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CHAPTER I 
INTRODUCTION 

1.1 Overview 

 GaN is a wide direct band gap semiconductor which has attracted much attention for 

an application in optoelectronic devices technology [1-3]. The substance is very desirable in 

the fabrication of blue light emitting diodes (LEDs) and blue ray laser diodes (LDs) [1], used 

for high density optical storage. It is also utilized for applications under severe conditions 

such as an operation with high breakdown field [2], high frequency and high temperature [3]. 

An exploitation of zinc blende (cubic phase) GaN (c-GaN), which is a metastable phase of 

GaN, benefits the general uses of wurtzite (hexagonal phase) GaN (h-GaN) in many ways. For 

example, c-GaN can be grown on non-planar (001) cubic substrates such as GaAs (001) [4]. 

The technology developed for GaAs is therefore applicable. Additionally, compared to 

wurtzite crystals, zinc blende crystals are easier to be cleaved for laser facets, and also easier 

doping and contacting in device fabrications [4]. Also, zinc blende structure has higher 

symmetry than hexagonal structure. Then, superior properties such as higher drift velocity, 

drift mobility and carrier energy of electrons and holes are expected [5]. Furthermore, c-GaN 

grown along [001] direction has no spontaneous polarization or piezoelectric field, which 

affects an efficiency of h-GaN based LEDs structured along the c-axis [6]. Higher efficiency 

is then expected for an application in quantum optoelectronics. Also, c-GaN quantum wells 

are predicted to have higher optical gains than those of h-GaN quantum wells over a wide 

range of carrier density [7]. These advantages brought much interest to the development and 

quality of c-GaN.  

 Metal organic vapor phase epitaxy (MOVPE) is a growth method widely used in an 

industrial production. However, an inclusion of hexagonal phase GaN [8-11], which reduces 

the quality of light emitting, is usually observed in c-GaN grown films. To improve the crystal 

quality of c-GaN, selective area metalorganic vapor phase epitaxy (SA-MOVPE) becomes a 

promising technique. It is known that c-GaN layers grown by SA-MOVPE contain less 

density of planar defects [12, 13] compared to the layer grown under conventional MOVPE. 

Another interesting property of SA-MOVPE technique is a selectivity of the growth area. This 
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technique has been widely utilized in the fabrication of nano-structures such as quantum dots 

[14, 15] and quantum wires [16]. Moreover, anisotropic growth features were usually 

observed with different pattern orientations [17, 18]. The method is then attracted attentions 

among the fabrication of quantum wells, which requires the presence of distinct crystal facets 

[19]. Besides the observation of anisotropic growth features, the orientations were also found 

to have effects on the film growth rates both in lateral and vertical directions [20, 21]. Also, 

the growth rate was found to depend strongly on the fill factor – defined as the ratio of the 

open width to the pattern period [22, 23]. More interestingly, an abnormal growth rate 

enhancement was usually found near masks and distinct facets [24]. Therefore, to control the 

growth under SA-MOVPE, an understanding in the effects of different growth condition is 

required. 

 It is known that there are two main mechanisms governing SA-MOVPE, i.e. vapor 

phase diffusion (VPD) and surface migration (SM). For wide opening width (>10s μm), the 

VPD effect was found to dominate, and the surface migration effect was negligible [25]. 

Interestingly, it was observed that, in the case of a layer with (111)B sidewalls, the SM effects 

made more contributions with an increasing of the thickness [26]. Also, the SM effect 

becomes less dominant when the length of (111)B facets become larger than a certain value 

[27]. The SM effect is therefore time dependent. However, all the results mentioned above 

were focused on selective areas with wide open windows. The surface migration effects in 

those cases were therefore limited to occur only in the region near the edges of an open 

window.  

In this work, we focus on a selective area growth with narrow open windows (<10 µm) 

in order to investigate the effects of VPD and SM on the growth features of c-GaN.  

1.2 Objectives and organization of the thesis 

 This work aims for an understanding of the growth mechanisms of SA growth via 

metal organic vapor phase epitaxy. The focus is on the growth features, i.e. morphologies and 

growth rate of cubic GaN narrow stripes with a few micron width. Two main growth 

mechanisms in SA growth, namely VPD and SM processes, will be investigated.  The final 

goal is to find the way to control the growth features of c-GaN.  
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The thesis is organized as follows. 

 Chapter 2 is a brief review of experimental and theoretical background in SA-MOVPE. 

The main contents are the details of selective area MOVPE growth method including 

experimental results of SA c-GaN and the review of diffusion models: VPD and SM models.  

 Chapter 3 gives details about our experiments and modeling. In the part of 

experiments, information of the growth system, experimental results and discussion will be 

provided. In modeling part, the derivations and our modifications of VPD model and SM 

model will be described.  

 Chapter 4 gives the results simulated using VPD model. Aspects of diffusion process 

and the physical meaning of parameters will be drawn and discussed. The morphologies of the 

actual films and the simulation results will be compared. The growth condition where the 

surface migration process starts to be noticeable is also given.  

 Chapter 5 provides the results simulated using VPD model including SM effects. The 

influence of SM on the thickness and morphologies will be investigated by varying the 

parameters in SM model. The physical meaning of these parameters will be drawn and 

interpreted in term of growth conditions.  

 Finally, Chapter 6 gives the conclusions of the thesis. 

 

 

 

 

 



          

CHAPTER II 
BACKGROUND 

 In this chapter, a brief review of experimental and theoretical background pertaining to 

SA-MOVPE is provided. In the first two sections, details of SA-MOVPE growth process and 

previous experimental results of SA c-GaN films are given. In the last part, a brief review of 

diffusion models is described. This part is divided into two subsections, which give details of 

VPD models with and without an addition of surface migration effects respectively.  

2.1 Selective area MOVPE 

 MOVPE is a deposition process widely used for an epitaxial film growth, i.e. growing 

a film layer with a single crystal structure on top of a crystalline substrate. This method has 

been extensively utilized for an epitaxial growth of III-V semiconductors, such as gallium 

arsenide (GaAs) and gallium nitride (GaN). Its advantages are, for example, its low growth 

rate with good uniformity, high flexibility for different growth materials and capable of 

expanding to commercial production. MOVPE can be also called as metalorganic chemical 

vapor deposition (MOCVD). Both of these names result from their unique characteristics, i.e. 

the film constituents, which are metalorganic compounds for group III precursors and 

 
 

Fig. 2.1 Horizontal reactor of metal organic vapor phase epitaxy system 



 5

metalorganic and/or hydride compounds for group V precursors, will be changed into their 

gaseous forms before reacting through chemical processes to form compounds. A picture of 

an MOVPE reactor is shown in Fig. 2.1. 

 MOVPE growth method is highly complex in both physical and chemical aspects. In 

this chapter, we describe only the details applied in this work. For more details, we refer to the 

work of G. B. Stringfellow [28, 29]. During the growth process, precursors will be firstly 

changed into vapors in the input zone before carried by a carrier gas through a system of tubes 

to the reactor chamber. The precursors will be transported via an imposed pressure gradient 

controlled by the pressure adjusting unit. Then, those vapors will enter the mixing zone where 

they will be mixed to form a homogeneous fluid. This homogeneous fluid will be forced to 

flow above the substrate, which is heated underneath by a suscepter. Due to a concentration 

gradient between the fluid layer and the region near the substrate surface, the precursor 

molecules will travel toward the substrate surface and break through pyrolysis reactions into 

smaller parts at the surface. Because the concentration of gaseous precursors above the 

substrate was adjusted to be much higher than its equilibrium value, thermodynamic driving 

force will drive the gaseous precursors to solidify on the surface. To make solidification, those 

precursors may react chemically in their gaseous forms and adsorbed on the substrate surface 

to form the film. Alternatively, they can also be adsorbed directly on the surface in the form of 

free adatoms before diffuse laterally to find a suitable place on the surface to form a 

Fig. 2.2 Processes occurring during the growth under MOVPE process 
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compound and solidify. Byproducts of those chemical reactions will be pumped out through 

the exhaust gases treatment system. A schematic diagram of the processes occurring in the 

surface zone is shown in Fig. 2.2. 

 SA-MOVPE is a growth technique using MOVPE process. The process is capable of 

controlling over the area on which the deposition will occur. In this growth technique, 

dielectric materials such as SiO2 and SiNx will be firstly grown on the substrate as a mask 

layer. The area on the mask layer on which the deposition is required will be chemically 

etched to make an open window. The difference in the crystal structures between dielectric 

materials (amorphous) and the substrate (single crystal) leads the deposition of the precursors 

to occur preferably on the exposed substrate surface (window areas).  

 It was also observed that, under an improper growth condition, polycrystalline can also 

occur on the masks. The area selectivity in this case is therefore destroyed. Such situation was 

observed when the partial pressure of the precursors above the masks became higher than a 

certain critical value or when the growth temperature was too low [30]. In such conditions, the 

precursors do not have enough energy to move out of the mask area. Consequently, they 

deposit on the masks. Another situation is when the mask area is too large for the precursors 

to diffuse out of the mask. Therefore, growth conditions and growth patterns are very 

sensitive for SA growth.  

