Effect of surface vacancy defects on the phonon thermal transport across GaN/diamond interface
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Abstract: To enhance interfacial thermal transport at the GaN/diamond interface is of significant interest due to its potential applications in high-power electronic devices. In this work, we investigate the interfacial thermal conductance of GaN/diamond interfaces using non-equilibrium molecular dynamics, with a particular focus on examining the effects of vacancy defects on phonon thermal transport. The interfacial thermal conductance of GaN/diamond interfaces was calculated to be 14.31 MWm-2K-1 for C-Ga bonding and 4.79 MWm-2K-1 for C-N bonding, respectively. These computational results are in excellent agreement with experimental data reported in the literatures. Additionally, it is revealed that Ga and N vacancies at the interface did not enhance the interfacial thermal conductance. However, carbon vacancy defects at the interface substantially improve the interfacial thermal conductance from 14.31 to 20.89 MWm-2K-1 for the C-Ga interface and from 4.79 to 22.55 MWm-2K-1 for the C-N interface. Through comprehensive analysis of the phonon density of states, phonon participation rate and spectral heat current, we observed that besides harmonic phonon scattering, anharmonic phonon scattering made an important contribution to the interfacial thermal conductance. These research conclusions provide valuable theoretical insights in thermal management and design of GaN-based power electronic devices in experiments.
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I. INTRODUCTION
Wurtzite GaN (GaN) is a typical wide-bandgap semiconductor and widely used in high-power, and high-frequency electronic devices represented by high electron mobility transistors (HEMTs), [1,2] where if the heat cannot be dissipated in time, the performance of the electronic device will be degraded at high powers. The thermal conductivity (155~270 W•m−1K−1) [3] of GaN itself is relatively low, and the interfaces formed with other semiconductors often exhibit large lattice and thermal mismatch, which is the main obstacle for heat dissipation. Therefore, interface engineering for thermal management has become the bottleneck as the power and integration density increase in GaN-based electronic and photonic devices, such as power amplifiers, high-frequency transistors, and light-emitting diodes (LEDs). [4,5,6] In exploring heat dissipation techniques, [7,8] heat sinks with high thermal conductivity and thermal interface materials are often used to enhance the thermal transport and improve the performance of the GaN-based electronic device.
Due to its exceptionally high thermal conductivity of 2200 W•m−1K−1, [9] diamond (C) is often considered an ideal heat dissipation substrate, effectively enhancing thermal management in power electronic devices such as β-Ga2O3-based and GaN-based systems. [10,11] However, the interfacial thermal conductance (ITC) at the GaN/diamond (GaN/C) interface is only about 5 MW m−2 K−1 reported recently by Waller, where microwave plasma enhanced chemical vapor deposition method was used to grow diamond on GaN directly. [12] Then the average value of ITC is no more than 10 MW m−2 K−1 reported also by Kuball, where the microwave plasma chemical vapor deposition method was used to grow diamond on GaN directly. [13] And the same fabrication method for the GaN/C device, the measured ITC value of 11.8~15.4 MW m−2 K−1 was reported by Yates. [14] Despite a value of ITC reaching 100 MW m−2K−1 at the GaN/C interface was reported early by Kuzmik, [15] where molecular beam epitaxy method was used to grow GaN on diamond. Recent experimental data suggests that the ITC of the GaN/C interface is generally low. Therefore, two transition layers, AlN [13,14] and SiN [16,17], often appear between GaN and diamond to improve the ITC value. In these experimental results, the ITC value of the GaN/C interface did show a significant improvement. However, the introduction of a transition layer implies the presence of an extra interface, which could also adversely affect the ITC of the GaN/C interface and also make the mechanism of interfacial heat transport more complex.
Developing effective interface engineering strategies to enhance thermal conduction between GaN and diamond is still at an early stage. Tailoring interfacial properties through surface functionalization, [18] interface details control, [19,20] and interlayer design [21] holds promise for optimizing thermal transport across the GaN/C interface. Especially, in molecular dynamics simulation (MD) calculations, interface intrinsic point vacancies could greatly increase the ITC due to the increased vibration modes of interface anharmonic phonons within a certain frequency range or the widened scattering channels of interface anharmonic phonons. [20,22,23] For the GaN/C interface, a work about nonequilibrium molecular dynamics simulations (NEMD) carried out using the LAMMPS package was first performed by Tao, [24] where the calculated ITC value is 12.45 MW m−2 K−1 and the value can be boosted by three times through the introduction of graphene to enhance the generation of intermediate frequency phonons. But in the other work about the ITC of GaN/C interface based on the NEMD method, the calculated ITC value is as high as 300 MW m−2 K−1 or more, [25] which far exceeds the experimental values (about 4.5~15 MW m−2 K−1) [12,13,14] ​​and the highest predicted value (about 200 MW m−2 K−1) experimentally. [26] Besides, it was believed that intrinsic point vacancy defects (Ga and N vacancies, Vga and Vn) in GaN would lead to a reduced ITC due to anharmonic phonon scattering. But the effect of carbon vacancy (Vc) in diamond on the ITC of the GaN/C interface was not considered in their work. [25]
Although various theoretical models exist to describe thermal conduction at the semiconductor interfaces, [27] the specific mechanisms governing heat transfer across the semiconductor interface remain not fully understood. Further research is still needed to systematically explore and optimize these strategies for practical applications. Detailed theoretical investigations, supported by experimental validation, are necessary to elucidate the dominant phonon scattering mechanisms, interface details effects, and the role of interfacial bonding in dictating thermal conduction across the interface.
In this work, the impact of intrinsic point vacancy defects (Vga, Vn, and Vc) on the thermal conductivity of GaN and diamond were examined, respectively. Especially, it was revealed that these vacancy defects played important roles in the ITC of the GaN/C interface. It is helpful for us to gain insight into the behavior of these vacancy defects in the thermal conduction of GaN, diamond, and their interface, facilitating more accurate predictions for the ITC at the GaN/C interface. The NEMD method was first used to calculate the ITC at the abrupt GaN/C interface, where the N-terminated surface and the Ga-terminated surface were used for the part of GaN. Subsequently, the effects of Vc on the phonon properties and thermal conductivity of diamond were systematically studied through first-principles calculations and iterative solutions to the Boltzmann transport equation. Based on the phonon properties of diamond and GaN, transmission coefficients can be obtained by the traditional mismatch model [28,29] and used to analyze the thermal conduction of the GaN/C interface, in comparison to the results calculated by NEMD methods. Finally, we focus on studying the anharmonic phonon scattering characteristics caused by Vc at the surface of the diamond, to reveal the physical mechanism of the enhanced ITC caused by Vc at the GaN/C interface.
II. METHODOLOGY
[bookmark: _Hlk181353202]In this study, we optimized the total energy and structures of GaN and diamond interfaces using first-principles calculations based on density functional theory (DFT) under the generalized gradient approximation (GGA). The crystal structure of GaN, cleaved GaN (001) surface, and diamond without and with the Vc are shown in Figs. 1(a)-1(d), respectively. Key parameters such as the 2nd- and 3rd-order force constants were determined to compute lattice thermal conductivity, while specific interfacial configurations of GaN and diamond were constructed using the supercell approach as shown in Figs. 1(e)-1(f). For MD simulations, the GaN/C interface was represented using the Lennard-Jones (LJ) potential to model atomic interactions. The ITC across the GaN/C interface was then calculated using the large-scale atomic/molecular massively parallel simulator (LAMMPS) under a temperature gradient, with initial system stabilization steps conducted under various thermostats and relaxation conditions to ensure convergence. The computational details are available in the Supplementary Material.
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Fig. 1 (a) Side and (b) cross-sectional view of GaN crystal structure. (c) Diamond crystal structure and (d) diamond with one carbon vacancy. Schematic of the (e) Ga-GaN/C and (f) N-GaN/C interface models for NEMD simulation.
III. RESULTS AND DISCUSSION
A. Effect of vacancy defects on the phonon thermal conductivity
In bulk GaN and bulk diamond, intrinsic vacancy defects can significantly affect thermal conductivity. Thermal conductivities in bulk GaN and bulk diamond are primarily governed by the movement of phonons. Vacancy defects act as scattering centers for phonons, disrupting their movement. In our first-principles calculations, [23]   [image: ]
Fig. 2 (a) Phonon density of states and (b) the Grüneisen parameters of diamond with and without carbon vacancy. (c) Phonon dispersion curves of GaN and GaN under strain (-0.96% for a and +0.35% for b). (d) the calculated phonon density of states of GaN and GaN with 3.125% Vn using NEMD.

