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ABSTRACT OF THE DISSERTATION 

 

Diamond Integration for Thermal Management Applications: Transport, Boundaries, and 

Interfacial Morphology 

 

by 

 

Tingyu Bai 

Doctor of Philosophy in Materials Science and Engineering 

University of California, Los Angeles, 2020 

Professor Mark S. Goorsky, Chair 

 

Heat management problem limits the potential of further development of high-power devices. 

Diamond, with the highest thermal conductivity among all the materials, can be integrated near 

the hot spot region as a heat management component. The goal of this dissertation is to study grain 

morphology and thermal properties in polycrystalline diamond across boundaries using advanced 

characterization techniques. This work is anticipated to lead to an understanding of how to control 

and improve thermal transport in diamond. Diamond in device integration is achieved by chemical 

vapor deposition (CVD) at 750˚C with methane as the carbon source. A hydrogen plasma is used 

in the CVD process to remove any non-diamond carbon. In this research, transmission electron 

microscopy (TEM) and electron backscatter diffraction (EBSD) were used for grain morphology 

analysis. Both of the techniques can be used to separate the individual grains, which leads to an 



 

 

iii 

accurate size determination. In-plane thermal conductivity was measured with Raman 

thermography. Cross-plane thermal properties, including thermal boundary resistance (TBR), were 

measured with Time-domain thermoreflectance (TDTR). The combination of the advanced 

techniques has been done in several aspects to improve the diamond integration for better thermal 

transport. 

 

The challenging issue for polycrystalline CVD diamond is the relatively lower thermal 

conductivity compared with single crystal diamond due to phonon scattering at grain boundaries, 

and the thermal conductivity continues to decrease closer to the nucleation region. At the interface, 

where the grain starts to nucleate and grow, the diamond structure is composed of small size, 

randomly oriented diamond grains. In this research, a larger diamond seed size is shown to increase 

the average diamond grain size near the nucleation region, which leads to a higher in-plane thermal 

transport for 1 µm diamond films. Also, with the combination of EBSD and spatially resolved 

TDTR, ~ 60% of thermal conductivity reduction is directly observed at the grain boundaries. While 

in the traditional model, the grain boundaries act as discrete thermal boundary resistances, this 

research has pointed out the impact is not restricted to the grain boundaries and can be observed 

in up to ~ 10 µm nearby region. Another challenge exists when integrating diamond on GaN-based 

high-power devices. The presence of hydrogen plasma at a high temperature can etch into the GaN 

substrate and cause a rough Diamond/GaN interface, which could increase the TBR value. In this 

research, an ultra-thin SiN is shown to be an effective protection layer, and a low TBR value of 

9.5 m2K/GW is achieved. 

  



 

 

iv 

The dissertation of Tingyu Bai is approved.  

Yu Huang 

Subramanian S. Iyer 

Mark S. Goorsky, Committee Chair 

 

 

 

University of California, Los Angeles 

2020  



 

 

v 

Table of Contents 
List of Figures .............................................................................................................................. vii 

List of Tables .............................................................................................................................. xiii 

Chapter 1 Introduction ........................................................................................................... 1 

1.1 Thermal Management in Electronic Devices ................................................................. 1 

1.1.1 Importance of Thermal Management ..................................................................... 1 

1.1.2 Advantage of Diamond ............................................................................................. 2 

1.2 Preparation of Diamond ................................................................................................... 3 

1.2.1 Chemical Vapor Deposition of Diamond Films...................................................... 3 

1.2.2 Diamond Nucleation and Seeding Method ............................................................. 6 

1.2.3 Evolutionary Selection and Competitive Growth .................................................. 9 

1.3 Thermal Transport in Diamond .................................................................................... 11 

1.3.1 Thermal Transport across Grain Boundaries ...................................................... 11 

1.3.2 Thermal Boundary Resistance............................................................................... 14 

1.4 Motivation ........................................................................................................................ 15 

1.5 Dissertation Outline ........................................................................................................ 16 

Chapter 2 Characterization Techniques ............................................................................. 17 

2.1 Transmission Electron Microscopy ............................................................................... 17 

2.1.1 Advantages in Diamond Grain Morphology Analysis ......................................... 17 

2.1.2 TEM Sample Preparation ...................................................................................... 19 

2.1.3 Electron Energy Loss Spectroscopy ...................................................................... 21 

2.1.4 Electron Backscatter Diffraction ........................................................................... 22 

2.1.5 X-Ray Reflectivity ................................................................................................... 24 

Chapter 3 Thermal Property Measurement ....................................................................... 27 

3.1 Raman Thermography ................................................................................................... 27 

3.2 Time-domain Thermoreflectance .................................................................................. 28 

Chapter 4 Impact of Diamond Seed size ............................................................................. 32 

4.1 Experimental Procedure ................................................................................................ 33 

4.2 SEM Analysis of the Seeded Substrate and 15 min Growth ....................................... 35 



 

 

vi 

4.3 TEM Analysis of the Seeded Substrate and after 15 min Growth ............................. 37 

4.4 STEM Analysis of Grain Morphology for 1 µm Diamond Film ................................. 44 

4.5 Impact on the Thermal Conductivity ............................................................................ 48 

Chapter 5 Direct Visualization of Thermal Conductivity Suppression near Grain 

Boundaries ............................................................................................................................... 53 

5.1 Sample Preparation ........................................................................................................ 54 

5.2 EBSD map and TDTR Thermal Measurement ........................................................... 55 

5.3 Correlation between Grain Morphology and Thermal Conductivity ........................ 58 

Chapter 6 Integration of Diamond with GaN for Thermal Management in High Power 

Applications ............................................................................................................................... 62 

6.1 Motivation of Research on Diamond-on-GaN Structure ............................................ 62 

6.2 Sample Preparation ........................................................................................................ 64 

6.3 Characterization of Interfacial Layer before Diamond Deposition ........................... 66 

6.4 Characterization of Interfacial Layer with 1 µm Diamond Deposition ..................... 71 

6.5 Thermal Boundary Resistance Measurement with TDTR ......................................... 73 

6.6 Etching Effect on SiN with Different Deposition Method ........................................... 76 

Chapter 7 Conclusions and Future work ............................................................................ 82 

7.1 Conclusions ...................................................................................................................... 82 

7.2 Future Work .................................................................................................................... 84 

Bibliography ................................................................................................................................ 85 

 

  



 

 

vii 

List of Figures 

Figure 1.1 Schematic of CVD diamond deposition process with CH4 and H2 as gas precursors. The 

reactions during the plasma activation process are shown in the orange region. During the 

deposition, the substrate is heated to maintain diamond growth. ................................................... 5 

Figure 1.2 Schematic of the reaction processes at the diamond surface during CVD diamond 

growth with CH4 and H2 as gas precursors and with CH3 as radicals. ........................................... 6 

Figure 1.3 Schematic of structure evolution during diamond deposition: (a) nucleation, (b) 

coalescence, and (c) film growth. ................................................................................................... 7 

Figure 1.4 Schematic of heterogeneous nucleation of diamond deposition by forming a spherical 

cap with contact angle θ on the substrate. γ is surface energy between the substrate, diamond cluster, 

and gas. ........................................................................................................................................... 8 

Figure 1.5 HRTEM image at the diamond/Si interface indicated with yellow dashed lines. Si 

substrate is pretreated with (a) scratching method, and (b) diamond seeding method. .................. 9 

Figure 1.6 Schematic of a 2D model of polycrystalline diamond grain growth from randomly 

oriented nuclei with evolutionary selection. ................................................................................. 10 

Figure 1.7 One-dimensional schematic of the temperature profile across grains when heat flux is 

applied on one side of a polycrystalline sample. The model assumes an average grain size d, with 

temperature drop at the grain boundary (TGB) and within a grain (T0). ........................................ 13 

Figure 2.1 Schematic of the imaging mode in STEM with HAADF detector. Red lines indicated 

the diffracted beam. ...................................................................................................................... 18 

Figure 2.2 Diamond surface images taken with (a) SEM, and  (b) STEM for average grain size 

measurement. ................................................................................................................................ 19 



 

 

viii 

Figure 2.3 Schematic of TEM sample preparation process using FIB, including Pt-deposition, 

cross-section patterning, and sample transfer, and attachment to a Cu grid. ................................ 20 

Figure 2.4 Schematic of plan view and cross-section view of prepared TEM sample for diamond 

thin film. ........................................................................................................................................ 21 

Figure 2.5 (a) Schematic of the EBSD set up in the SEM system. (b) Schematic of the formation 

of the Kikuchi pattern in EBSD. ................................................................................................... 23 

Figure 2.6 XRR scan and REFS simulation of a sample with SiN/Si structure. The black curve is 

the experimental data and the red curve is corresponding simulation data. ................................. 26 

Figure 3.1 (a) Schematic of using Raman system to measure the thermal conductivity. (b) 

Schematic of the temperature profile obtained from Raman thermography. The red curve profile 

indicates a low thermal conductivity compared with the blue one. .............................................. 28 

Figure 3.2 Schematic of using TDTR method to measure the cross-plane thermal conductivity. The 

lower right image shows a sample with Al (transducer layer)/Diamond/Substrate structure, the 

chopped pump pulse (blue), and the probe pulse (red). ................................................................ 29 

Figure 4.1 Schematic figures of the seeded Si substrate wafer, after 15 min diamond growth and 

after 1 µm diamond growth. The corresponding surface SEM images of samples with 4 nm and 20 

nm diamond seed size are shown in row 3 and row 4, respectively. ............................................ 34 

Figure 4.2 Grain size measurement using SEM images for seeded Si substrate (4-a, 20-a) and 

samples after 15 min diamond growth (4-b, 20-b). The measurements are done within the yellow 

box region along four directions except for sample 20-a as shown in the red box. ...................... 36 

Figure 4.3 SEM image of sample 20-b to show the non-uniform coverage of diamond after 15 min 

deposition with 20 nm seed size. .................................................................................................. 37 

Figure 4.4 Cross-section HRTEM images of Si substrate with 4 nm diamond seeds (4-a). ........ 39 



 

 

ix 

Figure 4.5 Cross-section HRTEM images of Si substrate with 20 nm diamond seeds (20-a). .... 39 

Figure 4.6 Cross-section HRTEM images of sample 4-b with white lines indicate (111) plane and 

white dashed line indicates (100) plane. ....................................................................................... 40 

Figure 4.7 Cross-section HRTEM images of sample 4-b with white lines indicate (111) plane. 41 

Figure 4.8 (a) Surface SEM image of sample 20-b to show the facet growth of diamond grains. (b) 

Diamond crystal shapes for different growth parameter a. .......................................................... 44 

Figure 4.9 Cross-section STEM images at the diamond/Si interface for sample 4-c (a) and 20-c (b). 

The yellow dashed lines indicate the positions for grain size measurement at 50, 100, 200, and 300 

nm above the interface. ................................................................................................................. 45 

Figure 4.10 Near surface plan-view STEM images for sample 4-c (a), 20-c (b), and the grain size 

distribution (c). .............................................................................................................................. 47 

Figure 4.11 Thermal conductivity of diamond thin film measured with Raman thermography at 

different locations for sample 4-c and 20-c. Data 5-8 in 4-c and data 6 in 20-c were taken at the 

edge of the wafers. The outliers (5-6) may due to the inhomogeneous diamond deposition at the 

wafer edge. .................................................................................................................................... 48 

Figure 4.12 (a) Diamond grain size measurement from STEM images at different distances to the 

interface, that has been used to generate linear trendline (dashed lines) for grain size estimation. 

(b) Thermal conductivity at different distances to interface calculated based on the grain size value 

in (a). ............................................................................................................................................. 50 

Figure 4.13 (a) STEM image with HAADF detector to show the grain structure of a 1 μm diamond 

film. (b) The grain boundaries, marked with red color, extracted from STEM image in (a) and are 

used to obtain kin-grain and RGB. The twin boundaries are marked with yellow. ............................ 51 



 

 

x 

Figure 5.1 (a) Surface SEM image of the 250 * 250 μm2 FIB marked region. The four L shaped 

marker is patterned on the corner of the area. The darker contrast near the markers is introduced 

due to FIB damage. (b) Grey-scale EBSD image with the contrast indicates grains with different 

orientations. The same grain is outlined with yellow color in both images. ................................ 54 

Figure 5.2 In-plane grain orientation map generated by EBSD along the x-axis (a) and y-axis (b) 

of the marked region. (c) Out-of-plane grain orientation along the z-axis. (d) The relation between 

the color and 3-D orientation for each pixel in the EBSD map and the schematic image to show 

the x, y, z-axis relative to the sample. (f) Grain-size distribution measured in the region indicated 

with a black box in (a) showing an average grain size of ~ 23 μm. ............................................. 56 

Figure 5.3 (a) Thermal conductivity map generated with TDTR with a 4 µm step size. (b) Grain 

boundaries map overlaps on TDTR Thermal conductivity map to show the correlation between 

thermal conductivity suppression and the grain morphology. ...................................................... 58 

Figure 5.4 (a) In-plane grain orientation map and the grain boundaries generated from EBSD. (b) 

TDTR thermal conductivity map in the same region indicated with the white dashed box in (a) 

with a 1 µm step size. (c) Line scan along the white dashed line C shown in (b). The red dashed 

lines indicate the low thermal conductivity at grain boundaries. .................................................. 59 

Figure 5.5 (a) Line scan along the white dashed lines A and B in the region marked with 1-4 in 

Figure 5.4. Thermal conductivity is plotted versus distance to the grain boundaries. Data are shown 

with an averaged value in the range of ± 3 μm on both sides of the line scans to reduce noise. (b) 

Thermal conductivity, normalized with the maximum value inside the grain, is plotted versus the 

shortest distance to the grain boundary. (c) Schematic showing the calculation of the shortest 



 

 

xi 

distance where q is the angle between the line scan and the grain boundary (q = ~ 90˚ for grain 

boundary 1-3, q = ∼ 45˚ for grain boundary 4). ........................................................................... 60 

Figure 6.1 Structure of samples before diamond deposition (A1+, S1+), and samples after diamond 

deposition (N, A, and S). .............................................................................................................. 65 

Figure 6.2 XRR specular scan (grey data point) and simulated scan (black) for (a) sample S+ and 

(b)A+. The measurements are done on samples with Al transducer layers. The fringes correspond 

to the thickness of the SiN and AlN layer. .................................................................................... 67 

Figure 6.3 Surface SEM image of sample A+. The presence of mesa like features (area with lighter 

contrast) appears before the diamond deposition. ......................................................................... 67 

Figure 6.4 (a) AFM of Sample A+ across 40 * 40 μm2 area (b) Line scan along the white dashed 

line shown in (a). The red cursor and blue cursor indicate the height at the positions with blue 

arrows in (a). ................................................................................................................................. 68 

Figure 6.5 HRTEM images of Sample S+ at SiN interfacial layer with high magnification (a) for 

thickness measurement, and low magnification TEM image (b) to determine the uniformity of the 

SiN layer. ...................................................................................................................................... 69 

Figure 6.6 (a) HRTEM images of Sample A+ at the AlN interfacial layer. (b) Show the mesa like 

structure at the interface. (c) Show an example of a region without AlN coverage. (d) Low 

magnification to show the overall interface quality. ..................................................................... 70 

Figure 6.7 (a) HRTEM image at the diamond/GaN interface for Sample S. (b) Composition map 

generated with EELS across the interface region to confirm the existence of the SiN layer. (c) 

STEM image at diamond/GaN interface for Sample S. Two dashed lines indicate the SiN layer.