 SA growth usually has higher growth rate than a conventional MOVPE growth 

process, especially adjacent to mask edges [24, 31]. This is because, in SA growth, the growth 

is preferred on the exposed areas of the substrate surface. Therefore, an accumulation of 

precursors occurs above masks. A lateral concentration gradient of the precursors is therefore 

formed between the masks and the windows. Such lateral gradient was found to cause a 

growth rate enhancement in the region near masks. Therefore, a growth pattern with wider 

mask width gives higher growth rate [26]. An extent of the accumulation of precursors was 

observed to depend on the precursors’ diffusion mobility, the precursor species and growth 

conditions [31 - 33]. In the case of alloys growth, a compositional change was usually found 

near masks because of the difference in diffusion abilities of different group III precursors [27, 

31, 34-36]. 
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2.2 Selective area growth of cubic GaN 

 For SA c-GaN films, different growth features were observed with different mask 

orientations, different growth temperature, etc. It was found that c-GaN grown on opening 

stripes aligned along [110] direction on GaAs (001) substrates exhibited to have (111)B 

sidewalls as shown in Fig.2.3 (a) [37], 2.4 (a) [38], 2.5 (b) [17] and 2.6 (a, c and e) [39]. On 

the other hand, for [1-10] direction, different growth features were observed with different 

growth conditions. Wu et al. [37] and Sanorpim et al. [38] demonstrated c-GaN stripes with 

(311)A and (111)A sidewalls, as shown in Figs. 2.3(b) and 2.4(b). However, Shen et al. [17] 

reported the stripes with less inclined top surfaces instead of (311)A facets as illustrated in Fig. 

2.5(a). In case of c-GaN stripes aligned along the [100] direction, however, as shown in Figs. 

2.6 (b, d and f) [39], no distinct facets were observed. Table 2.1 summarizes the growth 

Table 2.1 Growth conditions of previously reported selective area cubic GaN  
 

Growth Conditions Wu et al. [37] Sanorpim et al. 

[38] 

Shen et al. [17] Sanorpim et al. 

[39] 

Substrate GaAs (100) GaAs (001) GaAs (001) GaAs (100) 

Pressure (Torr) 160 160 76 160 

Source (Ga, N) TMG, DMHy TMG, DMHy TEG, NH3 TMG, DMHy 

Mask Material/ 

Thickness (nm) 

SiNx/200 SiO2/200 SiO2/70 SiO2/200 

Mask Direction(s) [011], [01-1] [110], [1-10] [110], [1-10] [011], [001] 

Fill Factor 0.8 0.5 0.3 0.5 

GaAs/ 700/ 100-150

 

GaAs/ 700/ ~100 Buffer layer(s):  

     Material/  

     Temperature (oC)/      

     Thickness(nm) 

 

c-GaN/ 575/ 20 

c-GaN/ 600/ 20 

 

GaN/ 700/  700 

c-GaN/ 600/ 20 

Temperature (oC) 900 ~900 850 900, 930, 960 

V/III ratio Not specified Not specified Not specified 25 

Time (min) 30 Not specified 60 15 

 



          

 

               
 
Fig. 2.3 Cross-sectional SEM images of c-GaN grown on GaAs (001) for 30 min [37]. 
Stripe orientations are (a) [111] and (b) [1-10] directions. 
 
 

               
 
Fig. 2.4 Cross-sectional SEM images of c-GaN grown on GaAs (001) for 15 min [38]. 
Stripe orientations are (a) [110] and (b) [1-10] directions. 
 

 

                  
 
Fig. 2.5 Cross-sectional SEM images of c-GaN grown on GaAs (001) for 60 min [17]. 
Stripe orientations are (a) [1-10] and (b) [110] directions. 
 

(b)(a) 

(b)(a) 

8 
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(a) (b)

 
 

                 
 
 
 

                 

(d)(c) 

(e) (f)

 
 
Fig. 2.6 Cross-sectional SEM images of c-GaN grown on GaAs (001) at growth time of 
15 min [39]. (a), (c) and (e): the stripe orientation is [110] and the temperatures are 900, 
930 and 960 oC, respectively. (b), (d) and (f): the stripe orientation is [100] and the 
temperatures are 900, 930 and 960 oC, respectively. 
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conditions of c-GaN in each research group. The difference in growth features is still under 

investigation.  

 Sanorpim et al. [39] reported the effects of growth temperature on growth features of 

SA c-GaN. The c-GaN stripes along the [110] direction exhibited different facets on the top 

surfaces at different growth temperatures. The film top surfaces were found to change from 

inclined (811)B facets to planar (100) facets when the growth temperature was decreased from 

960 oC to 900 oC, as shown in Figs. 2.6 (a, c and e). On the other hand, there is no effect of 

growth temperature on the (111)B sidewalls of the c-GaN stripes.  

2.3 Diffusion models 

 It is known that fluid flow in MOVPE reactors is highly complicated due to the 

presence of turbulent flow from the nature of viscous fluid and the temperature gradient 

forming between the flowing fluid layer and the substrate surface. To understand a growth 

process in SA-MOVPE, therefore, some simplifications have been assumed and various 

models have been designed. A model will be applicable as long as it can describe a growth 

aspect of the film within a satisfactory limit. The models we used in this work are also based 

on several assumptions. The first assumption is that in the growing area, i.e. adjacent to 

substrate surface, convection and fluid effects are negligible. This type of model, which is 

known as “a diffusion model”, therefore considers only diffusion processes. 

In a diffusion model, the fluid flow adjacent to the substrate surface is usually assumed 

laminar and a stagnant layer is assumed between the substrate surface and the flowing fluid 

layer. Within this layer, it is believed that there are two mechanisms taking control over the 

lateral movement of the precursors, i.e. vapor phase diffusion (VPD) and surface migration 

(SM). For which processes are more or less dominant, it is distinguished by the distance from 

masks to the point of nucleation. For the distance larger than 10 μm, VPD was found to 

dominate [25]. For shorter distance, surface migration process must be taken into account. 

However, such a result was obtained from a growth experiment where the exposed area 

(window region) on the substrate surface is much larger than the area covered by dielectric 

material (mask region). This means that the perturbations from the adjacent patterns can be 

ignored.  
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 To understand the growth mechanism in SA-MOVPE, we are interested to apply the 

VPD model [25] and the SM model [40] to study the growth mechanism of SA c-GaN with 

narrower stripe patterns. Therefore, the models are used as tools to probe the growth 

phenomena.  

These two models are reviewed in section 2.3.1 and 2.3.2, respectively.  

2.3.1 Vapor phase diffusion model 

 The vapor phase diffusion (VPD) model was created by Gibbon et al. [25] with its 

benefits in simplicity and versatility.  It has been used extensively in SA growth with wide 

opening windows or high fill factor – defined as “a ratio of opening width to pattern period”. 

Typically, the window widths of several 10 μm were normally used, and the adjustable 

parameter in VPD model, D/k, was found to be about 50 μm or higher. Thus, the perturbation 

from the adjacent growth patterns can be neglected. 

 

 
 
Fig. 2.7 Diffusion equation and boundary conditions in vapor phase diffusion model [25] 
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 A schematic diagram of VPD model is shown in Fig. 2.7. In this model, a 

concentration of precursors will be solved from a diffusion model subjected to a set of 

boundary conditions. The film thickness profile will be deduced directly from the profile of 

the group III precursor’s concentration on the substrate surface. The model is based on several 

assumptions both from the characteristics of MOVPE process and from those of selective area 

growth. First, a lateral diffusion of group III precursors on the surface is ignored. This 

assumption was shown to be applicable for the area of consideration larger than several of 10 

μm [25]. Second, no forced convection is presented in the area adjacent to the substrate 

surface. Therefore, an existence of a stagnant layer, which is a region between the substrate 

surface and the flowing fluid layer, is assumed. An experimental observation of the formation 

of the stagnant layer was confirmed by Eversteyn et al. [41]. Finally, it is assumed that the 

stripes have a very long length and are aligned periodically. In an actual situation, the 

assumption of very long stripes is still applicable if the length of the stripes is longer than the 

lateral distance that the precursors can move.  

 Quantitative descriptions of the model are as follows. According to the concentration 

gradient between the fluid layer and the substrate surface, the precursors will diffuse from the 

homogeneous fluid layer through the stagnant layer toward the substrate surface. To obtain 

concentration of precursors on the substrate surface, the concentration in the entire stagnant 

layer must be obtained. Since there is no force convection in the stagnant layer, the diffusion 

process obeys the steady state diffusion equation, , where n is a concentration of the 

precursors in vapor phase. Then, a set of proper boundary conditions must be selected. Since 

the upper boundary of the stagnant layer connects to the homogeneous fluid layer, the 

concentration there can be assumed constant, i.e. independent of position (x) and time (t). 

Thus, the upper boundary condition is n = no. The left and right boundaries are chosen to 

locate at two symmetric points where the lateral flux of the precursors vanishes, i.e. 

02 =∇ n

0=∂∂ xnD or 0=∂∂ xn . In the case of Gibbon et al., such symmetric points were located at 

the center of two adjacent opening regions. Bottom boundary is located on the surface where 

regions of mask and window are concerned. Using the fact that the precursors adsorbed on the 

mask surface will be desorbed back into the vapor, the vertical flux of the precursors onto the 

mask vanishes, 0=∂∂ znD  or 0=∂∂ zn . On the other hand, the precursors are adsorbed 

with a certain probability before solidify on the window region. For simplicity, the growth 
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rate is assumed to be linearly dependent on concentration of precursors in vapor phase. 

Therefore, the vertical flux on window area is equivalent to the deposition rate, knznD =∂∂ , 

where D is the diffusion coefficient of the group-III precursors and k is the rate of adsorption.  

