
https://doi.org/10.1016/j.diamond.2011.06.019
https://doi.org/10.1016/j.apsusc.2020.147828
https://doi.org/10.1016/j.apsusc.2020.147828
https://doi.org/10.1016/j.apsusc.2020.147828
https://doi.org/10.1016/j.apsusc.2020.147828
https://doi.org/10.1016/j.apsusc.2020.147828
https://doi.org/10.1016/j.apsusc.2020.147828
https://doi.org/10.1103/PhysRevMaterials.5.104604
https://doi.org/10.1103/PhysRevMaterials.5.104604
https://doi.org/10.1103/PhysRevMaterials.5.104604
https://doi.org/10.1103/PhysRevMaterials.5.104604
https://doi.org/10.1103/PhysRevMaterials.5.104604
https://doi.org/10.1103/PhysRevMaterials.5.104604
https://doi.org/10.1103/PhysRevMaterials.5.104604
https://doi.org/10.1103/PhysRevMaterials.5.104604
https://doi.org/10.1088/1402-4896/ad1adf
https://doi.org/10.1088/1402-4896/ad1adf
https://doi.org/10.1088/1402-4896/ad1adf
https://doi.org/10.1088/1402-4896/ad1adf
https://doi.org/10.1088/1402-4896/ad1adf
https://doi.org/10.1088/1402-4896/ad1adf
https://doi.org/10.1016/j.compositesa.2024.108008
https://doi.org/10.1016/j.compositesa.2024.108008
https://doi.org/10.1016/j.compositesa.2024.108008
https://doi.org/10.1016/j.compositesa.2024.108008
https://doi.org/10.1016/j.compositesa.2024.108008
https://doi.org/10.1016/j.compositesa.2024.108008
https://doi.org/10.1016/j.compositesa.2024.108008
https://doi.org/10.1016/j.compositesa.2024.108008
https://doi.org/10.3390/en13215851
https://doi.org/10.3390/en13215851
https://doi.org/10.3390/en13215851
https://doi.org/10.3390/en13215851
https://doi.org/10.3390/en13215851
https://doi.org/10.3390/en13215851
https://doi.org/10.3390/en13215851
https://doi.org/10.1021/acsami.2c14871
https://doi.org/10.1021/acsami.2c14871
https://doi.org/10.1021/acsami.2c14871
https://doi.org/10.1021/acsami.2c14871
https://doi.org/10.1021/acsami.2c14871
https://doi.org/10.1021/acsami.2c14871
https://doi.org/10.1021/acsami.2c14871
https://doi.org/10.1021/acsami.2c14871
https://doi.org/10.1016/j.ijheatmasstransfer.2023.124433
https://doi.org/10.1016/j.ijheatmasstransfer.2023.124433
https://doi.org/10.1016/j.ijheatmasstransfer.2023.124433
https://doi.org/10.1016/j.ijheatmasstransfer.2023.124433
https://doi.org/10.1016/j.ijheatmasstransfer.2023.124433
https://doi.org/10.1016/j.ijheatmasstransfer.2023.124433
https://doi.org/10.1016/j.ijheatmasstransfer.2023.124433
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 73, No. 15 (2024) 150202

devices, the nonequilibrium molecular dynamics method is employed to investigate the effects of operating
temperature, interface size, defect density and defect types on the interfacial thermal conductance of gallium
nitride/graphene/diamond heterostructure. Furthermore, the phonon state densities and phonon participation
ratios under various conditions are calculated to analyze the interface thermal conduction mechanism.

The results indicate that interfacial thermal conductance increases with temperatures rising, highlighting
the inherent self-regulating heat dissipation capabilities of heterogeneous. The interfacial thermal conductance of
monolayer graphene structures is increased by 2.1 times as the temperature increases from 100 to 500 K. This is
attributed to the overlap factor increasing with temperature rising, which enhances the phonon coupling
between interfaces, leading the interfacial thermal conductance to increase.

Additionally, in the study it is found that increasing the number of layers of both gallium nitride and
graphene leads the interfacial thermal conductance to decrease. When the number of gallium nitride layers
increases from 10 to 26, the interfacial thermal conductance decreases by 75%. The overlap factor diminishing
with the layer number increasing is ascribed to the decreased match of phonon vibrations between interfaces,
resulting in lower thermal transfer efficiency. Similarly, when the number of graphene layers increases from 1 to
5, the interfacial thermal conductance decreases by 74%. The increase in graphene layers leads the low-
frequency phonons to decrease, consequently lowering the interfacial thermal conductance. Moreover, multilayer
graphene enhances phonon localization, exacerbates the reduction in interfacial thermal conductance.

It is found that introducing four types of vacancy defects can affect the interfacial thermal conductance.
Diamond carbon atom defects lead its interfacial thermal conductance to increase, whereas defects in gallium,
nitrogen, and graphene carbon atoms cause their interfacial thermal conductance to decrease. As the defect
concentration increases from 0 to 10%, diamond carbon atom defects increase the interfacial thermal
conductance by 40% due to defect scattering, which increases the number of low-frequency phonon modes and
expands the channels for interfacial heat transfer, thus improving the interfacial thermal conductance. Defects
in graphene intensify the degree of graphene phonon localization, consequently leading the interfacial thermal
conductance to decrease. Gallium and nitrogen defects both intensify the phonon localization of gallium nitride,
impeding phonon transport channels. Moreover, gallium defects induce more severe phonon localization than
nitrogen defects, consequently leading to lower interfacial thermal conductance.

This research provides the references for manufacturing highly reliable gallium nitride devices and the

widespread use of gallium nitride heterostructures.
Keywords: interface thermal conductance, temperature effect, size effect, vacancy defect
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