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Gallium nitride (GaN) thin film is an attractive material for manufacturing optoelectronic device 

applications due to its wide band-gap and superb optoelectronic performance. The reliability and 

durability of the devices depend on the quality of thin films. Metal-organic chemical vapor 

deposition (MOCVD) process is a common technique used to fabricate high-quality GaN thin films. 

The deposition rate and uniformity of thin films are manipulated by controlling operating 

conditions and reactor geometry configurations. In this study, the epitaxial growth of GaN thin 

films on sapphire substrates (AL2O3) was carried out in two commercial MOCVD systems, a 

vertical rotating disk MOCVD reactor, and a close-coupled showerhead MOCVD reactor. Material 

characterizations have been done using Atomic Force Microscopy (AFM), X-ray diffraction 

(XRD), Scanning Electron Microscope (SEM), and Raman scattering to examine the surface 

morphology and crystal quality of GaN thin films. The growth rate and uniformity of GaN thin 

films are simulated based on a three-dimensional computational fluid dynamics (CFD) model. 

Transport phenomena and chemical kinetics of the GaN growth process are performed using a 

reduced chemistry model, which contains 17 gas phase, and 8 surface species participating in 17 

gas phase and 17 surface reactions. Numerical simulation of the single wafer and multi-wafers 
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reactors have performed. A comprehensive study of the influence of operating variables, including 

rotation rate of the susceptor, susceptor temperature, inlet velocity, the reactor pressure, and 

precursor concentration ratio, on the GaN growth process is carried out. Operating parameters that 

have significant effects on the growth rate and uniformity of GaN thin films are identified. The 

reactor pressure and flow rate of trimethylgallium (TMG) have a significant effect on the deposition 

rate. A high-quality thin film is obtained when pure H2 is used as a carrier gas. The high flow rate 

of pure N2 gas enhances the growth of GaN thin films at high reactor pressure. However, it 

decreases the uniformity of the GaN thin film and promotes carbon contaminations. Thus, using an 

appropriate mixture of H2 and N2 as a carrier can improve the deposition rate and quality of GaN 

thin films. The inlet design has a significant effect on improving the reactant species utilization and 

increases the growth rate. The proper distance between the inlet and the susceptor aids to decrease 

the temperature gradient and improve the stability of the flow above the rotating susceptor.  

The optimization of GaN deposition rate and uniformity in the MOCVD process have represented 

in a surrogate model. Surrogate-based optimization is an effective technique to alleviate expensive 

computation experiments with fewer sample points. The response surface from simulation data 

with minimum error variance estimation is generated using the Kriging method. The optimization 

of GaN deposition is performed as a deterministic problem, without taking into consideration the 

uncertain input parameters and the corresponding output response. Also, the optimization under 

uncertainty of design variables is considered. Multi-objective optimization using a multi-objective 

genetic algorithm carried out to find optimal solutions. The results reveal that the proposed 

optimization formulation can generate Pareto frontier of conflicting objectives, thus providing 

reliable trade-off solutions for decision-makers. 
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Chapter 1  

INTRODUCTION 

1.1 Background  

Gallium nitride (GaN) is an attractive material for manufacturing optoelectronic devices due to its 

large direct band-gap, high thermal stability, high breakdown voltage, and superb optoelectronic 

performance. The reliability and durability of the devices depend on the quality of thin films. 

Various manufacturing techniques such as molecular beam epitaxy (MBE) [1], pulsed laser 

deposition (PLD) [2], and metal organic chemical vapor deposition (MOCVD) [3] have been used 

for growing GaN thin films 

MOCVD is an essential technique in the semiconductor industry for manufacturing unique 

materials and electric devices. It has many advantages such as faster growth rate, good 

reproducibility, large deposition area, and conformal deposition [4]–[6]. Many studies have been 

performed by using CVD to study the deposition rate of different semiconductor materials such as 

silicon [7], silicon carbide [8], diamond [9] and recently GaN [10]. The growth rate and uniformity 

of GaN thin films are important factors in the design of MOCVD systems.  

Much work has been done to improve the MOCVD process to carry out mass production at low 

cost, but there is a compromise between quality and the quantity. Many industries are integrating 

geometric reactor design to get higher quality and higher deposition rate of thin films. However, 

growth rate, uniformity, and throughput of GaN thin films are still some of the major problems that 

industry is facing nowadays [6], [11], [12]. These factors are related to operating conditions such 

as substrate temperature, inlet flow rate, reactor pressure, susceptor rotation, carrier gas, and 

precursors concentration, as well as the design of the MOCVD reactor. The flow characteristic and 

thermal field in the MOCVD reactor can be manipulated by controlling operating conditions and 
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reactor geometry. Thus it is required to control these parameters precisely to obtain an undisturbed 

laminar flow, uniform temperature distribution along the wafer, and even distribution of precursors 

inside the MOCVD reactor. 

1.2 Overview of Gallium nitride (GaN) applications  

Recently, wide band-gap (WBG) semiconductor materials, such as Gallium nitride (GaN), Silicon 

carbide (SiC), and related materials, have attracted strong attention for microelectronic and 

optoelectronic device applications. The electronic bandgap represents the energy gap between the 

valence band and the conduction band in solid materials. WBG-based devices have a smaller size 

than the equivalent silicon-based device, and they are capable of tolerating high operating 

temperatures. GaN has sophisticated properties such as high thermal stability, robustness in harsh 

environments, high electron velocity, high breakdown voltage field (5x106 V/cm) and direct wide 

bandgap (3.39 eV)[16,17]. GaN thin films are used for many electronic applications that operate at 

high frequency and high-temperature environments, as well as for high electronic power devices 

[2,3]. It is recognized as an essential material to produce promising and high value-added products 

such as light emitting diodes (LEDs), field effect transistors (FETs), laser diodes (LDs) [1].  

LEDs are compact light sources that consume low power and thus dissipate a small amount of heat. 

Compared to conventional lighting devices, LEDs deliver several hundred-lumen outputs with a 

cost-effective and safe alternative. Different sizes and shapes size of LED chips can be sliced from 

the wafer that is produced by the MOCVD process [17], see Figure 1.1. In 1993, Nakamura et al. 

[1] deposited a high-quality GaN thin film which was later used in various electronic devices such 

as a short wave LD, and a blue LED. LED depends on the p-n junction that is an active interface 

layer used to provide holes and electrons layers from the p-type and n-type layers. During the 

growth process, GaN layers are doped by silicon (Si) as a donor or magnesium (Mg) as an acceptor 

to fabricate n-type or p-type GaN layer, respectively [2]. 
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Figure 1.1. Schematic diagram of the structure of a light emitting diode (LED) [17] 

Currently, many efforts are going on to develop and produce high brightness and efficient white 

LED. The III-V nitrides are suitable for optoelectronic applications. GaN and its alloy systems are 

characterized by large direct band-gaps which makes them suitable for manufacturing LEDs that 

are capable of emitting light over a wide range of wavelengths covering most of the range of the 

electromagnetic spectrum, from blue to ultraviolet (UV). GaN can be alloyed with indium (In) and 

aluminum (Al) to form ternary alloys that have wide bandgap values. The bandgap and the electrical 

properties of GaN can be tunable by forming continuous alloy systems with Indium (In) and 

Aluminum (Al) to produce a wide range of bandgaps (1.9–6.2 eV) [19]. The produced wavelength 

(λ) of light is inversely proportional to the band gap energy (Eg) as given by the following equation 

[18]: 

The storage capacity is increased by decreasing the spot size of the laser diode (LD) beam, which 

depends on the wavelength. That means that GaN-based LDs help to store more data on storage 

devices, as shown in Figure 1.2. These features are essential for enhancing the storage capacity of 

high-density optical storage applications (CD, DVD, and Blue-ray) [19]. Blue LD has high 

brightness, good directionality, and excellent monochromaticity. It is used in the 3D printing 
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technique instead of the traditional UV light source. Blue LD enhances the polymerization 

efficiency and deep penetrations in photosensitive composite resins containing particles. 

Furthermore, the outstanding advancements of application of blue LDs for visible light curable 

resin-based 3D printing will provide lots of applications in various fields [20].  

Figure 1.2 Comparison of spot size for CDs, DVDs, and Blu-Ray Discs [19]  

GaN Nanowires (NWs) have attracted much interest because of their potential for the fabrication 

of optoelectronic devices. GaN NWs are produced by the MOCVD process [21]. So far, MOCVD 

is a widely used technique for GaN thin film deposition. The MOCVD process has many 

advantages such as controllable in-situ doping, large area deposition, and high growth rate. Also, 

by changing growth conditions, the MOCVD process is used for growing different types of layers, 

including epitaxial, amorphous, polycrystalline films, and nanostructures. The performance of 

semiconductor devices crucially depends on the quality of the produced thin film. 
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1.3 Metal-organic chemical vapor deposition (MOCVD)  

MOCVD involves the formation of a thin film on a heated substrate surface via chemical reactions 

of vapor-phase precursors. MOCVD provides control and flexibility to grow high-quality GaN thin 

films. In general, MOCVD includes complex chemical reactions coupled with heat transfer, mass 

transport, and gas flow dynamics. Figure 1.3 shows fundamental aspects involved in a CVD process 

such as thermodynamics and chemical kinetics. Thermodynamics describes the driving 

mechanisms behind epitaxial growth and maximum growth rate of the thin film. Chemical kinetics 

determines the rate of chemical reactions during the process. Also, the figure describes the chemical 

reactions that occur both in the gas phase and at the solid surface [22]. 

Figure 1.3 Basic principles involved in Chemical Vapor Deposition [22]. 
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Various ways are used to classify the CVD process such as low and high temperature, low and high 

pressure, cold and hot wall, close and open system [22]. Moreover, CVD can be categorized 

according to the reactor configurations such as a horizontal reactor, vertical stagnation flow reactor, 

pancake reactor, and barrel reactor, as shown in Figure 1.4 [23].  

Figure 1.4 Examples of configuration reactors: (a) vertical reactor, (b) horizontal reactor 

vertical hot-wall reactor, and (d) barrel reactor, adapted from [23] 

1.4 Growth mechanisms 

Irrespective of the type or the configuration, Figure 1.5 shows a fundamental transport process and 

reaction steps that occur during the deposition in the MOCVD process. In typical GaN-based 

MOCVD reactor, N2, H2, and NH3 are major gas species. A carrier gas is used to bring metal-

organic (MO) precursors into the reaction chamber and deliver products of reactions out the system. 
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The metal-organic (MO) precursors such as trimethyl-gallium TMG will diffuse through the mixed 

atmosphere to reach the wafer surface. Near to the wafer surface, the MO precursor starts 

decomposing into various reactant species that diffuse laterally on the surface and incorporated in 

suitable crystal sites. These steps are summarized as follows [13], [14]: 

➢ Homogenous chemical reactions in the gas phase from precursors. 

➢ MO precursors diffuse through the gaseous boundary layer to the substrate surface. 

➢ Reactive gas species are absorbed on the substrate surface. 

➢ Surface diffusion occurs on the substrate surface lead to growing the thin film. 

➢ Desorption of gaseous byproducts.  

Figure 1.5 Schematic diagram represents fundamentals steps in a horizontal CVD reactor, 

adapted from [23] 

1.5 Growth modes  

Thermodynamic and chemical kinetics mechanisms control the growth of thin films. The thin film 

is produced via the heterogeneous gas-solid chemical reactions that take place at the substrate’s 
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surface. The film grows epitaxially where a single-crystal film formation is extended on top of a 

crystalline substrate. The term “epitaxy” comes from the Greek “epi” meaning “above”, and “taxis” 

meaning “in an ordered manner”. Epitaxy can be classified into homoepitaxy and heteroepitaxy 

growth. The homoepitaxy where the film and substrate are the same material. The heteroepitaxy 

where the film and substrates are composed of different materials [25]. When the thin film is grown 

on a foreign substrate wafer, it can be classified into three main categories modes [26]: 

➢ 2D layer-by-layer growth mode where film atoms strongly bound to the substrate rather than to 

each other. 

➢ 3D island growth mode where film atoms are more strongly bound to each other than to the 

substrate.  

➢ Layer-by-layer plus island growth mode where 3D islands grow on top of 2D layers.  

Figure 1.6 Schematic sketch represents the main growth modes 

The substrate is a single crystal wafer that is manufactured from single-crystal ingots that are pulled 

or cast from molten material. The crystallographic direction of the wafer is determined by the 

cutting direction of the ingot related to the major axis of the ingot, see Figure 1.7 (a). Substrate 

wafers are described as having their surface parallel to a given crystallographic plane or surface 

orientation [27]. GaN has a stable wurtzite crystal structure that is described by two interpenetrating 

hexagonal close-packed lattices (HCP) with parameters c = 5.185 Å, and a = 3.189 Å, as shown in 

Figure 1.7 (b). When the thin film and substrate crystal are identical, the lattice parameters are 

perfectly matched, and there is no interfacial bond straining [25]. 

 

2D growth 3D growth 2D & 3D growth 

The substrate 
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Figure 1.7 (a) Schematic diagram shows wafer cutting from ingots [27] and (b) Crystal structure 

of Gallium Nitride (GaN) [18].  

1.5.1 The lattice mismatch 

The lattice mismatch describes the relationship between the thin film and the wafer substrate across 

the interface. When GaN thin film is epitaxially grown on foreign substrates including silicon 

carbide (SiC), Silicon (Si), and Sapphire (Al2O3), there is a lattice mismatch between GaN crystal 

structure and substrate wafer crystal structures, see Figure 1.8. There are significant lattice 

mismatch (17%) and an incompatible thermal behavior between the GaN thin film and Si substrate, 

making the GaN crystal structure strain locally to match the Si structure in the early stages of 

growth.  

As a result, it is difficult to grow high-quality GaN thin films on Si substrates. SiC is a promising 

substrate with its 3.5% lattice parameter mismatch, but the high cost hinders it to be a commonly 

used substrate. On the other hand, Sapphire (Al2O3) is by far the most common commercially used 

substrate for GaN thin films based devices [28]. However, it is required to compensate the 16% 

lattice mismatch between GaN and c-plane (Al2O3) wafer to get high crystalline quality. Figure 1.8 

compares the material properties of GaN with those of the prospective substrate materials, together 

with the lattice mismatch and the thermal expansion mismatch [29].  
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Figure 1.8 Schematic diagram shows the lattice mismatch between GaN layers and substrates 

(a) Si, (b) Al2O3, and (c) 6H-SiC [29]. 

Table (1-1) The lattice and thermal properties of GaN and the prospective substrates, adapted 

from [29]. 

Due to incompatibility in lattice parameters and thermal expansion coefficients many defects such 

as vacancies, threading dislocations (TDs), stacking faults, twins, cracking in layers, grain 

boundaries, micropipes in addition to biaxial strains, are generated during the heteroepitaxial 

growth [30]. The presence of defects in GaN thin films is undesirable because it degrades both the 

electrical and optical properties of devices. 

 

Material GaN AlN Sapphire 6H-SiC Si 

Lattice constant (°A) a=3.189 

c=5.185 

a=3.112 

c=4.982 

a=4.759 

c=12.991 

a=3.081 

c=15.117 

a=5.431 

Lattice mismatch  -- -2.5% -16% -3.5% +17% 

Thermal expansion coefficient (10-6K-1) a=5.59 

c=3.17 

a=5.27 

c=4.15 

a=7.3 

c=8.5 

a=4.46 

c=4.16 

a=2.6 

c=2.6 

Thermal expansion mismatch (a) -- -34.7% -23.4% -25.3% -115% 

Thermal conductivity (W cm-1K-1)  4.1 5.9 0.41 4.9 1.3 

Melting point (K) 2791 3487 2303 3102 1690 
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1.6 Buffer layers 

When GaN thin films are grown directly on sapphire (Al2O3), a three-dimensional island growth 

mode occurs which degrades the thin film quality. In this situation, film atoms bond to each other 

more than the bond to the substrate. Furthermore, GaN does not wet the sapphire (Al2O3) at the 

high growth temperature. Some techniques such as two-step deposition process and epitaxial lateral 

overgrowth (ELO) [31] have been used to improve the quality and minimize the structural defects 

in the thin film growth. Two-step deposition process [32] involves depositing intermediate layers 

such as GaN buffer layer [33], AlN buffer layer [5], or SiNx buffer layer [34] on the sapphire 

(Al2O3) substrate at low-temperature. Then the GaN thin film grows at high-temperature on the top 

of the buffer layer. When an intermediate layer of GaN is grown onto the substrate, it may promote 

the wetting of the sapphire (Al2O3) substrate surface, and this reduces the mismatch between both 

lattices [27].  

The basic idea of ELO is to filter out the defects by employing the dielectric mask. Figure 1.9 shows 

the schematic diagram of the ELO process. First, a thin planar GaN template is grown on substrates 

followed by deposition of a dielectric (SiO2 or SiNx) mask by plasma-enhanced chemical vapor 

deposition (PECVD) reactor. By using standard photolithography, a set of parallel stripes is defined 

on the GaN template [35]. From the openings (window) between the set of parallel SiO2 strips, the 

GaN layer is regrown vertically and laterally over the SiO2 strips until the lateral growth fronts 

coalesce to form a continuous layer as shown in Figure 1.9. Then a high-temperature GaN thin film 

is grown. The dislocation density reduces dramatically in the portion of the thin film that is grown 

laterally over SiO2 strips [31]. However, ELO requires an extra procedure for preparing a dielectric 

mask. 
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Figure 1.9 Schematic for an ELO process: (a) stripe-shaped mask, (b) the GaN thin film starts 

growth at the window regions, and (c) GaN thin film expands both vertically and laterally 

adapted from [35] 

1.7 Threading Dislocations  

During the deposition process, threading dislocations (TDs) usually are initiated in the thin film 

due to incompatible lattice constants and thermal expansion coefficients between GaN and foreign 

substrates. Dislocations disrupt the long-range order of the crystal lattice. Dislocations are 

considered to have misfit components that form an array propagates through the thin film from the 

layer-substrate interface to the surface [27]. Dislocations can be characterized by using Burgers 

vector (b). Thus, b represents the magnitude and direction of the lattice distortion resulting from a 

dislocation in a crystal lattice. There are three types of TDs are associated with a local lattice 

distortion: edge, screw, and mixed dislocations.  

➢ edge dislocations (b = 1/3 <11-20>) lattice twist; 

➢ screw dislocations (b =<0001> ) lattice tilt; 

➢ mixed dislocations (b = 1/3 <11-23>) both. 

In edge dislocations, Burgers vector (b) is perpendicular to the line direction of dislocation. In 

screw dislocations, b is parallel to the line direction of dislocation. Burgers vector (b) lies at an 

acute angle related to the line direction of dislocation in mixed type dislocations [36]. Usually, the 

edge dislocation is predominant in the GaN thin film growth. The edge dislocations have a state of 

plane strain so they will distort the lattice plane indices (hkl) with either h or k nonzero. The pure 
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screw dislocations have a pure shear strain field so they will distort all (hkl) planes with l nonzero. 

High dislocation density is undesirable for high-performance devices [29]. The high dislocation 

density in the GaN thin films can affect the performance and the life of GaN-based optoelectronic 

devices by three mechanisms [37]: 

➢ serving as nonradiative recombination centers for electrons and holes leading to heat generation 

instead of optical emission;  

➢ introducing fast diffusion along the dislocation lines, smearing out quantum wells and shorting 

p–n junctions; 

➢ disturbing the epitaxial growth front, so that atomically flat structures cannot be obtained. 

Analyzing the growth mechanism of GaN films helps to interpret the relationship between thin film 

quality and threading dislocations (TDs). The nature of TDs in thin films can be ascertained using 

the diffraction contrast analysis such as diffraction contrast imaging in transmission electron 

microscopy (TEM) and dislocation selective etching techniques. However, these techniques have 

limited capacity for investigating the influence of dislocations on electronic materials/devices due 

to the required time-consuming, destructive sample preparation, and limited information on the 

spatial mapping of dislocations [31]. XRD-method has nondestructive nature, high strain 

sensitivity. It is considered a rapid analysis tool to represent the results and to estimate the density 

of TDs [32–34]. The density and distribution of defects in GaN thin films are related to substrate 

types, growth techniques, growth conditions, flow field characteristics, and thermal distribution. 

1.8 Growth conditions  

The MOCVD process involves transport phenomena such as momentum, heat transfer, and mass 

diffusion, as well as chemical reactions [7]. Thus, controlling operating conditions and reactor 

geometry configurations can affect the quality of the thin film. The high structural quality, fewer 

defects, and very smooth surface of GaN thin films are critical factors for high-performance GaN-
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based devices. In the market, there is a trend toward producing large wafer diameter of thin films 

with high uniformity and deposition rate. Although many efforts have been made to control the 

growth rate and uniformity of GaN thin films, it is still a challenge in the semiconductor industry 

[19]–[21].  

Many studies have investigated the influence of  growth parameters such as the susceptor 

temperature [46], the growth pressure [36], [37] the rotating speed of substrate [49], NH3 flow rate 

[38], V/III ratio [50] on the quality of thin films structures in MOCVD process. Therefore, there is 

a need to understand the effects of changes in growth conditions in the MOCVD process the surface 

morphology and microstructure of GaN thin films. 

1.8.1 Effect of susceptor temperature  

The temperature is one of the critical parameters in the MOCVD process, as all species properties 

and chemical reactions are highly dependent on it [17]. Surender et al. [46] have studied the effect 

of growth temperature (680-760 °C) on the systematic variation of material characterization of 

InGaN/GaN samples that are grown in a horizontal MOCVD reactor. Increase in the growth 

temperature from 680 °C to 760 °C was found to lead to a high crystalline quality and smooth 

surface. Yu et al. [51] studied the effect of growth temperatures (370-1050 °C) on the crystallinity 

and surface morphology of GaN thin films grown in an atmospheric, horizontal MOCVD reactor 

using a low flow rate of triethylgallium (TEG) and ammonia (NH3) as precursors and helium (He) 

as the carrier gas. The surfaces of GaN thin films deposited on sapphire (Al2O3) substrate at a 

temperature below 500 °C were smooth and specular, but they degraded at higher temperatures. 

The temperature range (527-977 °C) is typical for growing GaN thin films in most MOCVD [52]. 

Empirical studies have identified three regions of GaN growth by MOCVD process: surface 

kinetically-limited, mass transport-limited (diffusion-limited), and desorption-limited regimes 

[53]. The kinetically-limited regime at temperatures below 530 °C, the diffusion-limited regime at 



15 
 

 
 

moderate temperatures ranging from 530 °C to 970 °C, and the desorption-limited regime at 

temperatures above 970 °C. With low temperature, the growth rate is limited by the surface reaction 

rate.  

For example, the growth rate of the GaN buffer layer that is grown at a temperature range (450-

550 °C), will increase significantly for the same amount of precursors by increasing the 

temperature. When the temperature increases further, the surface reaction rate will be high enough 

where the growth rate becomes limited by the diffusion rate of the reactant species onto the wafer 

surface [54]. At higher temperature, reactants species desorb from the wafer surface due to 

decomposing the GaN layer and thus declines the growth rate. Furthermore, higher substrate 

temperature increases homogenous reactions in the gas phase resulting in the degradation of surface 

morphology. 

1.8.2 Effect of reactor pressure  

At low reactor pressure, the gas inlet velocity increases results in increasing the mass diffusion 

coefficient of the reactant gases. Under moderate pressure (150-760 Torr), where the deposition is 

limited by the mass transport of reactants, reactants need to diffuse through the boundary layer 

before arriving at the deposition surface [55]. Xian et al. [47] observed an improvement in the 

electrical and optical properties of the p-GaN layer that is grown on 2-inch c-plane sapphire (Al2O3) 

substrates by increasing growth pressure up to 300 Torr in closed coupled showerhead (CCS) 

MOCVD system. When the growth pressure is increased, the concentration of magnesium (Mg) is 

reduced and leads to high carrier mobility. Increasing pressure provides more active precursors 

atoms on the wafer surface. However, when it increased to near the atmospheric pressure, this leads 

to form more gas-phase adducts and decrease the growth rate [56].  

In general, the growth rate of GaN is a function of growth pressure due to the cluster formation in 

the vapor-phase [57]. Ra et al. [21] revealed that the diameter and size of GaN nanowires (NWs) 
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could be controlled by changing growth pressure. Increasing the growth pressure up to 600 Torr 

leads to growing regular shape of GaN NWs that are normally orientated on the substrate. GaN 

NWs would be more useful for the manufacturing of electronic devices. From the above 

observations, it is concluded that the variation in the reactor pressure influences the growth rate 

and the uniformity of the thin film. Further investigations are required to optimize the reactor 

pressure. 

1.8.3 Effect of rotation rate  

The rotation rate is beneficial to enhance growth rate due to decreasing the residence time of species 

in the gas phase, and more rapid arrival of the species at the rotating susceptor surface. Following 

the concept of the boundary layer, the gas in contact with the susceptor’s surface is assumed to 

move at the same rotation speed as the spinning susceptor. Hence as the gas flows vertically toward 

the rotating susceptor, it is dragged by the susceptor to spiral down and eventually rotate outward 

horizontally. Mostly, the downward pulling force of the susceptor helps to overcome the natural 

convection effect of a heated susceptor surface [55]. Mitrovic et al. [11] recommended that either 

reduce the chamber pressure or raise the susceptor rotation speed, to make GaN thin film growth 

rate more even. Wang et al. [49] investigated the influence of rotation speed of substrate on the 

growth mechanism of InGaN/GaN multiple quantum wells (MQWs) grown by MOCVD system. 

Different Indium (In) concentration layers within one well of the MQWs were observed at low-

speed rotation (5) rpm. Increase in the rotation speed to (20) rpm enhanced the uniformity of (In) 

concentration layer and led to a good crystal structure.  

The high rotation speed of the susceptor increases the axial velocity magnitude and reduces the 

thermal boundary layer thickness. The thinner the boundary layer, the larger the gradient and 

diffusion flux of metal-organic species onto the wafer [54]. As a result, the rotation rate is essential 
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for improving the stability of flow pattern and suppressing the vertical vortices that are induced by 

the high-temperature gases near the hot susceptor surface.  

