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InAs is characterized by atomic force microscopy (AFM) for surface morphology and 
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The real time observation showed no sign of quantum dots (QDs) formation 
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CHAPTER 1 

 

Introduction 

1.1 Historical Background 

Semiconductor technology is one of the most important inventions in the 

history of mankind. It has been playing a great role in modern age technology due to 

its electrical and optical properties. Semiconductor devices have been implemented 

into many kinds of optoelectronic devices, for example, photodetector [1], laser [2], 

transistor [3], light emitting diode (LED) [4], and solar cell [5].  

Over the past few decades, semiconductor technology has been improved in 

many aspects, such as size and efficiency. The traditional semiconductor technology 

was dominated by silicon-based devices, because it is abundant in nature and easy to 

fabricate. However, the silicon-based devices have some limitations from the natural 

structure of the material, which is a single material or homostructure. To overcome 

such limitations, heterostructure semiconductor was introduced. Heterostructure is a 

structure that combines two or more materials together. In particular, a lot of 

optoelectronic devices are based on elements from group III combined with elements 

from group V in the periodic table. For example, gallium arsenide (GaAs) and indium 

arsenide (InAs), where Ga and In are from group III, and As is from group V. 

Both homostructure and heterostructure can be synthesized by using a method 

called epitaxy. Epitaxy is a technique that grows a single crystal layer onto a 

substrate. There are three main methods for epitaxy: liquid phase epitaxy (LPE), 

chemical vapor epitaxy (CVE), and molecular beam epitaxy (MBE). MBE is the best 

research technique due to the accuracy of controlling the thickness of the epitaxial 

layer, which can be at the rate of monolayer per second (ML/s). At this rate, a small 

structure called nanostructure is form.  
 There are many kinds of nanostructures, such as quantum dots (QDs), 

quantum wires or nanowires (NWs), and quantum wells (QWs). These kinds of 

structures can be synthesized by two approaches: top-down or bottom-up approach. 

Both have their own advantages and disadvantages. The top-down approach is easier; 



 

 

2 

it enables to control the position of nanostructure by etching and lithography 

techniques that create patterns on the substrates, but it is difficult to control the size of 

nanostructure and also create defects on the surface [6]. On the other hand, the 

bottom-up approach is a self-assembled structure that formed by lattice mismatched 

between two materials at a certain thickness of epitaxial layer, called critical 

thickness. The size of nanostructure is more reliable compared to top-down approach, 

but occurred at random positions and random forms.  

 As mentioned above, the self-assembled process by the bottom-up approach is 

formed by the lattice mismatched between two materials at a critical thickness (hc) of 

epitaxial layer. When the epitaxial layer reached hc, a strain relaxation in materials 

occurred, this created three-dimensional (3D) islands, as known as QDs.  

The random positions of nanostructures could be an issue that affects the 

efficiency in many devices [7], even though there are many other devices that do not 

require the alignment of nanostructures. Many researchers have tried to eliminate this 

issue by using misfit dislocation caused by lattice mismatched, known as cross-hatch 

patterns (CHPs). Several studies of CHPs with the growth of QDs through Stranski-

Krastanow (SK) growth mode have shown the alignment of QDs [8-10], where they 

are very useful in applications like lasers and detectors. 

A lot of attention is aimed toward nanostructures formed at hc and beyond. 

However, very few are concerned about the intermediate stage or at subcritical 

thickness of epitaxial layer. At this stage, the results are still mysterious, but there are 

some studied that show interesting structures, such as NWs [11], parquet [12], and 

QDs [13]. In the case of QDs, the density of QDs is considered lower when compared 

to those formed at critical thickness. 

 

1.2 Objective 

The objective of this research is to study the formation of InAs nanostructures 

after in situ annealing in MBE system, where the thickness of InAs epitaxial layer is 

in the intermediate stage or at subcritical thickness. The structures are grown on 

InGaAs CHPs on GaAs(001) substrate. Also, the structural and optical properties will 

be analyzed. 
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1.3 Overview 

This thesis is divided into 4 parts as follow: Theories and background 

knowledge about epitaxy and nanostructures are explained in chapter 2. Chapter 3 

shows the experimental details and equipment that were used in this work, range from 

the epitaxy machine to the properties analysis equipment. All the data and results 

from this experiment are shown in chapter 4; including surface morphology by atomic 

force microscopy (AFM). Finally, all the data are summarized and concluded in 

chapter 5. 
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CHAPTER 2 

 

Theoretical Background 

This chapter explained the theories and background knowledge that are 

corresponded to this thesis; from epitaxy techniques to the fundamental of 

nanostructure. Also the formation nanostructure caused by the lattice mismatch, such 

as quantum dots (QDs) and dislocation.  

