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ABSTRACT 

Diamond thin films grown by chemical vapor deposition (CVD) have a wide band 

gap, high hardness, chemical inertness, and high thermal conductivity, making them an 

attractive material for a wide range of applications. Due to high surface energy and low 

sticking probability of diamond, it is difficult to grow thick coalesced diamond films on 

non-diamond substrates. To deposit diamond film with acceptable surface roughness, 

desired grain size, and other properties, nucleation enhancement steps through the 

diamond seeding process are generally required. In this work, an effort is made to 

improve seeding density, nucleation process, growth kinetics, film morphology, quality 

as well as material thermal properties of diamond film on different semiconductors. The 

growth of high-quality diamond on silicon as well as III-Nitrides were achieved through a 

series of experiments and characterization in various steps of the process. 

The first and foremost experiments were conducted to improve the diamond 

seeding density on silicon and III-Nitride semiconductors. An innovative approach is 

developed to disperse dense nano-diamond particles by electrostatic van der Waals 

bonding between the oxygen terminated diamond nanoparticles and a cationic polymer. 

Then, a systematic study is reported of the effects of nano-diamond seeding densities 

4×108, 8×1010 and 2×1012 cm-2 on silicon wafers on the growth, quality, and morphology 

of diamond films from sparse to dense range. The growth dynamics, morphology and 

quality of diamond were found to depend upon the change in seeding density. Diamond 
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crystals were found to develop three dimensionally via Volmer-Weber (VW) growth into 

large grains with low seeding density. The transition from VW conditions to van der Drift 

mode (mostly one dimensional) were found with increasing seeding density on the 

sample. Diamond crystal quality is found to improve both in the near interface region as 

well as the growth surface with thickness, at a given seed density, and as density 

increases. The interface thermal property is improved with increasing seed density on the 

sample with thermal boundary conductance (TBC) between diamond and Si of 256±32.3 

MW/m2K, 292±19.7 MW/m2K, and 318±21.8 MW/m2K, for seed densities 4×108, 8×1010 

and 2×1012 cm-2, respectively. 

This work also investigates the effect of diamond seeding density to achieve 

direct growth of diamond on epitaxial gallium nitride on silicon substrate. A comparative 

study is performed for the diamond growth on gallium nitride with low 2.3×109 cm-2 and 

dense 3.1×1012 cm-2 seed density. It is found that the gallium nitride decomposed and 

creates pinholes in the growing diamond layer or caused it to delaminate at sparse seed 

density. The quick diamond lateral coverage during early growth stage help to protect the 

gallium nitride film from etching at high seeding density. Finally, a comparative study is 

performed on nucleation, growth, and quality of diamond film on ultra-wide bandgap 

aluminum nitride at 1×108 and 2×1012 cm-2 seed densities. High quality diamond of ~ 

10μm thickness is deposited without delamination of the underlying nitride layer. The 

crystalline quality and diamond phase is found to improve for the diamond film with 

increasing seed density. The diamond/aluminum nitride interface is seen to be porous 
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when isolated diamond grains coalesce for diamond growth with lower seeding density. 

The relative absence of pores or voids is found with high seed density. 

At its core, this dissertation develops a fundamental way to deposit high quality 

diamond on semiconductors with improved nucleation using dense nano-diamond 

seeding density. Such diamond coating on GaN based high electron mobility transistors 

(HEMTs) is applicable to solve the self-heating issue on the device. 
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I. INTRODUCTION 

Group III-nitrides have been considered a promising material for semiconductor 

device applications since 1970, especially for the development of blue and UV light 

emitting diodes [1,2]. Group III nitride-based semiconductors have enabled processing 

wide bandwidth and high breakdown voltage simultaneously due to their high electron 

velocity, high two-dimensional electron gas (2-DEG) and large breakdown field. More 

recently, AlGaN/GaN-based transistors for terahertz (THz) emitter and detector have 

been reported that can operate from 0.75 THz to 2.1 THz [3–5]. Furthermore, the 

switching speed for AlGaN/GaN HEMTs grown on silicon are reported to have as high as 

~150 GHz and power densities can exceed 12W/mm under harsh operational 

conditions [6,7].  

The maximum RF power densities for GaN based HEMTs reported to date is 41.4 

W/mm at 4 GHz frequency [8]. However, the commercially available HEMT is working 

only at 5-6 W/mm. This massive gap in the performance is due to power loss upon self-

heating in the device, which causes the degradation of power added efficiency resulting 

in device failure. Due to the band offset between GaN and AlGaN in GaN based material 

heterostructures, a large spontaneous and piezoelectric effect arises resulting in a 2-D 

electron gas (2-DEG) induced at the AlGaN/GaN interface without any doping [9]. The 

2-DEG and active GaN/AlGaN layer are very thin and the heat dissipation from the self-

heating source is dominantly vertical. Therefore, a low resistant thermal pathway from 

the self-heating source to a nearest heat sink (high thermal conductive substrate) is very 

much desired. One solution to this is to attach the device to a high thermal conductivity 

diamond which can rapidly transfer the localized heat to an external cooling system or 



 

2 

radiator. 

Chemical vapor deposited (CVD) polycrystalline diamond has emerged as a 

promising substrate solution for GaN HEMTs due to its high thermal conductivity (800-

2000 W/m K) [10,11]. Due to the polycrystalline nature of CVD diamond, historically, it 

is either attached with, or grown on, the backside of the GaN HEMT structure [12,13]. In 

both cases a low thermal conductive dielectric layer is employed as an adhesion 

layer [14]. Although GaN-on-diamond have demonstrated three times better thermal 

performance than any other substrate, the full advantage of diamond substrate has not 

been achieved due to this poor dielectric adhesion layer and excessive thermal boundary 

resistance associated with it [14]. Compounding the problem, another limiting factor 

associated with CVD diamond is its poor thermally conductive graphitic content 

nucleation layer which impedes efficient thermal conduction [11,15,16]. Addressing the 

issue related to the thermal resistance between the device active region and heat sink is 

important to achieve the full advantage of GaN-on-diamond devices.   

The purpose of this dissertation is to minimize the above-mentioned problems 

arising during the heterogenous integration of diamond film on non-diamond substrate. 

For this, an innovative approach for electrostatic diamond seeding technique is developed 

in this dissertation work to improve the diamond nucleation process, quality and interface 

between the diamond and non-diamond substrates. This approach gives precise control 

over nano-diamond seed density from sparse ̴ 108 cm-2 to dense ̴ 1012 cm-2 range. Using Si 

as a test base, the seeding and growth mechanism of CVD diamond is studied with 

different seeding density from sparse to the dense range. Later, this seeding approach is 

used on different III-nitride semiconductors, AlN, GaN and Al (Ga)N, to improve the 
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diamond film quality and interface properties. The improved seeding density on different 

semiconductors followed by improved materials and interface properties between 

diamond to non-diamond substrate is presented in this work. The outcome of this 

research is important to improve the power efficiency and lifetime of GaN-based power 

electronic devices and other optoelectronic devices. The physical properties including 

optical and thermal properties is studied. Extensive characterization for the diamond film 

is performed using state of art characterization techniques such as atomic force 

microscope (AFM), micro-Raman spectroscopy (UV and visible), scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), x-ray photoelectron 

spectroscopy (XPS), steady state thermo reflectance (SSTR) measurements and x-ray 

diffraction (XRD). A discussion on diamond and group III-nitrides will be presented in 

the next sections along with research motivation and proposed solution. Detailed 

organization of this dissertation will be presented at the end of the chapter. 

Diamond 

 

Figure 1.1.(a) Carbon ternary phase diagram (b) Bachmann triangle of C–H–O composition 

[16].  
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Carbon is the fourth most abundant element in the universe and has three 

relatively well-known allotropes amorphous carbon, graphite, and diamond [17]. The 

family of carbon-based materials has grown substantially since the middle of last century. 

The possible forms of carbon through sp1, sp2, sp3 hybridization of its valance 

configuration provides a wide range of possible carbon forms [18]. The most widely 

accepted equilibrium carbon structures, based on hybridization, originate from the work 

of Heimann et al [17]. The first ternary phase diagram is shown in the Figure 1.1(a). The 

three main vertices of the diagram are defined by the hybridization states, while the 

interior of the diagram represent the materials processing in a mixture of respective 

hybridizations [17]. The classification uses spn groups for allotropes owning mixtures of 

hybridizations. Such groups have ‘n’ hybridization, which is defined as being (1 < n < 3). 

The number of different carbon allotropes is extensive, including the well-known 

materials, diamond, graphite, graphene, carbon nanotubes, fullerenes, amorphous carbon, 

and many others.  

 

 

                                   Figure 1.2. Diamond crystal structure [16]. 
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Table 1. Physical properties of diamond [2,19,20]. 

 

The applications of diamond in industry are very well known. At standard 

temperature and pressure, it is a metastable form of carbon, and as such, it is not formed 

at the surface of the earth. Graphite is the thermodynamically stable allotrope of carbon at 

standard temperature and pressure. Their standard enthalpy differs by just 2.9 kJ/mol, but 

an activation barrier separates the two phases from spontaneous conversion [21]. So, 

diamond is a metastable form of carbon which is kinetically stable but not 

thermodynamically. The crystal structure and chemical bonding of diamond has made 

diamond an outstanding choice for many applications because carbon is the smallest atom 

that form a three-dimensional network of covalent bonds. Diamond crystals can be 

viewed as two interpenetrating face centered cubic lattices shifted along the body 

diagonal by (1/4,1/4,1/4) a, where a is the lattice constant [20], as shown in                                    

Figure 1.2. Each carbon in diamond lattice consists of sp3 hybridized atomic orbitals. 

Four covalent bonds from each carbon atom makes up three-dimensional lattice in which 

each of their outer four electron is shared with electron of four neighboring carbon atoms 

resulting in the formation of the diamond lattice. Diamond has some outstanding physical 

Properties Value 

Bandgap(eV) 5.45 

Lattice constant(nm) 0.35 

Thermal conductivity (Wm-1K-1) 2200 

Breakdown strength (MV/cm) ~10 

Young modulus (GPa) 1140 

Electron mobility (µe), cm2/Vs 4500 

Hole mobility(µh), cm2/Vs 3800 
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properties, listed in Table 1.  

Worldwide interest on diamond has been further increased by the more recent 

discovery that polycrystalline diamond can be grown by a wide variety of chemical 

deposition process using methane gas in excess of hydrogen. Mechanical, tribological, 

and even electronic properties of CVD diamonds are identical to those of natural 

diamond. [18,20]. There are various processes for the deposition of CVD diamond. Most 

common techniques are filament assisted chemical vapor deposition, plasma enhanced 

chemical vapor deposition, combustion assisted chemical vapor deposition and so 

on [20]. 

Chemistry of CVD Diamond Deposition 

The CVD diamond use carbon containing gases (most commonly methane) and 

molecular hydrogen, breaks, activated and ionized by means of an energy source (e. g. 

hot filament or electric discharge). The carbon containing gas precursor and molecular 

hydrogen are dissociated passing through the activation region, forming carbon reactive 

radicals and atomic hydrogen, which diffuse towards the substrate surface by a gradient 

in temperature and concentration [21]. The reactive species undergo a complex set of 

chemical reactions prior to reaching the substrate surface, where they can either adsorb 

and react with the surface, desorb back into the gas phase, or diffuse until an appropriate 

reaction site is found [22]. If a surface reaction occurs, carbon is left on the surface, in the 

form of both diamond and graphite. However, due to the different reaction rate between 

atomic hydrogen/graphite and atomic hydrogen/diamond, deposition of the diamond 

phase is favored; in fact, in the right conditions, atomic hydrogen etches graphite at a 

faster pace than diamond, hence leading to a build-up of diamond [23]. Apart from 
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etching the graphitic sp2 carbon during diamond deposition, atomic hydrogen is also 

responsible for tying up the carbon dangling bonds until it gets available carbon to form 

tetrahedral structure and minimize the formation of graphitic phases [18]. 

The great complexity of gas phase reaction during CVD diamond growth can be 

understood by means of the C-H-O composition diagram known as Bachmann triangle 

diagram [20,21], as shown in Figure 1.1(b). It shows that the diamond grows only when 

the gas composition is close to the CO line, and it is independent of the deposition system 

or gas mixture [21]. Of particular interest is a small region at the lower left corner of the 

diagram, along the CH line, representing gas mixtures, where methane is highly diluted in 

hydrogen and no oxygen is present [18]. This is indeed the most common gas mixture 

used in CVD diamond growth, comprising solely CH4 and H2, with methane/hydrogen 

ratios usually between 0.1% and 3% by weight according to the activation method 

adopted and to the kind of polycrystalline diamond (PCD) film one aims to deposit (with 

respect to crystalline structure and concentration of graphitic phases embedded in the 

film). 

Nucleation sites through seeding. The diamond growth process on a foreign 

substrate generally contains two distinct phases; a diamond seeding, during which the 

diamond crystallites are embedded on the substrate to act as a seed for the subsequent 

growth cycle and the actual growth [23]. Seeding step is essential for the CVD process in 

the deposition of diamond with less graphitic and amorphous carbon. It also has 

significant impact on the microstructure of the polycrystalline diamond film. Diamond 

seeding can be achieved by several methods. When using Si as a substrate, a common 

technique consists of mechanically scratching the substrate surface with a powder of 
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hard, µm-sized particles like sapphire, SiC or diamond; as the particles scratch the 

surface they break down into smaller fragments, which stick onto it. While with such a 

method high seeding density can be reached, the mechanical abrasion damages the 

substrate by creating a rough surface with µm-sized pits and defects. This method is 

therefore unsuitable for those diamond applications in which the substrate surface should 

be preserved, either because it hosts electronic devices whose circuit geometries are on a 

sub-micrometer scale, or because a high surface roughness is detrimental for the thermo-

mechanical properties of the interface between the diamond film and the substrate. 

Apart from mechanical scratching, many other seeding techniques such as 

photolithography, bias enhanced nucleation, ultrasonic polishing, etc. have also been used 

successfully [24,25]. It is important to know that different seeding densities greatly affect 

thermal conductance at the interface [26]. Lower seeding density can create voids at the 

interface, while overly high seeding densities can create extremely small grains near the 

nucleation region that do not allow for coalescing into the high-quality columnar grain 

structure that is desired for efficient thermal conduction [26]. The seeding procedure 

varies according to the carrier, in which the nanoparticles are dispersed, which can be 

either a liquid (water or isopropanol), a gel, or a slurry. Photoresist and polymer-based 

seeding process are also reported [27,28]. These polymers / photoresists convert into 

carbon during the diamond growth process and the nano seeds dispersed therein act as the 

nucleation sites for the diamond growth. 

Typically, a high concentration of diamond nuclei on the substrate is desired prior 

to diamond deposition to achieve a denser diamond film with high growth rate with better 

mechanical and optical properties, fewer defects, and smoother surface. The nucleation 
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stage differs from the diamond growth stage and depends upon the nature of the substrate 

and/or diamond seeding [29]. Diamond has a high surface energy and low sticking 

probability, so it is not readily nucleated on smooth surfaces such as silicon [29]. The 

nucleation of diamond typically includes the following steps:  

Step I – Formation of carbon clusters  

Carbon clusters are formed on the substrate surface due to the constant atomic 

hydrogen bombardment, causing a change in local thermal conditions. Thereby, there is a 

change in carbon structure from sp1 to sp2.  

Step II – Conversion of sp1 to sp2 and then to sp3 bonding  

Molecular bombardment of activated hydrocarbon and atomic hydrogen gives the 

substrate sufficient energy to transform sp2 bonded carbon into sp3. Atomic hydrogen 

promotes this reaction and stabilizes the sp3 phase. Etching of all three carbon phases 

(sp1, sp2, and sp3) is taking place at the same time. However, the etch rate of the less 

stable sp1 and sp2 phases is ten times faster than etching the sp3 phase [29].  

Step III – Crystallization of amorphous phase  

For crystallization to occur, the carbon bonding undergoes a transition stage from 

sp2 bonded carbon, to disordered domains with sp3 bonded carbon and finally to sp3 

bonded carbon. Carbon atoms must rearrange themselves during the crystallization 

process to acquire minimum surface energy. This rearrangement should favor (111) 

crystallographic orientations since (111) orientation has the lowest surface-free energy in 

the diamond crystal. The crystallized region becomes a nucleus for subsequent diamond 

growth.  
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For the non-diamond substrate, the nucleation stage can be divided into several 

sub-stages: (a) Incubation period, (b) 3D surface nucleation, (c) termination of nucleation 

and 3D growth of nuclei to grains, and (d) faceting and coalescence of individual grains 

and formation of continuous films [30]. The diamond nucleation can happen on the non-

diamond substrate if the substrate surface is saturated with carbon and high energy sites 

such as active vacancies, dangling bond, and active sites are present. 

Diamond growth. During diamond growth, a complex physical and chemical process 

occurs during chemical vapor deposition as shown in Figure 1.3. Before diffusing toward 

the substrate surface, the process gases must first mix in the chamber. They pass through 

an activation region e.g., a hot filament, which provides energy to the gaseous 

species [21]. This activation causes molecules to fragment into reactive radicals and 

atoms, create ions and electrons, and heat the gas up to temperatures reaching a few 

thousand Kelvins. Beyond this activation regions, these fragments continue to mix and 

complete a complex set of chemical reactions until they strike the substrate surface. The 

gaseous species either adsorb and react with the surface, desorb again back into the gas 

phase, or diffuse around close to the surface until an appropriate reaction site is 

found [22,23]. If surface reaction occurs, one possible process, if all conditions are 

suitable, is the growth of diamond.  
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Figure 1.3. Schematic diagram of chemical and physical process during diamond CVD [19]. 

 

Many theories have been proposed to describe the growth of diamond after 

nucleation. The most accepted theory for diamond deposition described by Paul May [21] 

is shown in Figure 1.4. After the nucleation process, the growth process can begin by 

saturating the surface with hydrogen. Atomic H attracts a surface H to form H2 leaving 

behind a reactive surface site. The site will most likely react with a nearby H atom, 

returning to the original structure. However, a CH3 radical may react with the surface 

site, which adds a carbon atom to the lattice. This process occurs continuously as the 

diamond growth continues as shown in Figure 1.4. This is a stepwise addition of carbon 

atoms to the already existing diamond lattice, catalyzed by the presence of excess atomic 

hydrogen. 
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The generic model [29,31] which describes the formation of diamond is well known 

through the following set of equations: 

i. Formation of free radicals, 

𝐻•+𝐶𝑋𝐻𝑌→𝐶𝑋𝐻𝑌−1•+𝐻2 

ii. Hydrogen adsorption from activation site (CD) 

𝐻•+𝐶𝐷𝐻 → 𝐶𝐷•+𝐻2 

iii. Addition of hydrogen to the diamond surface 

𝐻•+𝐶𝐷•→𝐶𝐷𝐻 

 

 

Figure 1.4. A schematic diagram of a simplified version of the standard growth model of CVD 

diamond [19]. 
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iv. Addition of hydrocarbon radicals to the diamond 

𝐶𝑋𝐻𝑌−1•+𝐶𝐷• → 𝐶𝐷−𝐶𝑋𝐻𝑌−1 

The surface bonds are initially hydrogen terminated, followed by hydrogen absorption 

with the addition of hydrogen or hydrocarbon radicals on the diamond surface. The 

replacement of hydrogen in the diamond surface is more than the addition of hydrocarbon 

radicals on the activated diamond sites [31]. The sequence of reactions (i)-(iv) leads to 

the addition of radical hydrocarbons to the surface [32]. The process of chemisorption of 

newly added hydrocarbon species to the adjacent terminated diamond site (CDH…CH) 

happens through the process of hydrogen removal and rearrangement of added 

hydrocarbon atoms. 

v. Hydrogen adsorption from the adjacent diamond site,  

𝐶𝐷…𝐶𝐻+𝐻• →𝐶𝐷𝐻…𝐶•+𝐻2 

vi. Hydrogen addition to the adjacent diamond site,  

𝐶𝐷𝐻…𝐶•+𝐻• →𝐶𝐷𝐻+𝐶𝐻 

vii. Hydrogen adsorption from the diamond site and formation of new carbon to 

carbon bond, 

𝐶𝐷𝐻…𝐶•+𝐻• →𝐶𝐷•…•𝐶 +𝐻2→𝐶𝐷−𝐶+𝐻2 

The most used process gasses include hydrogen/methane, argon/methane, or 

hydrogen/argon/methane [18]. The reaction rates depend upon the concentration of 

atomic hydrogen species. Hydrocarbon species supplies the necessary carbon atoms for 

the diamond formation during the diamond synthesis from the gas phase. Argon is often 

used as the main atmosphere volume with a small hydrocarbon gas concentration, or 
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combination with a small amount of hydrogen. The effect of an argon rich atmosphere is 

like the effect of increasing hydrocarbon gases within the system or lowering the plasma 

density. They all lead to lowering the size of diamond grains within the nanoscale regions 

[16,18]. 

 

The surface morphology of the diamond film obtained during CVD depends upon 

the various process conditions, especially the gas mixing ratio, which determine the value 

of the α-parameter, described by Wild and coworkers [33–35]. They first systematically 

investigate the way diamond crystals are arranged polycrystalline diamond film and 

correlate the microstructure which develops with the film thickness to the growth 

parameters. They introduce the α-parameter to characterize the outgrowth velocity 

dependence of the crystal orientation which define the growth rates on {100} and {111} 

faces: 

 
𝛼 = √3

𝑉100

𝑉111
 

(1) 

 

Figure 1.5. Variation in the crystal shape by the growth ratio of (100) face to (111) face [16]. 
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Also, the value of the α-parameter describes the shape assumed by a single diamond 

grain, as it changes from the cubic(α=1), to octahedral(α=3), shown in Figure 1.5. 

Diamond thermal properties. Heat transport in material is generally found to be 

governed by particle-interaction mechanism which endeavors to restore thermodynamic 

equilibrium subjected to a temperature gradient. The thermal conductivity of diamond is 

governed by the lattice conductivity of phonon scattering. Due to the relatively low mass 

of carbon and strong carbon-carbon covalent bond, the phonon can easily pass, and 

carbon atoms do not interfere with the thermal waves. Therefore, diamond has maximum 

reported thermal conductivity in the range of 2000-2300 Wm-1K-1at room temperature. 

Diamond thermal conductivity is different for single crystalline and polycrystalline 

structures. 

The heterogenous integration of diamond film on non-diamond substrate results in 

a polycrystalline diamond film in which diamond crystals are embedded into a grain 

boundary matrix. According to the theory of lattice thermal conductivity, phonon 

scattering at the grain boundaries, defects, dislocation and impurities will limit the 

phonon diffusion length in such a material in a wide temperature range (0-500 

K) [22,23].Thus the thermal properties of the polycrystalline may differ from the 

properties of the single crystalline counterpart and may vary significantly according to 

the thickness of the film, shape, size and arrangement of the diamond crystallites (i.e. 

grains), as well as to size, orientation and composition of the grain boundaries. Columnar 

diamond crystal structure has reported the highest thermal conductivity [36–38]. Thermal 

properties on the diamond film are thus thickness dependent and anisotropic, with a 

different conductivity for the heat flowing perpendicular to the growth direction (the in-
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plane thermal conductivity) and for heat flowing parallel to the growth direction (the 

cross-plane or out of plane) conductivity. 

Film/substrate interface properties and thermal boundary resistance. A major 

contribution to the thermal boundary resistance of polycrystalline diamond films comes 

from the nucleation layer near the interface with the substrate. The thickness of such 

interface layer is <10 nm where the diamond crystallites bond to the surface and nucleate. 

Due to the disordered microstructure and fine-grained microstructure, there's high phonon 

scattering, contributing to the rise in total thermal boundary resistance [26,39]. The 

nucleation density, nucleation method, and grain dimension near the interface, all play a 

key role in the structure and thickness of such a nucleation layer, moreover as its bound 

resistance with the substrate[24]. 

 

 

Figure 1.6. Subdivision of the disordered region near diamond interface with non-diamond 

substrates [24]. 
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The nucleation density is an important factor in determining the diamond-

substrate interface resistance [26]. Figure 1.6 shows the impact of nucleation density on 

the interface resistance at different depths within the diamond film. It shows that the 

initial diamond growth regime of an amorphous layer of mixed stoichiometry of 

thickness comparable to ZN ~ 50 Å. The layer consists of nanocrystalline and 

nanocrystalline combination of carbon and substrate atoms. These layers are important 

for the nucleation. As the layer grows, an increasing fraction of incident atoms remain at 

the surface, forms clusters, and provide nucleation sites for diamond grains. In the second 

region, ZN < Z < ZN + ZC, the nucleated grains grow in lateral dimension, with increasing 

distance from the substrate. The region between grains is filled with amorphous and 

graphitic carbon, increasingly dominated by sp3 carbon with increasing Z. The thickness 

ZC depends on the nucleation density and the crystal growth angle. This angle describes 

the departure of opposing grain walls from one another with increasing Z and is 

approximately 90° for grains with {100} orientation. In the third region, Z > ZN + ZC, the 

grains cannot continue to grow freely in the lateral dimension. Some of the grains 

terminate, while others grow larger. The resulting orientation of grain boundaries is 

practically random. While the thermal conductivity of this region is considerably larger 

than that of the regions below the closure height, which contains amorphous material, it is 

much less than that of bulk diamond because of the small grain size [26]. 

It is reported that higher nucleation density results in lower thermal 

resistance [26]. The size of the grains at the interface depends on the nucleation density 

and initial size in turns depends on the subsequent development of the columnar 

structure. With a high seed density and a smaller diamond film thickness during the early 
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growth regime, a continuous diamond film at the shortest distance from the interface is 

preferable, which minimizes phonon scattering and allows for faster lateral column 

development. But a low nucleation density can lower the direct contact area between 

diamond crystallites and the substrate, as well as increase the volume percentage of 

amorphous materials near the interface, increasing the final thermal boundary resistance. 

