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ABSTRACT：Improving heat transfer in hybrid nano/microelectronic systems is a challenge, 

mainly due to the high thermal boundary resistance (TBR) across the interface. Herein, we focus 

on gallium nitride (GaN)/diamond interface – as a model system with various high power, high 

temperature, and optoelectronic applications - and perform extensive reverse nonequilibrium 

molecular dynamics simulations, decoding the interplay between the pillar length, size, shape, 

hierarchy, density, arrangement, system size, and the interfacial heat transfer mechanisms to 

substantially reduce TBR in GaN-on-Diamond devices. We found that changing the conventional 

planar interface to nanoengineered, interlaced architecture with optimal geometry results in >80% 

reduction in TBR. Moreover, introduction of conformal graphene buffer layer further reduces the 

TBR by ~33%. Our findings demonstrate that the enhanced generation of intermediate frequency 

phonons activates the dominant group velocities, resulting in reduced TBR. This work has 

important implications on experimental studies, opening up a new space for engineering hybrid 

nano/microelectronics. 

KEYWORDS: Heat management, TBR, GaN-Diamond interface, rNEMD, electronics 

 

 

 

 

 

 

 



3 
 

1 Introduction 

The constant use of increased power in hybrid nano/microelectronic systems in combination with 

device miniaturization necessitates improved heat management strategies for good device 

reliability and performance. In this context, significant challenges exist at the interface of the 

hybrid systems where a thermal boundary resistance  (TBR) acts as a bottleneck for efficient heat 

transfer. To alleviate this problem, numerous research groups have investigated the interfacial 

thermal conductance of hybrid structures composed of discrete components or different 

materials.
1-11

 For instance, thermoreflectance study of the interfacial thermal conductance of 

Pb/diamond and Bi/diamond revealed a proportional decrease in the interfacial thermal 

conductance with temperature.
2
 The importance and critical role played by interfacial phonons 

towards thermal conductance at the interface of dissimilar materials was illustrated by studies 

carried out on TiN/MgO, TiN/Al2O3 heterostructures.
7
 The study of temperature dependence of 

interfacial thermal conductance of Au-SAM and GaAs-SAM junctions proved that the interfacial 

thermal conductance is highly dependent on the temperature while external pressure did not 

exhibit any substantial effect.
3, 12

 It is reported that the structural strain can modulate the total 

thermal conductivity in heterostructures of superlattices.
8
 

 

Gallium nitride (GaN), which is the focus of this study, is established as the most favorable 

candidate for various high power, high temperature applications including uninterruptible power 

supplies, motor drives, solar converters, hybrid automotive, and optoelectronic devices, 
13-15

 

mainly owing to the low losses, high breakdown voltage, high saturation drain current, and low 

ON-resistance.
16-17

 However, GaN-based devices suffer from the same TBR issue. Despite the 

introduction of various substrates such as silicon carbide, silicon, diamond composite substrates,
18-



4 
 

19
 and diverse heat management strategies such as flip-chip bonding,

20-22
 the non-uniform heat 

dissipation across the GaN-substrate interface leads to channel disintegration, device breakdown, 

and poor device reliability.
23-24

 Though replacing silicon carbide (with low thermal conductivity, 

~450 W m
-1

 K
-1

) by chemical vapor deposited polycrystalline diamond (with thermal conductivity 

~1000 W m
-1

 K
-1

)
25

 partially solves the thermal transport problems,
26-27

 the acoustic mismatch 

between materials,
28-29

 the dielectric layer used for diamond growth seeding,
30-31

 and the defective 

transition (nucleation) region
32-33

 generate a significant barrier (50 m
2
 K GW

-1
) for phonon transport.  

 

Recent studies indicated that the lattice mismatch between GaN and the substrate (diamond) did not 

contribute greatly to the resistance experienced by phonons at interface.
34

 However due to the 

inherent limitation of the interface, including the large phonon mismatch and dull thermal 

conductivity of the buffer layers, an effective thermal boundary resistance (TBReff) is generated at the 

heterostructure interface which inhibits facile interfacial phonon transfer. Hence, the rate-limiting 

issue in GaN-on-diamond devices is the inadequate interface engineering and materials constituting 

the interface. Regardless of several innovative external heat management strategies such as 2D sheets 

as heat sinks,
24

 micro-jet,
35-36

 and micro-channel-liquid, and forced or loop thermosiphon air cooled 

heat sinks,
35, 37-41

  the interface architecture is virtually unchanged and results in the lowest TBR 

reported to be ~12 m
2
 K GW

-1
.
42

 The use of state-of-the-art SiNx buffer layer in next-gen high power 

devices is hampered by the difficulty in reducing its thickness to (sub) nano levels and the meager 

thermal conductivity of SiNx. To overcome this bottleneck and reduce TBR by an order of 

magnitude, two key challenges must be addressed: (1) an intimate match in the phonon vibration 

frequencies
5, 23, 43

 at the interface, which is extremely critical in reducing TBR.
44-45

 (2) tuning the 

interfacial barrier layer and its thickness, which is a well-known problem. For the first challenge, 
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modifying the interface geometry to better confine and match the interfacial phonon vibrational 

spectra can drastically lower the TBR.
23

 Other strategies can be matching thermal expansion 

coefficients,
46-47

 interfacial bond strengths
5
 and lattice mismatch

48-49
 across the interface. 

For the second challenge, recent studies report that the use of an atomically thick two dimensional 

(2D) film at the solid-solid interface
23, 43, 50

 could serve as a vibrational bridge and reduce TBR at the 

interface. The wide variety of 2D materials with diverse band structure ranging from metallic to 

insulating could be easily tailored for application as a buffer layer. Graphene for example (and other 

similar promising 2D materials), have a very high thermal conductivity around 5000 W m
-1

 K
-1

,
51

 

and the band structure can be tailored by controlled oxidation and doping of graphene
52-53

.  

Recent reports suggest the facile growth of graphene on GaN surface
25, 54

 and diamond,
6, 55

 

Alternatively, deposition of diamond on 2D materials such as graphene and boron nitride
56-57

 as 

well as growth of GaN on graphene substrate
1-2

 is already established. Hence, experimental 

realization of GaN-on-Diamond device with graphene buffer layer seems experimentally 

realizable. However, besides very few computational studies for graphene enhanced interfaces
4-5

, 

there is currently no report that suggests replacing the normal SiNx buffer layer with graphene 

and fabrication of GaN-on-Diamond devices through graphene buffer layer. This is surprising 

since graphene will likely (i) decrease the thickness of the buffer layer to ideal atomic 

dimensions, (ii) remove the thermally dull buffer layer at the interface and replace it with a 

material with ultra-high thermal conductance, and (iii) the quasi fluidic behavior of 2D materials 

facilitates their use as a buffer layer in the engineered interfaces. Together, these attributes will 

plausibly result in GaN/diamond devices with dramatically improved interfacial thermal 

transport and hence enhanced device life.  
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Herein, we propose a first-of-its-kind nano-engineered interface between the GaN and crystalline 

diamond, changing the interface geometry from the traditional planar form to an interlaced 

architecture, followed by utilization of 2D structures (graphene as the model material) as a 

replacement for traditional SiNx buffer layer for diamond growth. By varying the nanostructure 

geometries and feature dimensions, we explore and predict a series of TBR values with optimized 

interface structures. Moreover, we establish the effect of shape and size of the interface on the TBR 

in GaN-on-Diamond devices. Though the thermal properties of GaN and Daimond are studied 

extensively individually,
58-59

 to our knowledge, there is  no study on the TBR of the hybrid GaN-

on-Diamond heterostructures. While studies on other similar systems have shown good promise,
23

 

given the future of GaN-based high power devices based on the success of fabrication of GaN-on-

diamond devices with minimum TBR values, our investigation is highly important and timely. We 

envision that the proposed strategy can not only guide future experimental realization of novel 

GaN-diamond devices, but can have a broader application for various thermal management 

applications in multi-layer systems. 