[bookmark: _Hlk169014215]the defect Vc in diamond causes its thermal conductivity to drop dramatically. Where a phonon collides with the Vc, its direction changes, leading to a decrease in its mean free path (the average distance a phonon travels before scattering). As a result, phonons in the diamond with the Vc encounter more obstacles, leading to a decrease in the overall thermal conductivity. Besides, the Vc in the diamond can also create additional phonon modes, including low-frequency modes, which contribute to an increase in the number of low-frequency phonons as shown in Fig. 2(a). These low-frequency modes are associated with localized vibrations of atoms around the defect sites, further enhancing phonon localization. These are mainly due to the enhancement of the anharmonicity and the scattering rates resulted from the Vc as shown in Fig. 2(b). For GaN, the effect of intrinsic vacancy defect (take the Vn as an example) on its thermal conductivity is calculated by the NEMD method. This is mainly because a small GaN unit cell can only be calculated by first principles, while a small GaN unit cell with a high Vn concentration is an unstable system, in whose phonon dispersion the imaginary frequencies appear. The phonon dispersion curves of GaN and GaN under strain (-0.96% for a and +0.35% for b) are calculated by density-functional-perturbation theory (DFPT) [30] and shown in Fig. 2(c). It can be observed that the acoustic branch of the phonon dispersion exhibits almost no significant change under strain and has a maximum frequency of about 8 THz, while the maximum frequency of the optical branch shows a noticeable increase from 20.85 to 23.05 THz. Besides, the phonon density of states (PDOS) of GaN with 3.125% Vn is shown in Fig. 2(d). And the PDOS of GaN was also included in the Fig. 2(d). In NEMD, the PDOS can be calculated using the Fourier transform of the velocity autocorrelation function (VACF(t)): [31,32,33]
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                       (2)