 However, with several simplifications, some delicate points are not taken into account. 

For example, any anisotropic properties of the crystal are assumed irrelevant. Diffusion 

coefficient was also assumed constant and position independent. The latter assumption is 

equivalent to the assumption of no temperature difference in the stagnant layer. In spite of the 

fact that the concentration on top of the stagnant layer was assumed position and time 

independent, the distribution of precursors on the surface is expected to be unperturbed if the 

height of the stagnant layer is large enough.  

 The most important parameter in the vapor phase diffusion model is D/k. It is known 

that D/k, which has dimension of length, represents lateral diffusion mobility of the precursors. 

Higher D/k gives higher mobility of precursors to diffuse and spread themselves thoroughly 

above the substrate surface. Effect of D/k on the thickness reported by Gibbon et al. [25] is 

shown in Fig. 2.8.  

Fig. 2.8 Calculated profiles of normalized excess thickness at different D/k. The profiles 
show the thickness versus distance from the center of the opening region between two 
adjacent masks. In this calculation, the pattern period and the height of the stagnant layer 
were equally set to 300 μm. [25] 
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 Since then, VPD model has been used extensively in the SA growth of many III-V 

semiconductors. The values of D/k observed in those cases are ranging from 50 to 100 μm. 

However, very recently, Shioda et al. [42] applied the model to the case of GaN and found a 

very interesting result that D/k of Ga precursors in the growth of SA GaN was much smaller 

than those in other III-V semiconductors. The D/k was found to be smaller than 10 μm. 

Therefore, the application of this model to the case of SA growth of c-GaN with narrower 

stripes (<10 µm) is probable.   

2.3.2 Surface migration model 

 A prediction from VPD model was found to successfully explain the film thickness 

profile in the region located farther than 10 µm from masks [40]. However, the deviation was 

observed adjacent to the mask edge [40]. To improve the correlation between experimental 

and the simulation results, Greenspan et al. [40] suggested an addition of SM effects of the 

precursors from no growth (111)B sidewalls, which are usually observed in the case of InP 

stripes aligned to [110] on (001) substrates. Model’s illustration is shown in Fig. 2.9. 

 As shown in Fig. 2.9, the adatoms absorbed on the no growth (111)B facets can either 

be desorbed or migrate to (001) top surface. Therefore, in order to calculate the total migration 

rate of precursors from the (111)B facets, the desorption rate and adsorption rate must be 

known before hand. The rate of adsorption at one position was obtained by using the 

assumption of Langmuir [43], i.e. the rate was equivalent to the product of a partial pressure 

of the precursors above the facets, the number of vacant atomic sites, and the adsorption 

constant. Similarly, the rate of desorption was the product of occupied atomic sites and the 

adsorption constant.  

 
 

Fig. 2.9 Diagram of the surface migration model designed by Greenspan et al. [40] 
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Therefore, the conservation of mass leads to Eq. (2.1), 

  ( ) ,01 =−−− sodia Nkpk θθ        (2.1) 

where ka is an adsorption constant, pi is a partial pressure of the precursors, θ is a percentage 

of occupied atomic sites, kd is a desorption constant and Nso is a surface migration rate. 

Moreover, since the concentration of group V precursors in typical growth conditions of III-V 

semiconductors will be much higher than that of group III, we can assume the percentage of 

occupied atomic sites of group III precursors to be very small, θIII ൎ 0. The migration rate on 

(111)B facets is, therefore, 

           (2.2) .pkN iaso ≅

Concerning the case where the inclined length of the sidewall does not exceed the surface 

migration length of the precursors on the facet, the total number of adatoms migrating from 

the (111)B facets is the product of the migration rate and the area of the facet. Therefore, 

considering the cross section of each stripe, the total number of the migrating adatoms to the 

edges (the point connected the (111)B facet and the top surface) is soso hNn = , where h is the 

inclined length of the (111)B sidewall. The value of h can be calculated from the growth rate 

(rg) which is obtained from simulation using the VPD model. Therefore, the inclined height h 

is ( )o551−= sintrh g , where t is the growth time, 55o is the inclined angle of (111)B facet when 

measured from (001) plane. Consequently, the total number of adatoms at the edges is found 

to be ( )o551−sin

son

= ptkrn iagso . The concentration of migrating adatoms at a position on (001) 

surface can then be calculated from time dependent surface diffusion equation with the 

boundary condition of . That is,  

  
τ
n

x
nD

t
n ss

s
s −

∂
∂

=
∂
∂

2

2

 ,       (2.3) 

where Ds is a surface diffusion constant and τ  is a mean lifetime of precursor. In the work of 

Greenspan et al. [40], the origin ( ) was set at the left boundary between (111)B facet and 

(001) surface, as shown in Fig 2.10. The boundary conditions are given by: 

0=x

    ( ) ( )
( ) ,AtWx,tn

,Attsinpkrx,tn

s

iags

==

≡==
−1

550 o
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Fig. 2.10 The thickness profile as a function of the distance from mask. The solid curve is the 
measured value. The broken and dotted curves are the calculated profile from vapor phase 
diffusion model and surface migration model, respectively. [40] 

and         (2.4) ( ) .x,tns 00 ==

where W is a width of (001) opening surface. For t>>τ, the total number of adatoms was 

shown to be 

   ( ) ( )( )LxWLx
s eeAtx,tn −−− += ,    (2.5) 

where L2 = Dsτ is the surface diffusion length of the group III precursors on (001) surface. The 

film thickness is then calculated from 

   ( ) ( ) ( )∫
τ

+=
t

s
g

g duu,xn
k

txrx,tT
0

,    (2.6) 

where, kg is a molecular volume of InP. Fig. 2.10 shows the results of the SM model 

compared to the results obtained from the VPD model.  It is clearly seen that correlation 

between experimental and simulated results at the edge regions is remarkably improved. 

 The SM model was also applied in many cases for both compounds and alloys. For 

instance, Shioda et al. [27] showed an observation of time dependent surface migration. 

However, all the results were obtained from studies of SA growth with wide stripe patterns 

(opening width > 50 μm width). Therefore, the surface migration contribution does not have 
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much effect on the growth rate at the center of the opening window. An observation of the SM 

contribution was limited to the region near edges. However, we believed that the effects will 

be much stronger for SA growth with narrower stripe patterns. Therefore, this model is a 

promising tool to investigate the SA growth of c-GaN with narrow stripe patterns (<10 µm). 

Investigational results will lead us to find the way to optimize growth conditions in order to 

control the growth feature of SA c-GaN. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER III 
EXPERIMENT AND MODELING 

 This chapter is divided into two parts: experiments and modeling. Details of 

experimental set up such as growth method and growth conditions are given and followed by 

results and discussion. Then, derivations and modifications of VPD model and SM model are 

described. Simulation results of these two models will be given and discussed later in chapters 

4 and 5. 

3.1 Experiment   

3.1.1 Growth of SA c-GaN 

 In order to understand growth mechanisms of selective area (SA) growth via MOVPE 

for narrow stripe patterns, we designed to use the pattern, which composed of mask stripe 

alternating with opening stripe. Width of mask stripe (M) was fixed at 4.2 μm in all samples, 

while width of opening stripes (W) of each sample was varied. Each sample will be labeled by 

its fill factor – defined as the ratio of opening width (W) to the pattern period (W+M). The fill 

factors used in this work are 0.35, 0.48, 0.58, 0.72 and 1.00. The reference sample is the c-

GaN film with no mask (fill factor of 1.00). All samples were grown under the same growth 

conditions. Details of SA-MOVPE are described as follows.     

 All the c-GaN samples were grown on pre-patterned GaAs (001) substrates under low-

pressure (160 Torr) MOVPE system. To make a pattern on the substrate, 200 nm-thick SiNx 

layer was firstly deposited on the GaAs substrates by CVD technique. Then, the SiN layer was 

etched to make a periodic pattern of opening stripes. Mask width was fixed at 4.2 μm for all 

samples. The width of opening stripes was varied to adjust the value of fill factor: 0.35, 0.48, 

0.58 and 0.72. After patterning the substrate surface, low-temperature GaAs buffer layer 

(~100 nm thickness) and GaN buffer layer (~20 nm thickness) were grown at 700°C and 

600°C, respectively. After the growth of the buffer layers, c-GaN layer was grown at 900oC. 

Trimethylgallium (TMGa), AsH3 and dimethylhydrazine (DMHy) were used as the source 

materials of Ga, As and N, respectively.  
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 To analyze the pattern effects on the growth feature, scanning electron microscopy 

(SEM) measurements were performed. Thickness of each sample was examined from SEM 

images to obtain normalized growth rate, which is defined as the ratio of the thickness at a 

certain fill factor to the thickness at fill factor 1.00 (no mask condition).  

3.1.2 Results and discussion  

 Figure 3.1 shows cross-sectional SEM images of c-GaN stripes with fill factors of (a) 

0.35, (b) 0.48, (c) 0.58 and (d) 0.72. It is clearly seen that the selectivity is good for all 

samples, as no deposition occur on masks. All the samples show cross-section with a 

trapezoidal shape with very flat (111)B sidewalls and rough (001) top surface. The growth 

rate enhancement is clearly seen near the edges or at boundary between (001) top surface and 

(111)B sidewalls. 