1.8.4 Effect of V/III concentration ratio  

The (V/III) is the volumetric ratio of ammonia (NH3) flow rate to metal-organic precursors flow 

rate, such as trimethylgallium (TMG), or triethylgallium (TEG). It is a crucial factor in the growth 

mechanism of GaN thin films in the MOCVD process. The growth of high-quality GaN thin films 

requires adequate amounts of Ga and active N species near the heated substrate surface. Niebuhr et 

al. [50] studied the effect of variation of V/III ratio in the range (150-2500) on the growth rate of 

the GaN thin film on the sapphire substrate using horizontal MOCVD reactor at atmospheric 

pressure. At low V/III ratio where TMG is kept constant, while the NH3 flow rate is varied. At low 

NH3 flow rate, both the GaN growth rate and carbon content at the substrate interface were 

increased. Briot et al. [58] showed that for all the samples grown at 980°C, the morphologies were 

smooth, mirror-like, except at the lowest V/Ill molar ratio (equal to 1000), where the layer exhibited 

a hazy surface. Besides, the growth rate is increased by increasing V/III ratio up to 5000; then it 

slightly decreases with increasing the ratio further. The lowering of growth rate may be due to the 

dilution effects as high NH3 flow rate leads to decrease in the partial pressure of triethylgallium 

(TEG), and also homogeneous reactions in the gas phase which consumes TEG precursors.  

Suresh et al. [48] investigated the effect of variations NH3 flow rate on the concentrations of defects 

and dislocations of the GaN layer grown by MOCVD. The results showed that increasing NH3 flow 

rate leads to an increase in both the density of edge dislocations and gallium vacancy related defect 

points, and decrease the density of screw dislocations. Typically, the growth rate depends on the 

TMG flow rate as NH3 is oversupplied. The surface reaction rate is assumed to be large enough, so 

the vapor pressure of the MO precursor is zero on the wafer surface. This will result in a gradient 

of MO concentration from the high-concentration region in the gas phase toward the low-
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concentration region at the wafer surface. The gradient generates a diffusion force of TMG species 

[54]. The convection of the total reactor gas flow is another driving force for the MO precursor, 

which pushes the MO precursors from the gas inlet, which is the high-pressure region, toward the 

exhaust, which is the low-pressure side. Decreasing the V/III ratio has a significant influence on 

the growth rate and the surface morphology of GaN thin films. Thus, it is indicated that the growth 

rate is strongly affected by the V/Ill molar ratio. It is necessary to study the influence of changing 

of TMG flow rate to get a better understanding of its effect on properties of GaN thin films. 

1.9 Numerical modeling 

Numerical simulation is developed to be a significant approach to analyze the transport phenomena 

and predict the growth rate of the thin film in MOCVD. Until recently, the reactor design and 

process optimization of CVD were done by means trial and error [59]. Many theoretical and 

experimental studies have been conducted to explore the reaction mechanisms, transport 

phenomena, and the effect of operating conditions of the MOCVD process [5,6]. Using a 

computational model can reduce the cost and the effort of experimental study.  

The GaN deposition in the MOCVD process has been performed numerically using a 2D or 3D 

model for many reactors, such as a vertical rotating disk and a horizontal reactor [8–10]. Fotiadis 

et al. [61] used 2D and 3D models based finite element method (FEM) to study the effect of heat 

transfer characteristics on the flow pattern and deposition rate of GaAs thin film in a vertical 

rotating disk CVD reactor. The results demonstrate that natural convection effects can be 

minimized by increasing both the inlet flow rate and the rotating rate of the susceptor while 

reducing the reactor pressure. 

Modeling of the MOCVD process depends on the unraveling of detailed chemical reaction 

mechanisms in the gas phase and surface reaction. Sun et al. [62] proposed a simple reaction 

mechanism which includes five gas-phase reactions and one surface reaction. Modeling of surface 
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reactions assumed to be very rapid, so it is not sufficient to predict the deposition rate of GaN thin 

films. Theodorpoulos et al.[63] utilized a chemical mechanism model involved six gas-phase 

reactions and seven surface reactions to investigate the influence of different process parameters 

on the growth rate of GaN thin films. Some reaction parameters in the chemical model were 

estimated using collision theory, which is useful for a dilute gas mixture. Sengupta et al. [64] used 

the ab initio quantum chemistry method to derive a complicated chemistry model for predicting the 

growth of GaN thin films. The model has sufficient accuracy, but it has an exceptionally high 

computational cost. Hu et al. [65] simplified the comprehensive reaction model of the previous 

study [64], to predict GaN thin film efficiently with a low computational cost.  

1.10  Optimization 

Numerical simulations give flexibility and versatility to be used widely for the optimization of 

thermal systems, but it consumes much time. The optimization of the MOCVD process can give 

further clarification regarding the growth rate and uniformity of thin films. Many efforts have been 

done regarding getting an optimal growth rate and a uniform thin film. However, the optimization 

of the MOCVD process is still a challenge. Zhang et al.[66] used orthogonal test analysis to 

examine the growth process of GaN in a close-coupled showerhead (CCS) MOCVD reactor. The 

study is based on 3D numerical modeling. Mitrovic et al.[6] studied the optimization of operating 

parameters on the maximum growth rate and uniformity of InP within a 2D model. George et al.[67] 

introduced a compromise response surface method (CRSM) to investigate the optimization of 

silicon deposition from saline in a vertical impinging CVD reactor. The optimal growth conditions 

of GaN thin films in the MOCVD reactor still requires further computational experiments to find 

optimal solutions. Surrogate-based optimization provides more efficient prediction than that with 

a numerical analysis [68]. It appears as an effective method to alleviate the expensive computations 

for design optimization with the least possible number of sample points. 



20 
 

 
 

1.11  Motivation 

It must be stressed that a uniform film thickness means more uniform distribution of components 

and higher quality of the thin film. The effect of operating parameters on the GaN growth rate, film 

uniformity, surface morphology, and crystal quality requires investigations to enhance MOCVD 

performance. Moreover, further research is needed in the development and optimization of the 

MOCVD system to find optimal operating conditions that enhance the growth rate and quality of 

GaN thin films. Limited experimental studies of multi-wafer MOCVD reactors, coupled with 3D 

simulations modeling are available in the literature [69], [70], [71]. Also, predicting optimal 

operating conditions of producing GaN thin films using iterative numerical analyses usually require 

massive iterations and high computational cost. Therefore, understanding the essential 

characteristic of the MOCVD process will support optimization the operating variables for 

improving the uniformity and deposition rate of GaN thin films  

The current study aims to investigate the manufacturing of GaN thin films using a vertical rotating 

disk MOCVD reactor and to examine material characterizations of the specimens, including the 

crystal quality and surface morphology. Also, the study would develop three-dimensional models 

for single wafer and multi-wafer reactors to describe various operating conditions that are related 

to morphology and uniformity of thin films. It would also utilize optimization-based surrogate 

models to predicate optimal operating parameters for high deposition rate and excellent uniformity 

of GaN thin films. Optimized computational results can be used as inputs to modify the operating 

conditions of practical MOCVD system. These major areas will be considered to discuss growing 

GaN thin films in the MOCVD reactor that consistent with growth operating conditions and reactor 

configurations. 
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1.12  Outline of the dissertation  

The study is organized in many chapters. Chapter 1 presents the technical background of the 

fundamental properties of gallium nitride (GaN), MOCVD process, and operating conditions 

followed by the motivation and objectives of this research. Chapter 2 describes the experimental 

work of growing GaN thin film samples in two different MOCVD systems. Chapter 3 presents the 

material characterization of GaN thin film samples grown in the MOCVD reactor. Chapter 4 

presents the detailed numerical modeling of the GaN growth by MOCVD process and investigation 

of GaN thin films growth under different boundary conditions in a single-wafer MOCVD reactor. 

Chapter 5Chapter 6 investigates GaN growth in a multi-wafer MOCVD reactor. Chapter 6 presents 

an optimization study to obtain the optimal deposition rate and uniformity of GaN thin films in the 

rotating disk MOCVD reactor. Finally, the conclusions of this study and the future work needed in 

this area are presented in chapter 7. 
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Chapter 2  

EXPERIMENTAL WORK 

2.1 Introduction  

In this chapter, growth experiments have been performed under different operating conditions in 

MOCVD reactors. Major components and subsystems that support the MOCVD reactor are 

highlighted. The epitaxial growth of GaN thin films was carried out in two commercial MOCVD 

systems. A vertical rotating disk MOCVD system at Valence Process Equipment Inc., and a close-

coupled showerhead MOCVD system at Structured Materials Industries Inc, in New Jersey, USA. 

2.2 MOCVD system 

MOCVD is a vapor-phase deposition process, where metal-organic precursors are used to growing 

a solid thin film. Figure 2.1 shows the schematic diagram of the typical MOCVD system. It consists 

of the reactor unit, gas supply system, computer control system, and filtering and vacuum pump 

system. In addition to measurement systems of the temperature, pressure, mass flow rate controller, 

and the growth rate of the thin film during the growth process. In the reactor unit, the substrate, 

which is a sapphire wafer, is placed on the susceptor. The susceptor is coated by silicon carbide to 

increase the conductivity. Concentric heaters are used to heat the susceptor and achieved a uniform 

temperature distribution on the substrate surface. The susceptor is set on the top of a shaft, which 

is driven by a motor. A high vacuum loading unit is interfaced to the reactor chamber to keep a 

clean environment during wafer loading-unloading process. Figure 2.2 shows the vertical rotating 

disk MOCVD reactor at Valence process equipment Inc. It used to grow samples of GaN thin films 

on 4-inch c-plane sapphire (Al2O3) wafers. A mixture of hydrogen (H2) and nitrogen (N2) as a 

carrier gas, is used to deliver trimethylgallium (TMG) and ammonia (NH3), which are reactant 

precursors into the reactor. The injector system consists of combined several inlets that produce an 
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adequate uniform inlet velocity. The inlet, inner and outer walls of the reactor are maintained at a 

constant temperature using cooling water. 

Figure 2.1 Schematic diagram of main units of the MOCVD system. 

Figure 2.2 Views of (a) the vertical rotating disk MOCVD reactor in Valence process 

equipment Inc. and (b) The gas supply system and bubbler units. 
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Figure 2.3 shows a view of the close-spaced reactor MOCVD reactor in Structure materials 

industries, Inc. It used to grow samples of GaN thin films on 2-inch c-plane sapphire (Al2O3) 

wafers. Pure hydrogen (H2) or pure nitrogen (N2) as a carrier gas, is used to deliver reactant 

precursors from the shower-head inlet into the reactor.  

Figure 2.3 (a) View of the multi-wafer MOCVD system in Structure materials industries, Inc. 

and (b) View of the main reactor. 

2.2.1 Gas Supply System 

The gas supply unit is composed of mass flow controllers (MFCs), control valves, pneumatic 

valves, throttle valves, pressure monitor, extensive pipes network, and other connections 

components. The flow rate is typically measured in standard cubic centimeter per minute (sccm) or 

standard liters per minute (slm). The MFC regulates precisely the flow rate of delivering gases 

through the gas supply unit. During the growth process, the gas mixture is delivering into the reactor 

chamber from the inlet. Generally, H2 or N2, or a mixture of both gases is used as a carrier gas, 

which is injected to deliver reactant precursors into the MOCVD reactor. Metal-organic (MO) 

precursors such as TMG, TEG are kept in liquid form in a sealed container is called bubbler. Figure 
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2.4 shows the schematic diagram of gas supply and the main reactor of the MOCVD system in 

Structure materials industries, Inc.  

 

Figure 2.4 Schematic diagram of the gas supply system of the MOCVD process in Structure 

materials industries, Inc. 

The metal-organic precursors are heated to a relatively moderate temperature so that their vapor 

can be carried by the carrier gas into the reactor chamber. The H2 gas is injected into the bubbler 

to transport the precursor vapor into the reactor, as shown in Figure 2.5. The bubbler is kept in a 

temperature-controlled bath, where the temperature is set in the range of (0 - 10 °C). The 

concentration of metalorganic precursors entering the reactor determines the growth rate of the thin 

film. The flow rate of TMG FTMGa  is controlled by three factors the vapor pressure PTMGa of TMG, 

the flow rate of H2 gas FH2, and the bubbler pressure Pbubbler. The flow rate of TMG is adjusted 
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by flowing H2 gas through the bubbler vessel according to the following equation, which is assumed 

both the H2 gas and the vapor of the precursors are ideal gases:  

Where Pbubbler is the bubbler pressure, which is set at 900 Torr, the 𝑃𝑇𝑀𝐺𝑎 is the vapor pressure of 

TMG, which depends on the bubbler temperature T𝑏(K), and A and B are constants related to the 

properties of metalorganic compounds. The constants A and B of some metalorganic precursors 

commonly used in the MOCVD system are listed in Table (2-1. 

Figure 2.5 Schematic diagram of the MO source bubbler used in the MOCVD system. 

Table (2-1) The constants A and B of common metal-organic precursors used in the MOCVD 

process. 

FTMGa (
mol

min
) =

PTMG

Pbubbler − PTMG

.
FH2 (

sccm
min

)

22400 (
sccm
mol

)
 2-1) 

 

log (PTMG) = A −
B

T𝑏(K)
 2-2) 

 

Metal-organic A B Vapor pressure (Torr) Melting point (°C) 

Trimethylaluminium Al(CH3)3 10.475 2780 9.7 15 

Triethylaluminium Al(C2H5)3 10.784 3625 0.026 -46  

Trimethylgallium Ga(CH3)3 8.495 1825 64.5 -15.8  

Trimethylgallium Ga(C2H5)3  9.165 2530 3.4 -82.3 

Trimethylindium In(CH3)3 9.375 2830 1.2 88 

Triethylindium In(C2H5)3 8.935 2815 0.44 -31.9 

Mass flow controller (MFC) Upstream pressure controller (PC) 

Carrier gas 

Metal Organic container 

Carried Metal Organic 
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2.2.2 Measurement systems 

Measurement systems involve various monitoring equipment such as pressure transducers, 

thermocouples, and non-intrusive measuring devices. Pressure sensors are placed in many areas to 

monitor and regulate the pressure throughout the MOCVD systems. Thermocouples and pyrometer 

are used to monitor the temperature in the reactor and the susceptor surface, respectively. At higher 

temperature, thermocouples have errors due to conduction and radiation.  

The pyrometer can be emissivity corrected to measure the temperature of the susceptor surface 

accurately during the growth process. Measuring the temperature helps to give a quite good 

indication for adjusting the growth temperature. Closed-loop control and precise measurement of 

the temperature assist in keeping the surface temperature of the wafer more uniform and stable. All 

of the measuring systems are connected to the main computer, which controls, monitors, and 

records data. The growth process can be processed automatically by running the recipe after growth 

conditions are correctly set up. 

2.2.3 The optical reflectance 

The optical reflectance is a non-intrusive device used in-situ to monitor the film growth in real-

time. The reflectance intensity is recorded and displayed as a function of time. The intensity of 

reflectance depends on the refractive index of the layer, interference at interfaces, absorption of 

light by material and scattering at the layer surface. During the growth process, an increase of 

thickness of the thin film layer leads to multiple oscillations occur on the reflectance and 

transmittance curves due to interferences among multiple reflected waves, which results in peaks 

and valleys in the reflectance curve. The oscillation characteristics are strongly dependent on the 

surface morphology of the thin film. Figure 2.6 shows the oscillation period of typical surface 

morphologies, including flat, wavy, and rough. The amplitude of the reflectance curve for the flat 
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surface oscillates periodically while for the wavy surface it shrinks gradually. On the other hand,  

the rough surface scatters the light and reduces, the amplitude of the reflectance curve further.[54].  

Figure 2.6 Reflectance signal related to the surface morphology [54]. 

The optical reflectance has usually monitored the growth of the thin film on the wafer during the 

growth process. Nowadays most MOCVD reactors are using in-situ optical monitor KSA ICE 

metrology system which is capable of measuring real-time temperature, reflectivity, growth rate, 

film thickness, substrate curvature, see Figure 2.7 

Figure 2.7: (a) In-situ optical monitor KSA ICE device of the MOCVD system in SMI, Inc. (b) 

Schematic diagram of the wafer carrier (susceptor). 

 

  

Wafer 2” Susceptor 
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2.3 Film thickness measurement 

Single-spot thickness measurements are general-purpose film thickness measurement instruments 

and are frequently used for optical device characterization, see Figure 2.8 (a).  

 

 

Figure 2.8 (a) Single-Spot Thickness Measurements, and (b) distribution of measured points on 

the wafer surface.  

The spectrophotometric measurements are direct and non-destructive allow the simultaneous 

determination of the film thickness and refractive index. The thickness of GaN thin films is 

measured by analyzing how the film reflects light. The thickness mapping is performed on multiple 

points, that are distributed evenly on the wafer surface, as shown in Figure 2.8 (b). 

2.4 Growing GaN thin films 

Experimental deposition runs of GaN thin film samples have been performed in different 

commercial MOCVD systems. GaN thin film samples are grown with different values of TMG 

flow rate have been deposited by MOCVD reactor in Valence process equipment Inc. The other 

samples were grown by changing the reactor pressure and the type of the carrier gas in a close-

coupled showerhead (CCS) MOCVD reactor in Structured materials industries, Inc. In both 

systems, the growth process runs with a sequential task that is called a recipe. It is a list of 

commands to control operating conditions in the MOCVD system. The recipe defines the 
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processing sequence including the flow rate of precursors, the flow rate of carrier gas, chamber 

pressure, a setpoint temperature of the wafer, etc.  

The experiments started by loading the sapphire (Al2O3) wafer on the susceptor. The growth 

process can proceed automatically by running the recipe. Figure 2.9 shows the schematic diagram 

of the temperature history of the growth process, which including clean the substrate at a high 

temperature of (900 -1010 °C) under H2 atmosphere, followed by a two-step growth process of 

GaN thin films. The first step involves growing a buffer layer on the substrate surface at a 

temperature of 550 ° C. The second step starts by supplying more TMG, while NH3 is kept constant 

to deposit GaN at a high temperature of (1030 -1080 °C). Finally, the supplying of precursors 

switched off, and any remaining gases are driven out of the system and then expelled through the 

vent. When the temperature is decreased to room temperature, the sample takes out the reactor for 

further material characterization  

Figure 2.9 Schematic diagram shows the temperature history of growing GaN thin films in the 

MOCVD system 

2.4.1 The V/III ratio 

The flow rate of metal-organic precursors is a critical parameter in the MOCVD process. It 

determines the concentration of metalorganic precursors entering the reactor, and subsequently, the 
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growth rate of the thin film. The growth rate and the microstructure of GaN thin films were 

investigated under different values of the V/III ratio in the range of (487-1220). GaN thin films 

were grown on 4-inch sapphire (Al2O3) wafer by MOCVD system. The flow rate of TNG is varied 

while the NH3 flow rate is kept constant at 16.67 slm with a mixture of N2 and H2 as a carrier gas. 

The total inlet flow rate of gases is set at 61.012 slm. The first step of growth is growing a buffer 

layer at 550 °C; then it is annealed at temperatures 1060°C for 3-5 min to enhance the 

recrystallization. The second step of growth is increasing the flow rate of TMG, while NH3 is kept 

constant to deposit the GaN thin film at a temperature of 1040 °C. During the growth process, the 

reactor pressure and the rotation rate of the susceptor are set at 200 Torr and 300 rpm, respectively. 

Table (2-2) lists the summary of operating conditions used to grow GaN samples. The optical 

reflectance technique is used to monitor the GaN thin film growth as a function of elapsed time. 

Table (2-2) Summary of all the operating conditions 

Figure 2.10 (a) shows a typical reflectance curve of GaN grown on a sapphire substrate measured 

by in situ monitoring system. At the first stage of growth, a nucleation layer (NL) is grown on a 

bare substrate surface at low temperature 550 C°, followed by annealing the NL for a short time. 

Sample (V/III) Temperature ( C ) Flows (slm) Pressure (Torr) 

in out TMG NH3 H2 N2 

487 

 

Bake 900 900  16.670 16.670 16.670 500 

Buffer 550 550 3.25e-03 16.670 16.670 16.670 500 

N-layer 1040 1030 3.422e-02 16.670 16.670 16.670 200 

U-GaN 1040 1030 3.422e-02 16.670 16.670 16.670 200 

 

615 

 

Bake 900 900  16.670 16.670 16.670 500 

Buffer 550 550 3.25e-04 16.670 16.670 16.670 500 

N-layer 1040 1030 2.712e-02 16.670 16.670 16.670 200 

U-GaN 1040 1030 2.712e-02 16.670 16.670 16.670 200 

 

820 Bake 900 900  16.670 16.670 16.670 500 

Buffer 550 550 3.25e-04 16.670 16.670 16.670 500 

N-layer 1040 1030 2.033e-02 16.670 16.670 16.670 200 

U-GaN 1040 1030 2.033e-02 16.670 16.670 16.670 200 

 

1220 Bake 900 900  16.670 16.670 16.670 500 

Buffer 550 550 3.25e-04 16.670 16.670 16.670 500 

N-layer 1040 1030 1.366e-02 16.670 16.670 16.670 200 

U-GaN 1040 1030 1.366e-02 16.670 16.670 16.670 200 
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The annealing process enhances the surface to be rough and form nucleation islands. During the 

GaN growth at high temperature, nucleation islands grow in lateral and vertical directions [31]. 

After that, the islands start to coalesce with each other to form a quasi 2D layer to establish a smooth 

surface [32]. Finally, The reflectance curve starts to increase periodically until the GaN islands 

fully coalesce into the smooth surface and form a continuous thin film.  

The thickness of the GaN layer can be deduced from the increase in the reflectance, which acts as 

an indirect tuning parameter for the layer thickness. At a high value of the V/III ratio, fewer 

oscillations are observed over a given range of time, which indicated growing a thinner film, as 

shown in Figure 2.10 (b). When the V/III ratio reduced, more TMG precursor is introduced into 

the reactor, which increases the growth rate. Thus, many oscillations are observed at the low value 

of V/III ratio, which indicated growing a thicker film, as shown in Figure 2.10 (d). 

 

 

  

Figure 2.10 (a) Typical in situ reflectivity records of the GaN growth on sapphire wafers as a 

function of growth time. In situ records at different V/III ratios (b) 1220, (c) 615, and (d) 487.   

Figure 2.11 shows photoluminescence (PL) of thickness mapping of GaN thin films on the sapphire 

substrate at different values of the V/III ratio. The PL system scans the wafer surface then it maps 

d 

b a 

c 
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variations in the intensity, wavelength, and width of the PL spectra at each point. It is observed that 

high thickness is obtained with low V/III ratio, while low thickness is obtained at high V/III ratio.  

  

  

Figure 2.11 Photoluminescence thickness map of the GaN thin film grown on the 4-inch 

sapphire wafer at different values of the V/III ratio (a) 487, (b) 620, (c) 815, and (d) 1220. 

In summary, one can see that the deposition rate increases significantly with decrease the V/III 

ratio, while other operating parameters are kept constant.  

2.4.2 The reactor pressure  

The influence of varying the reactor pressure on the growth rate and uniformity of GaN thin films 

has been investigated. The reactant precursors TMG and NH3 are delivered from the shower-head 

inlet into the reactor chamber using pure H2 as a carrier gas with a constant flow rate. The total inlet 

gas flow rate is set at 20.003 slm. GaN thin films were grown on the 2-inch sapphire (Al2O3) wafer 

a b 

c d 
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using CCS MOCVD system, see Figure 2.3. The wafer and susceptor were cleaned thermally 

(baking) for 10 minutes at 1010 C° in H2 ambient; then the temperature is lowered down to 550 C° 

to deposit a buffer layer of GaN on the substrate surface. This is followed by growing a thick GaN 

layer at a high temperature of 1065 C° under the same growth conditions, except the flow rate of 

TMG is increased. Detailed growth conditions used to grow GaN thin film samples are summarized 

in Table 2-3. Figure 2.12 shows reflectance curves measured by in situ monitoring system for GaN 

thin films grown on a sapphire substrate at different values of the reactor pressure.  

Table 2-3) Processing conditions of GaN thin film samples deposited in the CCS MOCVD 

system. 

 

Sample (P) Temperature (C°) Flows (SLM) Pressure (Torr) 

shaft In out TMG NH3 H2 N2 

100 

 

bake 770 1086 880   14 0 500 

buffer 480 530 470 7.55e-05 4 14 0 500 

N-layer 730 1040 830 2.25e-04 6 14 0 200 

U-GaN 730 1040 830 2.25e-04 6 14 0 100 

 

200 

 

bake 770 1075 880   14 0 500 

buffer 480 530 470 7.55e-05 4 14 0 500 

N-layer 740 1040 830 2.25e-04 6 14 0 200 

U-GaN 740 1040 830 2.25e-04 6 14 0 200 

 

300 bake 770 1075 880   14 0 500 

buffer 480 533 470 7.55e-05 4 14 0 500 

N-layer 740 1032 830 2.25e-04 6 14 0 200 

U-GaN 740 1032 830 2.25e-04 6 14 0 300 

 

500 bake 770 1075 880   14 0 500 

buffer 480 533 470 7.55e-05 4 14 0 500 

N-layer 740 1064 830 2.25e-04 6 14 0 200 

U-GaN 740 1064 830 2.25e-04 6 14 0 500 

 

700 bake 770 1075 880   14 0 500 

buffer 480 530 470 7.55e-05 4 14 0 500 

N-layer 740 1040 830 2.25e-04 6 14 0 200 

U-GaN 740 1062 830 2.25e-04 6 14 0 700 

 

200  

,500 

,700 

bake 770 1075 880   14 0 500   

buffer 480 530 470 7.55e-05 4 14 0 500   

N-layer 740 1040 830 2.25e-04 6 14 0 200   

U-GaN 740 1062 830 2.25e-04 6 14 0 200 500 700 
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Figure 2.12 In situ reflectivity records of the GaN growth on sapphire wafers at different values 

of the reactor pressure (a) 100, (b) 200, (c) 300, (d) 500, (e) 700, (f) 200-700 Torr.   
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At low reactor pressure, the reflectance curve starts to oscillate periodically, which indicates a 

smooth surface is obtained. The thickness maps of GaN thin films at different reactor pressure are 

illustrated in Figure 2.13. At low reactor pressure, low thickness GaN thin film is obtained. When 

the reactor pressure increases, the thickness of GaN thin films increases, as shown in Figure 2.13 

(c). 