In Eq. (2), N is the number of atoms, the  and are the initial velocity and velocity at time t of the i-th atom, respectively. < > is taking the average of the system. Besides, it is important to highlight that both the PDOS and phonon participation ratio (PPR) calculations were conducted specifically along the out-of-plane direction (z-direction). [34,35]
In Fig. 2(d), the PDOS calculated by first-principles are in good agreement with experimental data, [36] and the PDOS obtained from NEMD are consistent with the experimental data at the lower-frequency acoustic modes, while there is a notable deviation between the results calculated by NEMD and the results of first-principles calculations and experimental data above 16THz. This is mainly because the SW potential incorporating electrostatic interactions may also encounter challenges in accurately describing both acoustic and optical phonons simultaneously. [37]
[bookmark: _Hlk180747871]Although the SW potential is inaccurate in describing the high-frequency optical phonon modes of GaN, it will not significantly affect our calculation of thermal conduction. It is mainly because the thermal transport capability of optical phonons is far lower than that of the acoustic phonons, which means that thermal conduction is mainly determined by acoustic phonon modes and low-frequency optical phonon modes, and the contribution of high-frequency optical phonon modes can almost be neglected. [38,39] The thermal conductivities of GaN in-plane and out-of-plane at room temperature are iterative solutions of the linearized Boltzmann transport equation. [40,41] The calculated in-plane and out-of-plane values ​​are 204.52 and 186.31 W/(m·K), respectively. It indicates that the thermal conductivity of GaN is anisotropic. The average value of thermal conductivity is about 198.21 W/(m·K), which is very close to most reported experimental data, [42,43] but smaller than the results of theoretical calculation, [44] where a smaller cutoff radius was used to calculate third-order force constants. In addition, the in-plane thermal conductivity is slightly larger than the cross-plane thermal conductivity, which differs from the results reported by Ju et al. [45] This may be due to a slight difference in the lattice parameters used. The observed difference between the in-plane and cross-plane thermal conductivities can be attributed to variations in phonon group velocity and scattering mechanisms in these directions. In the cross-plane direction, phonon modes often encounter more scatterings due to the layered atomic structure, which impedes phonon transport and reduces thermal conductivity relative to the in-plane direction. In-plane thermal conductivity benefits from stronger atomic bonding and less anharmonic scattering, further enhancing phonon transport efficiency.
Besides, it can be confirmed from the cumulative thermal conductivity of the GaN. The cumulative thermal conductivity of the GaN was calculated using the ShengBTE code [40,41] and shown in Fig. 3(a). Whether it is the in-plane lattice thermal conductivity (along the GaN (1 0 0) direction) or the out-of-plane lattice thermal conductivity (along the GaN (0 0 1) direction), the change curves of the cumulative thermal conductivity with frequency are very similar. In addition, the contribution of acoustic phonon modes to thermal conductivity is about 90% as shown in the dotted box in the Fig. 3(a). Besides, considering the low-frequency optical phonon, the contribution of phonon modes below the frequency of 10 THz to thermal conductivity reaches 95%, and the contribution of the optical phonon modes with frequencies above 16THz to thermal conductivity only accounts for 5%. This indicates that for the thermal transport of GaN in the NEMD, we only need to examine the frequency below 16THz.
[bookmark: _Hlk169014258]In the NEMD simulation, the thermal conductivities of GaN with and without Vn were calculated using Fourier’s law [46]
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where is the thermal conductivity at a specific length ,  represents the heat flux, S is the cross-sectional area, and ▽T is the temperature gradient along the z direction. The Langevin thermostat method was used to control temperature, [47] and the temperature of the heat source and sink were 315 K and 285 K, respectively. After the system is at a stable temperature, the temperatures at each location in the system were shown in the Fig. 3(b). The changes in energy over time in the heat source and sink regions were also shown in the inset of the Fig. 3(b). 