 Normalized growth rate as a function of fill factor is shown in Fig. 3.2. It is evidenced 

that normalized growth rate of c-GaN stripes with smaller fill factor is remarkably higher than 

(a) (b)

(c) (d)

 
 
Fig. 3.1 Bird eye view SEM images of SA c-GaN on GaAs (001) substrates with stripe pattern 
along [110] direction and fill factor of (a) 0.35, (b) 0.48, (c) 0.58 and (d) 0.72.  
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Fig. 3.2 Normalized growth rate of c-GaN stripes grown on a GaAs (001) substrate patterned 
lengthwise along [110] direction as a function of fill factor 

that of c-GaN stripes with greater fill factor. Compared to c-GaN film with no mask, the 

growth rate of SA c-GaN stripes is enhanced, indicating growth rate enhancement due to SA 

growth technique. 

 Figure 3.3 shows cross-sectional transmission electron microscopy (TEM) images of a 

c-GaN stripe grown at the same growth condition with SiO2 mask material, which were 

    
Fig. 3.3 (a) Low-magnification and (b) higher magnification transmission electron 
microscopy (TEM) images of GaN stripes with fill factor of 0.5 and mask width of 3 μm. The 
stripe is oriented along the [110] direction. [38] 

(b)(a) 
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(a)   Growth time 15 min (b)   Growth time 20 min

 
Fig. 3.4 Bird eye view SEM images of c-GaN stripes on [110]-patterned GaAs (001) 
substrates grown at 880 oC with growth times of (a) 15 min and (b) 20 min. 

reported by Sanorpim et al. [38]. It was found that GaN crystallized in cubic structure only in 

the region above the opening surface of the substrate. On the other hand, pure hexagonal 

structure of GaN was observed to be laterally overgrown on the mask regions.   

3.1.3 Growth features of c-GaN stripes as time proceeds 

 Interestingly, GaN was found to grow only on the opening region without any lateral 

overgrowth until a certain growth time. Figure 3.4 shows SEM images of c-GaN stripes 

grown at 880oC for (a) 15 and (b) 20 min oriented along the [110] direction. Growth 

conditions of these films are identical. As seen in Fig. 3.4 (a), deposition of c-GaN occurred 

only above the opening region. On the other hand, lateral overgrowth later occurred for the 

film with longer growth time (20 min) as shown in Fig. 3.4 (b).  

3.2 Modeling 

3.2.1 Vapor phase diffusion model 

 Diffusion equation and boundary conditions appearing in the vapor phase diffusion 

model being used in our analysis are illustrated in Fig. 3.5. The area above the substrate 

surface is assumed stagnant, i.e. forced convection is not concerned. Thus, according to the 

conservation of mass, group III precursor (Ga) concentration (u) in the area of the stagnant 

layer satisfies a steady state diffusion equation with no source term, . Above the 

stagnant layer, which is the zone under the influence of fluid flow, the flowing substances are 

assumed well mixed and homogeneous. The Ga concentration above the stagnant layer is then 

0=Δu
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assumed constant, time and position independent. The left and right boundaries are chosen to 

be located at the center of two adjacent mask stripes and imposed the condition of no lateral 

flux of Ga precursors due to their symmetry, 0=∂∂ xu . The bottom boundary is located on 

the surface where two different types of area must be concerned, i.e. the opening region and 

the region covered with mask. On the opening region, the condition of continuous flux is 

applied in conjunction with Langmuir isotherm [43] and Fick’s law. This results 

in kuyuD =∂∂ , where D and k are diffusion coefficient and deposition rate constant, 

respectively. According to the growth results, no growth on the masks is assumed. Therefore, 

the condition 0=∂∂ yu  was applied on the mask area.  

 In order to investigate effects of VPD process on c-GaN narrow stripes, VPD model 

was translated into a computational program using MATLAB. To solve the diffusion equation 

with the boundary conditions, a finite different method was applied. The area in the stagnant 

layer was considered as a rectangular grid system. The grid spacing in the vertical and 

horizontal directions was set independently. At all grid points, the diffusion equation was 

changed to a finite difference equation. The central difference approximation was applied at 

all the points located inside the boundary. At the points on the left, right and bottom 

boundaries, the equation was adapted by using a forward or backward difference 

approximation in conjunction with the imposed boundary conditions. All the points at the 

topmost of the rectangular domain were equally fixed to a certain constant at all time. 

 
Fig. 3.5 Diffusion equation and boundary conditions in vapor phase diffusion m

 
odel 

x 

y 
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 Concerning the nature of diffusion process, the precursor concentration will vary until 

the saturation occurs. Therefore, the program was set to cease when the percent of 

concentration difference (between the present and the previous round) at the center of the 

opening region on the substrate surface is less than a specific value (0.5%). To get rid of an 

unnecessary retardation resulted from too many calculations and to avoid an unwanted stop 

resulted from a too small variation of the concentration which always happens during the 

initial stage of the running, the calculation of the percent of difference was set to execute only 

when the program is running through a set of specific round numbers. In this work, the 

calculation was set to perform when the program reaches a round number which is an integral 

multiple of 10,000 i.e. the round number 10,000, 20,000, 30,000, etc.    

3.2.2 Surface migration model 

 Surface migration process was shown to have noticeable effects in the area within 10 

μm distance from no growth area [25]. Therefore, in the case where the opening width is 

comparable to 10 μm, surface migration effects should be concerned. According to the 

experimental results, Figs. 3.3 and 3.4, we believed that the c-GaN stripes possibly grew 

under two-step growth process as shown in Fig. 3.6. In the first step, c-GaN grows directly on 

the opening region of the substrate surface with a trapezoid shape with (111)B sidewalls. In 

this stage, the growth rate of (111)B facets was assumed to be negligibly low until the length 

of the facet exceeded the surface diffusion length of the Ga precursors [33]. The second step, 

namely lateral overgrowth, will begin after the length of the (111)B facets exceeds the 

 
 

Fig. 3.6 Schematic diagram of two-step growth process [38] 
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diffusion length of the Ga precursors, resulting in both lateral and vertical growth. Without 

disturbance, this stage would continue until coalescence. 

 The experimental supports of the two-step growth model are as follows. As shown in 

Fig. 3.1, (111)B facets appear apparently as sidewalls of the c-GaN stripes. Moreover, 

according to TEM results of SA c-GaN films grown at the same growth conditions shown in 

Figs. 3.3 (a) and (b), the films have cubic structure only in the trapezoidal region (region I, the 

first step growth) above the opening substrate surface, which was bounded by (111)B 

sidewalls. For the lateral growth region (region II, the second step growth) which started from 

(111)B facets, GaN crystallizes in hexagonal phase. This difference in the crystal structures 

suggested two different growth processes. To analyze the growth features of c-GaN stripes 

above the opening regions, we therefore ignored the lateral growth. 

 According to two-step growth model, during the first step, the surface migration model 

of Greenspan et al. [40] can be applied. The schematic diagram of the first-step growth is 

shown in Fig. 3.7. In this work, the origin of x axis on (001) plane was located at the center of 

the opening region. The reason of changing the position from the model used in Greenspan et 

al.’s work is to enable the upcoming solution to be applied to a more general case, i.e. the case 

where the decreasing in the width of the opening region is concerned.  Consequently, the 

surface diffusion equation is  

 
τ

−
∂
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=
∂
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n

s 2

2
.        (3.1) 

 
Fig. 3.7 Schematic diagram of the first-step growth process in which no lateral overgrowth is 
involved 
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in conjunction with 

 ,     (3.2) ( ) ( ) Att.sinpkrKx,tn iag ≡=±=
−1

754 o

 ,         (3.3) ( ) 00 == x,tn

where n is a concentration of group III precursors on (001) surface, x is a position from the 

centre of the open window, t is a growth time, Ds is a surface diffusion constant of group III 

precursors on (001) surface, τ is an average lifetime of group III precursors on (001) surface, 

rg is the growth rate derived from VPD model, ka is an adsorption constant of group III 

precursors on (111)B facet, pi is a partial pressure of group III precursors on (111)B facet and 

K is a half of the opening width. To solve Eq. (3.1) with boundary conditions (3.2)-(3.3), let 

us consider a function in a form of 

 ( ) ( x,tnex,tu t τ= ) .        (3.4) 

Substituting Eq. (3.4) into Eqs. (3.1)-(3.3), we obtain 
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with 

 ( ) AteKx,tu t τ=±= ,        (3.6) 

 .         (3.7) ( ) 00 == x,tu

Then, let  

 ( ) ( ) Atex,tux,tv t τ−= .       (3.8) 

Substituting Eq. (3.8) into Eqs. (3.5)-(3.7), we obtain 
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To solve Eq. (3.9) with boundary conditions (3.10)-(3.11), we note that the solution of these 

equations must be symmetric around the origin, i.e. the solution must be an even function. 

Therefore, we expect the solution to be expandable by cosine Fourier series. Therefore, we try 

the solution in the following form: 

 .       (3.12)  ( ) ( ) ( )∑ λ=
∞

=1n
nn xcostCx,tv

The boundary condition (3.10) suggests 
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The coefficient Sn(t) can be obtained from the relation, 
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Substitute Eqs. (3.12), (3.14) and (3.15) into Eq. (3.9). We obtain 
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which implies that the coefficients of cos(λnx) vanish for all n. 

We solved Eq. (3.16) by using the formula: 
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where c1 is a constant of integration.  
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Since 
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Using Eq. (3.11), we obtain  
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Substituting Eq. (3.21) into Eq. (3.20), we obtain 
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Using the approximation that t/τ >>1, we therefore obtain 
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We define L2 = Dsτ as the surface migration length of the precursor on the (001) surface.  