....................................................................................................................................................... 72 



 

 

xii 

Figure 6.8 HRTEM images at the diamond/GaN interface for Sample A. (a) The two circles show 

the region without the AlN layer. (b) A void formed during the diamond deposition. (c) STEM 

image to show the etching effect. (d) Composition map generated with EELS across the interface 

region. ........................................................................................................................................... 73 

Figure 6.9 Thermal resistance at the diamond/GaN interface and across the out-of-plane direction 

for diamond film. .......................................................................................................................... 74 

Figure 6.10 Cross-section SEM image of diamond deposited on GaN without an interfacial layer 

with voids shown at the interface (red circled region). ................................................................. 75 

Figure 6.11 Surface SEM image for Sample S with diamond coalescence. ................................. 78 

Figure 6.12 HRTEM images of SiN layer deposited with (a) MOCVD, (b) PECVD at 300 ˚C, (c) 

PECVD at 600 ˚C, (d) LPCVD, and (e) Sputter, before and after diamond coalescence process. 

Dashed red lines indicate the initial SiN thickness. ...................................................................... 78 

Figure 6.13 HRTEM images of Sample S: (a) SiN layer deposited with sputter method, (b) SiN 

layer after diamond coalescence process, (c) SiN layer only after hydrogen plasma etching. ..... 79 

 

  



 

 

xiii 

List of Tables 

Table 1.1 Comparison of thermal conductivity and thermal boundary resistance for Si, SiC and 

diamond ........................................................................................................................................... 3 

Table 4.1 Summary of grain size measurement from SEM and HRTEM analysis, and the growth 

rate calculation after 15 min CVD diamond deposition. .............................................................. 42 

Table 4.2 Summary of grain size measurement from cross-section STEM images at different depth 

for sample 4-c and 20-c. ................................................................................................................ 45 

Table 6.1 Summary for the SiN thickness before and after diamond deposition for SiN layers 

prepared with different method. .................................................................................................... 77 

 

  



 

 

xiv 

Acknowledgements 

First of all, I would like to thank Professor Yu Huang, Professor Dwight C. Streit and 

Professor Subramanian S. Iyer for serving as my committee members and providing valuable and 

helpful comments for my research. Then, I would like to express special thanks to my advisor, 

Professor Mark S. Goorsky. He is a great mentor, who supports and guides me throughout my 

Ph.D. career. He had taught me the importance of details and critical thinking that will benefit for 

my career after graduation.  

I would like to thank the administrative staffs in the Department of Material Science and 

Engineering, especially Lili Bulhoes who is very helpful during my time at UCLA. I would like to 

thank Mr. Noah Bodzin for the essential support of FIB and Dr. Ivo Atanisov for the help of TEM. 

I would also like to thank Yingxia Liu, Dian Yu and Yuan Lin for being my friends and providing 

important help for my research. 

I’ve also received essential help from several collaborative groups. I would greatly 

appreciate the significant help I received from Professor Samuel Graham at Georgia Tech and 

Professor Martin Kuball at the University of Bristol on the thermal measurement with Raman and 

TDTR. I would like to thank Dr. Aditya Sood for the help on the thermal conductivity map with 

spatially resolved TDTR and Dr. Matthew Mecklenburg for the help on EELS. I would like to 

express my thanks to Dr. Karl Hobart and Naval Research Laboratories for the sample preparation 

in the diamond and SiN experiments. I would like to thank Qorvo and Element Six for providing 

important samples.  

I would like to thank my group members, Jeff Mckay, Brett Beekley, Chao Li, Ariella 

Machness, Zhengyang Gu, Yekan Wang, Michael Liao, Kenny Huynh, Eva Rosker and Pranav 



 

 

xv 

Ambhore. They’ve provided important help for my experiments and I really enjoy the time 

working with them in the same group. 

Finally, I would like to thank my mother Huan Nie and my father Rui Bai. They 

continuously support me and encourage me through all these years. They are not only my beloved 

parents, but also my best friends who understand me and guide me to the correct direction. And 

special thanks to my boyfriend Yue Zhao, who is always there for me.  



 

 

xvi 

VITA 

2013      Bachelor of Engineering in Metallurgical Engineering 

     University of Science and Technology Beijing 

     Beijing, China 

 

2015     Master of Science in Materials Science and Engineering 

     University of California, Los Angeles 

     Los Angeles, CA, USA 

 

 

Publications 

T. Bai, Y. Wang, T. I. Feygelson, M. J. Tadjer, K. D. Hobart, N. J. Hines, L. Yates, S. Graham, J. 
Anaya, M. Kuball, and M. S. Goorsky, “Diamond Seed Size and the Impact on Chemical Vapor 
Deposition Diamond Thin Film Properties,” (submitted). 
 
T. Bai, M. S. Goorsky, Y. Wang, T. I. Feygelson, M. J. Tadjer, K. D. Hobart, and S. Graham, 
“Using Interfacial Layers in Diamond-on-GaN Structure to Enhance Thermal Management in 
High Power Applications,” (in preparation). 
 
Z. Cheng, T. Bai, J. Shi, T. Feng, Y. Wang, M. Mecklenburg, C. Li, K. D. Hobart, T. I. Feygelson, 
M. J. Tadjer, B. B. Pate, B. M. Foley, L. Yates, S. T. Pantelides, B. A. Cola, M. S. Goorsky, and 
S. Graham, “Tunable Thermal Energy Transport across Diamond Membranes and Diamond-Si 
Interfaces by Nanoscale Graphoepitaxy,” ACS applied materials & interfaces 11(20), 18517-
18527 (2019). 
 
M. J. Tadjer, T. J. Anderson, M. G. Ancona, P. E. Raad, P. Komarov, T. Bai, J. C. Gallagher, A. 
D. Koehler, M. S. Goorsky, D. A. Francis, K. D. Hobart, and F. J. Kub, “GaN-On-Diamond HEMT 
Technology With TAVG= 176˚C at PDC, max=56 W/mm Measured by Transient Thermoreflectance 
Imaging,” IEEE Electron Device Letters 40(6), 881-884 (2019). 
 
Y. Wang, T. Bai, C. Li, M. J. Tadjer, T. J. Anderson, J. K. Hite, M. A. Mastro, C. R. Eddy, K. D. 
Hobart, B. N. Feigelson, and M. S. Goorsky, “Defect Characterization of Multicycle Rapid 



 

 

xvii 

Thermal Annealing Processed p-GaN for Vertical Power Devices,” ECS Journal of Solid State 
Science and Technology 8(2), 70-76 (2019). 
 
J. T. Gaskins, G. Giri, S. Ju, A. Rohskopf, Y. Wang, T. Bai, E. Sachet, C. T. Shelton, Z. Liu, Z. 
Cheng, B. M. Foley, S. Graham, T. Luo, A. Henry, M. S. Goorsky, J. Shiomi, J. Maria, and P. E. 
Hopkins, “Thermal Boundary Conductance Across Heteroepitaxial ZnO/GaN Interfaces: 
Assessment of the Phonon Gas Model,” Nano letters 18(12), 7469-7477 (2018). 
 
T. Bai, M. S. Goorsky, Y. Wang, T. I. Feygelson, M. J. Tadjer, K. D. Hobart, and S. Graham, 
“Integration of Diamond with GaN for Thermal Management in High Power Applications,” ECS 
Transactions 86(9), 9-14 (2018). 
 
L. Yates, J. Anderson, X. Gu, C. Lee, T. Bai, M. Mecklenburg, T. Aoki, M. S. Goorsky, M. Kuball, 
E. L. Piner, and S. Graham, “Low thermal boundary resistance interfaces for GAN-on-diamond 
devices,” ACS applied materials & interfaces 10(28), 24302-24309 (2018). 
 
A. Sood, R. Cheaito, T. Bai, H. Kwon, Y. Wang, C. Li, L. Yates, T. Bougher, S. Graham, M. 
Asheghi, M. S. Goorsky, and K. E. Goodson, “Direct visualization of thermal conductivity 
suppression due to enhanced phonon scattering near individual grain boundaries,” Nano letters 
18(6), 3466-3472 (2018). 
 
Z. Cheng, T. Bougher, T. Bai, Y. Wang, C. Li, L. Yates, B. M. Foley, M. S. Goorsky, B. A. Cola, 
F. Faili, and S. Graham, “Probing Growth-Induced Anisotropic Thermal Transport in High-Quality 
CVD Diamond Membranes by Multifrequency and Multiple-Spot-Size Time-Domain 
Thermoreflectance,” ACS applied materials & interfaces 10(5), 4808-4815 (2018). 
 
M. S. Goorsky, K. Schjølberg-Henriksen, B. Beekley, T. Bai, K. Mani, P. Ambhore, A. Bajwa, N. 
Malik, and S. S. Iyer, “Characterization of interfacial morphology of low temperature, low 
pressure Au-Au thermocompression bonding,” Japanese Journal of Applied Physics 57(2S1), 
02BC03 (2017). 
 
J. Anaya, T. Bai, Y. Wang, C. Li, M. S. Goorsky, T. L. Bougher, L. Yates, Z. Cheng, S. Graham, 
K. D. Hobart, T. I. Feygelson, M. J. Tadjer, T. J. Anderson, B. B. Pate, and M. Kuball, 
“Simultaneous Determination of The Lattice Thermal Conductivity and Grain / Grain Thermal 
Resistance in Polycrystalline Diamond,” Acta Mater. 139, 215-225 (2017). 
 
M. S. Goorsky, T. Bai, C. Li, M. J. Tadjer, K. D. Hobart, T. J. Anderson, J. K. Hite, and B. 
Feigelson, “Novel Implantation Processing and Characterization for Scalable GaN Power Devices,” 
ECS Trans. 80, 251 (2017). 
 
T. Bai, B. Beekley, M. Jackson, and M. S. Goorsky, “The stability of metallized, thin, flexible III–
V structures for high temperature applications and wafer bonding,” In 2015 IEEE 42nd 
Photovoltaic Specialist Conference (PVSC), 1-3 (2015). 



 

 

1 

Chapter 1 Introduction 

1.1 Thermal Management in Electronic Devices 

1.1.1 Importance of Thermal Management 

Thermal management has always been a challenge for device design. For a standard GaN-

based high electron mobility transistor (HEMT) device, heat is generated in the channel due to 

Joule heating as current flows between the source and drain1. When electronic devices are under 

operation, the heating effect increases the temperature at locations near the gate contact region2. 

These locations, with high heat flux, are usually referred to as hot spots3. If the heat cannot be 

dissipated away from the hot spots fast enough, the high local temperature will reduce the carrier 

mobility by increasing the scattering rate and thus strongly impact the performance of devices4. It 

is also known that the thermal stress caused by the raised temperature will decrease the reliability 

and lifetime of the devices5.  

As a solution to the problem, a heat sink is usually used to help dissipate heat into the local 

environment3. Now that the trend for the development of modern devices is to achieve higher 

performance while reducing the device size6, the thermal management faces more challenges than 

before, especially when the devices begin to enter the nanometer scale7. Previous work shows the 

operating temperature of GaN-based HEMT increases with decreasing gate-to-gate spacing8. With 

more and more transistors assembled in a small chip area, the trend towards high power densities 

and heat generation have now limited the potential of high-power devices due to thermal 

considerations9. Researches have been focused on several different aspects to improve the thermal 

management component for high-power devices, while the challenges occur in the research of 
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Near Junction Thermal Transport (NJTT), which focuses on increasing the thermal conductance 

within the 100 µm near-junction region10. The NJTT describes a method to improve thermal 

transport by integrating high thermal conductivity materials close to the hot spots to help spread 

heat away from the active region. This leads to an interest in the study on diamond11.  

 

1.1.2 Advantage of Diamond 

Different materials have been used for the thermal management application. Copper was 

commonly used due to its low price, then other more expensive materials, such as SiC, and AlN 

were developed for this application5. As these materials have begun to reach the limitation when 

integrated with increasing powers, diamond has drawn more attention due to its excellent thermal 

property. Two aspects are important for thermal study, and the combination of those determine the 

ability of thermal transport for a heat management component in high-power devices. The first 

part is the thermal boundary resistance (TBR) or its inverse thermal boundary conductance (TBC) 

between the hot spots and the thermal management component. The second part is the thermal 

conductivity of the thermal management component itself. Table 1.1 shows a comparison between 

diamond and two other commonly used materials, Si and SiC12,13,14,15. For thermal conductivity 

within the bulk crystalline material, a single crystal diamond can reach a value of ~ 2200 W/m·K, 

which is much higher compared with the other two materials. The experimental and theoretical 

TBR values across the Diamond (Si, SiC)/GaN interface are shown while the values for diamond 

are higher compared with Si and SiC. The theoretical TBR value is predicted from the diffuse 

mismatch model (DMM) that assumes phonon lost its previous memory when reaching the 

interface. Without know where it is from, the probability of its transmission to either side of the 
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interface is determined by the ratio of the phonon density of state (DOS) of the two materials16. 

Even though the diamond/GaN interface shows a higher resistance, the actual TBR value is also 

influenced by the interface quality and the thickness of the interfacial layer, which gives room for 

the diamond-on-GaN structure to reach for its lower theoretical limit17. The advantage of using 

diamond as a heat management component has been confirmed by both theoretical and 

experimental results, where diamond structure shows a modest temperature rise when compared 

with SiC18,19. 