The energy in the Eq. (4) represents the work done by the Langevin forces on each atom, which is computed by integrating the product of the Langevin force and atomic velocity over time. In the LAMMPS implementation, it is calculated on each timestep as: , whereis the total Langevin force on the ith atom, is the velocity of the ith atom and Δt is the simulation timestep. The detailed process for calculating energy exchange in Langevin thermostats was reported by Shen et al. [48] In addition, we set friction coefficient γ to a value of 20 ps-1. This relatively high friction coefficient ensures efficient energy exchange between the modeled system and the thermostat, allowing for rapid thermalization while maintaining accurate representation of phonon transport properties in the system. 


[bookmark: _Hlk169014284][bookmark: _Hlk153034688]The energy change curves can be linearly fitted, and the energy transfer rate is the average of the slope of the fitted lines. Based on these processes, the thermal conductivities  of the 4×5√3×16, 4×5√3×30, 4×5√3×40 and 4×5√3×50 supercells for the GaN and GaN with 3.125% Vn were calculated and shown in Fig. 3(c). For each calculated model, five independent calculations were performed at different random initial velocities to obtain the error range of the data. The linear fitting and extrapolation method [49] was used to obtain the thermal conductivity

,                          (5)


where represents the value of . We ensured that the system length was sufficiently large to minimize the truncation effects of long mean free path phonons in the NEMD simulations. [50] The extrapolation approach allows the thermal conductivity values to more closely reflect the intrinsic values of an infinitely large system.
.
[bookmark: _Hlk169014317]The calculated thermal conductivities and deviation range have been shown in the Fig. 3(c). The calculated thermal conductivities ​​are 205.33 and 42.02 W/(m·K) for the GaN and GaN with 3.125% Vn, respectively. It indicates that the thermal conductivity of GaN decreases sharply due to the enhanced Vn-phonon scattering. And the localized Vn defects act as the Vn-phonon scattering centers. The localized characteristic of the Vn can also be verified by the PPR. In NEMD, the PPR is an effective method to understand phonon activity and describe phonon localization. It can be directly computed from the trajectory and velocity of atoms and defined as [31,51,52]

.                   (6)
[image: ]
Fig. 3 (a) the cumulative thermal conductivity as a function of frequency for GaN. (b) Temperature distribution in the z direction of GaN. The relationship between the energy of the heat source and heat sink region over time in the inset. (c) The reciprocal of thermal conductivity as a function of the reciprocal of the length (1/Lz) for GaN and GaN with the 3.125% Vn. (d) The PPR of GaN and GaN with 3.125% Vn.

In Eq. (6), PDOS(ω)n is the PDOS of the n-th atom and ω is its frequency, N is the number of atoms. The PPRs of GaN and GaN with 3.125% Vn are shown in Fig. 3(d), where the PPR less than 0.3 means that phonons are localized. In the Fig. 3(d), Using a supercell for PPR calculations introduces folded phonon modes that extend beyond the maximum frequency (21.5 THz) of phonon dispersion as shown in the Fig. 2(c), reaching up to 63 THz. Especially, within the phonon band gap region (12~16 THz), there are indeed no localized modes, and the PPR in this range is notably higher than in other frequency ranges. [53,54] Besides, it is obvious that whether in GaN or GaN with 3.125% Vn, low-frequency phonons ( ˂ 22 THz ) play a major role in thermal conductivity, and the PPR of high-frequency ( ˃ 22 THz ) phonons is very low. Especially, the PPR in GaN with 3.125% Vn is significantly lower than that in GaN below 12 THz. Therefore, the Vn leads to a decrease in the PPR, which further leads to a decrease in thermal conductivity.