 

 
 

  

Figure 2.13 Thickness mapping of GaN thin films grown on the 2-inch sapphire wafer under 

reactor pressure of (a) 100 Torr and (b) 200 Torr (c) 300 Torr and (d) 200 to 700 Torr. 

When the reactor pressure increased to 500 and 700 Torr, respectively, a rough surface of GaN thin 

film is obtained. The thickness maps of GaN thin film were not captured by IR fringes light at 500 

and 700 Torr, respectively. The light is scattered significantly, and this results in almost zero 

b 

d 

a 

c 
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reflectance, as shown in Figure 2.12 (d and e). It is expected that a rough surface occurs due to the 

growth of the GaN islands three-dimensionally. Figure 2.14 shows the microstructure of GaN thin 

films grown under reactor pressure of 200 and 700 Torr, respectively. It is shown that a continuous 

GaN thin film obtained with the reactor pressure of 200 Torr, while a discontinuous thin film is 

grown under the reactor pressure of 700 Torr. Sasaki and Matsuoka [75] reported that continuous 

GaN thin films could not grow under atmospheric pressure, while under low-pressure increasing 

the flow rate of carrier gas will change the morphology of GaN thin film from pyramid-like to 

truncated pyramid-like. However, the reactor pressure of 200 Torr enhances the nucleation layer 

and improves the recovery to produce GaN thin films at elevated pressure. As a result, it is difficult 

to grow GaN thin films at high reactor pressure directly because GaN layers do not have enough 

recovery time to grow on the buffer layers. However, increasing the reactor pressure gradually from 

200 to 700 Torr helps to grow a continuous GaN thin film successfully, as shown in Figure 2.12 

(f). 

  

Figure 2.14 Microstructure of GaN thin films grown on the 2-inch sapphire wafer under reactor 

pressure of (a) 200 Torr and (b) 700 Torr. 

Also, it is observed that the thickness map of the GaN thin film increased when the reactor pressure 

increased, as shown in Figure 2.13 (d). However, the interference fringe spacing is clearly 

expanding, as shown in Figure 2.12 (f), which indicates a lower deposition rate is obtained at the 

3D GaN islands  

wafer 

a b 
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high pressure. At near atmospheric pressure 700 Torr, the growth efficiency of GaN is reduced due 

to gas-phase reactions, which result in reducing the uniformity and growth rate of thin films. It is 

concluded that abrupt change of the reactor pressure to high values affect the forming of GaN thin 

films. Moreover, it promotes gas-phase reactions, which reduce the deposition rate. Thus, it is 

required to grow a GaN nucleation layer at low pressure, which enhances the recovery time then 

grow GaN thin films gradually at high values of the reactor pressure.  

2.4.3 The carrier gas 

The deposition rate of GaN thin films is influenced by the flow rate of the carrier gas. Pure H2 is 

the typical gas selected as a carrier gas in the deposition of GaN thin films. GaN thin films grow 

under pure N2 as the carrier gas with different values of the reactor pressure. GaN thin films were 

grown on 2-inch sapphire (Al2O3) wafer by CCS MOCVD system. The wafer and susceptor were 

cleaned thermally (baking) for 10 minutes at 1010 C° in H2 ambient; then the temperature is 

lowered to 525 C°. A buffer layer of GaN is deposited onto the substrate surface. This is followed 

by a thick GaN layer grown at high temperature 1065 C° under a continuous flow of pure N2 as the 

carrier gas. Detailed growth conditions used to grow GaN samples are summarized in Table 2-3. 

Figure 2.15 shows reflectance curves measured by in situ monitoring system for GaN thin films 

grown on a sapphire substrate at different values of the reactor pressure using pure N2 as the carrier 

gas.  

When the reactor pressure is increased, the amplitude of the reflectance curve oscillates periodically 

and shrinks gradually. When the N2 is employed as the carrier gas, the number of oscillations is 

increased while the recovering time is decreased with increasing the reactor pressure, as shown in 

Figure 2.15-(c). On the other hand, almost zero reflectance is obtained at the reactor pressure of 

500 Torr, when H2 is used as a carrier gas, as shown in Figure 2.12-d.  The changing in peak spacing 

of the interference fringes indicate how the deposition rate changes with the reactor pressure.  
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Table (2-4) processing conditions of GaN samples deposited in the CCS MOCVD system. 

Utilizing pure N2 as the carrier gas instead of using H2 leads to an increase in the potential flow. N2 

is heavier than H2 gas, which results in increasing the inlet mass flow rate. It is observed that the 

deposition rate increased by increasing the reactor pressure from 100 our 300 Torr, while a slight 

increase is observed at 500 Torr. The CCS MOCVD reactor has a short distance between the inlet 

and the susceptor surface. The high flow rate of N2 aids to deliver the metal-organic efficiently 

towards the susceptor surface and consequently enhances the thickness of GaN thin films, as shown 

in Figure 2.16. When the reactor pressure is increased from 100 Torr to 300 Torr, the thickness of 

a GaN thin film is increased. Increasing the pressure further up to 500 Torr leads to grow a 

continuous thin film, but decrease the thickness of GaN thin films. 

Moreover, the results of the thickness map show a high value of the standard deviation is obtained. 

It indicates that a rough surface of GaN thin films is obtained at different values of the reactor 

pressure with N2 as a carrier gas. Moreover, it is observed that using pure N2 as the carrier gas 

promotes carbon contamination, which affects the quality of GaN thin films.  

Sample (P) Temperature (C° ) Flows (SLM) Pressure (Torr) 

shaft In out TMG/H2 NH3 H2 N2 

100 

 

bake 770 1086 880   14 0 500 

buffer 480 560 470 7.55e-05 4 0 14 500 

N-layer 730 1080 830 2.25e-04 6 0 14 200 

U-GaN 730 1040 830 2.25e-04 6 0 14 100 

 

200 

 

bake 770 1073 880   14 0 500 

buffer 480 560 470 7.55e-05 4 0 14 500 

N-layer 740 1080 830 2.25e-04 6 0 14 200 

U-GaN 740 1040 830 2.25e-04 6 0 14 200 

 

300 bake 770 1072 880   14 0 500 

buffer 480 563 470 7.55e-05 4 0 14 500 

N-layer 740 1082 830 2.25e-04 6 0 14 200 

U-GaN 740 1032 830 2.25e-04 6 0 14 300 

 

500 bake 770 1095 880   14 0 500 

buffer 480 563 470 7.55e-05 4 0 14 500 

N-layer 740 1084 830 2.25e-04 6 0 14 200 

U-GaN 740 1064 830 2.25e-04 6 0 14 500 
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Figure 2.15 In situ reflectivity records of the GaN growth on sapphire wafers at different values 

of the reactor pressure with N2 as carrier gas (a) 100, (b) 200, (c) 300, (d) 500 Torr.   

At a low reactor pressure, carbon contaminations are distributed near the edge of the wafer, as 

shown in Figure 2.17. The surface of GaN thin films is light yellow and looks dull, which reveals 

that it is contaminated. Interestingly when the reactor pressure is increased to 500 Torr, the amount 

of carbon contamination is decreased. Increasing the reactor pressure promotes the gas-phase 

reaction between TMG and NH3 in the gas phase, which leads to a decrease in the deposition rate. 

When pure N2 is used as a carrier gas, the GaN thin film grown has a light yellow and dull surface. 

Therefore, the quality of the GaN crystal can be improved by increasing the reactor pressure. , 

b 

d 

a 

c 
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Figure 2.16 Thickness mapping of GaN thin films grown on the 2-inch sapphire wafer at the 

reactor pressure of (a) 100, (b) 200, (c) 300, and (d) 500 Torr with N2 as the carrier gas. 

 

 

 

 

 

Figure 2.17 View of GaN thin films grown on the 2-inch sapphire wafer at the reactor pressure 
of (a) 100, (b) 200, (c) 300 Torr with N2 as the carrier gas respectively, and (d) 300 Torr with 

H2 as the carrier gas.  

Dull surface Carbon contamination  

a c 

Clear surface 

b d 

b 

d 

a 

c 
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Pure H2 as a carrier gas plays an important factor in GaN growth by neutralizing other 

contamination or impurities. Figure 2.17-(c and d) shows a comparison between two samples of 

the GaN thin film grown with pure N2, and H2 as a carrier gas respectively at the reactor pressure 

of 300 Torr. Thus, controlling of H2 flow rate precisely can enhance the growth rate and the quality 

of GaN thin films.  As a result, using an appropriate mixture of N2 and H2 as the carrier gas enhances 

the deposition rate and uniformity of GaN thin films. 

2.5 Conclusions 

In this chapter, three sets of GaN thin film samples have been deposited using the MOCVD reactor 

under different operating conditions. The first set samples are grown under different values of the 

V/III ratio, the second set samples are grown under different values of the reactor pressure, and 

third set samples are grown using pure N2 as a carrier gas. The results indicate that the average 

deposition rate increases with increase the reactor pressure, but it decreases with increasing the 

precursor concentration ratio. At high V/III ratio, the low deposition rate is obtained due to the low 

flow rate of TMG. When the V/III ratio is decreased, the flow rate of TMG has increased leads to 

involve more species in chemical reactions, which increase the deposition rate. 

On the other hand, increasing the reactor pressure can increase the deposition rate. However, high 

reactor pressure can promote the reaction between the metal-organic precursors and NH3 in the gas 

phase. When pure H2 is used, a high-quality thin film is produced. Utilizing a high flow rate of pure 

N2 as a carrier gas enhances the deposition rate. However, it decreases the uniformity of the thin 

film, and also it deteriorates the quality of GaN thin films as more carbon contamination is involved. 

It is worth to note that using an appropriate mixture of H2 and N2 as a carrier can improve the 

deposition rate and quality of GaN thin films.  
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Chapter 3  

MATERIAL CHARACTERIZATION 

3.1 Introduction  

This chapter describes the equipment and techniques used to study the material characterization of 

GaN thin film samples. The characterization analysis provides a clear understanding of the effect 

of changing growth conditions on the properties of the GaN thin film. The structural quality and 

surface morphology of GaN thin films grown under different values of V/III ratios, and also the 

carrier gas type have been discussed.  

3.2 Atomic Force Microscopy (AFM) 

Surface morphology and roughness of GaN thin films grown in the MOCVD process were 

evaluated using Park NX10 AFM system. This system has three operation modes, contact, non-

contact, and tapping. In this study, contact mode is chosen to scan the surface morphology of GaN 

thin films samples. In contact mode, the AFM probe, which consists of a very tiny cantilever that 

is ended by a sharp cone-shaped tip, makes a soft contact with the sample surface. When the 

distance between the tip and the sample surface becomes shorter, an interaction force between these 

surfaces will exist. The interatomic force as a function of the distance will deflect the cantilever 

upward or downward when it scans a convex region or concave region, respectively. The probe 

deflection is used as a feed feedback loop to produce an image of the surface topology.  

The surface roughness is quantified by the root mean square (RMS) values over an area of (5 x 5 

um2) of the sample. GaN thin films were grown under different values of the V/III ratio with a 

mixture of 60 % N2 and 40 % H2 as the carrier gas. Figure 3.1 shows that the RMS value of GaN 

thin film samples increases when the V/III ratio decreases. It reveals that the surface tends to have 
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larger grains size and rough surface morphology. On the other hand, one can see that increasing the 

V/III ratio leads to a decrease in the RMS value.  

Figure 3.1 Surface roughness of GaN thin films at different values of the V/III ratio. 

The surface morphologies of GaN thin films samples exhibit a "step-flow" pattern, which indicates 

the growth of two-dimensional monolayer. A clear step-flow pattern with nano-pits is observable 

on the surface of the sample grown at high V/III ratio, as shown in Figure 3.2. However, at high 

V/III ratio, a step-flow pattern is visible that indicates a smooth surface morphology of GaN thin 

films. Step terminations on a single crystal surface correspond to the intersection of a threading 

dislocation with the free surface. When V/III ratio is decreased further, a rough surface morphology 

produced and several small pits observed on the surface as shown in Figure 2.10-(a). It is observed 

that the increase in the V/III ratio more than 820 has a slight effect on the RMS value. Thus, the 

GaN thin film sample was grown at the high V/III ratio has a low RMS value, which indicates a 

smooth surface is obtained. 
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Figure 3.2 AFM image of surface morphology of GaN thin films grown on the c-plane sapphire 

substrate at the V/III ratio of 615. 

The high density of nano-size spots is most likely tended to merge together and develop into larger 

ones. These pits are inevitably terminated the flow steps and pinned the threading dislocations 

resulting in nonparallel growth steps at the GaN surface. Tarsa et al. reported similar results for 

GaN samples grown under different V/III ratios in the MBE process [76].  

At low V/III ratio, results showed that the surface of the GaN thin film was rough and the structure 

was titled columnar with a high density of stacking faults. To promote a 2D growth mode and 

improve structural quality, H2 is used as a carrier gas. The diffusion rate of Ga-containing species 

in H2 is higher than in N2, so it leads more deposition on the reactor walls and less deposition on 

the wafer. Using H2 as carrier gas results in layers with better morphologies, but it can affect 

electrical characteristics [77].  

  

RMS = 0.342 nm RMS = 0.281 nm 
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Figure 3.3 AFM images of surface morphology of GaN thin films grown on the sapphire 

substrate at different values of the V/III ratio (a) 487 (b), 820, (c) 1220 

  

Figure 3.4 AFM images of surface morphology of GaN thin films grown on the sapphire 

substrate at the V/III ratio of 615 with (a) a mixture of 60 % N2 + 40 % H2, and (b) pure H2 as 

a carrier gas. 

RMS = 0.226 nm 

c 

RMS = 0.258 nm 

 

RMS = 0.234 nm b RMS = 0.281 nm a 

RMS = 0.394 nm a b 
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Figure 3.4-(b) shows steps flow on the surface with no visible nano-pits, demonstrating the high 

quality of GaN thin film. Thus, utilize pure H2 as a carrier gas instead of the mixture of 60 % N2 

and 40 % H2, enhances the surface morphology of GaN thin films. Wang et al. [78] also observe a 

change in surface morphology with changing N2/(N2+H2) ratio. Increasing the ratio led to a rough 

surface and a decrease in the structural quality of the material, while using pure H2 led to mirror-

like surface morphology. They attribute this change in surface morphology to a decrease in 

diffusion length of the reactants on the growth surface caused by increasing of the density of carrier 

gas. The high diffusivity of metal-organic precursors in H2 leads to undesired deposited material 

on inner walls of the reactor and consequentially increase repairing maintenance cost. In this study, 

an appropriate mixture of H2 and N2 as carrier gases used to improve the quality of GaN and reduce 

the residual strain. 

3.3 X-ray Diffraction (XRD) 

The crystal quality of GaN thin film samples evaluated by using XRD Bruker Vantec-500 system 

which is equipped with a 3-circle Azlan goniometer, and it is operating at 40 kV and 35 mA with 

CuKα1 radiation. X-ray diffraction involves probing a crystal with x-ray radiation having a 

wavelength (λ) close to the crystal lattice spacing. XRD system uses short-wavelength radiation 

(λ=1.54 Å) to probe the structural properties of a material and extract information such as strain, 

grain size, and defect density. X-rays are generated by bombarding a metal typically copper with 

electrons in an evacuated tube, and monochromatic x-rays are usually selected. These x-rays are 

scattered by the electron cloud surrounding each atom in the crystal. Constructive interference 

occurs between the scattered x-rays according to Bragg’s law [40]: 

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃    3-1) 
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where d is the spacing between the atom planes, and θ is the angle at which the incident beam must 

probe the plane.  

The diffraction of X-rays from a crystal can be described by Bragg’s law [79]. It states the 

relationship of the atomic spacing dhkl in crystals to the angle of diffraction at a given X-ray 

wavelength is given in the following equation: 

𝑑ℎ𝑘𝑙 =
2𝜆

2 𝑠𝑖𝑛(𝜃2ℎ2𝑘2𝑙 + ∆𝜃)
 3-2) 

Where λ is the X-ray wavelength, θhkl is the measured angular position of the (hkl) reflection planes, 

Δθ is the error of the instrument which is ignored here. The d-spacing value is related to the lattice 

parameters (c and a) of hexagonal systems as illustrated in the following equation: 

𝑑ℎ𝑘𝑙 =
1

√3
4

(
ℎ2 + ℎ𝑘 + 𝑘2

𝑎
)

2

+ (
𝑙
𝑐

)
2

 

3-3) 

Different peaks at symmetric and asymmetric reflections in multi-diffraction ω-2θ scan have been 

measured to determine rocking curves. The crystallite size broadening is most pronounced at large 

angles 2θ.  

 

Figure 3.5 Schematic diagram of GaN subgrains with tilt and twist angles on the sapphire 

wafer. 
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The on-axis reflection is related to the tilt of the subgrains concerning the substrate, whereas the 

off-axis reflection results from a combination of the tilt and twist of the subgrain, as shown in 

Figure 3.5.  

Figure 3.6 XRD intensity-2θ diffraction curve of GaN thin film obtained at V/III ratio equals 615. 

Burger vector (b) for pure edge dislocations is 𝑏 =
𝑎

3
< 112̅0 > , and for pure screw dislocations 

is 𝑏 =  𝑐 < 0001 > whereas 𝑏 =  𝑎 +
𝑐

3
< 112̅3 > for mixed dislocations in GaN crystal. Pure 

edge dislocations have no component in c-direction, so they are emerging in terraces. Pure screw 

and mixed dislocations have components in c-direction, which are related to step terminations. 

Figure 3.6 shows the XRD intensity-2θ scan of GaN films grown on the sapphire substrate at the 

V/III ratio of 615, while other growth conditions are kept constant. It is observed narrow and strong 

emission peak, indicating the deposited GaN thin film is a single crystal.  
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The XRD intensity-2θ scan of other samples grown under different V/III ratios show the same 

behavior. Figure 3.7 shows the measured FWHM of rocking curves for the symmetric (006) and 

asymmetric (105) reflection planes of GaN thin films grown at different V/III ratios. The symmetric 

reflection (006) is affected by screw dislocations, while the off-axis reflection (105) is affected by 

both edge and screw dislocations. At the low V/III ratio where the flow rate of TMG is varying, 

and the flow rate of the NH3 is kept constant, the deposition rate of GAN thin films is increased. 

Increasing of GaN growth rate can be the source for the generation of threading dislocations at 

interfaces [80]. Figure 3.8 shows FWHMs values of rocking curves of GaN thin films grown on a 

sapphire substrate at different values of the V/III ratio. It is observed a slight decrease in FWHM 

of the GaN (006) reflection plane with reducing the V/III ratio in the range of (815-1220); then it 

is obviously increased with a further decrease in the V/III ratio. 

On the other hand, the FWHM of GaN (105) reflection plane is increased with reducing V/III ratio 

due to the effect of both edge and screw dislocation. Suresh et al. [48] reported that asymmetric 

GaN rocking curve is broadening with increasing V/III ratio showing the opposite trend of GaN 

(105) in this study, as shown in Figure 3.8. In their work, the flow rate of TMG was kept at 0.1075 

sscm, while the NH3 flow rate is varied from 4 to 7 slm. Therefore, high NH3 flow rate promotes 

GaN islands to merge, and forming a 2D quasi thin layer. From Figure 3.7, it observed that the 

value of GaN (006) is increased from 320 arcsec to 325 arcsec when the V/III ratio is increased 

from 820 to 1220. Heying et al. [64] confirmed that the asymmetric (105) reflection plane is 

sensitive to pure edge dislocations, and its FWHM is broadening due to rapid islands coalescence.  
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Figure 3.7 FWHM of the rocking curve for GaN (006) and (105) reflection planes at different 

V/III ratios: (a,b) 487 (c,d) 615 (e,f) 820 and (g,h) 1220. 

h 
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Figure 3.8 FWHMs of the rocking curve for GaN thin films that are grown at different V/III 

ratios. 

In this work, GaN thin films samples grown at high V/III ratio showed better qualities than those 

samples grown at low V/III ratio. The broad FWHMs of rocking curves related to the threading 

dislocation density in the thin film. When the line width of the sample grown at high V/III ratio is 

decreased, it indicates a decrease in the density of threading dislocations. Experimental results show 

that the GaN thin film deposited with the V/III ratio of 820 has the best results in surface 

morphology and the FWHM of the rocking curve. 

 Figure 3.9 shows measured rocking curves of (006) and (105) reflection planes using pure H2 

carrier gas. When the molar rate of H2 is increased, the broad FWHM at GaN (105) and (105) 

planes is increased due to the effect of the screw and mixed dislocations, as shown in Figure 3.10. 

Mixed dislocations are associated with the step terminations in (105) planes. The resulting AFM 

image in Figure 3.3-d reveals that the screw and mixed dislocation ascribe step termination. 
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Figure 3.9 Measured rocking curves of 𝝎 scans for GaN (006) and (105) planes at pure H2 

carrier gas. 

 

 

Figure 3.10 FWHMs of the rocking curve for GaN (006) and (105) at different H2 molar ratios 

where the V/III ratio of 615. 

3.3.1 Dislocation density 

To evaluate the crystal quality of GaN thin films, FWHM of rocking curves can provide valuable 

information about TDs in the lattice structure. FWHM is a direct measure of the mosaicity in the 

thin film. Chierchia et al.[36] proposed relation of estimating the dislocation density 𝐷𝑑, using the 
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FWHM values of rocking curves. It is assumed that TDs are distributed randomly at grain 

boundaries. 

𝐷𝑑 =
𝛽2

2𝜋 ln(2)  𝑏2
 3-4) 

 

𝛽2 =  𝛽𝑒𝑑𝑒𝑔𝑒
2 +  𝛽𝑠𝑐𝑟𝑒𝑤

2
 3-5) 

Where β is is the line broadening at FWHM of the rocking curve, which is fitted by Gaussian peak 

shapes, and b is the Burgers vector magnitude. βedge and βscrew are the contributions of screw 

and edge dislocations, respectively. Figure 3.11 shows the edge and the screw dislocation density 

for GaN thin films samples grown at different V/III ratios. The edge-dislocations density decreased 

from (8.9 𝑥 108 𝑐𝑚−1) to (8.07 𝑥 108 𝑐𝑚−1) with the increase of V/III ratio. On the other hand, 

the screw dislocation density decreased from (2.65 𝑥 108 𝑐𝑚−1) to (2.16 𝑥 108 𝑐𝑚−1).  

 

Figure 3.11 Effect of varying the V/III ratio and H2 molar ratio on the dislocation density of GaN 

thin films. 
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Results show that the edge dislocation is more sensitive to the V/III ratio than the screw dislocation. 

This result agrees well with the smooth surface morphology indicated by AFM images. As a result, 

the surface morphology of GaN thin films grow with a high V/III ratio is improved as the screw-

type dislocations, and density of pinned steps is reduced. The results of the estimated threading 

dislocation densities in Figure 3.11 show that further increases in V/III ratio leads to decrease both 

screw and edge dislocations. On the other hand, increasing H2 molar ratio leads to rising the off-

axis dislocation obviously while the on-axis dislocation increases slightly. These XRD 

measurement results agree well with the surface morphology of GaN thin films. Since the FWHM 

of the XRD diffraction peak is relative to the average crystalline grain size in the film [81]. 

According to XRD results it is concluded that changing V/III ratios affect the quality of the GaN 

thin film, and further decreasing V/III ratio can deteriorate the quality of thin film significantly. 

3.4 Scanning electron microscope  

For further investigation of the effect of varying the V/III ratio on the surface morphology and the 

crystalline structure of GaN thin films, examinations were carried out on the GaN samples using 

Zeiss Sigma field emission scanning electron microscope (FESEM). Figure 3.12 shows the cross-

section of GaN thin films grown on sapphire (Al2O3) wafers with different values of the V/III ratio.  

It is observed that the thickness of GaN thin films increases with the increase in the TMG flow rate 

during the growth process. It means that the growth rate increases with decreasing the V/III ratio. 

It has been revealed that the thickness of the GaN thin films depends on the TMG flow rate. This 

can be ascribed to sufficient supply of the flow rate of metal-organic TMG precursors to the 

substrate surface and consequently increase the growth rate. However, some micro-cracks are 

found in the cross-section of GaN thin films, as shown in Figure 3.12.  

Micro-cracks result from plastic relief of tensile strain the consequence of growing grain 

coalescence. These micro-cracks are induced in the surface morphology may be due to the strain 
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between the buffer layer and the GaN thin film grow at high temperature. At the low value of the 

V/III ratio is observed, subsurface cracks oriented nearly perpendicular to the substrate surface, as 

shown in the cross-sectional SEM image in Figure 3.12 (a).  

 

 

 

  

Figure 3.12 cross-sectional SEM images of the GaN thin film deposited on the sapphire wafer 
with different values of the V/III ratio (a) 487, (b) 625, (c) 815, and (d) 1220 with a mixture of 

40%H2 and 60%N2 as the carrier gas at reference conditions.  
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Figure 3.13 Varying the thickness of GaN thin films with different values of the V/III ratio. 

When the V/III ratio is increased, these internal cracks did not reach the substrate surface during. 

For thick layers, cracks may occur,  resulting from the build-up of tensile stress [86]. The thickness 

of the GaN thin film is observed to increase gradually when the V/III ratio is decreased. The 

thickness is varied between 3.2 µm  to 7.9 µm with reducing the V/III ratio from 1220 to 487, 

respectively, as shown in Figure 3.13.  

3.5 Raman Microscopy  

Raman spectroscopy is a non-destructive test used to investigate strain state in the material by 

measuring the inelastic scattering of an incident photon. The incident photon can be scattered 

elastically (Rayleigh scattering) at the same frequency as the incident photons, inelastically (Stokes 

scattering) if the scattered photons have a frequency less than the incident photons. To the contrary, 

if the scattered photon has a higher frequency than the incident photons, it is called Anti-Stokes 

scattering [82]. The Raman measurements were performed by Renishaw spectrometer at room 

temperature, using 514 nm wavelength of Helium-Neon laser. All samples of GaN thin films are 

prepared in consistence dimensions to fit the device. The common phonon modes in hexagonal 
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GaN crystal structure are the E2 near 566 cm-1 and A1 near 735 cm-1, as shown in Figure 3.14. 