 

2 Results and discussion 

We simulated a series of model configurations and calculated the TBR of the GaN/diamond 

junction using “reverse nonequilibrium molecular dynamics simulations” (rNEMD)
60

. Heat flux 

was applied from the middle where GaN was located, and was dissipated to both sides where 

diamond heats sinks were placed. Figure 1 illustrates the representative side view of simulated 

GaN/diamond heterostructures with conventional planar, and one or two step engineered 

interfaces. The temperature drop at the interface is highlighted by blue shaded region in the 

temperature gradient plots under each structure’s diagram. Knowing the heat flux and the 
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temperature drop at the interfaces, one can obtain the interfacial thermal conductance, G, which 

upon inversion gives the TBR (see Methods). 

 

Figure 1. Diagrams of the GaN/diamond heterostructure interfaces and typical 

temperature gradient. GaN/diamond heterostructure with planar and engineered nanopillar 

interface. The different longitudinal configurations of nanopillars are displayed: nanopillars of 20 

or 30 Å in length (L20 or L30), and two steps hierarchy nanopillars of 10 Å (L10+10). The 

temperature gradients for the GaN (red) and diamond (green) in the GaN/diamond interfaces are 

under each structure’s diagram. The blue shaded regions illustrate the temperature drop at the 

interfaces. 

 

Critical insight about the thermal properties of the structure can be derived from the temperature 

gradient. For instance, considering the engineered interface in the lower left corner of Figure 1, 
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the temperature drops from 1000 K at the center of the heat source (GaN) to 100 K at the end 

heat sink (diamond). Specially, right across the interface, the temperature drops from 437 K on 

the GaN side to 156 K on the diamond side. It is worth noting that while the temperature changes 

drastically around the heat source and heat sink regions, the rest of the structure shows a 

characteristic slope from which the thermal conductivity of diamond and GaN are calculated. 

Diamond has a smaller slope in comparison with GaN, resulting in a thermal conductivity of 

554.3 W m
-1

 K
-1

 while that of GaN is calculated as 13.4 W m
-1

 K
-1

. The comparatively small 

values of thermal conductivity obtained in the simulation compared to those reported in 

experiments (1000 and 210 W m
-1

 K
-1

 for diamond and GaN, respectively)
25, 61

 are 

understandable due to the limited dimensions of the models. Otherwise, given that the phonon 

mean free path for GaN and diamond are 1000 nm
62

 and 100 nm
63

, a simulating box size of 

1000×1000×1000 nm
3
 is computationally challenging. Other studies have also reported similar 

disparity, originating from the small system size, which affects the phonon mean free path, 

leading to lower thermal conductivities in simulations.
5
 Note that the conductivity of the pillars 

themselves would differ from their bulk phase
64

 (due to restricted mean free path). However, 

given that the purpose of nanoengineering the interface, is minimizing TBR, the actual thermal 

conductivity of the pillars per se is not important. 

 

2.1 Understanding the mechanism of enhanced heat transfer: Effect of pillar length, size, 

shape, hierarchy, density, and order 

Figure 1 demonstrates that though the planar and interlaced configurations displayed different 

temperature gradient curves, both scenarios exhibited a rapid temperature drop at the interfaces, 

creating thermal boundary resistance. To minimize this effect and identify the minimum TBR for 
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an optimized engineered configuration, we carried out extensive simulations via changing the 

geometry of the engineered interface by varying the length of the nanopillar in Figure 1 and 

combining them with different cross-sectional configurations depicted in Figure 2. The factors 

characterizing each interface included: the length (from 20 to 30 Å), the number (from 1 to more 

than 4×4), the arrangement (ordered/alternative), and the shape (rectangular/circular) of the 

nanopillars. In total, we studied and calculated TBR of 48 cases represented in 16 series of 

nanopillared interfaces (three cross-sections per each series) as shown in Figure 3 (Supporting 

Information 1). Each series is characterized by the length of the nanopillar and cross-sectional 

configuration. For example, in the label “L20-N3O”, L20 refers to the nanopillar length of 20 Å; 

N3O denotes the cross-sectional configuration, i.e. N3 indicates the size of grid (here 3×3), and 

“O” indicates ordered arrangement of the prismatic nanopillars. In view of Figure 2, other 

symbol descriptions are as follows: A, C, D and E refer to alternative arrangement of the 

prismatic nanopillars, ordered arrangement of cylinder nanopillars, two-steps hierarchy 

nanopillars where the width of the second step is 0.7 of that of the first step, and two-steps 

hierarchy nanopillars where the width of the second step is 0.4 of that of the first step, 

respectively. Furthermore, each series has three configurations, I, II, III, as shown in Figure 2 

where the density of nanopillars varies by changing the Interval Ratio, i.e., the ratio of the 

distance between nanopillars to the width of the nanopillar. Figure 3 shows all TBR values and 

representative side and cross-sectional configurations of the interfaces so that each point can be 

easily conceptualized.  The result obtained for the conventional planar interface is considered as 

the benchmark (denoted by the green dashed line).  
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Figure 2. Cross-sectional view of engineered GaN/diamond interfaces. For each interface, the 

series label indicates the number (from 1×1 to 4×4), the arrangement (ordered/alternative), and 

the shape (rectangular/circular) of the nanopillars. Each series has three configurations (Column 

I, II, III) where the density of nanopillars vary by changing the Interval Ratio (ratio of the 

interval distance to the width of the nanopillar). The Interval Ratios used are 0.4, 0.6, and 0.8, 

respectively. 
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Figure 3. TBR values of different nanopillared interface configurations. Representative side 

and cross-sectional views of interfaces are illustrated on the right to relate to the interface 

configurations. The lowest TBR is obtained for the interface L20-N3O-I indicated by the red 

dashed circle. For this case, the length of nonpolar is 20 Å, and the cross-sectional configuration 

is N3O-I: series N3O, column I in Figure 2. For each series, the connected first, second and third 

point are for column I, II, III respectively shown in Figure 2 (I, II, III are related to the Interval 

Ratios 0.4, 0.6, 0.8, respectively). 
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The comparison of different series provides important insights for determining the favorable 

configuration for the GaN/diamond interface. Specifically, in light of Figure 3, the following 

observations deserve attention: 

(1) Within each series, the engineered interface with high density of pillars (i.e. small Interval 

Ratio) has the lowest TBR. As will be discussed shortly, the reduced TBR is due to the 

emergence of intermediate-frequency modes of GaN. It can be inferred that for the GaN/diamond 

interface, the high density pillars is the preferred configuration, activating the intermediate-

frequency modes to the greatest extent, thus decreasing the TBR. 