B. The ITC of GaN/C with and without vacancy
The ITC of the GaN/C interfaces was calculated using NEMD methods. For GaN, there are two surface configurations Ga-terminated and N-terminated, so the GaN/C interfaces include both Ga-GaN/C and N-GaN/C interfaces accordingly. To determine 
[image: ]
Fig. 4 (a) Energy of the heat source and sink region as a function of time in steady state and (b) temperature distribution in the z-direction for the Ga-GaN/C interface. (c) Energy of the heat source and sink region as a function of time in steady state and (d) temperature distribution in the z-direction for the N-GaN/C interface.
[bookmark: _Hlk169014348]the computational error range, five independent calculations of the ITC of the GaN/C interface without vacancy defects were performed at different random initial velocities, while five independent calculations of the ITC of the GaN/C interface with vacancy defects were performed for five different positions of vacancy defects. In addition, vacancy defects were only generated on the surfaces of GaN and diamond in these GaN/C interfaces. The concentration of vacancy defect was directly represented by the amount of vacancy. Because the effect of vacancy on phonon properties exhibits strong localized characteristics, the effect of vacancies generated at the surface on ITC is also the most direct and significant.
The ITC at the GaN/C interface was calculated using the NEMD method. It can be written as: [23,30,55]

.                   (7)

In Eq. (7), the  represents the heat flux along the z direction and can be calculated by the average of the slopes of the fitted lines as shown in Fig. 4(a) for the Ga-GaN/C interface. The ΔT represents the temperature drop as shown in Fig. 4(b) for the Ga-GaN/C interface. And the Figs. 4(c) and 4(d) are the heat flux and the temperature drop for the N-GaN/C interface, respectively. 
According to Eq. (7), the ITC of the Ga-GaN/C and N-GaN/C interfaces are about 14.31 and 4.79 MW·m-2K-1 as shown in Figs. 5(a) and 5(b), respectively. The former is in good agreement with the experimental data ( 11.8~15.4 MW·m-2K-1 ) reported by Yate [14] and is slightly smaller than the calculated value ( 12.45~18.98 MW·m-2K-1 ) reported by Tao, [24] where the terrsoff potential was used. The latter is comparable to Waller's experimental data ( about 5 MW·m-2K-1 ). [12] Our calculated values of ITC are listed in Table 1, along with the theoretical results and experimental data in the literature. The significant variability in the ITC of GaN/diamond heterointerfaces in Table 1 can be attributed to both theoretical and experimental factors. Theoretically, the substantial thermal mismatch between GaN and diamond, especially in phonon spectra and vibrational frequencies, affects phonon transmission efficiency. Experimentally, the high lattice mismatch and weak interfacial bonding between GaN and diamond contribute to this variability. The lattice mismatch induces defects and strain, while weak bonding reduces phonon coupling, leading to ITC values that vary widely under different interfacial conditions. Comparing our numerical simulation results with the experimental results indicates an acceptable agreement between the calculated value of ITC and the experiment data. Thus, we will be confident about the simulation results and obtain more detailed information about ITC at the GaN/C interfaces under different vacancy defect conditions using numerical simulation studies.
Subsequently, the Vga and Vc defects were generated at the Ga-GaN/C interface, and Vn and Vc defects were generated at the N-GaN/C interface. The calculation results show that the generation of Vga and Vn defects at these interfaces does not increase the ITC of the GaN/C interfaces, but instead causes a decrease in thermal transport as shown in Figs. 5(a) and 5(b). The conclusion that intrinsic vacancy defects in GaN will lead to reduced ITC, which is in good agreement with the calculation results recently reported by Yang. [25] However, the Vc generated at the Ga-GaN/C and N-GaN/C interfaces can increase the ITC. Especially at the N-GaN/C interface, the Vc can increase the ITC by about 4 times as shown in Fig. 5(b). Although the Vc can increase the ITC of the GaN/C interfaces, the maximum value of the ITC is only about 22.55 MW·m-2K-1. Therefore, we will focus on investigating the effect of the Vc defects on the interfacial phonon thermal transport properties at the GaN/diamond interface.
[image: ]
Fig. 5. (a) The ITC under different Ga and C vacancy concentrations at Ga-GaN/C interface and (b) the ITC under different N and C vacancy concentrations at N-GaN/C interface.
[bookmark: _Hlk180852120]In addition, according to our calculations, the ITC obtained from NEMD simulations is much smaller than the results ( >300 MW·m-2K-1 ) calculated using the diffuse mismatch model. [56] The simplified assumptions have been made in the diffusion mismatch mode. [29] These assumptions often oversimplify the interface behavior, neglecting factors such as atomic-level details and vibrational modes, leading to an overestimation of the ITC at the interface. For example, the ITC at the Ga-GaN/C interface is much larger than that of the N-GaN/C interface. To account for atomic interactions and energy transfer mechanisms more accurately at the GaN/C interface, PDOS and PPR near the GaN/C interface were calculated and analyzed to further clarify the physical mechanism behind it. 