[83]. It is known that the value of E2 phonon mode is 566.2 in unstrained GaN thin film. [84] 

 

Figure 3.14 Typical Raman phonon frequencies (cm−1) observed at 300 K for epitaxial GaN 

[83]. 

Figure 3.15 shows the peak position of E2 phonon mode is slightly shifted to higher wavenumber 

with reducing the V/III ratio. Shifting E2 phonon mode to a higher number indicates that GaN thin 

film under compressive strain compared to the unstrained position. The residual compressive stress 

can be estimated from Raman shift by the following formula [85]: 

𝜎 =
∆𝜔

2.56
   (𝐺𝑃𝑎−1𝑐𝑚−1)     3-6) 

Where 𝝙𝝎 is the Raman frequency shift. The results reveal that the residual compressive stress 

increases with decreasing V/III ratio as shown in Figure 3.16 
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Figure 3.15 Raman spectrum of GaN GaN thin films grown at a different value of the V/III 

ratio with a mixture of 40%H2 and 60%N2 as the carrier gas at reference conditions. 

 

 

Figure 3.16 Raman phonon frequencies (cm−1) of GaN thin films grown at a different value of 

the V/III ratio with a mixture of 40%H2 and 60%N2 as the carrier gas at reference conditions. 
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As electrical resistivity of the thin film is inversely proportional to the carrier concentration, the 

strong A1 (LO) mode is an indication of a low free carrier concentration which affects the electrical 

properties of the material.[82]. Figure 3.16 shows that A1 (LO) mode increases with decreasing 

V/III ratio indicates that incorporation of impurities or formation of defects in the thin film. This 

behavior is consistent with XRD results. 

3.6 Conclusions 

In conclusion, the crystal structure and surface morphology of GaN thin films grown on sapphire 

substrates in the MOCVD reactor was found to be strongly dependent on the varying of the V/III 

ratio, while other growth conditions are kept constant. The AFM results indicate that the GaN thin 

film deposited at the high V/III ratio has a smooth surface. Using a mixture of carrier gases (H2 and 

N2) promotes getting a smooth surface with high crystal quality. Thereby, a higher flow of nitrogen 

in III-carrier gas resulted in a GaN layer with a hillock surface. In contrast, the GaN layer grown 

with smaller nitrogen (higher hydrogen flow) in III-carrier gas showed a mirrorlike surface. XRD 

results show that GaN thin films grown at low V/III ratio have high dislocation density, and that 

can affect the quality of the thin film. Moreover, some-micro cracks were observed on the cross-

sectional image of GaN thin films grown at low V/III ratio. On the other side, Raman scattering 

results show that GaN thin films that are grown at high V/III ratio have less residual stress and high 

crystalline quality. In conclusion material, characterizations can shed light on the optimization of 

GaN thin films in the MOCVD process.  
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Chapter 4  

NUMERICAL SIMULATION OF GAN GROWTH 

4.1 Introduction  

The MOCVD process is demonstrated to accomplish a successful transition from traditional 

processes to mass production and high throughput. This chapter presents the mathematical model 

that describes the steady-state transport phenomena in the MOCVD reactor. It consists of a set 

nonlinear, coupled, and partial differential equations that are based on conservation of mass, 

momentum, energy, and chemical species. The chemical kinetics model is coupled with the 

transport processes in the single MOCVD reactor. These equations are employed to simulate the 

process to study the growth rate and uniformity of GaN thin films under different boundary 

conditions.  

4.2 Governing Equations 

The governing equations for the MOCVD process are derived from the principles of conservation 

of mass, momentum, energy, and chemical species. Some assumptions are made to reduce the 

complexity of modeling the CVD process. In the MOCVD, the process involves convective 

transport, diffusive transport, and chemical reactions. The gas flow in the reactor is assumed to be 

laminar, so it is not necessary to consider turbulent flow [3]. Typically, the MOCVD process runs 

at low inlet velocity and low reactor pressure that result in low Reynolds numbers. For the given 

pressure and temperature, the gas mixture is treated as a continuum and as an ideal gas, which 

satisfies Newton’s law of viscosity [24]. Some reactant species absorb infrared heat radiation. 

Usually, these species are present in very low molar ratio. Therefore, the gas mixture to be assumed 

non-participating for heat radiation. The viscous dissipation in the gas mixture is negligible due to 

the low inlet flow velocity and low viscosity. 
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(1) Conservation of mass. 

𝜕𝜌

𝜕𝑡
+ 𝛻. (𝜌𝑉) = 0 4-1) 

(2) Momentum force balance. 

𝜕
𝜌𝑉

𝜕𝑡
= −𝛻𝑃 + 𝛻. (𝜌𝑉𝑉) + 𝛻 {𝜇[𝛻𝑉 + (𝛻𝑉)𝑇] −

2

3
𝜇𝐼𝛻. 𝑉} + 𝜌𝑔 4-2) 

(3) Conservation of energy. 

𝐶𝑝 
𝜕(𝜌𝑇)

𝜕𝑡
= − 𝐶𝑝𝛻. (𝜌𝑉𝑇) + 𝛻. (𝑘𝛻𝑇) + 𝛻. (𝑅𝑇 ∑

𝐷𝑖
𝑇

𝑖

𝑀𝑖

𝛻𝑥𝑖

𝑥𝑖

𝑁

𝑖=1

) + ∑
𝐻𝑖

𝑀𝑖
𝛻. 𝑗𝑖

𝑁

𝑖=1

− ∑
𝐻𝑖

𝑀𝑖
𝑅𝑖

̇

𝑁

𝑖=1

+ 𝑆 

4-3) 

𝑅𝑖
̇ = 𝑀𝑖 ∑ 𝑣𝑖𝑛(𝑅𝑛

𝑖 − 𝑅−𝑛
𝑖 )

𝑁

𝑖=1

 4-4) 

(4) Conservation of species. 

𝜕𝜌𝜔𝑖

𝜕𝑡
= −𝛻. (𝜌𝑉𝜔𝑖) − 𝛻. 𝑗𝑖 + ∑ 𝑅̇𝑗

𝑖

𝑘

𝑗=1

 4-5) 

Where 𝑅𝑗̇ is the net volumetric rate of generating of species j, 𝜔𝑖  is the mass fraction of species i, 

and 𝑗𝑖 is the diffusion mass flux vector of species i, and S is an external heat source. The diffusion 

fluxes of concentration and temperature gradients are given by: 

𝑗𝑖 = 𝜌
𝑀𝑖

𝑀
∑ 𝐷𝑖𝑗 (𝛻𝜔𝑗 + 𝜔𝑗

𝛻𝑀

𝑀
)

𝑁

𝑖=1

− 𝐷𝑖
𝑇 𝛻𝑇

𝑇
 4-6) 

Where 𝑀𝑖  is the molecular weight of the species, 𝐷𝑖𝑗 is the multi-component diffusion coefficient 

between species i and j, 𝐷𝑖
𝑇is the multi-component thermal diffusion coefficient of species. The 

remaining symbols are defined in the nomenclature.  
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The growth rate of the thin film is determined by two factors: the collision rate of the gas species 

on the substrate surface and the diffusion of active reactants to the surface [53]. Therefore, the GaN 

deposition rate is controlled by the transferring Ga-containing species to the wafer surface. The 

growth rate GR of GaN thin films is given by: 

𝐺𝑅 =
𝑀𝐺𝑎𝑁

𝜌𝐺𝑎𝑁
∑

𝐽𝑖

𝑀𝑖
𝑖

 4-7) 

 

4.2.1 Transport properties of gaseous species 

Due to the large temperature gradients inside the MOCVD reactor, and the large difference in 

molecular weights (g/mol) between precursors (trimethylgallium MTMG = 114.83, ammonia MNH3 

= 17) of GaN and the carrier gas (hydrogen MH2=2), the dilute mixture approximation in laminar 

flow is not adequate. The effect of coupling between heat transfer and mass diffusion becomes 

significant. Therefore, the gas mixture is treated as a multi-component species system. 

Temperature-dependent transport properties of the gas mixture such as D diffusion coefficients 

(m2/s), dynamic viscosity μ (kg/m/s), heat capacity Cp (J/kg/K), and thermal conductivity k 

(W/m/K), have significant effect on the accurate prediction of the growth rate in most MOCVD 

processes.  

The kinetic theory of gases is used to estimate the transport properties of the gas mixture. These 

depend on properties and compositions of the reactant species [86]. 

(a) The ideal gas law describes gas mixture density: 

𝜌 =
𝑃

𝑅𝑇 ∑ 𝜔𝑖
𝑀𝑖

⁄
 4-8) 

where 𝜔𝑖 is the mass fraction and 𝑀𝑖 is the molecular weight of species i. 
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The constraint on the mass fraction is: 

∑ 𝜔𝑖 = 1

𝑁

𝑖=1

 4-9) 

(b) The dynamic viscosity of chemical species i, is calculated using the kinetic theory  

𝜇𝑖 = 2.67𝐸 − 06
√𝑀𝑖𝑇

𝜎𝑖
2𝛺𝐷

 4-10) 

where 𝛺𝐷  is the collision integral of the species, and 𝜎𝑖 is Lennard-Jones parameters of species. 

[21]. The viscosity of the gas mixture is given by: 

𝜇 = ∑
𝑥𝑖𝜇𝑖

∑ 𝑥𝑗𝜑𝑖𝑗𝑗

𝑁

𝑖=1

 4-11) 

𝜑𝑖𝑗 =

[1 + (
𝜇𝑖
𝜇𝑗

)

1
2

(
𝑀𝑖
𝑀𝑗

)

1
4

]

2

[8 (1 +
𝑀𝑖

𝑀𝑗
)

1
2

]

 4-12) 

where 𝑥𝑖 , 𝑥𝑗  and 𝑀𝑖 , 𝑀𝑗are mole fractions and molecular weight of species i, j respectively.  

(c) The specific heat capacity of chemical species is calculated using Gordon-McBride polynomial 

function of temperature and NIST-JANAF thermodynamic tables to calculate the coefficients [69], 

[70]: 

𝐶𝑃𝑖

𝑅𝑖
= 𝑐1 + 𝑐2𝑇 + 𝑐3𝑇2 + 𝑐4𝑇3 + 𝑐5𝑇4 4-13) 

Where 𝑅𝑖 is the gas constant of species i. The specific heat capacity of the gas mixture is computed 

as the average of mass fraction of the specific heat capacity of species:  
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𝐶𝑝 = ∑ 𝜔𝑖𝐶𝑝,𝑖

𝑖

 4-14) 

(d) The thermal conductivity of chemical species i, is computed using Eucken correlation [22]: 

𝑘𝑖 = 𝜇𝑖 (𝑐𝑝𝑖 +
5

4
𝑅𝑖) 4-15) 

The thermal conductivity of the gas mixture is estimated as follows: 

𝑘 = ∑
𝑥𝑖𝑘𝑖

∑ 𝑥𝑗𝜑𝑖𝑗𝑗

𝑁

𝑖=1

 4-16) 

(e) The binary mass diffusion coefficient is computed using the modified Chapman-Enskog theory 

since the diffusion behavior of gas mixture species depends on the growth temperature and reactor 

pressure. 

𝐷𝑖𝑗 = 1.88 ∗ 10−2

√𝑇3 (
𝑀𝑖 + 𝑀𝑗

𝑀𝑖 ∗ 𝑀𝑗
)

𝑃𝜎𝑖𝑗
2 𝛺𝐷

 
4-17) 

All quantities in equation 4-17) are in SI units except 𝜎𝑖𝑗 (°A). 

(f) The thermal diffusion coefficient of species is computed using empirical-based composition-

dependent expression 

𝐷𝑖
𝑇 = −2.59𝐸 − 07𝑇0.659 [

𝑀𝑖
0.511𝑥𝑖

∑ 𝑀𝑖
0.511𝑥𝑖

𝑁
𝑖=1

− 𝜔𝑖] . [
∑ 𝑀𝑖

0.511𝑥𝑖
𝑁
𝑖=1

∑ 𝑀𝑖
0.489𝑥𝑖

𝑁
𝑖=1

] 4-18) 

This equation will impact species diffusion such that heavy molecules diffuse less rapidly while 

light molecules will diffuse more rapidly towards the heated surface [88].  
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4.2.2 Chemistry model  

The MOCVD process involves chemical reactions between metal-organic vapors group III and 

gaseous group V in the periodic table. These precursors are diluted in a carrier gas and passed over 

a heated substrate to form a solid thin film. In growing of the GaN thin film, trimethylgallium TMG 

(group III) and the ammonia NH3 (group V) are typical precursors of the gallium (Ga) and the 

nitrogen atom (N), respectively. The overall reaction between TMG and NH3 precursors to form 

the GaN thin film and release methane (CH4) can be simplified and represented as follows: 

𝑻𝑴𝑮 (𝒈𝒂𝒔) + 𝑵𝑯𝟑(𝒈𝒂𝒔) → 𝑮𝒂𝑵(𝒔𝒐𝒍𝒊𝒅) + 𝟑𝑪𝑯𝟒(𝒈𝒂𝒔) 4-19) 

However, there are many intermediate chemical reactions take place during the deposition process. 

The chemical reactions in the MOCVD growth process are divided into two types, the gas phase, 

and the surface phase. Sengupta et al. [64] investigated comprehensive reaction mechanisms for 

the deposition of GaN thin films in the MOCVD process. Their model involved gas phase and 

surface reactions, adsorption of surface species at the substrate surface, and growth of GaN thin 

films. The reaction mechanism included 17 gas phase and 23 surface species that participate in 17 

gas phase and 52 surface reactions, respectively. Hu et al. [65] simplified the comprehensive model, 

proposed by Sengupta et al. [64], using the rate of production (ROP) analysis to identify dominant 

chemical reaction paths.  

The reduced model involves 17 gas-phase species and 7 surface species that participate in 17 gas-

phase reactions and 17 surface reactions, respectively. The reduced model is adapted in this study 

to investigate the effects of boundary conditions in the MOCVD process. Table (2-4) summarizes 

equations of gas-phase reactions and surface phase reactions. The corresponding reaction rate 

constants for these reactions in the gas and at the surface are estimated by using thermochemical 

methods and thermodynamic data of existing experimental observations [70,74]. It is assumed that 
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precursors are decomposed homogenously to intermediate species that react on the wafer surface 

to form a solid thin film. 

4.2.3 Gas-phase reactions 

The chemical reactions of the gas phase involve two pathways that describe the formation and 

decomposition of species, as shown in Figure 4.1. The first pathway is adduct formation between 

TMG and NH3 at the inlet gas. Such adducts may condense on the cold reactor surface to form 

particulates that degrade the film quality [89]. A split inlet design of the precursors can exclude the 

formation of stable adduct [63]. Adducts start to decompose in the high-temperature zone of the 

reactor. The second pathway is the decomposition of trimethylgallium (TMG) into dimethylgallium 

(DMG), and monomethylgallium (MMG) by eliminating methyl groups (CH4, CH3), and reacting 

with NH3. Under high temperature near the substrate surface, MMG and COMPM1(s) are expected 

to be dominant Ga-containing precursors that contribute to the deposition of GaN thin films [65].  

 

 

Figure 4.1 Schematic diagram of chemical pathways for the GaN deposition and growth, 

adapted from [90]. 
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In the high-temperature zone, the conversion of TMG into MMG is rapid, and the concentration of 

MMG is expected to be high. When the energy is sufficient, the MMG in the gas phase is absorbed 

by the substrate to form the surface site MMG(s) which then interacts with NH3 to form COM1(s). 

Finally, CH4 and CH3 are released to produce GaN. The finite rate chemistry model has solved the 

chemical reaction, and the Arrhenius equation defines reaction rate constants in the gas phase and 

surface reactions: 

𝒌 = 𝑨𝑻𝒏𝒆
−𝑬𝒂

𝑹𝑻⁄  4-20) 

where 𝐴𝑖and 𝐸𝑎𝑖 are the pre-exponential factor and the activation energy, respectively, R is the gas 

constant and T is the inlet temperature.  

 

Table (4-1) Gas-phase reactions in GaN deposition 

 𝑘 = 𝐴𝑇𝑛𝑒
−𝐸𝑎

𝑅𝑇⁄  A N Ea (kj/mol) 

G1 TMG                   DMG + CH3 1.0e+47 -9.18 76996 

G2 DMG                   MMG + CH3 7.67e+43 -9.8 34017 

G3 MMG                  Ga + CH3 1.68e+30 -5.07 84030 

G4 TMG +NH3                TMG:NH3 2.28e+34 -8.31 3115 

G5 TMG +NH3                 DMG:NH2 + CH4 1.7e+04 2.0 19969 

G6 DMG +NH3                DMG:NH3 4.08e+31 -7.03 3234 

G7 DMG +NH3                 MMG:NH2 + CH4 530e+03 1.56 20744 

G8 MMG +NH3                 MMG:NH3 7.95e+24 -5.21 2094 

G9 MMG +NH3                 GaNH2 + CH4 8.1e+05 1.3 17722 

G10 NH3 + CH3                 NH2 + CH4 3.31e+03 2.51 9859 

G11 CH3 + H2                 CH4 + H 1.2e+12 0 12518 

G12 TMG + H                 DMG + CH4 5.0e+13 0 10036 

G13 DMG + H                 MMG + CH4 5.0e+13 0 10036 

G14 TMGNH3                 MMG + 2CH3 + NH3 1.33e+44 -8.24 77791 

G15 CH3 + H + M                 CH4 + NH3 2.4e+22 -1 0 

G16 CH3+ CH3                 C2H6 2.0e+13 0 0 

G17 2H + M                   H2 + M 1.0e+16 0 0 
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4.2.4 Surface reactions 

Surface reactions take place at the heated substrate surface and involve gas adsorption and 

desorption, diffusion, deposition, and etching of the solid thin film [91]. The mechanism of surface 

reactions involves three types of species: gas phase, surface, and bulk species, as shown in Figure 

4.2.  The gas-phase species denoted by (g) exist above the substrate surface in the flow stream. The 

surface species denoted by (s) exist at the gas-solid interface layer on the top of the substrate 

surface. Bulk species is a solid species denoted by (b) that is located below the surface of the 

previous layer. Besides, there is an open site denoted by N(s), which is used to conserve both sites 

and elements in surface reaction.  

 

Figure 4.2 Schematic diagram illustrates the types of species in the surface reaction. 

For example, consider the reaction (S1) in Table (4-2), where the gas-phase (MMG) is reacting 

with a free site (Ns) leading to formation of an adsorbed species (MMG(s)) at the substrate surface. 

The desorption of surface species (COMPM2(s)) leads to deposit GaN (solid species) and leave an 

open site (Ns) as well as release H2 (gas species) back to the gas phase, as seen in reaction (S6). 

Substrate 

Flow 

Surface site 

Open site Gas species g 

s 

b Bulk site 

S 
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Table (4-3). Compositions of the chemical compounds exist in the surface phase reactions. 

1 COMPM1(s) NH3.MMG(s) 

2 COMPM2(s) Ga.NH2.MMG(s) 

3 TCOM1(s) NH3.TMG(s) 

4 TCOM2(s) NH2.DMG(s) 

 

4.3 Computational techniques of solution 

The mathematical model of the MOCVD process involves a complex interaction of transport 

phenomena, chemistry, thermodynamic properties, and process conditions, so it is not possible to 

solve it analytically. Numerical techniques are used to convert the coupled nonlinear partial 

differential equations of the mathematical model to algebraic equations that can be solved. The 

solution domain is divided into many small control volumes or cells. The governing equations are 

integrated numerically over each of these cells, and the numerical solution gives the values of the 

variables at the center of each computational cell. The computational mesh should be well defined 

to obtain a convergent solution that reflects reasonably the physical reality. A coarse mesh is used 

in locations that have small changes of the variable, while a fine mesh is used near areas that have 

Table (4-2). Surface phase reaction in GaN deposition 

 𝑘 = 𝐴𝑇𝑛𝑒
−𝐸𝑎

𝑅𝑇⁄  A N Ea (kj/mol) 

S1 MMG+N(s)                 MMG (s) 1.16e+05 2.98 0 

S2 MMG(s)                  MMG + N(s) 1.12e+14 0.55 107673 

S3 NH3 + MMG(s)                  COMPM1(s) 3.35e+07 3.33 0 

S4 COMPM1(s) +MMG                 NH3 + MMG(s) 5.7e+13 -0.16 8146 

S5 COMPM1(s)                 CH4 + COMPM2(s) 1.23e+10 3.22 23446 

S6 COMPM2(s)                  2H2 + 2GaN(B) + N(s) 3.68e+09 2.05 59610 

S7 TMG+N(s)                 TMG (s) 1.16e+05 2.98 0 

S8 TMG(s)                  TMG + N(s) 1.12e+14 0.55 49675 

S9 TMG(s) + NH3                 TCOM1(s) 3.35e+07 3.33 0 

S10 TCOM1(s)                 NH3 + TMG(s) 5.7e+13 -0.161 11922 

S11 TCOM1(s)                 CH4 + TCOM2(s) 1.49e+11 0.609 32785 

S12 TCOM2(s)                 2CH4 + GaN(B) + N(s) 1.49e+11 0.609 49675 

S13 TMGNH3 + N(s)                 TCOM1(s) 1.16e+05 2.98 0 

S14 TCOM1(s)                 TMGNH3 + N(s) 1.12e+14 0.55 49675 

S15 TCOM1(s)                 2CH3 + MMG +NH3 + N(s) 1.12e+14 0.55 107673 

S16 MMGNH3 + N(s)                  COMPM1(s) 1.16e+05 2.98 0 

S17 COMPM1(s)                 MMGNH3 + N(s) 1.12e+05 0.55 107673 
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large gradients to achieve a proper resolution. Common discretization approaches are  employed in 

the modeling of the CVD process as following: 

➢ Finite difference method (FDM) is used for the numerical solution of complex models of CVD 

[92]. FDM treats the solution region as a collection of discrete grid points by using Taylor series.  

➢ Finite element method (FME) is used to model complex geometries of highly diluted gas 

systems of the CVD process [61]. FME treats the solution region as a buildup of many small, 

interconnected sub-regions that form the grid. 

➢ Finite volume method (FVM) is used for modeling 2D and 3D transport phenomena in the 

diluted and undiluted CVD process [24]. FVM discretizes the integral form of conserved equations 

directly in the physical domain without transforming the governing equations to the computational 

domain. Since FLUENT solver employs FVM in the discretization of the governing equations, here 

is a brief description of FVM. This method is described in more details elsewhere [59]. 

4.3.1 Finite Volume Method 

This method employs structured and unstructured grids, so it has the flexibility to solve a complex 

geometry by defining the shape and location of the control volumes. The mathematical model of 

transport governing equations is written as unsteady convective-convection type for a variable ∅ as 

follows:  

𝜁∅

𝜕

𝜕𝑡
(𝜌∅) = −𝜁∅𝛻. (𝜌∅𝑢) + 𝛻. (𝛤∅𝛻∅) + 𝑆∅ 4-21) 

where 𝜁∅ , 𝛤∅ are generalized diffusion coefficients and 𝑆∅ is a source term per unit volume. The 

computational domain is discretized into a set of finite control volumes; each of them surrounding 

a grid point. Scalar quantities (temperature, pressure, mass fraction of species, and material 

properties) are stored and calculated typically at the center of each control volume. Vector 
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quantities (velocity and diffusion flux of species) are calculated in points that are located at the cell 

surface by interpolated local and adjacent cell values.  

The general equation form is the volume integral over the control volumes that are surrounding the 

grid point Ƥ, which has four sides for the 2D process, see Figure 4.3. 

𝜁∅

𝜕

𝜕𝑡
∫ 𝜌∅𝑑𝑉 + 𝜁∅ ∫ 𝜌∅𝑢. 𝑑𝑉 = ∫ 𝛤𝛻∅. 𝑑𝑉 + ∫ 𝑆∅𝑑𝑉 4-22) 

The volume integral of the convection and diffusion terms is transformed into a surface integral by 

using the Gauss-divergence theorem. 

𝜁∅

𝜕

𝜕𝑡
∫ 𝜌∅𝑑𝑉 + 𝜁∅ ∫ 𝜌∅𝑢. 𝑑𝐴 = ∫ 𝛤𝛻∅. 𝑑𝐴 + ∫ 𝑆∅𝑑𝑉 4-23) 

 

 

Figure 4.3 Schematic diagram of the control volume surrounding the grid point. 

Equation ∅ 𝜁∅ 𝛤∅ 𝑆∅ 

(4-1) 1 1 0 0 

(4-2)   𝑽 1 Μ ∇ {𝜇[∇𝑽 + (∇𝑽)𝑇] −
2

3
𝜇𝐼∇. 𝑽} + 𝜌𝑔 

(4-3) T 𝐶𝑝  ∇. (𝑅𝑇 ∑
𝐷𝑖

𝑇

𝑀𝑖

𝑁

𝑖=1

∇𝑥𝑖

𝑥𝑖

) + ∑
𝐻𝑖

𝑀𝑖

∇. 𝑗𝑖

𝑁

𝑖=1

− ∑
𝐻𝑖

𝑀𝑖

𝑅𝑖
̇

𝑁

𝑖=1

 

(4-5) 𝜔𝑖 1  ∇. 𝑗𝑖 + ∑ 𝑅𝑗
𝑖

𝑘

𝑗=1
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Replacing the surface integral by a summation over the faces that are enclosed the element, equation 

4-23) becomes: 

𝜁∅

(𝜌∅𝑝)
∆𝑡+𝑡

− (𝜌∅𝑝)
𝑡

∆𝑡
𝛺𝑎 + 𝜁∅ ∑ 𝜌∅𝑖𝑢

𝑓

𝑖=1
. 𝐴𝑖 = ∑ 𝛤𝛻∅𝑖 . 𝐴𝑖

𝑓

𝑖=1
+ 𝑆∅𝛺𝑎 4-24) 

where ∆𝑡 indicates the value of incremental time at the next step, ∅𝑖 indicates the value of variables 

at the external sides of the control volume 𝛺𝑎, and the f denotes for the number of bounding 

surfaces. The discretized form in equation (4-24) can be expressed simply in a set of the algebraic 

form for every control volume in the domain: 

where 𝑎𝑝  and 𝑎𝑛𝑏  are coefficients derived from the discretized equation, and ∅𝑛𝑏 is the summation 

over the surrounding sides of neighbor grid points (nb). This equation shows that the local grid 

point Ƥ is related to its adjacent cell values and the residual term b. 