 (2) Having an optimum pillar density and interval ratio is essential to obtain reduced TBR as 

evidenced by the lower TBR obtained in 3×3 grids compared to corresponding 2×2 or 4×4 grids 

(among series L20-N1O, L20-N2O, L20-N3O, and L20-N4O, the L20-N3O series has the lowest 

TBR). A closer look among series L20-N2A, L20-N3A, and L20-N4A also suggested analogous 

observation where L20-N3A possesses lowest TBR value. 

 (3) TBR values are directly proportional to the nanopillar length. Keeping cross-sectional 

configurations unchanged, only increasing the length of nanopillars from 20 to 30 Å, the TBR 

values increases monotonously. For instance, among the series with identical engineered cross-

section configuration (L20/30-N2O, -N4O, -N2A, and -N4A), the interface with shortest 

nanopillars’ length has the lowest TBR value.  

(4) Probing the effect of nanopillars’ shape on the interface’s TBR revealed that a prismatic 

nanopillar geometry is preferable compared to cylindrical morphology. The replacement of 

prismatic (rectangular) nanopillars with cylinderical nanopillars whose diameters are equivalent 

to the width of the rectangular pillars (from N2O, N3O, N4O to N2C, N3C, N4C in Figure 2) 
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resulted in an observable increase in TBR. For instance, a comparison between prismatic 

nanopillars (L20-N3O-I) and cylindrical ones (L20-N3C-I) lead to 22.17% increased TBR. 

(5) Keeping all variables constant, the ordered placement of nanopillars is preferred over the 

alternative placement (c.f., each cross-section of “O” series with the corresponding ones in “A” 

series where one can confirm that “O” series are preferable). 

(6) Among all the 48 configurations explored, the interface configuration having rectangular 

prismatic pillars with lowest pillar length, arranged in an ordered continuous manner with an 

optimum density as well as an interval ratio of 0.4 leads to more than 1/3
rd

 reduction in TBR 

values. For example, L20-N3O-I has the lowest TBR of 52.68 m
2
 K GW

-1
, which is 34.4% 

smaller than the benchmark value of 80.35 m
2
 K GW

-1
. This configuration is highlighted by the 

red dashed circle in Figure 3. It possesses prismatic nanopillars of 20 Å in length. The number of 

nanopillars is 3×3, and nanopillars are placed ordered with the Interval Ratio of 0.4 (the interval 

distance between nanopillars is 0.71 nm, the width of nanopillars is 1.78 nm, 0.71/1.78=0.4). 

(7) Although we studied several key geometrical parameters in this study, imperfections (e.g., 

uneven spacing of pillars) and impurities in experiments can affect the results and must be 

explored in the future. 

 

To better understand the underpinning of the above observations and identify limiting 

mechanisms in phonon’s populations, we carried out Fourier transform of the velocity 

autocorrelation functions (VAFs), to compute the vibration density of state (VDOS).
65

 Figure 4a-

c illustrate the obtained VDOS of GaN and diamond for three different interfaces, respectively: 

planar interface, engineered interface with lowest TBR (L20-N3O-I), and engineered interface 

with cylinder nanopillar (L20-N3C-I). The analysis considered the set of atoms that are critical 
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for the TBR. More precisely, in the case of the planar interface we analyzed the atoms up to 4 Å 

around the interface while for the latter two engineered interfaces (L20-N3O-I and L20-N3C-I) 

all atoms confined in the nanopillars were analyzed. In view of the VDOS of planar interface 

(Figure 4a), we can identify that the low-frequency modes (0~5 THz) dominate in both GaN and 

diamond. However, the hallmark of both engineered interfaces is emergence of higher frequency 

modes, explaining their lower TBR values compared to the planar interface.  In particular, the 

L20-N3O-I interface exhibits both intermediate- (5~20 THz) and high-frequency modes (>20 

THz) for GaN whereas L20-N3C-I interface exhibits only high-frequency modes (>20 THz). It is 

observed that new intermediate- and high-frequency modes are emerging regularly. Considering 

also the intermediate-frequency modes possess larger group velocities than do high frequency 

modes,
23, 55, 66

 the intermediate-frequency modes (5~20 THz shown in blue) of GaN enhance the 

heat transport at the interface such that a reduced TBR is obtained. The pattern of VDOS is 

collectively attributed by the interfacial architecture and the nature of the materials, which is 

hard to predict without simulation at atomistic level. This analysis explains the effects of 

geometry via examining the VDOS, elucidating the fundamental reasons behind lower TBR 

values.  
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Figure 4. Vibrational density of state (VDOS) of GaN and diamond for various interface 

configurations. a) Planar interface, b) Interface L20-N3O-I (nanopillars of 20 Å in length, 

cross-section N3O-I shown in Figure 2), c) Interface L20-N3C-I (nanopillars of 20 Å in length, 

cross-section N3C-I shown in Figure 2), d) Medium-sized interface, e) Planar interface with a 

mono-layer graphene. The regions indicated by blue arrow in the VDOS of GaN are the 

intermediate-frequency modes (5~20 THz). The red arrows indicate the peaks of VDOS of GaN. 
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Size-Effect Study 

Thus far, we identified the L20-N3O-I interface as the optimal configuration with lowest TBR 

for a constant system size. To increase practical utility and to give important pointers to the 

experimental researchers, we increased the model size and calculated their corresponding TBR. 

Specifically, beside the current studied system (14.98×7.49×7.49 nm
3
), we studied two 

additional systems: 14.98×18.5×18.5 nm
3
 and 14.98×32.8×32.8 nm

3
 as medium and large 

systems, respectively. We used the optimum configuration (L20-N3O-I) as the benchmark, and 

systematically studied the size-effect in two ways. In the first strategy, the model’s cross section 

was enlarged proportionally with corresponding increase in the pillars’ cross section, i.e. 

increasing every portion of the structure with a constant ratio (the path directed by the dashed 

yellow line in Figure 5a). Alternately, the overall size of the model structure was increased but 

the size of each nanopillar was kept unchanged (the solid blue line in Figure 5a). We found that 

(i) among the two strategies the second pathway where the nanopillers have the optimum size 

(smaller nanopillars) always showed lower TBR, and (ii) both strategies indicate an optimum 

size of the structure around 18.5 nm (edge length). These results demonstrate that the TBR in 

GaN/diamond heterostructures is highly size-dependent. Keeping the interval distance (0.71 nm) 

and nanopillar’s width (1.78 nm) unchanged, increasing the total cross-section from 7.49×7.49 

nm
2
 to 18.5×18.5 nm

2 
decreases the TBR by ~70% to an optimum value of 15.56 m

2
 K GW

-1
 

(indicated by the red circle); an 80.6% reduction compared to periodic planar interface (80.35 m
2
 

K GW
-1

).  Although device miniaturization with such small dimensions is currently beyond the 

reach of experimental techniques, our results provide fundamental insights and guidelines on 

performance trends, that is 1) overall a high density pillar system is preferred over large-size 
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pillars, and 2) there is an optimal combination between the pillar size, interval distance, and the 

device size to attain minimum TBR. 