Stress in diamond film. Residual stress is one of the key aspects of a diamond 

coating as it influences the stability of the film on the non-diamond substrate. The 

residual stress is normally composed of thermal stress and intrinsic stress [40,41]. The 

thermal stress is caused by the difference between the coefficient of thermal expansion 

between the diamond film and substrate material during diamond deposition. Depending 

upon the nature of the substrate, the thermal stress generated within the diamond film 

may be compressive (𝝈 < 𝟎) or tensile (𝝈 > 𝟎). Most commonly, the substrate 

coefficient of thermal expansion (CTE) is much larger than the diamond film, so the 

diamond film prefers to shrink more after post growth cooling and thus a large 

compressive stress builds within the diamond film. The intrinsic stress is generally 

caused by the structural defects associated with the interfacial mismatch between the film 

and the substrates [41]. The overall stress on the diamond film depends on the growth 

temperature, gas flow rates, structural and morphological characteristics of the film. 

Wide Bandgap Electronics 

An ideal semiconductor for power applications should have properties like a high 

breakdown voltage, excellent thermal transport properties, high thermal conductivity, 

chemical inertness and mechanical stability. These semiconductors should allow for the 

fabrication of both unipolar and bipolar devices with low parasitics [23]. Said properties 
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of commercial wide band gap semiconductors compared to Si and GaAs are shown in 

Table 2. 

 

Table 2. Semiconductor properties from [42–44]. 

Property Si GaAs GaN 4H-SiC 

𝐸𝑔 (eV) 1.12 1.4 3.4 3.3 

𝜀𝑟 11.8 12.8 9.5 10.0 

μ (cm2/V. s) 1400 8500 1200 900 

𝐸𝐵𝑟 (MV/cm) 0.3 0.4 5.0 3.0 

𝜗𝑠𝑎𝑡 (107 cm/s) 1.0 2.0 2.5 2.0 

K (Wm-1K-1) 150 50 130 340 

 

Most power devices today in the market are made from Si and GaAs, and as these 

materials reached their performance limits, they are being replaced by wider band gap 

material such as SiC and GaN. The shift can be understood by comparing the various 

properties between the wide band gap semiconductors with Si and GaAs, shown in Table 

2. The band gap of GaN and SiC is almost three times larger than Si that makes them 

more suitable for high power and high temperature electronics. Hence power devices 

fabricated with wideband gap materials can tolerate the harsh, hot environment with less 

cooling issue [45,46]. Furthermore, with a wide band gap comes a high breakdown field, 

which scales roughly with the square of the energy gap [46]. Therefore, those power 

devices which has a vertical device structure, can be made thinner than the Si-based 

counterparts and have a smaller resistance of the drift region when based on wide 

bandgap semiconductors. 



 

20 

GaN is one of the most important semiconductors among the wide bandgap’s 

materials because of its extraordinary electronic properties such as good mobility, high 

saturation drift velocity, hence making this material very promising for microwave 

devices. The devices made of GaN could be switched at higher frequencies, almost 

double, compared to the device fabricated from Si. Moreover, a higher drift velocity 

allows faster charge removal and shorter recovery times for power diodes [47]. 

SiC has a thermal conductivity almost three times compared to Si and nearly one 

order of magnitude greater than GaAs. High thermal conductivity is important for the 

thermal management of electronic devices. Although bulk GaN has similar thermal 

conductivity as Si [48,49], the hetero-epitaxial layers used in the actual device include 

defects, doping and oxygen impurities, which reduces the heat transport capabilities and 

make them comparable to GaAs. GaN supports a heterostructure technology compared to 

SiC when alloyed within the III-nitrides material system. Quantum wells, modulation-

doped heterointerface, and heterojunction structures can all be made with III-nitrides, 

thus leading to new device concepts for electronic applications. 

III-Nitrides Heterostructures 

Group III nitride comprises AlN, GaN, InN and their ternary and quaternary 

alloys, which are all wide band gap materials and can crystallize in both wurtzite and zinc 

blende crystal structure. In wurtzite crystal structure for GaN, AlN and InN, these 

materials have direct bandgaps of 3.4, 6.2 and 0.7 eV, respectively [46]. They are polar 

materials and have high electronegativity with the nitrogen atoms inside the crystals. The 

direction of the polarization depends on the crystal orientation and its polarity [1]. 
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The diagram of bandgap versus lattice constant for the III-nitrides system with 

wurtzite lattice taken from [23] is shown in Figure 1.7(a). The most common 

heterostructure in this system consist of a ternary alloy, the “barriers layer”, grown on top 

of a relaxed GaN buffer layer, with the interface between the two being the channel. 

There are two distinct polarizations between these two at the boundary; spontaneous 

polarization between GaN/barrier and piezo-electric polarization induced by the strain 

due to lattice mismatch, give rise to an electrically charged region [1]. Due to band offset 

and conduction band discontinuity between these two semiconductors, the electron 

(holes) diffusing into the ternary alloy into the GaN buffer layer are confined in the 2-

dimensional confined quantum wells at the interface. This 2-dimensional electron gas (2-

DEG) has very high mobility that can be exploited to fabricate lateral conduction devices. 

A common barrier layer used in these heterostructures of III-nitrides is an alloy of 

AlxGa1-xN, which has larger bandgap than GaN. A schematic representation of band 

 

Figure 1.7.(a) Bandgap versus lattice constant of III-N semiconductors [23]. (b) Band structure 

of the InAlN/GaN heterostructure. 
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structure for GaN/InAlN heterostructure is shown in Figure 1.7(b). Typically, a 20-30 nm 

AlGaN layer is grown on top of GaN with an Al content between 20-30 % to limit the 

tensile stress induced due to lattice mismatch with GaN. Such Al-content AlGaN as a 

barrier layer in GaN/AlGaN HEMTs produce spontaneous polarization in the 

heterointerface which induces a large carrier charge density in the 2-DEG channel and 

produces very high output current densities. 

Ultra-Wide Bandgap Semiconductors 

The ultra-wide bandgap semiconductors include AlGaN/AlN, diamond, Ga2O3 

and cubic BN, which have bandgap significantly wider than the 3.4 eV of GaN; in the 

case of AlN as wide as ̴ 6 eV. Ultra-wide bandgap materials have the potential for far 

superior performance than the conventional wide bandgap semiconductors. These 

materials have higher Baliga figure of merits (BFOM)  ̴ 34 and band gap of nearly two 

times that of conventional wide bandgap semiconductors [50]. So, these semiconductors 

have significantly better performance compared to other wide band gap materials. The 

materials properties of ultra-wide bandgap semiconductors compared to the wide 

bandgap semiconductor, are shown in Table 3. 
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Table 3. Material properties of wide bandgap (WBG) and ultra-wide bandgap (UWBG) 

semiconductors [46]. 

AlGaN alloys are ultra-wide bandgap semiconductors with outstanding 

fundamental properties. From an electronic prospective [46], they have (1) direct 

bandgaps spanning a wide range (3.4 to ̴ 6 eV), (2) high breakdown fields (˃ 10 MV cm-1 

for AlN), (3) high electron mobility (bulk mobility up to 1000 cm2 V-1 S-1), (4) high 

saturation velocity up to 107 cms-1, and (5) relative ease of n-type doping with Si, which 

has relatively small donor ionization energy up to ̴ 80-85% Al content. AlGaN has the 

same crystal structure as InGaN. Thus, it can take the advantage of replacing the InGaN 

for the applications in the field of optoelectronic devices such as light emitting diodes 

(LEDs). However, there are several challenges associated with growth of AlGaN alloys 

such as difficulties to control over doping, absence of available single-crystal substrate 

with quality necessary for epitaxial growth and the immaturity of the scientific 

understanding required for the control of heteroepitaxy on such substrates.  
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Research Motivations 

As the size of the electronic devices become smaller and more powerful, the main 

issue is ever greater difficulty managing the heat. Almost 50 % of electronic failure occur 

because of heat related issues [51]. So, there is the need for advanced thermal 

management solutions. This is particularly crucial for gallium nitride (GaN) based RF 

devices which is used in mobile base stations or RADAR, where the thermal obstacles 

have limited the ability to achieve GaN’s intrinsic performance potential [52]. GaN based 

devices basically produce heat in extremely small and concentrated areas and create 

higher operating temperature which negatively impact the device power performance and 

endurance. Also, the average device lifetime can be degraded if the heat is not removed 

properly from the device active channel. So, proper thermal management is necessary to 

gain full advantage of these devices on electronic applications. One possible way to 

reduce temperature on GaN devices is integration of high thermal conductivity materials 

such as diamond near the device active region. Owing to the outstanding bulk thermal 

conductivity of diamond, chemical vapor deposition polycrystalline diamond is a superior 

choice for a heat spreading material compared to common GaN-based substrates such as 

Si, 6H-SiC, and Al2O3 [53]. It has been found that GaN/diamond has ~ 2.7× reduction in 

the thermal resistivity and 3× increase in device areal density compared to the GaN 

device fabricated on SiC substrates [54]. 

Synthetic diamond has a thermal conductivity that is more than five times higher 

than the best metal’s values [55]. Diamond has other properties such as mechanical 

stiffness, chemical inertness and low density which are also very desirable in applications 

in diverse environments. CVD diamond has shown substantial value as a heat spreader 
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due to its status as the highest known thermally conductive material, low density and low 

thermal expansion coefficient. Since diamond has a thermal conductivity almost four 

times higher than copper, these heat spreaders enable support of larger mechanical and 

thermal load in thermal management applications, enabling system operation at elevated 

temperatures, enhanced heat removal capability and, crucially, reduced overall system 

cost [56]. Diamond’s exceptional thermal conductivity and electrically insulating 

properties make it an ideal choice to reduce thermal resistance in a variety of electronic 

applications. CVD diamond is available in different grades with thermal conductivity 

ranges from 1-2200 W/mK [57,58]. Also, CVD diamond is isotropic in nature, which 

enables enhanced heat spreading over all the directions diamond can be grown with 

tightly controlled growth conditions which enables chemical impurities and enhanced 

various properties of diamond materials. The production of such highly consistent 

materials with predictable properties and behaviors enables the diverse range of 

applications, including heat spreaders for high power and high frequency applications. 

Research Problems and Solution 

The motivation behind this dissertation project is to utilize the tremendous 

thermal conductivity of diamond on III-Nitride-based devices. But there are several 

challenges and problems associated during heterogenous integration of diamond on non-

diamond semiconductors. For better thermal management, diamond should have superior 

crystal quality, reduced defect density as well as superior thermal conductivity. Also, the 

interface thermal boundary conductance should be maximized. Thermal boundary 

conductance (TBC) is a measure of the ability of a material to transfer heat per unit time, 

given one unit area of the material and a temperature gradient through the thickness of 
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the material [59]. Mathematically, it is given as; 𝑇𝐵𝐶 =
𝑄

𝐴∆𝑇
, where Q is heat flow across 

an interface, A is the area that the heat is passing through, and ΔT is the temperature 

difference between the two sides of the interface.  

Graphitic content in the diamond nucleation layer during growth of diamond on 

non-diamond substrate is one of the challenges faced during integration of diamond on 

non-diamond substrates. As previously discussed, diamond grows via a nano-crystalline 

phase through a complex nucleation process where diamond seed grows laterally and 

vertically to develop into the thicker film. Not all diamond seeds participate in the 

diamond nucleation process to develop into the diamond nuclei or some of them have 

their growth terminated during the early nucleation phase. Such underdeveloped diamond 

seeds may be the source of the non-diamond carbon or graphitic phase. Also, the 

diamond growth mechanism depends on the number of available nucleation sites during 

the early growth stages. Such nucleation sites are provided through nano diamond 

seeding prior to diamond growth. Poor diamond nucleation with low seed density may 

cause voids near or at the diamond-semiconductor interface [39]. Such voids may be a 

possible source for non-diamond carbon. In a recent study, Nazari et. al. [60] reported 

10% disordered carbon or diamond like carbon (DLC) in diamond at the GaN-diamond 

interface where average particle size was less than 20 nm. These non-diamond carbon 

phases have very low thermal conductivity and create significant thermal impedance for 

GaN on diamond devices [61]. 

In order to minimize the challenge associated with the graphitic content during 

diamond growth on non-diamond substrates, this dissertation effort is aimed to improve 

the diamond nucleation process by introducing an innovative electrostatic diamond 
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seeding approach. This approach can achieve the diamond seeding density on any generic 

semiconductor substrates >1012 cm-2. Also, precise control over the diamond seed density 

from sparse to dense range can be achieved through this approach. The following 

advantages are expected with integrating diamond film with this dense seeding approach: 

i. Diamond coalescence will occur via quick lateral coverage during the diamond 

nucleation period. Such a thinner diamond film due to quick lateral coverage 

helps to minimize the non-diamond carbon phase near the diamond-

semiconductor interface. 

ii. Dense diamond seeds provide more nucleation sites for the diamond growth 

with improved diamond nucleation. Diamond grains with desired grain sizes, 

minimum surface roughness and less defects can be grown with dense 

diamond seeding. 

iii. Less voids and spaces between the diamond grains near or at the interface can 

be achieved with dense diamond seeding density. Reduced non-diamond 

carbon, diamond like carbon and amorphous carbon will increases the thermal 

boundary conductance (TBC) between the diamond-semiconductor interface as 

well as the thermal conductivity of resultant diamond film. 

Dissertation Outline 

The first half of this dissertation project encompassed significant effort in the 

optimization of diamond seeding density on Si substrate. Optimization of an electrostatic 

seeding approach to achieve seeding density from the range 108 cm-2 to ˃1012 cm-2 was 

performed. Seeding recipes were extended to achieve dense diamond seed density on 

materials other than Si, including different nitride semiconductors such as GaN, AlN and 
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Al(Ga)N for heterogenous integration of diamond on nitride based devices. The effect of 

seeding density on the growth of diamond films by hot-filament chemical vapor 

deposition from sparse to dense range were studied. Using the dense diamond seeding 

approach, direct integration of diamond on the different nitride semiconductors is studied. 

The effects of diamond seeding density on growth, morphology, quality and 

interfacial/material thermal properties were studied using scanning electron microscope 

(SEM), atomic force microscope (AFM), Raman spectroscopy, x-ray diffraction and 

steady state thermo-reflectance (SSTR) techniques. 

In chapter two, various growth and characterization technique used in this 

dissertation is discussed in detail. The basics chemical vapor deposition (CVD) and metal 

organic CVD have been presented along with a brief description of specific tools used for 

this research. Physical principles of various characterizations technique along with a brief 

tool specific description have also been presented. 

In chapter three, optimization of diamond seed density on various semiconductors 

using electrostatic seeding approach is discussed. The basic principle for the seeding 

approach is presented while discussing dip electrostatic seeding. Later, the limitations of 

dip electrostatic seeding technique were optimized with an innovative seeding approach 

to obtain diamond seed density ranges from 108 cm-2 to 1012 cm-2. An innovative diamond 

seeding recipe along with state of characterization technique such as AFM to determine 

the diamond seed density accurately, is discussed. 

In chapter four, the effects of diamond seed density on the growth of diamond 

film by hot filament chemical vapor deposition from sparse to dense range is presented. 

A multistep growth was performed to understand the growth kinetics of diamond film 
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with different seed density. Scanning electron microscopy (SEM) and Raman 

spectroscopy is used to study the morphology, interface, and quality of diamond film. 

The effect of diamond seeding density on interfacial and material thermal properties are 

also discussed. 

In chapter five, the effect of seed density with diamond growth on gallium nitride 

without dielectric adhesion layer is presented. The quality of diamond and gallium nitride 

material quality before and after the diamond growth is studied in detail and presented. 

In chapter six, the effect of diamond seed density on the quality, morphology and 

interface properties of diamond film grown on aluminum nitride is presented. Structural, 

morphological and thermal properties of thick diamond film grown with sparse to dense 

diamond seeding density is discussed on detail. 

Finally, chapter seven provides a summary of the dissertation, addresses 

conclusion of this work and suggested possible future works.  
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II. CHEMICAL VAPOR DEPOSITION PROCESSES AND    

CHARACTERIZATION TECHNIQUES 

In this chapter, a brief overview of the two main deposition system used for this 

dissertation; hot filament chemical vapor deposition (HFCVD) and metal-organic 

chemical vapor deposition (MOCVD) is described. Also, details of the other instruments 

and characterization tools used for this research is presented. A brief discussion on the 

general physics and working principle of each of the characterization tools is presented. 

Hot Filament Chemical Vapor Deposition 

 

 

  

Hot filament CVD is the oldest and one of the most widely used techniques for 

diamond deposition and was first developed by Matsumoto and co-workers at NIRIM, 

Japan [18,20]. A systematic representation of the HFCVD system is shown in Figure 2.1. 

In this method, diamond particles or films are deposited on a heated substrate from a 

mixture of methane and hydrogen dissociated by hot tungsten, or another high-melting-

 
       Figure 2.1. Schematic representation of HFCVD process for diamond deposition [20]. 
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point metal filament placed close to the substrate. The filament temperature may reach 

around 2200 ℃ during this process [18]. The main role of the hot filament is to dissociate 

molecular hydrogen into atomic hydrogen. At higher pressures (3–4 kPa) the dissociation 

occurs mainly near the filament (without adsorption and desorption) due to the high gas 

temperature. At lower pressures the filament surface acts as a catalyst for adsorption of 

molecular hydrogen and desorption of atomic hydrogen. The dissociation equilibrium is 

governed by thermodynamics [62].  

 

During diamond deposition, the tungsten filaments react with methane and 

undergo carburization [21]. This results in the consumption of carbon from the methane, 

and thus specific incubation is needed for the diamond nucleation. This process may 

 

Figure 2.2. Different parts of the Hot Filament CVD reactor at Texas State University (a) 

Computer control system and power supply, (b)-(c) front side of chamber and inside the 

chamber, (d)-(e) Chamber cooling water loop and Mass flow controllers. 
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affect the early stages of diamond growth. In addition, the resistance of the filament 

should be monitored and adjustments to the supplied voltage and current made in order to 

keep the temperature of the filament constant [21]. A set of new wires is required for 

each deposition because metal carbides are extremely brittle and tend to break off from 

the array during wafer unloading. 

For this dissertation research, the Texas State Hot Filament CVD system was 

used, which was originally manufactured by Crystallume Inc. The various parts of the 

system are shown in Figure 2.2(a)-(e). The recipe for the growth can be optimized by 

using custom built Opto 22 software, shown in Figure 2.2(a). A water-cooled substrate 

holder connected to a rotating motor is used to maintain uniformity during diamond 

deposition. The whole chamber is connected to the building chilled water loop to 

maintain the temperature during the growth, shown in Figure 2.2(d). For diamond 

deposition, we vary the precursor concentration for desired thickness and quality of 

diamond. In general, we supply (1-3) % of CH4 with 3 standard cubic centimeter per 

minute (sccms) of oxygen. The gas inside the chamber is controlled by Mass Flow 

Controllers (MFCs). The diamond growth process for this dissertation was optimized 

using nine tungsten wires of diameter 0.25 mm separated by 1 mm. The array is visible 

over a nano-diamond seeded 100 mm wafer, shown in Figure 2.2(c). The HFCVD reactor 

is capable of depositing diamond with maximum current of 107 A current and a voltage 

of 66 V. The pyrometer reads the surface temperature through the quartz window on the 

back side of the reactor. Increasing pressure increases the growth rate due to increased 

resident time of the reactants. The main knobs to increase the growth rate and affect film 

quality are precursor concentrations i.e., methane concentration, deposition pressure and 
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growth temperature. Substrate to wire distance and wire temperature basically control the 

surface temperature and thereby growth rate. The HFCVD reactor used for this research 

was capable of growing diamond with 0.5-4.5% (10-90 sccm) methane in hydrogen (2 

SLM). Under these conditions the diamond growth can be varied between 0.2 µm/hour 

and 1.5 µm/hour [22]. 

Metal-Organic CVD for III-Nitride Deposition 

MOCVD is a chemical vapor deposition technique that can be used to make 

single or polycrystalline thin films. It's a method for creating a complicated multilayer 

semiconductor structure. It's a non-equilibrium thin film deposition process that utilizes 

gas phase transport of metal-organic precursors (OMs), hydrides (nitrogen sources like 

ammonia), and carrier gases onto a heated substrate, where the precursors are pyrolyzed 

and a film is deposited [61]. This method is preferred for fabricating devices with 

thermodynamically metastable alloys, and it has become a key step in the production of 

optoelectronics like UV to visible light-emitting diodes. 

The components of a general MOCVD reactor system can be grouped into the 

several parts. A systematic representation of a MOCVD system is shown in Figure 2.3. 

The reactor system is categorized into three major sections: (1) the gas delivery system 

(2) the reactor growth chamber and (3) the exhaust system. The detailed chemical 

reactions occurring in MOCVD are very complicated; however, the process can be 

represented by a very simple formula for a reaction of III-V employing metal-organic 

precursors [63] and hydride precursors [63], 

 R3H(g) + EH3(g) → ME(s) + 3RH ↑ (2) 

Where M is a Group III metal atom, e.g., Ga, Al or In; R is an organic radical, 
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typically CH3 (methyl) or C2H5 (ethyl); E is a Group V atom e.g., As, P or N; and H is 

atomic hydrogen. While this simplified net reaction ignores the intermediate reactions or 

additional by-product formation that may occur in the gas phase and on the surface, it 

provides a basic framework that can be used to describe the more complicated cases 

where more than one metal-organic and/or hydride precursors are involved. In MOCVD 

of group III-Nitrides, precursors and their transports are completely different than 

conventional CVD. MOCVD of III-V compound semiconductors generally employs 

mixtures of Group III metal-organic and Group V hydride precursors in a carrier gas. 

Typical carrier gases are H2, N2, or mixture of H2 and N2, and the precursors are 

transported by one or more carrier gases and injected into an open-tube process chamber. 

 

Figure 2.3. Schematic diagram of an MOCVD reactor system [63]. 



 

35 

The reactant gases are mixed in the reactor at high temperatures to generate a 

chemical reaction that results in the deposition of materials on the substrate in the 

MOCVD process. A reactor chamber is often made of materials that do not react with the 

chemical in use. The reactor walls, liner, susceptor, gas injector system, and temperature-

controlled devices make up the chamber. Cooling water must flow via the channels 

within the reactor walls to avoid overheating during the growth process. A substrate is 

placed on a temperature-controlled susceptor. Graphite is commonly used as the 

susceptor. To prevent ammonia corrosion, a special coating, typically silicon nitride, is 

applied to the graphite susceptor while growing III-nitrides and similar materials [64].  

Alternatively, a solid silicon carbide susceptor may be employed. 

Ammonia is a common hydride source for the growth of III-nitrides because it is 

liquid at room temperature and has a high vapor pressure and can be delivered directly 

into the reaction chamber. N2 and H2 are the carrier gases used. Trimethyl aluminum 

(liquid at room temperature), trimethyl gallium (liquid at room temperature), and 

trimethyl indium are the most commonly used organometallic (OM) sources (solid at 

room temperature). Because the OM precursors are pyrophoric in nature, they are kept in 

metal-sealed containers known as "Bubblers." Because OM precursors are either liquid or 

solid at room temperature, they are kept in temperature-controlled baths, and a carrier gas 

is flowed into the bubblers through a dip tube submerged in the organometallic. After the 

carrier gas bubbles through the OM liquid precursor, they become saturated with the 

vapor phase of the OM above the liquid surface. Unless the gas flow rate is too high, the 

bubbling action sets up an equilibrium between the condensed phase and the vapor phase. 

The equilibrium vapor pressure, peq, is normally given by [63], 
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where T is the absolute temperature (K) and A, and B are constants. Equation (3) 

shows that the equilibrium vapor pressure is strongly dependent on the temperature; 

therefore, source bubblers should be kept at a precisely controlled constant temperature. 

The molar flow rate of a metal-organic precursor, Q metal-organic (mol min–1), is calculated 

from:  

 
𝑄𝑚𝑒𝑡𝑎𝑙−𝑜𝑟𝑔𝑎𝑛𝑖𝑐 =

𝑃(𝐸𝑞,𝑇)

𝑃 − 𝑃(𝐸𝑞,𝑇)
×

𝐹𝑏𝑢𝑏𝑏𝑙𝑖𝑛𝑔−𝑔𝑎𝑠

𝐶𝑆𝑇𝑃
 

(4) 

where Fbubbling-gas is the flow rate of the gas flowing though the bubbler (in 

standard cubic centimeters per min, sccm), P is the bubbler pressure (Torr), PEq,T is the 

vapor pressure of metal-organic precursors (Torr) and CSTP is a constant for the molar 

volume of an ideal gas at standard temperature (298.15K) and pressure (760 Torr), i.e., 

22 406 cc mol-1. Precise control of the molar flow rates of Group III precursors is crucial, 

since in most cases of MOCVD growth the Group III molar flow rates govern the growth 

rate and composition (solid mole fraction) of the epitaxial layers. Therefore, precise 

control of the gas flow rate, bubbler total pressure, and temperature of the precursor (and 

thus the bubbler itself) are important for the controllability and repeatability of the 

growth; the required precision control is carried out by mass flow controllers, pressure 

controllers and isothermal baths, respectively [22]. 

The hydride (Ammonia) can be treated as an ideal gas and the flow rate is 

calculated using following simple equation: 

 QNH3
=

FNH3

CSTP
×

Mixture %

100
 (5) 

 

 

 
𝑙𝑛𝑃𝑒𝑞,𝑇 = −

𝐴

𝑇
+ 𝐵 

(3) 
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The ratio QNH3 /𝑄𝑂𝑀 calculated from equations (4) and (5) is called the well-known 

‘V/III ratio’ for MOCVD of any III-V semiconductor. V/III is a universal representation 

of the molar ratio of OM and hydride which affects the properties of deposited film. 