4.4 Solution procedure  

The algebraic equations are nonlinear and coupled, so the iterative method is used in the solution 

procedure until the converged solution is obtained. Ansys- Fluent provides two kinds of basic solver 

algorithms: 

➢ Density-based coupled solver (DBCS) solves the coupled system equations of fluid dynamic 

(continuity, momentum, and energy). 

➢ The pressure-based solver has two algorithms:  

❖ The segregated solver solves the pressure correction and momentum equation sequentially. 

❖ The coupled solver solves the pressure and momentum equations simultaneously. 

𝑎𝑝∅𝑝 + ∑ 𝑎𝑛𝑏∅𝑛𝑏

𝒏𝒃

= 𝑏𝑝 4-25) 
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Figure 4.4 Schematic diagram of solvers in Ansys-Fluent. 

The pressure-based algorithm is proved as robust and versatile. Thus, it is utilized for a wide range 

of physical models, including multi-phase flows, conjugate heat transfer, and combustion [93]. 

However, there is a fundamental difficulty in the calculation of the velocity field, related to the 

pressure gradient term in the momentum equation. There is no apparent equation for obtaining the 

pressure distribution [94]. Thus, pressure-velocity coupling refers to the numerical algorithm, 

which uses a combination of continuity and momentum equations to derive the pressure correction 

equation. Then the pressure correction is used to obtain the velocity correction. The corrected 

pressure and velocity are used with an initial guess iteratively until the convergence is achieved. 

The pressure-velocity coupling algorithm PISO (pressure-implicit with the splitting of operators) 

Solve U-momentum 

Solve V-momentum 

Solve W-momentum 

Solve Mass continuity  

Update velocity 

Solve Mass, 

Momentum,  

Energy, 

Species 

Solve Mass, 

Momentum,  

Solve Energy 

Solve Species 

Solve Turbulence Equations  

Solve Other Transport Equations as required  

Pressure based 

(Segregated)  

Pressure based 

(Coupled) 

Density based 

(Coupled) 



75 
 

 
 

is used in this study. PISO has a higher order of the approximate relation for pressure and velocity 

corrections, and also it also performs neighbor correction and skewness correction. 

4.5 Validation of Numerical model 

Figure 4.5 shows a sketch of a vertical CVD reactor, which is considered in detailed in this study. 

We first consider a reactor employed by Sandia Labs. The wafer with a diameter of 50.8 mm is 

placed on the rotating susceptor inside a quartz tube with an inner diameter of 114.3 mm. The 

distance from the gas inlet and the susceptor surface is 100 mm [63]. It involves precursors and 

carrier gases impinging on a heated, rotating susceptor. The boundary conditions for the MOCVD 

reactor are stated as follow: the mixture of metal-organic precursors TMG and NH3 is diluted in 

the carrier gas H2, which provides the bulk flow inside the reactor. This mixture of gases enters 

from the top of the vertical rotating disk MOCVD reactor and impinges on the heated wafer surface 

that rotates at a high-speed rate of 1200 rpm. The initial total volume flow rate at standard 

conditions is (13.1003 slm), specified at the inlet. The temperatures of the inlet flow and of inner 

and outer walls are set at 300 K. Table (4-4) shows a range of parametric values employed at the 

inlet of the reactor.  

Table (4-4) Parametric values used for the GaN growth in the MOCVD process considered. 

Some assumptions are made for the model as follow: the flow is laminar, and the mixture of gases 

is treated as a continuum and as an ideal gas. Non-slip, impermeable conditions apply on velocity, 

and zero species gradient are employed for non-reacting walls. The flow at the outlet is taken as 

Symbol Factors Reference values Range 

𝝎 Susceptor rotating rate (rpm) 1200 0 – 1400 

T Wafer temperature (K) 1273 773 – 1473 

u Velocity inlet of the mixture (m/s) 0.127 0.0254-0.4563 

P Pressure (Torr) 140 20-760 

NH3 Flow rate of NH3 (slm) 6 2 – 10 

TMG Flow rate of TMG (slm) 0.003 0.001 - 0.01 
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fully developed. The temperature distribution at the susceptor is taken as uniform. The heating 

system is located directly below the susceptor so the heat radiation between walls can be neglected. 

The effect of viscous dissipation in the flow is neglected.  

The numerical simulation is carried out by using the commercial CFD code ANSYS-FLUENT that 

utilizes the finite volume method [93]. Grid independence is examined by using different mesh 

sizes to get consistent results. A quarter of the reactor is used for the simulation with an axial 

symmetry condition. The reactor model is validated by comparing the predicted results with 

available experimental data in the literature [63]. Numerical results agree quite well with the 

experimental results, as shown in Figure 4.5 (b). It is observed that the predicted results in the 

proposed model are slightly higher than experimental results, around 5 %. This is within the 

acceptable range as provides validation for model.  

 

 

Figure 4.5 (a) Schematic diagram of the vertical rotating  susceptor reactor considered in this 

study (b) Comparison of predicated GaN growth rate by computational model and 

experimental results [63] 

The temperature distribution and magnitude of velocity components inside the reactor at the given 

conditions are shown in Figure 4.6(a). The flow spreads over the susceptor, and then turns 
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downward at the edge, as expected. The vertical velocity of the gas flowing downward is reduced 

as it approaches the susceptor and is redirected radially, reaching a stagnation point of zero vertical 

velocity at the susceptor surface. A "hump" is seen on the axial velocity component (u) because the 

gas heats up and expands due to the thermal effect of the high temperatures near the susceptor. On 

the other hand, the temperature increases monotonically from the inlet to the susceptor surface. 

Further results are obtained for this CVD reactor using the validated numerical model. 

Figure 4.6 (a) Velocity and temperature profiles as a function of height above the susceptor at 

initial conditions. (b) The contour plot of the thermal field and flow field.  

4.6 Results and discussion 

This section presents a comparative study of GaN thin films grown on c-plane sapphire (Al2O3) 

wafers in the MOCVD process. Results for samples under different growth conditions are 

discussed. The effect of critical operating conditions on the growth rate and uniformity of GaN thin 

films in the MOCVD process is investigated. This gives a greater insight into the reactor 
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performance and process optimization. One parameter is varied every time while the others are kept 

constant at reference values. The average deposition rate (GR) and standard deviation (St) are used 

to evaluate the growth rate and uniformity of GaN thin films on the wafer surface. The area-

weighted average of the growth rate is computed by dividing the summation of the product of the 

total local growth rate 𝐺𝑅𝑖 and surface element area 𝑆𝑖, by the total area of the wafer surface S, as 

follows: 

𝐺𝑅 =
1

𝑆
∫ 𝐺𝑅𝑑𝑆 =  

1

𝑆
∑ 𝐺𝑅𝑖|𝑆𝑖| 4-26) 

𝑆𝑡 = √
∑ (𝐺𝑅 − 𝐺𝑅̅̅ ̅̅ )2𝑁

𝑖=1

𝑁
 4-27) 

where GR̅̅̅̅
m is the average deposition rate on the wafer surface. St is the standard deviation of the 

growth rate used to evaluate the uniformity of the thin film. 

4.6.1 Rotation rate. 

The rotation rate creates a centrifugal pumping effect, which is beneficial to increase the growth 

rate and improve the uniformity on the wafer surface. Centrifugal pumping pulls the gas species 

towards the rotating susceptor along the axis of rotation and throws them out along susceptor edges 

[61]. Figure 4.7 shows the influence of varying the rotation on the deposition rate and uniformity 

of GaN thin films on the wafer surface. For a stationary susceptor, the buoyancy-driven 

recirculation prevents precursors from reaching the heated substrate surface efficiently. Thus, the 

low deposition rate and non-uniform growth rate are obtained, as shown in Figure 4.8 (a). On the 

other hand, increasing the susceptor rotation rate enhances the downward flow and increases the 

magnitude of the downward velocity, as shown in Figure 4.8 (b). This aids in suppressing the 

natural convection-driven recirculation.  
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Figure 4.7 (a) Variation of average growth rate and standard deviation profiles of GaN thin 

films at different values of the susceptor rotation rate. GaN deposition rate at (b) 0 rpm and (c) 

1400 rpm 

    

Figure 4.8 Flow and thermal field at the susceptor rotation rate of 0 rpm (a, b) and 1400 rpm (c, 

d).  

b c a d 
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These results are consistent with the conclusion revealed by Coltrin et al. [95]. They deduced that 

increasing the susceptor rotation rate reduces the thermal boundary layer thickness that leads to a 

consistent growth rate on the wafer surface. Furthermore, the high susceptor rotation rate decreases 

the residence time of gaseous species to decompose at the gas phase and enhances the transport of 

reactant species in reaching the substrate surface. As a result, the uniformity of GaN thin films 

becomes better, and the deposition rate is increased. 

4.6.2 Susceptor temperature 

The effect of susceptor temperature on the growth rate and uniformity of GaN thin films is 

investigated. Figure 4.9 shows the growth rate and standard deviation for temperatures range of 

773-1423 K. At low temperature (below 900 K), which is a rate-limited (surface kinetic) regime, a 

very low deposition rate occurs.  

 

 

 

Figure 4.9 (a) Variation of average growth rate and standard deviation profiles of GaN thin 
films at different values of the susceptor temperature. GaN deposition rate at (b) 773 K and (c) 

1323 K 

In the rate-limited region, the energy is not enough to overcome the activation barriers of reactants 

species. The activation energy is the maximum energy required to start the chemical reactions. The 

a 

b 

c 
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growth rate increases when the temperature increases above 900 K, see Figure 4.9. In the diffusion-

limited regime (900-1300 K), the surface diffusion energy is higher than the activation energy of 

the surface chemical reactions. Thus, the growth rate is limited by the mass transfer of reactant 

species across the boundary layer to the substrate surface. Due to the high susceptor rotation rate 

and low reactor pressure, the high-temperature gradient has a slight effect on the flow characteristic, 

as shown in Figure 4.10.  

It is observed that increasing the temperature beyond the diffusion-limited regime, the growth rate 

decreases, and the uniformity profile decline slightly. At high temperature more than 1373 K, the 

growth rate decreases due to desorbing of some reactants species from the substrate surface. 

Moreover, a significant dissociation of the deposited film occurs due to the libration of Nitrogen 

(N) atoms (desorption) from the GaN lattice structure.  

    

Figure 4.10 Flow and thermal field at the susceptor temperature of 773 K (a, b) and 1473 K (c, 

d).  

d b a c 
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As a result, to enhance the growth rate and crystal quality of GaN thin films for the practical growth 

process, the susceptor temperature should be located in the range of (1220-1350 K). 

4.6.3 Velocity inlet. 

The effect of inlet velocity on the growth rate and uniformity of GaN thin films is investigated. At 

low inlet velocity, both the deposition rate and standard deviation are low, as shown in Figure 4.11. 

Low inlet velocity enhances the reactant species to reside for sufficient time inside the reactor. 

However, at low inlet velocity, recirculation flow appears due to the effect of thermal driven 

buoyancy. This alters the growth rate and uniformity of thin films, as shown in Figure 4.12. The 

higher total flow rate provides more fresh reactants species for mixing before reaching the wafer 

surface and suppresses the flow recirculation, as shown in Figure 4.12.  

 

 

 

Figure 4.11 Variation of average growth rate and standard deviation profiles of GaN thin films 
at different values of the gas inlet velocity. GaN deposition rate at (b) 0.025 m/s and (c) 0.45 

m/s 

Increasing the inlet velocity from 0.03 m/s leads to a slight decrease in the deposition rate but 

improves the uniformity by decreasing the standard deviation, St profile. Also, it is observed that 

a 

b 
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increasing the inlet velocity of more than 0.25 m/s would further improve the deposition rate of 

GaN thin films.  

    

Figure 4.12 Flow and thermal field at a gas inlet velocity of 0.025 m/s (a, b) and 0.45 m/s (c, 

d).  

4.6.4 Reactor pressure.  

The effect of varying the reactor pressure on the deposition rate and uniformity of GaN thin films 

is shown in Figure 4.13. The growth rate is increased with increasing the reactor pressure up to 600 

Torr; then it slightly increases near the atmospheric pressure. Interestingly, the uniformity profile 

of the thin film is improved with increasing the pressure up to 400 (Torr). However, increasing the 

pressure further leads to an increase in the standard deviation and consequently decrease the 

uniformity near the atmospheric pressure. When the mass inlet flow rate is kept constant, higher 

pressure leads to a higher density of gas mixture due to the ideal gas behavior and provide more 

reactants species into the reactor, but the inlet velocity decreases. 

d 
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Figure 4.13 Variation of average growth rate and standard deviation profiles of GaN thin films 

at different values of the reactor pressure. GaN deposition rate at (b) 20 Torr and (c) 700 Torr. 

Under high rotation rate (1200 rpm), the thermal boundary layer above the susceptor will be thinner 

that improves deposition rate. The standard volume flow rate depends on reactor pressure 

difference and rotation rate as follow: 

Q ∝ √ω∆P 4-28) 

However, increasing the reactor pressure causes a decrease in the mass diffusion coefficient of 

reactant species, as indicated in equation 4-29), which becomes very small near the atmospheric 

pressure. Both the concentration of precursors and the mass diffusion coefficient can determine the 

deposition rate. Thus, at high-pressure, insufficient reactants reach the susceptor to achieve a 

uniform growth of the thin film. The residence time of the species in the gas phase becomes longer 

at high pressure. Long residence time enhances the parasitic reaction in the gas phase to form 

undesired nano-particles [70]. Further increase in the reactor pressure leads to the flow 

recirculation, which deteriorates the uniformity of the thin film, as shown in Figure 4.14. Such 

a 

b 

c 
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circulating flow patterns have to be avoided, since small particles formed due to gas-phase reactions 

may stay in the reactor and grow, and degrade the quality of the films.  

    

Figure 4.14 Flow and thermal field at the reactor pressure of 20 Torrs (a, b) and 760 Torrs (c, 

d). 

As a result, the reactor pressure in the range of ( 200 to 400) Torr is preferable to obtain uniform 

and high-quality GaN thin films for optoelectronic devices.  

4.6.5 V/III ratio 

Figure 4.15. Shows the effect of changing the V/III ratio on the growth rate of GaN thin films. The 

flow rate of TMG is varied from 0.001 to 0.01 slm, while the flow rate of NH3 is kept constant at 

6 slm. It is observed that the GaN growth rate increases with decreasing V/III ratio since the TMG 

flow rate is increased. When the V/III ratio is decreased down, more TMG molecules are involved 

in the reactions, resulting in a significant increase in the deposition rate. A high growth rate of up 

a b d c 
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to 11 µm/h can be achieved at V/III ratio of 487, where other conditions are kept constant. On the 

other hand, keeping the TMG flow rate constant at 0.003 slm and increasing the NH3 flow rate from 

2 to10 slm leads to a decrease in the deposition rate. At a constant total flow rate, reducing the flow 

rate of NH3 will increase the flow rate of H2 in the gas mixture. Low amount of available NH3 at 

the substrate results in a decrease in the growth rate. Moreover, the high-quality GaN thin film 

requires an adequate amount of Ga and active N species near the substrate. 

  

Figure 4.15 Variation of average growth rate and standard deviation profiles of GaN thin films 

at different values of the V/III ratio (a) NH3 is constant and (b) TMG is constant at reference 

conditions. 

Figure 4.16 shows the deposition rate and the standard deviation of GaN thin films at different 

values of the flow rate of TMG.  Both GR and St are increased proportionally when the flow rate 

of TMG is increased. The GaN deposition rate is limited by the diffusion of Ga-containing species 

at the heated substrate surface. The boundary layer is caused by developing velocity, temperature 

fields, and the concentration of the reactants [96]. The flow rate of TMG has a slight effect on the 

flow and thermal fields, as shown in Figure 4.17. However, increasing the flow rate of TMG leads 

to a high concentration of Ga-containing species in the gas phase.  

 

a 
b 
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Figure 4.17 Flow and thermal field at the TMG flow rate of 0.001 slm (a, b) and 0.005 slm (c, 

d). 

 

 

 

Figure 4.16 Variation of average growth rate and standard deviation profiles of GaN thin films 
at different values o f (a) NH3 and (b) TMG at reference conditions. GaN deposition rate at (b) 

0.001 slm and (c) 0.01 slm. 
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The chemical boundary layer is defined as the distance from the maximum concentration of Ga-

contain species in the gas phase to the wafer surface.  

GR ∝ Dij

CGa
max − CGa

surface

δ
 4-30) 

Where Dij is the diffusion coefficient, and δ is the boundary layer thickness. The growth rate is 

enhanced by the high concentration of Ga-containing species and thin boundary layer above the 

susceptor. At high temperatures close to the wafer surface, TMG decomposes rapidly into 

intermediate species leading to MMG.  

Figure 4.18 Distribution of (a) MMG and (b) MMG: NH3 mass fraction with pure H2 as the 

carrier gas at TMG flow rate of 0.001 slm (a, b) and 0.005 slm (c, d).  

The deposition process is controlled mainly by diffusion of MMG and MMG: NH3 at a high 

temperature near the substrate surface. MMG and MMG-NH3 dominate Ga-containing species at a 

high temperature near the substrate surface. Figure 4.18 shows the mass fraction distribution of 

    
a b c d 
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MMG and MMG:NH3 with pure H2 as the carrier gas at different values of TMG flow rate. The 

results show that not as much of the mass fraction of MMG and MMG:NH3 remain near the 

substrate surface because they are consumed in the surface reactions to form the GaN thin film. 

 

 

 

Figure 4.19  Variation of average growth rate and standard deviation profiles of GaN thin films 

at different values of (a) NH3 and (b) TMG at reference conditions. 

When the flow rate of NH3 is increased, the uniformity of GaN thin film is improved, but there is 

a slight decrease in the growth rate, as shown in Figure 4.19. The flow rate of NH3 affects the flow 

characteristics and thermal field. High NH3 flow rate leads to reducing the thermal boundary layer, 

as shown in Figure 4.20. Moreover, the high flow rate of NH3 pushes the intermediate species to 

leave the region above the substrate surface more quickly, resulting in fewer surface reactions due 

to a decrease of species residence time. TMG has a lower diffusion rate to the substrate in the NH3 

atmosphere [53]. Thus, increasing the flow rate of NH3 results in increasing the NH3 concentration 

near the substrate.  
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Figure 4.20 Flow and thermal field at the NH3 flow rate of 2 slm (a, b) and 8 slm (c, d). 

Figure 4.21 shows the mass fraction distribution of MMG and MMG:NH3 with pure H2 as the 

carrier gas at different values of NH3 flow rate. The results show that a large amount mass fraction 

of MMG and MMG:NH3 remain near the substrate surface. Consequently, an excess of the amount 

of NH3 prevents Ga-containing species to diffuse properly to the substrate and leads to a low growth 

rate. In summary, changing the V/III ratio has a significant effect on the growth rate of GaN thin 

films. When the flow rate of NH3 is kept constant, increases the TMG flow rate results in deposition 

rate, but with lower quality. On the other hand, when the flow rate of NH3 is increased, and flow 

rate of TMG is kept constant, the uniformity of GaN thin film is improved, but there is a slight 

decrease in the growth rate. It is concluded that higher film thickness is obtained by controlling the 

flow rate of TMG, but with lower quality. 
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Figure 4.21 Distribution of MMG and MMG:NH3 mass fraction with a pure H2 as the carrier 

gas at the NH3 flow rate of 2 (a, b) and 10 (c, d) (slm).  

4.7 Dimensionless numbers  

Dimensionless numbers such as Reynolds number (𝑅𝑒), rotational Reynolds number (𝑅𝑒𝑤), and 

Grashof number (𝐺𝑟) are crucial parameters to give a better understanding of flow and thermal 

field variation in the MOCVD reactor, Table (4-5. These numbers play significant roles in 

controlling the growth rate and uniformity of thin films. However, the use of dimensionless 

numbers in MOCVD process is rather complicated due to the complex dependence of the gas 

properties, chemical reactions, and boundary conditions, the temperature, reactor pressure, and the 

mixture composition. Moreover, the main flow in a vertical MOCVD reactor is in the same 

direction as the gravity, so the nonlinear coupling between the buoyancy, viscous, inertia effects 

leads to further complications [97]. Thus, in the current study, the use of dimensionless numbers is 

considered for some cases to examine the stability of flow in the reactor. 

    
b a c d 
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Table (4-5) Dimensionless numbers 

Where Rs is the susceptor radius, H is the distance between inlet and susceptor, g is the magnitude 

of gravitational acceleration, and βT is coefficient of volumetric thermal expansion. The 𝑅𝑒𝜔 is a 

measure of the significance of the forced convection due to the susceptor rotation. The 𝑅𝑒 is a 

measure of the significance of the forced convection, while the 𝐺𝑟 characterizes the significance of 

the natural convection in the reactor. The buoyancy-to-inertia ratio (𝐺𝑟/𝑅𝑒2) indicates the flow 

stability of the mixed convection, where both natural and forced convection processes are 

important. The ratio 
𝐺𝑟

𝑅𝑒2 depends on the reactor shape and the temperature gradient between the 

susceptor and inlet gas flow, so it controls the flow stability inside the reactor chamber. Note that 

when 
𝐺𝑟

𝑅𝑒2 is large, the buoyancy-driven flow occurs in the reactor, which results in a decrease in 

the film growth performance [98]. Conversely, if it is small, buoyancy forces have a small effect 

on the stability of the flow.  

Table (4-6) Some sample runs  

𝑅𝑒 =
2𝑅𝑠𝜌0𝑣0

𝜇0

=  
𝑖𝑛𝑒𝑟𝑡𝑖𝑎𝑙 𝑓𝑜𝑟𝑐𝑒𝑠 

𝑣𝑖𝑠𝑐𝑜𝑢𝑠 𝑓𝑜𝑟𝑐𝑒𝑠
 4-31) 

𝑅𝑒𝑤 =
2𝑅𝑠

2𝜔𝜌0

𝜇0

=  
𝑖𝑛𝑒𝑟𝑡𝑖𝑎𝑙 𝑓𝑜𝑟𝑐𝑒𝑠 

𝑣𝑖𝑠𝑐𝑜𝑢𝑠 𝑓𝑜𝑟𝑐𝑒𝑠
 4-32) 

𝐺𝑟 = 𝑔𝐻3𝛽𝑇(𝑇 − 𝑇0) (
𝜌0

𝜇0

)
2

=  
ℎ𝑒𝑎𝑡 𝑏𝑢𝑜𝑦𝑎𝑛𝑐𝑦

𝑣𝑖𝑠𝑐𝑜𝑢𝑠 𝑓𝑜𝑟𝑐𝑒 
 4-33) 

Case 𝑃 (𝑡𝑜𝑟𝑟) 𝑄 (𝑠𝑙𝑚) 𝜔 (𝑟𝑝𝑚) 𝐺𝑟 𝑅𝑒 𝑅𝑒𝜔 𝐺𝑟

𝑅𝑒𝜔𝑅𝑒
 

𝐺𝑟

𝑅𝑒2
 

1 300 10.5 100 3.872E05 62.1 273.6 ---- 100.2 

2 300 14 100 3.872E05 83.14 273.6 ---- 56.01 

3 300 17.5 100 3.872E05 98.07.8 273.6 ---- 46.6 

4 300 21 100 3.872E05 103.8 273.6 ---- 35.93 

5 300 14 100 3.872E05 83.14 273.6 17.01 ---- 

6 300 14 200 3.872E05 83.14 547.28 8.515 ---- 

7 300 14 300 3.872E05 83.14 821.08 5.67 ---- 

8 300 14 400 3.872E05 83.14 1094.7 4.25 ---- 
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Due to the complexity of the chemistry model, some cases have been investigated at different values 

of the total inlet flow rate and susceptor rotation rate, respectively without the effect of chemical 

reactions on the deposition rate. Figure 4.22 shows the flow field at different values of the total 

inlet flow rate. It is observed that increases the total inlet flow enhances the flow stability and 

suppresses the buoyancy-driven recirculation in the reactor 

    

Figure 4.22 Flow field at different values of the total inlet flow rate (a) 10.5, (b) 14 (c) 17.5, 

and (d) 21 slm with a susceptor rotation rate of 100 rpm, and reactor pressure 300 Torr.  

At total flow rate Q=14 slm, there is a recirculation flow occurs near reactor walls at a low rotation 

rate of the susceptor, as shown in Figure 4.23. When the rotation rate is increased, the forced 

convection is increased due to the susceptor rotation and thus leading to reduce the effect of the 

buoyancy-driven flow above the susceptor. The high rotation rate of the susceptor has a significant 

b c a d 
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effect on the stability of the flow. Thus the buoyancy to inertia ratio can be defined as 
𝐺𝑟

𝑅𝑒𝜔𝑅𝑒
. 

Increasing the rotation rate of the susceptor leads to a decrease in values of 
𝐺𝑟

𝑅𝑒𝜔𝑅𝑒
, as shown in 

Figure 4.24 (a). Reducing the value of 
𝐺𝑟

𝑅𝑒𝜔𝑅𝑒
 enhance the stability of the flow, which improves the 

growth rate and uniformity of thin films in MOCVD reactors. The flow mapping approach for some 

cases is developed to show the effect of the total inlet flow rate and the rotation rate on the stability 

of the flow in a rotating disk MOCVD reactor, as shown in Figure 4.24 (b). 

     

Figure 4.23 Flow field at different values of the susceptor rotation rate (a) 100, (b) 200 (c) 300, 

and (d) 400 rpm with total inlet flow rate 14 slm, and reactor pressure 300 Torr.  

b c a d 
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Figure 4.24 (a) Variation of the buoyancy to inertia ratio with total inlet flow and the rotation 

rate of the susceptor. (b) the flow stability mapping in the rotation rate and total inlet-flow 

diagram. 