Table 1. The values of ITC ​​obtained by different methods at GaN/diamond
	Measurement method
	ITC (MWm-2K-1)

	This work
(NEMD)
	Hybrid potential function
	14.31 for Ga-GaN/C

	
	
	4.79 for N-GaN/C

	Theoretical predictions
	Tersoff potential function (NEMD)
	12.45~18.98
	Ref. [24]

	
	
	>300
	Ref. [25]

	
	Diffuse mismatch model
	~333.33
	Ref. [56]

	


Experimental measurements
	Transient thermoreflectance
	~5
	Ref. [12]

	
	Contactless
thermoreflectance
	12~15
	Ref. [14]

	
	Time-domain thermoreflectance
	~21.2
	Ref. [13]

	
	Optical transient interferometric mapping technique
	~100
	Ref. [15]



C. PDOS and PPR analysis 
[bookmark: _Hlk169014376]According to the Eqs. (1) and (2), the VACF and PDOS near the GaN/C interface were calculated and shown in Figs. 6(a)-6(b) for the Ga-GaN/C interface and Figs. 6(c)-6(d) for the N-GaN/C interface. As shown in Figs. 6(b) and 6(d), the PDOS of GaN at the GaN/C interface exhibits additional phonon modes above 10 THz compared to bulk GaN. These new phonon modes arise due to the interaction between the GaN and C atoms at the interface, which introduces scattering mechanisms that are absent in the bulk material. For the Ga-GaN/C interface, significant variations occur near 11 THz, while for the N-GaN/C interface, pronounced changes are observed around 15 THz. These frequency ranges indicate where interface scattering most affects the phonon modes, likely due to differences in bonding characteristics and atomic mass between Ga, N, and C atoms at the interface.
In the case of elastic scattering occurring at the interface, the PDOS overlap factor (S) between GaN and diamond helps determine phonon transmission at the GaN/C interfaces and is defined as [22]

.                   (8)
In Eq. (8), the PDOSC(ω) and PDOSGaN(ω) are the PDOSs of C and GaN in the GaN/C interface region, respectively. 

The PDOS overlap factor S reflects the degree of matching between the phonon density of states of the C and GaN across the frequency spectrum. A higher PDOS overlap factor indicates greater similarity in the PDOS between C and GaN at certain frequencies, thereby enhancing phonon transmission efficiency at the interface. A similar PDOS distribution also reduces phonon scattering at the GaN/C interface, allowing more phonons to transmit elastically from one material to the other, which increases the ITC. Besides, the Kullback-Leibler (K-L) divergence value () serves as a quantitative measure of the similarity in the PDOSs between GaN and diamond. The K-L divergence value can be calculated as following: [57]

   (9)
This K-L divergence value helps determine the contributions of elastic and inelastic scatterings to the ITC. The lower K-L values indicate a predominant contribution of elastic scattering to the ITC, while the higher values suggest an increased role of inelastic scattering.

The overlap of PDOS at the GaN/C interface was also displayed in Figs. 6(b) and 6(d). For the ideal abrupt GaN/C interface, when the phonons from GaN can efficiently propagate into diamond without significant scattering or reflection at the interface, a larger overlap of PDOS will result in a higher ITC. According to our calculation, the S values of PDOS are 0.016 for the Ga-GaN/C interface and 0.011 for the N-GaN/C interface. Especially, in the frequency range of less than 8 THz, the S values of the Ga-GaN/C and N-GaN/C interfaces are equivalent. For the Ga-GaN/C interface, the broadening of the PDOS towards the high-frequency region (more than 10 THz) predicts the creation of new phonon vibrational modes in the region, leading to the S larger. This primarily occurs because, upon the establishment of the interface between GaN and diamond, their spatial inversion symmetry is disrupted. In addition, according to Eq. (9), we calculated the values of  for the Ga-GaN/C and N-GaN/C interfaces within the frequency range below 16 THz, yielding values of 0.21 and 0.15 as shown in Figs. S2(a)-S2(b) in the Supplementary Material, respectively. It indicates that the C-Ga interaction at the Ga-GaN/C interface is stronger than the C-N interaction at the N-GaN/C interface, likely leading to more pronounced anharmonic interactions at the Ga-GaN/C interface. When considering higher frequency ranges, these values significantly increase to 0.58, suggesting that phonon modes influenced by anharmonic atomic interactions play a crucial role in interfacial thermal conduction at higher frequencies.
Besides, according to Eq. (6), the PPRs of the Ga-GaN/C and the N-GaN/C interfaces were calculated and shown in Figs. 6(e) and 6(f), respectively. The PPR value of 0.3 is set as a reference standard. The PPR value lower than the value is considered to correspond to localized phonons. Otherwise, they are regarded as delocalized phonons. By comparing the PPR of the Ga-GaN/C and the N-GaN/C interfaces, we find that the PPR of the Ga-GaN/C interface is slightly larger than that of the N-GaN/C interface, which is especially evident around the frequency of 10 THz. It suggests that the generated new phonon transport channel or anharmonic phonon scattering channel promotes phonon transport and contributes to the improvement of the ITC of the Ga-GaN/C interface.
[image: ]
Fig. 6 (a) Normalized VACF and (b) PDOS for GaN and C in the Ga-GaN/C interface. (c) Normalized VACF and (d) PDOS for GaN and C in the N-GaN/C interface. And calculated PPRs for (e) the Ga-GaN/C interface and (f) the N-GaN/C interface. 