 

2.1 Epitaxy 

 Epitaxy is a technique used principally to grow thin films of single crystal 

material onto a single crystal substrate, where the grown layer is called an epitaxial 

layer. This technique will produce high-quality crystal structures. The most well-

known methods for epitaxy technique are categorized by the state of the substance, 

which can be divided into three main methods: liquid phase epitaxy (LPE), chemical 

vapor deposition (CVD), and molecular beam epitaxy (MBE). 

The structure that grew by epitaxy technique can be either homoepitaxy or 

heteroepitaxy. Homoepitaxy is a process where epitaxial layer and substrate are the 

same material. The structure synthesized by this process is considered a lattice 

matched structure, where it is mostly used to obtain higher purity of the material or 

used to synthesis layers that have different doping level and/or type. 

On the other hand, heteroepitaxy is an epitaxy process where epitaxial layer 

and substrate materials are different. This process can give either lattice matched or 

lattice mismatched structure, depending on the relative value of the lattice constants 

between the two materials. In the case of lattice matched, the nanostructure will form 

as 2D structure like the homoepitaxy process. In contrast, the lattice mismatched 

structure will form into different types of nanostructures, which have unique 

properties. Nanostructures that are formed by the lattice mismatched between two 

compound materials are explained later in this chapter. 

 



 

 

5 

2.2 Nanostructures 

 The prefix nano means billionth, which makes the word nanometer equals to 

billionth of a meter. When the material is reduces in size to the nanometer (nm) scale 

regime, the size of the material directly affects the energy band gap of the structure, 

which caused quantum confinement in the material. This quantum confinement 

determined both electrical and optical properties of the material, which is different 

than those in bulk materials. There unique properties can be applied for improvement 

over the bulk structure in many optoelectronic devices.  

 

 

Figure 2.1 Physical structure and density of state of (a) bulk, (b) quantum wells, 

(c) quantum wires or nanowires and (d) quantum dots [14]. 

 

Figure 2.1(a) shows a physical structure for bulk, where the carrier can move 

in all three directions and has a continuous density of state (DOS) due to the larger 

size. While figures 2.1(b)-2.1(d) show semiconductor nanostructure, which can be 

divided into 3 kinds of structure: quantum well (QW), quantum wire or nanowire 

(NW), and quantum dot (QD). 

QW is a nanostructure that has a carrier confinement in one direction, z-axis, 

which means that the carrier can move in two directions, x- and y-axis, with a stair-

like DOS, shown in figure 2.1(b). Figure 2.1(c) illustrated NW structure, where the 

carrier can only move in one direction along the wire and has a discontinuous DOS. 

For QD, the structure is depicted by figure 2.1(d), where QD structure confined the 

carrier in all dimension, or considered as zero degree of freedom structure, and has 

DOS as a delta function. 
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2.2.1 Lattice Mismatch 

Every element and compound material have their own value of lattice 

constant, a. The lattice constant of a crystal is a distance between two center atoms of 

the unit cell. 

As mentioned before, if the epitaxial layer and substrate are the same material, 

it is called homoepitaxy, where the structure is lattice matched because they have the 

same lattice constant. On the other hand, heteroepitaxy can be either lattice matched 

or lattice mismatched depend on the lattice constant of the epitaxial layer and 

substrate. 

 

Table 1  Lattice constant and energy band gap of InAs, GaAs, and InxGa1-xAs [15] 

Materials Lattice constant (Å) Band gap (eV) at 300 K 

InAs 6.0583 0.354 

GaAs 5.6533 1.424 

InxGa1-xAs 5.6533+0.405(x) 0.324+0.7(1-x)+0.41(1-x)
2 

 

In this thesis, the focus is aimed toward the structure formed by lattice 

mismatch, where the compound materials are InAs, GaAs, and InxGa1-xAs. Table 1 

shows the value of lattice constants and energy band gaps at 300K of these three 

compound materials. All the substrates that were used in this experiment were GaAs, 

where it has the smallest lattice constant compared to the other two compound 

materials.  