One can see that increasing the total flow rate and the rotation rate flow are important parameters 

in stabilizing the flow in the MOCVD reactor. However, it is difficult to study the flow stability in 

the MOCVD process due to the chemical reactions. The difficulty arises from the temperature and 

concentration gradients, geometrical design, and flows pattern in the reactor chamber. As a result, 

to achieve the high growth rate and better uniformity of the thin film in MOCVD process, these 

critical value should be considered in the growth process. 

4.8 Conclusions 

A three-dimensional model has been presented to describe the coupled fluid flow, thermal field, 

gas phase, and surface reactions in the deposition of GaN thin films. The model gives a further 

understanding of the effect of growth conditions in a single-wafer MOCVD reactor. The results 

show that the growth rate of GaN thin films is sensitive to processing conditions such as the rotation 

rate of the susceptor, the flow rate of TMG, reactor pressure, and the growth temperature. Although 

the deposition rate increases with increasing rotation rate, reactor pressure, inlet gas velocity, and 

the flow rate of TMG, the uniformity of GaN thin film is lowered. An inverse behavior is obtained 

a b 
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for the flow rate of NH3; the deposition rate decreases while the uniformity improves. The 

temperate range of (1220-1350 K) is the most appropriate temperature range for GaN deposition.  

In summary, the growth rate at mass transport regime is influenced by the boundary layer (BL) 

thickness, the diffusivity of species through BL, the flow rate of Ga-containing species, at high 

temperature.  

Dimensionless numbers such as 𝑅𝑒, 𝑅𝑒𝜔, and 𝐺𝑟 are important parameters in giving a better 

understanding of flow and thermal field variation in the MOCVD reactor. To show the effect of the 

total inlet flow rate and the rotation rate on the stability of the flow in a rotating disk MOCVD 

reactor. The flow mapping approach is developed to indicate the stability of the flow inside the 

MOCVD reactor without the effect of chemical reactions. Compared to a single-wafer MOCVD 

reactor, the designing of growth conditions in a multi-wafer MOCVD reactor becomes more 

difficult since the growth rate and uniformity of GaN thin films are very sensitive to processing 

parameters and the reactor geometry. In the next chapter, this model will scale up to simulate the 

growth parameters of the multi-wafer MOCVD reactor used in the experimental study.  
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Chapter 5  

GROWTH BEHAVIOUR IN A MULTI-WAFER REACTOR. 

5.1 Introduction 

In the previous chapter, a detailed computational model of a small vertical impinging reactor is 

considered. However, the MOCVD reactor that has an effective usage of precursors, a low 

operating cost, and high productivity is highly desirable. GaN thin films have the potential for using 

in various advanced applications in the future. Nevertheless, to this end, it is important to have a 

long-term cost reduction by increasing the throughput. The cost reduction is based on the number 

of wafers and the size of the wafer. Nowadays, many different design configurations of MOCVD 

reactors of manufacturing thin films are available in the industry. In this chapter, the flow 

characteristics and growth behavior of GaN thin films in multi-wafer MOCVD reactor are 

investigated.  

5.2 MOCVD reactor configuration 

The geometrical configuration of the MOCVD reactor plays an important role in controlling the 

flow characteristics, and the deposition rate to achieve high-quality thin films. Some previous 

vertical of MOCVD reactor uses a tall cylindrical vessel where the reactant flow is injected from 

the top towards the rotating susceptor, see Figure 5.1 (a,b). The existing reactor design addresses 

some problems as follows: (1) inefficient usage of gases and precursors, (2) nonuniform 

distribution of precursors (3) high manufacturing costs of equipment, and (4) recirculating flow 

that results in a deposition on internal surfaces of the reactor. Therefore, efforts have been made to 

design a reactor that allows a uniform gas flow [61], [70], [99]. The geometry of the MOCVD 

reactor with a flared cone upper surface is proposed by [92]. The design guides gases effectively 

towards the rotating susceptor surface to use the precursors efficiently. It also improves the stability 
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of the gas flow pattern inside the reactor and prevents the back-entry gas that forms vortices near 

to the inlet, as shown in Figure 5.1 (c). In this study, a numerical simulation of the multi-wafer 

MOCVD reactor has been carried out to analyze the effect of operating conditions and geometrical 

configuration on the deposition rate and uniformity of GaN thin films. 

  

 

Figure 5.1 Schematic diagram of the multi-wafers MOCVD reactor 

Figure 5.2 shows a schematic diagram of the multi-wafers MOCVD reactor considered in the study, 

adapted from [92]. An eighth of the reactor geometry is modeled due to the axis symmetry. Since 

this study focuses on the deposition rate and uniformity of GaN thin films, an attempt of reducing 

the complexity, the reactor components such as gas delivering systems, cooling system, control 

system, and geometry are simplified without affecting the main reactor chamber to allow the CFD 

model. A high-density of structured element mesh is considered near the susceptor surface as a 

large gradient of temperature is expected to arise there. The model employed the chemistry and 

transport gas properties that are given in the previous chapter under different processing 

parameters. 
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Figure 5.2 (a) Schematic diagram of the multi-wafers MOCVD reactor considered in the study, 

adapted from [92], and (b) the structured mesh of an eighth of the geometry. 
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5.3 Results and discussion. 

This section presents a comparative study of GaN thin films grown on c-plane sapphire (Al2O3) 

wafers in the multi-wafer MOCVD process. The average radial GaN growth rate is defined as a 

function of the wafer radius as follows: 

Average growth(r) = ∫ growth rate (r, θ). dθ
2π

0

  5-1) 

The distribution of the average radial growth in the wafer region bounded by two circles is defined 

as follows: 

GR(r) =
∫ (growth rate (r))2πrdr

r2

r1

π(r2
2 − r1

2)
  5-2) 

 

Figure 5.3 GaN deposition rate distribution bounded by two circles along the wafer surface at 

reference conditions 

The deposition rate of GaN thin films over the wafer is averaged on constant ring areas along the 

wafer radius to capture the radial deposition rate profile. Figure 5.3 shows the deposition rate of 

GaN thin films bounded by two circles along the wafer surface at reference conditions. Further 

results are obtained under different processing parameters.  

r 
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5.3.1 V/III ratio 

The effect of varying the V/III ratio on the deposition rate and uniformity of GaN thin films is 

investigated. Figure 5.4 shows a comparison between the numerical result and the experimental 

result. The variations in the growth rate are captured by numerical results, which agree quite well 

with the experimental results. It is observed that high deposition rate arises at the wafer edge while 

a low deposition rate occurs towards the inner zone of the wafer. The interpretation of that, the 

velocity increases at the susceptor edge due to the rotation leads to a thin boundary layer. Thus, the 

diffusivity of reactant species increase, which results in increasing of the deposition rate at the 

wafer edge.  

 
 

Figure 5.4 Comparison of the GaN deposition rate is obtained (a) the experimental data, and 

(b) the numerical model at V/III ratio = 615 with reference conditions. 

The numerical model shows a similar trend where a high deposition rate occurred at the wafer edge, 

as shown in Figure 5.4 (b). However, it is observed that there is a difference between the predicted 

results and the experimental results. The numerical model shows that a higher deposition rate 

occurs at the wafer edge due to the simplification of reactor design. Also, in the numerical 

calculations, a high predicted deposition rate takes place at the wafer edge due to the sudden change 

of surface reactions. The wafer is the only heated surface that consumes the reactant precursors, so 

the surface reaction beyond the wafer edge falls off to zero to form a singular point. In the 

Avge ≈ 6 µm 
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manufacturing process, the average GaN thin film thickness is obtained by excluding 2 mm from 

the wafer edge. Figure 5.5 shows the variation of the deposition rate and standard deviation profiles 

along the radial direction of the wafer at different values of the V/III ratio where the NH3 flow rate 

is fixed on 17 (slm). At high V/III ratio, less amount of TMG species react with NH3 species, 

resulting in a low deposition rate. On the other hand, the average GaN deposition rate increases 

with decreasing V/III ratio due to the increase in the flow rate of TMG and involving more 

molecules of TMG in the chemical reaction to form the solid thin film. However, at low V/III ratio, 

the uniformity of the thin film degrades as the standard deviation increases, as shown in Figure 5.5 

(b).  

  

Figure 5.5 Variation of (a) deposition rate and (b) standard deviation profiles along the radial 

direction of the wafer at different values of the V/III ratio. 

The carbon contamination inside the reactor deteriorates the electrical properties of GaN thin films 

[101]. During the growth rate, the net amount of CH3 is the primary source of carbon incorporation. 

It is possible for the CH3 radical to absorb on or adsorb from the wafer surface[102]. Figure 5.6 

shows the distribution of CH3 and CH4 mass fractions profiles calculated in a plane apart from the 

susceptor 1 mm. It can be seen that more mass fraction of CH3 is accumulated above the substrate 

that leads to an increase in the carbon concentration, and subsequently, it affects the thin film 
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quality. The concentration of carbon impurities that originate from decomposed precursors depends 

on the V/III ratio and reactor pressure. The predicted results show that the mass fraction of CH4 

dominates above the wafer and increase by increasing the TMG flow rate. While the mass fraction 

of CH3 shows less amount above the wafer region, and also increases with decreasing the V/III 

ratio. Hence, more carbon contamination is expected at low V/III ratio. 

  

Figure 5.6 the distribution of the mass fraction of (a) CH4 and (b) CH3 gaseous species near the 

substrate surface along a horizontal line 1 mm above the susceptor.  

The results indicated that the deposition rate has a proportional dependence on the TMG flow rate. 

However, further increasing of TMG flow rate increases the mass fraction of CH3 and CH4 above 

the susceptor. Thus, the carbon concentration can be controlled by decreases the mass fraction of 

CH3 by increasing the V/III ratio or adjusting the reactor pressure. At high V/III ratio, low carbon 

concentration is obtained, but the growth rate is very low. As a result, to get a high deposition rate 

and less amount of carbon contamination, a proper V/III ratio is required to be addressed.  

5.3.2 Reactor pressure  

The effect of varying the pressure on the flow characteristics in the reactor and the deposition rate 

of GaN thin films has been studied. During the growth process, the inlet flow rates of NH3 and 
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TMG were maintained as constant as in reference conditions. The precursor mass flow rate and the 

vacuum pump speed balance to produce the reactor pressure. It is observed that the high reactor 

pressure strengthens the thermal buoyancy, that leads to flow recirculation in the reactor. As the 

reactor pressure increased up to 400 Torrs, the buoyancy-driven flow is induced above the hot 

susceptor and under the reactor wall, as shown in Figure 5.8. The buoyancy force is strong enough 

to create global natural convection at high reactor pressure. Due to the high temperature of the 

susceptor, the gases are heated and raised in the center of the reactor and downward along the 

reactor walls. The streamlines reflect the rising plume at the hot susceptor, compared to the case 

with low pressure, as shown in Figure 5.8 (b).  

The reactor pressure is the most important processing parameter in determining the arrival rate of 

reactant species at the substrate surface. At high pressure, the gas flow rate in the reactor is low that 

makes the residence time of the species longer. The residence time (tres) is the duration of reactant 

gases flowing through the reaction chamber, and the consumption time (tcon) is the time to consume 

available reactant at the growth rate into the depositing film [3]:  

𝑡𝑟𝑒𝑠 =
𝑉𝑃

𝑄
 5-3) 

𝑡𝑐𝑜𝑛 =
𝑉

𝑅𝑠𝐴𝑠

 5-4) 

Where P is reactor pressure, V is the reactor volume, and Q is the input mass flow rate. Rs is the 

chemical reaction rate, and As is the substrate surface area. In the MOCVD reactor, convection and 

diffusion are the two methods of mass transport [103]. Convective mass transport is occurred due 

to the bulk motion of the fluid; while diffusive mass transport is the average of the random motions 

of the individual molecules of the fluid. Residence time has a strong influence on the interactions 

of chemical reactions in the MOCVD process. It can reflect the transport rate of reactant species 

inside the MOCVD reactor. At high temperatures, the reaction rate is high enough that nearly all 
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the precursor injected is consumed [3]. When the residence time is short compared to the 

consumption time, the film growth is mass transport limited, in which the deposition reaction is 

high, but the uniformity is likely to be low. The shorter residence time, the higher transport rate of 

reactant species to the substrate surface, and the higher growth rate. 

On the other hand, the long residence time decreases the mass transport rate and enhances the 

parasitic reaction to form nanoparticles in the gas phase. At high reactor pressure, the gas inlet 

velocity decreases results in weak forced convection. Thus, a flow recirculation appears that 

promotes parasitic reactions and hinders precursors to reach the substrate surface efficiently. 

Further increasing of the reactor pressure near the atmospheric pressure leads to a decrease in the 

growth rate. The quality of thin-film decreases with increasing depositing of parasitic particles, 

which also can stick over the reactor walls [70]. Thus, it is crucial to decrease the residence time 

of the reactant species within the gases reaction chamber to eliminate the undesirable deposition of 

nanoparticles At high pressure, parasitic reactions enhance adduct formation between TMGa and 

NH3, leading to limiting the flux of Ga-containing species at the growing interface. 

  

Figure 5.7 Flow and thermal fields with a gas mixture of 40% H2 and 60% N2 as the carrier gas 

at the reactor pressure of 50 Torrs. 
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Figure 5.8 Flow and thermal fields with a gas mixture of 40% H2 and 60% N2 as the carrier gas 

at the reactor pressures of 400 Torr.  

When the reactor pressure is lowered, the parasitic reaction of the cluster formation in the vapor 

phase is suppressed. Given that the inlet flow rate is constant, the low pressure produces higher 

inlet gas velocity and low gas mixture density, which counteract the buoyancy effect and mitigates 

the natural convection effect. Therefore, the buoyancy-driven flow recirculation is minimized 

significantly, and it is suppressed effectively.  

  

Figure 5.9 Variation of (a) deposition rate and (b) standard deviation profiles along the radial 

direction of the wafer at different values of the reactor pressure. 

The low reactor pressure has an important effect on the stability of the flow field, which improves 

the uniformity of GaN thin films. However, too low reactor pressure produces high gas-mixture 

flow rate, which leads to pumping out most of the metal-organic precursors without reacting 
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efficiently on the substrate surface. The thin film is more uniform at low reactor pressure, but the 

deposition rate of GaN thin films is also low. The low deposition rate of GaN thin films arises for 

the low reactor pressure, as shown in Figure 5.9. The diffusivity of TMG is reduced at high 

pressure, that results in presenting a radial concentration and resulting in a different rate of 

deposition along the substrate surface. Species are distributed unevenly in the reactor leads to the 

high gradient in the diffusion of species to the substrate surface through the boundary layer. Thus, 

the growth rate is nonuniform along the radial distance of the wafer, as shown in Figure 5.9 (b). 

Also, at low reactor pressure, the middle zone of the wafer has a lower growth rate than the edges 

as indicated by the standard deviation.  

When the reactor pressure increases, the standard deviation increases leads to low uniformity of 

the thin film. As aforementioned, the reactor pressure has a significant effect on GaN thin film 

properties. Provided that the growth pressure is a useful parameter to control the carbon 

concentration [57]. Ubukata et al. reported that increasing the reactor pressure from 13 kPa (97.5 

Torrs) to atmospheric pressure led to decrease the carbon concentration during the growth process 

of GaN thin films [104]. They used the secondary ion mass spectrometry (SIMS) test to measure 

the carbon concentrations in the resulted thin film. The predicted results show that the mass fraction 

of CH4 increases with increasing the reactor pressure, while the mass fraction of CH3 decreases 

with increasing the reactor pressure, as shown in Figure 5.10 shows the distribution of mass 

fractions of CH4 and CH3, respectively. Figure 4.13 (b) shows the variation of CH3 mass fraction 

with the reactor pressure; it can be seen from the curve that after the reactor pressure increases to 

300 Torrs, the mass fraction of CH3 decreased. In contrast, the mass fraction of CH4 increases with 

increase the reactor pressure to 300 Torrs, then the curve does not change. This result agrees with 

the experimental results of detecting the carbon concentration using SIMS [104]. Also, the same 

behavior is obtained in this study, where the carbon incorporation is decreased at the reactor 
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pressure of 500 Torr with pure N2 as a carrier gas.  It is worth to note that the numerical model can 

be a useful indicator for the carbon concentration during the GaN deposition.  

  

Figure 5.10 the distribution of the mass fraction of (a) CH4 and (b) CH3 gaseous species near 

the substrate surface along a horizontal line 1 mm above the susceptor at different values of the 

reactor pressure.  

The process engineering goal is to tune the reactor pressure so that the growth rate and uniformity 

of GaN thin films are as high as possible, while the wastage of precursor is minimized. As a result, 

a proper reactor pressure improves the flow stability inside the reactor. Also, the reactor pressure 

enhances the diffusivity of TMG species to distribute evenly in the reactor, consequently improving 

the uniformity of the thin film thickness with a large area of the wafer. It is found that the reactor 

pressure of 300 Torrs enhances the deposition rate and uniformity of GaN thin films. 

5.3.3 Carrier gas 

The effect of carrier gas mixture on the deposition rate of GaN thin films and the flow and thermal 

fields in the reactor is investigated. It is observed that using pure H2 as the carrier gas results in a 

smooth streamline and uniform thermal field inside the reactor, as shown in Figure 5.11. On the 

other hand, using pure N2 as the carrier gas creates flow recirculation above the susceptor area and 

increases the buoyancy effects as shown in Figure 5.12.  
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Figure 5.11 Flow and thermal fields with pure H2 as the carrier gas at a reactor pressure of 200 

Torrs.  

 

  

Figure 5.12 Flow and thermal fields with pure N2 as the carrier gas at a reactor pressure of 200 

Torrs. 

When the flow rate of N2 increases, the gas density of gas mixture near the reaction interface is 

increased, and thus the flow is affected by the heavy N2 molecule that increases the carrier gas 

density by increasing N2. By increasing the concentration of heavier gas in the mixture, the density 

of the mixture increases causes destabilize the flow. Increasing the density of the mixture leads to 

an increase in Reynolds number 𝑅𝑒 = 2𝑅𝑠𝜌0𝑣0 𝜇0⁄ , and Grashof number 𝐺𝑟 = 𝑔𝐻3𝛽𝑇(𝑇 −

𝑇0) (
𝜌0

𝜇0
)

2

. Higher values of the 𝑅𝑒 have the stabilizing effect in the region where the rotation-

induce recirculation flow is expected [11]. However, increasing the density of the mixture increases 

the 𝐺𝑟 with a much higher rate than t the 𝑅𝑒, results in a buoyancy-driven flow. Flow recirculation 

inside the reactor causes the temperature variation and influences the uniformity and deposition 

rate of the GaN thin film. TMG precursors have a higher diffusivity rate in pure H2 as the carrier 

gas, that allows the reactants to deposit on the reactor walls. In contrast, the diffusivity rate of TMG 
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precursors is smaller in pure N2 as the carrier gas that results in avoiding wall deposition and 

reducing growth rate along the reactor walls [77]. The deposition rate of GaN thin films at different 

positions of the wafer using a mixture of H2 and N2 as the carrier gas is depicted in Figure 5.13. 

The results show that using pure N2 as the carrier gas can affect the uniformity of GaN thin film 

along the wafer. 

Moreover, a low growth rate is obtained when pure N2 is employed as the carrier gas, at a fixed 

value of the inlet mass flow rate. Increasing the percentage of N2 in the gas mixture leads to 

increasing the inlet velocity and decrease the deposition rate. Wang et al. also observed that using 

a high ratio of N2/(N2 + H2) led to a rough surface and a decrease in the structural quality of the 

GaN thin film at atmospheric pressure. In contrast, using pure H2 as the carrier gas led to mirror-

like surface morphology [78]. This result agrees well with the AFM results observed in chapter 

three in this study, where a smooth surface morphology is obtained. Also, using pure H2 has 

significant effects on the growth rate of GaN thin films.  

  

Figure 5.13 Variation of (a) deposition rate and (b) standard deviation profiles along the radial 
direction of the wafer with a mixture of H2 and N2 as the carrier gas at a reactor pressure of 200 

Torrs. 
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Pearton et al. [105] stated that H2 has an important effect on the growth of GaN thin films, as H2 

helps in reducing the activity impurities in the deposition process. However, unintentional 

incorporation of H2 can affect the conductivity of the produced thin film. Jian-Li et al. [102] showed 

that H2 could enhance the carbon incorporation in GaN epitaxial layer by inhibiting the dissociation 

of NH3 and result in more N vacancies. Therefore precise control of H2 is crucial to get the desired 

high film quality. The deposition rate along the radial distance of the wafer becomes more uniform 

when a mixture of N2 and H2 used as the carrier gas. As N2 gas helps to compensate for the effect 

of H2 and thus improve the flow characteristics in and out of the chamber, while H2 gas aids the 

crystal growth of the GaN thin film. In conclusion, the mixture of the carrier gas affects the flow 

characteristics as well as the deposition rate and uniformity. Thereby, by using an appropriate 

mixture of N2 and H2 as the carrier gas, the deposition rate and uniformity GaN thin films can be 

enhanced. The predicted results show using 60% N2 and 40% H2 as the carrier gas improves the 

uniformity and increase the deposition rate of GaN thin films.  

5.3.4 Rotation rate  

In general, the rotation rate influences the deposition rate and uniformity of thin films. The low 

rotation rate hinders the layer uniformity and decreases the deposition rate. When the rotation rate 

increases, streamlines become flatter at a high rate of rotation. High values of flow streamlines are 

presenting near the susceptor edge at a high rotation rate. As the rotation rate is increased, the 

thermal boundary thickness decrease and magnitude of the axial velocity increases, leading to a 

uniform temperature distribution on the susceptor, as shown in Figure 5.14. Moreover, increasing 

the rotation rate causes to decrease the residence time of precursors in the gas phase reaction zone 

and an increase in transporting more reactant species to the substrate surface. However, increasing 

the rotation rate more than 500 rpm leads to induce flow recirculation near the rotating susceptor, 

and the streamlines start to deflect, as shown in Figure 5.15. 



112 
 

 
 

  

Figure 5.14 Flow and thermal fields with a gas mixture of 40% H2 and 60% N2 as the carrier 

gas at the susceptor rotation rate of 200 rpm.  

  

Figure 5.15 Flow and thermal fields with a gas mixture of 40% H2 and 60% N2 as the carrier 

gas at the susceptor rotation rate of 500 rpm.  

When the rotational speed is sufficiently high, the momentum boundary due to the rotating 

susceptor separates from the susceptor surface leading to the formation of inertially driven flow 

recirculation. The flow recirculation induced by the high susceptor rotation is detrimental to the 

deposition rate and uniformity of GaN thin films. Nonetheless, the high rotation rate helps to 

distribute the gas mixture uniformly along with the susceptor surface, and also reduces the 

boundary layer thickness. So, Ga-containing species can be transported efficiently to the wafer 

surface. The variation of the deposition rate of GaN thin films along the radial distance of the wafer 

surface at different rotation rates is shown in Figure 5.16. Rapid rotation rate leads to an increase 

in the efficiency of reactants usage.  

The high rotation rate of the susceptor is beneficial for the improvement of the deposition rate of 

GaN thin films due to the pumping effect. However, increasing the rate of rotation is prohibitive 

concerning further process expense. Also, one can see that the standard deviation of the deposition 
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rate rises gradually, as shown in Figure 5.16 (b). Hence, increasing the rotation can accumulate Ga 

species contain toward the edges of the susceptor, which results in decreasing the uniformity of 

GaN thin films. 

  

Figure 5.16 Variation of (a) deposition rate and (b) standard deviation profiles along the radial 

direction of the wafer at different values of the susceptor rotation rate. 

The rotation rate has a significant influence on the deposition rate and uniformity of the thin film. 

It is found that, by increasing the rotation rate of the susceptor to 400 rpm, the deposition rate can 

be improved; however, the uniformity of GaN thin films has a little improvement. 

5.3.5 Gas inlet design 

The distribution of Ga-containing species affects the growth rate and uniformity of GaN thin films. 

Consequently, the inlet design configuration plays an important rule in distributing the metal-

organic precursors over the susceptor surface. The gas inlet design has a significant effect on the 

inlet velocity profile, such as showerhead inlets [3]. Many inlets lead to a uniform flow field inside 

the reactor. Also, the mesh inlet can cover the entire inlet area, which helps to improve the 

uniformity of thin films. However, such complex design configuration causes clottings of tiny inlets 

by adducts formation at the inlet. Thus, the efficiency of the utilization of the precursors is low, 
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and the maintenance cost is high. Therefore, appropriately adjusting the inlet velocity of precursors, 

almost help to achieve a uniform and high deposition rate. In previous sections, the gas mixture 

entered the reactor via a single inlet, producing a uniform plug flow.  

In order to focus on transportation of the Ga-containing species to the substrate, the sub-inlet of the 

metal-organic precursors TMG diluted in a carrier gas (N2 or H2) is proposed. The main inlet flow 

rate of the NH3 precursors diluted in a gas mixture of N2 and H2 as the carrier gas is maintained 

constant at reference conditions.  

 

  

  

Figure 5.17 Schematic diagram illustrates the location of the sub-inlet for the metal-organic 

(MO) with a carrier gas along the gas inlet. 

The sub-inlet is measured as an annular ring with a constant area of 97.8 mm2 as follows: 

𝐴 = 𝜋(𝑟𝑜
2 − 𝑟𝑖

2)  5-5) 

Figure 5.17 shows the sub-inlet configuration at different positions along the main gas inlet. The 

effect of sub-inlet location on the uniformity and growth rate of GaN thin films is investigated. 

Figure 5.18 shows the velocity pathlines inside the reactor for different locations of the sub-inlet 

with pure H2 as the carrier gas. Location Z1 shows that the metal-organic precursors transform from 

the sub-inlet to the susceptor surface in short residence time, which leads to an increase in 

consumption time of the precursors at the reaction near the substrate surface. Thus, the deposition 

 

  Z4 Z3 

Sub-inlet 

Main-inlet NH3+40%H2+60%N2 

TMG+(H2 or N2) Z2 Z1 
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rate of GaN thin film increases. On the other hand, the mixture gas transforms fast from the location 

Z4 with a proper reaction on the substrate surface and thus decrease of the growth rate. One can 

note that Ga-containing species reside for a longer time at the substrate surface when it injected 

from the location Z1 compare to the location Z4, as shown in Figure 5.18 (b). The sub-inlet is 

beneficial for the improvement of the deposition rate due to the transforming Ga-containing species 

to the substrate surface. 