However, the V/III value for any specific material is reactor specific and the same value 

may not always result in similar film properties. 

The MOCVD reactor used for this dissertation research was installed at Texas 

State University in 2014. The common thin films deposited were AlN, GaN and AlGaN 

on Si. To achieve high quality III-nitride films, a process has been developed through 

previous research efforts to deposit on Si. The growth parameters for various III-nitride 

semiconductor alloys are different in terms of V/III, pressure, and temperature. 

Characterization Techniques 

Experimental samples for this research were characterized using several 

morphological and structural characterization tools. A brief discussion on each of the 

tools are presented in following sections. 

Dynamic light scattering. Dynamic light scattering (DLS) is a technique for 

determine the size distribution profile of small particles or polymer in a suspension [4]. 

This technique is also known as Photon Correlation Spectroscopy. This is one of the most 

widely used methods for determining particles size. When a monochromatic beam of 

light, such as a laser, is shone onto a solution containing spherical particles in Brownian 

motion, Doppler Shift occurs when the light hits the moving particles, changing the 

wavelength of the incoming light. This variation is caused by particle size. It is possible 

to compute the sphere size distribution and give a description of the particle’s motion in 

the medium, measuring the diffusion coefficient of the particle and using the 
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autocorrelation function. In DLS, the fluctuation is usually analyzed by means of the 

intensity of photon auto-correlation function. In the time domain analysis, the 

autocorrelation function (ACF) usually decays starting from zero delay time, and faster 

dynamics due to smaller particles lead to faster decorrelation of scattered intensity trace. 

It has been shown that the intensity ACF is the Fourier transformation of the power 

spectrum and therefore the DLS measurements can be equally well performed in the 

spectral domain [65,66]. DLS can also be used to probe the behavior of complex fluids 

such as concentrated polymer solutions. 

 

The basic principle of DLS is straightforward: a laser beam illuminates the 

sample, and the fluctuations of scattered light are detected by a fast photon detector at a 

known scattering angle. The basic set up for the dynamic light scattering technique is 

shown in Figure 2.4(a). Simple DLS instruments that measure at a fixed angle can 

determine the mean particle size over a narrow size range. More sophisticated multi-

 

Figure 2.4. (a) Dynamic light scattering technique to measure size and zeta-potential of 

nanoparticles (b) Malvern Zeta-sizer equipment used for this dissertation. 
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angle instruments can determine the entire particle size distribution. From a microscopic 

perspective, the particles scatter light, imprinting information about their motion. The 

fluctuation of the scattered light can thus be used to learn more about the particles. The 

intensity fluctuations g2(t) are experimentally characterized, and their analysis yields the 

particle diffusion coefficient (also known as diffusion constant).The diffusion 

coefficient D is then related to the radius R of the particles by means of the Stokes-

Einstein Equation [67], 

 
D =

KBT

6πηR
 

(6) 

Where kB is the Boltzmann-Constant, T the temperature, and η the viscosity. 

The correlation of the intensity can be performed by electronic hardware (digital 

correlator) or software analysis of the photon statistics. Because fluctuation is typically in 

the range of nanoseconds to milliseconds, electronic hardware is typically faster and 

more reliable at this job. For this dissertation, a Melvern zeta-sizer equipment was used, 

shown in Figure 2.4(b), for the measurement of diamond nano-particles size, distribution, 

and zeta-potential for both polymer and seeds.  

Zeta-potential and measurement technique. The charge that arises at the 

interface between a solid surface and its liquid medium is known as the zeta 

potential [68]. I.e., the surface charge of nanoparticles in solution, to put it simply. It's a 

useful technique for determining the status of a nanoparticle's surface and estimating a 

colloidal dispersion's long-term stability. The unit for Zeta Potential is millivolt (mV). 

 

https://lsinstruments.ch/en/products/lsi-correlator/
https://lsinstruments.ch/en/products/lsi-correlator/
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Figure 2.5. Systematic of electric double layer (stern and diffuse) formed on the surface of 

charged nanoparticle [68]. 

 

The functional groups on a particle's surface react with the surrounding medium 

when it is disseminated in a liquid. A surface charge is created because of this action 

which draws the aggregation of oppositely charged ions. The stern (ions strongly bonded) 

and diffuse layers of oppositely charged ions on the surface of scattered particles in a 

colloidal system (ions loosely bound) [69], are shown in Figure 2.5. The voltage at the 

diffuse layer's edge where it touches the surrounding liquid is known as the Zeta potential 

(slipping plane). Due to a lack of repulsive forces, the colloid will start to flocculate, 

conjugate, and eventually sediment if the charge of nanoparticles falls below a specific 
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level, creating instability. 

Zeta-potential is measured using the electrophoresis principle [69]. Sample 

particles are suspended in a solvent of known refractive index, viscosity, and dielectric 

constant. The sample is irradiated with a laser of specific wavelength and an electric field 

is applied. Due to the electric field the particles are in motion and scatter the laser light. 

The angle for the scattered light as well as the mobility of the particles are used to 

calculate the zeta-potential using Smulochowski model [69]. 

Atomic force microscope. Atomic force microscopy (AFM) belongs to the group of 

scanning probe microscopy techniques in which the resolution can be down to the atomic 

scale if careful sample preparation and measurement conditions are fulfilled [70]. The 

working principle for AFM is based upon the repulsive forces formed between two 

objects when they are brought closer. An AFM consists of a scanning probe which 

consists of a cantilever. Figure 2.6(a) show a general block diagram of AFM working 

principle. A sharp tip, typically made up of different metals, is in continuous or 

intermittent contact with the sample during the scan depending on the choice of the 

scanning mode. A laser beam is focused on the back of the cantilever tip and deflected 

from the cantilever tip toward a four-quadrant optical detector [71]. For optimum 

detection surface morphology, the laser beam should be aligned appropriately. AFM has 

three primary modes, force measurement, imaging, and manipulation [71]. The force 

between the tip and the sample as a function of separation distance is considered for the 

force measurement mode. The force between tip and sample can be used to control the 

scan resolution of the sample.  
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Figure 2.6. (a) Schematic diagram of an AFM system [72] (b) The Bruker dimension ICON AFM 

at Texas State University. 

 

The AFM used for this dissertation was a Bruker dimension ICON as shown in 

Figure 2.6(b). Most of the measurements were performed in tapping mode. Various 

parameters can be controlled before and during AFM measurement. The most important 

parameters affecting quality of AFM imaging are the feedback parameters: amplitude set 

point, and proportional/integral gains. The gain parameters determine the sensitivity of 

control over the surface features. For example, high gain parameters result in high noise. 

These parameters were varied in order to maximize the agreement between the trace and 

retrace lines. The lines must directly overlap as much as possible, and all the parameters 

are considered only when the lines are overlapped. Cantilever tuning is another important 

factor that affects the measurement accuracy. However, the scan assist mode of the ICON 

AFM was very robust in terms of optimization. In this mode, no parameter except the 

spring constant and peak force are required to change. These parameters too are 

automatically optimized resulting in faster imaging. The most important parameter 
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obtained from an AFM image for the present studies is the root mean square roughness 

given by [73],  

 

𝑅𝑞 = √
1

𝐿
∫ |𝑍2(𝑥)|

𝐿

0

𝑑𝑥 

 

(7) 

where, Z(x) is the function that describe the surface profile analyzed in terms of height 

(Z) and position (x) over the evaluation length L. In addition to RMS roughness, AFM 

was used for determining seeding density, determining defect in nitride semiconductor, 

measuring small step height on sample surface etc. 

Scanning electron microscope. Scanning Electron Microscopy (SEM) is an essential 

tool for the study of the surface and the near surface regions of thin films. The electron 

gun emits a beam of electrons which are accelerated by the presence of an anode. The 

electron beam is focused by a set of electromagnetic lenses which are controlled by a 

magnetic coil. The electron beam accelerating voltage is typically in the range of 1- 30 

keV and, among other things, determine the beam size and resolution of the microscope. 

The scan coils divert the beams to form a scanning pattern on the surface. The electrons 

impact the surface and the near surface region of the sample and react with the atoms 

within the sample under study. A variety of interactions can be used as a signature 

providing information about the sample. The interactions of the electron beam with the 

sample’s atoms produce many secondary electrons such as auger electrons, 

cathodoluminescence, secondary electrons, backscattering electrons, and x-rays [74,75]. 

The schematic view of an SEM chamber is shown in Figure 2.7(a). 
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SEM can also be used for chemical analysis of the sample. There are two types of 

instruments being used for the chemical analysis using X-rays: Energy Dispersive 

Spectroscopy (EDS) and Wavelength Dispersive Spectroscopy (WDS). Both EDS and 

WDS measure the x-rays emitted from the sample. EDS uses an energy height detector 

that can determine the number of photons per second in a certain energy range. WDS 

uses a diffraction device to separate out photons with different wavelength. The 

resolution of WDS is significantly better than that of EDS. EDS can measure all arriving 

energy x-rays from the sample at the same time, but the WDS can measures the counts 

for the arriving x-rays for specific wavelengths. The depth of focus of the scanning 

electron microscope is far better than another optical microscope [75]. For high laterals 

 

Figure 2.7. (a) Schematic view of an SEM chamber [76] and (b) FEI HELIOS Nano Lab SEM 

at Texas State University. 
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and spatial resolution images, scanning electron microscope with minimum electron 

wavelength is used. 

 Figure 2.7(b) shows the FEI HELIOS Nano Lab SEM at Texas State University. 

Two dedicated detectors namely Everhart-Thornley detector (ETD) and through the lens 

(TLD) are mainly used for topographical imaging and they can detect both secondary 

electrons (SEs) and backscattered electrons (BSEs). Usually, for lower resolution 

imaging in field free mode, the ETD is employed. For high resolution imaging TLD is 

always used in immersion mode of the SEM [77]. The images produced by detecting SEs 

provide valuable information about the topography of the sample whereas the image 

produced by detecting BSEs give much more information about the composition of the 

sample. Each of the detectors has its own application in specific samples. Some advanced 

detecting option such as solid-state detector (vCD), down hole visibility is also available 

in SEM to image at low accelerating voltage. With the SEM shown in Figure 2.7(b), with 

electron beam energy as low as 1.5kV is capable of yielding operation resolution down to 

1 nm given that any insulating sample is properly grounded. In addition to general 

imaging, this SEM is equipped with Energy dispersive X-ray (EDX) capability. Electron 

beam deposition, Electron beam lithography, focus ion beam (FIB) are some other 

capabilities. This SEM was the primary tool for the characterization of deposited 

diamond and III-nitride films. In addition, FIB cross section of the deposited films was 

also performed using this tool. 
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Raman spectroscopy. Raman spectroscopy is a spectroscopic technique typically 

used to determine the vibrational modes of molecules, although rotational and other low 

frequency may also be observed. Raman spectroscopy relies on inelastic scattering of 

photons that involves absorption of incident high intensity laser light by a polarizable 

sample and causes a transition from the ground electronic state to an excited or virtual 

state. The energetic system then goes through a radiative relaxation via a transition from 

the virtual state to a lower energy electronic state by spontaneous emission of a photon 

and either creating (Stokes’s process) or absorbing (anti-Stokes’s process) a vibrational 

quantum of energy (a phonon in crystals) [78]. The emitted photon has a shifted energy 

from the incident excitation photon energy (hωL) by the phonon energy. In conventional 

Raman spectroscopy, only Stokes processes are studied because of their higher 

intensities. The Raman spectra of intensity versus emission photon energy exhibits peaks 

at energy Es=hωs which corresponds to the vibrational energies involved in the 

process [79]. Note that in Raman spectroscopy, change in vibration energy is written as 

inverse of wavelength as 1/λ (cm-1) =ΔE/hc where ΔE= hωL- hωs. Not all the vibrations 

give Raman peaks. This is dictated by Raman selection rule. The Raman selection rule 

can be derived from the kinematics of inelastic scattering of light in term of conservation 

of energy and momentum as [79,80]; 

 ℏ𝜔s= ℏ𝜔L − ℏ𝜔p (8) 

 

 Where, ℏ is Planck’s constant and ℏw is the energy of the laser (L) excitation 

photon, scattered (S) photon, or phonon(P) either created (-, Stokes) or annihilated (+, 

anti-stokes) in the Raman process. The ℏk momentum term in equation (9) are 

 ℏ𝒌s=ℏkL + ℏkp ±ℏK (9) 
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analogously labelled with the last term accounting for a reciprocal lattice vector (K). The 

nearly vertical dispersion of light, relative to the size of first Brillion zone, result in the 

important Kp=0 selection rule for the first order Raman scattering in the crystals. The 

other selection rule is derived from the polarization of the incident and scattered light, 

eL(S), and the propagation and polarization properties of phonon in particular crystal 

symmetry according to [80], 

IA, IAS } I0VωLωs
3 ∑|eL. Rj. es|2 {

nB(ωp,T),   anti−Stokes

nB (ωp,T)+1,   Stokes  
 

(10) 

Where, I0 is the intensity of incident laser, V is the scattering volume, and Rj is the 

Raman Tensor for the phonon of the crystal structure being measured with j displacement 

direction. Is is the Stokes (S), and IAS is the anti-Stokes (AS) scattering intensity. The 

quantity nB (𝜔, T) is Bose function at energy ℏ𝜔 and absolute temperature T.  

The Raman spectrum of single-crystal diamond is dominated by the first-order 

Raman line at 1332 cm−1, which corresponds to the vibrations of the two-interpenetrating 

cubic sublattices. For an infinite lattice only the zone-center phonon modes are observed 

in the first-order spectrum, a requirement which is relaxed when the crystallite size is 

reduced. The first-order Raman modes are triply degenerate TO(X) phonons of F2g 

symmetry [81]. In an isotropic diamond crystal, they consist of one longitudinal mode 

(singlet) relative to the direction of propagation and two degenerate transverse (doublet) 

modes.  

Raman spectroscopy is a powerful technique often used to study CVD diamond 

films [18,21]. Excitation using laser wavelengths in the UV and visible regions are most 

used, and for diamond films these typically produce spectra with a limited number of 
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characteristic peaks, including the diamond peak (~ 1332 cm−1), the D and G bands from 

graphitic impurities, and sometimes the 1150 and 1450 cm−1 bands from sp2 carbon 

impurities at the grain boundaries of nanophase diamond [82].This technique can be used 

to assess several properties such as stress, crystallite perfection, phase purity, crystallite 

size and thermal conductivity of diamond films. The sharp Raman lines can be used to 

recognize cubic diamond against a background of graphitic carbon and also to 

characterize the graphitic carbon. Trends in the diamond volume fraction were obtained 

by calculating the ratio of integrated intensities (area under the curve after background 

correction) of diamond peak, ID, to the total intensity from diamond plus that from the 

non-diamond carbon, INDC. This is expressed as 𝐼𝐷/ (𝐼𝐷 + 𝐼𝑁𝐷𝐶). The phase purity (sp3/sp2 

ratio) of the diamond layer can be calculated using equation [83]: 

 PP = (75 × Ad)/ (75 × Ad + Σ Andc) × 100% (11) 

 where, PP is the phase purity, Ad is the diamond peak area, which was fitted with a 

Lorentz profile, ΣAndc is the sum of all non-diamond peaks area including D- and G-

peaks, which were fitted with a Gaussian profile. The small shift in the diamond peak 

wave number have been related to the stress state of deposited films [81]. Several 

researchers have reported various equation for the stress measurements [22,82]. It is 

important to note that the biaxial stress depends on the orientation of the polycrystalline 

diamond. According to Prawer et al. [81] the biaxial stress can be given by, 

 𝜎𝑥𝑥(𝐺𝑃𝑎)=𝑘𝛥w (12) 

where, Δω represents the diamond peak shift from single crystalline diamond peak ω and 

k is the Raman stress factor. 
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Ultraviolet micro–Raman spectroscopy. The systematic representation of the UV 

Raman system at the optical characterization lab at Texas State University is shown in 

Figure 2.8. A laser beam is used on this system to scan the samples instead of a point. 

The laser excitation for the micro-Raman system used for characterizing the present 

samples was 363.8 nm excitation from an argon-ion laser focused on the sample through 

a Powell lens. The Powell lens can be visualized as a prism with a small radius at one 

edge, which operates as a cylinder lens with radius of curvature decreasing from center to 

edge. Due to such a geometry, a monotonic decrease in divergence takes place from 

center to edge of the lens resulting in a uniform intensity along its length. The non-

uniformity in beam intensity along the line can be less than 10%. Powell lens converts the 

point beam into a laser line and Raman measurements were carried out using a 10× 

objective for a nominal line size of ~192 μm. This laser line corresponds to 400 pixels in 

the charged coupled device (CCD) detector and each pixel corresponds to one Raman 

spectra.  
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For this project, the Raman system was calibrated at the beginning of the 

measurement with both Neon and Argon lamps. The wave number calibration was made 

using a diamond anvil cell prior to measurement with the Raman shift of 1330.9 cm-1. 

The laser power for the UV excitation was ~ 50 μW, acquisition time for Raman spectra 

collection was 60 sec. Lorentzian peak fitting was performed for all spectra collected 

across diamond samples and peak position, width, diamond/non-diamond phase volume 

fraction and intensity were recorded for them. 

 

Figure 2.8. Schematic diagram of the UV Raman set-up at the optical characterization 

laboratory, Texas State University [22]. 
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Visible micro-Raman spectroscopy. In addition to UV-micro-Raman 

spectroscopy, the diamond samples were also scanned from the visible Raman 

spectroscopy using HORIBA scientific (Lab RAM HR Evolution) at Texas State 

University. Figure 2.9 shows the image of the visible Raman system at Texas State 

University. The visible system works within the same principles as UV with only a 

difference in laser wavelength. Three excitation lasers 532 nm, 633 nm and 785 nm are 

available on this system. For visible Raman measurements on the present samples, 532 

nm laser excitation was used. This system has the capability to measure spectra with high 

resolution < 0.5 cm-1. The system is equipped with motorized XYZ stage for optical 

 

Figure 2.9. The Lab RAM HR evolution visible Raman system (HORIBA scientific) of ARSC 

at Texas State University (a) Front view and (b) Backside view. 
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mapping. Figure 2.9(a) represent the front view of the system showing objective, 

translational stage and a set up box containing the spectrometer, grating, detector and 

filter. The visible lasers and Lab Ram controller is shown in the backside view of the 

system in Figure 2.9(b). 

X-ray photoelectron spectroscopy. X-ray photoelectron spectroscopy (XPS) is a 

surface-sensitive quantitative spectroscopic technique based on the photoelectric effect 

that can identify the elements present in a material (elemental composition) or on its 

surface, as well as their chemical states, and the overall electronic structure and density of 

the electronic states in the material. XPS is a useful measurement method since it 

displays not only what components are there, but also what other elements they are bound 

to. When combined with ion-beam etching, the process can be utilized for line profiling 

of the elemental composition over the surface or in-depth profiling. It's frequently used to 

investigate chemical reactions in materials in their natural condition or after cleavage, 

scraping, heat exposure, reactive gasses, or solutions[81]. 

XPS is a type of photoemission spectroscopy in which electron population spectra 

are obtained by irradiating a material with an x-ray beam. Chemical states are deduced 

from measurements of kinetic energy and the number of electrons ejected. XPS requires 

high vacuum (residual gas pressure p~106 Pa) or ultra-high vacuum (p <107 Pa) 

conditions, though ambient-pressure XPS, in which samples are analyzed at pressures of 

a few tens of millibars, is a current area of development. 
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XPS works based on photo-electric effect principle, shown in Figure 2.10(a). 

Because the energy of an x-ray with particular wavelength is known (for Al Kα x-rays, 

Ephoton = 1486.7 eV), and because the emitted electrons' kinetic energies are measured, the 

electron binding energy of each of the emitted electrons can be determined by using the 

photoelectric effect equation [84,86];  

 E binding = E photon - (E kinetic+∅) (13) 

 

 

 Figure 2.10. (a) Basic principle for XPS [85] (b) Nexsa photoelectron spectroscopy at Texas 

State University. 
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where Ebinding is the binding energy (BE) of the electron measured relative to the 

chemical potential, Ephoton is the energy of the x-ray photons being used, Ekinetic is the 

kinetic energy of the electron as measured by the instrument and ∅ is a work function-

like term for the specific surface of the material, which in real measurements includes a 

small correction by the instrument's work function because of the contact potential. This 

equation is essentially a conservation of energy equation. The work function-like term ∅ 

can be thought of as an adjustable instrumental correction factor that accounts for the few 

eV of kinetic energy given up by the photoelectron as it gets emitted from the bulk and 

absorbed by the detector. For this dissertation, we used Thermo Fisher Scientific Nexsa 

x-ray photoelectron spectrometer (XPS) shown in Figure 2.10(b) to characterized 

diamond phase. 

Surface profilometer. A profilometer is a highly specific metrological measurement 

device that is used for the determination of the thickness and roughness of a thin film. It 

is a very precise instrument as it is expected to have the ability to find or quantify small-

scale surface features. The primary uses of the surface profilometer are focused on 

characterizing a surface’s profile to quantify its roughness. Critical dimensions such as 

step size, curvature, and flatness are computed from the measured surface profile [87]. A 

typical profilometer requires the probe tip to be in direct contact with the sample surface, 

thus making it potentially a destructive measurement technique [87]. A systematic 

diagram of a simple stylus profilometer measurement set up is shown in Figure 2.11(a). 

For this dissertation, the profilometer used was a Dektak XT surface profile meter, shown 

in Figure 2.11(b). The instrument was used to determine the surface roughness and the 

thickness of the diamond films at a different position on the samples. The Dektak XT 
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profilometer is an advanced thin and thick film step height measurement tool which can 

measure the roughness on the nanometer scale. It can provide the step-height with 

repeatability of 5 Å. It is equipped with an automatic X-Y plus theta stage which allows 

2D as well as 3D scans. The principle of the profilometer is based upon the surface 

contact measurement technique where a deficient force (1-15 mg) stylus is dragged 

across the sample surface. 

 

X-ray diffraction. All materials have unique properties such as structural, physical, 

mechanical, thermal, and electrical properties. These properties must be investigated in 

order to gain a better understanding of how different materials can be meaningfully 

applied in semiconductor devices. Analytical tools for studying structural, physical, 

morphological, optical, and electrical properties, among other things, have been 

developed. The study of structural properties is important because it determines the 

 

Figure 2.11. (a) A schematic diagram of the stylus profilometer measurement set up [87] (b) 

The Dektak XT stylus profilometer of ARSC at Texas State University. 
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remaining properties of the materials. X-ray diffraction is a technique used to study the 

order of atoms in materials and to determine the crystal structure and quality of the 

material. 

 

The method employs a monochromatic x-ray beam that is directed at a precise 

angle onto the sample surface. The x-ray interacts with the sample in the same way that a 

light beam interacts with a grating, and the diffraction effect discloses the crystal 

structure of the materials under investigation. The x-rays are constructively reflected and 

detected by the XRD apparatus in the case of a suitable orientation of crystallographic 

 

Figure 2.12. (a) Schematic representation of Bragg’s law where λ is x-ray wavelength, n is an 

integer, θ is the incident angle and dhkl is the lattice spacing of the (hkl) crystal plane and (b) 

Rigaku Smart Lab XRD system at Texas State University. 
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planes within the sample. The intensity of an x-ray beam diminishes as it travels through 

a substance, and this decline is proportional to the distance traveled through the 

substance. Only a small number of distinct x-rays are commonly employed for 

diffraction. X-rays are created with an x-ray tube, in which an electron beam is 

accelerated towards a target by a high electric potential. Upon impact, the electrons will 

excite and ionize the target atoms creating element-specific x-rays of specific 

wavelengths. When the voltage on an x-ray tube is increased above a specific value, then 

the wavelengths of characteristic lines of target metal are obtained. These characteristic 

lines are denoted by Kα, Kβ, and Kγ. These characteristic lines were discovered by W.H. 

Bragg. He and his son W.L. Bragg pioneered determining the crystal structures of NaCl, 

KCl and KBr, etc. [88]. The famous Bragg’s law was formulated based on the conditions 

of constructively diffracting x-rays [88,89];  

Where,’ λ’ is the wavelength of incident radiation, ‘ϴ’ is the angle of incidence, 

‘𝑑ℎ𝑘𝑙’ is interplanar spacing between two adjacent crystallographic planes and ‘n’ is an 

integer. The integers should be whole numbers in order for x-rays to be diffracted 

constructively. The schematic representation of Bragg’s law is shown in Figure 2.12(a). 

Bragg’s law suggests that diffraction is only possible when  ≤ 2d. The X-ray spectrum 

for any material is plotted as x-ray intensity versus 2θ graph. The obtained spectrum is 

analyzed by comparing with the x-ray crystallographic library or database to obtain the 

orientation and composition of the layers in the grown structure. The lattice constants and 

many other structural properties such as crystal quality, strain, defect etc. can be 

accurately evaluated using XRD.  

 2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃=𝑛𝜆 (14) 
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To study the structural properties of the films deposited during this dissertation 

research a Rigaku Smart Lab XRD system was employed as shown in Figure 2.12(b). 

The wavelength used for the measurements was Cu Kα, λ = 1.5418 Å and the x-ray tube 

operated at 40 kV and 44 mA. In addition to standard θ/2θ scan, other types of scans were 

employed to study the diamond and III-nitride semiconductors. To study the quality of 

crystal and defect in crystal, a rocking curve (ω scan of a specific plane), reciprocal space 

mapping (RSM) was performed. An extended rocking curve between 2θ = 33.5° and 37° 

of AlGaN/GaN revealed the (0002) planes of these materials which was often used as a 

quick determination of crystal quality.  