 

 

Figure 5. a) Size effect of TBR for small-sized, medium-sized, and large-sized models (unit: 

nm). The optimum TBR is indicated by the red circle. b) GaN/diamond heterostructure with 

graphene layers at the interface: I. 3D view of the model with graphene at the nanopillared 

interface. II. top view of the nanopillared interface with one graphene layer conformally attached 

to the surface.  
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Comparing VDOS of GaN and diamond for the small- and medium-sized models (Figure 4b and 

4d), it appears that unlike the small-sized model in which the intermediate-frequency modes are 

distributed at 5~20 THz for GaN, the medium-sized model has a significant intermediate-

frequency peak at 18 THz. For the VDOS of diamond, the small-sized model exhibits more 

intermediate- and high-frequency modes while its TBR is higher. Thus, it seems the VDOS of 

diamond reveals no clear pattern, suggesting that the diamond is not the determinant factor of the 

resultant TBR. This is understandable because the thermal conductivity of diamond is an order of 

magnitude higher than that of gallium nitride. So the limiting factor is the short board of the 

cask-GaN. 

 

Introduction of graphene buffer layer: mono- versus multi-layer 

The effect of replacing the conventional SiNx buffer layer with atomically thick 2D layers was 

explored by taking graphene as the model system.  While graphene was selected due to its high 

tunability of bandgap via oxidation and doping, it should be noted that other 2D systems such as 

BN with its typical insulating character and high thermal conductivity is also a fascinating 

candidate.  To study the influence of graphene on the interfacial thermal transport, we fitted 

mono- and few-layer graphene at the GaN/diamond planar and nanopillared interfaces (Figure 

5b). Although the thermal conductivity of graphene nanoribbons was discovered to be size-

dependent
67

, the size-effect of graphene was not examined here as it’s hard to achieve. And as 

will be discussed later, the thermal conductivity of graphene itself is not a key factor. We 

simulated graphene layer parallel to the closed-pack plane (0001) of GaN and diamond. In the 

case of planar interfaces, while introducing a mono-layer graphene decreases the TBR by 

17.88%, addition of a tri-layer graphene increased the TBR by 191.17% (Supplementary 
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Information 2). This is because one graphene layer modulates the behavior of GaN, leading to 

the turbulence in intermediate-frequency modes that are responsible for the enhanced heat 

transport (Figure 4e). However, when it comes to multi-layer graphene, TBR increases because 

of the weak van der Waals inter-planar interactions between the graphene layers. In the case of 

interlaced interfaces, in order to better accommodate graphene and closely match with 

experimentally attainable dimensions, we selected a configuration with largest nanopiller width, 

that is N1O-I as shown in Figure 2 (this still has a lower TBR than the planar interface). 

Compared to the engineered interface without graphene layers (N1O-I), introducing a mono-

layer graphene decreases TBR by 32.92% while addition of tri-layer graphene increases TBR by 

38.03% (Supporting Information 2). While this trend is similar to that in the planar interfaces 

described earlier, interestingly, the introduction of mono- and few-layer graphene plays a more 

constructive role in nanopillared interfaces, i.e. the reduction of TBR is amplified by a mono-

layer graphene to ~33% (vs 17%) and its increase is curbed to ~38% (vs ~191%) by few-layer 

graphene. Together, these effects indicate that the combination of nanopillared interface and 

graphene buffer layer (ideally a mono-layer) can result in GaN-on-Diamond devices with 

enhanced interfacial thermal properties. These findings and strategies can provide important 

guidelines for experiments such as nanolithography.  With such a significant reduction of TBR 

value, improved performance would be obtained for nano/microelectronic systems like phase-

change memory devices
68

 and field-effect transistors
69-71

, since a decreased TBR value would 

increase the breakdown voltage
70

 or decrease the maximum temperature
69

 for GaN based devices 

to a great extent.   
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Lastly, in view of the high temperature conditions in the fabrication processes, we evaluated the 

thermal stability of our hybrid model by monitoring the structural integrality under a high 

temperature condition. First, the diamond-graphene-GaN hybrid structure was energy minimized 

to equilibrium. Second, the diamond region was heated up in the canonical ensemble (NVT) to 

1400 
o
C (the operating temperature for diamond deposition). Next, the graphene and GaN were 

monitored in the microcanonical ensemble (NVE) for structural stability. We found that when 

exposed to 1400 
o
C, the structures of graphene and GaN remained intact and stable, pointing to 

the stability of the hybrid structure and the potential for practical realization.  Finally, we probed 

the influence of a two-step hierarchically nanostructured interface on the TBR of heterostructures. 

This detailed study resulted in counterintuitive observations and revealed that the hierarchical 

interface has detrimental effects on TBR of GaN-on-Diamond system. It is our understanding 

that in addition to the factors investigated in this study, the thermal transport in the hierarchical 

interface is more intricate and is governed by other factors, which necessitates an in-depth study 

in the future. 

 

3 Conclusion 

In conclusion, this study presented a series of extensive molecular simulations and multiple 

novel strategies to explore various interlaced interfaces for decreasing the TBR of GaN-on-

Diamond devices. Among the 48 distinct interlaced interfaces explored, we found that the 

optimum interface configuration is the one with prismatic (as opposed to circular) nanopillars 

placed in an ordered arrangement of a 3×3 grid (L20-N3O-I), leading to a 34.4% decrease in 

TBR compared to the planar interface. Further reduction in TBR was shown by our size-effect 

study where we found that there is an optimum ratio between the device size, interval ratio, and 



21 
 

feature dimensions, enabling > 80% reduced TBR compared to the planar interface.  Furthermore, 

the incorporation of a mono-layer graphene buffer layer in the planar and the nanopillared 

interfaces of GaN-Diamond reduces their TBR by 17.88% and 32.92%, respectively, while a tri-

layer graphene increases their TBRs by 191.17% and 38.03%, compared to their counterpart 

interfaces without graphene. We ascribe all these interfacial thermal transport effects to the 

emergence of effective peaks in the intermediate-frequency phonons (5~20 THz) of GaN, 

activating the dominant group velocities to promote the heat transport. Together, this work 

suggests that judiciously interlacing the interface configuration, combined with incorporation of 

conformal 2D buffer layer(s), can dramatically reduce TBR, leading to device stability, 

reproducibility, and performance. Broadly, this computational research can serve as a guideline 

for experiments, and can also impact systems beyond GaN-based technology to create de novo 

nanoengineered devices with peerless transport properties and applications. 