Table 1.1 Comparison of thermal conductivity and thermal boundary resistance for Si, SiC and 

diamond 

Material Single crystal thermal 

conductivity (W/m·K) 

Experimental TBR on 

GaN substrate 

(m2K/GW) 

Diffuse mismatch model 

prediction TBR on GaN 

substrate (m2K/GW) 

Si 130 10 0.8 

SiC 380 4 1.1 

Diamond 2200 27 3 

 

1.2 Preparation of Diamond 

1.2.1 Chemical Vapor Deposition of Diamond Films 

The initial diamond synthesis was done with a high-pressure high-temperature (HPHT) 

method, under the condition when the diamond is thermodynamically stable in the phase 

diagram 20 , 21 . Then a low-pressure method was invented back in the 1950s with diamond 

synthesized in the metastable region by suppressing graphite formation22. This eventually leads to 
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the modern method of diamond fabrication with chemical vapor deposition (CVD). To help 

remove the heat, the high conductivity material, in this case, the diamond layer, has to be integrated 

as close as possible to the heat generated region5. The integration is usually achieved by direct 

diamond deposition on the desired substrate, such as Si and GaN. Figure 1.1 shows the schematic 

of the CVD process for diamond23. Two important precursor gases are introduced during the 

deposition process: the majority of the gas reactant is hydrogen that helps create reactive radicals; 

the other reactant is methane diluted in the hydrogen gas, which provides the carbon source for 

diamond formation. A commonly used method for CVD diamond is plasma-enhanced chemical 

vapor deposition (PECVD). In this method, the hydrogen is ionized by the electric field that is 

generated by microwaves. This process initiates plasma that dissociates methane and leads to 

carbon nanostructure growth24 . It is also known that the non-diamond carbon (graphite and 

amorphous carbon) is deposited on the substrate simultaneously as diamond structure forms, but 

the presence of hydrogen plasma can remove the non-diamond and stabilize diamond growth25. 

During the process, the substrate is kept at a high temperature to maintain diamond growth. The 

temperature used in this research is ~750˚C for diamond thin film deposition and can be higher for 

different purposes. Besides plasma activation, other thermal activation methods have also been 

used, such as hot filament CVD (HFCVD) deposition. In this system, a metal filament is heated 

up to dissociate the CH4/H2 gas mixture into hydrocarbons for diamond growth26 . However, 

compare with PECVD, the HFCVD reactor is more difficult to precisely control the growth 

condition. Also, the degradation of the commonly used Tungsten filament contaminants the 

diamond films, which makes PECVD more commonly used when integrating diamond in 

electronic devices27. 
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Figure 1.1 Schematic of CVD diamond deposition process with CH4 and H2 as gas precursors. The 

reactions during the plasma activation process are shown in the orange region. During the 

deposition, the substrate is heated to maintain diamond growth. 

 

Several reactive radicals have been produced during the activation process, while CH3 is 

known as the most important radical for CVD diamond formation 28 . Figure 1.2 shows the 

schematic of the reaction processes at the fully hydrogen saturated diamond surface during CVD 

diamond growth with the assistant of the hydrogen atom and CH3 radicals. This growth model 

involves: (1) An atomic H and a surface H form H2, leaving a reactive site at diamond surface 

(Figure 1.2 (a)); (2) A CH3 radical in gas phase reacts with the reactive surface site and add a 
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carbon to the diamond lattice (Figure 1.2 (b)); (3) Occasionally, the same process of (1) and (2) 

occurs on an adjacent site (Figure 1.2 (c-d)); (4) A H abstraction process occurs on one of the 

carbon site and creates a radical shown as CH2· (Figure 1.2 (e)); (5) The radical reacts with the 

adjacent carbon group and complete a ring structure that keep the two carbon atoms in the diamond 

lattice (Figure 1.2 (f-g))28. 

 

Figure 1.2 Schematic of the reaction processes at the diamond surface during CVD diamond 

growth with CH4 and H2 as gas precursors and with CH3 as radicals. 

 

1.2.2 Diamond Nucleation and Seeding Method 

The first stage of diamond deposition is nucleation, which describes the formation and the 

continuous growth of stable carbon clusters or commonly referred to as nucleus29. As the nuclei 

grow along the perpendicular direction, the simultaneous lateral grain expansion leads to grain 

coalescence and boundary formation as shown in Figure 1.3 (a) and (b)29. Once the grain 

coalescence, the film will continue to grow thicker.  
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Figure 1.3 Schematic of structure evolution during diamond deposition: (a) nucleation, (b) 

coalescence, and (c) film growth. 

 

At the early stage of diamond particle nucleation, diamond-like carbon clusters form 

randomly within a metastable phase. Diamond nuclei might appear in hydrocarbon gas for 

homogenous nucleation, or it can form a spherical cap with contact angle θ on the substrate by 

heterogenous nucleation as shown in Figure 1.4 30 . The energy barrier for homogenous and 

heterogeneous nucleation is related to the equation, 

∆𝐺!"#(𝛾) = ∆𝐺!$%(𝛾)
('()$*+)(-.)$*+)!

/
   Eq. 1.1 

in which, ΔGhet is usually found to be smaller than ΔGhom30. Even though it’s possible to achieve 

homogeneous nucleation for CVD diamond, heterogeneous nucleation is more commercially 

favorable because of the high nucleation rate22. 
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Figure 1.4 Schematic of heterogeneous nucleation of diamond deposition by forming a spherical 

cap with contact angle θ on the substrate. γ is surface energy between the substrate, diamond cluster, 

and gas. 

 

In order to grow a continuous diamond film on a non-diamond substrate, surface 

pretreatment is needed to achieve a high nucleation density31. Several methods have been used to 

pretreat the substrate surface before the deposition to create more nucleation sites for diamond 

growth. One of the options is to scratch the surface with abrasives, such as silicides, carbides, and 

large diamond particles32. This method can yield high nucleation densities, but it also leaves a 

rough interface which is not desirable for some applications33. Figure 1.5 (a) shows the high-

resolution transmission electron microscopy (HRTEM) image of the rough diamond/Si interface 

using the scratching method, which could impede the thermal transport across the interface. 

Another method is seeding the substrate with diamond nanoparticles22. A commonly used process 

is to sonicate the wafers in a seeding solution, usually a suspension of nanodiamond in ethanol, for 

30 min34. Then the wafers are rinsed in pure ethanol to remove the non-adherent nanodiamond, 

while the other particles can adhere to the substrate through van der Waal’s interactions35. These 

adhered nanodiamond seeds then act as nucleation sites to help achieve a continuous diamond film. 
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The HRTEM image shown in Figure 1.5 (b) shows a smooth diamond/Si interface for diamond 

seeding method.  

 

Figure 1.5 HRTEM image at the diamond/Si interface indicated with yellow dashed lines. Si 

substrate is pretreated with (a) scratching method, and (b) diamond seeding method.  

 

1.2.3 Evolutionary Selection and Competitive Growth 

After the seeded wafers are exposed to the diamond deposition condition, the nucleus will 

start to grow randomly until they coalescence. Then the sample will enter a competitive growth 

stage with evolutionary selection, during which the selection happens because the grain property 

determines the probability of its survival36. In this stage, because of the different growth rates for 

different planes, grains with the fastest growth direction oriented vertically to the interface have a 

higher possibility to survive and outgrow the ones with less favorable orientation. This competitive 

growth eventually leads to a columnar grain structure in CVD diamond film with a nucleation 

region consists of fine diamond grains with nanometer-size37. 
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Figure 1.6 shows the simulation of diamond grain growth from randomly oriented nuclei 

based on Van der drift 2D model, which simplifies the condition by assuming no secondary 

nucleation and defects during the grain growth38. The growth rate along the diagonal of the square 

is √2 times higher than the value along the perpendicular direction of the square face. Thus, the 

crystals with diagonal parallel with the growth direction can overgrow the ones with faces parallel 

to the interface. The evolutionary selection causes texturing in the diamond film with the fasted 

growth plane dominant the diamond film.  

 

Figure 1.6 Schematic of a 2D model of polycrystalline diamond grain growth from randomly 

oriented nuclei with evolutionary selection. 
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1.3 Thermal Transport in Diamond 

1.3.1 Thermal Transport across Grain Boundaries 

Heat can be transported by different carriers, such as electrons, photons, or phonons, in 

different materials39. In conductive solid materials, such as metals, the heat transport occurs mainly 

by the movement of free electrons, while in electrical insulator solid materials, the thermal 

transport is dominated by phonons, which is the quantum of crystal lattice vibration40. The thermal 

conductivity can be expressed as, 

𝜅 = -
0
𝐶1𝜈Λ     Eq. 1.2 

where CV is the specific heat, ν is the velocity and Λ is the mean free path (MFP), as for phonons, 

ν is group velocity (vg), and Λ can be expressed as vgτ, where τ stands for phonon relaxation time41.  

For single crystal samples, the thermal resistance arises from enharmonic phonon-phonon 

scattering, which includes the Normal (N) process and the Umklapp (U) process. While the U 

process dominates in materials, such as Si and Ge, diamond has been found with weaker U 

scattering and dominance of N process. This, along with the strong covalent binding and the light 

mass of carbon atoms, leads to high phonon frequencies and acoustic velocities in diamond and 

explain its high thermal conductivity42. 

Thermal conductivity is also influenced by temperature. At low temperature region, the 

thermal conductivity increases as temperature increases, and then it begins to decrease due to the 

phonon-phonon scattering43. Research has shown for single crystal diamond, the highest κ occurs 

at ~ 100 K, and the following decreasing rate depends on the grade of the diamond sample. As for 

the diamond sample with high grain boundary scattering, the decrease in thermal conductivity as 

temperature increases is much smaller compared with the single crystal diamond44.  
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For phonon-phonon scattering in diamond, research has shown that 80% of heat is carried 

by phonons with MFP values lie in a range of 500 nm to 3.5 μm45. As the grain size reduced to a 

value lower than the bulk phonon MFP, the scattering at the grain boundaries will dominate and 

significantly influence the thermal transport. Because the columnar grain growth, the thermal 

conductivity of CVD diamond is usually anisotropic, with κ⊥ (cross-plane thermal conductivity) 

is measured to be higher than κ∥	(in-plane	thermal	conductivity)46.  

For CVD prepared diamond thin films, the grain size is smaller compared with the phonon 

MFP, which leads to a relatively low thermal conductivity. In experiments, the thermal transport 

within the grains and across grain boundaries are both being measured and gives an overall thermal 

conductivity. Without a method to directly measure the thermal transport across grain boundaries, 

a traditional model is used to describes grain boundaries as the discrete thermal boundary 

resistance (Kapitza resistance). The schematic illustration of the effect of Kapitza resistance is 

shown in Figure 1.7, with the temperature profile indicated with the red line and grain boundaries 

indicated with the dashed lines47. The model assumes a uniform grain size, and the temperature 

difference across a grain is expressed as a combination of temperature difference at the grain 

boundary (TGB) and within a grain (T0). 

𝑇 = 𝑇2 + 𝑇34                                                        Eq. 1.3 

The heat flux q applied to one side of the sample is defined as 

𝑞 = −𝜅 56
57

                                                              Eq. 1.4 

Then the effective thermal conductivity of the polycrystalline sample can be expressed as, 

𝜅 = .85
6"(6#$

                                                             Eq. 1.5 



 

 

13 

where d is for the average grain size. Then the temperature differences within the grain and across 

a grain boundary are expressed separately as,  

𝑇2 =
.85

9%&'()*%&
                                                          Eq. 1.6 

𝑇34 = −𝑞𝑅34                                                         Eq. 1.7  

where kin-grain is the thermal conductivity of the grain lattice and is assumed uniform within the 

grains, and RGB is the thermal resistance at grain boundaries. Then the overall measured effective 

thermal conductivity can be related to the RGB and kin-grain through grain diameter d47. 

𝜅 = 9%&'()*%&

-(
+%&'()*%&
, -#$⁄

                                                        Eq. 1.8 

 

Figure 1.7 One-dimensional schematic of the temperature profile across grains when heat flux is 

applied on one side of a polycrystalline sample. The model assumes an average grain size d, with 

temperature drop at the grain boundary (TGB) and within a grain (T0). 
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1.3.2 Thermal Boundary Resistance 

Another important factor that influences the ability of the heat management component is 

the thermal boundary resistance at the diamond/substrate interface. As heat transport across an 

interface, a discontinuous temperature profile occurs at the interface due to phonon scattering, 

similar to what is shown in Figure 1.7 at grain boundaries. TBR is influenced by several factors, 

including the interfacial layer and interface roughness17. Due to the phonon scattering at the 

interface, a finite TBR value exist, and there are generally two models that have been used to 

describe the interface effect and predict the TBR value. The first is acoustic mismatch model 

(AMM), in which phonons are considered to be plane waves, and the possibility of phonon 

transmission depends on the acoustic properties of the two materials. The second one is DMM, 

which is introduced in Chapter 1, assumes a entirely diffuse scattering at the interface, and the 

possibility of phonon transmission depends on the mismatch of phonon DOS for the two 

materials48.  

While the two methods are suitable for different conditions (i.e., temperature and interface 

roughness) based on whether the phonon transmission is diffuse or specular, they both use the 

DOS value of the two adjacent materials49. This means phonons with a specific frequency is more 

likely to transmit across the interface when this frequency is allowed on the other side of the 

interface, which is related to the degree of the phonon DOS overlapping of the two adjacent 

materials. While the two methods are suitable for different conditions (i.e., temperature and 

interface roughness) based on whether the phonon transmission is diffuse or specular, they both 

use the DOS value of the two adjacent materials50. It can also be expressed with Debye temperature, 

which indicates the temperature that the optical phonons are excited51. Diamond has shown to have 

phonon DOS exists at a higher frequency along with high Debye temperature (2230 K), which 
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leads to the high thermal conductivity for diamond50,52. However, when integrating diamond with 

other materials, it shows a small range of DOS overlapping, which leads to a correspondingly high 

TBR value53.  

1.4 Motivation 

The tendency of the development of modern electronic devices is toward high power and 

small device size, which leads to a higher requirement in heat management. In order to solve the 

problem, diamond, with the highest thermal conductivity, has drawn attention as it can be 

integrated near active region and help dissipate heat away from the hot spots. The thermal transport 

efficiency of a diamond system is determined by two aspects, including thermal transport across 

the interface and in the diamond structure. As discussed in section 1.3, phonon scattering at defects 

(i.e., grain boundaries, dislocations, voids) and interface, are the main issue to impede CVD 

diamond to reach its full ability. This has been studied before, yet little direct analysis has been 

performed, which leads to the need for better understanding the diamond growth and thermal 

property. 