Steady state thermo-reflectance. With steady state thermo reflectance (SSTR), one 

can measure the thermal conductivity of a variety of materials over a wide range. It is a 

radial heat flow technique based on a continuous wave pump and probe laser [90]. The 

SSTR is robust and is capable of measuring materials whose thermal conductivities range 

from 1 to >2000 W m−1 K −1, showing excellent agreement with literature values. 

The SSTR technique has key advantages compared to conventional steady-

state techniques like time and frequency domain thermo-reflection. First, it can measure 

high throughput, usually within 10 minutes depending on resolution requirements. 

Second, SSTR is non-contact, requiring no attached thermocouple. Compared to TDTR 

and FDTR, SSTR is facilitated with the deposition of thin metal film transducers. Due to 

the time scales associated with SSTR measurements (i.e., > tens of microseconds) being 

much longer than the lifetimes of photoexcited carriers, an additional transducer may not 

be required. In addition, steady-state techniques require large thermal resistances for 

accurate measurements so that the minimum sample volume required scales with the 
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sample's thermal conductivity. Unlike SSTR, thermal penetration depth in SteadyState 

laser heating is solely governed by the pump radius. In this sense, the measurement 

volume of SSTR is independent of the material's thermal properties. 

 

A schematic diagram of steady state thermo reflectance (SSTR) experiment is 

shown in Figure 2.13(a). The principle of SSTR is based on detection of reflectivity (R) 

due to an induced temperature(T) rise in the materials. In some cases, the reflectivity 

changes due to induced temperature is very small and in the order of 10-5 to 10-4 K-1 [90]. 

This issue can be overcome by using a periodic heat source with lock-in amplification 

(LIA) techniques by amplification and electronic filtering. In addition, a periodic 

waveform analyzer (PWA) with a boxcar average can be used with large enough 

sampling time to extract a periodic signal. A constant heat flux is typically used in 

 

 

Figure 2.13. (a) Schematic of the Steady-State Thermo Reflectance (SSTR) experiment [84] (b) 

Texas State SSTR set up. 
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steady-state techniques to induce a transient temperature rise followed by a steady-state 

temperature rise. The transient portion of the temperature rise, which can last for hours in 

bulk techniques, is ignored, and only measurements in the steady-state regime are taken. 

Thus, the idea behind SSTR is to modulate the pump beam with a square wave at a low 

enough frequency to allow for an "on" and a "off" state to achieve the steady-state 

temperature rise. We can control the temperature rise of the "on" state by varying the 

power (heat flux) of the pump beam. We can use Fourier's law to determine thermal 

conductivity based on the linear relationship between heat flux and temperature by 

measuring the corresponding change in reflectivity (temperature) [90]. 

Figure 2.13(b) depicts a general experimental setup for SSTR at Texas State 

University's optical characterization lab. It is made up of a probe laser with a wavelength 

of 633 nm and an output power of up to 21 mW and a pump laser with a wavelength of 

532 nm and an output power of up to 4W. To modulate the pump, a mechanical chopper 

is used. A balance photodetector with a beam splitter is used to monitor the pump 

waveform and power. To avoid detector saturation, a neutral density filter is placed in 

front of the pump photodetector. The transmitted power is then reflected by a cold mirror 

and focused on the sample by an objective lens. The probe travels through the cold mirror 

and is detected. For this research, a pump laser of power 600 mW and probe laser with 21 

mW was used. A transducer layer comprised of aluminum is deposited on top of diamond 

film via e-beam deposition for the measurements. The beam was focused using 10X 

objective with approximate beam size of ~ 40 μm. The data were analyzed by a python-

based program built by the optical characterization lab at Texas State University. 
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III. STUDY OF AND OPTIMIZED NANO-DIAMOND SEEDING ON 

SEMICONDUCTORS 

Nano-diamond seeding is a well-established route toward the CVD (chemical 

vapor deposition) synthesis of diamond thin films. The method is based on the deposition 

onto the substrate of nano-diamond particles which act as a pre-existing sp3 seed. In this 

chapter, an innovative approach is presented to disperse nano-diamond seeds on substrate 

surface coated with a cationic polymer. A dense nano-diamond seed density is obtained 

on different semiconductors such as Si, AlN and GaN by taking advantage of electrostatic 

van der Waal force developed between the diamond nanoparticles with the polymer 

coated substrate. Also, optimized seeding process is presented with thin polymer layer on 

semiconductor surface with a sonication process to obtain dense diamond seed density 

over 1012 cm-2.  

Introduction 

On most non-diamond semiconductor substrates, a seeding step is generally 

needed to grow diamond film prior to diamond deposition. This is because diamonds 

have a very different surface energy from the substrate. For example, A diamond's 

surface energy is 9.4 J/m2 along (100) whereas Si has a surface energy of 2.12 J/m2, 

making it hard to nucleate diamond directly on Si without providing nucleation sites [91] 

through, for example, diamond seeding. So, an enhanced seeding density step is required 

for the growth of a thick diamond film on a non-diamond substrate.  

Various attempts have made to enhance diamond seeding density on non-diamond 

substrates [28,83,92–97]. Some common diamond seeding techniques are chemical 

nucleation [98], nucleation through surface damage [99], bias enhanced nucleation [100], 
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nucleation through photoresist [27], electrostatic seeding [28] and mixed diamond 

seeding [101]. The seeding density by this technique can be obtained in the range of 104 

to 1011 cm-2. Some attempts have been made to get the nucleation density ̴ 1012 cm-2 [57]. 

The enhancement of diamond seeding density on semiconductor surfaces has been 

reported by various groups. Williams et al. [24] used a solution of monodispersed nano-

diamond seeds prepared by the milling technique to enhance diamond seeding density on 

Si to  ̴ 1011 cm-2. Mandal et al. [102] showed that the use of hydrogenated seeds on GaN 

leads to high seeds density  ̴ 1011 cm-2 using hydrogenated seeds and low seed density <

1011 cm−2 using oxygenated diamond seeds. They found that the diamond van der Waal 

bonding depends on the zeta-potential on the substrate and the diamond seeds. Tiwari et 

al.[83] used a platinum surface coated with adamantane and found the seeding density ̴ 

107 to 108 cm-2.  The bias enhanced nucleation method described by Arnault et al. [100] 

showed the maximum seed density of 1010 cm-2. Seeding density of  ̴ 3 × 1010 cm-2 has 

been reported by Barnes et al.[84] by a mixed technique by the use of scratching in 

combination with carbon deposition or other metal deposition. Sood et al.[81] reported a 

diamond seed density greater than 1012 cm-2 by ultra-sonification on ethanol-based nano-

diamond slurries. Later, the same seeding technique implemented by Bai et al.[85] found 

the seeding density of 3 × 1011 cm−2.  

There are few reports of achieving seed densities in excess of 1012 cm-2 with +5 

nm ND seeds [81]. Such high-density numbers, in some cases, inferred from diamond 

grain density after a certain amount of growth. So, it should be taken caution to determine 

seeding density on such cases since secondary nucleation may also occur during that 

condition and seems to have enhanced seeding density. 
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In this chapter, an innovative approach to obtain dense nano-diamond seeding 

density on semiconductors is discussed in detail. A straightforward approach is presented 

to disperse nano-diamond on a substrate by taking advantage of electrostatic van der 

Waals bonding between the oxygen terminated carboxylate diamond nanoparticles and a 

cationic polymer. By simple dipping of the polymer coated substrate into the nano-

diamond solution, electrostatic interactions ensure a spontaneous grafting of the particles 

onto the substrate surface. An approach to achieve the dense diamond seed density and 

following optimization and development of seeding recipe is presented. Later, the 

technique is used on different semiconductors such as Si, AlN and GaN to obtain 

maximum diamond seeding density.  

Experiment and Results 

Size and zeta-potential measurements. For diamond seeding, there were different 

alternatives for cationic polymers such as poly (ethylenimine), poly (diallyl dimethyl) 

ammonium chloride, poly (2-dimethyl(aminoethyl)methacrylate, poly (I-lysine), and 

chitosan. Among these, a cationic poly (diallyl dimethylammonium chloride) or PDDAC 

polymer with positive zeta-potential was used due to its feasibility as well as substantial 

cost effectiveness. The PDDAC polymer had a molecular weight of 100,000–200,000 

g/mol, 20 wt. % water, pH ∼ 7 (Sigma Aldrich, St. Louis, MO, USA). The diamond 

nanoparticles were commercially available carboxylate nano-diamond (Adamas Nano, 

Raleigh, NC, USA) and were specified as monodispersed diamond nanoparticles at 1 wt. 

% in de-ionized (DI) water, with solution pH ∼7. Prior to seeding, we measured the size 

of diamond nanoparticles and zeta-potential for both diamond seeds and PDDAC 

polymer with a dynamic light scattering (DLS) technique using a Malvern Zetasizer Nano 
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ZS equipped with a 633 nm laser. The diamond seed size and potential between the seed 

and polymer plays an important role for the uniformity and distribution of diamond nano 

seeds during diamond seeding [28]. Backscattering configuration was used to determine 

the average particle size based on 100 × 30 s scans and the zeta potential of 300 scans. 

For polymer zeta-potential measurements, the PDDAC polymers were further diluted 

with 1 mM aqueous KCl prior to zeta-potential measurement. The small amount of KCl 

acts as a background electrolyte to ensure that low impurity concentrations do not 

adversely affect the DLS measurement [105].  

 

 

 

Figure 3.1. Zeta- potential measurement on PDDAC and diamond seeds using dynamic light 

scattering technique. 
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The results for measurement on zeta-potential for polymer and diamond seed is 

shown in Figure 3.1. Based on the measurements, the back scattering intensity for the 

zeta-potential measured for the diamond seeds and the PDDAC polymer is found 

maximum at ̴ 51 mV and ̴ -47 mV, respectively. The average zeta potential calculated 

based on five different sets of measurements for diamond seeds and PDDAC polymer are 

−47.0 ± 2.1 mV and 51.2 ± 11.4 mV, respectively. These measurements show that there 

is a large potential difference between the polymer and the diamond nanoparticles that 

promotes self-assembly of the nanoparticles on the polymer coating for achieving high 

diamond seed density. Similarly, the size of the nano-diamond seeds was measured from 

the back scattering technique using Malvern Zeta-sizer. The result is shown in Figure 3.2. 

The diamond particle sizes are tightly clustered below ∼15 nm with the maximum in the 

distribution occurring at the hydrodynamic size of ∼3 nm. 

 

 

 

Figure 3.2. Dynamic light scattering data of the diamond nano-particle size distribution in the 

solution. 
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Dip electrostatic seeding process. For the process development, the dip electrostatic 

seeding approach developed by Girard et al.[28] was the starting reference point. The 

principle for the electrostatic seeding approach is to bond diamond nano-seeds on the 

polymer coated substrate by weak van-der Waals force to achieve a dense nano-diamond 

seed density. The basic steps for the electrostatic dip seeding approach used for this 

project is shown in Figure 3.3. 

 

 

First, the semiconductor samples were rinsed with acetone, methanol, and 

isopropanol prior to diamond seeding to remove any organic contaminants on the surface. 

The cleaned sample was then dipped on the PDDAC polymers for ̴ 5-15 min to make a 

uniform polymer coating and functionalize the semiconductor surface with positive 

charge. The polymer coated samples were flushed with de-ionized water to remove the 

 

Figure 3.3. Dip electrostatic seeding approach for diamond seeding on non-diamond 

semiconductors. 
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thick polymer layers. The thickness of the polymer was not considered for this seeding 

approach. The wafers were then dried with N2 gas and then dipped in the nano-diamond 

slurries with negative zeta-potential. Here the zetapotential difference was maintained 

between the polymer (positive) and the nano-diamond slurries (negative). The immersion 

time in the nano-diamond slurry was varied between 5-60 min. The samples were then 

flushed with water in order to remove the weakly bonded nano-diamond seeds from the 

surface and again dried with N2 gas. The seeded sample was characterized with atomic 

force microscopy (AFM) using tapping mode with a Pt-tip to determine the diamond 

seeding density and surface morphology. 

Figure 3.4(a) represent the (5×5) μm2 scan for the seeded Si substrate from dip 

electrostatic seeding process explained earlier. Nano diamond seed clustering was 

observed on the seeded sample. The cluster size varies non-uniformly from a minimum 

10 nm to maximum 150 nm as seen from the line profile on the AFM image shown in 

Figure 3.4(b). The nano-diamond seed clusters are due to the polymer peeling from the 

substrate surface due to its water solubility during the seeding process. The polymer that 

has peeled then forms a three-dimensional island where nano diamond seeds attach 

electrostatically to form clusters.  
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Figure 3.4. (a) (5×5) μm2 AFM scan from the seeded Si substrate from dip electrostatic seeding 

approach (b) Line profile from AFM images shown in (a) and (c) Diamond nano-seeds 

distribution from AFM images measured from scanning probe microscope image processing 

software Gwyddion. 
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The statistical data for size, density, number, and total projected area covered by 

nano-diamond seeds on the seeded samples were analyzed by using scanning probe 

microscopy (SPM) data analysis software Gwyddion [106]. It's a multiplatform software 

for SPM data analysis. It allows users to execute all of the essential actions required for a 

proper examination of SPM data. Basic visualization of SPM data, such as false color 

representation, shading, edge detection, profile extraction and treatment, data filtering, 

and so on, are among the many capabilities available. For our samples, we used 

Gwyddion to create a mask for identifying each individual nano-diamond seeds from 

seeded substrate. The marking of grains was properly adjusted by removing the defects 

on the scans such as outliers and scars/ strokes based on water shield algorithm [28]. The 

operation of masked data was converted into the statistical data to calculate the mean 

grain size, total area covered by the seeds, nano-seed counts and density.  

Figure 3.4(c) show the diamond nano-seed distribution from (5×5) µm2 AFM 

scan, shown in Figure 3.4(a), analyzed using Gwyddion software. From analysis, we 

found that the seed density calculated was ~1011 cm-2 with ~ 60 % projected area covered 

by the diamond seeds. We achieve dense seed density on the substrate by this approach, 

but the clustering of nano-diamond seeds on the seeded substrate is expected to impact 

uniform nucleation of diamond during HFCVD growth. Thus, this approach was 

modified by developing an innovative approach called the mixed electrostatic seeding 

process. 
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Mixed electrostatic seeding process. Based on the analysis of the dip electrostatic 

seeding process; it was concluded that the clustering of nano-diamond seeds on the 

seeded substrate should be minimized in order to improve the diamond nucleation 

process during HFCVD growth. The possible cause of seed clustering on seeded substrate 

was hypothesized to be the water solubility of PDDAC polymer causing polymer peeling 

during diamond seeding. The dip electrostatic seeding approach was modified, as shown 

in Figure 3.5. 

 

 

For this seeding process, the polymer thickness on the substrate is optimized prior 

to diamond seeding. A thin uniform polymer is coated on the substrate by the spin 

coating technique. ~ 2.5 ml of PDDAC polymer was dispensed on the substrate and 

 

Figure 3.5. Modified dip electrostatic seeding approach for diamond seeding on non-diamond 

semiconductors. 
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coated uniformly by spin coater with spin parameter of 5500 rpm speed and 2500 rpm 

acceleration. The polymer thickness after coating was ~1.9 µm. The polymer thickness 

could then be reduced layer by layer by ~300 nm by multistep water flush. The substrate 

was then soft baked at 50 °C for 10 sec. The polymer coated substrate was immersed in 

the nano-diamond seed slurry and sonicated for 5-60 min. The sonication process is 

expected to reduce aggregation and potential void formation due to peeling of nano-

diamond patches after prolonged seeding times. Following the seeding, all samples were 

rinsed with water and lightly dried with N2 gas to remove poorly attached seeds from the 

substrate surface. 

The seed coverage on the Si substrate with different submerging/sonication on the 

nano-diamond slurries were analyzed by varying the sonication time from 5-60 min with 

5 min time interval. The AFM morphology for the diamond seed coverage with different 

sonication is shown in Figure 3.6(a)-(l). The seed coverage on the Si substrate increases 

continuously with increasing the submerging and sonication time on nano-diamond 

slurries. The seed clustering was found to be minimized significantly with this approach, 

using the sonication process. A few nano-diamond agglomerates can still be observed 

across a few positions within the seeded samples. The increasing seed coverage with 

increasing sonication indicates the change of seeding density on the samples. The profile 

height for the seeded samples measured by AFM increases continuously with increasing 

sonication time. After 40 min of sonication, the sample surface was found to be 

completely covered with diamond nano-seeds and no significant change of surface 

morphology was observed by AFM.   
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Figure 3.6. AFM morphology of seeded Si substrate showing variation on nano-diamond seed 

coverage on Si substrate with different sonication time. 
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Seeding density was calculated from AFM images over at least three different 

positions on the samples by using SPM image processing Gwyddion software, explained 

earlier. Figure 3.7(a) show the variation of nano-diamond seeding density on Si with 

changing sonication time from 5-60 min in the nano-diamond slurry. Based on the 

 

 

Figure 3.7. Seeding density variation with sonication time on nano-diamond slurries on (a) Si, 

(b) AlN and (c) GaN. 
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observations from AFM of surface morphology, shown in Figure 3.6, and seed density 

calculation, the nano-diamond seed density increases with increasing sonication time. 

The seed density changes continuously from ~108 cm-2 to ~1012 cm-2. The seed density 

change is linear until 45 min sonication. After 45 min the seed density remained nearly 

constant at ~1012 cm-2. It is deduced that the nano-diamond seeds have saturated the Si 

substrate resulting in maximum seed density. The AFM profile height also increased with 

increasing sonication time and then remained constant after 45 min. The seeding process 

was then optimized for surfaces such as AlN and GaN, with results for the seeding 

density as was found for Si substrate. The results for seeding density measured with 

sonication time is shown in Figure 3.7(b) and (c). These data indicate that the seeding 

process is also applicable for other substrates and independent of its surface charge and 

morphology.  

Figure 3.8 show the morphology of Si, AlN and AlN surface before and after the 

diamond seeding. All samples before the diamond seeding ware smooth with average 

surface roughness < 1 nm, as shown in Figure 3.8(a)-(c). The surface was completely and 

uniformly covered with nano diamond seeds without voids or space, shown in Figure 

3.8(d)-(f). The measured seed density for Si, AlN and GaN is found to be 2×1012cm-2, 

3.2×1012cm-2and 3.1×1012cm-2, respectively. This seeding density is maximized and 

achieved for first time with this approach. 
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Summary 

Diamond seeding density is optimized on different semiconductor substrates by 

an electrostatic seeding process. Dip electrostatic seeding helps to bond diamond nano-

seeds on the polymer coated substrate electro statistically. A maximum seeding density of 

 

Figure 3.8. (a)-(c) Morphology of Si, AlN and GaN surface respectively prior to diamond 

seeding (d)-(f). Morphology of Si, AlN and GaN surface after diamond seeding with mixed 

electrostatic approach with 60 min sonication. 
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~ 1×1011 cm-2 on Si substrate was achieved using the dip electrostatic seeding approach. 

The clustering of nano-diamond seeds due to polymer peeling during seeding was found 

to be a major problem with this seeding process. Subsequently, the seeding process was 

modified and optimized by first coating a thin polymer on the semiconductor surface and 

then sonication for diamond seeding, thereby substantially reducing seed clustering and 

the problem of polymer peeling during seeding. The optimized seeding process achieved 

the maximum seeding density of over ~1012 cm-2on different semiconductor surfaces such 

as Si, AlN and GaN. 
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IV. EFFECT OF SEEDING DENSITY ON THE GROWTH OF DIAMOND 

FILMS BY HOT-FILAMENT CHEMICAL VAPOR DEPOSITION FROM 

SPARSE TO DENSE RANGE 

In this chapter, a systematic study is reported of the effects of nano-diamond 

seeding density on the growth, quality, and morphology of diamond films. A process is 

described to examine nano-diamond seeding densities 4×108, 8×1010 and 2×1012 cm-2 on 

silicon wafers. The diamond film is grown using hot-filament chemical vapor deposition 

with CH4/H2/O2 feed gases and varying growth time to determine properties at 

coalescence and as thickness increases. Polycrystalline morphology is examined by 

scanning electron and atomic force microscopy. Both vertical and lateral growth rates are 

found to be higher for sparse seeding prior to coalescence. Following coalescence, the 

growth rate is similar for all densities. Development of polycrystals is found to be 

influenced by the initial growth with smaller mean lateral size at higher seeding density 

and reduced surface roughness that also improves with thickness to reach ≲ 90 nm at a 

thickness of 6.4 µm. Crystal quality is examined by micro-Raman spectroscopy from the 

sample surfaces and line images from cross-sections. Narrowing of the diamond phonon 

peak show material quality to improve with thickness, at a given seed density, and as 

density increases. Concomitant improvements are seen from the relative intensity of the 

diamond phonon and Raman bands from non-diamond carbon. Cross-section micro-

Raman results suggest improved diamond film quality and crystallinity near the substrate 

interface as well as at the growth surface for the film grown with 2×1012 cm-2 seed 

density compared to 4×108 and 8×1010 cm-2. X-ray photoelectron spectroscopy confirms 

these trends at the diamond surface. 
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Introduction 

The continued development of methods for growing diamond films by chemical 

vapor deposition (CVD) is important for applying key material properties including ultra-

wide band gap, high hardness, chemical inertness, and high thermal conductivity [10,45]. 

The CVD method generally starts with a process in which diamond seeds are distributed 

across a substrate and serve as growth initiation sites, as discussed in previous chapters. 

The uniformity of diamond films, with acceptable surface roughness, desired grain size, 

and other properties, depends strongly on the initial seeding density [95]. Surface 

pretreatments to achieve high seeding density have also been reported [28,83,94,96,102]. 

The hot filament CVD (HFCVD) method for growing diamond films involves 

dissociation of methane (CH4) in the presence of energetic hydrogen atoms, both 

activated by high filament temperature and at low chamber pressure (5-100 torr) [20,62]. 

Control variables in this method are precursor concentration (CH4, H2, or O2), 

temperature, pressure, and separation distance from filament array to substrate. Seeding 

density also plays a crucial role for determining the growth morphology and film quality 

in the diamond film [107–109]. 

The diamond film growth mode depends on seeding density [10,95]. At low 

seeding density (104-106 cm-2), with high surface energy, the diamond films grow three 

dimensionally in a Volmer-Weber growth mode [110]. However, for high seeding density 

(>108 cm-2), the diamond exhibits van der Drift competitive growth during coalescence 

into thicker films [111]. There are few reports comparing growth for diamond at very 

high seeding density. Tang et al. [95] studied the effect of diamond seeding density (104 

to 1010 cm-2) on the morphology, growth, and texture of diamond film. They report that 
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high seeding density plays a role in improving quality and texture on diamond film. 

Sarangi et al. [109] studied the growth mechanism of diamond film with different seeding 

density using metal nano-seeds and other diamond seeding process, but they did not 

extensively study the impact on film morphology, growth rate, and quality of diamond. 

Gilbert et al. [112] studied the effect of seeding density (from 108 to 1010 cm-2) on the 

quality of thin films (< 1 µm) grown by electron–cyclotron resonance plasma at low 

pressure.  

We present here a comparative study of the growth rate, grain size, and quality of 

diamond films grown at seed densities 4×108, 8×1010, and 2×1012 cm-2. High seeding 

density is achieved using a polymer coating followed by either dip coating, for the two 

low densities, or extended sonication in the nano diamond solution to achieve the high 

seeding density. Here, the polymer adheres to the substrate and the nanoparticles adhere 

to the polymer due to their large zeta-potential difference. The approach requires no 

functionalization of either the seeds or the substrate. Sequential growth is carried out to 

allow the study of the diamond films in the early stages (30 min) and after total growth 

times of 6 and 16 h. Physical properties are characterized using scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), atomic force microscopy 

(AFM), micro-Raman spectroscopy, and X-ray photoelectron spectroscopy (XPS). The 

growth, morphology, and quality of diamond film is analyzed across the entirety of the 

film thickness from the substrate interface region to the diamond surface. 
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Experiment and Results 

Seeding, diamond growth, and characterization methods. A 100 mm (111)-

oriented, p-type silicon substrate was used for these experiments. The substrate was 

cleaved into four pieces for sample preparation. The detail of diamond seeding process is 

explained on Chapter III. For diamond seeding, a cationic poly (diallyl 

dimethylammonium chloride) or PDDAC polymer with positive zeta-potential and nano-

diamond slurries with negative zeta potential are employed. The PDDAC polymer had 

molecular weight 100,000-200,000 g/mol, 20 wt.% water, pH ~ 7 (Sigma Aldrich, St. 

Louis, MO, USA). The diamond nanoparticles were commercially available carboxylate 

nano-diamond (Adamas Nano, Raleigh, NC, USA) and was specified as monodispersed 

diamond nano particles at 1 wt.% in deionized (DI) water, with solution pH ~ 7. To 

obtain different diamond seeding densities, a modified polymer assisted dip seeding 

technique reported by Girard et al. [28] was developed. 

Prior to seeding, the size of diamond nanoparticles and zeta-potential for both 

diamond seeds and PDDAC polymer were measured with a dynamic light scattering 

(DLS) technique using a Malvern Zetasizer Nano ZS equipped with a 633 nm laser. Back 

scattering configuration was used to determine average particle size based on 100×30 s 

scans and zeta potential of 300 scans. Results are shown as a histogram in Figure 4.1(a). 