 

4 Methods 

4.1 Model Construction. Each of our models consists of a layered heterostructure of one bulk 

diamond and one bulk gallium nitride (GaN). Both diamond and GaN have wurtzite crystal 

structure with lattice constants of aGaN = 3.189 Å and aC = 3.567 Å. The model’s closed-pack 

plane (0001) of GaN and diamond were aligned in the yz plane, with the model’s c-axis oriented 

along x axis. Under this layout, the matching of the interface in yz plane controlled the choice of 

the model size. Models of three different sizes are created as shown in table 1. The mismatch in 

yz plane due to the diverse lattice constants of diamond and GaN were 0.9 Å (5%), 0.87 Å (5%), 

and 0.86 Å (5%), for the small-sized, medium-sized, and large-sized models, respectively. The 

relatively low mismatch in all of the three size models leads to creation of stable models (when 



22 
 

the two materials are merged to form the superstructure). To engineer the interlaced interfaces, 

the length of the nanopillar was varied from 20 to 30 Å, and the number of nanopillars ranged 

from 1 to more than 4×4. In this work, we performed 56 MD simulations in total including 48 

simulations illustrated in Figure 3, 4 simulations for size-effect studies (two simulations per each 

of small-sized and large-sized models), and 4 simulations incorporating graphene layers (Figure 

S1).  

Table 1. Details of the models examined  

Model name 

Super cell extension 
Model dimension 

[nm
3
] 

Number of 

atoms Diamond 
Gallium 

Nitride 

Small-sized 42×21×21 40×23×14 14.98×7.49×7.49 2.1×10
5
 

Medium-sized 42×52×52 40×57×35 14.98×18.5×18.5 1.3×10
6
 

Large-sized 42×92×92 40×101×62 14.98×32.8×32.8 4.1×10
6
 

 

4.2 Molecular dynamics simulation. We employed the “reverse nonequilibrium molecular 

dynamics simulations” (rNEMD)
60

 to obtain the TBR of the C-GaN junction. rNEMD is based 

on Muller-Plathe algorithm which applies a heat flux to the system so that a consequent 

temperature gradient could be computed. The rNEMD was carried out using LAMMPS 

package
72

. An integration time step of 0.05 femtosecond was maintained in all simulation to 

side-step the instability of small pillars and ascertain a stable temperature gradient response. This 

very small time-step was necessary for equilibrating the complicated interlaced configurations.  

 

To describe the interactions among C, Ga, and N atoms, a 3-body Tersoff potential was used 

(Supporting Information 3), which is shown to be highly successful in such hybrid systems
23

. 

Adaptive Intermolecular Reactive Empirical Bond Order (AIREBO) Potential
73

 is adopted for 
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the graphene structure. The mixed interaction between graphene carbon atoms and GaN is 

defined via the hybrid command combining AIRBO and our 3-body Tersoff potential.
23

 Periodic 

boundary condition was applied in all directions. When graphene layers are introduced into the 

small-sized models, the cross section of the graphene layer is cut as 7.49×7.49 nm
2
 to match the 

boundary of the original planar interface.  

 

A typical simulation involved three stages. The first stage was to relax the structure in the 

canonical ensemble (NVT) for 0.1 nanosecond at 300 K. In the second stage, the structure in the 

microcanonical ensemble (NVE) underwent relaxation for 0.2 nanosecond. After 0.1 nanosecond, 

the structure displayed a stable temperature and the total energy converged well. The structure 

was in equilibrium at the end of stage 2. Finally, the third stage imposed a heat flux into the 

structure by putting a heat source at the center and two heat sinks at both sides of the structure 

along the x direction (perpendicular to the GaN/diamond interface). In accord with the GaN-on-

Diamond high power devices, where the heat accumulation happens at the GaN, the simulation 

introduced the heat source in the GaN, while diamond accommodated the heat sink to dissipate 

the energy propagated from GaN. Along the x direction, the structure was divided into 50 slices. 

Among different slices, kinetic energy was exchanged using Muller-Plathe algorithm 
74

, creating 

a heat flux through the structure.  A constant heat flux of ~5000 MW/m
2 

was applied in all the 

models for 0.2 nanosecond to obtain a stable temperature gradient between diamond and GaN.  

Heat flux J divided by temperature drop ΔT leads to the interfacial thermal conductance G:
72, 75

 

                                                            (1) 

dE

2

J
G

T A T
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where dE is the heat flux per unit time, A is the cross-sectional area at the interface. For planar 

interface, A is equal to the area of YZ plane of the model. For engineered interface with 

nanopillars, although new contact area (the side of nanopillars) is introduced, A is also equal to 

the area of YZ plane of the model. This is because in the calculation of the interfacial thermal 

conductance, the area used for thermal conductance calculation is always the one perpendicular 

to the direction of the heat flux (YZ plane). The TBR, or the resistance at the interface for the 

heat transportation is obtained from the interfacial thermal conductance via: 

                                                                  (2) 

The heat flux and temperature gradient were recorded in the output by averaging values every 

few timesteps over longer timescales. Parameters chosen in our study were: Nfreq =100,000 

(calculating averages every 100,000 timesteps); Nrepeat =1000 (1000 input values used for 

calculating averages); Nevery =100 (using input values every 100 timesteps).  

 

Supporting Information  

TBR values for various scenarios investigated. Results of Models with mono and tri-layer 

graphene. Tersoff potential parameters for C, Ga, and N atoms 

 

Acknowledgements  

1
TBR

G




25 
 

This work was supported in part by the Department of Civil and Environmental Engineering at 

Rice University  

 

References  

(1) Simon, J.-M.; Kjelstrup, S.; Bedeaux, D.; Hafskjold, B. Thermal Flux through a Surface 

of N-Octane. A Non-Equilibrium Molecular Dynamics Study. J. Phys. Chem. B 2004, 108 (22), 

7186-7195. 

(2) Lyeo, H.-K.; Cahill, D. G. Thermal Conductance of Interfaces between Highly Dissimilar 

Materials. Phys. Rev. B 2006, 73 (14), 144301. 

(3) Luo, T.; Lloyd, J. R. Non-Equilibrium Molecular Dynamics Study of Thermal Energy 

Transport in Au–Sam–Au Junctions. Int. J. Heat Mass Transfer 2010, 53 (1), 1-11. 

(4) Luo, T.; Lloyd, J. R. Enhancement of Thermal Energy Transport across 

Graphene/Graphite and Polymer Interfaces: A Molecular Dynamics Study. Adv. Funct. Mater. 

2012, 22 (12), 2495-2502. 

(5) Hu, M.; Poulikakos, D. Graphene Mediated Thermal Resistance Reduction at Strongly 

Coupled Interfaces. Int. J. Heat Mass Transfer 2013, 62, 205-213. 