There are many types of substrate that can be used with MBE machine, for 

instance InP [16], GaSb [17], and GaAs, which are from group III and V. There are 

also Si [11] and Ge [18], which are from group IV on the periodic table that can be 

grown with MBE system as well. However, according to figure 2.2, Si and Ge 

substrate are indirect band gap material, making them less suitable to use in 

optoelectronic devices. On the other hand, InAs and GaAs are direct band gap 

materials, which make them more suitable to use in optoelectronic devices. In 

addition, GaAs substrate is the cheapest III-V substrate in the market.  



 

 

7 

 

Figure 2.2 Graph representing energy band gap and lattice constant for various 

semiconductors. The indirect band gap materials are indicated by 

darker dots [19]. 

 

When the process is heteroepitaxy, the lattice constant between the epilayer 

and the substrate will create a strain between the materials. Strain can be divided into 

two types: compressive and tensile. Both compressive and tensile strains create a 

lattice deformation along the growth axis. Compressive strain occurred when the 

lattice constant in the substrate is smaller than that in the epitaxial layer. In contrast, 

tensile strain occurred when the lattice constant in the substrate is larger than that in 

the epitaxial layer. In the case of growing InAs and InxGa1-xAs on GaAs substrate, the 

compressive strain will occur, as shown in figure 2.3 below. 
 

 

Figure 2.3 Compressive strain formed by lattice mismatch between epitaxial layer 

and substrate [20]. 

 

When the strain exceeds a certain thickness of deposition, called critical 

thickness (hc), strain relaxation occurs. At hc, strain relaxation will formed into 3D 

nanostructures, such as QDs or NWs. However, if the epitaxial layer has relatively 



 

 

8 

low strain, it will create defect between two layers instead. This defect leads to the 

dislocations that formed into cross-hatch patterns (CHPs) on the surface. The 

mechanism for these nanostructure formations is explained in the next section. 

 

2.2.2 Quantum Dots (QDs) 

 The growth of an epitaxial layer onto the substrate can have different growth 

mode, which depends on the two main points: the lattice mismatch (ɛ) between two 

materials and the thickness of the epitaxial layer (H). The growth mode that occurred 

from the relationship between ɛ and H is shown in figure 2.4; it is divided into six 

different modes as follow:  

 

 

Figure 2.4 Equilibrium phase diagram in the function of thickness (H) and lattice 

mismatch (ɛ). Top and bottom panels illustrate the surface morphology 

in six different growth modes. The small white triangles indicate the 

stable islands and the big colored triangles indicate the ripened islands 

[21]. 
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1. Frank-van de Merwe (FM) growth mode; this mode occurs when the 

epitaxial layer is grown layer by layer, which is considered as 2D growth mode, 

because the value of the lattice mismatch is low (ɛ < 0.1) and the thickness (H) is very 

small. 

2. Volmer-Weber (VW) growth mode; this mode appears when the 

epitaxial layer becomes 3D islands due to the high lattice mismatch (ɛ > 0.1). The 

strain relaxation will instantaneously form the 3D islands. 

3. Stranski-Krastanow (SK) growth mode; this mode is a mix between 2D 

(FM) and 3D (VW) modes. The value of the lattice mismatch in this mode falls 

between those of FM and VW growth mode (0.05 < ɛ < 0.15). SK can be sub-divided 

into two modes: SK1 and SK2. SK1 growth mode occurs when the value of ɛ is close to 

that of FM growth mode. The initial state of this mode starts with 2D structure known 

as wetting layer (WL). When the thickness of the epitaxial layer grew thicker, the 

strain relaxation mechanism occurs and forms into 3D islands. On the other hand, SK2 

growth mode occurs when the value of ɛ is close to that of VM growth mode. The 

initial state of this mode starts with 3D islands structure. When the thickness of the 

epitaxial layer grew thicker, the 2D structure will form at an empty location where 

there are no 3D islands. At the end, the results for both SK1 and SK2 are the same, 

only different in the beginning approach. 