Advanced characterization techniques combined with thermal measurement techniques 

used in this research are introduced. A combination of these techniques can lead to a better 

understanding of the relation between diamond grain morphology and its thermal property. The 

work here shows the advantages of these techniques and how they’ve provided a direct, accurate 

approach for the diamond study. Since the thermal resistance at the interface and the nucleation 

region can significantly influence the thermal transport, experiments have been performed to adjust 

the near nucleation region and the interface quality to achieve better performance. 
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1.5 Dissertation Outline 

In the introduction, the thermal transport in diamond and across the interface is discussed 

and compared with other materials. Chapter 2 and Chapter 3 present the principle of the techniques 

that have been used to understand the grain morphology and thermal property measurement of 

CVD diamond. In Chapter 4, the diamond seed size effect has been studied and provides a method 

to improve thermal conductivity by increase the grain size near the nucleation region. In Chapter 

5, the boundary effect in diamond samples is shown along with a method that provides direct 

visualization of the reduced thermal conductivity for the first time. As the previous study is done 

on diamond-on-Si or bulk diamond samples, Chapter 6 focuses on the diamond-on-GaN structure 

as GaN is commonly used in high-power devices, in which, the TBR across the interface has 

studied. In Chapter 7, the conclusions and future work of this research are provided. 
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Chapter 2 Characterization Techniques 

2.1 Transmission Electron Microscopy 

2.1.1 Advantages in Diamond Grain Morphology Analysis 

Using a CVD prepared diamond as a heat management component has been studied for a 

long time, yet little direct materials analysis has been done before. In previous research, optical 

microscope images with enhanced contrast have been used to study the relationship between grain 

size and thermal property for a diamond with hundreds of micrometers thickness 54. However, 

CVD diamond with such thickness usually requires several days for full growth55. This deposition 

duration becomes impractical when the diamond is required to integrate on devices due to the 

harsh deposition condition. Now that the researches are more focused on thin film diamond with 

nanometer-scale grain size, the optical microscopy is not suitable due to the limited resolution.  

Scanning electron microscopy (SEM) has been commonly used for study on thin film 

diamond, while in this research, transmission electron microscopy (TEM) has been provided as a 

better approach for grain size analysis. An FEI Titan S/TEM system with 80 to 300 kV operating 

voltage has been used for diamond thin film analysis. HRTEM images taken with this system can 

provide an atomic resolution that can be used for interface analysis. Also, the Titan S/TEM system 

also provides scanning transmission electron microscopy (STEM) imaging mode with high-angle 

annular dark-field (HAADF), bright field (BF) and dark field (DF) detectors. Figure 2.1 shows the 

schematic of the HAADF detector that can collect diffraction signal (indicated with red lines) from 

the specimen and provide contrast for grains with different orientations. With this imaging mode, 

diamond grains size can be accurately measured.  
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Figure 2.1 Schematic of the imaging mode in STEM with HAADF detector. Red lines indicated 

the diffracted beam. 

 

Figure 2.2 shows the comparison between SEM and STEM surface images of the same 1 

µm thick diamond film. The average grain size measured from SEM is 240 nm, which is higher 

than the value obtained from STEM (184 nm). This shows that the SEM tends to overestimate the 

grain size measurement while STEM image can provide a better contrast to separate individual 

diamond grains and have a higher resolution to access the nanometer scale grain size.  
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Figure 2.2 Diamond surface images taken with (a) SEM, and  (b) STEM for average grain size 

measurement.  

 

2.1.2 TEM Sample Preparation 

In order to view under TEM, a thin lamellar is required so the electrons can penetrate the 

sample. FEI Nova 600 dual-beam focused ion beam has been used in this research for TEM sample 

preparation, including following steps: (1) A layer of Pt (electron beam and ion beam Pt deposition) 

is deposit on area of interest to protect the sample surface from ion beam damage (Figure 2.3 (a)); 

(2) Ion beam is used to remove material around the region and expose a small piece of sample. 

(Figure 2.3 (b)). A U-cut is performed, so the preparatory TEM lamellar is connected to the bulk 

sample with a small amount of material; (3) A probe is attached on the exposed sample with Pt, 

and then it is cut freed with ion beam for extraction (Figure 2.3 (c)); (4) The piece is transferred to 

a Cu TEM grid with the probe and attached on the grid (Figure 2.3 (d)).  
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After the sample is attached to the grid, it is thinned to below ~ 200 nm with a 30 kV ion 

beam. Further thinning and cleaning is performed with a 10 kV ion beam to reduce the surface 

amorphization introduced due to ion beam damage until the sample thickness is below 100 nm56. 

By adjusting the mounting geometry of the diamond film, both plan view and cross-section view 

samples can be prepared with this method, as shown in Figure 2.4. Plan view near surface samples 

can be used for grain size analysis, and the cross-section view samples can be used to study the 

near interface region, including interface quality and nucleation region.  

  

Figure 2.3 Schematic of TEM sample preparation process using FIB, including Pt-deposition, 

cross-section patterning, and sample transfer, and attachment to a Cu grid. 
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Figure 2.4 Schematic of plan view and cross-section view of prepared TEM sample for diamond 

thin film. 

 

2.1.3 Electron Energy Loss Spectroscopy 

As electrons pass through a sample, they interact with atoms of the sample and undergo 

either elastic or inelastic scattering, which involves a change in momentum and a possible energy 

transfer. This process is caused by the Coulomb forces between the incident electrons and the 

nucleus and electrons of atoms. Elastic scattering happens when the incident electron interacts with 

an atomic nucleus without measurable energy loss because of the large nuclear mass. A fraction 

of electrons undergoes inelastic scattering when they interact with the electrons of specimen atoms, 

during which the energy transfer can be in a range of a few eV to hundreds of eV57. The transmitted 

electrons will be separated based on their kinetic energy and produce the electron energy loss 

spectroscopy (EELS) spectrum that shows the number of electrons with different energy loss. 

For a typical EELS spectrum, it first shows a zero-loss peak from the electrons that pass 

through the sample without any energy loss. Then it shows signals from elastically scattered 
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electrons with either peaks or edge. When a fast electron is inelastically scattered, the specimen is 

excited. One of the excitations happens when the incident electrons interact with an inner-shell 

electron. These electrons typically have binding energy within the range of hundreds or thousands 

of eV, and the excitation only happens when the energy they absorbed is more than their binding 

energy58. These electrons will show as an edge with a rapidly rising in intensity in the EELS 

spectrum. Since the binding energy of the inner-shell electrons depends on the material of the 

sample, the energy loss value of the edge position can be used to analyze the chemical property. 

Another type of excitation took place when the fast electron interacts with out-shell electrons. This 

process may involve many atoms and is known as plasma resonance. The contribution from these 

electrons will show as a peak or peaks in the range of 4-40 eV region of the EELS spectrum58.  

EELS is usually operated within the TEM system. As the electron beam focuses on a small 

region in the STEM mode, the chemical information of a small sampling area can be revealed 

through the EELS spectrum. In this study, EELS has been used to study the diamond/GaN interface.  

2.1.4 Electron Backscatter Diffraction 

While TEM is suitable for thin film diamond analysis, the sampling area is limited by the 

dimension of the prepared lamellar, which is usually in the range of 10 * 5 µm2. When 

measurements are done on samples with grains larger than this dimension, TEM is no longer 

suitable due to the sampling area limitation. In this case, electron backscatter diffraction (EBSD) 

is used to study the diamond with micrometer size grains. 

EBSD is a surface analysis technique that is commonly operated within an SEM system to 

obtain crystallographic orientation information across the area of interests. The schematic of the 

set up for the EBSD technique is shown in Figure 2.5 (a)59. The sample is tilted to a high angle, 
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usually around 70˚, to increase the intensity of the electron backscatter diffraction pattern (EBSP). 

As shown in Figure 2.5 (b), when the incident electron beam interacts with the sample, a fraction 

of the electrons is inelastically scattered by the sample atoms in all directions60. Some of the 

scattered electrons, indicate with blue arrow, will incident on the crystal structure at angles that 

satisfy the Bragg equation, 

2𝑑 sin 𝜃 = 𝑛𝜆                                                      Eq. 2.1 

where d is the interplanar spacing, θ is the incident angle, n is an integer, λ is the wavelength of 

the electrons. These electrons will be diffracted and form a pair of Kossel cones for each set of a 

crystal structure60. As these backscattered electrons exit the surface, they will form Kikuchi 

patterns at the EBSD detector. The pattern is a projection of the Kossel cones and can be used to 

reveal the orientation information of the detected region. 

 

Figure 2.5 (a) Schematic of the EBSD set up in the SEM system. (b) Schematic of the formation 

of the Kikuchi pattern in EBSD. 
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In this research, the EBSD was performed by HKL EBSD system in an FEI quanta 3D FEG dual 

beam (SEM/FIB)61. The EBSP usually includes a strong, non-linear background with relatively 

weak Kikuchi bands. Before the EBSD measurement, a quick scan under low magnification on the 

sample will be taken to define the background, which will be removed during the actual scan to 

produce a clearer EBSP. After selecting the material of the sample, the HKL Fast Acquisition 

software can automatedly detect the Kikuchi bands and show the crystallographic orientation at 

each detected spot. The data will be further processed with software Tango to reduce the following 

noises: (a) Wild spikes, which are isolated pixels that are indexed differently from all 8 nearest 

neighbors, will be re-indexed if the 8 neighbors are indexed with the same value; (b) Zero solutions 

can be re-indexed with a selected neighbor value n in range of 1-861. If a zero solution pixel has 

indexed neighbors more than the value of n, it will be replaced by the most common orientation in 

the neighbor pixels. After re-index the wild spikes, a moderate value is selected to re-index the 

zero solution. The noise reduction function can eventually fill all the pixels, but it should be used 

carefully. Then the orientation map can be generated with grain morphology information. 

2.1.5 X-Ray Reflectivity 

X-ray is a form of electromagnetic radiation with a wavelength ranging from 0.01 to 10 

nm62. It is reflected when incident onto the surface of a different medium while total reflection 

occurs when the incident angle ω below a critical value. The relation between incident angle ω and 

the refracted angle w’ can be described with Snell-Descartes’ law 

𝑛-𝑐𝑜𝑠𝜔 = 𝑛'𝑐𝑜𝑠𝜔′                                                Eq. 2.2 

where n1 and n2 are the refractive index. Based on this equation, the critical angle can be derived 

as 
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𝜔) = 𝜆O:/;/
<

                                                      Eq. 2.3 

where re is the classical radius of electron, ρe is the electron density, λ is the wavelength63. The 

critical angle for most materials is small (in the range of 0.1˚ to 0.6˚)64. When the incident angle 

reaches critical value, reflectivity drops rapidly in the XRR scan, which can be used to determine 

the density of samples. 

In a multilayer system, as the incident angle keeps increasing, the X-ray waves reflect from 

different surfaces and interfere with each other. Interference fringes in the XRR scan are then 

formed by the phase difference between X-rays reflected beams from the layers with different 

densities. The oscillation period of the fringes is related to the layer thickness.  

In this study, a Jordan Valley REFS software was used to analyze the XRR data. Figure 

2.6 shows both experimental and the corresponding simulation XRR scan of a sample with SiN/Si 

structure. Information, including layer thickness, density, and roughness can be obtained through 

a data fitting procedure that minimizes the mean-absolute error of the log-transformed data65,66. 

The SiN layer is then determined to have a thickness of 121 nm, a density of 2.9 g/cm3, and a 

roughness of 0.7 nm. 
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Figure 2.6 XRR scan and REFS simulation of a sample with SiN/Si structure. The black curve is 

the experimental data and the red curve is corresponding simulation data. 
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Chapter 3 Thermal Property Measurement 

3.1 Raman Thermography 

In order to understand the influence of grain morphology on the thermal property of 

diamond, several techniques have been used to measure the thermal conductivity and the thermal 

boundary resistance for CVD diamond. Here, the Raman Thermography is introduced for thermal 

measurement. Raman spectroscopy is commonly used to reveal the chemical bonding information 

from the scattering of the incident monochromatic light. It can also be used to detect temperature, 

which makes it suitable for thermal property measurement. In Raman, the light source, usually 

from a laser, interacts with the atomic vibrations, which shifts the energy of the laser photons. The 

energy shift in the scattered light is temperature dependent. When the temperature increases, the 

bond length increases and leads to a decrease in the energy of the vibrational mode67. By knowing 

this relationship, the Raman spectrum with a strongly focused laser beam can be used to measure 

the temperature across the area of interest quantitatively. 

To study the in-plane thermal transport for CVD diamond film, the substrate (Si in this 

research) has been partially removed by etching and leaving a free-standing Diamond thin 

membrane as shown in Figure 3.1 (a)68. A metal heater is placed in the middle of the membrane. 

As the heat transfers horizontally in the diamond film, the heat flow is linear from the metal heater. 

A Raman thermography is used to measure the temperature at different locations by measuring the 

Raman peak shift. The temperature is then plotted versus the distance to the metal heater as shown 

in Figure 3.1 (b). In the profile, the peak temperature appears at the position where the metal heater 

is located, and it decreased as the distance to the metal heater increases. A simplified equation can 

be written as  
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𝜅 = =
>
P ?
60/*1.62%&1

Q                                                    Eq. 3.1 

where k is the thermal conductivity, l is the distance between metal heater and the sink, A is the 

cross-section area and P is the power69. Based on this equation, a larger temperature gradient 

indicates a lower thermal conductivity as shown with the red profile compared with the blue one 

in Figure 3.1 (b). With this method, the in-plane thermal conductivity of the diamond film can be 

extracted by fitting the experimental temperature profile to a finite element thermal simulation70. 

 

Figure 3.1 (a) Schematic of using Raman system to measure the thermal conductivity. (b) 

Schematic of the temperature profile obtained from Raman thermography. The red curve profile 

indicates a low thermal conductivity compared with the blue one. 

 

3.2 Time-domain Thermoreflectance 

Time-domain thermoreflectance (TDTR) is another commonly used technique that can 

provide cross-plane thermal transport information. A typical setup of TDTR is shown in Figure 

3.2, which uses a Ti:sapphire laser with around 800 nm wavelength oscillating at 80 MHz as the 
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light source50. The laser beam is split into a pump pulse (blue arrow) and a probe pulse (red arrow) 

by a beam splitter. The pump pulse is used as the heat source, and it is chopped by the electro-

optic modulator at a frequency between 0.2 and 20 MHz before it reaches the sample71. The probe 

pulse is used as a temperature sensor that is frequency-doubled to a wavelength of 400 nm by a 

frequency doubling crystal (usually BiBO crystal), so it can be separated from the pulse beam. 