(6) Hu, M.; Giapis, K. P.; Goicochea, J. V.; Zhang, X.; Poulikakos, D. Significant Reduction 

of Thermal Conductivity in Si/Ge Core− Shell Nanowires. Nano Lett. 2010, 11 (2), 618-623. 

(7) Costescu, R. M.; Wall, M. A.; Cahill, D. G. Thermal Conductance of Epitaxial Interfaces. 

Phys. Rev. B 2003, 67 (5), 054302. 



26 
 

(8) Abramson, A. R.; Tien, C.-L.; Majumdar, A. Interface and Strain Effects on the Thermal 

Conductivity of Heterostructures: A Molecular Dynamics Study. J. Heat Transfer 2002, 124 (5), 

963-970. 

(9) Sun, F.; Zhang, T.; Jobbins, M. M.; Guo, Z.; Zhang, X.; Zheng, Z.; Tang, D.; Ptasinska, 

S.; Luo, T. Molecular Bridge Enables Anomalous Enhancement in Thermal Transport across 

Hard‐Soft Material Interfaces. Adv. Mater. 2014, 26 (35), 6093-6099. 

(10) Hannah, D. C.; Gezelter, J. D.; Schaller, R. D.; Schatz, G. C. Reverse Non-Equilibrium 

Molecular Dynamics Demonstrate That Surface Passivation Controls Thermal Transport at 

Semiconductor-Solvent Interfaces. ACS nano 2015. 

(11) Finnemore, A.; Cunha, P.; Shean, T.; Vignolini, S.; Guldin, S.; Oyen, M.; Steiner, U. 

Biomimetic Layer-by-Layer Assembly of Artificial Nacre. Nat Commun 2012, 3, 966. 

(12) Luo, T.; Lloyd, J. R. Molecular Dynamics Study of Thermal Transport in Gaas-Self-

Assembly Monolayer-Gaas Junctions with Ab Initio Characterization of Thiol-Gaas Bonds. J. 

Appl. Phys. 2011, 109 (3), 034301. 

(13) Balandin, A.; Morozov, S. V.; Cai, S.; Li, R.; Wang, K. L.; Wijeratne, G.; Viswanathan, 

C. R. Low Flicker-Noise Gan/Algan Heterostructure Field-Effect Transistors for Microwave 

Communications. IEEE Trans. Microwave Theory Tech. 1999, 47 (8), 1413-1417. 

(14) Kuzmik, J.; Bychikhin, S.; Pichonat, E.; Gaquière, C.; Morvan, E.; Kohn, E.; Teyssier, J.-

P.; Pogany, D. Self-Heating Phenomena in High-Power Iii-N Transistors and New Thermal 

Characterization Methods Developed within Eu Project Target. Int. J. Microwave Wireless Tech. 

2009, 1 (Special Issue 02), 153-160. 

(15) Shizuo, F. Wide-Bandgap Semiconductor Materials: For Their Full Bloom. Jpn. J. Appl. 

Phys. 2015, 54 (3), 030101. 



27 
 

(16) Rajan, S.; Waltereit, P.; Poblenz, C.; Heikman, S. J.; Green, D. S.; Speck, J. S.; Mishra, U. 

K. Power Performance of Algan-Gan Hemts Grown on Sic by Plasma-Assisted Mbe. IEEE 

Electron Device Lett. 2004, 25 (5), 247-249. 

(17) Szu-Ping, T.; Heng-Tung, H.; Yung-Yi, T.; Edward Yi, C. Investigation of Electrical and 

Thermal Properties of Multiple Algan/Gan High-Electron-Mobility Transistors Flip-Chip 

Packaged in Parallel for Power Electronics. Appl. Phys. Express 2015, 8 (3), 034101. 

(18) Wang, Y.; Liang, Y.; Cheng, X.; Huang, H.; Zang, J.; Lu, J.; Yu, Y.; Xu, X. Preparing 

Porous Diamond Composites Via Electrophoretic Deposition of Diamond Particles on Foam 

Nickel Substrate. Mater. Lett. 2015, 138 (0), 52-55. 

(19) Hanada, K.; Yoshida, T.; Nakagawa, Y.; Gima, H.; Tominaga, A.; Hirakawa, M.; Agawa, 

Y.; Sugiyama, T.; Yoshitake, T. Hardness and Modulus of Ultrananocrystalline 

Diamond/Hydrogenated Amorphous Carbon Composite Films Prepared by Coaxial Arc Plasma 

Deposition. Appl. Phys. A 2015, 119 (1), 205-210. 

(20) Jie, S.; Fatima, H.; Koudymov, A.; Chitnis, A.; Hu, X.; Wang, H. M.; Zhang, J.; Simin, 

G.; Yang, J.; Asif Khan, M. Thermal Management of Algan-Gan Hfets on Sapphire Using Flip-

Chip Bonding with Epoxy Underfill. IEEE Electron Device Lett. 2003, 24 (6), 375-377. 

(21) Sun, M. Conductivity of Conductive Polymer for Flip Chip Bonding and Bga Socket. 

Microelectron. J. 2001, 32 (3), 197-203. 

(22) Nakayama, W. Thermal Management of Electronic Equipment: A Review of Technology 

and Research Topics. Appl. Mech. Rev. 1986, 39 (12), 1847-1868. 

(23) Hu, M.; Zhang, X.; Poulikakos, D.; Grigoropoulos, C. P. Large “near Junction” Thermal 

Resistance Reduction in Electronics by Interface Nanoengineering. Int. J. Heat Mass Transfer 

2011, 54 (25), 5183-5191. 



28 
 

(24) Yan, Z.; Liu, G.; Khan, J. M.; Balandin, A. A. Graphene Quilts for Thermal Management 

of High-Power Gan Transistors. Nat Commun 2012, 3, 827. 

(25) Sukhadolau, A.; Ivakin, E.; Ralchenko, V.; Khomich, A.; Vlasov, A.; Popovich, A. 

Thermal Conductivity of Cvd Diamond at Elevated Temperatures. Diamond Relat. Mater. 2005, 

14 (3), 589-593. 

(26) Schuster, F.; Hetzl, M.; Weiszer, S.; Garrido, J. A.; de la Mata, M.; Magen, C.; Arbiol, J.; 

Stutzmann, M. Position-Controlled Growth of Gan Nanowires and Nanotubes on Diamond by 

Molecular Beam Epitaxy. Nano Letters 2015, 15 (3), 1773-1779. 

(27) Pomeroy, J. W.; Bernardoni, M.; Dumka, D. C.; Fanning, D. M.; Kuball, M. Low 

Thermal Resistance Gan-on-Diamond Transistors Characterized by Three-Dimensional Raman 

Thermography Mapping. Appl. Phys. Lett. 2014, 104 (8), 083513. 

(28) Cho, J.; Li, Y.; Hoke, W. E.; Altman, D. H.; Asheghi, M.; Goodson, K. E. Phonon 

Scattering in Strained Transition Layers for Gan Heteroepitaxy. Phys. Rev. B 2014, 89 (11), 

115301. 