Therefore, 
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Substitute Eq. (3.24) into Eqs. (3.12), (3.8) and (3.4). We obtain 

 ( ) ( ) ( xcos
L

t
LK

AAtx,tn n
n nnn

λ∑ ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

+λ
−

τ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

+λ
τ

λ
−⋅

+=
∞

=1
2222 1

1
1

12 )
n

  

 ( ) ( xcos
LK

AtAt n
n nn

λ∑ ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

+λλ
−⋅

+≅
∞

=1
22 1

112           )
n

    (3.25) 

where we have used 
122 +λ

>>
τ nL

1t

∞

. 

 In order to generate a function from the series appearing in Eq. (3.25), we consider 

cosine Fourier series of a hyperbolic cosine function, . Its 

coefficients are 
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Integrating Eq. (3.27) twice, we obtain 
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( ) 0where and c are constants of integration. Since 2c 3 =λ± K 0cos for all n, we obtainn 2 =c
( )

 

and 2a
cosh

3
aKc −= . Comparing Eq. (3.28) and Eq. (3.25), we obtain 
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where . Alternatively, Eq. (3.29) can be rewritten as  ( ) (111754 lpkpk.sintrAt iaiag == o )1−

( ) ( ) ( ) ( )LKcosh
lpkx,tn ia 111≅

Lxcosh .      (3.30) 

That is, the diffusion equation (3.1) with boundary conditions (3.2) and (3.3) predicts the 

precursor concentration profile on the surface to be a linearly function of growth time.          

Eq. (3.29) also leads the thickness to be composed of two terms as shown in Eq. (3.31). 
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where kg is molecular volume of the film. The first term on the right hand side of the thickness 

equation (3.31) resulted from VPD process, while the second term represents the surface 

contribution. To obtain the growth rate of the film, consider the first derivative of Eq. (3.31). 
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This indicates that surface contribution effects lead the growth rate to depend linearly on time 

instead of being time independent as observed in the case of VPD model. 

 It should be note that during the derivation, we have calculated l(111) using the growth 

rate calculated from VPD model, i.e. l(111) was assumed to grow with time-independent 

growth rate. However, Eq. (3.31) suggested that time dependent aspects exist in this case. To 

improve, therefore, l(111) was modified to be derived from the thickness equation (3.31). 

Therefore, Eqs. (3.1) to (3.3) will change to be 
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Using  

 ( )t τ x,tnex,tu = ,        (3.35) 

and substituting Eq. (3.35) into Eqs. (3.32)-(3.34), we obtain 
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with 

 ( ) ( )2BtAteKx,tu t +=±= τ ,       (3.37) 

 .         (3.38) ( ) 00 == x,tu
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Then, let  

 ( ) ( ) ( )2BtAtex,tux,tv t +−= τ .      (3.39) 

Substituting Eq. (3.39) into Eqs. (3.36)-(3.38), we obtain 
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To solve Eq. (3.40) with boundary conditions (3.41) - (3.42), we try the solution in the form, 
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which was suggested by the symmetry of the equations around the point (x = 0). 
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We obtain 
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Substitute Eqs. (3.43), (3.14), (3.15), (3.45) and (3.46) into Eq. (3.40). We obtain 
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Solve for Cn by using the formula: 

 ∫ λ−∫ ′λ

∫ λ
∫ ′λ

∫ λ
+⎟

⎠
⎞⎜

⎝
⎛ ∫ ⋅⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
−⎟

⎠
⎞⎜

⎝
⎛ ∫ ⋅⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
−= dtDtdD

ndtD

tdD
ndtDn

nsns

ns

ns

ns
ecdteQ

e
dteS

e
C

22

2

2

2 1
1 1  

 

( )

( ) ,ecdttte
K

B

e

dtte
K

A

e

tD
tD

n

n

dtD

tD

n

n

dtD

ns
ns

ns

ns

ns

2
2

2

2

2

1

21

2121        

1121      

λ−
⋅⎟

⎠
⎞

⎜
⎝
⎛

τ
+λ

∫ λ

⋅⎟
⎠

⎜
⎝ τ

+λ

∫ λ

+
⎟⎟
⎟

⎠

⎞

⎜⎜
⎜

⎝

⎛
∫ ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛

τ
+⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛

λ
−

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
+

⎟⎟
⎟

⎠

⎞

⎜⎜
⎜

⎝

⎛
∫ ⎟

⎠
⎞

⎜
⎝
⎛

τ
+⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛

λ
−

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
=

1 ⎞⎛

. (3.48) 

where is a constant of integration. Consider the second term on the right hand side.  1c
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and  
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Therefore,  
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Using Eq. (3.42), we found . Therefore,  0=c1
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Consequently, 
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           (3.53) 

The second and third terms on the right hand side of Eq. (3.53) are very small compared to the 

first term. Therefore, 
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Compared with Eq. (3.31), Eq. (3.54) also predicts the thickness to be composed of two terms, 

i.e. the first term resulting from VPD effects and the other term resulting from SM effects. 

However, the surface contribution effects in Eq. (3.54) led the latter to depend on a square of 

growth time instead of being a linearly function as appearing in Eq. (3.31). This implies that 

the power function of time appearing in the latter term was governed by the function of l(111) 

growth rate. Also, it should be noted that Eqs. (3.54) and (3.29) suggest that n(t,x) can be 

written in the form of Eq. (3.30), i.e. 

 ( ) ( ) ( )
( )LKcosh

Lxcoshlpkx,tn ia ⋅⋅≅ 111 .      (3.55) 

This suggests that the precursors’ concentration on (001) surface depend linearly on the length 

of l(111). 

 However, the solution we have obtained so far results only when we neglect the 

decrease of the width of the opening stripes. As we are interested in the case of narrow stripes 

(width of the opening region is less than 10 μm), the decreasing of the opening width should 

be also taken into account. This lead the problem to be a partial differential equation subjected 

to time-dependent boundary condition: 
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with 

 ( ) (111lpktK( ) )~x,tn ia ⋅=±= ,       (3.57) 

 ,         (3.58) ( ) == x,tn 00

where ( ) ( ) ( )o754111 .coslKtK −=~  is a half of the actual opening region, i.e. a half of the 

opening region when the area of (111)B facets is also considered. Time dependent aspect 

appearing in Eq. (3.57) leads to a complicated problem which cannot be solved by using the 

same method. However, by using an approximation that the increasing of l(111) over time is 

small, the solution (3.55) can still be applicable. That is, the solution of Eqs. (3.56)-(3.58) can 

be approximate in the form of 

 ( ) ( ) ( )
( )( )LtK~cosh

Lxcoshlpkx,tn ia ⋅⋅≅ 111 .      (3.59) 

 To analyze the error of Eq. (3.59), we substitute Eq. (3.59) into Eqs. (3.56)-(3.58). It 

can be seen that the solution satisfies the boundary conditions (3.57) and (3.58). However, an 

error occurs in Eq. (3.56) as 
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while the error of the solution (3.55) is  

 ( )
dt

dl
dt
d 111

∝
Δ .   

( ) ( )t
dt

δ⋅=
dl 111 ,        (3.61)         



 35

  
Figs. 3.8 (a) - (e) show the variation of function δ(t) appearing in Eq. (3.60) as a function of 
K~  of the stripe with fill factor 0.35 (K = 0.13 μm), which is the smallest fill factor of the 
samples used in our work. The function δ(t) in Figs. (a) to (e) were simulated at different 
values of L: 0.2, 0.4, 0.6, 0.8, 1.0 respectively. Figure (f) is the function δ(t) in Eq. (3.61), 
which is constant (equal to one), independent on L. 

(a)

(b)

(c)
(d)

(e)
(f) 

K~

where δ(t) in Eq. (3.61) is constant (equal to one) and time independent for all L. The 

propagations of error in Eqs. (3.60) and (3.61) at different value of L are shown in Fig. 3.8. 

Under this assumption that Eq. (3.59) is applicable, the thickness becomes 
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 It can be seen that surface migration model contains two unknown parameters i.e. the 

surface migration length on (001) surface ( τ= sDL ) and the product of an adsorption 

constant (ka), a partial pressure of group III precursors on (111)B facet (pi), a molecular 

volume of the film (kg), and an inverse of average lifetime of group III precursors on (001) 
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surface (1/τ), i.e. kgkapi/τ . For simplicity, the latter product will be named as the weight of 

surface migration contribution. Theoretically, surface migration length on (001) surface 

represents the distance that group III precursors can migrate from the edge to the inner region 

of (001) top surface. The weight of surface migration contribution indicates the extent of 

surface migration contribution on the film growth rate and thickness. 

 To further understand surface migration effects, surface migration model derived in 

this chapter will be applied to simulate the growth rate and thickness of c-GaN narrow stripes. 

The results and discussion will be shown in chapter 5. The thickness of the film will be 

calculated and compared with experimental results. The meaning of L and the weight of 

surface migration contribution will be drawn, and the best-fit values for c-GaN narrow stripes 

in the considered growth condition will be given.   
 



CHAPTER IV 
VAPOR PHASE DIFFUSION MODEL:  

RESULTS AND DISCUSSION 

 The results simulated by using VPD model in conjunction with boundary conditions 

illustrated in the chapter 3 will be demonstrated and discussed. The goal of this chapter is to 

evaluate the capability of VPD model in SA growth with narrow stripe patterns and to 

understand the effects of VPD on growth rate and morphologies. Moreover, to understand the 

growth mechanisms in SA growth, physical meaning of the parameter in the model will be 

drawn and discussed.  