Both of the two lasers reach the sample surface at perpendicular incident angle71. If the two lasers 

go through the same path length, they will reach the sample surface at the same time. By adding a 

mechanical delay stage in the pathway of probe pulse, the relative arrival time between the pump 

pulse and the probe pulse can be controlled accurately. 

 

Figure 3.2 Schematic of using TDTR method to measure the cross-plane thermal conductivity. The 

lower right image shows a sample with Al (transducer layer)/Diamond/Substrate structure, the 

chopped pump pulse (blue), and the probe pulse (red). 
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As the modulated pump pulse heats the sample periodically, the temperature of the sample 

surface will increase to a maximum value then decay as a function of time. A thin metal film, 

typically Al, is deposited on the sample surface as a transducer. The rise of temperature due to the 

pulse and the heat accumulation is small (typically a few kelvins), so the surface reflectance will 

be in a linear relationship with the temperature, and thus the transient temperature decay can be 

measured by the probe pulse72. A Lock-in amplifier is connected to the detector to improve the 

accuracy.  

For a single frequency TDTR measurement, the number of free parameters of fitting 

depends on the sample structure. For example, if the measurement is done on a sample with Al 

(transducer layer)/diamond structure, the TBR at Al/diamond interface and the κ of diamond need 

to be considered in the fitting. If a GaN substrate is added underneath the diamond layer, the TBR 

across the diamond/GaN interface will then be added in the fitting. Since a single frequency 

measurement is not enough for fitting on multiple free parameters, a multi-frequency measurement 

is developed. The frequency has then been modulated to adjust the thermal penetration depth into 

the samples. For low frequency measurement, the penetration depth is larger, and it is more 

sensitive to the deeper region, i.e., the TBR at diamond/GaN interface. As the frequency increases, 

the penetration becomes shallower and leads to a high sensitivity for parameters near the surface 

(i.e., TBR at Al/diamond interface and the κ of the diamond layer). The TDTR sensitivity to a 

certain parameter i is expressed as, 

𝑆@ =
A=B(.1%& 1345⁄ )

A=B(D%)
     Eq. 3.2 
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where Vin and Vout are the in-phase and out-of-phase voltage signals using the lock-in amplifier, pi 

is the value of parameter i50. A measurement that provides larger Si is more sensitive to that 

parameter, and this is used to choose a suitable frequency. 

The experimental data are fitted with an analytical solution, where each layer involves three 

parameters, including thermal properties (in film and across interface), volumetric heat capacity, 

and layer thickness50. The heat capacities values for each layer are usually obtained from literature. 

The thickness of the Al transducer layer is determined using the picosecond acoustic technique 

that common for TDTR measurement, while all the layer thickness can be obtained from SEM and 

TEM directly73. The thermal conductivity of Al was estimated by its electrical conductivity, while 

the others can either be obtained from literature, or measurements without the diamond layer50. 

This leaves only three unknow parameters in the analytical solution, including TBR at two 

interfaces and the κ of the diamond. Then the multi-frequency measurements are performed on the 

same spot to obtain the unknown thermal properties. 
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Chapter 4 Impact of Diamond Seed size 

In order to integrate a diamond layer into the device architecture, CVD diamond deposition 

is typically used. Diamond deposited by CVD is polycrystalline with often nano-scale crystallites 

near the growth interface. A strong relationship between the diamond film thermal conductivity 

with the diamond grain size has been determined54. For example, the fabricated diamond film 

typically does not exhibit thermal conductivities approaching the bulk single crystal value. For 

such diamond films that are only a few microns thick, the thermal conductivity is only ~ 10% of 

the single crystal value, and the value is even lower in the region near the interfacial region where 

the diamond nucleates34,54. A key reason for the decrease in thermal conductivity is the reduced 

phonon mean free path due to phonon scattering at grain boundaries74. the grain size, the diamond 

film quality can also influence the thermal conductivity because of the phonon scattering by 

defects within a grain52. 

Because of the low nucleation rate of homogenous diamond growth, a surface pretreatment 

is usually required to deposit diamond22. For diamond deposition on Si and other materials, there 

are generally two methods to increase the heterogeneous nucleation rate. The first method is to 

intentionally create a rough Si surface by either scratching or using ultrasonic agitation with an 

abrasive paste to facilitate the diamond nucleation22,33. Even though this method can achieve a 

high nucleation density, it causes damage to the substrate, which is undesirable for many 

applications. The second method involves seeding with diamond nanoparticles, which has been 

shown to provide a higher interface quality when compared with the scratching method75. Prior to 

the CVD diamond deposition process, the substrate is typically prepared by sonicating Si wafers 

in an ethanol-based nano-diamond suspension76. The seeding condition is very important to the 
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nucleation density and the diamond film growth. Liu, et al., showed the effect of larger diamond 

seed sizes (30 nm and 100 nm seeds) on the thermal properties of diamond-on-GaN structures77. 

However, in that study, it had been necessary to deposit a dielectric layer such as SiN on the GaN 

prior to the diamond seeds to protect the GaN from the hydrogen plasma that is typically employed 

during the CVD process. Imperfections in the dielectric layer led to defects observed in the 

diamond layers and also partially etched the GaN although subsequent use of AlN mitigated this 

problem78. In order to better understand the seed size effect alone, the work presented here focuses 

on the role of two different smaller sizes of nanoparticles (~ 4 nm and ~ 20 nm) on the properties 

of diamond films deposited on Si substrates, which do not suffer from the same degradation as 

GaN. 

For most of the previous work, the measurement of the diamond seed layer and the 

subsequently deposited diamond film had been performed using SEM which potentially 

overestimates the average crystallite size due to crystallite agglomeration and formation of particle 

clusters. Here, TEM was used along with SEM measurements to more accurately determine the 

diamond nanoparticle seed size and the diamond film properties. The in-plane thermal conductivity 

was measured using Raman thermography for the diamond thin film layer. 

4.1 Experimental Procedure 

In this work, two diamond seed sizes ~ 4nm and ~ 20 nm were studied. Before the diamond 

deposition, the Si wafers were sonicated in a nanodiamond-ethanol solution for the seeding process, 

and then were sonicated in pure ethanol to remove any non-adherent diamond nanoparticles. Then 

diamond growth was initiated on the two groups of wafers with a substrate temperature of 750 ˚C 

and growth conditions similar to those reported previously50. Samples were examined after 15 
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minutes of deposition and after deposition of a one μm layer (~ 9 hours). The samples were labeled 

with the seed size value indicated as follows: samples seeded with only the diamond nanoparticles 

(4-a, 20-a), samples undergo 15 min diamond nuclei growth process (4-b, 20-b), and samples with 

1 μm diamond thin film deposition (4-c, 20-c). The schematic figures and the corresponding 

surface SEM images are shown in Figure 4.1. 

 

 

Figure 4.1 Schematic figures of the seeded Si substrate wafer, after 15 min diamond growth and 

after 1 µm diamond growth. The corresponding surface SEM images of samples with 4 nm and 20 

nm diamond seed size are shown in row 3 and row 4, respectively. 
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SEM was used to provide a preliminary measurement of the seed density and percentage 

coverage of diamond on the Si. Then cross-section and plan view TEM samples were prepared 

using a FEI Nova 600 dual-beam focused ion beam tool. The TEM images were produced with an 

FEI Titan TEM/Scanning TEM (STEM) and a CTEM-JEOL JEM-300CF TEM under 200-300 kV 

to compare with the SEM results. HRTEM images with lattice fringes on the nano-scale particles 

were observable. Also, using the HAADF detector in the STEM mode, grains with different 

orientations were clearly delineated which led to accurate grain size measurement for both cross-

section and plan view TEM samples. For the thermal study, the in-plane thermal conductivity of 

the diamond film was measured using Raman thermography at several locations across the whole 

wafer54. 

4.2 SEM Analysis of the Seeded Substrate and 15 min Growth 

The grain size of the diamond seeds and after 15 min deposition has been measured with 

SEM images as shown in Figure 4.2. For sample 4-a, 4-b, and 20-b, the grain size is measured 

along four yellow dashed lines to obtain the average value as shown in Figure 4.2. For sample 20-

a, it is difficult to use that method since the four lines will not encounter a significant number of 

boundaries due to the relatively low seed density. Thus, a different approach is used as shown in 

Figure 4.2 (20-a). The size is measured along four directions (yellow arrows) for one diamond 

nanoparticle, and several particles were measured to obtain the average value. The grain size 

appears to be 8 ± 5 nm for 4 nm diamond seeds (4-a) and 23 ± 12 nm for 20 nm diamond seeds 

(20-a). Then the same measurement was performed after the initial 15 min diamond deposition, 

and the SEM analysis shows 20 nm average grain size for sample 4-b and 86 nm for sample 20-b. 
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Figure 4.2 Grain size measurement using SEM images for seeded Si substrate (4-a, 20-a) and 

samples after 15 min diamond growth (4-b, 20-b). The measurements are done within the yellow 

box region along four directions except for sample 20-a as shown in the red box.  

 

The seed density and percentage coverage of diamond were determined using the SEM 

images. After the initial diamond disbursement, ~ 35% of the sample surface is covered with 

diamond nanoparticles for sample 4-a, while less than 20% percentage coverage is observed for 

sample 20-a. After 15 min growth, the sample seeded with 4 nm diamond nanoparticles (4-b) 

reached a uniform 85% diamond coverage. On the other hand, for sample 20-b, the coverage is in 

a range of 5% to 44 % over ~ 8000 μm2 measured regions. The non-uniform coverage is shown in 

the SEM image in Figure 4.3. Three areas are chosen to estimate the range, and an example is 
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shown in the white box region with 44% coverage (the value is obtained from a higher 

magnification image at the same position). Next, the seed density was measured by counting the 

number of particles within a certain area based on the SEM images, to provide a uniform seeding 

with a density of 3´1011 cm-2 for sample 4-a. For sample 20-a, the seeding is not uniform across 

the whole wafer with a seed density of about 7 ´109 cm-2 (average value measured from different 

areas of ~ 4.5 μm2 dimensions).  

 

Figure 4.3 SEM image of sample 20-b to show the non-uniform coverage of diamond after 15 min 

deposition with 20 nm seed size.  

 

4.3 TEM Analysis of the Seeded Substrate and after 15 min Growth 

In order to get an accurate measurement of the diamond crystalline size rather than the 

particle size as determined by SEM (which measures the particle size and each particle may consist 

of more than one grain), cross-section HRTEM images were taken as shown in Figure 4.4 for 

sample 4-a and Figure 4.5 for sample 20-a. Diamond (111) plane lattice fringes were visible and 
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indicated with yellow dashed lines, thus crystallite dimensions can be determined using these 

lattice planes. As shown in Figure 4.5 (a), two slightly misoriented diamond seeds are shown with 

a grain boundary. The fringes help separate these grains to produce a more accurate measurement. 

For these samples, the diamond particles are randomly oriented, such that only the particles that 

are oriented along the zone axis can be observed with lattice fringes, while the others will be out 

of contrast as indicated in Figure 4.5 (b). Without the presence of the distinct lattice fringes, a 

particle cluster might be mistakenly counted as one large crystallite. Note here that the protection 

layer deposited during the TEM sample preparation process in the FIB system is different for the 

two samples. As Pt-deposition is commonly used for most samples, it is not suitable for sample 4-

a because of the contrast from the e-beam Pt mix with the contrast from the diamond fringes. In 

this case, a Carbon-deposition is used instead, and it successfully reveals the lattice information as 

shown in Figure 4.4. In this case, all the crystallite grain sizes were measured based on the lattice 

fringe contour for accuracy. Over twenty images were taken along the Si surface, and the average 

diamond seed size was determined. For sample 4-a, the grain size was measured to be 4 ± 2 nm 

for grain width and 4 ± 1 for grain height. The same measurement was performed on sample 20-a, 

and the grain size is determined to be 17 ± 9 nm for grain width and 11 ± 4 nm for grain height, 

which is slightly smaller than what was expected (20 nm) but still clearly larger than the 4 nm seed 

size. 
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Figure 4.4 Cross-section HRTEM images of Si substrate with 4 nm diamond seeds (4-a). 

 

 

Figure 4.5 Cross-section HRTEM images of Si substrate with 20 nm diamond seeds (20-a). 
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The samples with the two different diamond seed sizes were next subjected to 15 min CVD 

diamond deposition. Cross-section HRTEM images were taken along the Si substrate as shown in 

Figure 4.6 and Figure 4.7. The grain size was determined with the help of diamond (111) plane 

fringes with the same method that was used for the as-seeded samples. A comparison has been 

made between SEM and TEM in the diamond particle vs. crystallite size as shown in Table 4.1, 

and similar to the as-seeded samples, the SEM provides a larger average value compared with the 

HRTEM results. This result highlights the limitation of SEM to determine the diamond crystallite 

size, as SEM exaggerates the diamond seed crystallite dimensions. The comparison between SEM 

and HRTEM results shows the advantage of TEM in the study of diamond seeds as it provides a 

more accurate size measurement. 

 

Figure 4.6 Cross-section HRTEM images of sample 4-b with white lines indicate (111) plane and 

white dashed line indicates (100) plane. 
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Figure 4.7 Cross-section HRTEM images of sample 4-b with white lines indicate (111) plane. 

 

With the precise grain size measurements from the HRTEM images, the diamond growth 

rate during the first 15 min has been calculated. The growth rate is defined as the increase in the 

grain size versus the growth time and is calculated for both grain width and grain height. The grain 

growth rate for the samples with ~ 4 nm and ~ 20 nm seed size during the 15 min diamond 

deposition is summarized in Table 4.1. This result shows a higher growth rate in both grain width 

and height for the sample with larger seed size. From the previous work done by Mallik et al., the 

theoretical diamond critical nuclei size had been found to be 8 nm79,80. This indicates that once the 

diamond nanoparticle size reaches the critical value, the cluster stabilizes and becomes an effective 

diamond nucleus. For smaller seeds, there is a competitive effect of growth and disintegration until 

the critical size is reached. For the larger seeds, the particles can directly start to grow larger once 

they are exposed under the diamond deposition condition. In this case, the sample with the seed (~ 



 

 

42 

20 nm) larger than the critical size will show a higher growth rate when compared with the sample 

using the 4 nm seed size. 

 

Table 4.1 Summary of grain size measurement from SEM and HRTEM analysis, and the growth 

rate calculation after 15 min CVD diamond deposition. 