4. R1 growth mode; this mode causes by the lattice mismatch that has a 

value of less than 0.05 (ɛ < 0.05). It is a continuous process from FM growth mode, 

where the thickness of the epitaxial layer surpassed the critical thickness (H > Hc(ɛ)), 

the strain relaxation formed into 3D island that is larger than the one found in SK and 

VW growth mode, these island is called ripening island, and there is also WL as it is 

the initial state of FM growth mode. 

5. R2 growth mode; this mode causes by the lattice mismatch that has a 

value between 0.05 and 0.15 (0.05 < ɛ < 0.15). It is a continuous process from SK 

growth mode, which makes the 3D islands to become larger. There are also smaller 

3D islands surrounding the larger one. WL is also found in this growth mode. 

6. R3 growth mode; this mode causes by the lattice mismatch that exceeds 

0.15 (ɛ > 0.15). It is a continuous process from VW, where the additional layer creates 

smaller islands around the larger island. There is no WL in this growth mode. 
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Figure 2.5 Light emissions in (a) bulk and (b) quantum dot. 

 

QD has a physical structure that confine carrier, which makes the density of 

state to be discrete. This discreteness is called quantized states [22]. Due to the 

quantized states, QD emits light at a shorter wavelength when compared to those in 

bulk structure, which gives longer wavelength but lower intensity, illustrated in figure 

2.5(a). In bulk structure, carriers can have higher energy than the conduction band (for 

electrons) and lower energy than the valence band (for hole), as shown in figure 

2.5(b). This property makes the QD to be widely used in many kinds of optoelectronic 

devices. Furthermore, current technology can also be able to control the optical 

properties of the QD, such as wavelength and polarization, by optimizing the shape, 

the size, and the arrangement of QD. 

In most case of InAs QDs, it is a self-assembled formation on the GaAs 

substrate due to the lattice mismatch between the two materials. InAs has a larger 

lattice constant than GaAs, which gives a compressive strain in InAs layer and formed 

into QDs. The lattice mismatch between epitaxial layer and substrate can be 

calculated by  

 

   
     

  
          (2.1) 

 

Where    is the lattice constant of the epitaxial layer and    is the lattice constant of 

the substrate. By using equation 2.1, the lattice mismatch between InAs and GaAs is 
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approximately ɛ = 0.072 or 7.2%, which falls in the SK growth mode according to 

figure 2.6. In theory, the critical thickness, hc, for InAs epitaxial layer to form QDs is 

at 1.8 ML, but from the real world experiment concluded that it is form at 1.7 ML 

with the substrate temperature of 500°C. 

 

2.2.3 Dislocations 

 Defects can be divided into four types: point defect, line defect, planar defect, 

and volume defect. In this thesis, the defect that leads to the formation of CHPs is line 

defect. The difference in the lattice constant between the epitaxial layer and the 

substrate creates strain that is caused by the imperfection of the alignment of bonding 

atoms. This imperfection is known as a misfit dislocation (MD).  

In the case of growing InxGa1-xAs on GaAs substrate, MD will appear along 

the [110] and [1-10] directions. The density of MD is proportional to the molar 

fraction: x in InxGa1-xAs [23]. At every point of MD, there is another dislocation, 

which is line defect, called threading dislocation (TD). TD appeared in two directions: 

[001] and (111). Figure 2.6(a) shows TD that created along [001] direction is called a 

pure edge direction. On the other hand, TD that created along (111) is happened to 

form in a 60° angle, which is called 60° dislocation, as shown in figure 2.6(b). Most 

of TD is a chain reaction caused by two types of MD: edge dislocation and screw 

dislocation, which are the vectors in figure 2.4(b) denoted by bedge and bscrew.   

 

 

 

 

Figure 2.6 (a) The occurrence of misfit dislocation and threading dislocation that 

caused by the imperfection of boding atoms and (b) dislocation vectors 

of edge and screw dislocation [24]. 
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According to the studied from M. Tamura et al. [25], the molar fraction that 

affects the TD formation can be defined into three ranges. The first range is when x < 

0.2, all the TD will appear as a 60° dislocation. The second range is from 0.2 < x < 

0.3, TD will mix between a 60° dislocation and a pure edge dislocation. The third 

range occurred when x > 0.3, all the TD in this range is a pure edge dislocation. 