We investigate the impact of the Vc defects on the S of the GaN/diamond interface. The calculated PDOSs of GaN and C in the Ga-GaN/C interface with one Vc defect and three Vc defects are shown in Figs. 7(a) and 7(b), respectively. For the N-GaN/C interface, the calculated PDOSs of GaN and C in the interface with one Vc defect and three Vc defects were shown in Figs. 7(c) and 7(d), respectively. The S values are 0.0173 and 0.0175 for the Ga-GaN/C interface with one Vc defect and three Vc defects, 0.0170 and 0.0196 for the N-GaN/C interface with one Vc defect and three Vc defects. Comparing values of S of the Ga-GaN/C interfaces with one and three Vc defects, the concentration of the Vc defects has almost no effect on the values of the S, while for the N-GaN/C interfaces, the Vc defects can induce an increase from 0.011 to 0.0196, which is favorable for the increase of ITC across the N-GaN/C interface. 
[image: ]
Fig. 7 PDOSs of GaN and C at the Ga-GaN/C interface with (a) one Vc defect and (b) three Vc defects. PDOSs of GaN and C at the N-GaN/C interface with (c) one Vc defect and (d) three Vc defects. 
However, compared with the ITC of the N-GaN/C interface without the Vc defects, the Vc defects in the N-GaN/C interface can cause the value of ITC to increase more than four times. This inconsistency shows that the ITC includes not only the contribution of harmonic phonon scattering, but also a larger contribution of anharmonic phonon scattering, such as the scattering of optical phonons above the cutoff frequency of GaN acoustic phonon. The findings on enhancing the ITC through interfacial engineering have been reported in the literatures, [27,58] where introducing nanoscale mass-graded layers and atomic-level interface roughness were shown to increase ITC. Similarly, our study demonstrates that the Vc at the GaN/C interface can also enhance ITC. Firstly, the vacancy defects on the GaN surface increase interface roughness, Additionally, the presence of vacancies alters the average atomic mass within the GaN/C interfacial layer, producing effects comparable to the mass-graded layers described in the literature. This change in atomic mass contributes to enhanced thermal conductance across the interface. Moreover, vacancy-induced vibrational modes at 10 THz expand the anharmonic phonon transport pathways, facilitating phonon transmission through the GaN/C interface.


For the N-GaN/C interface, the Vc in diamond surface led to nearly a fivefold increase in the ITC, rising from 4.79 to 22.55 MWm-2K-1. The spectral heat current (SHC) of the N-GaN/C interface was calculated and analyzed to examine the contributions of different phonon modes. The SHC allows for the decomposition of the total heat flow into contributions from different phonon frequencies, which can be written as [59,60,61]

.           (10)
[image: ]
Fig. 8 Calculated SHC for (a) the N-GaN/C interface without vacancy defects and (b) the N-GaN/C interfaces with different number of the Vc defects in diamond surface. The integration of SHC with frequency is shown in the inset.



In Eq. (10), represents the harmonic force exerted by the ith atom on the left side of the interface on the jth atom on the right side of the interface. The harmonic force can be defined as the partial derivative of the interatomic potential with respect to the position of the jth atom at time τ (). And  is the velocity of the ith atom. The interatomic forces as well as the atomic velocity are updated every 15 fs.