Sample 

label 

HRTEM 

Grain width ± 

s (nm) 

Growth rate 

(nm/min) 

HRTEM 

Grain height ± 

s (nm) 

Growth rate 

(nm/min) 

SEM 

grain size 

±s (nm) 

4 nm 

seeds 
4 ± 2 

0.7 

4 ± 1 

0.8 

8 ± 5 

4 nm  

(15 min) 
15 ± 6 16 ± 7 20 ± 9 

20 nm 

seeds 
17 ± 9 

1.1 

11 ± 4 

1.2 

23 ± 12 

20 nm  

(15 min) 
34 ± 11 29 ± 14 86 ± 66 

 

Diamond facet growth was also observed after the 15 min growth process. As observed 

from both the SEM and TEM images, the diamond seeds prior to deposition did not show clear 

facets, while in Figure 4.6 and Figure 4.7, both of the samples 4-b and 20-b – after the 15 minute 

deposition process – show facet development. This phenomenon is more pronounced for sample 
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20-b using the SEM due to the relatively larger seed size. During the 15 min growth, the diamond 

crystals have not coalescenced as shown in the SEM images. In these cases, the crystals are 

randomly oriented because the evolutionary selection has not influenced the crystal texture. Figure 

4.8 (a) shows sample 20-b shows some crystals which grew from individual seeds and remain 

isolated on the Si substrate while others grow from particle clusters. For the individual crystals, 

they show a truncated octahedron shape and a (111) hexagon plane (indicated with a red contour 

line in Figure 4.8 (a)). The diamond growth parameter a is defined as 

𝛼 = √3 E6""E666
                                                           Eq. 4.1 

where n100 and n111 are the growth rate along the <100> and <111> direction81. The growth 

parameter a can be determined based on the shape of the diamond crystals facet as shown in Figure 

4.8 (b)38. When a=1, the fastest growth direction, indicated with the red arrow, is <111>, and the 

diamond will show a cubic shape. However, when a=3, the diamond particle shape will be an 

octahedron. Based on the shape after 15 min deposition, the diamond growth parameter α is close 

to 2.25. This is also shown in HRTEM images, in which the facet plane can be directly observed. 

The cross-section HRTEM images of the 15 min growth diamond samples show a clear (111) facet 

(indicated with white lines) for both sample 4-b and 20-b. In Figure 4.6, a crystal from sample 4-

b shows a combination of (111) and (100) facet, and the (100) plane is indicated with a dashed 

line. This study shows that the diamond facet growth preference is not significantly influenced by 

the difference in seed sizes used here. 
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Figure 4.8 (a) Surface SEM image of sample 20-b to show the facet growth of diamond grains. (b) 

Diamond crystal shapes for different growth parameter a. 

 

4.4 STEM Analysis of Grain Morphology for 1 µm Diamond Film 

With the same seeding method, ~ 1 μm thick diamond films were grown on the diamond 

seeded Si substrates. In order to understand the influence of seed size near the interface region for 

the diamond film, high magnification cross-section STEM images have been taken as shown in 

Figure 4.9 (a) and (b). The grain size was approximated at different depths from 50 nm to 300 nm 

above the diamond/Si interface as indicated with yellow dashed lines in Figure 4.9 for both sample 

4-c and sample 20-c. The results are summarized in Table 4.2, including the diamond grain size 

after 15 min growth as a comparison. For the as-seeded diamond nanoparticles, the size difference 

is 13 nm, which leads to a ~ 19 nm size difference after 15 min growth. As the diamond continues 
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to grow, the calculated grain size difference from 50 nm depth to 300 nm depth is in the range of 

20-30 nm, comparable to the seed size difference. This demonstrates that using a larger diamond 

seed size can lead to a larger grain size (39% higher at 50 nm from the interface) near the nucleation 

region. 

 

 
Figure 4.9 Cross-section STEM images at the diamond/Si interface for sample 4-c (a) and 20-c (b). 

The yellow dashed lines indicate the positions for grain size measurement at 50, 100, 200, and 300 

nm above the interface. 

 

 

Table 4.2 Summary of grain size measurement from cross-section STEM images at different depth 

for sample 4-c and 20-c. 

Distance to 

interface 

Crystallite 

size ± s 

4-c (nm) 

Crystallite 

size ± s 

20-c (nm) 

Crystallite size 

difference (nm) 

Grain size percentage 

difference 

15 min growth 15 ± 6 34 ± 11 19 78% 
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50 nm 48 ± 24 71 ± 44 23 39% 

100 nm 44 ± 19 74 ± 37 30 51% 

200 nm 61 ± 28 85 ± 41 24 33% 

300 nm 84 ± 44 105 ± 73 21 22% 

 

Plan-view TEM samples were extracted and thinned at the diamond film surface for sample 

4-c and 20-c as shown in Figure 4.10 (a) and (b). The near surface grain size was measured within 

the yellow box region along four directions to get an average value, and the grain size distribution 

is shown in Figure 4.10 (c). The average grain size was measured to be ~ 219 nm for sample 4-c 

and ~ 207 nm for sample 20-c. This shows that the samples grown via different seed sizes have a 

similar average near surface grain size (6% difference), while sample 20-c show a relatively tighter 

distribution with fewer small grains. Within the nucleation region, the diamond particles are 

randomly oriented with facet growth. Once the particles coalesce, the grains with the fastest growth 

direction perpendicular to the surface will have a greater likelihood to persist and grow wider36. In 

this phase, the grain size will be influenced by competitive growth instead of the seed size, which 

likely explains the similarity in the near surface grain size. 
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Figure 4.10 Near surface plan-view STEM images for sample 4-c (a), 20-c (b), and the grain size 

distribution (c). 
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4.5 Impact on the Thermal Conductivity  

In-plane thermal conductivity measurements with Raman thermography were taken across 

the whole wafer of sample 4-c and 20-c to study the impact of seed size on the thermal property 

of the diamond thin film. The wafers were diced into several squares to measure the diamond film 

thermal conductivity separately. More details on the measurement approach can be found in the 

reference54. The results are shown in Figure 4.11 with the data close to the wafer center on the left 

and the data close to the wafer edge on the right for each sample. The average thermal conductivity 

value (indicated with red dashed line) is 91 ± 15 W/m·K for sample 4-c and 110 ± 7 W/m·K for 

sample 20-c. This shows a relatively higher overall thermal conductivity (~ 20% difference) for 

the sample with a 20 nm seed size when compared with the one using 4 nm size seeds. 

  

Figure 4.11 Thermal conductivity of diamond thin film measured with Raman thermography at 

different locations for sample 4-c and 20-c. Data 5-8 in 4-c and data 6 in 20-c were taken at the 

edge of the wafers. The outliers (5-6) may due to the inhomogeneous diamond deposition at the 

wafer edge. 
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To further understand the impact of diamond seed size on thermal conductivity, the grain 

size at different depths has been interpolated with a linear trendline based on the grain size 

measurement from STEM shown in Figure 4.12 (a). Next, the thermal conductivity at different 

depths has been calculated with the estimated grain size using Eq. 1.847,76. The kin-grain and RGB 

values have been obtained from previous work using a 1 μm diamond film as shown in Figure 4.13. 

In-plane and out-of-plane thermal conductivity have been measured on the 1 μm diamond film 

with Raman thermography and TDTR respectively, and the experimental results have been 

combined with a finite element thermal model generated with the grain morphology information 

extracted from the STEM image (Figure 4.13). This provides an in-grain thermal conductivity (kin-

grain) of 250 W/m·K and thermal resistance at grain boundaries RGB of 0.625 m2K/GW that have 

been used for the thermal conductivity estimation76. The calculated thermal conductivities have 

been plotted versus the distance to the interface as shown in Figure 4.12 (b), where the red line is 

the thermal conductivity for the sample using the 20 nm seed size (20-c), and the black line is for 

the sample using the 4 nm seed size (4-c). At 50 nm depth, the calculated grain size difference is 

55% (29 nm), and the corresponding thermal conductivity is calculated to be 75 W/m·K for sample 

20-c and 49 W/m·K for sample 4-c, which is 42% higher with larger seed size. As the diamond 

grains continuous to grow, the average grain size increases, and the impact from the different seed 

size decreases. At 1000 nm depth, only a 2% difference is shown for the thermal conductivity 

calculated for the two samples. The simplified average thermal conductivity is calculated based on 

the thermal conductivity at different depth. The 1000 nm film was separated into ~ 10 horizontal 

slices and the thermal conductivity at each different depth was calculated based on the estimated 

grain size (d). Then the values are multiplied with the slice thickness to get a simplified average 

value. The value is 115 W/m·K for sample 20-c and 109 W/m·K for sample 4-c, which follows 
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the trend shown in the experimental data. This confirms that larger seed size can lead to larger 

grain size near the nucleation region and thus increases the overall thermal conductivity of the 

diamond film, even if the surface grain sizes are similar. Further research is needed to optimize 

the seeding process, which may lead to an even larger grain size near the nucleation region. 

 

Figure 4.12 (a) Diamond grain size measurement from STEM images at different distances to the 

interface, that has been used to generate linear trendline (dashed lines) for grain size estimation. 

(b) Thermal conductivity at different distances to interface calculated based on the grain size value 

in (a). 
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Figure 4.13 (a) STEM image with HAADF detector to show the grain structure of a 1 μm diamond 

film. (b) The grain boundaries, marked with red color, extracted from STEM image in (a) and are 

used to obtain kin-grain and RGB. The twin boundaries are marked with yellow.  

 

The work presented here describes the impact of the diamond seed size on the diamond 

thermal transport using SEM, TEM, and Raman thermography. With a clear contrast of the grain 

boundaries in HRTEM and STEM images, the average grain size can be measured accurately. The 

grain growth rate during a 15 min deposition has been measured using HRTEM, and the sample 

with 20 nm seed size shows a higher growth rate, which may contribute to the larger grain size 

near the nucleation region. This has been confirmed that after 1 μm diamond growth, the sample 

with 20 nm seed size shows a larger average grain size near the diamond/Si interface when 

compared to the diamond grain size that results when the 4 nm seed size is used. While the near 

surface grain size remains similar, the benefit from the larger seed size has been revealed in the 

Raman measurement that shows a ~ 20% higher in-plane thermal conductivity for the 1 μm 
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diamond film deposited with 20 nm seed size compared to diamond films that use a 4 nm seed. 

This research also highlights the importance of the seeding process on thermal properties. 
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Chapter 5 Direct Visualization of Thermal Conductivity 

Suppression near Grain Boundaries 

Defects within single crystal diamond can scatter the phonon and impede the thermal 

transport. Grain boundaries, which can be considered as two-dimensional defects in between two 

differently oriented grains, are shown to be related to the thermal property of CVD prepared 

polycrystalline diamond in Chapter 1. It is essential to understand how the grain boundaries can 

influence the thermal transport, which has been indirectly studied in previous researches54,82. The 

tradition model shown in Eq. 1.8 can be used to estimate the average influence of grain boundaries 

by measuring the effective thermal conductivity across the whole diamond sample. However, this 

equation only provides a method to study the influence of grain boundaries indirectly, and it 

simplifies the condition by assuming an average grain size with a homogeneous thermal 

conductivity within the grains, which provides little direct information about the thermal 

environment near the grain boundary.  

Instead of assuming an average effective thermal conductivity, in the work present here, a 

direct study on the effect of grain boundaries and the thermal environment of the nearby region 

has been performed. In order to measure the localized impact, a spatially resolved TDTR has been 

used to generate a thermal conductivity map. Due to the resolution limitation of TDTR 

measurement, the diamond sample was grown to ~ 530 μm thick with larger grain size so that the 

in-grain locations can be spatially sperate from the grain boundary locations. For the bulk diamond 

samples, the grain size can be over tens of micrometers, which beyond the TEM analysis ability. 

In this case, the grain morphology is studied with EBSD with a much larger scanning area. With a 
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combination of spatially resolved TDTR and EBSD map, the local variations in the thermal 

property can be related to the grain morphology.  

5.1 Sample Preparation 

The polycrystalline diamond sample was grown by CVD to a thickness of ~ 530 μm while 

the substrate temperature was kept above 1000 ˚C during the process. After the deposition, a small 

piece (~ 13 * 13 mm2) was cut from the original wafer for the following measurement. The sample 

surface was polished until the root mean square (r.m.s) roughness is lower than 5 nm so that it is 

suitable for both TDTR and EBSD measurements. Figure 5.1 (a) shows an SEM image of the 

sample surface, while Figure 5.1 (b) shows an image generated from EBSD in the same area. The 

same grain that shows in both SEM and EBSD images is selected with yellow outlines. Even 

though the SEM image can show some of the microstructure, not all grain boundaries can be 

clearly observed, which indicates the necessity of EBSD measurement. 

 

Figure 5.1 (a) Surface SEM image of the 250 * 250 μm2 FIB marked region. The four L shaped 

marker is patterned on the corner of the area. The darker contrast near the markers is introduced 
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due to FIB damage. (b) Grey-scale EBSD image with the contrast indicates grains with different 

orientations. The same grain is outlined with yellow color in both images. 

 

In order to have the measurement done at the exact same region of the sample for the EBSD 

grain morphology map and the TDTR thermal conductivity map, four markers were milled into 

the sample surface at the corners of a 250 * 250 µm2 square region using an FEI Nova 600 dual-

beam FIB. After EBSD measurements, a ~ 90 nm Al layer was deposited on the sample surface 

with electron-beam evaporation as a transducer layer for TDTR measurement, while the four 

markers remain visible. 

5.2 EBSD map and TDTR Thermal Measurement 

To have a better visualization of the grain boundaries, EBSD measurement was performed 

in an FEI quanta 3D FEG dual beam (SEM/FIB) system with a ~ 2 µm step size. Figure 5.2 (a), 

(b), and (c) show the EBSD orientation map along x, y, z-axis, respectively. The in-plane 

orientation maps show the grain boundaries clearly, and the color is different for adjacent grains 

with different orientations. The maps were generated by detecting the Kikuchi patterns from the 

backscattered electrons and using HKL Fast Acquisition software to determine the 3D grain 

orientation while the noise is reduced with analysis software Tango. Color in the orientation map 

for each pixel can be related to its orientation with Figure 5.2 (d). The out-of-plane orientation 

map in Figure (c) shows the sample is (110) textured, while the in-plane orientation maps didn’t 

show a preferred grain orientation. Grain size analysis was done in the region indicated with the 

black box in Figure 5.2 (a), and the average size is measured to be ~ 23 μm, with the distribution 

shown in Figure 5.2 (e). 
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Figure 5.2 In-plane grain orientation map generated by EBSD along the x-axis (a) and y-axis (b) 

of the marked region. (c) Out-of-plane grain orientation along the z-axis. (d) The relation between 

the color and 3-D orientation for each pixel in the EBSD map and the schematic image to show 
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the x, y, z-axis relative to the sample. (f) Grain-size distribution measured in the region indicated 

with a black box in (a) showing an average grain size of ~ 23 μm. 