The diamond particle sizes are tightly clustered below ~ 15 nm with the maximum in the 

distribution occurring at hydrodynamic size ~ 3 nm. The average zeta-potential measured 

for nano-diamond particles was –47.0±2.1 mV.  
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Three samples (S-1, S-2, and S-3) were seeded with two different procedures to 

achieve different seeding densities. The silicon was rinsed in isopropyl alcohol and dried 

in nitrogen gas. All samples were then coated with PDDAC polymer by spin coating at 

5500 rpm for 30 s. Following this, the polymer thickness was ~1.9 µm. S-1 and S-2 were 

then submerged in nano-diamond seeds solution for 5 and 25 min, respectively. In 

contrast to the procedure used for S-1 and S-2, the PDDAC-coated sample S-3 was gently 

flushed with DI water (room temperature) several times to reduce the polymer thickness 

to ~250 nm. The sample was then ultrasonicated in the nano-diamond slurry for 60 min. 

The ultrasonication reduces aggregation and potential void formation due to peeling of 

nano-diamond patches at prolonged seeding times. Following the seeding, all samples 

were rinsed with water and lightly dried with N2 gas to remove poorly attached seeds 

from the substrate surface. For DLS measurements, the PDDAC polymers was further 

diluted with 1 mM aqueous KCl prior to zeta-potential measurement. The small amount 

of KCl acts as a background electrolyte to ensure that low impurity concentrations do not 

adversely affect the DLS measurement [105]. The average zeta-potential for the PDDAC 

polymer was 51.2±11.4 mV. This verifies the large potential difference, between the 

polymer and the diamond nanoparticles, that promotes self-assembly of nanoparticles on 

the polymer coating for achieving high diamond seed density [96].  
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Figure 4.1. (a) Dynamic light scattering data of particle size distribution in solution. (b) 

Average diamond seed density based on analysis of at least three AFM images for each sample. 

Uncertainty ranges are standard deviations from analysis of multiple AFM scans. (c)-(e) AFM 

images of seeded Si samples S-1, S-2, and S-3, respectively. (f) AFM image of S-3 over 

smaller range.  
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The diamond seed density was measured using AFM images identifying particles 

on the surface using the Gwyddion scanning probe microscopy (SPM) analysis 

software [106] following the approach described in previous chapters for determining 

diamond seeding densities [96]. Results are summarized in Figure 4.1(b) based on a 

minimum of three individual 5  5 m2  AFM scans from each sample, such as what is 

shown in Figure 4.1(c)-(e). Additionally, images using smaller scan ranges, 500  500 

nm2 as shown in Figure 4.1(f), were analyzed and good agreement for particle densities 

was verified. The AFM images clearly show diamond seed coverage is far lower on S-1 

and maximum on S-3 with average seed density of approximately 4108, 81010, and 

21012 cm-2, for the three samples. Even with the ultrasonication process, there is 

evidence for some seed clustering on the surfaces. One possible reason is the water 

solubility of PDDAC, that may cause some peeling thereby resulting in larger polymer 

particles adhering to the surface when the samples are dipped in the diamond slurry. The 

diamond seeds attached to those polymer particles may then appear as nano-particle 

agglomerates. The formation of such nano-particle agglomerates of size 42.2±21.4 nm 

can be seen from the AFM images in Figure 4.1(c) and (d) for S-1 and S-2, respectively. 

In contrast, we find the S-3 seeding to be more uniformly distributed and denser with 

only small clusters, as shown in Figure 4.1(e). In all cases, the measured seed density 

obtained from AFM scans is less than the maximum 4.6 × 1012 cm-2 predicted with a seed 

diameter of 5 nm using an idealized close-packing approach [87]. 
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For the diamond growth, all samples were simultaneously positioned inside the 

HFCVD system. Power (6 kW) driven through the array of nine tungsten wires—24 cm 

long and 0.25 mm diameter— resulted in a 2200 °C filament temperature. The water-

cooled rotating substrate holder was positioned 6 mm from the tungsten wire array to 

produce a substrate temperature of 720−750 °C as measured by IR pyrometer. Source 

gases were 60 sccm CH4 (3%), 2000 sccm H2, and 3 sccm O2, with chamber pressure 

maintained at 2773 Pa (20.8 Torr). The growth comprised sequential steps to determine 

time to coalescence and for extensive characterization at total growth times of 30 min, 6 

h, and 16 h.  

After each growth step, the samples were characterized by SEM (FEI Helios 400) 

in-plane and cross-section views to assess the film uniformity, layer thickness, and to 

examine the diamond/Si interface. Cross-sectional TEM (Thermo Fischer Talos 200i) 

was used to study the interface between the diamond/Si for sample S-3. Samples were 

prepared for TEM by focused ion beam milling operating at 200 kV. AFM (Bruker 

Dimension ICON) was used in tapping mode to check the seeding density prior to growth 

and to evaluate the root-mean square (RMS) roughness and grain size following diamond 

growth.  

Diamond phase purity and quality across the diamond film was ascertained by 

micro-Raman measurements with ultraviolet (UV) excitation wavelength 363.8 

nm [80,113]. At this excitation wavelength, the diamond fluorescence is lower than when 

measuring in the standard visible-wavelength range. The laser excitation was focused into 

a line approximately 10-µm long and 2-µm wide using a 100× objective (NA 0.40) and 

acquisition time of 60 s to collect the spectra. Visible micro-Raman spectra (excitation 
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wavelength 532 nm) were used to measure the samples along cross-section planes using a 

Horiba (Lab RAM) system. The nominal spot diameter was ~2 µm utilizing a ×100 

objective lens with NA 0.90. For all micro-Raman cross-section measurements, a coupon 

~ 10 mm × 3 mm was vertically affixed on a translational stage illuminating the freshly 

cleaved edge with the excitation. The sample position was stepped every 1 µm along the 

growth direction to obtain line images. In all cases, spectra were collected to capture the 

silicon and diamond O(Γ)-symmetry phonon lines and the broad non-diamond carbon 

(NDC) bands in the 1450–1600 cm−1 range. The visible cross-section data were cross 

checked by measuring the samples by UV micro-Raman spectroscopy using point focus 

along the cross-section plane for diamond film. A natural diamond was measured for 

reference [113]. Quantitative information was obtained by fitting the diamond Raman 

band using a Lorentzian line shape. Intensities from the disordered carbon were obtained 

by integrating from 1000 to 1700 cm-1 with background subtracted and eliminating the 

diamond phonon intensity using the fit results. 

XPS (Thermo Fisher Scientific Nexsa) measurements were carried out using an 

Al Kα source (photon energy 1486.6 eV) at ultra-high vacuum (base pressure ~2×10-9 

mbar) to analyze the diamond surface quality. Measurements were taken with and 

without an argon-ion etch clean of the diamond surface. High resolution spectra were 

collected with pass energy of ΔE= 50 meV and step size of 100 meV. Deconvolution of 

the C 1s peak was performed by fitting a mixture of 70:30 Gaussian and Lorentzian peaks 

after background subtraction [114].  
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Diamond morphology, thickness, and grain size. Presented in Figure 4.2 are 

representative SEM images for the different seeding densities studied (columns) and 

HFCVD growth times (rows). Note that scale bars within rows are identical but vary 

down the columns. Coverage for samples S-1, S-2, and S-3, respectively, is examined 

using images such as those shown in Figure 4.2(a)-(c) following 30 min of growth. Well 

separated diamond crystallites are seen for sample S-1, Figure 4.2(a), with mean lateral 

size ~ 0.1 µm for an approximate initial lateral growth rate of ~ 0.1 µm/h. Assuming the 

initial lateral growth rate for each sample is the same as what may be estimated for S-1, ~ 

0.1 µm/h, the seeding density needed to achieve coalescence in 30 min growth time is 

estimated to be ~ 4×1010 cm-2. At the intermediate seeding density of 8×1010 cm-2 for S-2 

the diamond crystals are seen in Figure 4.2(b) to partially coalesce, presumably where 

seeds were higher in density as was seen in Figure 4.2(d). The mean lateral size of these 

diamonds is estimated to be ~ 0.09 µm. Full coalescence of diamond crystals is seen for 

S-3 at high seeding density 2×1012 cm-2 with mean grain size ~ 0.08 µm in Figure 4.2(c). 

When considering the lateral growth rate above, for isolated crystals, the 0.08- µm grain 

size here suggests coalescence in the very early stages of growth for this high seeding 

density.  
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Figure 4.2. SEM images for diamond film grown on sample S-1, S-2, and S-3, respectively after 

(a)-(c) 30 min (d)-(f) additional 5.5 h (total 6 h) and (g)-(i) additional 10 h (total 16 h). (j) Region 

with smaller grains seen on S-1 after 6 h. 
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Figure 4.2(d)-(f) show the corresponding SEM images for S-1, S-2, and S-3, 

respectively, following total growth time of 6 h. Well-developed diamond crystals having 

the stable octahedral, rhombic dodecahedron, and truncated octahedron shapes [18] were 

formed on all samples, but with variations in morphology for the different seed densities. 

The lower density diamond seeds on S-1 permit diamond crystals to develop three 

dimensionally in a Volmer-Weber growth mode [115,116] to produce large (~ 1 µm) 

diamond crystals, Figure 4.2(d). Regions with fewer diamond grains and smaller size, 

shown by red arrow in Figure 4.2(j), were found in some regions of S-1. This is attributed 

to slow development of diamond grains on sparsely seeded areas or nano-particle 

clusters, as described earlier. Once coalescence takes place, individual crystal sizes are 

expected to grow according to the van der Drift model. The diamond grains in Figure 

4.2(e) for sample S-2 are substantially larger than following 30 min. However, even after 

6-h growth the diamond crystals on S-2 remain noticeably smaller than for S-1. Growth 

at the intermediate seeding density represents, after 6-h growth time, a transition from the 

early three-dimensional Volmer-Weber conditions to van der Drift mode. The diamond 

film shown in Figure 4.2(f), for S-3, is found to be more uniform and compact with 

smaller grains, a result we attribute to the dense seeding, and corresponds to a situation 

dominated by early van der Drift mode.  

Following the full 16-h growth time, we see in Figure 4.2(g)-(i) development of 

larger diamond crystals for each seeding density when compared with the corresponding 

shorter growth durations. Large and faceted diamond grains are present for S-1, in some 

cases exhibiting lateral dimensions in excess of 2 µm. In transitioning to the higher 

seeding densities for samples S-2 and S-3, the average crystal size is successively 



 

89 

smaller. Since the growth chamber conditions were identical in all cases, the variations 

seen in crystal size stem from differences in seeding density and its impact on the ensuing 

growth mode. 

Analysis from AFM images are shown in Figure 4.3(a) and (b). The diamond 

lateral grain sizes are summarized in Figure 4.3(a) for the 6- and 16-h growth 

experiments. The mean grain size is seen to decrease as seeding density increases, 

consistent with the discussion above based on SEM data. The increase in lateral grain 

size, with growth time, takes place in all samples. The lateral diamond grain size is 

maximum for sample S-1 due to the longer development of three-dimensional grains, as 

described earlier. The uncertainties shown correspond to standard deviations in grain 

sizes. The variation is maximum for S-1 and decreases with increasing diamond seeding 

density. This is due to earlier coalescence of diamond particles and slow transformation 

to van der Drift growth with increasing seed density.  RMS roughness values, from the 

AFM scans, are shown in Figure 4.3(b) following 6- and 16-h growth. The overall trend 

is decreasing RMS roughness as seed density increases. Higher surface roughness is 

related to large grain size, for example in S-1. Sample S-3 is found to exhibit the best 

uniformity in grain size and lowest surface roughness compared to the samples grown 

using lower and intermediate seeding densities. 
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The time needed to achieve fully coalesced diamond film with different seeding 

density was also studied as shown in Figure 4.3(c). Establishing these factors in HFCVD 

is challenging since initial chamber conditions differ from what is achieved for the longer 

growth duration. It takes 240 min to obtain a coalesced polycrystalline diamond film on 

sample S-1. The thickness at full coalescence for S-1 is 1.2 µm implying a vertical 

growth rate of 0.30 µm/h when computed simply using total thickness and growth time. 

The nominal lateral growth rate is found to be comparable at ~ 0.35 µm/h. These rates are 

 

 

Figure 4.3. Average for at least three images of (a) grain size and (b) RMS roughness from 

AFM scans of diamond film on samples S-1, S-2 & S-3 after 6 h and 16 h growth. (c) 

Approximate coalescence time and measured thickness for diamond film at the point of 

coalescence with different seeding density grown with 3% methane. (d) Thickness of diamond 

film after 6 and 16 h growth taken from cleaved cross section SEM.  
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relevant beyond the initial growth regime, discussed above, and correspond to pre-

coalescence for which the Volmer-Weber model applies [117]. For S-2, it takes 120 min 

to obtain coalesced polycrystalline film with slightly lower vertical and lateral growth 

rates of ~ 0.25 µm/h and ~ 0.21 µm/h, respectively. The slower rates for S-2 indicate that 

the van der Drift growth model [112] is applicable, as expected particularly close to 

coalescence. Micro-loading may also be a factor reducing the growth rate. For S-3 it took 

just 30 min to reach coalescence, at diamond thickness ~ 100 nm, with a nominal vertical 

growth rate at the point of coalescence of ~ 0.20 µm/h and lateral growth rate of ~ 0.16 

µm/h. For this case, nearly the entire growth process is in the vertical van der Drift 

regime. The outcome of this analysis is the observation that the growth mode transitions 

from three- to one-dimensional (vertical) over the range of seed densities investigated and 

a relationship describing a decrease in thickness at coalescence with seeding density, as 

previously reported [95], but over a lower range of seed densities 104 to 1010 cm-2. The 

coalescence properties will differ based on diamond growth conditions and deposition 

methods. 

Diamond film thickness, based on SEM cross-sections, are shown in Figure 4.3(d) 

for the different seeding densities after 6 and 16 h growth. We observe that the grain size 

and roughness follow an increasing trend with diamond film thickness. The 

corresponding average growth rates, for respective samples S-1, S-2, and S-3, are 

determined to be 0.48, 0.45, and 0.33 µm/h following 6 h, and 0.52, 0.45, and 0.38 µm/h 

after 16 h growth. The higher growth rate for the samples with lower seed density is 

attributed to the early growth regime, as discussed in the previous paragraph. When 

considering the growth rates over the final 10-h time, between 6 and 16 h, the growth 
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rates are consistently ~ 0.45 µm/h. This is expected since, at this stage, the diamond 

surface present during the growth and the HFCVD conditions are consistent.  

The post-coalescence growth rates for each seeding density can be explained 

according to the van der Drift evolutionary selection model [111]. For lower seed density 

sample, S-1, there is no, or less, competition between the grains during the early growth 

stage before coalescence and less competition and inter grain stress after they coalesce 

compared to samples with high seed density, S-2 and S-3. This allows the grains to grow 

randomly faster and more freely in both parallel and perpendicular directions on the 

silicon substrate. This leads to larger grain size and a thicker diamond film. However, 

there is substantial impingement and competition between the grains during the early 

growth stages for densely seeded surfaces. Generally, grains tend to grow along 

crystallographic planes at different rates [34] that, when coupled with random initial seed 

orientation, produces random normal and off-normal growth rates to the substrate 

direction. Thus, grains that are oriented predominately normal to the substrate propagate 

and survive while those that are oriented off-normal to the substrate are subsequently 

buried and their growth terminated. This explains the lower thickness and smaller grain 

size of the final film with higher seed density.   
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Cross-section SEM measurements from cleaved samples were used to investigate 

the diamond morphology along the growth direction following 16-h growth. SEM images 

are shown in Figure 4.4(a)-(c) for, respectively, S-1, S-2 and S-3. A columnar structure 

perpendicular to the substrate is apparent in the upper portion of sample S-1 and indicated 

 

Figure 4.4. (a)-(c) Cross-sectional SEM images for samples S-1, S-2 and S-3, respectively, 

taken from cleaved samples. The arrows in (a) indicate columnar structure perpendicular to 

substrate surface. Horizontal dashed lines in (a)-(c) are corresponding thickness of diamond 

following 6-h growth and additional 10 h at each seeding density. (d) TEM cross-section for S-

3 at the diamond/substrate interface.  
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by the arrows in Figure 4.4(a). These are due to the development of diamond crystals into 

larger grains with increasing thickness. The interface with silicon appears to be poorly 

developed, with the possibility of voids, that we believe to be formed when the isolated 

large grains coalesced for sample S-1. In contrast to S-1, the interface is improved on 

sample S-2 with better uniformity and little evidence of pores at the interface as shown in 

Figure 4.4(b). Figure 4.4(c) shows S-3 conditions result in an abrupt interface without the 

voids that appear in the other two samples. A cross-sectional TEM image for S-3 is 

shown in Figure 4.4(d). The image reveals the presence of small features, shown by the 

red arrow on Figure 4.4(d), approximately 3 nm in size and having total thickness ranging 

from 21 to 26 nm in this image. These small features are associated with diamond seeds. 

This suggests that the diamond seeding process does not form a monolayer. The uniform 

diamond growth and improved interface without pores is attributed to the dense diamond 

seeding of S-3. This dense seeding also leads to improved diamond properties, discussed 

next. 

Crystallinity, quality, and stress on diamond film. The crystalline quality of 

diamond film was characterized using Raman spectroscopy through the plane and cross-

section measurements. 

In-plane Raman spectroscopy. Figure 4.5 shows the UV micro-Raman results 

collected for samples after different growth stages, i.e., 30 min., 6 h, and 16 h. For all 

samples, the sharp O(Γ)-symmetry phonon for diamond is seen with varying blue 

shifts [118] relative to the reference value we measure at 1331.9 cm-1. The broad features 

from 1350 to 1450 cm-1 and 1500 to 1620 cm-1 correspond to the “D” and “G” bands that 

are present in non-diamond carbon (NDC) when present in either diamond-like or 
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graphitic phase [30,81]. The NDC may be composed of various disordered carbon having 

mixed sp2 and sp3 bonding configurations and is considered to degrade thermal 

conductivity of diamond films [118]. 

 

Figure 4.5. UV Raman spectra. (a) Diamond film grown on S-3 for 30 min. (b)-(c) Diamond 

film after 6 h and 16 h growth, respectively.  
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Figure 4.5(a) shows the Raman spectra of diamond film grown on sample S-3 for 

30 min. The diamond peak is seen at 1333.3 cm-1 with full width at half maximum 

(FWHM) of 19.1 cm-1. This is broad in comparison to the reference value of 6.3 cm-1 

which may be the result of poor crystal quality in the initial growth stages and local 

variations in stress. The overall biaxial stress σ in the diamond film can be estimated from 

the Raman data using 

σ = −kR(ω − ω0) (15) 

where kR = 0.567 GPa/cm-1, [40,41,83] ω is the measured Raman frequency, and ω0 is 

from the diamond reference at 1331.9 cm-1. The stress value for the early growth data in 

Figure 4.5(a) correspond to stress of –0.79 GPa. Also observed is a broad NDC band that 

is commonly referred to as “G”. It is interesting that we see the broad “G” band in this 

spectrum with little evidence of a “D” band. This suggests that the NDC in S-3, at this 

stage of growth, is predominantly tetrahedral amorphous carbon [119]. Due to lack of 

diamond coalescence on samples S-1 & S-2, we were not able to measure the 

corresponding Raman spectra after 30-min growth to compare with S-3. The 

corresponding Raman spectra after the total 6-h diamond growth are shown in Figure 

4.5(b), for S-1, S-2, and S-3, and in Figure 4.5(c) following 16-h. Prior to quantitative 

analysis, it may be observed that the spectra are consistent and that the “D” band of NDC 

is present along with the “G” band.  
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The upper panel of Figure 4.6(a) shows the increase in diamond phonon line 

width relative to reference diamond. Narrowing of the diamond line is observed with 

increasing growth time for each seeding density. This narrowing is consistent with 

improvement in the diamond for greater thickness, i.e., distance from the initial growth 

 

Figure 4.6. Analysis of UV Raman spectra, as a function of seeding density, following 6 and 16 

h growth. (a) Relative FWHM, (b) ratio of integrated intensities, and (c) relative peak shift and 

corresponding stress.  



 

98 

regime, that is commonly observed [28]. We also see narrowing with higher seed density 

at either growth time 6 or 16 h. Trends in relative volume fraction for diamond can be 

examined through 𝐼𝐷𝑖𝑎/(𝐼𝐷𝑖𝑎 + 𝐼𝑁𝐷𝐶), the ratio of integrated intensities of the diamond 

peak (IDia) to the total Raman intensity, where the INDC term is from the NDC bands, and 

following background subtraction [113]. Higher values (approaching unity) of this 

intensity ratio are indicative of better diamond quality. Trends for the samples are shown 

in the lower panel of Figure 4.6(b). The results confirm the expected improvement in the 

HFCVD layer with growth time. Moreover, the relative intensity increases systematically 

for the seeding densities studied here. The results in Figure 4.6(a) and (b) quantitatively 

show improvements in diamond quality and volume fraction, respectively, due to higher 

seeding density.  

The presence of residual stress in the diamond may also be studied by examining 

the shift in the diamond phonon energy, shown in Figure 4.6(c). Intrinsic and thermal 

stresses are generated between the diamond film and substrate and may also be due to 

non-uniform development of diamond grains [120]. Intrinsic stress may originate from 

bonding at the diamond/silicon interface and also from the incorporation of defects and 

impurities in the diamond. Thermal stress is caused by the difference in the coefficient of 

thermal expansion (CTE) between diamond and Si substrate during the cooling cycle 

from growth temperature (720-750 °C) to room temperature. The CTEs are temperature 

dependent for diamond, 𝛼𝐷(𝑇) [121], and silicon, 𝛼𝑆𝑖(𝑇) [122]. Stress from the CTE 

mismatch is calculated using 

𝜎𝑡ℎ =
𝐸

1 − 𝜈
∫ (𝛼𝐷(𝑇) − 𝛼𝑆𝑖(𝑇))𝑑𝑇

𝑇𝑓

𝑇𝑖

 
(16) 
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and found to be ~ –0.95 GPa when assuming the thin diamond layer experiences the full 

contraction imposed by the much thicker silicon. The σ < 0 denotes biaxial compressive 

stress on the diamond film. Based on this analysis, stresses in the diamond films are –

0.5±0.2, –0.4±0.1 and –0.4±0.1 GPa, respectively, for S-1, S-2, and S-3 after 6 h growth. 

The corresponding stresses increased to –0.9±0.3, –0.7±0.2, and –0.7±0.1 GPa after 16 h 

growth. The uncertainty values are calculated by measuring the stress at different 

positions across the samples and taking standard deviation. In each case the measured 

stresses are lower than the substrate-induced value computed above. Relaxation within 

the diamond may be due to the presence of voids and disorder including other carbon 

phases that are present. The observed increase in stress, from 6 h to 16 h growth, seen for 

each seeding density, is attributed to the evolution of bulk stresses in the diamond as the 

film continues to grow vertically through competitive growth (van der Drift) to produce a 

more contiguous layer, as evidenced in Figure 4.4. This does not account for 

contributions to the stress due to defects at grain boundaries. It is possible that the film is 

now moving into a regime where the intrinsic growth stresses dominate over any stress at 

the diamond/substrate interface. 

Cross-section micro-Raman spectroscopy. The diamond film quality of each 

sample, with thickness ~7 µm, was also characterized by cross-section Raman 

spectroscopy. A series of cross-section micro-Raman spectra from measurements in the 

visible and UV are presented and compare below fitting summaries for these data. 

Spectra are shown from near the interface to the growth surface for each sample in Figure 

4.7(a)-(c) from visible and (d)-(f) from UV micro-Raman measurements. For each 

sample the visible and UV spectra in Figure 4.7 were obtained from the same region but 
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not identical positions. All spectra exhibit the narrow diamond and broad NDC bands. 

The scans for each sample were taken starting near the substrate interface (denoted 0 µm) 

to near growth surface (5 µm) with step size of 1 µm. Prior to each measurement, a 

diamond reference sample was checked with O (Γ) phonon peak at 1331.4 cm-1 and 

FWHM of 6.3 cm-1 (visible) and 5.9 cm-1 (UV). For all samples, the NDC intensity 

decreases as we scan from the near interface (initial growth) region to the surface. This 

confirms that the non-diamond phase in all samples is highest in the initial growth regime 

and decreases with increasing thickness of the diamond film.  

The broad Raman feature at 1460 cm-1 for sample S-1 near to the interface shown 

in Figure 4.7(a) has been attributed to a mixture of sp3 diamond-like and sp2 graphitic 

amorphous carbon [81]. The appearance of the amorphous carbon bands is generally 

associated with the interface regions between polycrystals in the film. It is, therefore, 

expected that the intensity of these features to be higher where the diamond crystals are 

small, such as in the initial growth region, as is observed here. The presence of smaller 

crystals, and possibly porous morphology, is also seen in the SEM cross sections in 

Figure 4.4. The intensity of such carbon features decreases as the thickness of the 

diamond film increases. The broad non-diamond carbon features can also be seen near 

the interface for diamond film grown on S-2, as shown in Figure 4.7(b) but with lower 

intensity than for S-1. This trend continues in S-3 with less intense NDC scatter near the 

interface as well as the growth surface as shown in Figure 4.7(c). The lowest variation of 

diamond to non-diamond peaks intensity from interface to the growth surface is observed 

on S-3 compared to other samples.  
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Similar trends for the variation on NDC intensity is observed for the samples 

when measuring using UV micro-Raman spectroscopy. The broader NDC features 

~1450-1550 cm-1 is seen for sample S-1 near the interface between diamond and silicon 

 

Figure 4.7. Cross-section micro-Raman spectra of diamond from near-interface with Si (0 µm) 

to near-growth surface (5 µm) for samples S-1, S-2 & S-3, respectively. (a)-(c) 532-nm visible 

excitation. (d)-(f) 363.8-nm UV excitation.  
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and its intensity decreases with thickness farther from the interface, as seen in Figure 

4.7(d). The intensity of such features is found to decrease for S-2 shown in Figure 4.7(e). 