TD is occurred by the gliding effect from the change in direction of MD. The 

easiest directions that TD can occurred are [1-10] and [110], because they are parallel 

to the MD [25]. The occurrence of TD starts from the MD and could go up to the 

topmost surface of the epitaxial layer. The directions [110] and [1-10] are 

perpendicular to each other and cross path at some points. With all the lines and cross 

sections, the TD creates a pattern that looks like cross-hatch, which is how the name 

cross-hatch pattern (CHP) has been realized. The optimal molar fraction for forming 

CHP is fall in the x < 0.2 range, which gives only a 60° dislocation and reduce the 

pure edge dislocation from occurring [26]. 

 

 

Figure 2.7 Mechanism of the formation of cross-hatch patterns [24]. 

 

Figure 2.7 shows the basic principle of surface evolution caused by the lattice 

mismatched materials that form into CHP. In figure 2.7(a), the initial state is 

considered as 2D structure before reaching Hc. When the thickness of epitaxial layer 

has reached Hc, the strain relaxation caused by MD creates TD from the points of MD 

to the surface, as shown in figure 2.7(b). The surface step on is then eliminated and 

formed into 3D pattern, shown in figure 2.7(c). 
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2.2.4 Cross-Hatch Patterns (CHPs) 

Cross-Hatch Patterns (CHPs) are formed by the lattice mismatch between 

substrate and epitaxial layer with a value ~1.5% and 2 kinds of strains: compressive 

and tensile strain. The misfit and threading dislocation from the strain relaxation will 

appear on the surface in the form of cross hatch. CHP from group III-V compound 

materials, such as InGaAs on GaAs, will form in the orthogonal [1-10] and [110] 

directions [27]. 

The location of CHP will randomly occur, but the density of CHP can be 

adjusted with limitation. The adjustment can be done by vary the molar faction in 

InxGa1-xAs and the thickness of epitaxial layer. CHP forms when the epitaxial layer 

reach the Hc, where Hc is depend on the In molar faction and a 60° dislocation, which 

can be dictated by the following equations [15]. 
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Where   is the Poisson ratio,   is the anisotropic factor,   is the elastic 

constant and   is the Young’s modulus of elastic constant. If the molar faction of In is 

0.2, the value of Hc = 6 nm as shown in figure 2.8 below. 

 



 

 

14 

 

Figure 2.8 Graph representing relationship between Hc of InGaAs (ML) grown on 

GaAs and the molar fraction, x [27]. 

 

In InGaAs/GaAs CHP, the CHP on [1-10] will be higher than on [110] direction, 

because the dominant material in [1-10] is As and for [110] is Ga. So the appropriate 

molar faction for InGaAs and the right amount of thickness, will create CHP along [1-

10] more than [110] direction [28]. 
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Chapter 3 

 

Experimental Details 

This chapter explains the experimental details used to grow and characterize 

all the samples in this thesis. The contents in this chapter are divided into 4 sections. 

Section 3.1 explains the in situ experiments, which includes molecular beam epitaxy 

(MBE) machine and reflection high-electron energy diffraction (RHEED) 

observation. Section 3.2 explains the samples preparation process performed in this 

experiment. Section 3.3 explains the growth processes for all the samples in this 

thesis. And section 3.4 explains the ex situ characterization, including atomic force 

microscopy (AFM) and photoluminescence (PL) for surface characterization and 

optical characterization, respectively. 

 

3.1 In Situ Experiments 

3.1.1 Molecular Beam Epitaxy (MBE) 

 The epitaxial growth method is a method that grows a layer of single crystal 

material onto a substrate that is also a single crystal material. There are many methods 

for epitaxial growth, such as liquid phase epitaxy (LPE), vapor phase epitaxy (VPE), 

and molecular beam epitaxy (MBE). Each has their own advantages and 

disadvantages, but the most widely used method is MBE, due to the accuracy in the 

epitaxial growth. MBE can grow an epitaxial layer at the rate of monolayer per 

second (ML/s) and operates under high vacuum environment and is thus suitable for 

optoelectronics that need very high quality and purity materials. 