(29) Mukhopadhyay, P.; Banerjee, U.; Bag, A.; Ghosh, S.; Biswas, D. Influence of Growth 

Morphology on Electrical and Thermal Modeling of Algan/Gan Hemt on Sapphire and Silicon. 

Solid-State Electron. 2015, 104 (0), 101-108. 

(30) Zhang, X.-Q.; Lin, C.-H.; Tseng, Y.-W.; Huang, K.-H.; Lee, Y.-H. Synthesis of Lateral 

Heterostructures of Semiconducting Atomic Layers. Nano Letters 2015, 15 (1), 410-415. 

(31) Goyal, V.; Sumant, A. V.; Teweldebrhan, D.; Balandin, A. A. Direct Low-Temperature 

Integration of Nanocrystalline Diamond with Gan Substrates for Improved Thermal Management 

of High-Power Electronics. Adv. Funct. Mater. 2012, 22 (7), 1525-1530. 



29 
 

(32) Aggarwal, N.; Krishna, S. T. C.; Goswami, L.; Mishra, M.; Gupta, G.; Maurya, K. K.; 

Singh, S.; Dilawar, N.; Kaur, M. Extenuation of Stress and Defects in Gan Films Grown on a 

Metal–Organic Chemical Vapor Deposition-Gan/C-Sapphire Substrate by Plasma-Assisted 

Molecular Beam Epitaxy. Cryst. Growth Des. 2015. 

(33) Jaramillo-Fernandez, J.; Ordonez-Miranda, J.; Ollier, E.; Volz, S. Tunable Thermal 

Conductivity of Thin Films of Polycrystalline Aln by Structural Inhomogeneity and Interfacial 

Oxidation. Phys. Chem. Chem. Phys. 2015, 17 (12), 8125-8137. 

(34) Via, G. D.; Felbinger, J. G.; Blevins, J.; Chabak, K.; Jessen, G.; Gillespie, J.; Fitch, R.; 

Crespo, A.; Sutherlin, K.; Poling, B.; Tetlak, S.; Gilbert, R.; Cooper, T.; Baranyai, R.; Pomeroy, 

J. W.; Kuball, M.; Maurer, J. J.; Bar-Cohen, A. Wafer-Scale Gan Hemt Performance 

Enhancement by Diamond Substrate Integration. Phys. Status Solidi C 2014, 11 (3-4), 871-874. 

(35) Yong, H.; Boon Long, L.; Xiaowu, Z.; Yoke Choy, L.; Kok Fah, C. Thermal 

Management of Hotspots with a Microjet-Based Hybrid Heat Sink for Gan-on-Si Devices. IEEE 

Trans. Compon., Packag., Manuf. Technol. 2014, 4 (9), 1441-1450. 

(36) Hou, D.; Zhao, T.; Ma, H.; Li, Z. Reactive Molecular Simulation on Water Confined in 

the Nanopores of the Calcium Silicate Hydrate Gel: Structure, Reactivity, and Mechanical 

Properties. J. Phys. Chem 2015, 100 (119), 1346-1358. 

(37) Fazeli, A.; Mortazavi, M.; Moghaddam, S. Hierarchical Biphilic Micro/Nanostructures 

for a New Generation Phase-Change Heat Sink. Appl. Therm. Eng. 2015, 78 (0), 380-386. 

(38) Lee, Y. J.; Singh, P. K.; Lee, P. S. Fluid Flow and Heat Transfer Investigations on 

Enhanced Microchannel Heat Sink Using Oblique Fins with Parametric Study. Int. J. Heat Mass 

Transfer 2015, 81 (0), 325-336. 



30 
 

(39) Deng, D.; Wan, W.; Shao, H.; Tang, Y.; Feng, J.; Zeng, J. Effects of Operation 

Parameters on Flow Boiling Characteristics of Heat Sink Cooling Systems with Reentrant Porous 

Microchannels. Energy Convers. Manage. 2015, 96 (0), 340-351. 

(40) Dominic, A.; Sarangan, J.; Suresh, S.; Sai, M. Heat Transfer Performance of Al2O 

3/Water Nanofluids in a Mini Channel Heat Sink. J. Nanosci. Nanotechnol. 2014, 14 (3), 2368-

2376. 

(41) Lelea, D.; Laza, I. The Water Based Al2O3 Nanofluid Flow and Heat Transfer in 

Tangential Microtube Heat Sink with Multiple Inlets. Int. J. Heat Mass Transfer 2014, 69 (0), 

264-275. 

(42) Sun, H.; Simon, R. B.; Pomeroy, J. W.; Francis, D.; Faili, F.; Twitchen, D. J.; Kuball, M. 

Reducing Gan-on-Diamond Interfacial Thermal Resistance for High Power Transistor 

Applications. Appl. Phys. Lett. 2015, 106 (11), 111906. 

(43) English, T. S.; Duda, J. C.; Smoyer, J. L.; Jordan, D. A.; Norris, P. M.; Zhigilei, L. V. 

Enhancing and Tuning Phonon Transport at Vibrationally Mismatched Solid-Solid Interfaces. 

Phys. Rev. B 2012, 85 (3), 035438. 

(44) Zhang, J.-Z.; Dyson, A.; Ridley, B. K. Hot Electron Energy Relaxation in Lattice-

Matched Inaln/Aln/Gan Heterostructures: The Sum Rules for Electron-Phonon Interactions and 

Hot-Phonon Effect. J. Appl. Phys. 2015, 117 (2), 025701. 

(45) Liu, T.; Jiao, S.; Wang, D.; Gao, S.; Yang, T.; Liang, H.; Zhao, L. Radiative 

Recombination Mechanism of Carriers in Ingan/Alingan Multiple Quantum Wells with Varying 

Aluminum Content. J. Alloys Compd. 2015, 621 (0), 12-17. 



31 
 

(46) Yoshida, S.; Misawa, S.; Gonda, S. Improvements on the Electrical and Luminescent 

Properties of Reactive Molecular Beam Epitaxially Grown Gan Films by Using Aln‐Coated 

Sapphire Substrates. Appl. Phys. Lett. 1983, 42 (5), 427-429. 

(47) Park, B.-G.; Kumar, R. S.; Moon, M.-L.; Kim, M.-D.; Kang, T.-W.; Yang, W.-C.; Kim, 

S.-G. Comparison of Stress States in Gan Films Grown on Different Substrates: Langasite, 

Sapphire and Silicon. J. Cryst. Growth 2015. 

(48) Choi, S.; Wu, F.; Shivaraman, R.; Young, E. C.; Speck, J. S. Observation of Columnar 

Microstructure in Lattice-Matched Inaln/Gan Grown by Plasma Assisted Molecular Beam 

Epitaxy. Appl. Phys. Lett. 2012, 100 (23), 232102. 