In contrast to S-1 and S-2, the broad feature NDC is narrower and its intensity lower at 

the interface and throughout the diamond film for S-3, Figure 4.7(f). The data in Figure 

4.8 summarize the diamond phonon line width relative to reference diamond and the 

diamond volume fraction for all samples from near the interface to the growth surface 

measured from both visible and UV micro-Raman spectroscopy. When comparing results 

from the two wavelengths on a given sample, each line scan was obtained from the same 

region but not from the exact same position.  

Figure 4.8(a)-(b) shows the increase in FWHM relative to the reference diamond 

measured from visible and UV micro-Raman spectroscopy, respectively. Overall 

agreement is seen in both data sets for a given sample, with differences prospectively 

coming from the exact location probed during the measurements. Narrower diamond 

lines, corresponding to improved crystal quality, is seen as the microprobe is positioned 

farther from the substrate. More important is the improved crystal quality observed with 

increasing diamond seeding density.  
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Figure 4.8. Vertical columns are visible (left) and UV (right) micro-Raman results. (a)-(b) 

Relative FWHM as a function of distance from Si/Diamond interface for all samples measured 

by visible and UV Raman spectroscopy, respectively. (c)–(d) Relative diamond intensity ratio 

as a function of distance from Si/Diamond interface for all samples measured by visible and 

UV Raman spectroscopy, respectively. 

 

The variation in relative diamond volume fraction for all samples from the 

interface to the growth surface measured from both visible and UV micro-Raman 

spectroscopy is shown in Figure 4.8(c)-(d), respectively. For all samples, the diamond 

growth is seen to begin with material that has the lowest diamond phase near the interface 

and this fraction increases with the diamond thickness toward the growth surface. 

Furthermore, it is observed that the relative diamond phase volume is enhanced 
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throughout the layer when seeding at higher density. The highest diamond composition, 

and lower FWHM, presented in Figure 4.8 from the Raman studies, are attributed to the 

uniform diamond growth from the early stages following the fast coalescence at high 

seeding density. Due to high seeds density, the seed layer exposed to hydrogen will 

undergo transformation with much of the graphitic material (ideally) etched away as 

growth begins on the diamond seed crystals. The van der Drift growth mechanism will 

dominate early in the growth period with small crystals and high seeding density to 

facilate the formation of high-quality diamond.  

The micro-Raman cross-section studies show the seeding density to have a 

profound impact on diamond film quality. Improved diamond phase purity and 

crystallinity is observed from the interface to the growth surface with increasing seed 

density. The improved diamond film quality with highest seed density is attributed to 

uniformity from the early growth stages, as discussed in the previous paragraph. 

XPS study. XPS is used to distinguish the diamond phase of carbon from graphitic 

and amorphous carbon components, [123,124] with greatest sensitivity at the 

surface [123]. The chemical states and quantitative information about the various phases 

of carbon can be found according to the position and intensity of the XPS peaks [125], 

although it is very difficult to use for diamond films due to various reasons. First, it is 

difficult to calibrate the energy scale for insulating or semiconducting materials due to 

charging effects [85,123]. For this reason, the reported value for binding energy for C 1s 

peak ranges from 283.3 to 285.0 eV [114]. Second, it is challenging to use certain 

cleaning procedures, such as ion etching or annealing of diamond films, because of 

possible surface damage, incorporation of etch species (e.g., argon), and irreversible 
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transformation of sp3 carbon to sp2 carbon [114,115]. Third, the measurement is sensitive 

to contaminants that can adversely affect interpretation of the XPS data [126].Despite 

these difficulties in XPS analysis, sample-to-sample comparison is still considered to be 

informative in the present experiments. 

The XPS survey spectrum for diamond sample S-3 at 30 min growth time is 

shown in Figure 4.9(a). The C 1s spectra can be clearly seen at ~ 285 eV along with 

evidence of oxygen contamination on the survey scan before Ar ion etching. This 

contamination is due to exposure of the samples to air. The oxygen peak is reduced after 

Ar ion etching for 20 s showing this to be an effective clean step for the surface. The high 

resolution fitted C 1s peak for diamond film grown on sample S-1, S-2, and S-3 for 

different growth times is shown in Figure 4.9(b-h). The shape of the C1s peak of all 

samples indicates the presence of several components including diamond (or sp3-

hybridized carbon) species, graphitic (sp2-hybridized C-C bonds) species and, to a lesser 

extent, hydrogen–carbon bonds. Considering the fitted data, the most intense peak at 

284.8±0.2 eV is attributed to the bulk diamond component (sp3 C-C) with possible 

contribution from sp3 CH1 bonds [114,127]. The less intense peak, shifted by about -

0.7±0.2 eV with respect to the diamond peak, may be assigned to graphitic carbon (sp2 C-

C) and, finally, the least intense peak shifted by 1.2±0.3 eV with respect to the sp2 peak 

corresponds to C-Hx (x>2) bonds [114]. The FWHM of C1s peaks were found to vary 

slightly with different samples, probably due to change in morphology and 

microcrystalline size of diamond films. 
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Figure 4.9. XPS results for diamond samples (a) Survey scan before and after Ar ion etching 

for sample S-3 after 30 min growth (b) C 1s fitted XPS spectra for the diamond grown on S-3 

for 30 min. (c)-(e) C 1s fitted spectra for samples S-1, S-2 & S-3, respectively after 6 h growth 

(f)-(h) C 1s fitted spectra for samples S-1, S-2, and S-3, respectively after 16 h growth.  
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The convolution of the C 1s peaks obtained for diamond films grown on samples 

S-1, S-2, and S-3 for 6- and 16-h growth facilitates an estimate of the relative volume 

fraction of sp3-bonded C on all samples. This estimate is based on Isp
3/(Isp

3+Isp
2), the ratio 

of integrated intensities of sp3-bonded C peak (Isp
3) to the total intensity from sp3 plus 

that form the sp2-bonded C (Isp
2) [128]. All measurement calculations were done both 

before and after the Ar ion etching on all samples to confirm that the cleaning process did 

not substantially change the intensities at the surface. No significant effects due to the 

etching were found. For both growth series of 6 h and 16 h, the relative volume fraction 

of sp3-C is observed to increase with higher diamond seeding density. This again 

confirms the improvement of diamond film quality when using high seeding density. The 

relative volume fraction of diamond obtained from XPS is compared with the 

𝐼𝐷𝑖𝑎/(𝐼𝐷𝑖𝑎 + 𝐼𝑁𝐷𝐶) from UV Raman spectroscopy discussed earlier with results shown in 

Figure 4.6. It is not expected that these two measures of diamond fraction to be 

 

Figure 4.10. The correlation of relative diamond volume fraction from XPS (surface) and UV 

Raman (volume) data for the diamond samples grow for 6 h and 16 h. 
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numerically the same. In particular, the Raman result depends strongly on scattering 

efficiencies from the different carbon phases present and is a volume measure, while XPS 

is surface sensitive. However, it is clear from the results that an increasing trend in sp3 

intensity seen at the diamond surface using XPS is also seen in the Raman data that are 

sensitive to the overall diamond layer.  

Interfacial and material thermal characterization. Steady state thermo-reflectance 

(SSTR) technique was used to characterize the thermal boundary conductance (TBC) 

between diamond/Si and thermal conductivity of diamond film. Aluminum thin film ~80 

nm was used as a transducer layer for the measurement. The measured data was fitted by 

in house build python program considering three-layer structure, as shown in Figure 

4.11(a), with known density, thickness, and specific heat for all three layers.  

The thermal conductivity results for all three samples S-1, S-2, and S-3 with 

different seeding density is shown in Figure 4.11(b). The measured thermal conductivity 

for samples S-1, S-2, and S-3 are 748.46±35.27 W/m K, 726.93±43.11 W/m K and 

734.67±24.70 W/m K, respectively. This is comparable to results expected for 

polycrystalline diamond of similar thickness [129]. The error value on the thermal 

conductivity is taken from the standard deviation from ten different measurements, six at 

same spots and four on different spots on the samples. Based on the data analysis, we 

found that S-1 has slightly higher thermal conductivity compared to S-2 and S-3. This 

may be due to higher thickness of diamond film on S-1 compared to S-1 and S-2. Instead 

of significant difference on thickness and grain size between diamond film on sample S-1 

and S-3, the thermal conductivity on S-3 is almost close to S-1. This signifies that the 
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high seeding density on sample S-3 doesn’t have negative impact on the thermal 

conductivity.  

 

 

 

 

 

 

 
 

Figure 4.11.(a) Sample layer stack for SSTR measurements (b) Thermal conductivity variation 

with thickness and grain sizes for sample S-1, S-2, and S-3. 
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We found the thermal boundary conductance (TBC) between diamond-Si and 

diamond -Al increases with increase in seeding density on the samples, as shown in 

Figure 4.12. The measured diamond-Si TBC for S-1, S-2, and S-3 are 256±32.3 

MW/m2K, 292±19.7 MW/m2K and 318±21.8 MW/m2K, respectively. The reported 

thermal boundary conductance between diamond and Si from published literature is 

found variation from minimum 66 MW/m2K to maximum 270 MW/m2K for diamond 

film grown with seeding densities 108-1011 cm-2 [130,131].We found improved TBC on 

our samples compared to previously reported values. The improvement on diamond-Si 

TBC is due to improvement on diamond film quality near interface with increasing 

seeding density on the samples. With increasing seeding density, less voids or space 

 

Figure 4.12. Thermal boundary conductance between Diamond-Al and Diamond-Si measured 

by SSTR. 
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between the diamond grains near interface reduces non-diamond carbon phase, as shown 

in Figure 4.8. Similarly, the TBC between diamond-Al also increases for the samples 

with increasing seed density. This is due to enhanced surface quality as well as improved 

morphology of diamond film grown with increasing seed density, explained earlier in 

previous section. 

Summary  

The role of diamond seeding density—spanning the 4×108 cm-2 to 21012 cm-2 

range—on the growth, morphology, and quality of diamond films on silicon is studied. 

The diamond growth is found to vary with seeding density and with total thickness. The 

diamond films were found to quickly coalesce for the sample with highest seed density. 

For the lowest seeding density, ~4108 cm-2, the diamond crystals develop three 

dimensionally via Volmer-Weber growth into large grains, as shown in Figure 4.2(d) and 

(g), that continue to increase in size with additional HFCVD diamond growth. At the 

highest seed density, ~21012 cm-2, coalescence happens within the first 30 minutes of 

HFCVD growth so that diamond grains are mostly vertical and can be described by the 

van der Drift growth model. The initial diamond grains are found to be small and more 

uniform, as shown in Figure 4.2(f) and (i), with a polycrystalline morphology that persists 

with longer growth time. The slower development of diamond with uniform shape helps 

to reduce the surface roughness, Figure 4.3(b) and improve diamond film quality. The 

diamond/Si interface is seen to be porous when isolated diamond grains coalesce for 

diamond growth with lower seeding density. The relative absence of pores or voids is 

found with increasing seed density, shown in Figure 4.4(c).  
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Micro-Raman cross-section images confirm that the diamond phase quality and 

crystallinity is improved both near the interface and throughout the diamond film 

thickness for each seeding density, Figure 4.7. Moreover, this improvement in diamond 

quality is also consistently seen with increasing seed density. From these studies, it is 

concluded that increasing the diamond seed density to > 1012 cm-2 is important for 

improving the overall diamond film quality. The uniform diamond growth with high 

seeding density helps to achieve uniform diamond grains with improved morphology and 

enhanced diamond film quality. Also, the thermal boundary conductance (TBC) between 

diamond/Si increases with increase on seeding density. 
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V. ULTRAHIGH SEEDING DENSITY TO ACHIEVE DIRECT GROWTH OF 

DIAMOND ON GALLIUM NITRIDE WITHOUT DIELECTRIC ADHESION 

INTERLAYER 

In this chapter, a series of experimental results for diamond growth directly on 

epitaxial gallium nitride (GaN) with different diamond seeding density is presented. Such 

coating may be useful to enhance light extraction in GaN LEDs and heat dissipation on 

GaN based high power and high frequency devices. An electrostatic mixed diamond 

seeding approach was used to obtain sparse to dense nano-diamond seed density on GaN 

film prior to diamond deposition. A hot filament CVD reactor utilizing a CH4/H2 gas 

mixture was used to deposit the diamond. It was found that at sparse seed density~108 

cm-2, the GaN decomposed, which created pinholes in the growing diamond layer or 

caused it to delaminate. With increasing the seed density >1012 cm-2, the quick diamond 

lateral coverage during the early nucleation step helped to protect the GaN film from 

decomposition. Physical properties on the sample were characterized using scanning 

electron microscopy (SEM), atomic force microscopy (AFM), micro-Raman 

spectroscopy, and X-ray diffraction (XRD). A detailed report on physical properties 

before and after diamond growth on GaN film with different seed densities is discussed.  

Introduction 

Gallium nitride (GaN) is a promising material for the high power, high frequency 

applications [1,2]. In recent years, GaN-based high electron mobility transistors 

(HEMTs) have attracted attention for use in commercial industries such as transmission 

base stations and a variety of military systems such as RADAR emitter receiver modules. 

However, poor thermal management of these devices is preventing them from realizing 
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their full potential [132]. Significant, localized, Joule heating in the channel of the HEMT 

results in degradation of device performance and a substantial decrease in their long-term 

reliability [133,134]. To operate with the power density and lifetime required of a GaN 

HEMT, enhanced thermal management is necessary  [133,135,136]. Attaching the device 

to a thermal conductivity material that can rapidly transfer the localized heat to an 

external cooling system is one way to accomplish this. As an example, a microcrystalline 

CVD diamond with a high thermal conductivity [10]~2000 Wm-1K-1 on the III-Nitride 

surface would enhance the efficiency and thermal management on a GaN HEMT by 

dissipating heat from the surface. 

Direct diamond deposition on GaN is challenging. GaN, under typical process 

conditions for CVD diamond growth, does not exhibit good high temperature stability, 

which poses a major limitation of the CVD diamond growth process. Although GaN has 

a high melting temperature, atomic hydrogen at high temperature (~800° C) can etch the 

GaN surface resulting in the formation of NH3 and liquid Ga [101,137]. Several attempts 

have been made to deposit diamond on GaN, but they came with mixed results. Oba and 

Sugino et al. [138] first attempt to deposit diamond films onto hexagonal (0001)-oriented 

GaN films using microwave plasma CVD. They conducted a carburization process on 

GaN surface to prevent surface etching. May et al. [127] reported the growth of 

continuous layers of diamond on GaN using a hot filament CVD technique. They found 

that there was a competition between the rate of diamond deposition and the rate of GaN 

decomposition, which determined whether net deposition or etching occurred. When the 

temperature was higher than 600 °C, the GaN decomposed, evolving gaseous N2 which 

created pinholes in the growing diamond layer or caused it to delaminate. Mandal et 
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al. [102] reported the growth of diamond directly on GaN by an electrostatic diamond 

seeding approach but there is a lack of extensive studies of the diamond-GaN interface by 

Raman spectroscopy and microscopy to provide evidence regarding the protection of 

GaN after diamond deposition. 

In this chapter, a mixed-electrostatic seeding approach to obtain sparse to dense 

nano-diamond seeds on the GaN using a polymer coating followed by sonication in the 

nano diamond solution is reported. Then, a comparative study for the diamond growth on 

GaN with low 2.3×109 cm-2 and dense 3.1×1012 cm-2 seed density is presented. Sequential 

growth is carried out to allow the study of the diamond films in the early stages (30 min) 

and after a total growth time of 6 h. This dense seeding approach results in the direct 

deposition of diamond on GaN and prevents GaN etching via the harsh HFCVD 

conditions while on the other hand significant GaN etching is found with low seeding 

density. The repeatability of the experiment is checked by growing different sample with 

approximately the same seeding densities. Physical properties were characterized using 

scanning electron microscopy (SEM), atomic force microscopy (AFM), X-ray diffraction 

and micro-Raman spectroscopy.  

Experiment and Results 

Seeding, diamond growth, and characterization methods. The ~ 450 nm thick 

GaN thin film samples were deposited on a ~ 450 nm graded Al(Ga)N strain-control 

buffer layer grown onto Si (111) substrate using metal-organic chemical vapour 

deposition (MOCVD). The GaN layer was (0001)-oriented with a surface RMS 

roughness of <1 nm over 5 × 5μm regions. For diamond seeding, a cationic poly (diallyl 

dimethylammonium chloride) or PDDAC polymer with positive zeta-potential ~ 51.2 mV 
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and nano-diamond slurries with negative zeta potential ~ –47.0 were used. The polymer 

assisted dip seeding technique followed by ultrasonication for diamond seeding, 

explained in Chapter III, was used. To obtain different diamond seed densities, seeding 

was first optimized on the polymer coated GaN sample with varying sonication time from 

5-60 min.  

 

 
 

Figure 5.1. Diamond nano-particle signal collected from ATR-FTIR spectra on GaN after 

nano-diamond solution sonication from 5-60 min.(b) Diamond seed density variation on GaN 

with different ultrasonication time on nano-diamond slurries and corresponding C=O 

integrated peak intensity observed from FTIR. (c)-(d) AFM with (2.3±0.2) ×109 cm-2 and 

(3.1±2.3) ×1012 cm-2 seed density on sample S-1 and S-2, respectively.    
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The nano diamond seeding to the PDDAC polymer-coated GaN substrate was 

monitor by using in-situ ATR-FTIR measurements. The FTIR spectra is shown in Figure 

5.1(a). The spectra were recorded using a Bruker Alpha II FTIR Spectrometer equipped 

with high sensitivity pyroelectric DLaTGS room temperature detector. Spectra were 

recorded over the 500-4000 cm-1 spectral range with a spectral resolution better than 2 

cm-1. Prior to sample scans, the FTIR spectrum for diamond seed solution and PDDAC 

polymer were measured. The sharp peak in the diamond seed spectrum centered at 1650 

cm-1 (C=O stretching bond) attested to the presence of carboxylic acid group and δ-

lactam functional group and the broad strong peak from (2700-3550) cm-1 indicated the 

presence of O-H stretching bonds due to intermolecular forces between the nano diamond 

seeds and water [139]. Similarly, the small peak centered at 1465 cm-1for PDDAC 

polymers confirms the presence of C-H bending due to the presence of a methylene 

group [28].  

The FTIR analysis for the seeded GaN sample shows a broad-spectrum peak at 

(1700-1635) cm-1 indicating the C=O stretching band from conjugated acid groups from 

carboxylic acid present at the diamond surface[129]. The FTIR spectra normalized peak 

intensity for C=O band is shown in Figure 5.1(b). This shows that the C=O normalized 

peak intensity increases regularly until 40 min, after which its intensity remains 

approximately constant. Thus, the maximum constant intensity reached for ATR signal 

after 40 min represents the uniformly seeded dense nano diamond seeds on the GaN 

surface. To verify the coverage, the sample was rinsed with water and the peak intensity 

remained constant. This signifies that the diamond nano seeds were effectively bound to 

the GaN surface. 
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The diamond seed density was measured using AFM to identify particles on the 

surface using the Gwyddion scanning probe microscopy (SPM) analysis software [106] 

following the approach described in previous chapters for determining diamond seeding 

densities [96]. Results are summarized in Figure 5.1(b) based on a minimum of three 

individual 5 × 5 µm2 AFM scans from each sample. The seeding density on the samples 

were found to increase with increasing sonication time up to 40 min and remains almost 

constant thereafter, up to 60 min. This is attributed to seed saturation on the sample 

surface. An almost constant peak intensity for C=O from FTIR spectrum for the seeded 

samples shown in Figure 5.1(b) after 40 min also confirms the presence of dense 

diamond seeding on the sample surface. The maximum seeding density measured after 60 

min sonication is found to be approximately 3×1012 cm-2. In all cases, the measured seed 

density obtained from AFM scans is less than the maximum 4.6 × 1012 cm-2 predicted 

with a seed diameter of 5 nm using an idealized close-packing approach [91].  

For this study, two samples labeled S-1 and S-2 were seeded with the sonication 

assisted electrostatic seeding approach. AFM scans for each sample are shown in Figure 

5.1(c)-(d). The seeding density measured from AFM images for S-1 and S-2 are found to 

be ~ 2×109, and 3×1012 cm-2, respectively. For the diamond growth, all samples were 

simultaneously positioned inside the HFCVD system. Power (6 kW) driven through the 

array of nine tungsten wires—24 cm long and 0.25 mm diameter— resulted in a 2200 °C 

filament temperature. The water-cooled rotating substrate holder was positioned 6 mm 

below the tungsten wire array to produce a substrate temperature of 720−750 °C as 

measured by IR pyrometer. Source gases were 60 sccm CH4 (3%), 2000 sccm H2, and 3 

sccm O2, with the chamber pressure maintained at 2773 Pa (20.8 Torr). The growth 
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comprised sequential steps in order to determine the time to coalescence and for 

extensive characterization at total growth times of 30 min and 6 h. 

After each growth step, scanning electron microscopy (SEM, FEI Helios 400) was 

used to characterized in-plane film uniformity and SEM focused ion beam (FIB) milling 

for cross-sectional views of the samples to assess layer thickness and to examine the 

diamond/GaN interface. AFM (Bruker Dimension ICON) was used in tapping mode to 

check the seeding density prior to growth and to evaluate the root-mean square (RMS) 

roughness and grain size following diamond growth. Diamond phase purity and quality 

were characterized by using both UV and Visible micro-Raman spectroscopy. UV micro-

Raman spectroscopy with excitation wavelength 350 nm with shallow penetration depth 

was used to characterize the GaN material quality near to diamond and GaN interface. 

The laser excitation was focused into a point with approximately 2-μm diameter using a x 

100 objective lens with NA 0.40 and acquisition time of 60 s to collect the spectra. 

Visible micro-Raman mapping (excitation wavelength 532 nm) with 10 μm×10 μm were 

used to analyze the samples at three different position before and after the diamond 

growth. 

Morphology and interface analysis. Figure 5.2 shows the representative SEM 

morphology and cross-section images of S-1 and S-2 grown at different times. Figure 

5.2(a)-(b) represent the SEM images for the diamond grown on sample S-1 after 30 min 

and 6 h, respectively. Well separated diamond crystallites are seen after 30 min growth. 

Well-developed diamond nuclei with stable equilibrium shapes with a mean lateral size 

of ~1.5 µm can be seen on S-1, Figure 5.2(b), with additional 6 h growth. The lower 

seeds density diamond on sample S-1 causes the diamond crystals to grow three 
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dimensionally in a Volmer-Weber growth mode [117]. Due to the sparse seed coverage 

on sample S-1, hydrogen can easily achieve contact with the GaN surface during HFCVD 

diamond growth conditions and react and decompose into volatile by-products such as 

GaH and NH3. The cross-section SEM image on Figure 5.2(c) shows significant etching 

and decomposition of GaN near the diamond-GaN interface.  

 

 
Figure 5.2. SEM images of diamond film grown on sample S-1 (a) after 30 min (b) after 6 h, 

(c) Focused ion beam (FIB) cross-section SEM image for sample S-1 after 6 h growth. (d)-(e) 

are SEM images for diamond grown on sample S-2 after 30 min and 6 h respectively, (f) FIB 

cross-section SEM image for diamond grown on sample S-2 after 6h and (g)-(i) cross-section 

SEM images for diamond grown on another sample with identical seeding as S-2 from center 

to edge, respectively. 
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Figure 5.2(d)-(e) show the corresponding SEM images for the diamond film 

grown on sample S-2 after 30 min and 6 h, respectively. Full coalescence of the diamond 

crystals at ~ 0.06 µm in the early growth stage is seen in Figure 5.2(d) with high seeding 

density. The film is uniform and with higher density diamond crystals after 6 h CVD 

growth, in Figure 5.2(e), compared to sample S-1, in Figure 5.2(b). This is due to the 

dense diamond seeding and a process dominated by an early van der Drift growth 

mode [111,117]. The cross-section SEM image for the diamond film on S-2 after 6 h is 

shown in Figure 5.2(f). A smooth diamond-GaN interface with minimal to no GaN 

etching or decomposition can be seen. No delamination of the diamond film from the 

GaN is observed. Due to the high diamond seed density of sample S-2, quick lateral 

diamond coverage occurs early in the CVD growth and helps to protect the GaN from 

etching from the harsh HFCVD environment. 

The integration of diamond with high seeding density on GaN was checked for 

the repeatability of the process on different set of samples by growing diamond with 

almost same seeding density as S-2. The SEM cross-section images for the sample at 

three different positions i.e., 15 mm, 30 mm, and 45mm from center of 100 mm diameter 

wafer, shown in Figure 5.2(g)-(i). A smooth diamond/GaN interface can be observed. In 

contrast, diamond delamination and etching of the GaN layer was found near the edge of 

the wafer as shown in Figure 5.2(i). We attribute such delamination is associated with 

slight variation on the diamond seeding density near at the edge of the sample. Due to 

non-uniform seeding near at the sample edge, few nanometers of GaN etched away 

during early diamond growth making the pinholes on GaN and diamond get delaminated 

during the cooling cycle. Other possible reason for such delamination is the weak van der 
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Waal force between the diamond and GaN rather than strong covalent bond. GaN has a 

room temperature thermal expansion coefficient (5.59  10-6 K-1) that is 28% larger than 

that of diamond (4.38  10-6 K-1) [138]. When cooled, GaN will return to its room 

temperature volume, while the diamond with which it is bonded will contract far less. A 

compressive stress is created in the diamond layer, resulting in either bowing of the 

sample or delamination of the diamond layer [137]. 