All the samples in this thesis experiment were grown on GaAs substrate by 

using MBE technique. The MBE machine that was used to grow is RIBER 32P. The 

MBE system consists of four chambers: loading chamber, introduction chamber, 

transfer chamber, and growth chamber. Each chamber is separated by a gate valve, 

which make the pressure inside of the chamber to be independent from each other, as 

shown in figure 3.1.  
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Figure 3.1 RIBER 32P MBE system 

 

1. Loading chamber; this is the entry chamber that is simply use for 

loading samples in and out. This is the only chamber that makes contact to both 

vacuum and atmosphere (1 atm or 760 Torr) environment. Loading chamber is 

connected to the introduction chamber, which will be explained later. There are four 

components for loading chamber: main gate, nitrogen valve, turbo pump valve, and a 

gate that separated loading chamber and introduction chamber. 

To change the pressure in loading form vacuum to atmospheric, nitrogen gas 

is needed to increase the pressure inside the loading chamber. Before open the 

nitrogen gas valve, other gates and valves must be tightly closed to prevent leakage. 

On the other hand, to change the pressure in loading chamber from atmospheric to 

vacuum for loading the samples in, the diaphragm pump is needed to reduce the 

pressure inside loading chamber down to 1 Torr. Then, the turbo pump is turned on to 

reduce the pressure to 5x10
-6

 Torr before the gate that separates loading chamber and 

introduction chamber can be open.  

2. Introduction chamber; this chamber is use to pre-heat the sample. The 

pre-heat process to clean the surface of the sample. A tool called magnetic arm is used 

to move the sample in and out of the pre-heat station. After pre-heated, the sample 

will be transferred into the transfer chamber. In introduction chamber, the ion pump 

and titanium pump is always on to trap the contamination that came out from the 

surface during the pre-heat process and reduce the pressure inside the chamber. 
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3. Transfer chamber; this is where the samples are being stored after or 

waiting for the pre-heat process. This chamber is also a buffer chamber that separates 

the introduction chamber from the growth chamber, because during the pre-heat 

process, the pressure in the introduction chamber will rise due to the contamination 

that came out from the surface of the sample. There is also another magnetic arm in 

the transfer chamber for transferring samples in and out of the growth chamber. 

4. Growth chamber; this is where the epitaxy process takes place. It is the 

biggest chamber compared to the other three chambers. The pressure inside of growth 

chamber must be lower than 10
-9 

Torr. The always-on ion pump and titanium pump 

are used to traps all the contamination inside the growth chamber, where titanium 

pump is turned on only when the system is not in use.  

The growth chamber consists of over manipulator (OM), ion pump, titanium 

pump, and RHEED. The back of the growth chamber is filled with effusion cells that 

contain materials loaded into crucibles. This specific RIBER 32P MBE system 

contains only materials from group III and V, plus the exception of Si cell. 

 

 

Figure 3.2 Schematics of RIBER 32P growth chamber [29]. 

 

The samples are held by the OM that has a heater to heat up the sample during 

growth, which can also be rotated by using direct-current (DC) motor so that the 

molecular beams will hit the surface of the samples thoroughly. Before the growth, 

the main shutter that separated the growth chamber and crucibles is close to prevent 

any contamination. There is also shutter for each effusion cells. The amount of 

epitaxial layer is controlled by the temperature in crucible. Higher temperature means 
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higher rate of epitaxial layer and also higher pressure. The rate of growth for each 

compound material can be calculated by observing the change of the surface 

reconstruction using RHEED.  

 

3.1.2 Reflection High-Energy Electron Diffraction (RHEED) 

 The deposition rate during the growth in MBE machine is very crucial. Real 

time observation is needed to calibrate the deposition rate. RHEED is the tool that is 

used to observe real time surface reconstruction. The principle of RHEED is shown in 

figure 3.3, where the electron gun shoots a focused beam of electrons onto the 

surface’s sample and reflects to the fluorescent or phosphor screen on the other end.  

 

Figure 3.3 Schematic representation of RHEED system [30]. 