	The computed SHC as a function of frequency is shown in Fig. 8(a), and the cumulative ITC as a function of frequency is presented in the inset. The accumulated ITC is approximately 4.03 MWm-2K-1, which is slightly lower than the 4.79 MWm-2K-1 calculated using the Fourier's law. Additionally, from the SHC, we observe that the ITC of the N-GaN/C interface is predominantly contributed by low-frequency phonon modes (below 5 THz), accounting for about 95% of the total ITC. The SHC of the N-GaN/C interfaces with different number of Vc defects are calculated and shown in Fig. 8(b). It can be seen that low-frequency phonon modes (below 5 THz) are the primary contributors to the ITC. Besides, according to Eq. (9), we calculated the values of for the Ga-GaN/C and N-GaN/C interfaces with 1 Vc and 3Vc within the frequency range below 16 THz. The respective values are 0.23, 0.25, 0.17 and 0.21 as shown in Fig. S3 in the Supplementary Material, respectively. The results indicate that the Vc induce stronger anharmonic interactions at the Ga-GaN/C interface compared to the N-GaN/C interface. Within this low-frequency range, the values are relatively small, suggesting that the ITC is predominantly governed by elastic scattering. Notably, for the N-GaN/C interface, the introduction of the Vc leads to an increase in the  value, indicating that the Vc enhances inelastic scattering, further increasing the contribution of inelastic scattering to the ITC. [62,63] The Vc defects induce anharmonic phonon modes in diamond at low frequencies, significantly reducing the thermal conductivity of diamond but expanding the phonon transmission channels at the interface, thereby effectively enhancing the ITC. 

[image: ]
Fig. 9 Calculated PPRs of GaN and C at the Ga-GaN/C interface with (a) one Vc defect and (b) three Vc defects. Calculated PPRs of GaN and C at the N-GaN/C interface with  (c) one Vc defect and (d) three Vc defects. 

In our NEMD simulations, the PPR can provide valuable evidence for explaining the localization characteristics of phonon and the contribution of anharmonic phonon scattering to the ITC. [31,50] According to Eq. (6), the PPRs of the interfacial C and GaN at the Ga-GaN/C interfaces with the one and three Vc defects are shown in Figs. 9(a)-9(b), respectively. Compared to the PPR of the Ga-GaN/C interface with one Vc, the PPR of the Ga-GaN/C interface with three Vc is slightly larger in the lower frequency region (less than 8 THz) and significantly larger in the higher frequency region (more than 8 THz). It suggests that inelastic phonon scattering between the Vc defects and harmonic phonons can enable the anharmonic phonons across the Ga-GaN/C interface, which enhances the ITC of the Ga-GaN/C interface. Besides, the PPRs of the interfacial C and GaN at the N-GaN/C interfaces with the one and three Vc defects are shown in Figs. 9(c)-9(d), respectively. Through comparing their PPRs, we found that in the low-frequency region (less than 8 THz), the PPR values are comparable, whereas in the high-frequency region (more than 8 THz), the former exhibits a slightly larger PPR. This indicates that for the N-GaN/C interface, the inelastic scattering induced by more Vc defects in the N-GaN/C interface does not lead to higher transmission of anharmonic phonons across the N-GaN/C interface. 
Therefore, by calculating the ITC at the GaN/C interface, it can be observed that the phonon matching between GaN and diamond within the acoustic phonon frequency range is crucial for the ITC. The greater the S between GaN and diamond is, the more significant the contribution of harmonic phonons crossing the GaN/C interface through elastic phonon scattering to the ITC is. However, in the interfacial region, inelastic phonon scattering induced by anharmonic phonons also play an important role in the increased ITC. [61,64]
In recent years, many similar reports have been made in studies of other interfacial thermal transport. [65,66] During the process of interface thermal transport, phonons encounter various scattering due to various factors, including GaN/C interface, vacancy defects, and anharmonic interactions. Contrary to intuition, these interactions can sometimes expand new phonon vibration modes or enhance anharmonic phonon scattering to increase phonon interface transmission. Our findings suggest that the introduction of carbon vacancies on the diamond surface promotes thermal transport across the GaN/diamond interface. This provides valuable insights for experimental studies, particularly in cases where a third interface material is introduced to serve as a phonon bridge, potentially increasing additional interface thermal resistance.

IV. SUMMARY
In conclusion, the first-principles calculation and NEMD simulation were employed to investigate the ITC of the GaN/C interfaces, with a specific focus on the influence of interface vacancy defects on phonon thermal transport. The results indicated that the ITC of the Ga-GaN/C interface was more than three times greater than that of the N-GaN/C interfaces. Interestingly, after introducing vacancy defects at the GaN/C interface, the Vga and Vn defects did not significantly affect the ITC of the GaN/C interfaces, while the Vc defect increased the ITC of the N-GaN/C interface by about five times. Comprehensive analysis of the interface PDOS, PPR and SHC indicates that the introduction of the Vc defects not only improves phonon matching but also enhances the transmission of anharmonic phonons through inelastic scattering. Compared to the phonon transition layer introduced at the GaN/C interfaces, controlling interface details offers a more versatile and potentially effective means of improving interfacial thermal transport properties. This finding provides valuable insights for experimental studies aiming to improve heat dissipation in GaN-based devices.
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