4.1 Unknown parameters  

 To simulate growth rate profiles of SA c-GaN, VPD model was applied with a finite 

different method. During this stage, VPD will be taken as the only mechanism governing 

lateral movement of the Ga precursors from masks to the open windows under group-V-

overpressure growth condition. Surface migration effect was ignored.   

 The concentration at a certain point in stagnant layer was calculated via a steady state 

differential equation in conjunction with proper boundary conditions as described in chapter 3. 

 
 

Fig. 4.1 Normalized thickness profiles as a function of fill factor with typical values of D/k 
and mask width of 50 and 4.2 μm, respectively. H value was varied from 500 to 2,000 µm. 
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At top boundary of the stagnant layer, the concentration was fixed as a constant with 

independent of position and time. However, it is found that the height (H) of the stagnant 

layer must be high enough in order to suppress any distribution of the precursors at the 

boundary of the stagnant layer on the concentration’s profile at the substrate surface. 

 We have used the height of the stagnant layer, H = 1,000 μm, which is approximately 

100 times wider than the period of stripe pattern with highest fill factor of 0.72. To justify its 

applicability, the value of H was varied to analyze the upcoming results whether the variation 

of H affects the concentration profile. Figure 4.1 shows normalized thickness via VPD model 

as a function of fill factor with typical value of D/k and mask width of 50 μm and 4.2 μm, 

respectively. Value of H was varied from 500 to 2,000 µm. It is seen that the variation of H 

has a small influence on the thickness profile. An increase in H results in an increase of 

thickness and tends to saturate at higher values (>1,000 µm). Thus, in order to further reduce 

the error, the value of H in all calculations was fixed at 1,000 μm. 

4.2 Steady state condition 

 In this section, we describe influence of iteration on concentration of Ga precursors, 

which is very alike to the case of growth proceed in a real growth process. Figure 4.2 shows 

concentration of Ga precursors at one position on the surface, increasing with iteration before 

getting saturated. During the first round, concentration of precursors just on the surface is very 

low. It is due to a limited number of precursors diffusing from the fluid layer and reaching the 

surface. As the iteration proceeds, more precursors can travel to the surface. This results in an 

increase of concentration on the surface. Saturation occurs when the rate of deposition equals 

the influx of precursors from the fluid layer. Thus, under saturation condition, concentration 

on the surface becomes saturate and iteration independent.  

Concentration profile of the entire stagnant layer when the saturation occurs is shown 

in Fig. 4.3. The simulated concentration profile is of the stripes with fill factor 0.3, mask 

width 4.2 μm and D/k of 50 μm.   

 Deposition rate at a certain position on the open surface, rg(x), can be drawn from the 

concentration profile through a linear proportional relation in the boundary condition: 

. Note that the deposition rate on masks was set to be zero by the boundary ( ) ( )xkuxr surfg =
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Fig. 4.2 Typical logarithm of the concentration on the surface as iteration proceeds. Fill 
factor, mask width and D/k used in this simulation are 0.3, 4.2 and 50 μm, respectively. 

condition of the model. To calculate the film thickness at a certain growth time, we make a 

simplification by assuming time independent growth rate. Under these assumptions, thickness 

as a function of fill factor can be obtained from  

  ( ) ( ) ( ) ,    FF;xkutFF;xrtFF;x,tT surfg ⋅=⋅=    (4.1)  

where FF is fill factor. 

 Concerning the problem of using arbitrary units from simulated values and the 

problem of how to fit the simulated results with experimental results, we normalized the 

simulated concentration for each fill factor by the simulated concentration at fill factor 1.00 or 

no-mask condition. Thus, the final concentration, which is plotted in the figure, has no unit. 

Substituting this unitless concentration into Eq. (4.1), we obtain a unitless thickness, namely 

normalized thickness.  
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(a) 

(b) 

 
 

Fig. 4.3 (a) Schematic diagram of the stagnant layer and (b) the concentration profile in the 
stagnant layer when saturation occurs 

4.3 Fill factor dependent thickness 

 Fill factor - defined as a ratio of the opening width to the pattern period - was observed 

to have profoundly effects on the growth rate of selective area c-GaN narrow stripes. As 

shown in chapter 3, a decrease in fill factor significantly raised the growth rate of the stripes. 

This is because the decrease in fill factor is the increase of the area covered with dielectric 

masks and therefore leads to higher accumulation of the precursors above the masks, on which 
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Fig. 4.4 Normalized thickness profiles of measured (stars) and simulated (lines) results of c-
GaN stripes along the [110] direction as a function of fill factor. 

no deposition can occur. Higher concentration gradients occur between masks and opening 

regions in between, on which the concentration of the precursors depletes due to the 

deposition of the gaseous precursors into solid compound. These higher concentration 

gradients lead to stronger lateral flux of precursors from above the masks to the opening 

regions and subsequently result in an enhancement of the growth rate on the opening regions.  

 To quantitatively analyze the effect of fill factor on growth rate enhancement, VPD 

model was applied to simulate the normalized thickness profile at different growth condition, 

i.e. at different D/k. The simulated results are shown compared to experimental data in Fig. 

4.4. The measured values were labeled by black stars with error bars, and the simulated 

normalized thickness profiles from VPD model were labeled by lines. Those normalized 

thicknesses were calculated by using Eq. (4.2), where the initial thickness was calculated from 

the concentration on the surface at the center of the opening region. As the normalized 

thickness has the same meaning as a multiple of growth rate enhancement, from now on we 

will call it shortly as growth rate enhancement (GRE).  

 In Fig. 4.4, it can be seen that GRE of small fill factor increases strongly with the 

decreasing of fill factor. When comparing the experimental results to the simulated ones, we 
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observed that the correlation between the GRE and the fill factor divided itself into two 

regions: the region of fill factors higher and smaller than 0.5 (0.5 is a roughly approximated 

value). In region I (fill factor greater than 0.5), the GRE of selective area c-GaN is found to 

agree very well with the simulated results from VPD model for D/k = 15 μm. In region II (fill 

factor smaller than 0.5), on the other hand, the experimental GREs are considerably higher 

than those predicted by VPD model with D/k = 15 μm. The deviation suggests a reduction of a 

proper D/k to be only a few micrometers. However, we have tried to improve the correlation 

by decreasing D/k below 1 μm but nevertheless we found that the profile of normalized 

thickness cannot be raised higher than the profile simulated with D/k = 1 μm, since the profile 

saturated. This deviation, therefore, indicates the limit of an application of VPD model for 

selective area growth of narrow stripes.  

 Concerning a possible source of this deviation, we believed that the neglect of surface 

migration process had caused this effect. That is, the trend of GRE in the region I (fill factor 

smaller than 0.5) cannot be explained by considering only the effects of vapor phase diffusion 

process. The deviation suggests non-negligible effects of surface migration process. Therefore, 

the difference between the simulated results with D/k = 15 μm and the experimental data 

indicates the extent of the contribution of the surface migration process. These results also 

suggest that fill factor can be used as a tool to distinguish the starting point at which surface 

migration process significantly takes effect. 

4.4 D/k dependent growth profiles 

 We have found that D/k has influences both on the surface profile i.e. curvature of the 

film surface and on the growth rate enhancement of the film. To understand the physical 

meaning of D/k on the film surface, cross-sectional normalized thickness profiles of c-GaN 

stripes with fill factor 0.58 at different D/k are shown in Fig. 4.5. It can be observed that the 

simulated film with D/k higher than 50 μm has a rather planar surface, while curved surface 

profiles was obtained for D/k smaller than 50 μm. Moreover, as increasing fill factor, the film 

surface tends to be more curved as shown in Fig. 4.6 (a), which demonstrates the comparison 

between the simulated normalized thicknesses at the center and edges of the opening region as 

a function of fill factors. The percent of difference between those two regions was also 

calculated and shown in Fig. 4.6 (b). It should be noted that the normalized thickness used in 



 43

Figs 4.6 (a) and (b) was defined differently from the normalized thickness defined in Eq. (4.2). 

For ease of demonstration, the normalized thickness at a certain fill factor in these two figures 

is defined as a ratio of the thickness at that fill factor to the thickness at fill factor 0.2, the 

smallest fill factor used in this case.   

 
 

Fig. 4.5 Simulated cross sectional picture of c-GaN stripes at D/k: 1, 50, 100 μm. 
 

 
 

Fig. 4.6 (a) The difference in normalized thickness at the center and edge of the opening 
region and (b) A percent of difference in the thickness at center and edge of the opening 
region as a function of fill factors at D/k: 1, 50 and 100 μm 

Edge Center 

(a) 

(b) 
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Fig. 4.7 Simulated normalized thickness at the center of window region as a function of D/k
at fill factors (FF): 0.25, 0.50, 0.75 and 1.00. 

 Figs. 4.5, 4.6 (a) and (b) indicate that the difference in GRE between the edges and the 

center lessens as the D/k increases. This implies that the precursors can diffuse with longer 

distance when D/k increases. The parameter D/k, which has a unit of length, can therefore be 

interpreted as an effective diffusion length of the Ga precursors. Note that, however, the effect 

of D/k on the surface profile is too small to take account of the actual surface profile observed 

in experimental c-GaN stripes in which the appearing of edges is very distinctive.  