High resolution x-ray diffraction analysis. HRXRD was employed to determine the 

degree in which the underlying GaN layer has been protected after 6 h of diamond 

growth. Comparative HRXRD in Figure 5.3(a) shows the q-2q patterns before and after 

diamond growth. The III-nitride layers, AlN and GaN, with second order (0002) 

diffraction peaks are present in all samples. (AlN is employed as a nucleation layer 

between the Si (111) substrate and GaN layer.) The diamond (111) diffraction peak at 

43.9° is observed with S-1 and S-2, after the diamond growth. The normalized peak 

intensity of GaN (0002) with respect to AlN (0002) were compared for all samples before 

and after diamond growth. The integrated normalized peak intensities, IGaN / (IGaN + IAlN), 

were (0.82±0.03), (0.48±0.24) and (0.85±0.04) for the samples before diamond growth, 

S-1, and S-2, respectively. The error value on the integrated peak intensity is calculated 

based on the standard deviation taken for the samples at three different measurement 

positions. Based on the integrated peak intensity, the GaN layer has been significantly 

etched for sample S-1, with low seed density, while it has been protected by the diamond 

film grown with high seed density on sample S-2. 
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GaN crystal quality before and after diamond growth were analyzed using rocking 

curve analysis. Figure 5.3(b) shows the XRD ω scans for the (0002) GaN plane for the 

three samples. The FWHM was 1132±32, 1261±80, and 1124±20 arc sec for before 

diamond, S-1, and S-2, respectively. The error values represent the standard deviation 

taken for three different scans at different locations across the samples. The GaN (0002) 

FWHM for sample S-1 has increased compared to before diamond growth. This indicates 

 

Figure 5.3. (a) HRXRD theta/two theta spectrum for the samples before and after diamond 

growth and (b) GaN (002) rocking curve for the samples before and after diamond growth. 
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the GaN crystal quality has been negatively impacted due to etching and/or 

decomposition during the HFCVD diamond growth process. The GaN (0002) FWHM for 

S-2 is basically unchanged compared to before diamond growth. This indicates that the 

GaN layer is protected from etching or decomposition during direct diamond integration 

with the high seed density of S-2. 

Micro-Raman results. Figure 5.4 shows UV (a) and Visible (b) micro-Raman 

spectra for the GaN layer prior and following the diamond growth. Due to the shallow 

penetration depth (≤ 100 nm) into the GaN [140], the UV spectra exhibits scattering from 

the GaN layer only. (There is no distinct UV spectral peak for GaN E2
2 and A1(LO) for 

the bare GaN sample, prior to diamond growth, due to high background associated with 

GaN photoluminescence (PL).) Post diamond deposition, the weak characteristic O(Γ) 

symmetric phonon[89] at ~1332 cm-1, weak GaN E2
2 and A1(LO) symmetric phonon, 

along with a second-order quasi-E1 (LO) band at ~1475 cm-1 is observed [132]. The 

diamond peak appears relatively weak due to strong resonance with the GaN. The visible 

micro-Raman spectra is presented in Figure 5.4(b). GaN E2
2 and A1 (LO) phonon, the 

AlN E2
2 band, and, post diamond deposition, the associated O(Γ) line are distinguishable. 
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The E2
2 peak position in GaN and AlN layers are sensitive to stress. The peak 

position and line width were determined by fitting the data using Lorentzian functions. 

Results are summarized in Table 4. For the E2
2 peak position and shift relative to the bulk 

value for GaN and AlN, the relative shift in each case corresponding to the stress is 

determined. Stress on the film can be estimated from the Raman shift using published 

 

Figure 5.4. Ultraviolet (a) and visible (b) Raman spectra taken before and after diamond 

growth on sample S-1 and S-2. Detailed spectra of 𝐸
2

2
 (GaN, AlN) and A

1
(LO) (GaN) showing 

phonon shift. 
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stress factors, which vary between reports for GaN and AlN. A Raman stress factor of 3.4 

± 0.1 cm−1/ GPa [141,142] is used to determine the GaN E2
2 stress prior to and after the 

diamond growth. From visible Raman, a stress value of 0.97±0.08 GPa prior to diamond 

growth was obtained. Following diamond growth, stress values of 0.76±0.04 GPa and 

1.12±0.06 GPa for sample S-1 and S-2, respectively, were obtained. The stress value for 

sample S-1 decreases following diamond growth, which represents relaxed GaN after 

diamond deposition due to etching and decomposition of the GaN layer. Increased biaxial 

stress of the GaN layer following diamond growth on sample S-2 represents a well-

protected GaN layer, without etching.  Both results are consistent with the HRXRD data 

discussed in the previous section. 
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Table 4. Peak Positions from Micro-Raman Spectroscopy before and after Diamond 

Growth. 

 

Visible Raman Spectroscopy Results 

Parameters Before diamond 

growth 

After diamond growth 

S-1 S-2 

 Peak 

position 

(cm-1) 

Relative 

shift 

(cm-1) 

Peak 

position 

(cm-1) 

Relative 

shift 

(cm-1) 

Peak 

position 

(cm-1) 

Relative 

shift 

(cm-1) 

GaN E2
2 

(FWHM) 

564.2±0.

1 

(3.5±0.2) 

-4.1±0.1 565.1±0.1 

(7.8±0.2) 

-3.2±0.2 

 

563.8±0.1      

(3.6±0.2) 

-4.5±0.2 

 

AlN E2
2 

(FWHM) 

650.6±0.

1 

(4.7±0.2) 

-5.9±0.2 650.7±0.1 

(4.9±0.3) 

 

-6.0±0.1 

 

650.5±0.1 

(4.4±0.3) 

-6.2±0.1 

GaN A1 

(LO) 

(FWHM) 

730.9±0.

1 

(6.2±0.3) 

-3.4±0.1 730.7±0.1  

(6.2±0.2) 

-2.0±0.1 731.1±0.1 

(6.3±0.2) 

-3.2±0.1 

Diamond 

O(Γ) 

  1332.6±0.1 0.6±0.2 1333.1±0.1 1.2±0.2 

The measured reference values for GaN phonon energies are 568.3±0.1cm−1 for E2
2 and 

734.3± 0.1 cm−1 for A1 (LO). For the AlN reference, the measured value is 656.7 ± 0.1 cm−1 

for E2
2. Measured diamond O (Γ) peak reference value is 1331.9 cm-1. 

 

 

UV Raman Spectroscopy Results 

  Peak 

position 

(cm-1) 

Relative 

shift 

(cm-1) 

Peak 

position 

(cm-1) 

Relative 

shift 

(cm-1) 

GaN E2
2 

(FWHM) 

565.9±0.1 

(6.5±0.4)) 
-3.3±0.2 

 

565.6±0.1 

(6.5±0.4 
-3.6±0.1 

 

GaN A1 

(LO) 

(FWHM) 

732.3±0.1 

(11.2±0.3) 

-1.0±0.1 731.2±0.1 

(9.8±0.3) 

-2.1±0.1 

Second 

order quasi-

E1 (LO) 

1475.1±0.1 

(21.5±0.6) 

 

 1475.1±0.1 

(20.2±0.3) 

 

Diamond 

O(Γ) 

1332.4±0.1 0.2±0.1 1333.4±0.1 1.2±0.1 

The measured reference values for GaN phonon energies are 569.2±0.1cm−1 for E2
2 and 

733.3± 0.1 cm−1 for A1 (LO). For the AlN reference, the measured value is 656.7 ± 0.1 cm−1 

for E2
2. Measured diamond O (Γ) peak reference value is 1332.2 cm-1. 
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Figure 5.5. Visible Raman spectroscopy map of relative FWHM and phonon shift (stress) for 

(a)-(b) GaN E2
2 peak, (c)-(d) GaN A1(LO) peak and (e)-(f) Diamond O(Γ), for sample before 

diamond growth and after diamond growth with low seed density (S-1) and high seed density 

(S-2). 
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Visible Raman mapping of the samples was performed to ascertain the film 

quality and stress in GaN and diamond for sample S-1, with low seeding density, and S-2, 

with high seeding density. The results are summarized in Figure 5.5(a)-(b) which shows 

the visible Raman mapping of relative FWHM and phonon shift for the GaN E2
2 phonon 

energy before diamond growth and after both S-1 and S-2. The relative FWHM for GaN 

E2
2 phonon is found to increase after diamond growth for S-1 compared to the GaN 

sample prior to diamond growth. This indicates that the GaN quality has been degraded 

after diamond deposition due to the low seed density. The relative FWHM for GaN E2
2 

for sample S-2 after diamond deposition essentially overlaps with the reference sample. 

This indicates the GaN layer crystal quality remains approximately constant after 

diamond growth on S-2, due to the high seeding density. 

The stress of the GaN layer prior and after diamond growth were also calculated 

from Raman mapping. Peak position, ω, is determined by fitting a Lorentzian function 

with background subtraction. The shift from the unstrained phonon position, 𝜔 − 𝜔𝑜, is 

used to determine the biaxial stress values, 

 𝜎𝑥𝑥 =
(𝜔 − 𝜔𝑜)

𝑘𝑅
⁄  

(17) 

Where kR is the Raman stress factor. For E2
2 phonon, 𝑘𝑅

𝐸2
2

=-3.4 ± 0.3 cm−1/ GPa [141,142] 

is used, while 𝜔𝑜= 568.3 ± 0.1 cm−1 is measured from a reference relaxed GaN film. 

Figure 5.5 (b) shows the map of the E2
2 phonon shift and corresponding stress calculated 

using equation (17). A red shift is obtained from 𝜔𝑜 for all samples before and after 

diamond growth relative to the reference value, 568.3±0.1cm−1. The GaN tensile stress 

before diamond growth ranges from 1.18 GPa to 1.35 GPa with an average value of 1.24 
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GPa. After diamond growth S-1, with low seed density, exhibits a stress change from 

0.35 to 1.40 GPa, with an average 0.52 GPa. This indicates that the GaN surface is 

substantially relaxed due to significant etching after diamond growth. By comparison, the 

GaN stress remains consistent, 1.18 GPa to 1.58 GPa, with average 1.43 GPa for sample 

S-2, with high seed density. The average tensile stress of sample S-2 increases after 

diamond growth compared to prior to diamond growth signifying that the GaN film is 

stressed with diamond growth without etching (or decomposition). The GaN A1 (LO) 

phonon peak was also mapped for relative FWHM and peak shift from the visible Raman 

spectroscopy using the Raman-stress factor for this phonon, 𝑘𝑅
𝐴1=-2.4 ± 0.28 cm−1/GPa 

[140], and the stress-free reference frequency 𝜔𝑜= 734.3 cm-1. The results are shown in 

Figure 5.5(c)-(d). We observed similar characteristics for FWHM and relative peak shift 

for all samples before and after diamond growth as was observed for GaN E2
2 phonon. 

Finally, the diamond FWHM and peak position with relative stress were mapped 

from the visible Raman spectroscopy. The results are shown in Figure 5.5(e)-(f). The 

relative FWHM for the diamond O(Γ) peak for sample S-2 is more uniform and narrower 

compared to S-1, relative to the reference value of 5.9 cm-1. This confirms that the 

diamond film quality is improved for the diamond film grown with high seeding density 

in comparison to lower seeding density. Similarly, the relative diamond volume fraction 

measured on S-1 and S-2 are 0.59±0.08 and 0.73±0.06, respectively. The improved 

crystallinity and diamond phase on sample S-2 is due to improved nucleation with high 

seed density.  
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The stress in the diamond film for both samples is determined from the phonon 

shift maps shown in Figure 5.5(f). The overall biaxial stress of the diamond film for 

respective peak positions was calculated by using equation (17) where 𝑘𝑅
𝑑𝑖𝑎=-1.76 cm−1/ 

GPa and ω0 at 1331.9 cm-1 were used. The diamond film stress of S-1 varied from -0.36 

to -0.78 GPa with an average biaxial stress 𝜎𝑏𝑠 = -0.40 GPa ±0.28 GPa. Similarly, the 

stress of the diamond film for S-2 varied from -0.34 to -1.32 GPa with an average 

compressive stress 𝜎𝑏𝑠 = -0.95 GPa ±0.26 GPa.The compressive stress developed on 

diamond film on S-1 is lower than S-2. This indicates that etching the GaN layer during 

diamond growth on S-1 relaxes the diamond film. The compressive biaxial stress is 

generated on sample S-2 due to dense seeding inhibiting etching and decomposition of 

the underlying GaN layer. 

Summary 

The role of diamond seeding density on direct diamond growth on GaN without a 

dielectric adhesion layer was studied. It was observed that the diamond nuclei coverage 

with low seeding density did not coalesce during the early stage of diamond growth 

resulting in etching and decomposition of the GaN layer. In contrast, quick diamond 

coalescence during the early growth stage results in a GaN layer protected from etching 

by the harsh HFCVD diamond growth conditions. XRD and micro-Raman studies 

confirm that the GaN material quality has been degraded for the sample with low seed 

density and remains unchanged compared to the reference GaN layer for the sample with 

high seeding density. Furthermore, the diamond film quality is improved with high seed 

density as indicated by the narrower FWHM compared to the low seed density sample. 

The experiment confirms, for the first time, that diamond can be grown directly on GaN 
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with no dielectric adhesion layers by utilizing a high diamond seeding density process.  
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VI. STUDY ON THE HETEROGENEOUS INTEGRATION OF DIAMOND ON 

ULTRA-WIDEBAND GAP SEMICONDUCTOR 

In this chapter, diamond integration with ultra-wideband gap semiconductors AlN 

and high Al contents AlGaN is presented.  

Integration of Diamond on AlN with Different Seeding Density 

AlN and high Al content AlGaN is currently used in various applications ranging 

from deep ultraviolet light emitting diode to high power electronic devices [162]. AlN 

and AlGaN active layers of these devices is primarily grown on foreign substrates, such 

as silicon, sapphire, and silicon carbide [163]. The density of threading dislocations in 

nitride films grown on a foreign substrate is high, typically >108 cm-2, even when special 

growth techniques are employed and is a major obstacle to improve device performance 

[163]. Typically, an AlN nucleation layer is utilized to grow high Al content AlGaN in 

order to achieve lower defect densities as well as non-radiative recombination centers 

[164]. In addition, AlGaN alloys grown on Si substrates with an AlN nucleation layer 

need to undergo strain relaxation to ensure low defect density and to assist in devices' 

design [1]. 

Growth of AlxGa1-xN across the full composition range, x, has long been 

established using several methods including molecular beam epitaxy (MBE), hydride 

vapor phase epitaxy (HVPE), and metal organic chemical vapor deposition (MOCVD) 

[165–168]. AlxGa1-xN transition layers are often used in the fabrication of GaN high 

electron mobility transistors on silicon for fabrication of subsequent device quality 

AlxGa1-xN confinement layers [131]. The current crowding inherent in the 2DEG of these 

HEMT structures produces aggressive self-heating. It was shown that the effect produces 
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a temperature rise in the device of ∆T~360℃, at 7.8 W/mm drive power (per gate length) 

[9]. To fully realize the promise of high power possible in GaN, i.e., when not limited by 

self-heating, the power electronics community has been drawn to research for improving 

thermal management. An attractive solution to thermal management is integration of the 

III-Nitride semiconductors with diamond [169].  

Diamond is a superior choice as a heat spreading materials compared with 

standard GaN based substrates such as SiC, Si and Al2O3 [53]. Although the thermal 

conductivity values for bulk GaN (160 W m-1 K-1) and SiC (~420-490 W m-1 K-1) are 

reasonably high [2,143], the nucleation layer and the resulting microstructure near to the 

interface can cause a significant barrier for heat to travel from the GaN device to the SiC 

substrate [134,144]. In addition to any film adhesion layer resistance and intrinsic thermal 

boundary resistance, additional factors, such as poor material quality near the interface, 

could impact thermal transport across the layers [134,135]. The heat must be removed 

through back or side of the substrate wafer to an external cooling system.  

Direct diamond growth on GaN based devices is challenging due to adhesion and 

etching problems on harsh HFCVD conditions. AlN is one possible material to use as the 

barrier layer [145]. However, some issue related to adhesion and etching of AlN layer 

during diamond growth has been reported [146,147]. Pobedinskas et al. [147] had studied 

the effects of hydrogen and methane plasmas on sputtered AlN during micro-wave 

plasma chemical vapor deposition of diamond. They found that the films can be etched 

when exposed to plasma for long periods of time. Once the diamond film is coalesced, 

the AlN layer should be protected by the diamond layer. Mandal et al. [148] showed that 

the thick diamond ~200 µm can be grown on AlN with normal nano-diamond seeding 
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technique with low thermal boundary resistance ~ 15 m2K/GW. They have shown that 

AlN is readily attached with diamond and readily form a carbide which helps diamond 

adhesion plus the added benefit is that the AlN layer acts as an etch stop and an adhesion 

layer for the diamond growth. 

In this chapter, a comparative study of the nucleation, growth rate, grain size, 

crystal quality and thermal properties of diamond films grown on AlN at seed densities 

1×108 and 2×1012 cm-2 are reported. Building off the progress discussed in the previous 

chapters, the innovative polymer assisted electrostatic seeding approach was used to 

control diamond seeding density on AlN from ~108 cm-2 to ~1012 cm-2. Thick diamond, 

~10 µm, on AlN with different diamond seed density by hot filament chemical vapor 

deposition (HFCVD) without any adhesion or protective layer was investigated. 

Characterization methods include scanning electron microscopy (SEM), atomic force 

microscopy (AFM), and micro-Raman spectroscopy. The growth, morphology, and 

quality of diamond film across the entirety of the film thickness from the substrate 

interface region to the diamond surface was evaluated.  

Diamond seeding, growth, and characterization methods. The sample investigated 

had a ~ 400 nm thick AlN layer deposited on a single crystalline Si (111) substrate using 

Texas State University’s custom-built MOCVD reactor. Trimethylaluminum (TMAl) was 

used as the Al source and ammonia (NH3) was used as the nitrogen source in hydrogen 

carrier gas, following the standard growth procedure [132,149]. The AlN layer was 

(0001) oriented with a surface RMS roughness of ~1.5 nm over 5×5 µm scans, shown in 

Figure 6.1(a). The substrate was cut into four equal quadrants and pre-seeded with 

diamond using the polymer assisted electrostatic seeding technique. The seeding 
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technique involves self-assembly of diamond nanoparticles on the polymer coated 

substrate by creating electrostatic van der Waal force between a cationic polymer and the 

diamond nanoparticles. The detail of the seeding technique is discussed in Chapter III. 

 

Two samples (S-1 and S-2) were seeded to obtain two different seeding densities. 

Both samples were rinsed with acetone, methanol, and isopropanol prior to diamond 

seeding. ~250 nm thick Poly (diallyl dimethylammonium chloride) PDDAC polymer 

 

Figure 6.1. (a) 5×5 µm2 AFM images before seeding and (b)-(c) after seeding with low seed 

density 1.1×108 cm-2 (S-1) and dense seeding density 2×1012 cm-2 (S-2), respectively. 
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with positive zeta-potential ~51 mV was coated on both samples. The samples were then 

ultrasonicated in the carboxylate nano-diamond slurry with negative zeta-potential ~47 

mV. S-1 and S-2 were sonicated for 5 and 60 min, respectively, to achieve the different 

seeding densities. Following the seeding, both samples were rinsed with water and lightly 

dried with N2 gas to remove poorly attached seeds from the substrate surface. 

The diamond seed density was measured using AFM images and identifying the 

diamond particles on the surface using the Gwyddion scanning probe microscopy (SPM) 

analysis software [106] following the previously described approach for determining 

diamond seeding densities [24]. The results are summarized in Figure 6.1(b)-(c). The 

AFM images clearly show diamond seed coverage is substantially lower on S-1 

compared with S-2, with an average seed density of ~ 1×108, and 2×1012 cm-2, 

respectively. Furthermore, S-2 seeding is more uniformly distributed with only a few 

small clusters, as shown Figure 6.1(c). The measured seed density obtained from AFM is 

less than the maximum 4.6 × 1012 cm-2 predicted with a seed diameter of 5 nm using an 

idealized close-packing approach [91]. 

For diamond growth, the samples were simultaneously positioned inside the  

HFCVD system. Power (6 kW) driven through the array of nine tungsten wires—24 cm 

long and 0.25 mm diameter— resulted in a 2200 °C filament temperature. The water-

cooled rotating substrate holder was positioned 6 mm from the tungsten wire array to 

produce a substrate temperature of 720−750 °C as measured by IR pyrometer. Source 

gases were 60 sccm CH4 (3%), 2000 sccm H2, and 3 sccm O2, with chamber pressure 

maintained at 2773 Pa (20.8 Torr). The total growth time was 20 h.  



 

138 

After diamond growth, the samples were characterized by SEM (FEI Helios 400) 

in-plane and cross-section to assess the film uniformity, layer thickness, and to examine 

the diamond/Si interface from cleaved samples. AFM (Bruker Dimension ICON) was 

used in tapping mode to evaluate the root-mean square (RMS) roughness and grain size 

of the deposited diamond film.  

Diamond phase purity and quality across the diamond film was ascertained by 

micro-Raman measurements with ultraviolet (UV) excitation wavelength 363.8 nm. At 

this excitation wavelength, the diamond fluorescence is lower than when measuring in 

the standard visible-wavelength range [80,113,140]. The laser excitation was focused into 

a line approximately 10-µm long and 2-µm wide using a 100× objective (NA 0.40) and 

acquisition time of 60 s to collect the spectra. Visible micro-Raman spectra (excitation 

wavelength 532 nm) were used to measure the samples along cross-section planes using a 

Horiba (LabRAM) system. The nominal spot diameter was ~2 µm utilizing a ×100 

objective lens with NA 0.90. For all micro-Raman cross-section measurements, a coupon 

~ 10 mm × 3 mm was vertically affixed on a translational stage illuminating the freshly 

cleaved edge with the excitation. The sample position was stepped every 1 µm along the 

growth direction to obtain line images. Visible micro-Raman 10 ×10 μm2 mapping were 

performed on the sample before and after the diamond growth. In all cases, spectra were 

collected to capture the silicon and diamond O(Γ)-symmetry phonon lines and the broad 

non-diamond carbon (NDC) bands in the 1450–1600 cm−1 range. The quantitative 

information was obtained by fitting the diamond Raman band using Lorentzian line 

shape. Intensities from the disordered carbon were obtained by integrating from 1000 to 

1700 cm-1 with background subtracted and eliminating the diamond phonon intensity 
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using the fit results. Finally, diamond thermal conductivity and thermal boundary 

resistance (TBReff.) between diamond/AlN was measured using steady state transient 

thermo-reflectance measurements. 

Diamond thickness, morphology, and grain size. Presented in Figure 6.2 are 

representative SEM analysis results for diamond film with different seed density after 20 

h growth. Figure 6.2(a)-(b) represent the morphology of the diamond films with low (S-

1) and high (S-2) seeding density, respectively. For both samples, the diamond crystals 

have stable equilibrium shapes such as rhombic dodecahedron, and truncated 

octahedron [150]. The diamond structures for sample S-1 are relatively larger and non-

uniform in shape, as shown in Figure 6.2(a). For low seed density sample, S-1, the 

Volmer-Weber growth mechanism during the early stages of diamond growth permit the 

diamond crystals to grow three dimensionally into larger grains [117,151]. In contrast to 

sample S-1, the diamond crystals of sample S-2 are more uniform, smaller and compact. 

This is attributed to the dense seeding, and corresponding to a situation dominated by 

early van der Drift growth mode [111]. 
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Cross-section SEM images from the cleaved samples were used to investigate 

diamond morphology along the growth direction after 20 h and are shown in Figure 

6.2(c)-(d), at lower magnification and Figure 6.2(e)-(f), at higher magnification, for S-1 

and S-2, respectively. Large diamond grains with columnar structure and, possibly, voids 

between the diamond and AlN is formed when isolated diamond grains coalesced with 

sample S-1 with low seed density. In contrast to S-1, the diamond-AlN interface is 

improved with an abrupt interface with dense diamond grains at the interface. The “V” 

shaped structure observed along the AlN surface, shown in Figure 6.2(e) by red circle, is 

associated with the dislocation defects within the AlN film [152,153] and is typical for 

this standard growth process employed by our research group.  

 

Figure 6.2. (a)-(b) SEM morphology of diamond film on S-1and S-2, respectively. (c)-(d) 

Cros-sectional SEM image for the sample S-1 with low magnification, respectively. (e)-(f) 

Cros-sectional SEM image for the sample S-1 with higher magnification, respectively taken 

from cleaved samples. 
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Analysis of AFM images for the grain size and RMS roughness is shown in 

Figure 6.3(a)-(b). The mean grain size is larger for sample S-1 with low seed density and 

decreases with high seed density for sample S-2. The maximum lateral grain size for 

sample S-1 is due to the longer development of three-dimensional grains, as described 

 

 

Figure 6.3. Average for three images of (a) grain size (b) and RMS roughness from AFM scans 

of diamond film on samples S-1& S-2 after 20 h growth. (c) Average thickness measured on 

samples S-1 & S-2 from cross-section SEM from cleaved samples. 
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earlier. The uncertainties shown correspond to standard deviations in grain sizes. With 

increasing seed density, the earlier coalescence of the diamond grains and slow 

transformation of the diamond film into the van der Drift growth mode results in a 

smaller average grain size. The diamond surface roughness is greater for sample S-1 

compared to S-2. Higher surface roughness is correlated to larger grain size. 

The diamond film thickness measured from SEM cross-section for both samples 

after 20 h growth is shown in Figure 6.3(c). The corresponding average growth rates for 

S-1 and S-2, were determined to be 0.56 and 0.49 μm/h. The higher growth rate for the 

sample with lower seed density is attributed to freely developed diamond grains by the 

Volmer-Weber growth mode [117], as discussed previously. The grain size and 

roughness follow the increasing trends with diamond film thickness. 