 

The darker contrast around the markers in Figure 5.1 (a) is the regions damaged during the 

FIB process when the markers were patterned on the sample surface. In the same region, a lower 

thermal conductivity is measured, possibly due to damage introduced during the milling process. 

In this research, analysis has been done within the white dashed line region as shown in Figure 5.3 

to avoid this effect. The thermal conductivity map was generated by Sood in Stanford University 

with spatially resolved TDTR 83 . The spot diameter of the pump/probe laser is 4.4/3.0 μm 

(measured at 1/e2 of the peak intensity) and the delay time is fixed at 790 ps. 

The thermal conductivity map is presented in Figure 5.3 (a) with step size = 4 µm measured 

at the same marked region in Figure 5.2 (a)83. The grain boundaries map is extracted from the 

EBSD orientation map in Figure 5.2, and then it is adjusted with the positions of the four corners 

to overlap on the thermal conductivity map as shown in Figure 5.3 (b). A clear relation between 

the grain morphology and local thermal conductivity is observed. The thermal conductivity at the 

center of large grains is measured to be significantly higher than the thermal conductivity at the 

grain boundaries. 
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Figure 5.3 (a) Thermal conductivity map generated with TDTR with a 4 µm step size. (b) Grain 

boundaries map overlaps on TDTR Thermal conductivity map to show the correlation between 

thermal conductivity suppression and the grain morphology. 

 

5.3 Correlation between Grain Morphology and Thermal 

Conductivity 

To better understand the reduction in local thermal conductivity near diamond grain 

boundaries, a scan with higher magnification was taken with a 1 µm step size. The position was 

selected so that the scan can go across the relatively large grains. Figure 5.4 (a) shows the 

orientation map from EBSD, while Figure 5.4 (b) shows the thermal conductivity map from TDTR 

in the same region. The line scan shown in Figure 5.4 (c) is plotted at position C, indicated with a 

white dashed line in Figure 5.4 (b). With the line scan, individual grain boundaries can be observed 

with the suppression in the thermal conductivity indicated with red dashed lines.  
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Figure 5.4 (a) In-plane grain orientation map and the grain boundaries generated from EBSD. (b) 

TDTR thermal conductivity map in the same region indicated with the white dashed box in (a) 

with a 1 µm step size. (c) Line scan along the white dashed line C shown in (b). The red dashed 

lines indicate the low thermal conductivity at grain boundaries.  

 

Line scans were also performed along the white dashed lines A and B, as shown in Figure 

5.4 (b), to intentionally scan cross two large grains with ~ 40 µm grain size. The analysis is focused 

in the region near the grain boundaries marked with 1-4. Figure 5.5 (a) shows the thermal 
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conductivity plotted versus the distance to the grain boundaries83. This data is further normalized 

by the maximum thermal conductivity value inside each grain and is plotted versus the shortest 

distance to the grain boundaries as shown in Figure 5.5 (b). The shortest distance is determined by 

multiplying the distance values used in Figure 5.5 (a) with sin (q), where q is the angle between 

the line scan and the grain boundary. For the four grain boundaries shown in this work, q is ~ 90˚ 

for grain boundary 1-3, and is ∼ 45˚ for grain boundary 4. The normalized thermal conductivity 

data collapse onto a single curve, while the value at the grain boundaries shows a 40-60 % 

suppression83. A significant phenomenon observed from this result is that the suppression in 

thermal conductivity is shown up to ~ 10 µm away from the grain boundaries, and this effect 

decreases as the distance increases. 

 
Figure 5.5 (a) Line scan along the white dashed lines A and B in the region marked with 1-4 in 

Figure 5.4. Thermal conductivity is plotted versus distance to the grain boundaries. Data are shown 

with an averaged value in the range of ± 3 μm on both sides of the line scans to reduce noise. (b) 

Thermal conductivity, normalized with the maximum value inside the grain, is plotted versus the 

shortest distance to the grain boundary. (c) Schematic showing the calculation of the shortest 
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distance where q is the angle between the line scan and the grain boundary (q = ~ 90˚ for grain 

boundary 1-3, q = ∼ 45˚ for grain boundary 4). 

 

In conclusion, with the combination of spatially resolved TDTR and EBSD measurements, 

direct visualization of thermal conductivity suppression near grain boundaries has been achieved 

for the first time. The result has shown a significant thermal conductivity reduction (~ 60%) near 

a grain boundary. Also, this non-uniform effect is measured up to ~ 10 µm away from the grain 

boundaries, which indicates that it is insufficient to treat grain boundaries as discrete Kapitza 

resistance. 
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Chapter 6 Integration of Diamond with GaN for Thermal 

Management in High Power Applications 

Heat dissipation is an important consideration for electronic devices used in high power 

applications. There has been an increase in the demand for high-power electronic devices, and the 

Si-based system was approaching its limit due to the basic material properties84. GaN has been 

widely used as a replacement of Si to overcome this limitation because it can offer a better voltage 

performance with less energy loss under high frequency85. Given these advantages, however, 

thermal management problems still exist and limit the potential of GaN-based devices. The 

operation of high-power devices requires high voltage and current, which produces significant 

localized heating. The high temperature at the hot spots can degrade the device performance and 

damage the devices86. This means that the efficiency with which heat is transported away from the 

hot spots will strongly influence the quality and reliability of GaN-based devices. A heat 

management component is usually used to help facilitate the heat transport process. Diamond, 

because of its high thermal conductivity, can be integrated into GaN-based devices to promote 

heat transfer from the high-temperature region. Studies have shown that Diamond-on-GaN 

structure offers better thermal performance than SiC and Si19,87. However, in order to maximize 

the impact of the diamond thermal properties, further study is needed to understand the factors that 

influence the heat dissipation at the interfaces.  

6.1 Motivation of Research on Diamond-on-GaN Structure 

Diamond-on-GaN structures are typically produced using two methods. The first involves 

the bonding of a polycrystalline, or single crystalline diamond layer, with a GaN epilayer structure 



 

 

63 

using an interfacial layer88. The second one is the direct diamond chemical vapor deposition (CVD) 

on a GaN-based structure. An important factor associated with these structures is the thermal 

boundary resistance (TBR) at the diamond/intermediate layer/GaN interface. A finite TBR value 

exists due to the scattering of incident phonons at the interfaces. This value depends on, among 

other things, the ratio of phonon DOS between two materials and can be roughly predicted with 

the Diffuse Mismatch Model (DMM)16. However, the experimental TBR value is still higher than 

the theoretical value as shown in Table 1.1, which is due to the influence of interface quality. In 

general, the study of thermal conductivity at the interface focuses on three components: interface 

roughness, interfacial layer thickness, and the high diamond grain boundary density in the 

nucleation region.  

CVD diamond is usually grown under CH4 and hydrogen plasma at a temperature higher 

than 700 ˚C 89 . When using GaN as the substrate, this presence of hydrogen at the growth 

temperature can lead to etching in the GaN layer and thus worsen the interface quality90. In the 

work done by Gu et al., the GaN layer was significantly roughened with voids present at the 

interface caused by the etching of the GaN91. In the work done by Liu et al., it showed that the 

defects present after diamond deposition could propagate when the sample went through an 

annealing process at a temperature that is typically used for ohmic contact formation77. In order to 

limit the etching effect, an interfacial layer can be used to protect the GaN substrate. The 

motivation for eliminating voids at the interface is not only to decrease TBR value, but also for the 

consideration of device quality. In this work, TEM and XRR are utilized to better understand and 

characterize the interfaces with different interfacial layers before and after diamond deposition. 

The purpose of this research is to study the etching effect on different interfacial layers during 
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diamond deposition, and the final goal is to optimize the interfacial layer to further reduce the TBR 

value.  

6.2 Sample Preparation 

Results from five different samples are presented here. Sample without interfacial layer is 

identified as N. Sample with the diamond deposit on SiN interfacial layers is identified as S, and 

the sample with AlN as the interfacial layer is identified as A. For Sample S and A, ~ 5 nm 

interfacial layers (SiN and AlN respectively) were deposited on GaN epitaxial layer structures 

followed by the diamond layer deposition with a microwave plasma CVD under the same 

condition. Reference samples with the as-deposit SiN and AlN layer on the GaN substrate without 

diamond deposition have also been analyzed and identified as S+ and A+ respectively. Details of 

the sample structures can be found in Figure 6.1. The as-deposit interfacial layers have been 

characterized as a comparison with the samples after the diamond deposition. For all samples, 

there is a ~ 80-100 nm Al coating on the sample surface, which acts as a transducer for thermal 

transport measurements78. 
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Figure 6.1 Structure of samples before diamond deposition (A1+, S1+), and samples after diamond 

deposition (N, A, and S). 

Cross-section TEM samples have been prepared with FIB using a Nova 600 FIB system. 

The interfaces were then analyzed with TEM using a Titan S/TEM (FEI) system. HRTEM images 

were taken at the interface for all samples under 300 kV to understand the changes in interfacial 

layers after diamond deposition. STEM images, taken with the high angle annular dark field 

(HAADF) detector, also show the interfacial layer quality. XRR measurements were performed 

using a D1 diffractometer with incident beam optics, including a curved collimating mirror and an 

Si (220) monochromator and the results were interpreted using an XRR simulation program 

(REFS). After the diamond deposition, samples were also analyzed with EELS with a JEOL ARM 

200F microscope operating at 200 kV. 



 

 

66 

6.3 Characterization of Interfacial Layer before Diamond 

Deposition 

Figure 6.2 shows the specular XRR scan for sample S+ and sample A+ with the Al 

transducer layer. The simulated pattern, which closely matches the experimental data shows a 6.3 

nm SiN layer in Sample S+ and a 3 nm AlN layer in Sample A+. This measurement has been used 

to confirm the thickness measurement from TEM results. Also, the interface roughness can be 

determined through XRR92 . Here, the SiN/GaN interface roughness is 2.3 nm r.m.s, and the 

AlN/GaN interface roughness is 14 nm r.m.s. The relatively rougher AlN/GaN interface may due 

to the features that have been observed with surface SEM image (Figure 6.3) with lighter contrast. 

Atomic Force Microscopy (AFM) has been used to measure the sample surface across a 40 * 40 

μm2 region as shown in Figure 6.4 (a), and the same curl features appear with higher height. A line 

scan was extracted along the white dashed line, and the z value at the two cursors have been 

measured to be 78.4 nm and 47.3 nm, which leads to a difference of 31.1 nm. These features have 

been further studied with TEM. Furthermore, the density of the SiN layer for Sample S+ is 

determined to be only 1.11 g/cm3 (about 35% of the density of bulk crystalline SiN), which 

indicates that the nitride layer is amorphous and match with TEM measurement. The density of 

the AlN layer is measured to be 2.12 g/cm3, which is about 65% of the bulk value. 
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Figure 6.2 XRR specular scan (grey data point) and simulated scan (black) for (a) sample S+ and 

(b)A+. The measurements are done on samples with Al transducer layers. The fringes correspond 

to the thickness of the SiN and AlN layer. 

 

 

Figure 6.3 Surface SEM image of sample A+. The presence of mesa like features (area with lighter 

contrast) appears before the diamond deposition. 
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Figure 6.4 (a) AFM of Sample A+ across 40 * 40 μm2 area (b) Line scan along the white dashed 

line shown in (a). The red cursor and blue cursor indicate the height at the positions with blue 

arrows in (a). 

 
TEM for samples with SiN and AlN as interfacial layers is mainly focused on the 

characterization of the interface before and after diamond deposition. Figure 6.5 (a) is a HRTEM 

image of Sample S+ at the interface, including the SiN interfacial layer. The thickness of the 

deposited SiN was measured to be 6.3 ± 0.3 nm and, using selected area diffraction measurements, 

was determined to be amorphous. The Al transducer layer for this sample is 100 nm. Another TEM 

image was taken under a relatively lower magnification (Figure 6.5 (b)) and shows a continuous 

and smooth SiN layer coverage on the GaN substrate. The same measurement has also been done 

on Sample A+ with AlN deposited on the GaN as shown in Figure 6.6. The thickness of the AlN 

layer was measured with Figure 6.6 (a) and determined to be 4.7 ± 0.2 nm. As it is shown in Figure 

6.6 (b), there is a mesa like feature exists with ~ 40 nm height that might due to the AlN deposition 

process. The mesa height matches the AFM results and the roughness measurement in the XRR 

scan. In most of the area, the AlN layer is observed over the GaN substrate, but the thickness varies 
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from 4.7 nm to 7.8 nm. Also, the coverage of AlN is not continuous, as an example shown in 

Figure 6.6 (c), a region is found without the coverage of AlN. A low magnification TEM image in 

Figure 6.6 (d) shows the mesa like feature clearly. 

 

Figure 6.5 HRTEM images of Sample S+ at SiN interfacial layer with high magnification (a) for 

thickness measurement, and low magnification TEM image (b) to determine the uniformity of the 

SiN layer. 
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Figure 6.6 HRTEM images of Sample A+ (a) at the AlN interfacial layer, (b) show the mesa like 

structure at the interface, (c) show an example of a region without AlN coverage. (d) Low 

magnification TEM image. 
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6.4 Characterization of Interfacial Layer with 1 µm Diamond 

Deposition 

HRTEM images were again produced on samples after the 1 µm diamond deposition. 

Figure 6.7 (a) shows the HRTEM image for Sample S. Lattice fringes for the small diamond grains 

can be viewed at the SiN surface, along with the GaN substrate. An amorphous layer between 

diamond and GaN is indicated with two dashed lines. This layer is the remaining SiN layer at the 

interface, and the thickness was determined to be ~ 2 nm. Figure 6.7 (c) shows a low magnification 

STEM HAADF image and confirms that no visible voids or etching present in the GaN substrate. 

The composition map was produced at the Diamond/GaN interface using EELS as shown in Figure 

6.7 (b), and the feature in the red box was used for shift correction. The blue-colored region in the 

map indicates the signal from SiN, which confirmed that the amorphous region observed in 

HRTEM is the remaining SiN layer. After diamond deposition, with a removal of ~ 4 nm material, 

the SiN layer remains uniform and continuous.  