 To examine the effects of D/k on the growth rate enhancement of selective area growth, 

the normalized thickness profile at constant fill factor as a function of D/k was observed. The 

results are shown in Fig. 4.5. In this simulation, the values of D/k were varied from 100 μm to 

approach zero. The fill factors were fixed at 0.25, 0.50, 0.75 and 1.00, and the mask width was 

fixed at 4.2 μm.  

 As shown in Fig. 4.5, at constant fill factor, the increase in D/k leads to a decrease of 

normalized thickness or GRE. This phenomena results from the fact that increasing D/k 

reduces the influence of the presence of masks on the opening regions, as the increasing of 

D/k gives the precursors higher mobility to diffuse from mask to opening regions. The 

increasing of D/k then lessens the accumulation of the precursors on masks and subsequently 
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reduces GRE. However, as can be observed from Fig. 4.7, the increasing of D/k was found to 

have smaller effects on selective area growth with higher fill factor.  

 To link the actual growth condition to the parameter D/k, we need to know how D and 

k relate to the growth parameters such as total pressure, temperature, type of precursors. 

According to kinetic theory, D relates to the growth parameters via 
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where kB is Boltzmann’s constant, T is the temperature of the surroundings, m1 and m2 are the 

masses of the two type of precursors, σ is the collision cross section and P is the total pressure 

[44]. The relation between k and the actual growth parameters is however much more 

complex. The constant involves many various chemical reactions, which is still under study. 

In our case, the effect of D/k on actual growth conditions can not be study much further than 

this, as we lack experimental data of the growth at different growth conditions.   

4.5 Summary 

 Vapor phase diffusion model was applied to the case of selective area growth of 

narrow stripes (mask width was fixed at 4.2 μm) to analyze the effects of vapor phase 

diffusion process. Even though the model is based on steady state equations, time dependent 

aspect still appeared through the results at different rounds of iteration. Despite of being 

applied on a narrow stripe case, the model was found to agree very well for the film with fill 

factor higher than 0.5 where the best-fit D/k was found to be 15 μm. For smaller fill factor, 

surface migration process was found to have non-negligible effects and therefore must be 

concerned. For better understanding, the effects of the only parameter in the model, D/k, were 

studied. The parameter was found to indicate the precursor mobility and consequently 

interpreted as an effective diffusion length of group III precursors. However, the effect of D/k 

was found to be too small to explain the morphology on the film surface. Surface migration is 

therefore required for the study of the surface morphology for narrow stripe selective area 

growth.  



  
  

CHAPTER V 
SURFACE MIGRATION EFFECTS: 

RESULTS AND DISCUSSION 

 In this chapter, the results simulated using VPD model with an addition of SM effects 

are discussed. The influence of surface migration process on the thickness of SA GaN narrow 

stripes along [110] direction was analyzed by varying the parameters in SM model, namely 

the surface migration length (L) and the weight of surface migration contribution, which is 

defined as the product of an adsorption constant (ka), a partial pressure of group III precursors 

on (111)B facet (pi), a molecular volume of the film (kg) and an inverse of average lifetime of 

group III precursors on (001) surface (1/τ), i.e. kgkapi/τ. Physical meaning of these parameters 

is drawn and interpreted.  

5.1 Calculation procedures in surface migration model 

 Surface migration model is a model which concerns both time dependent and time 

independent aspects of SA-MOVPE process. To obtain the film thickness and growth rate, 

VPD model must be applied first and then its results are then used in the SM model. The film 

thickness for each fill factor was calculated via, 
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where l(111) is an inclined length of (111) facets and K~ is a half of (001) top surface length as 

shown in Fig. 3.7. For simplicity, from now on the product kgkapi/τ, which was named as the 

weight of surface migration contribution, will be symbolized shortly by weight. Consequently, 

Eq. (3.62) can be rewritten as 
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where it should be noted that the parameters l(111) and K~ depend linearly on the thickness as  
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following, 

 ( ) ( ) ( )o7540111 .sinx,tTl == ,      (5.2) 

and 
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Therefore, to obtain the thickness in Eq. (5.1), the thickness at the center of an open window 

i.e. at x = 0 must be known before hand. To obtain the thickness at the center, we 

differentiated Eq. (5.1) once and obtained 
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where T(t) is thickness at the center of an open window (x = 0) at time t. Then, by using 

Fourth-order Runge-Kutta Method, the thicknesses at the center of an open window as a 

function of time and fill factor were obtained. During each round of numerical calculations, 

the value of K~ was computed, as the thickness must be calculated only from a non-zero K~ . 

This is because, when K~  becomes less than or equal to zero, lateral overgrowth, i.e. the 

second growth process in the two-step growth model described in chapter 3, must be 

concerned. To calculate surface profile of SA c-GaN stripes, the thickness obtained from Eq. 

(5.4), namely the thickness at x = 0 as a function of time and fill factor, was substituted into 

Eq. (5.1). Equation (5.1) was then solved via Newton-Cotes integration formula with N = 6 

[45].  

5.2 Addition of surface migration effects 

 The thickness profile as a function of fill factor at growth time of 15 minutes 

calculated from VPD model with D/k = 15 μm was shown in Fig. 5.1 (solid line). Those 

simulated thicknesses were the thickness at the center of an open window. The thickness 

profile was observed to divide itself into two regions as appearing in chapter 3. The simulated 

result fits very well to the experimental data (green circles with error bars) for fill factor 

higher than 0.5 (rough approximated value), but deviated from the experiments in the region 

of smaller fill factors. As discussed in chapter 3, we believed that the deviation results from 
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Fig. 5.1 Simulated thickness profiles at the center of window region for growth time of 15 
minutes from VPD model (D/k = 15 μm) and VPD model (D/k = 15 μm) including SM 
model (L = 0.8 μm, weight = 0.03 min-1) in compared with experimental data.  

lack of surface migration effects. To prove that lack of surface migration effects is the factor 

that takes responsible for the deviation, the result from VPD model with D/k = 15 μm was 

applied into Eq. (5.4), and the film thicknesses resulting from VPD and SM effects from the 

appearing of (111)B facets for all fill factors were calculated.  

 As can be observed in Eqs. (5.1) and (5.4), there are two unknown parameters getting 

involved in the calculation, namely the surface migration length on (001) surface (L) and the 

weight of surface migration contribution (weight). By varying these two parameters, we found 

that the thickness profile agreed well with the experimental data when L = 0.8 μm and 

 were used as shown in Fig. 5.1 (dash-dot line).  1 030 −= min.weight

 Note that surface migration contribution significantly raises the thickness profile 

calculated from VPD model and improves the agreement between the simulated and 

experimental results. The effects of surface migration in the region of small fill factors are 

therefore non-negligible as we had expected. Moreover, it should be noted that at the growth 

condition in use the contribution of surface migration effects starts to be noticeable at fill 

factor higher than we had roughly approximated. That is, the effects of contribution start to be 
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(a) 

(b) 

 

Fig. 5.2 (a) Simulated thickness profiles at the center of window region as a function of fill 
factor and (b) cross section of the film at fill factor 0.45 derived from VPD model and VPD 
model including SM model in compared with experimental data. In these figures, D/k and L 
were fixed at 15 and 0.8 μm, respectively. The weight, on the other hand, was varied at 0.01, 
0.03 and 0.05 min-1.   

noticeable at fill factor ~ 0.63. Moreover, the results also suggested that, at the growth time 

being used (15 min), (111)B sidewall facets starts to merge at fill factor ~ 0.40.  

5.2.1 Effects of weight of contribution on thickness and surface 
profiles 

 To further analyze the effects of surface migration process, we varied the value of 

weight while fixed the value of L at 0.8 μm (the best-fit value). The simulated thicknesses at 

the center of an open window for all fill factors were taken. The consequent thickness profiles 
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over fill factor are shown in Fig. 5.2 (a). The increase of weight was observed to have an 

effect in raising the thickness profile at fill factors smaller than 0.63, while for higher fill 

factors the thicknesses remain at the same value. The increasing of thickness also leads the 

sidewall merging to occur up into higher fill factors. 

 To understand the effects of the weight on the film surface profiles, we considered the 

simulated cross section as L was fixed and the weight was varied. The results are shown in Fig. 

5.2 (b). In this figure, the fill factor of the film is 0.45, the mask width is 4.2 μm and L was 

fixed at 0.8 μm (the best-fit value). As shown in Fig. 5.2 (b), the increase of weight leads to an 

increasing of thickness everywhere above the open window. The increasing of thickness at all 

position above the opening window is therefore a probable cause that leads the merging of 

(111)B sidewalls to occur at higher fill factor. Also, the increasing of weight leads to the 

occurrence of growth rate enhancement at edges. 

 These results suggest that the weight governs the extent of contribution but do not 

have any influence on the ability of the precursors to move along the surface. The latter 

conclusion came from the results shown in Fig. 5.2 (b). As the weight increases but L is fixed, 

the surface profile will become more curves. This suggests that more precursors migrating to 

the top surface but can not move far enough. Therefore, they accumulate near the edges.  

5.2.2 Effects of surface migration length 

 To study the effect of L, the weight of contribution was fixed at 0.03 min-1 (the best-fit 

value), while L was varied. The simulated thicknesses at the center of an open window were 

taken, and the results are shown in Fig. 5.3 (a). As shown in Fig. 5.3 (a), the increase of L also 

leads to an increase in thickness. Therefore, the occurrence of (111)B sidewalls merging was 

observed at higher fill factor. Interestingly, the point where the surface migration contribution 

starts to be noticeable is also affected by varying L.  