Raman analysis for crystallinity, quality, and stress on diamond film. Ultraviolet 

(UV) micro-Raman measurement were performed to investigate the carbon configuration 

of the diamond films. The Raman spectra is shown in Figure 6.4. The spectra were 

collected in the 200-2000 cm-1 range, but the AlN peaks are not observed due to the thick 

diamond film. The most probable bonding between diamond and AlN is carbide bond i.e 

Al-C or cyanide bond (C ≡ N) [148]. We didn’t observe any peaks or bands associated 

with the aluminum carbide [154] and cyanide [155,156] while scanning 

~100 nm diamond on AlN. The reason may be due to the presence of very thin carbide 

layers under the Raman detection volume. For all samples, a sharp O ( )-symmetry 

phonon for diamond was observed with varying blue shift relative to the reference value 

of 1332.2 cm-1. The broad features from 1350 to 1450 cm-1 and 1500 to 1620 cm-1 

correspond to the “D” and “G” bands that are present in non-diamond carbon (NDC) 
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graphitic phase. Prior to quantitative analysis, it may observe that the diamond peak is 

more intense with suppressed NDC peak for sample S-2 compared to S-1. 

 

The quantitative information on diamond quality, crystallinity and stress is 

determined by the Lorentzian peak fitting with background subtraction [27]. The results 

are summarized in Figure 6.5. The upper panel of Figure 6.5(a) shows the increase in 

diamond phonon line width relative to the reference diamond. The diamond line narrows 

with increasing seeding density. Figure 6.5(b) show trends in relative intensity for 

diamond examined through 𝐼𝐷/(𝐼𝐷 + 𝐼𝑁𝐷𝐶), the ratio of integrated intensities of the 

diamond peak (ID) to the total Raman intensity, where the INDC term is from the NDC 

bands, and following background subtraction. The relative intensity for diamond 

 

                          Figure 6.4. Raman spectra for diamond film after 20 h growth. 
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increases systematically with S-2 compared to S-1. The results in Figure 6.5(a) and (b) 

quantitatively show improvement in diamond film crystal quality and intensity, 

respectively, due to higher seeding density. 

The overall biaxial stress σ in the diamond film can be estimated from the Raman 

data using equation (15) with diamond reference ω0 at 1332.2 cm-1. The presence of 

residual stress developed in the diamond film is studied by examining the shift in the 

diamond phonon energy and the results are shown in Figure 6.5(c). The total residual 

stress is the sum of intrinsic stress and thermal stress. The thermal stress is calculated via 

equation (16), by including temperature dependent linear thermal expansion coefficients 

for diamond [121] and AlN[154], from room temperature, 𝑇𝑎 to growth temperature 𝑇𝑔. 

The compressive thermal stress is estimated to be ~ -3.3 GPa for a 750 °C diamond 

deposition temperature. Figure 6.5(c) show the residual stress developed in the diamond 

films as a function of seeding density. The residual stress is compressive and stresses in 

the diamond films are –0.5±0.2 and –0.6±0.1GPa for S-1and S-2, respectively. The 

uncertainty values are calculated by measuring the stress at different positions across the 

samples and taking the standard deviation. The stress variation on S-1 and S-2 is 

associated with different stress component contributions for different stages of the film 

formation. 
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Figure 6.5. (a) Relative FWHM (b) Relative diamond intensity (c) Relative peak shift and 

stress, as a function of seeding density on the samples after 6 h and 16 h growth. 
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The data from the UV-Raman measurement were cross-checked by performing 

10×10 µm2 mapping from visible micro-Raman using 𝜆𝐿=532 nm. The results are 

summarized in Figure 6.6. Figure 6.6(a) compare relative FWHM measurements for 

samples S-1 and S-2 with respect to the reference FWHM of diamond of 5.9 cm-1. Based 

 

Figure 6.6. Map of diamond (a) relative FWHM (b) relative diamond intensity and (c) relative 

peak shift and stress measurements using visible micro-Raman spectroscopy. 
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on the measurement, the relative FWHM of S-1 ranges from 1.2 to 9.4 cm-1 with an 

average of 5.2 cm-1 with uncertainty values of individual data points ±3.1 cm-1. The 

relative FWHM of S-2 ranges from 0.1 to 2.6 cm-1 with uncertainty value of ±1.1 cm-1. 

This indicates that the diamond crystal quality is better with increasing seed density and 

more uniform throughout the sample. This is explained due to the rapid coalescence and 

uniform diamond growth of S-2 from the early growth stage. The variation of relative 

FWHM for S-1 represents the non-uniform diamond growth. These data are consistent 

with the UV Raman measurement shown in Figure 6.5(a). 

The relative diamond intensity within the mapped 10×10 µm2 region is analyzed 

from the diamond Raman spectra and shown in Figure 6.6(b). The relative diamond 

intensity for sample S-1 ranges from 0.51 to 0.70 with an average of 0.60 ±0.04. The 

diamond volume fraction increases for sample S-2, ranging between 0.61 to 0.87 with an 

average of 0.74 ±0.05. This indicates that the diamond film quality is improved for the 

diamond film grown with high seeding density. 

The peak position mapped from visible micro-Raman measurements of the 

diamond O(Γ) phonon is shown in Figure 6.6(c), along with the corresponding stress 

values on the right-hand axis. The stress is calculated using the relative peak shift 

indicated in equation (15) with a reference peak position for diamond O(Γ) at 1331.9 cm-

1. The compressive stress of sample S-1 from this measurement ranges from -0.23 to -

1.46 GPa. An average compressive stress of 𝜎𝑎𝑣𝑔 =-0.57 GPa was obtained across the 

wafer with uncertainty values of individual data points ±0.20 GPa and standard deviation 

of ±0.10 GPa from this map. The significant variation in the compressive stress of S-1 is 

attributed to variation of the non-diamond carbon phase within the diamond crystals. 
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Specifically, the low stress, ̴ -0.23 GPa, within the scanned area is attributed to small 

voids enclosed between the diamond crystals due to the sparse seeding density during 

lateral diamond growth near the diamond-AlN interface. Higher intrinsic stress is 

developed in the diamond with less non-diamond phase [120,136]. The compressive 

stress of sample S-2 ranges from -0.53 to -1.30 GPa with an average compressive stress 

of 𝜎𝑎𝑣𝑔 =-0.65 GPa with an uncertainty value of individual data points ±0.06 GPa and 

standard deviation of ±0.08 GPa from the map. The stress variation is substantially less 

and signifies that the uniformity and diamond quality are much improved with high 

seeding density. The average measured stress from visible Raman spectroscopy is 

consistent with the UV micro-Raman measurements. Larger variation in each measured 

stress data from visible Raman is due to larger area of scan compared to the UV micro-

Raman spectroscopy. 

Cross-section Raman spectroscopy. The diamond film quality was also 

characterized by cross-section Raman spectroscopy. A series of cross-section spectra 

were measured with Visible micro-Raman spectroscopy from the near interface to the 

growth surface. All scans were taken from the same region but not at the same position. 

All spectra exhibit a narrow diamond peak and broad non-diamond carbon bands. The 

scans were taken starting near the diamond-AlN interface (marked 0 μm) to the growth 

surface (10 μm) with a step size of 1 μm. The diamond reference sample was measured 

prior to each measurement with O(Γ) at 1331.9 cm-1 and FWHM of 5.9 cm-1. For all 

samples, the NDC intensity decreases along the scan direction from the near interface to 

the growth surface, identical to the trend for diamond on Si, discussed in Chapter IV. 
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A broad Raman band is observed across the range 1400-1650 cm-1 for sample S-1 

near the interface as shown in Figure 6.7(a) and is attributed to a mixture of diamond-like 

and amorphous carbon. The appearance of such an NDC band is associated with 

amorphous interface regions between the diamond polycrystals. During the initial phase 

of growth with low seed density, the scattered seeds start to grow both vertically and 

laterally, and there is no spontaneous nucleation in the regions between the diamond 

seeds, similar to what was observed with a Si surface, discussed in Chapter IV. Such 

 

Figure 6.7. Visible Cross-section micro-Raman spectra of diamond from near interface with 

AlN (0μm) to near-growth surface (10μm) for samples S-1 and S-2, respectively. 
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regions are exposed to the HFCVD carbon environment and may diffuse into the 

layer/substrate. For the present samples, carbon adatoms may bond with Al and N to form 

Al-C or possibly C≡N and accumulate into three-dimensional amorphous carbon clusters 

near the interfacial region [148]. This carbon is predominantly sp2-bonded and, thus, the 

lower diamond nucleation density will exhibit the broad sp2 band near the interface. With 

increasing diamond film thickness, the quality of the film improves, and the intensity of 

this band diminishes. In contrast to S-1, the NDC band is narrower and its intensity lower 

at the interface and throughout the diamond film for S-2, shown in Figure 6.7(b). 

 

  

 

Figure 6.8. Visible micro-Raman results for (a) relative FWHM and (b) Relative diamond   

intensity as a function of distance from AlN/Diamond interface for all samples. 
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The quantitative analysis for relative FWHM and diamond intensity for samples 

S-1 and S-2 from the cross-section Raman spectra shown in Figure 6.7 is summarized in 

Figure 6.8. The variation in relative diamond FWHM for both samples measured near the 

interface to the growth surface is shown in Figure 6.8(a). There is a systematic narrowing 

of the diamond line with increasing diamond film thickness for both samples. The 

narrowing lines correspond to improving crystal quality with diamond film thickness. 

Furthermore, there is a consistent trend of superior crystal quality (lower DFWHM) with 

thickness for S-2, the diamond film with higher seed density. The variation in relative 

diamond intensity from the interface to the growth surface measured from visible micro-

Raman spectroscopy, is shown in Figure 6.8(b). For both samples, the diamond growth 

begins with material that has the lowest diamond phase near the interface while the 

diamond fraction increases with increasing thickness toward the growth surface. 

Furthermore, comparing S-1 and S-2 in Figure 6.8(b), the relative diamond phase is 

enhanced throughout the layer with higher diamond seed density.  

The larger diamond phase and narrower FWHM near the AlN/diamond interface 

with high seed density (S-2) compared to the lower seed density (S-1) is due to the 

difference in diamond growth mechanisms during the diamond nucleation process, 

explained previously. These studies show that the diamond seeding density has a 

profound effect on the diamond film quality, phase purity and crystallinity from the 

interface to the growth surface for AlN/diamond heterostructures.  
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Integration of Diamond on High Al Content AlxGa1-xN (x = 52%) with High Seeding 

Density 

In this section, the direct integration of diamond on high Al content AlGaN with 

high seeding density is presented. The diamond integration on Al0.52Ga0.48N with high 

seeding density is expected to help protect the layer from the harsh HFCVD diamond 

growth environment. Characterization techniques including atomic force microscopy 

(AFM), high resolution X-ray diffraction (HRXRD) and scanning electron microscopy 

(SEM) were employed to analyze the samples before and after the diamond growth. 

Diamond seeding and diamond growth. To deposit Al0.52Ga0.48N on Si (111) via 

MOCVD, the growth starts with an AlN nucleation layer followed by the AlGaN alloy 

layer. The process has been established on Si (111) due to its smaller lattice mismatch 

with the III-nitride hexagonal crystal. After heating the substrate to ~1020 °C, ammonia 

is first introduced for a few seconds to nitridated the Si surface. This nitridation is 

extremely important for nucleation of III-nitride semiconductors on Si. The chamber 

pressure and substrate temperature are held constant at 100 Torr and 1020 °C, 

respectively. A nominally thick 420 nm AlN layer is deposited using TMA and ammonia 

with a V/III ratio of 9433. The flow rate for TMA and NH3 are 30.3 µmole/min and 0.295 

mole/min, respectively, for this layer. A 550 nm thick Al0.52Ga0.48N layer is grown on top 

of AlN. The V/III ratio for this layer is 5530 with TMG flow of 29.75 µmole/min, TMA 

flow of 23.5 µmole/min and 0.295 mole/min of NH3. 
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The AFM morphology of the Al0.52Ga0.48N sample prior to diamond seeding is 

shown in Figure 6.9(a). This dark spots on the sample with hexagonal inverted shaped 

pyramids are dislocation pits of ~ 80 nm width and ̴ 75 nm vertical height, shown by a 

yellow circle in Figure 6.9(a). The average surface roughness is measured to be ̴ 3.29 nm. 

The density of the dislocation pits on the sample were found to be > 108 cm-2. In some 

regions, the density of such pits was found to be significantly decreased and depends 

upon the microstructure of the underlying AlN thin film. These hexagonal defects are 

similar to the so called “V” defects typically observed in GaN [158].  

 

 Figure 6.9. (5×5) μm2 AFM morphology of the Al.52Ga.48N sample (a) before and (b) after 

diamond seeding. 
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For diamond seeding, a mixed electrostatic dip seeding approach using a cationic 

Poly (diallyl dimethyl) ammonium chloride, commonly known as PDDAC polymer and 

nano diamond slurry carboxylate on water (1 wt% vol) was used. The details of the 

seeding process are presented in Chapter III. With this seeding approach, the diamond 

seeding density can be the excess of 1012 cm-2. The AFM morphology of the seeded 

Al0.52Ga0.48N sample is shown in Figure 6.9(b). The surface is uniformly covered with 

dense nano-diamond seeds with a density > 1012 cm-2. AFM data shows no voids between 

the seed on the sample. The hot filament chemical vapor deposition (HFCVD) process for 

the diamond growth was carried at 3% methane (57sccm) at 750℃ for 2 h. 

 X-ray diffraction analysis. The samples before and after the diamond growth were 

characterized using high resolution x-ray diffraction technique. Theta/two theta scans for 

the sample prior to and after diamond growth are shown in Figure 6.10. The HRXRD 

data indicate to what extent the underlying AlGaN layer has been protected after CVD 

diamond growth in the HFCVD environment. Both III-nitride layer’s (AlN and AlGaN) 

second order (0002) diffraction peaks are present and have not substantially changed 

before and after the diamond growth. This confirms that the Al0.52Ga0.48N layer beneath 

the diamond layer is fully protected by the direct integration of diamond with high 

seeding density. Following diamond growth, the corresponding diamond (111) diffraction 

peak is present at 43.90°.  
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In addition, the FWHM values for the Al0.52Ga0.48N layer were determined from 

 − scans as shown in Figure 6.11. The measured FWHM before and after diamond 

growth are 1020±35 and 991±25 arc sec, respectively. The variation in FWHM is the 

standard deviation taken from three different measurements taken at different positions 

across the sample. The slight improvement in FWHM after diamond growth is not 

considered substantial as the values are within same order while considering the standard 

deviation for the measurements. This confirms that the material quality has not been 

negatively impacted by the diamond growth or the HFCVD environment. I.e., no etching 

of damage of the Al0.52Ga0.48N layer is observed from the HRXRD data. 

 

 

Figure 6.10. HRXRD  -2 spectrum of the AlGaN/AlN structure on Si (111) before and after 

diamond growth. 
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Reciprocal space mapping (RSM). Reciprocal space mapping (RSM) analysis was 

conducted to determine the lattice constant and stress-strain phenomena in the AlxGa1-xN 

(x=.52) layer. Figure 6.12(a)-(b) show the asymmetric RSM for Al0.52Ga0.48N/AlN grown 

on Si (111) before and after diamond growth. The stress of the AlGaN layer is calculated 

using peak positions in the RSM data. The reciprocal lattice vector 𝑞ℎ𝑘𝑙 is defined in 

terms of inter planar spacing dhkl as 

 
𝑞ℎ𝑘𝑙    =   

1

𝑑ℎ𝑘𝑙
    =    √

4(ℎ2+𝑘2+ℎ𝑘)

3𝑎2 +
𝑙2

𝑐2 
             (18) 

where a and c are the in-plane and out-plane lattice constants, respectively. Hence, for 

a given reciprocal lattice point (hkl) in the scattering plane, the horizontal components of 

 

 

            Figure 6.11. 2- scan for Al0.52Ga0.48N sample before and after diamond growth. 
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reciprocal lattice vectors are [149] 

 
𝑞ℎ𝑘𝑙(‖)    =    √

4(ℎ2+𝑘2+ℎ𝑘)

3𝑎2  
            (19) 

Equation (19) is simplified when substituting h=1, k=0, and l=4 for the (10-14) 

reflection  

 𝑞104(‖)    =    
2

√3

1

𝑎
             (20) 

The lattice constant a-axis parameter is measured from equation (20) using the RSM 

measured value of 𝑞104(‖). Based on the measurement the lattice constants (am, cm) for 

the Al0.52Ga0.48N layer before and after diamond growth are calculated as (3.183, 5.061) 

Å and (3.186, 5.062) Å, respectively. The in-plane biaxial strain (𝜀𝑥𝑥
𝑏 ) of the Al0.52Ga0.48N 

layer can be expressed as a linear combination of uniaxial in-plane strain, along a 

direction, and hydrostatic strain 𝜀ℎ can be expressed as follows [140,159].  

 𝜀𝑥𝑥
𝑏   = 𝜀𝑥𝑥  − 𝜀ℎ  (21) 

 

                      𝜀𝑥𝑥
𝑏   =  

𝑎𝑚 (𝑥)−𝑎𝑜(𝑥)

𝑎𝑜(𝑥)
 −  𝜀ℎ           (22) 

where subscripts “m” and “o” refer to the measured and relaxed lattice parameters, 

respectively. In-plane biaxial stress (𝜎𝑏𝑠) can be expressed in terms of biaxial strain (𝜀𝑥𝑥
𝑏 ) 

and biaxial elastic modulus (Mf) [149,160], 

                         𝜎𝑏𝑠=𝑀𝑓𝜀𝑥𝑥
𝑏            (23) 

 
𝑀𝑓 = 𝐶11 + 𝐶12 − 2

𝐶13
2

𝐶33
 

          (24) 

Here, Cij is the elastic constants of Al0.52Ga0.48N calculated using Vegard’s law [161]. 

We use for these C11 = 399 GPa, C12=147 GPa, C13=102 GPa, and C33=374vGPa, 
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respectively [160]. The relaxed lattice parameter was measured using Vegard’s law for 

relaxed Al composition (x=0.52) and relaxed elastic constants for AlN and GaN [149], 

the relaxed lattice constants for Al0.52Ga0.48N were calculated and found to be 𝑎0 =

3.176 Å and 𝑐0 = 5.088 Å. Using the measured lattice constant and unstrained lattice 

constant using equations (18), (19) and (20), the biaxial stress on Al0.52Ga0.48N was 

determined to be 1.08 GPa and the stress increased to 1.54 GPa after diamond 

integration. 

 

 

Cross-section scanning electron microscopy and morphology. While the structural 

and material properties of the Al0.52Ga0.48N layer before and after diamond growth were 

investigated using HRXRD, it is also important to study the interface properties. To do 

so, cross-sectional SEM measurements were taken before and after diamond growth, as 

 

Figure 6.12. Asymmetric RSM (101̅4) scan of the Al0.52Ga0.48N/AlN thin film grown on Si (a) 

before and (b) after diamond growth. 
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shown in Figure 6.13(a)-(b). The Al0.52Ga0.48N layer was found to not be impacted after 

diamond integration. The interface is between the diamond and Al0.52Ga0.48N layer is 

abrupt without any indications of etching or damage. This confirms that diamond 

integration on Al0.52Ga0.48N is successful without substantial material quality degradation 

from the harsh HFVCD conditions. The diamond film surface morphology is shown in 

Figure 6.13(c). The diamond grain structure is uniformly shaped with an average grain 

size of ~ 250 nm and an average film roughness of ~35 nm. 

 

Figure 6.13. Cross-section SEM images taken (a) before and (b) after diamond growth, and (c) 

surface morphology of the diamond film. 
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Summary 

 

The effect of diamond seeding density spanning from 1×108 to 2×1012 cm-2 on the 

growth, morphology, quality, and interfacial/material properties of diamond film grown 

on AlN was studied. The diamond film grown with low seed density was found to follow 

the Volmer Weber growth mechanism where the diamond nuclei grow three 

dimensionally with larger grains and higher surface roughness. In contrast, diamond 

grown with high seed density is substantially vertically aligned and follows the van der 

Drift growth mechanism. With low seed density the diamond-AlN interface is rough and 

contains voids near the interface due to the slower development of diamond grains. 

However, the absence of pores or voids and an abrupt interface is seen for the diamond 

film grown with dense seeding density. Due to the three-dimensional development of 

diamond grains with low seed density, the measured diamond film thickness is increased 

compared to the film grown with high seed density. 

Micro Raman measurements confirm improvement of the diamond film quality 

with increasing diamond seed density. Visible Raman cross-section measurements show 

superior diamond film quality near the interface as well as throughout the film thickness 

with increasing seed density. This study indicates that high seed density > 1012 cm-2 is 

critical for improving the overall diamond film quality, growth kinetics, thermal 

boundary conductance (TBC), and morphology of diamond film on AlN. Also, the effect 

of dense diamond seeding density ˃1012 cm-2 on the growth, morphology, and interfacial 

properties of diamond on Al0.52Ga0.48N was investigated. High resolution XRD and 

rocking curve analysis confirmed that the diamond film mitigated etching and 

decomposition of the AlGaN layer from the harsh HFCVD diamond growth conditions. 
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Cross-section SEM also confirmed an abrupt interface between the Al0.52Ga0.48N layer 

and diamond. Reciprocal space mapping along the asymmetric (101̅4) plane indicates 

the biaxial stress on the Al0.52Ga0.48N layer to be 1.08 GPa and the stress increased to 1.54 

GPa after diamond integration. This indicates that the diamond film produced a 

compressive biaxial stress without impacting the Al0.52Ga0.48N layer crystal quality.  
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VII. CONCLUSIONS AND FUTURE WORKS 

Conclusions 

An innovative approach for diamond seeding to obtain dense diamond seed 

density on different semiconductor surfaces has been developed. The effect of diamond 

seeding density on growth, morphology, quality, interfacial/material, and thermal 

properties has been studied. Successful integration of high-quality diamond on Si, GaN, 

AlN and high Al-content AlGaN with dense diamond seeding density has been achieved 

and studied in detail. The key findings from this dissertation project include: 

i. Electrostatic van der Waal forces between the nano-diamond seeds and the 

substrate is necessary to attain dense diamond seeding. 

ii. Diamond growth dynamics depend on the available seed density on the 

substrate for the nucleation process. The Volmer Weber growth (three 

dimensional) mechanism is dominant for diamond films with sparse seed 

density and van der Drift (mostly 2-D) growth mechanism is dominant with 

dense diamond seed density. 

iii. The coalescence time for diamond film depends on the available diamond seeds 

for the nucleation process. Minimum thickness~100 nm is found to achieve 

100 % coalescence with dense diamond seeding.  

iv. Diamond film quality and morphology is improved with dense diamond seed 

density compared to sparse seed density. 

v. The diamond-semiconductor interface is found to be porous and/or contain 

voids when grown with sparse seed density. In contrast, the absence of pores 

and/or voids was found for samples with dense seeding density. 



 

163 

vi. The non-diamond carbon phase near the interface is found to be greater for 

diamond films grown with sparse seed density and substantially reduced for the 

samples grown with dense seeding density. 

vii. The thermal boundary conductance (TBC) between the diamond film and Si 

substrate is found to depends on the diamond seeding density. Improved TBC is 

found with increasing seeding density. 

viii. The quick lateral coverage of diamond during the early nucleation process helps 

to protect the underlying III-nitride layers from the harsh HFCVD environment. 

Hence, dense diamond seeding helps to protect the III-nitride layers from 

etching and decomposition during diamond growth. 

Suggested Future Works 

This dissertation research has provided a proof of concept for growing high 

quality diamond materials with dense diamond seeding. An innovative approach for 

diamond seeding developed on different semiconductors under this research opens many 

exciting research opportunities in the application of diamond as a heat spreader in 

different electronic devices as well as several other applications of diamond on 

optoelectronics. The most interesting research projects are summarized below: 

Optimization of dielectric adhesion layer thickness between diamond and GaN 

HEMT with dense diamond seeding approach. This research establishes a dense 

seeding approach over 1012 cm-2 that results in relatively quick lateral coverage for 

diamond on different semiconductors. Thus, utilizing the seeding concept should help to 

decrease the required thickness of a dielectric adhesion layer between the diamond and 

GaN HEMT to help reduce the effective thermal boundary resistance of the structure. 
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Also, the quality of diamond is improved with dense seeding to further help better 

thermal management of the devices. 

Study on the diamond film texture grown with different seeding density. From 

this dissertation research, the diamond growth kinetics were found to differ with different 

seeding density. The growth kinetics of diamond plays a key role in maintaining the 

texture and orientation of diamond nuclei. So, texture development of the diamond film 

can be further understood if a systematic study is performed on the effect of diamond 

seeding density on the texture development of the diamond film. Also, the effect of 

diamond seeding density on texture from early nucleation to the final film thickness is 

important to understand the texture development during growth of the diamond film. 

Selective diamond growth with high diamond seeding density. The results of this 

dissertation suggest that the dense seeding approach is effective at improving the 

diamond quality as well as reducing the effective thermal boundary resistance between 

the diamond and underlying semiconductor surface. Also, diamond with superior crystal 

quality has lower defect density and reduces the stress variation of the diamond film. So, 

selective growth of diamond using the high seeding density should be established to 

fabricate electronic devices. This should reduce the effective thermal boundary resistance 

as well as global stress generated when integrating diamond on UWBG devices. 

Effect of diamond seed size for effective thermal boundary conductance and 

conductivity of diamond film. The nucleation and growth of the diamond film depends 

on the initial diamond seeding on the substrate. The contact area between the diamond 

and semiconductor surface is essential for optimizing the thermal conductance as well as 

the overall diamond film quality. Thus, a systematic study should be conducted based on 
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diamond seed size on the thermal conductivity and overall thermal boundary conductance 

of the diamond film. 
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