 

 

72 

 

Figure 6.7 (a) HRTEM image at the diamond/GaN interface for Sample S. (b) Composition map 

generated with EELS across the interface region to confirm the existence of the SiN layer. (c) 

STEM image at diamond/GaN interface for Sample S. Two dashed lines indicate the SiN layer. 

 

For the sample with AlN as the interfacial layer, HRTEM images were taken to characterize 

the change at the interface and the results show a roughened interface. In the circled regions in 

Figure 6.8 (a), the lattice fringes for the diamond grains and the GaN substrate connect directly 

with no AlN in between, which indicates a complete absence of AlN. Voids formed at the interface 

were shown in Figure 6.8 (b), where the GaN is severely etched. Low magnification STEM image 

shown in Figure 6.8 (c) confirms this etching happens across the TEM sample, and the damage in 

the GaN layer can be as deep as 67 nm. EELS mapping is also done at the Diamond/GaN interface, 

and it shows a ~ 3.5 nm AlN at some of the interface region (Figure 6.8 (d)). 
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Figure 6.8 (a) HRTEM image at the diamond/GaN interface for Sample A. The two circles show 

the region without the AlN layer. (b) HRTEM image with a void formed during the diamond 

deposition. (c) STEM image to show the etching effect. (d) Composition map generated with EELS 

across the interface region. 

 

6.5 Thermal Boundary Resistance Measurement with TDTR 

To understand the influence of the interface quality on the thermal property, thermal 

measurements have been performed on Sample N, Sample S, and Sample A with TDTR to evaluate 

the TBR value. The thermal measurement results are summarized in Figure 6.978. The cross-plane 

thermal resistance is calculated from the thermal conductivity determined with TDTR, and it 

shows a similar value for all three samples, while a significant difference is shown for TBR values. 
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Sample N without the deposition of the interfacial layer shows a TBR value of 41.4 + 14.0 / - 12.3 

m2K/GW, which is the highest among all three samples with the largest variation for data measured 

from different spots. The high TBR value can be explained with the etching in GaN that worsens 

the interface quality as shown in the cross-section SEM image (Figure 6.10). Since GaN is readily 

etched in the presence of hydrogen plasma, the prior deposition of a protective layer is required to 

prevent the by-products from the diamond deposition process from etching the GaN surface. 

However, once the growing diamond layer fully coalesces into a dense film, the diamond itself 

will protect the GaN surface from further damage, although in this case, the roughness produced 

has already had a negative impact on the TBR. Therefore, some sort of protective layer is necessary 

in which the protective layer must exhibit a much slower etch rate than GaN to allow for diamond 

coalescence without etching the GaN.  

 

Figure 6.9 Thermal resistance at the diamond/GaN interface and across the out-of-plane direction 

for diamond film. 
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Figure 6.10 Cross-section SEM image of diamond deposited on GaN without an interfacial layer 

with voids shown at the interface (red circled region). 

 
The thermal results have confirmed that using an ultra-thin interfacial layer to protect GaN 

from being etched can successfully reduce the TBR for sample A and S. The TBR value of Sample 

S is 9.5 + 3.8 / - 1.7 m2K/GW, and for Sample A it is relatively larger with a value of 18.2 + 1.5 / 

- 3.6 m2K/GW. For Sample A, the AlN layer remains at some regions and prevents etching in 

GaN, which leads to a lower TBR value compared with Sample N. However, the protection from 

AlN is not complete due to non-uniform coverage of AlN that caused by the mesa like feature as 

shown in previous TEM and SEM images. Etching occurs for the GaN at the regions without the 

AlN coverage and therefore leads to a higher TBR value compared with Sample S. The lowest 

TBR value is found for Sample S using SiN as the interfacial layer. HRTEM and EELS results 

have shown a uniform coverage of the SiN layer after the diamond deposition process with no 

etching in the GaN substrate, which matches with the thermal results. In the work done by Vartuli 

et al, it has shown that both AlN and GaN can be etched in CH4/H2/Ar RIE condition, which is 
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similar to the gas mixture used for the diamond deposition, and AlN shows a slower etching rate 

compared with GaN at room temperature93. On the other hand, SiN is shown to be an effective 

mask material that remains stable under CH4/H2/Ar plasma, and CF4 is usually needed for the SiN 

dry etching process94,95. The previous etching experiments show that SiN is more stable under the 

diamond growth condition, and the results shown in this work have proved that SiN can provide 

good protection over the entire GaN substrate. This leads to a smooth, voids free, and high-quality 

interface with a low TBR value across the diamond/GaN interface. 

6.6 Etching Effect on SiN with Different Deposition Method 

Another important issue is that most of the suitable interfacial layer material has a relatively 

low thermal conductivity compared with GaN and diamond. This makes the thickness of the 

interfacial layer also plays an essential role in TBR value. For AlN, thermal conductivity is 319 

W/m·K, while it is much smaller for amorphous SiN (3 W/m·K)96,97. Previous research has shown 

that as the thickness of the SiN layer increases, the TBR value also increases17. In the results here, 

the amorphous, low-density protective silicon nitride layer is shown to reduce in thickness from 

about 6 nm to approximately 2 nm during the initial stages of the diamond deposition, according 

to both XRR and TEM measurements, which indicates a ~ 4 nm removal of SiN layer. It is 

envisioned that, with a more detailed understanding of the etch rate of a protective layer such as 

silicon nitride, one could tune the initial thickness such that the silicon nitride layer was fully 

consumed just as the diamond growth coalesced in order to produce a direct diamond to GaN 

interface. 

In this experiment, SiN layers were prepared with different methods, including metal-

organic CVD (MOCVD), PECVD, low-pressure CVD (LPCVD), and sputter. XRR was used to 
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measure the density and roughness of the as-deposited SiN layers, and the results were shown in 

Table 6.1. Then the samples were exposed to the CVD diamond deposition environment with 

substrate temperature kept at 750 ˚C until diamond coalescence as shown in Figure 6.11. TEM 

images were taken for thickness measurement of the SiN layers before and after diamond 

coalescence as shown in Figure 6.12, and the removal of SiN during the process was summarized 

in Table 6.1. 

 

Table 6.1 Summary for the SiN thickness before and after diamond deposition for SiN layers 

prepared with different method. 

Sample 
Deposition 

method 

RMS 

Roughness 

(nm) 

Density 

(g/cm3) 

Initial SiN 

thickness 

(nm) 

SiN thickness 

after diamond 

deposition 

(nm) 

Thickness 

removal 

(nm) 

M MOCVD 0.7 2.79 10.8 ± 0.5 11.0 ± 0.4 No etching 

P 
PECVD 

(300˚C) 
1.2 

2.06-

2.47 
10.8 ± 0.3 10.0 ± 0.4 0.8 

H 
PECVD 

(600˚C) 
1.3 

2.22-

2.66 
12.5 ± 0.6 11.1 ± 0.7 1.4 

L LPCVD 0.7 2.92 125.6 ± 0.4 124.5 ± 0.5 1.1 

S Sputter 0.8 2.16 77.6 ± 0.4 65.3 ± 0.4 12.3 

 



 

 

78 

 

Figure 6.11 Surface SEM image for Sample S with diamond coalescence. 

 

 

Figure 6.12 HRTEM images of SiN layer deposited with (a) MOCVD, (b) PECVD at 300 ˚C, (c) 

PECVD at 600 ˚C, (d) LPCVD, and (e) Sputter, before and after diamond coalescence process. 

Dashed red lines indicate the initial SiN thickness. 
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As it is shown in the HRTEM images in Figure 6.12, even though the SiN layers were 

prepared with different methods and show different density, they all appear to be amorphous 

material. After the diamond coalescence, the difference in the thickness of the SiN layer for Sample 

M was smaller than the measurement variation, which indicates no etching effect. Around 1 nm 

SiN removal was found in PECVD and LPCVD prepared SiN, which indicates a relatively slow 

etching rate. Sample S, with relatively lower density compared with the other samples, is the only 

one that shows significant SiN removal (~ 12.3 nm) during diamond growth as shown in Figure 

6.12 (e). Sample S was also kept under an environment similar to the diamond deposition condition 

with only hydrogen plasma. Without the presence of CH4, a similar SiN removal was observed as 

shown in Figure 6.13 (c), which confirms that the etching in the SiN layer is caused by the 

hydrogen plasma and high temperature. 

 

Figure 6.13 HRTEM images of Sample S: (a) SiN layer deposited with sputter method, (b) SiN 

layer after diamond coalescence process, (c) SiN layer after hydrogen plasma environment etching. 
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In order to protect the GaN substrate for thermal transport, a low etching rate is desired, so 

the thickness after the diamond deposition can be accurately controlled to achieve an ultra-thin 

interfacial layer or in optimized condition, a direct diamond-on-GaN structure. Another factor that 

could influence the TBR is the thermal conductivity of the deposit SiN layer. In the kinetic theory, 

the thermal conductivity is shown to relate to the bulk density, and the measurements done on 

various amorphous SiO2 films have shown a tendency that higher density leads to higher thermal 

conductivity98,99. With these considerations, a ~ 1 nm MOCVD or LPCVD prepared SiN, with a 

high density, might be a suitable choice to deposit as the interfacial layer and protect the GaN 

substrate. With the low etching effect shown in this research, the thin SiN layer could be sufficient 

to protect the GaN after the diamond coalescence, which will further reduce the TBR at the 

interface. 

In conclusion, samples have been analyzed to understand the role of the interfacial layer 

for diamond deposition on the GaN substrate: with no interfacial layer (N), with the SiN interfacial 

layer (S+, S), and with the AlN interfacial layer (A+, A). Both XRR and HRTEM results show a 

SiN layer (~ 6.3 nm) is deposited on the GaN for sample S+. After diamond deposition, only 2 nm 

SiN layer was left, indicates removal of 4 nm. The SiN layer remains uniform and continuous, 

with the GaN substrate being protected. While for Sample A, mesa like features are formed during 

AlN deposition and cause a non-uniform interfacial layer. The etching happened in the GaN 

substrate at regions with an absence of AlN coverage and roughened the Diamond/GaN interface. 

The thermal results show the lowest TBR value is obtained from Sample S compare with Sample 

A and N, which indicates that using SiN as an interfacial layer successfully helps reduce the TBR 

value. In order to understand the etching effect under the diamond deposition condition, SiN layers 
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were prepared with different techniques and the thickness measurements show that the SiN layer 

with relatively lower density has lower resistance to the etching effect. 
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Chapter 7 Conclusions and Future work 

7.1 Conclusions 

In this research, the thermal property of the CVD diamond has been studied for heat 

management applications that can help solve the thermal problem in high-power electronic devices. 

CVD diamond grain morphology, including grain size, interface quality, grain orientation, has 

been determined using SEM, TEM, and EBSD. The in-plane and out-of-plane thermal conductivity 

have been measured using Raman and TDTR. A combination of the advanced techniques provides 

information on the relation between thermal property and the diamond quality, which leads to 

methods to optimize the ability of CVD diamond to help spread heat away from hot spots. 

Due to phonon scattering, the high grain boundary density near the nucleation region can 

influence the thermal conductivity of the thin diamond film. The use of larger diamond seed size 

for the CVD process has been provided as a method to improve the grain size near the nucleation 

region. With the help of HRTEM and STEM, the grain size has been accurately measured, and the 

1 μm diamond film deposit with a 20 nm seed size has shown a relatively larger grain size (48% 

higher at 50 nm to the interface) near the nucleation region compared with the one using 4 nm seed 

size. Even though the surface grain size is similar, the benefit from the larger seed size has been 

confirmed with the in-plane thermal conductivity (21% higher) measured with Raman 

thermography. 

In order to better understand the grain boundary effect, a combination of spatially resolved 

TDTR and EBSD measurements has been used to generate thermal conductivity map and grain 

boundary map across the same marked region on a bulk diamond sample. This study has provided 

direct visualization of the reduced thermal conductivity at the grain boundaries and the nearby 
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region for the first time. The result has shown a non-uniform thermal distribution up to ~ 10 μm 

away from the grain boundary. This offers a new view of the traditional model that treats grain 

boundaries as discrete Kapitza resistances. As the previous measurement usually estimates the 

grain boundary effect indirectly through grain diameter and effective thermal conductivity, this 

experiment has provided a new method to relate the thermal property with grain boundaries. 

Since GaN is commonly used in high power-devices, Diamond-on-GaN structure has been 

studied to understand diamond integration on the GaN substrate, in which the main issue is the 

etching effect in that roughened the interface. The study has been performed on diamond 

deposition on GaN with no interfacial layer, AlN interfacial layer, and SiN interfacial layer. 

Samples without diamond deposition have been provided as reference. TDTR has been used to 

measure TBR value as the interface has been characterized by XRR, SEM, TEM, and EELS. The 

initial deposition of the SiN layer is measured to be 6.3 nm, while for AlN, a non-uniform 

deposition is observed due to the existence of mesa like features. After diamond deposition, 

etching of the GaN substrate occurs in both Sample A and Sample N, with a rough interface 

observed. This match with the TDTR results that the TBR values are relatively higher than Sample 

S. However, the EELS confirmed in some area, an AlN coverage remains after the diamond 

deposition, which explains the lower TBR value for Sample A when compared with Sample N. 

This provided the possibility of using AlN if a uniform layer can be achieved after diamond 

deposition. Nevertheless, the SiN has been proven to act as an effective protection layer for GaN 

substrates and leads to the lowest TBR value among the three samples.  
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7.2 Future Work 

The work present here has provided some primary methods to help improve the thermal 

transport within the diamond film and across the interface. Direct observation of the thermal 

environment near grain boundaries has been achieved using a combination of EBSD and spatially 

resolved TDTR. Still, more researches are needed for further improvement until it reaches its limit, 

which could be determined as the highest thermal conductivity found in single crystal diamond. 

Regarding to the work shown here, the research shows that using larger seed size can improve the 

grain size near the nucleation region, but it shows a non-uniform, low seeding density compared 

with the smaller seed size. Researches are needed to optimize the seeding process, which may lead 

to an even larger grain size near the nucleation region. Also, nanotwin structures have been found 

that forms during the initial diamond growth progress and then propagates across the diamond film. 

Future work can focus on not only increase the grain size, but also a method to achieve a twin-free 

diamond film. Also, the TBR value has shown a strong correlation to the interface quality. As SiN 

is shown to successfully protect GaN from being etched, the low thermal conductivity of the SiN 

layer might be considered in future work. Even though the AlN layer fails to protect the GaN, it 

still lowers the TBR value to a certain level compared with no interfacial layer sample. Since AlN 

has higher thermal conductivity than SiN, it might provide better performance if a uniform layer 

can be achieved.  
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