  

Figure 5.18 Velocity pathline profile with pure H2 as the carrier gas with MO precursors for the 

sub-inlet position (a) Z1and (b) Z4 at reference conditions. 

 

  

Figure 5.19 Distribution of mass fraction of TMG that is diluted with pure H2 gas injected from 

different sub-inlet positions (a) Z1and (b) Z4 at reference conditions. 

The effect of the sub-inlet positions is demonstrated to get a spatial variation in the distribution of 

TMG in the reactor. The TMG precursors is diluted with pure H2 gas injected from different sub-
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inlet locations into the reactor. Figure 5.19 shows the distribution of mass fraction TMG above the 

susceptor surface for different locations of sub-inlet at reference conditions. TMG precursors 

decompose rapidly into intermediate species such as MMG that incorporate in reaction to form a 

sold thin film. The deposition process of GaN thin films is controlled by the diffusion of MMG and 

MMG:NH3 species. The distribution of MMG and MMG:NH3 species above the susceptor are 

illustrated in Figure 5.20 and Figure 5.21, where TMG precursors injected from the location Z1 and 

Z4, respectively. The results indicate that the sub-inlet location Z1 aids in distributing the TMG 

species above the susceptor, which enhances the deposition rate of GaN thin films.  

  

Figure 5.20 Distribution of MMG mass fraction at different locations of sub-inlet (a) Z1 and (b) 

Z4 with pure H2 as the carrier gas at reference conditions.  

 

  

Figure 5.21 Distribution of MMG:NH3 mass fraction at different locations of sub-inlet (a) Z1 

and (b) Z4 with pure H2 as the carrier gas at reference conditions. 
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A high deposition rate is obtained when the TMG precursors deliver from the location Z1, as shown 

in Figure 5.22. The pure H2 is employed to transport TMG from the sub-inlet at location Z1, while 

the main inlet employees a gas mixture of N2 and H2 as the carrier gas at reference conditions.  

  

Figure 5.22 Variation of (a) deposition rate and (b) standard deviation profiles along the radial 

direction of the wafer at different sub-inlet positions with pure H2 as the carrier gas at reference 

conditions. 

When pure H2 used to push the metal-organic precursors, the deposition rate decreases slightly by 

moving the sub-inlet location Z1 from the center to the location Z4 at the edge. Thus, H2 as carrier 

gas plays little role in transporting the metal-organic species from the gas phase reaction to the 

substrate surface. Also, changing the location of sub-inlet has a slight effect on the standard 

deviation profile, as shown in Figure 5.22 (b). On the other hand, using pure N2 as the carrier gas 

in the sub-inlet has a significant effect on the deposition rate of GaN thin films.  

The pure N2 has a potential effect of pushing reactant species from the sub-inlet into the reactor 

towards the substrate surface. Figure 5.23 shows the velocity pathlines inside the reactor for 

different locations of the sub-inlet with pure N2 as the carrier gas. At a given fixed gas mixture 

inlet, the sub-inlet at the location Z1, which produces a high gas flow to deliver the MO precursors 
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to the substrate surface. High inlet velocity facilities the transport of the reactant species to reach 

the substrate surface efficiently, and thus enhances the deposition rate of GaN thin films. Thus, Ga-

containing species speeds up the deposition rate. 

  

Figure 5.23 Velocity pathlines profile with pure N2 as the carrier gas with MO precursors for 

sub-inlet position (a) Z1and (b) Z4 at reference conditions 

The growth rate of GaN thin film is affected by the diffusion of Ga-containing species to the 

substrate surface. Using sub-flow helps to increase the mass flux of Ga-containing species and 

improves the concentration of Ga-containing species above the susceptor. Figure 5.24 shows the 

distribution of metal-organic precursors above the susceptor using different positions of the sub-

inlet. It shows that TMG species is distributed above the susceptor and high concentration exist 

near the edge of the rotating susceptor. The results show in case of using pure N2 in the sub-inlet 

helps to deliver more metal-organic species to the substrate surface compared with using pure H2. 

The heavy N2 gas pushes Ga-containing species from the inner sub-inlet at location Z1 towards the 

rotating susceptor, which leads to distributing TMG species above the susceptor, and more species 

are accumulated near the susceptor edge. The strong downward flow from the sub-inlet at the 

location Z1 facilitates the transport of reactant species to the substrate surface, and it aids these 

species residing for a long time, leading to high deposition rate.  
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Figure 5.24 Distribution of mass fraction of TMG that is diluted with pure N2 injected from the 

sub-inlet at different locations (a) Z1 and (b) Z4 at reference conditions. 

The distribution of MMG and MMG:NH3 species above the susceptor are illustrated in Figure 5.25 

and Figure 5.26, where TMG precursors injected from the location Z1 and Z4, respectively. The 

results indicate that using pure N2 transport the TMG precursors efficiently from the sub-inlet at 

the location Z1 to the substrate surface. Also, pure N2 aids in distributing the TMG species above 

the susceptor, which enhances the deposition rate of GaN thin films.  

  

Figure 5.25 Distribution of MMG mass fraction at different locations of sub-inlet (a) Z1 and (b) 

Z4 with pure N2 as the carrier gas at reference conditions. 

A high concentration of MMG:NH3 presents above the substrate surface as shown in Figure 5.26, 

which enhances the reaction at the substrate surface. Also, the high rotation rate pulls these reactant 

species and forces them to stay near the hot substrate surface for a long consumption time, and thus 

increases the deposition of GaN thin films. 
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Figure 5.26 Distribution of MMG:NH3 mass fraction at different locations of sub-inlet (a) Z1 

and (b) Z4 with pure N2 as the carrier gas at reference conditions. 

The variation of deposition rate along the substrate surface under the effect of the sub-inlet is 

presenting in Figure 5.27. The high deposition rate is obtained when the pure N2 employed to 

transport TMG from the sub-inlet at location Z1, while the main inlet employees a gas mixture of 

N2 and H2 as the carrier gas at reference conditions.  

  

Figure 5.27 Variation of (a) deposition rate and (b) standard deviation profiles along the radial 

direction of the wafer at different sub-inlet positions with pure N2. 

A high inlet velocity coming out from the sub-inlet provides the separation of Ga-containing 

species from NH3, which result in reducing the adduct formation at the inlet. Also, high inlet 

velocity helps to push the Ga-containing species and reduces the residence time in the gas phase, 

which results in enhancing the deposition rate. The sub-inlet at the location Z1 shows a high 
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deposition rate, but there is a higher standard deviation occurs along the radial distance of the wafer 

surface, as shown in Figure 5.27 (b). Figure 5.28 shows the variation of deposition rate and standard 

deviation of GaN thin films grown under reference conditions with different carrier gases.  

  

Figure 5.28 Variation of (a) deposition rate and (b) standard deviation profiles along the radial 

direction of the wafer at Z1 position. 

One can see that the proposed sub-inlet aids to deliver the metal-organic precursors efficiently to 

the substrate surface, and thus raise the level of the Ga-containing species participating in surface 

reactions. Therefore, the sub-inlet with pure N2 has a significant effect on the deposition rate, 

compared with the main gas inlet without the sub-inlet. The sub-inlet with pure N2 leads to an 

increase in the deposition rate, but it decreases the uniformity of the deposition, as shown in Figure 

5.28 (b). In conclusion, the location of the sub-inlet has a significant effect on the improvement of 

the deposition rate and uniformity of GaN thin films.  

5.3.6 Wafer carrier design  

The metal-organic precursors diluted with N2 gas injected from the sub-inlet at location Z1 into the 

reactor, the gas mixture flows to the susceptor edge. To support the understanding that the 

distribution of Ga-containing species can essentially improve the deposition rate along the 
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susceptor surface, growth runs at different wafer locations have been performed. The schematic 

design of the wafer carrier is illustrated in Figure 5.29.  

 

Figure 5.29 Top view schematic diagram of the multi-wafer MOCVD reactor. 

Figure 5.30 shows a comparison of the distribution of deposition rates on the wafer surface at 

different locations along the susceptor surface.  

   

Figure 5.30 Distribution of deposition rate on the wafer surface at different locations from the 

center of the susceptor (a) W1, (b) W2, and (c) W3 at reference conditions. 

It can be seen that the pattern of deposition is the same on each wafer, but that deposition rate of 

the wafer at the susceptor edge is higher due to the high concentration of TMG species. The 

variation of deposition rate along the wafer at three distinct distances (W1=136 mm, W2=146 mm, 
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and W3=168 mm) from the center along the susceptor is investigated. Results show that the wafer 

that is located near the susceptor edge has a higher deposition rate than the others, but it is not 

appropriate for getting a uniform deposition as presenting in Figure 5.31.  

  

Figure 5.31 Variation of (a) deposition rate and (b) standard deviation profiles along the radial 

direction of the wafer at different locations with the sub-inlet at location Z1 with pure N2 as the 

carrier gas. 

In conclusion, the throughput can be maximized by injecting the metal-organic precursors through 

the sub-inlet. However, the uniformity of the thin film can be controlled by controlling the flow 

rate in the sub-inlet to distribute the metal-organic species evenly above the susceptor. Also, 

consideration in wafer carrier design can enhance the deposition rate of GaN thin films. The 

location of the wafer at a distance of  W2=146 mm shows the best result.  

5.3.7 Reactor height 

More precursors are consumed in a reactor that has a considerable distance between the gas inlet 

and the susceptor. A short distance is sufficient to reduce the reactor volume and consequently, 

consumes less amount of precursors. At the higher distance between the inlet and susceptor, the 

natural convection driven by buoyancy forces appears above the substrate  



124 
 

 
 

  

Figure 5.32 Flow and thermal fields with a gas mixture of 40% H2 and 60% N2 as the carrier 

gas at the reactor height of 45 mm. 

 

  

Figure 5.33 Flow and thermal fields with a gas mixture of 40% H2 and 60% N2 as the carrier 

gas at the reactor height of 90 mm.  

Figure 5.33 shows the distribution of temperature at H=45 mm and H=90 mm, respectively. When 

the reactor height is reduced, the spatial distribution of the temperature field is changing according 

to the patterns of gas flow. Figure 5.34 shows the deposition rate profile versus the distance between 

the inlet and the susceptor at reference conditions. The deposition rate decreases with increasing 

the distance from H=45 mm to H=90 mm, as shown in Figure 5.34 (a). It is found that the deposition 

rate along the radial distance decreases with increases the distance between the inlet and the 

susceptor to H=90 mm.  

As the distance between the inlet and the susceptor increases, the residence time of precursors 

transforming from the inlet to the substrate surface becomes longer. Thus, the reactants precursors 

stay for a long time in gas phase reactions, which leads to consumption of the reactant precursors 

and decrease the growth rate. The higher growth rate is obtained for the smaller distance of H = 45 
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mm, but the uniformity of GaN thin films is decreased. At a low distance, the gas velocity increases 

near the substrate surface, leading to reduce the thin film boundary, which increases the deposition 

rate. However, reducing the distance between the inlet and the susceptor leads to a decrease in the 

uniformity of the thin film. 

On the other hand, increasing the distance aids in decreasing the temperature gradient between the 

gas inlet and susceptor, which makes more reactant to be mixed before reach the substrate surface 

and thus cause pre-reaction, which affects the growth rate. According to the Grashof number, 

increasing the distance further leads to an increase in the natural convection, which could cause 

flow recirculation inside the reactor and affect the growth rate.  

  

Figure 5.34 Variation of (a) deposition rate and (b) standard deviation profiles along the radial 

direction of the wafer at different values of the reactor height. 

At the reference conditions, forced convection in the reactor includes the gas inlet flow and 

susceptor rotation rate, which are kept constant. Thus, strong natural convection results in a 

nonuniform distribution of reactant species above the rotating susceptor and consequently decrease 

the growth rate. Nonetheless, increasing the distance to H=90 mm, improves the uniformity of GaN 

thin films, as shown in Figure 5.34 (b). As a result, the distance between the inlet and the susceptor 

is an important processing factor. Therefore, an appropriate distance H=75 has been obtained for 
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growing thin films with high-quality. The variation tendency of the uniformity of GaN thin films 

versus the distance between the inlet and the susceptor is parabolic.  

5.4 Conclusions 

The numerical simulation is carried out for the growth rate and flow characteristics in the multi-

wafer reactor. The effects of processing parameters and reactor design configuration on the 

uniformity and growth rate of GaN thin film have been investigated. The numerical results show 

that appearing of recirculating flow at high reactor pressure can affect the deposition rate and 

uniformity of GaN thin films. In strong flow recirculation, the precursors are trapped and not reach 

the susceptor effectively. Also, increasing the V/III ratio can lower the incorporation of carbon 

impurities, especially CH3, and CH4 in the growth rate. The composition of carrier gas has an 

important effect on flow characteristics, so using a mixture of N2 and H2 gases can help to take 

advantages of both properties of N2 and H2 for a large scale production system.  

The inlet design has a significant effect on improving the reactant species utilization and increases 

the growth rate. Also, the wafer carrier design can affect the deposition rate and uniformity of GaN 

thin films. The proper distance between the inlet and the susceptor aids to decrease the temperature 

gradient and improve the stability of the flow above the rotating susceptor. The predicted results 

have significant reference values for guiding role and parameter optimization of GaN growth in 

MOCVD reactor. A unique advantage can be resulted by optimizing the boundary conditions to 

produce a uniform thin film with a higher growth rate. Consequently, reducing the manufacturing 

cost and save resources. 
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Chapter 6  

OPTIMIZATION WITH SURROGATE MODEL 

6.1 Introduction 

In engineering design, the direct optimization based on the numerical simulation is inefficient since 

iterative analyses require enormous iterations and high computational cost during the optimization 

[106]. Thus, the surrogate-based optimization is an effective technique to alleviate the expensive 

computation experiments with fewer sample points. In this chapter, the response of the numerical 

modeling of GaN deposition in the MOCVD process is represented in a surrogate-based model. 

Figure 6.1 illustrates the construction of the surrogate-based model which involves three stages: (i) 

design of experiments (DOE); (ii) construction or training of the surrogate model; and (iii) model 

validation.  

 

Figure 6.1 Flowchart of building surrogate-model, adapted from [106]  
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Response surface models are generated for the growth rate and uniformity of GaN thin films 

concerning typical design variables. Then the deterministic optimization and optimization under 

uncertainty are performed to find a set of optimal solutions. 

6.2 Design of experiments 

Design of experiments (DOE) determines multiple combinations of the controlled parameters 

points in the design space. Several sampling techniques are available to distribute the sample points 

to provide adequate coverage of the design space without variation. Full factorial design of 

experiments is given by every possible combination of the factor values N =  L𝑐, where L and c 

represent levels and parameters, respectively [107]. When the number of design variables is big, 

the use of the full factorial method is required more design points. For example, it requires 15625 

design points to study the deposition rate and uniformity of GaN thin films under the effect of six 

operating parameters; each parameter has five levels. The optimal Latin hypercube (LHC) method 

generates initial sample data. It is ensuring for each variable; all points are distributed randomly in 

the design space [108]. Table 6-1lists processing parameters considered in the design of the 

experiment. 

Table 6-1) Processing parameters of GaN deposition in the MOCVD system 

6.3 Correlation of parameters  

Practical work usually involves many factors, which requires multi-factor analysis. When the 

number of input variables is increased, the analysis becomes more and more intractable. Therefore, 

Symbol Factors Initials Range 

ω Susceptor rotating rate (rpm) 1200 0 – 1400 

T Wafer temperature (k) 1273 1073 – 1473 

𝐮 Velocity inlet of the mixture (m/s) 0.127 0.0254-0.225 

P Pressure (Torr) 140 20-500 

NH3 NH3 Flow rate (slm) 6 2 – 10 

TMG TMG Flow rate (slm) 0.003 0.001 - 0.005 
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it is required to exclude unimportant input parameters to reduce additional sampling points. A set 

of design points (DPs) in the design space given in Table 6-1. The number of DPs is determined 

according to the convergence of the output parameters. Measuring of linear dependency for each 

pair of design variables are calculated using the average of non-dimensional slop as follows: 

𝑋 = [𝑥1, 𝑥2, 𝑥3, … , 𝑥𝑁] 

𝑌 = [𝑦1, 𝑦2, 𝑦3, … , 𝑦𝑁] 

𝑚𝑛 =
(𝑦𝑛 − 𝑦𝑛−1)/(1

𝑁⁄ ) + (𝑦𝑛+1 − 𝑦𝑛)/(1
𝑁⁄ )

2
 

 

𝑚̿𝑋−𝑌 =
∑ 𝑚𝑛

𝑁
𝑛=1

𝑛
 

 

 P T w u NH3 TMG 

GR 𝑚̿𝑃−𝐺𝑅 𝑚̿𝑇−𝐺𝑅 𝑚̿𝑤−𝐺𝑅 𝑚̿𝑢−𝐺𝑅 𝑚̿𝑁𝐻3−𝐺𝑅 𝑚̿𝑇𝑀𝐺−𝐺𝑅 

St 𝑚̿𝑃−𝑆𝑡  𝑚̿𝑇−𝑆𝑡  𝑚̿𝑤−𝑆𝑡  𝑚̿𝑢−𝑆𝑡  𝑚̿𝑁𝐻3−𝑆𝑡  𝑚̿𝑇𝑀𝐺−𝑆𝑡 

 
 

 P T w u NH3 TMG 

GR 3.22 1.83 0.99 0.79 0.31 8.87 

St 0.82 0.14 0.20 0.07 0.18 0.68 

Figure 6.2 Correlation matrix of design variables 

The correlation matrix given in Figure 6.2 shows the effects of design variables on the growth rate 

and uniformity of GaN thin films, respectively. It is observed that the flow rate of TMG and reactor 

pressure P have direct correlations to the growth rate (GR) and standard deviation (St). The same 

behavior is observed for the susceptor temperature, but it has less influence on Gr, St, and Un, 

respectively. These operating conditions are considered in the optimization study to increase the 

deposition rate and uniformity of GaN thin films in the range of the design space.  
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6.4 Surrogate models 

The objective of the surrogate model is to construct an approximate mathematical model based on 

sampled points to predict the relationship between inputs and outputs of the process. The surrogate-

based model is classified into two types: 

➢ The exact fitting creates a smooth curve that passes through all data points. It is an accurate and 

useful technique for a small amount of data.  

➢ The best-fitting provides the best prediction of the response behavior. The best-fitting does not 

necessarily pass through any of the data points. It is beneficial for a large amount of data.  

Many techniques have been developed to achieve either exact or best fitting with single or multiple 

variables [109]. The most common surrogate models of creating response surface are: 

6.4.1  Polynomial response surface 

It is one of the simplest and most commonly used surrogate models. It employs a polynomial 

approximation to explore the relationship between input parameters and estimated response. The 

regression formulation for small-scale models is given as follows: 

𝐅(𝐬) ≅ 𝐰. 𝐁(𝐬) 6-1) 

Where w is a vector of the regression coefficients, and B(s), is a linear combination of the modeling 

monomials. 

6.4.2 Kriging model 

Kriging method is an interpolating method, where the generated response surface passes through 

all the initial sampling points. Spatial prediction is based on minimizing the error variance between 

observed and estimated value [110].  
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Kriging method is used for better capturing of high nonlinearity parametric modeling [111]. 

Estimated value Z(s0), can be obtained by linear combined of available samples Z(si), at the nth 

known locations, and weighting coefficients wI that its sum equals 1, to ensure that the estimate is 

unbiased. 

Z(s0) = ∑ wiZ(si)

N

i=1

 6-2) 

The estimated values are then determined by minimizing the error variance between estimated 

function and the experimental results. Optimal weights coefficient wI can be calculated as below: 

wi = Cij
−1Cj0 + [

1 − 1iCij
−1Cj0

1iCij
−11j

] Cij
−11j 6-3) 

Where 𝑠0 denotes investigated variables; Cij and Ci0 are the covariance matrix and vector, 

respectively. The choice of the functional form of the covariance is important since it influences 

the predictive ability of the method [108]. In this paper, a Gaussian kernel function is employed to 

compute Cij and Ci0. 

Where |si − sj| is Euclidean distance between the two points, and γ is a positive constant parameter 

that describes how the data are correlated. The Kriging model used to estimate unknown value 

𝐹(𝑠0) as follow: 

where F is a vector of experimental results at known locations. 

𝐶𝑖𝑗 = 𝐶𝑂𝑉(𝑠𝑖 , 𝑠𝑗) ≡ 𝑒𝑥𝑝 [−𝛾‖𝑠𝑖 − 𝑠𝑗‖
2

] (6-4) 

𝐶𝑖0 = 𝐶𝑂𝑉(𝑠𝑖 , 𝑠0) ≡ 𝑒𝑥𝑝[−𝛾‖𝑠𝑖 − 𝑠0‖2] (6-5) 

𝐹(𝑠0) = ∑ 𝑤𝑖𝐹(𝑠𝑖)

𝑁

𝑖=1

 (6-6) 
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The approximation function F(s) is defined by the product of weighting coefficients and covariance 

function. 

Where s is a design sampling point, and q is the dimension of the polynomial space.  

6.5 Optimization of the MOCVD process 

The growth rate and uniformity of GaN thin films should be maximized, while the standard 

deviation of growth rate should be minimized to obtain high productivity. The non-uniformity 

factor of the deposition rate is proposed to evaluate the uniformity of the GaN thin film. It is defined 

as the ratio of maximum variation in the deposition rate to the average deposition rate of GaN thin 

films across the wafer surface as follows: 

𝑈𝑛 =
𝐺𝑅𝑀𝑎𝑥 − 𝐺𝑅𝑀𝑖𝑛

𝐺𝑅𝐴𝑣𝑔

 (6-8) 

The non-uniformity factor is obtained, after removing the points near the wafer edge, which are not 

feasible. Two sets of design variables are considered in this section as follows: 

(1) The reactor pressure and the flow rate of TMG. 

(2) The susceptor temperature and the flow rate of TMG. 

Effects of varying the reactor pressure and susceptor temperature on the growth rate, standard 

deviation, and non-uniformity factor of GaN thin films with different values of the flow rate of 

TMG, are shown in Figure 6.3, Figure 6.4, and Figure 6.5. Results indicate that the growth rate and 

standard deviation increase with increasing the reactor pressure, while the nonuniformity factor is 

varying with reactor pressure. It is observed at low-pressure, increasing the flow rate of TMG 

𝐹(𝑠) ≅ 𝑤𝑖 ∑ 𝐶𝑂𝑉 (𝑠0, 𝑠𝑖)

𝑞

𝑖=1

 (6-7) 
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results in a high value of nonuniformity factor along the wafer surface. Though a uniform 

deposition rate is obtained at low pressure, there is a high deposition rate on the wafer edge, which 

affects the uniformity factor. In contrast, increasing the reactor pressure results in a decrease in the 

non-uniformity factor, which offers the possibility to improve GaN thin film quality at moderate 

values of the reactor pressure.  

The effect of the susceptor temperature has been investigated. It is observed that there was a slight 

increase in the growth rate when the temperature increased from 1073 to 1473K with different 

values of the TMG flow rate, as shown in Figure 6.3(b). Moreover, results show in Figure 6.4 (b) 

that the standard deviation increases linearly with increasing the temperature at different values of 

the TMG flow rate. It is indicated that the growth rate in this temperature range depends only on 

the mass transport rate of reactive species to the substrate surface. Also, as long as the reactor 

pressure is kept constant at 140 Torr, changing the susceptor temperature has a marginal influence 

on the uniformity factor, as shown in Figure 6.4 (b).  

  

Figure 6.3 Varying the deposition rate of GaN thin films with the flow rate of TMG at different 

values of (a) the reactor pressure, (b) the susceptor temperature, respectively. 
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Figure 6.4 Varying the standard deviation of GaN thin films with the flow rate of TMG at 

different values of (a) the reactor pressure, (b) the susceptor temperature, respectively. 

  

Figure 6.5 Varying the nonuniformity factor with the flow rate of TMG at different values of 

(a) the reactor pressure, (b) the susceptor temperature, respectively. 

The objective is to increase the growth rate and uniformity of GaN thin films grown on the sapphire 

wafer and correspondingly decrease the production cost. As a result, the response surface of the 

deposition rate and uniformity in terms of these design variables are generated and discussed later. 

Then further results are obtained in the optimization problem. 

6.6 Generated response surfaces 

Response surfaces are generated in different methods to validate and compare the quality of the 

approximated models. Figure 6.6 shows a comparison of response surfaces created by Kriging and 
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polynomial method. Results show that the responses are highly nonlinear, Kriging method has more 

accuracy than the polynomial method to create response surfaces, as shown in Figure 6.6-c. Kriging 

method is employed to generate response surfaces based on predicted results from the numerical 

model with different design variables. The average deposition rate (GR), standard deviation (St), 

and nonuniformity factor (Un) are used to evaluate the growth rate and uniformity of GaN thin 

films in the MOCVD reactor. The nonuniformity factor (Un) is given in equation ((6-8); it is used 

to evaluate the uniformity of the thin film along the wafer surface, after removing the points near 

the edge. Five levels of each design variable are considered for the experiment. There are 25 design 

points for each set of design variables considered in generating response surface, as shown in Figure 

6.7, Figure 6.8, and  Figure 6.9, respectively. 

  

  

Figure 6.6: Response surfaces of nonuniformity factor created by (a) Kriging method, (b) 

Polynomial method, and the mean absolute error (c) Kriging method, (d) Polynomial method.  

 

a 

 

b 

 

c 

 

d 

 

Mean absolute error 4.672E-2 Mean absolute error 1.954E-16 
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Figure 6.7 Response surface of the growth rate (GR) of GaN thin films grown with different 

values of TMG flow rates at different values of (a) the reactor pressure, and (b) the susceptor 

temperature respectively. 

 

 

 

Figure 6.8 Response surface of the standard deviation (St) of GaN thin films grown with 

different values of the TMG flow rate at different values of (a) the reactor pressure, and (b) the 

susceptor temperature.  