 Figure 5.3 (b) shows the simulated film cross section when the weight was fixed at 

0.03 min-1 (the best-fit value) and L was varied. In this figure, the fill factor is 0.45, mask 

width is 4.2 μm as in Figure 5.3 (a) and weight is at 0.03 min-1. It can be seen that the 

increasing of L causes higher thickness everywhere on the open window. Moreover, the 

surface becomes more planar with increasing of L.  
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(a) 

 
 

Fig. 5.3 (a) Simulated thickness profile at the center of window region and (b) cross section at 
fill factor 0.45 from VPD model (D/k = 15 μm) and VPD model (D/k = 15 μm) including SM 
model in compared with experimental data. In these figures, the weight was fixed at 
0.03 , while L was varied at 0.4, 0.8 and 1.2 μm.  1−min

(b) 

 The results suggest that L influences strongly on precursors’ mobility in the way that 

increasing L gives the precursors higher mobility. This higher mobility therefore results in an 

increasing of thickness everywhere on the surface because more precursors can move from 

(111)B sidewalls onto the top surface. Moreover, this higher mobility also flattens the top 

surface as the precursors have enough mobility to move away from the edges. 
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Fig. 5.4 Simulated thickness profiles at the center of window region with various growth time 
of 5, 10, 11.5 and 15 minutes from VPD model (D/k = 15 μm) including SM model with L 
and weight of 0.8 μm and 0.03  min-1 in compared with experiments 
 

5.3 Growth time and thickness profiles 

 To study the effect of growth time on the thickness profiles, we simulated the film at 

all fill factors at different growth times: 5, 10 and 15 minutes. The thickness at the center of 

an open window was taken and the profiles of thickness at different growth time are shown in 

Fig. 5.4. The film at higher fill factor (fill factor closer to 1.00) was observed to have lower 

time dependence on the growth rate and it can be seen that at fill factor 1.00, the film has 

completely constant growth rate. At lower fill factor, the merging of (111)B was observed. At 

growth time of 5, 10 and 15 minutes, it can be seen that the (111)B sidewalls merging occurs 

for all of the film with fill factor lower than 0.30, 0.33 and 0.40, respectively. The thicknesses 

at the fill factor lower than such values are therefore influenced by lateral overgrowth process, 

the second growth process in our two-step growth model. In our c-GaN film with lowest fill 

factor (0.35), we also found that the merging starts to occur at growth time of 11.5 minutes.  
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Fig. 5.5 Cross sectional image of c-GaN stripe oriented along the [1-10] direction. [46] 

5.4 Effects of surface migration on the film with cross sectional 
shape of upside down trapezoid 

 From literature review, we found that c-GaN stripes with (111)B sidewalls at a 

different growth condition can also have another type of cross sectional shape. Figure 5.5 

shows a picture of c-GaN stripe cross section taken from an article of Fu et al. [46]. The strips 

oriented along [1-10] direction, which is 90 degrees different from our growth conditions. As 

can be observed in Fig. 5.5, the film has a rather planar (001) top surface. To examine if 

surface migration process can explain such a profile and also to find out the growth 

parameters of such surface, we tried the simulation with various values of L and weight. The 

results are shown in Figs. 5.6 (a) and (b).   

 Figures 5.6 (a) and (b) show the simulated film cross sectional shape when the weight 

and L were fixed at 0.015 min-1 and 0.8 μm in compared with the shape calculated by using 

only VPD model. In this figure, the fill factor was 0.45, the mask width was 4.2 μm and D/k 

was 15 μm. The simulated film with a rather planar top surface is obtained with small value of 

weight in conjunction with high value of L. This suggests that surface migration process has 

very small effects on such a shape. However, since there are many different growth 

parameters between our case and Fu et al.’s case, we can not conclude what the most probable 
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Fig. 5.6 (a) and (b) cross section from VPD model (D/k = 15 μm) and VPD model (D/k = 15 
μm) including SM model. In figure (a), L was fixed at 0.8 μm, while weight was varied at 
0.005 and 0.015 min-1. In figure (b), weight was fixed at 0.015 min-1, while L was varied at 
0.8 and 1.6 μm.  

(a) 

(b) 

cause of this phenomenon is. In order to understand further, we need to know the relation 

between L and other growth parameters. However, the dependence of the surface migration 

length L which was defined as τ= sDL  and actual growth parameters such as growth 

temperature, total pressure, type of the sources of precursors is still unknown. Lebedev et al. 

reported that the diffusion length on Ga-face GaN that an atom travels within the coalescence 

time can be obtained via [47]  
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where kB is Boltzmann’s constant, T is the temperature, R is the domain radius ~ 250 nm, γ is 

the surface energy, C is a numerical constant ~ 25, and a is the atomic dimension ~ 0.3 nm. 

However, the information about cubic phase GaN is still lacked. The relation between those 
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parameters in Eq. (5.5) and temperature is therefore still unknown for our case and more study 

about the growth of cubic GaN is needed.  

5.5 Summary 

 In this chapter, we applied surface migration model to the results of vapor phase 

diffusion model in chapter 4. The addition of surface migration effects with weight and L of 

0.03 min-1 and 0.8 μm was found to improve the correlation between experimental data and 

simulation. Surface migration was shown to be non-negligible for the film with small fill 

factor. The parameters of the model: surface migration length, L, and weight of contribution, 

weight, were also interpreted. Surface migration length was found to govern the precursors’ 

mobility to move on the top surface in such a way that an increase of surface migration length 

leads to higher mobility. The weight of contribution has influences on the extent of surface 

migration contribution. The increasing of weight results in higher contribution of surface 

migration effects. Surface migration effects are also dependent on time. The occurrence of 

(111)B sidewalls merging in our c-GaN film with smallest fill factor (0.35) was found to 

occur prior to 15 minutes. To calculate the thickness of the film, lateral overgrowth process 

must be concerned. The film with upside down trapezoidal cross sectional shape was also 

considered. The profiles suggest that in such a case surface migration length was high, while 

the weight of contribution was small. These condition leads to a rather planar top surface as 

appearing in the actual film. 

 

 

 

 

 



CHAPTER VI 
CONCLUSION 

 Growth mechanism of selective area metalorganic vapor phase epitaxy (SA-MOVPE) 

and its effect on the thickness and morphologies of SA c-GaN narrow stripes were analyzed 

by using diffusion models, namely vapor phase diffusion (VPD) and surface migration (SM) 

models. The physical meaning of parameters used in these models was drawn and interpreted. 

Subsequently, a way to reduce the hexagonal inclusion in c-GaN, which was usually observed 

in SA c-GaN films, was also suggested. A brief results and discussion of the study are as 

follows. 

 Firstly, VPD model was applied to the case of selective area growth with narrow 

stripes (mask width of 4.2 μm). The simulated results were found to agree very well for the 

film with fill factor higher than 0.5, and the only parameter in the model, namely D/k which is 

the ratio of the diffusion coefficient to the deposition rate constant, was found to be best fitted 

at the value of 15 μm. For smaller fill factor, the deviation between the experimental data and 

the simulation results was found. Therefore, surface migration effects were found to be non-

negligible in that range of fill factors. The parameter D/k was observed to affect the 

precursors’ mobility. The parameter was interpreted as the effective diffusion length of group 

III precursors in gas phase. However, the effects of D/k were found to be too small to explain 

the morphology of the film surface as observed in the experiments. Surface migration was 

believed to be cause of the inconsistencies found in the study.  

 With the addition of surface migration effects, an improvement of the correlation 

between experimental data and simulation was observed. The lack of surface migration effects 

was therefore proved to be the cause of the deviation between the simulation results from 

VPD model and the experiments in the range of small fill factors, and surface migration 

process was therefore non-negligible in the case of fill factor smaller than 0.5. The best-fit 

value of the SM model’s parameters, namely the weight of contribution (weight) and the 

surface migration length (L), were found to be 0.03 min-1 and 0.8 μm respectively. Also, the 

surface migration effects were observed to be high enough to govern the feature observed in 

the experimental surface morphologies of c-GaN. The physical meaning of the parameters in 
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the model was also interpreted. L was found to have effects on the precursors’ mobility to 

move on the top surface in such a way that an increase of L gave the precursors’ higher 

mobility to move on the surface. Therefore, the surface profile with higher value of L was 

observed to be more planar and the thickness was observed to increase with the increase in L. 

The weight, on the other hand, had influences on the extent of surface migration contribution 

such that the increasing of weight resulted in higher contribution of surface migration effects, 

and therefore led to higher thickness everywhere on the top surface. Also, surface migration 

effects were observed to be time dependent.  

Besides its dependence on fill factor, weight and L, the growth rate of the film was 

found to be varied with time. Our calculation suggested that the occurrence of (111)B 

sidewalls merging of our c-GaN film with fill factor 0.35 occur prior to 15 minutes. To 

calculate the thickness of the film in this case, lateral overgrowth process must therefore be 

concerned. Our calculation was further extended to the case of c-GaN stripes with upside 

down trapezoidal cross section. As observed experimentally, the stripes had rather planar top 

surfaces. To explain such feature, our calculation suggested that in such a case L must be high, 

while the weight must be small. Also, c-GaN with high purity was predicted at the growth 

condition with higher L. 

According to our simulation, mechanism of cubic-to-hexagonal structural phase 

transition is suggested as an incentive of the surface concentration profiles. 
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