(49) Kong, X.; Albert, S.; Bengoechea‐Encabo, A.; Sanchez‐Garcia, M.; Calleja, E.; Trampert, 

A. Lattice Pulling Effect and Strain Relaxation in Axial (in, Ga) N/Gan Nanowire 

Heterostructures Grown on Gan‐Buffered Si (111) Substrate. Phys. Status Solidi A 2015. 

(50) Liang, Z.; Tsai, H.-L. Effect of Thin Film Confined between Two Dissimilar Solids on 

Interfacial Thermal Resistance. J. Phys.: Condens. Matter 2011, 23 (49), 495303. 

(51) Balandin, A. A.; Ghosh, S.; Bao, W.; Calizo, I.; Teweldebrhan, D.; Miao, F.; Lau, C. N. 

Superior Thermal Conductivity of Single-Layer Graphene. Nano Lett. 2008, 8 (3), 902-907. 

(52) Mathkar, A.; Tozier, D.; Cox, P.; Ong, P.; Galande, C.; Balakrishnan, K.; Leela, M. R. A.; 

Ajayan, P. M. Controlled, Stepwise Reduction and Band Gap Manipulation of Graphene Oxide. 

J. Phys. Chem. Lett. 2012, 3 (8), 986-991. 

(53) Chang, C. K.; Kataria, S.; Kuo, C. C.; Ganguly, A.; Wang, B. Y.; Hwang, J. Y.; Huang, 

K. J.; Yang, W. H.; Wang, S. B.; Chuang, C. H. Band Gap Engineering of Chemical Vapor 

Deposited Graphene by in Situ Bn Doping. Acs Nano 2012, 7 (2), 1333-1341. 



32 
 

(54) Hu, M.; Shenogin, S.; Keblinski, P. Molecular Dynamics Simulation of Interfacial 

Thermal Conductance between Silicon and Amorphous Polyethylene. Appl. Phys. Lett. 2007, 91 

(24), 241910. 

(55) Hu, M.; Keblinski, P.; Wang, J.-S.; Raravikar, N. Interfacial Thermal Conductance 

between Silicon and a Vertical Carbon Nanotube. J. Appl. Phys. 2008, 104 (8), 083503. 

(56) Kanetkar, S. M.; Matera, G.; Chen, X.; Pramanick, S.; Tiwari, P.; Narayan, J.; Pfeiffer, 

G.; Paesler, M. Growth of Diamond Films on Si(100) with and without Boron Nitride Buffer 

Layer. JEM 1991, 20 (2), 141-149. 

(57) Polo, M. C.; Sańchez, G.; Wang, W. L.; Esteve, J.; Andújar, J. L. Growth of Diamond 

Films on Boron Nitride Thin Films by Bias-Assisted Hot Filament Chemical Vapor Deposition. 

Appl. Phys. Lett. 1997, 70 (13), 1682-1684. 

(58) Che, J.; Çağın, T.; Deng, W.; Goddard III, W. A. Thermal Conductivity of Diamond and 

Related Materials from Molecular Dynamics Simulations. J. Chem. Phys. 2000, 113 (16), 6888-

6900. 

(59) Christensen, A.; Doolittle, W. A.; Graham, S. Heat Dissipation in High-Power Gan 

Electronics on Thermally Resistive Substrates. IEEE Trans. Electron Devices 2005, 52 (8), 

1683-1688. 

(60) Müller-Plathe, F. Reversing the Perturbation in Nonequilibrium Molecular Dynamics: An 

Easy Way to Calculate the Shear Viscosity of Fluids. Phys. Rev. E 1999, 59 (5), 4894. 

(61) Florescu, D.; Asnin, V.; Pollak, F. H.; Jones, A.; Ramer, J.; Schurman, M.; Ferguson, I. 

Thermal Conductivity of Fully and Partially Coalesced Lateral Epitaxial Overgrown 

Gan/Sapphire (0001) by Scanning Thermal Microscopy. Appl. Phys. Lett. 2000, 77 (10), 1464-

1466. 



33 
 

(62) Freedman, J. P.; Leach, J. H.; Preble, E. A.; Sitar, Z.; Davis, R. F.; Malen, J. A. Universal 

Phonon Mean Free Path Spectra in Crystalline Semiconductors at High Temperature. Sci. Rep. 

2013, 3 (10), 2963-2963. 

(63) Hsu, T. R., Mems & Microsystems: Design, Manufacture, and Nanoscale Engineering. 

John Wiley: 2008. 

(64) Guthy, C.; Nam, C.-Y.; Fischer, J. E. Unusually Low Thermal Conductivity of Gallium 

Nitride Nanowires. 2008. 

(65) Allen, M. P.; Tildesley, D. J. Computer Simulation of Liquids. Oxford university press: 

1989. 

(66) Hu, M.; Keblinski, P.; Schelling, P. K. Kapitza Conductance of Silicon–Amorphous 

Polyethylene Interfaces by Molecular Dynamics Simulations. Phys. Rev. B 2009, 79 (10), 

104305. 

(67) Guo, Z.; Zhang, D.; Gong, X.-G. Thermal Conductivity of Graphene Nanoribbons. Appl. 

Phys. Lett. 2009, 95 (16), 163103. 

(68) Reifenberg, J. P.; Kencke, D. L.; Goodson, K. E. The Impact of Thermal Boundary 

Resistance in Phase-Change Memory Devices. IEEE Electron Device Lett. 2008, 29 (10), 1112-

1114. 

(69) Filippov, K.; Balandin, A. The Effect of the Thermal Boundary Resistance on Self-

Heating of Algan/Gan Hfets. MRS Internet J. Nitride Semicond. Res. 2003, 8, e4. 

(70) Turin, V.; Balandin, A., Performance Degradation of Gan Field-Effect Transistors Due to 

Thermal Boundary Resistance at Gan/Substrate Interface. Electron. Lett. 2004, 40 (1), 81-83. 

(71) Turin, V. O.; Balandin, A. A. Electrothermal Simulation of the Self-Heating Effects in 

Gan-Based Field-Effect Transistors. J. Appl. Phys. 2006, 100 (5), 054501. 



34 
 

(72) Plimpton, S. Fast Parallel Algorithms for Short-Range Molecular Dynamics. J. Comput. 

Phys. 1995, 117 (1), 1-19. 

(73) Stuart, S. J.; Tutein, A. B.; Harrison, J. A. A Reactive Potential for Hydrocarbons with 

Intermolecular Interactions. J. Chem. Phys. 2000, 112 (14), 6472-6486. 

(74) Müller-Plathe, F. A Simple Nonequilibrium Molecular Dynamics Method for Calculating 

the Thermal Conductivity. J. Chem. Phys. 1997, 106 (14), 6082-6085. 

(75) Shiomi, J. Nonequilibrium Molecular Dynamics Methods for Lattice Heat Conduction 

Calculations. Ann. Rev. Heat Transfer 2014, 17, 177-203.  

 

 

 

 

 

 

 

 

 

 

 



35 
 

Table of Contents 

  

 