 

 

 
a b 

a b 
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Figure 6.9 Response surface of the nonuniformity factor (Un) of GaN thin films grown with 

different values of the TMG flow rate at different values of (a) the reactor pressure, and (b) the 

susceptor temperature.  

Results show that at a low value of the TMG flow rate, increasing the reactor pressure has a slight 

influence on GR; in contrast, it has a significant influence on St and Un. At a high value of the 

TMG flow rate, increasing the reactor pressure in the range of (260 -400) Torr leads to increase in 

the growth rate of GaN thin films, and improves both St and Un. On the other hand, the susceptor 

temperature shows slight increase in GR, and St, while there is no effect on Un as indicated in 

response surfaces shown in  Figure 6.7 (b), Figure 6.8(a), and Figure 6.9(b) respectively. The 

accuracy of the response surface model is verified by comparing results from numerical simulation 

and estimated results from the response surface model, as shown in Table (6-2). The error 

percentage (𝜺) between simulations results and the surrogate model results. For the average 

deposition, the error percentage (𝜺GR) is less than 8% , the error percentage (𝜺St) is less than 10% 

for standard deviation, which indicate good validation. Results are satisfying the feasibility of using 

response surface models in formulating the optimization study of GaN thin films over the range of 

design variables in the MOCVD process. 
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Table (6-2) Verification of the surrogate-based model solution. 

 

6.7 Deterministic optimization 

In general, the high productivity of the MOCVD process is increased by increasing the growth rate 

and decreasing the standard deviation of GaN thin films. Therefore, the objective function is to 

maximize GR and minimized St subjected to the constraint of allowable values of Un. Most of the 

practical applications are modeled as multi-objective optimization problems because they have 

multiple objectives [113]. It would be more practical to form a multi-objective optimization 

problem instead of optimizing GR and St individually. Deterministic multi-objective optimization 

of GaN deposition formulated as follows: 

𝑀𝑎𝑥
𝑥

𝑓(𝑠) = 𝐺𝑅(𝑠) 

𝑀𝑖𝑛
𝑥

𝑓(𝑠) = 𝑆𝑡(𝑠) 

𝑠. 𝑡     𝑔1(𝑠) = 𝑈𝑛(𝑠) ≤ 0.4 

𝑠𝑙 ≤ 𝑠 ≤ 𝑠𝑢 

6-9) 

Where sl, su are lower and upper tolerance limits of the system parameter, respectively. 𝑓(𝒔) is 

continuous but not necessarily differentiable. Figure 6.10 illustrates the flowchart of optimization 

using the surrogate-based model.  

No 
𝐮 

(m/s) 

ω 

(rpm) 

T 

(K) 

NH3 

(slm) 

TMG 

(slm) 

P 

(Torr) 

GR 

(µm/h) 

St 

(µm/h) 

GR* 

(µm/h) 

St* 

(µm/h) 
𝜺GR % 𝜺St % 

1 0.025 1000 1073 6 0.002 170 1.783 0.235 1.93 0.247 7.6 4.85 

2 0.025 1000 1073 6 0.005 425 7.96 0.712 7.37 0.648 7.19 9.87 

3 0.025 1000 1180 6 0.003 260 2.826 0.166 2. 681 0.185 5.41 9.74 

4 0.025 1000 1360 6 0.003 260 3.233 0.211 3.452 0.243 6.32 7.81 
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Figure 6.10 Flow chart of the surrogate-based optimization. 

Multi-objective optimization problems aim is to find all possible trade-offs among multiple 

objective functions, that are usually conflicting. It is challenging to choose a single solution for a 

multi-objective optimization problem without iterative interaction with the decision-maker. A 

general approach is to show decision-makers a set of optimal solutions [114]. Pareto frontier 

provides a set of optimal solutions of design variables. However, solving multi-objective 

optimization problems is not easy due to theoretical and computational challenges. Genetic 

algorithm (GA) such as Multi-objective genetic algorithm (MOGA-II) is a good choice to achieve 

this goal [115].  
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Two sets of design variables are considered, the reactor pressure and the flow rate of TMG and the 

susceptor temperature and the flow rate of TMG. The response function of deposition rate and 

uniformity of GaN thin films in terms of these two sets of design variables are generated and 

discussed in this section. Three optimization formulations are proposed. The first one is to 

maximize the growth rate (GR) with constraints on the non-uniformity factor (Un). The second one 

is to minimize the standard deviation (St) with the same constraints on Un. Finally, multiobjective 

optimization of both GR and St subjected to the same constraint of Un. The solution of the 

optimization problem is implemented in commercial software modeFRONTIER [113]. 

6.7.1 Design Variables: the reactor pressure and the flow rate of TMG. 

In practical needs for high productivity of optoelectronic devices, the maximization of the GR is 

an essential factor. Maximize GR can be formulated as follows: 

𝑀𝑎𝑥
𝑃,𝑇𝑀𝐺

𝐺𝑅 

𝑠. 𝑡     𝑈𝑛(𝑠) ≤ 0.4 

𝑃𝑙 ≤ 𝑃 ≤ 𝑃𝑢 

𝑇𝑀𝐺𝑙 ≤ 𝑇𝑀𝐺 ≤ 𝑇𝑀𝐺𝑢 

 

6-10) 

Where the bounds of the design variables are given in Table 6-1. The chosen bounds 𝑃𝑙 = 20 and 

𝑃𝑢 = 500 Torr, and 𝑇𝑀𝐺𝑙 = 0.001 and 𝑇𝑀𝐺𝑢 = 0.005 slm, respectvlly. Figure 6.11 shows the 

location, which marked by the blue circle of the optimal solution. The optimal solution indicates 

that the reactor pressure is a significant factor in the control of the growth rate and uniformity of 

GaN thin films.  
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Figure 6.11: The location of the optimal solution of maximizing the growth rate of GaN thin 

films under constraint.  

It is a desirable objective of production GaN thin films to have a high average growth rate with a 

high level of uniformity of the thin film. It is more practical to get high-quality thin film for 

semiconductor industrial applications [6]. The uniformity of GaN thin film can be controlled within 

certain bounds by minimizing the standard deviation (St). The mathematical form of minimizing 

St is expressed as follows: 

𝑀𝑖𝑛
𝑃,𝑇𝑀𝐺

𝑆𝑡 

𝑠. 𝑡     𝑈𝑛(𝑠) ≤ 0.4 

𝑃𝑙 ≤ 𝑃 ≤ 𝑃𝑢 

𝑇𝑀𝐺𝑙 ≤ 𝑇𝑀𝐺 ≤ 𝑇𝑀𝐺𝑢 

 

6-11) 

The location of the optimal solution is shown in Figure 6.12. Both the reactor pressure and the flow 

rate of TMG are important in minimizing the standard deviation. At a low value of TMG, increasing 

the reactor pressure up to 375 Torr improves the uniformity of GaN thin films. However, getting 

Optimal solution  
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the minimum standard deviation results in a low deposition rate. Thus, an improvement in the 

uniformity requires degradation the growth rate due to the inverse relationship between these two 

objectives. A multi-objective formulation is considered to find a set of nondominated solutions by 

compromising between objectives of design variables.  

 

Figure 6.12: The location of the optimal solution of minimizing the standard deviation of GaN 

thin films under constraint. 

Multi-objective formulation of maximizing GR and minimizing St with the constraint of 

nonuniformity factor is given as follows: 

𝑀𝑎𝑥
𝑃,𝑇𝑀𝐺

𝐺𝑅 

𝑀𝑖𝑛
𝑃,𝑇𝑀𝐺

𝑆𝑡 

𝑠. 𝑡     𝑈𝑛(𝑠) ≤ 0.4 

𝑃𝑙 ≤ 𝑃 ≤ 𝑃𝑢 

𝑇𝑀𝐺𝑙 ≤ 𝑇𝑀𝐺 ≤ 𝑇𝑀𝐺𝑢 

 

6-12) 

Optimal solution  
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Instead of optimizing the growth rate (GR) and standard deviation (St) individually, multiobjective 

optimization would be more practical for the production of GaN thin films. Figure 6.13 and Figure 

6.14 show that the Pareto frontier captures the trade-off behavior between the growth rate and 

uniformity of GaN thin films for the flow rate of TMG and the reactor pressure, respectively. Pareto 

frontier provides a set of optimal solutions and offers more flexibility than single-objective 

formulations for decision-makers.  

Thus, a suitable set of the flow rate of TMG and reactor pressure can be select to deposit GaN thin 

films in the MOCVD reactor. The high growth rate of GaN thin films is obtained at a high flow 

rate of TMG, as shown in Figure 6.13. Pareto frontier profile moves to the right with higher GR. 

The same behavior is obtained with increasing the reactor pressure, as shown in Figure 6.14. 

Applying the physical constraint of uniformity Un = 0.5 narrows the design domain for the 

deposition rate and uniformity of GaN thin films. Values of optimal solutions are given in Results 

are satisfying the feasibility of using response surface models in the study of the optimization. 

Table (6-3). The FLUENT simulations have verified the feasibility of obtained optimal solutions 

of design variables.  
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Figure 6.13: Pareto frontier for the optimization of GaN thin films with different values of the 

TMG flow rate. 

 

Figure 6.14: Pareto frontier for the optimization of GaN thin films with different values of the 

reactor pressure. 

Results are satisfying the feasibility of using response surface models in the study of the 

optimization. 

Table (6-3) Optimal solutions and the verification responses by CFD model solution. 

 

6.7.2 Design Variables: the susceptor temperature and the flow rate of TMG. 

The impact of the susceptor temperature and TMG flow rate on the optimization of GaN thin films 

is presented. It is desirable to maximize the growth rate (GR) of GaN thin films subject to the same 

No 
P 

(Torr) 

TMG 

(SLM) 

St 

(µm/h) 

GR 

(µm/h) 

St* 

(µm/h) 

GR* 

(µm/h) 
𝜺St % 𝜺GR % 

1 482.99 0.005 0.7844 8.271 0.683 7.314 12.9 11.5 

2 376.66 0.001 0.1288 1.2171 0.1285 1.382 2.3 11.9 
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constraints described previously. Where the lower and upper bound of the susceptor temperature 

are considered as 𝑇𝑙 = 1073 𝐾 and 𝑇𝑢 = 1473 𝐾, respectively.  

𝑀𝑎𝑥
𝑇,𝑇𝑀𝐺

𝐺𝑅 

𝑠. 𝑡     𝑈𝑛(𝑠) ≤ 0.4 

𝑇𝑙 ≤ 𝑇 ≤ 𝑇𝑢 

𝑇𝑀𝐺𝑙 ≤ 𝑇𝑀𝐺 ≤ 𝑇𝑀𝐺𝑢 

 

6-13) 

Figure 6.15 shows the location of the optimal solution, where a maximum growth rate (GR) is 

obtained. The optimal solution is found at T=1183 K and TMG =0.005 SLM subjected to the 

constraint of the nonuniformity Un=0.4. This confirms that increase the susceptor temperature with 

a high flow rate of TMG degrades the uniformity of the thin film. Thus, it is advisable to set the 

susceptor temperature in the diffusion limit regime.  

 

Figure 6.15: The location of the optimal solution of minimizing the standard deviation of GaN 

thin films under constraint. 

Optimal solution  
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However, the focus is on finding a high uniformity of GaN thin films by minimizing the standard 

deviation (St). The objective function of minimizing St is formulated as follows: 

𝑀𝑖𝑛
𝑇,𝑇𝑀𝐺

𝑆𝑡 

𝑠. 𝑡     𝑈𝑛(𝑠) ≤ 0.4 

𝑇𝑙 ≤ 𝑇 ≤ 𝑇𝑢 

𝑇𝑀𝐺𝑙 ≤ 𝑇𝑀𝐺 ≤ 𝑇𝑀𝐺𝑢 

 

6-14) 

 

The optimal solution is found respect to the flow rate and susceptor temperature. Low susceptor 

temperature and low TMG flow rate provide the lowest standard deviation, as shown in Error! R

eference source not found.. However, they lead to the lowest growth rate of 0.95 (µm/h).  

 

Figure 6.16: The location of the optimal solution of minimizing the standard deviation of GaN 

thin films under constraint. 

The multi-optimization formulation is given in Equ. (6-15). It is to maximize the growth rate and 

minimize the standard deviation simultaneously subjected to the same constraints of the 

nonuniformity factor. 

Optimal solution  
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𝑀𝑎𝑥
𝑇,𝑇𝑀𝐺

𝐺𝑅 

𝑀𝑖𝑛
𝑇,𝑇𝑀𝐺

𝑆𝑡 

𝑠. 𝑡     𝑈𝑛(𝑠) ≤ 0.4 

𝑇𝑙 ≤ 𝑇 ≤ 𝑇𝑢 

𝑇𝑀𝐺𝑙 ≤ 𝑇𝑀𝐺 ≤ 𝑇𝑀𝐺𝑢 

 

6-15) 

Since a multi-objective optimization is employed, the optimal solution is a compromised solution 

between the growth rate and the standard deviation. The trade-off behavior between the growth rate 

and standard deviation is given by the Pareto frontier, as shown in Figure 6.16 and Figure 6.17, 

respectively. The variation in the Pareto frontier under the flow rate of TMG, as shown in Figure 

6.17. Figure 6.18 shows a reduced range of optimal solutions due to sensitivity to variation in 

susceptor temperature subjected to nonuniformity factor Un=0.4. Thus, it is preferable to choose 

the part of Pareto frontier where a high growth rate and acceptable uniformity is achieved. 

 

Figure 6.17: Pareto frontier for the optimization of GaN thin films with different values of the 

reactor pressure. 
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Figure 6.18: Pareto frontier for the optimization of GaN thin films with different values of the 

reactor pressure. 

Values of optimal solutions are given in Table Table (6-4). The FLUENT simulations have verified 

the feasibility of obtained optimal solutions of design variables. 

Table (6-4) Optimal solutions and the verification responses by CFD model solution. 

Results are satisfying the feasibility of using response surface models in the study of the 

optimization.  

6.8 Optimization under uncertainty 

The optimization of GaN deposition in the MOCVD process is performed as a deterministic 

problem, and the uncertainty associated with operating conditions is neglected. However, under 

such circumstances, even a small deviation in operating conditions from the optimal solution could 

result in a violation of the constraints and detortion of the optimal solution. The optimization under 

No 
T 

(K) 

TMG 

(SLM) 

GR* 

(µm/h) 

St 

(µm/h) 

GR 

(µm/h) 

St* 

(µm/h) 
𝜺GR % 𝜺St % 

1 1183 0.005 4. 729 0.27712 4.248 0.3281 10.17 15.54 

2 1073 0.001 0.95544 0.04971 0.9127 0.0613 4.46 18.2 
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uncertainty refers to the optimization of design by taking into consideration the uncertain input 

parameters and the corresponding output response statics [116]. Thus, the deterministic 

optimization might not do well in the practical deposition of GaN thin films. Operating conditions 

such as the reactor pressure, flow rate of precursors, and the susceptor temperature do not tend to 

be deterministic in the MOCVD process. To this end; robust design optimization is applied for the 

growth rate and uniformity of GaN thin films to enhance the performance of the MOCVD process. 

Thus, the MOCVD system responds to variation in its operating conditions with minimal error or 

damage to output results. Table (6-5 lists uncertain design variables of the MOCVD process 

considered in the robust optimization. These design variable are assumed to be distributed normally 

with a mean and standard deviation values.  

Table (6-5) Uncertain design variables of GaN deposition in the MOCVD system 

parameter Range in variation 

Input Upper Lower  mean Standard deviation 

T 1073  

 

1473 

 

1273 25 

 P 20 500 260 20 

TMG 0.001  0.005 0.003 0.0005 

The optimization of GaN deposition consider uncertain design variables is formulated as follows: 

6.8.1 Design Variables: P and TMG under uncertainty. 

When the design variables, the reactor pressure and flow rate of TMG have some design 

uncertainties, they can affect the response of growth rate and standard deviation, as shown in Figure 

6.19 and Figure 6.20 respectively. Table (6-6) lists the optimal solution of design variables for 

deterministic optimization and optimization under uncertainty. Results show that the response of 

robust optimization has a lower optimal solution for growth rate and higher for the standard 

deviation. It indicates that the variation of the reactor pressure has a significant effect on growth 

rate and uniformity of GaN thin films. It is observed that the application of variation in operating 
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conditions makes the optimal solution more realistic, and shift Pareto frontier slightly, as shown in 

Figure 6.21 and Figure 6.22, respectively. Moreover, the reactor pressure is restricted in a smaller 

range of high values to achieve the multi-objective and under nonuniformity constraint. 

 

Figure 6.19: The location of the optimal solution of maximizing the growth rate of GaN thin 

films under uncertainty.  

 

 

Figure 6.20: The location of the optimal solution of minimizing the standard deviation of GaN 

thin films under uncertainty. 

Optimal solution  

Optimal solution  



151 
 

 
 

 

Figure 6.21: Pareto frontier for the optimization of GaN thin films with different values of the 

TMG flow rate under uncertainty. 

 

Figure 6.22: Pareto frontier for the optimization of GaN thin films with different values of the 

reactor pressure under uncertainty. 

Table (6-6) Optimal solutions of deterministic and optimization under uncertainty. 

Optimization. 
P 

(Torr) 

TMG 

(SLM) 

St 

(µm/h) 

GR 

(µm/h) 
𝜺St % 𝜺GR % 

Determinstic 482.99 0.005 0.7844 8.271 0 0 

Under uncertanity 455.71 0.005 0.7356 7.946 -3.93 -6.22 

Determinstic 376.66 0.001 0.1288 1.2171 0 0 

Under uncertanity 358.19 0.001 0.1576 1.429 22.3 17.4 
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6.8.2 Design Variables: T and TMG under uncertanity. 

The susceptor temperature and flow rate of TMG have a significant effect on the growth rate and 

uniformity of GaN thin film. However, results show a slight change in the response of growth rate 

and standard deviation values toward the variation in the susceptor temperature.  

 

Figure 6.23: The location of the optimal solution of minimizing the standard deviation of GaN 

thin films under uncertainty. 

 

Figure 6.24: The location of the optimal solution of minimizing the standard deviation of GaN 

thin films under uncertainty. 

Optimal solution  

Optimal solution  



153 
 

 
 

Figure 6.23 and Figure 6.24 show the location of optimal solutions under design uncertainty for the 

growth rate and standard deviation, respectively. Compared to determinist optimization, it is 

observed that the location of optimal solutions under uncertainty has a small shift, as indicated in 

The impact of variation of design variables on growth rate and the standard deviation is illustrated 

in Pareto frontier, as shown in Figure 6.25 and Figure 6.26, respectively. The application of 

variation in operating conditions restricts the optimal solution to the smaller range for the susceptor 

temperature. The susceptor temperature is restricted in a smaller range of low values to meet the 

objective under nonuniformity constraint. In contrast, Pareto frontier less restricted to the variation 

in the flow rate of TMG, as shown in Figure 6.25. 

Table (6-7). On the other hand, results show that the response of robust optimization has increased 

the range of optimal solution of the multi-objective formulation.  

 

Figure 6.25: Pareto frontier for the optimization of GaN thin films with different values of the 

TMG flow rate. 
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Figure 6.26: Pareto frontier for the optimization of GaN thin films with different values of the 

susceptor temperature. 

The impact of variation of design variables on growth rate and the standard deviation is illustrated 

in Pareto frontier, as shown in Figure 6.25 and Figure 6.26, respectively. The application of 

variation in operating conditions restricts the optimal solution to the smaller range for the susceptor 

temperature. The susceptor temperature is restricted in a smaller range of low values to meet the 

objective under nonuniformity constraint. In contrast, Pareto frontier less restricted to the variation 

in the flow rate of TMG, as shown in Figure 6.25. 

Table (6-7) Optimal solutions and the verification responses by CFD model solution. 

 

 

No 
T 

(K) 

TMG 

(SLM) 

St 

(µm/h) 

GR 

(µm/h) 
𝜺St % 𝜺GR % 

deterministic 1183 0.005 0.27712 4.9791 0 0 

Under uncertainty 1179.2 0.00494 0.2727 4.917 -1.587 -1.385 

deterministic 1073 0.001 0.04759 0.95544 0 0 

Under uncertainty 1079 0.001 0.04818 0.9608 1.239 0.005 
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6.9 Conclusions 

In this chapter, the deterministic and robust optimization of the growth of GaN thin films grown in 

a vertical rotating disk MOCVD reactor are performed. The influence of operating conditions is 

simulated based on the 3D CFD model, which has developed earlier in this study. Kriging model 

is employed to create the response surface of the growth rate, standard deviation, and nonuniformity 

respectively of GaN thin films. Predicted response surfaces are used in the deterministic 

optimization and optimization under uncertainty of the MOCVD process. Two sets of design 

variables in the MOCVD process are considered TMG flow rate with the reactor pressure, and 

TMG flow rate with temperature susceptor. Results show that TMG flow rate and the reactor 

pressure have a significant effect on growth rate and uniformity of GaN thin films. It is observed 

that results from the robust optimization are more realistic than the results of the deterministic 

optimization. The results reveal that the proposed optimization formulation can generate Pareto 

frontier of conflicting objectives, thus providing reliable solutions for decision-makers.  
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Chapter 7  

CONCLUSIONS AND FUTURE WORKS 

7.1 Conclusions 

It must be stressed that the quality and uniformity of GaN thin films have significant effect on the 

performance of optoelectronic devices. The effect of operating parameters including the (V/III) 

ratio, which represents ammonia (NH3) flow rate to trimethylgallium (TMG) flow rate, reactor 

pressure, and carrier gas type on the GaN growth rate and film uniformity, is investigated. The 

epitaxial growth of GaN thin films was carried out in two commercial MOCVD systems, a vertical 

rotating disk MOCVD reactor, and a close-coupled showerhead MOCVD reactor. The results 

indicate that the average deposition rate increases with increase the reactor pressure, but it decreases 

with increasing the precursor concentration ratio. A high-quality thin film is obtained when pure 

H2 is used as a carrier gas. 

On the other hand, utilizing a high flow rate of pure N2 as a carrier gas enhances the deposition 

rate. However, it decreases the uniformity of the thin film, and also it promotes carbon 

contamination in the thin film. It is worth to note that using an appropriate mixture of H2 and N2 as 

a carrier can improve the deposition rate and quality of GaN thin films.  

Material characterizations of the specimens, including the crystal quality and surface morphology, 

have carried out. At high V/III, AFM results indicate that a smooth surface of the GaN thin film. 

Also, Raman scattering results show that GaN thin films that are grown at high V/III ratio have less 

residual stress and high crystalline quality. On the other hand, XRD results show that GaN thin 

films grown at low V/III ratio have high dislocation density, and that can affect the quality of the 

thin film. Moreover, SEM results show some-micro cracks on the cross-sectional of GaN thin films.  
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The study has successfully developed a three-dimensional CFD model for single wafer and multi-

wafer reactors to describe various operating conditions and design parameters. The model gives a 

further understanding of the effect of growth conditions in the MOCVD process. Results show that 

the growth rate of GaN thin films is sensitive to processing conditions such as the rotation rate of 

the susceptor, the flow rate of TMG, reactor pressure, and susceptor temperature. Higher deposition 

rate occurs with increasing the rotation rate, reactor pressure, inlet gas velocity, and the flow rate 

of TMG. When the flow rate of NH3 is increased,  the deposition rate is decreased while the 

uniformity is improved. The temperate range of (1200-1350 K) is the most appropriate temperature 

range for GaN deposition. Dimensionless numbers, including Reynolds and Grashoff, give a better 

understanding of flow and thermal field behavior in the MOCVD reactor. A flow mapping approach 

is developed to indicate the stability of gas flow inside the MOCVD reactor without the effect of 

chemical reactions on the deposition rate. It is observed that increasing the total flow rate and the 

rotation rate flow enhance the flow stability.  

Compared to a single-wafer MOCVD reactor, the designing of growth conditions in a multi-wafer 

MOCVD reactor becomes more difficult since the growth rate and uniformity of GaN thin films 

are very sensitive to processing parameters and the reactor geometry. Results show at high reactor 

pressure; recirculating flow appears which can trape the precursors to reach the susceptor surface 

effectively. Also, the high pressure promotes chemical reactions between TMG and NH3 in the gas 

phase. Thus, the deposition rate and uniformity of GaN thin films are affected. When the V/III ratio 

has increased, the incorporation of carbon impurities, especially CH3, and CH4 in the growth rate, 

is decreased. The composition of carrier gas has an important effect on flow characteristics and 

quality of the GaN thin film, so using a mixture of N2 and H2 gases can help to take advantages of 

both properties of N2 and H2 for a large scale production system.  

The inlet design has a significant effect on improving the reactant species utilization and increases 

the growth rate. Also, the wafer carrier design can affect the deposition rate and uniformity of GaN 
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thin films. The proper distance between the inlet and the susceptor aids to decrease the temperature 

gradient and improve the stability of the flow above the rotating susceptor. The predicted results 

have significant reference values for guiding role and parameter optimization of GaN growth in 

MOCVD reactor.  

A unique advantage can be resulted by optimizing the boundary conditions to produce a uniform 

thin film with a higher growth rate. In this study, optimization-based surrogate models are 

employed to predicate optimal operating parameters for high deposition rate and high uniformity 

of GaN thin films. The surrogate-based model demonstrates the feasibility of optimizing a complex 

process such as MOCVD based on design variables. It is used to perform both deterministic 

optimization and optimization under uncertainty of the MOCVD process, then predicted results of 

two approaches are compared. It is observed that results from the robust optimization are more 

realistic than the results of the deterministic optimization. The results reveal that the proposed 

optimization formulation can generate Pareto frontier of conflicting objectives, thus providing 

reliable solutions for decision-makers. This study establishes guidelines for the optimization of the 

deposition of GaN thin films in the MOCVD process. 

7.2 Future work 

In the future study of the CVD process, study the optimization of GaN thin films growth at the 

microscopic level using kinetic Monte Carlo scheme combined with the computational fluid 

dynamics method. This study has investigated the effect of reactor geometry on the growth rate and 

uniformity. However, the proposed CFD model, combined with the surrogate model, can be utilized 

to find the optimal operating conditions in different geometrical configurations of MOCVD 

reactors.  Also, study the growth behavior of GaN thin films by scaling up the wafer size to increase 

the throughput. 
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