 

 RHEED patterns that display on the phosphor screen show different surface 

states. But the three most important patterns that are needed for growth rate 

calibration are streaky, de-ox, and spotty patterns. The streaky pattern indicates the 

flatness of the surface, as shown in figure 3.4(a). Figure 3.4(b) presents the pattern 

when the surface reached the de-oxidation temperature. Where spotty pattern 

indicates the 3D islands formation on the surface, as shown in figure 3.4(c).  
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Figure 3.4 RHEED patterns of (a) streaky pattern, (b) de-ox pattern, and (c) spotty 

pattern, which indicate different surface state. 

 

3.2 Samples Preparation 

 Every sample has the same pre-process before growing process, which is also 

a very important procedure that has to be strictly followed. If the pre-process is 

skipped or not properly carried out, the samples might fail or get the misguided 

results. The samples preparation can be divided into substrate preparation, pre-heat 

process, de-gas process, de-oxidation process, surface temperature calibration, and 

growth rate calibration for GaAs and InAs. 

 

3.2.1 Substrate Preparation 

 Substrates are cut from single crystal GaAs wafer into smaller pieces and stick 

to the Molybdenum block (Mo block) by using In glue. The In glue is applied onto the 

Mo block that is rested on the heater with temperature between 250-270 °C. When In 

glue has melted, the substrate is then applied onto the In glue and being push back and 

forward to distribute the In glue underneath. This procedure is very important because 

it will help the heat distribution throughout the sample. After the substrate is properly 

mounted on the Mo block, the block then will be transferred from the heater to let it 

cool down for a little bit before cleaning the left-over In glue on the side. 

 

3.2.2 Pre-Heat Process 

 Pre-heat process is a process that gets rid of the water vapor from the surface. 

This water vapor contains contamination when it was exposed to the atmosphere 

before transferring into the vacuum environment. Although, the pre-heat process is to 

clean the surface, but it does not remove surface oxides. 
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 This process is done in the introduction chamber. The process begins by 

transferring the sample to the pre-heat station using the magnetic arm. The 

temperature is then ramped up from 30°C to 450°C in 1 hour. When the temperature 

reaches 450°C, it will stay there for 1 more hour. After that, the temperature will be 

ramped down again to 30°C in 1 hour. The whole pre-heat process takes 3 hours, as 

shown in figure 3.5. When the contamination is being removed from the surface, the 

pressure inside the introduction chamber will increase. To reduce the pressure, the ion 

pump is used to suck out the contamination out of the chamber.  

 

 

Figure 3.5 Temperature profile for pre-heat process. 

 

3.2.3 De-Gas Process 

 After the pre-heat process is completed, the sample is transferred from the 

introduction chamber to the transfer chamber, and then to the growth chamber. Before 

starting the growth process, the effusion cells for group III materials, In and Ga, need 

to be cleaned first. This process is called de-gas process. Figure 3.6 shows the 

temperature profile for de-gas process, where it is done by ramping up the 

temperature of effusion cells to 50°C above the highest temperature that will be used 

in that experiment. The ramping rate for both cells is 30°C per minute. When the 

temperature reaches the setting temperature, the shutter for both cells will be open for 

5 minutes but the main shutter remains close. The contamination inside each cell will 

evaporate out. After de-gas period ends, the shutters of effusion cells will be closed 

and the cell temperatures are reduced to operating temperatures.  
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Figure 3.6 Temperature profile for de-gas process. 

 

3.2.4 De-Oxidation Process 

 The process after de-gas process is called de-oxidation or de-ox process. In 

this process, As cell is ramped up to an appropriate value with the rate of 5°C per 

minute. At the same time, the OM temperature is ramped up to 300°C. When both 

temperatures reaches the setting points, the shutter of As cell and the main shutter will 

be open at the same time to let the As4 flux fill in the growth chamber. When the 

pressure is stable, the OM temperature will be ramped up with the rate of 30°C per 

minute to begin the de-ox process. 

 De-ox process is a process that removes the surface oxide, which couldn’t be 

removed by the pre-heat process. Due to the high temperature, As tends to evaporate 

out of the surface and Ga droplets can be formed unless high As4 pressure is present. 

The theoretical temperature for de-oxidation is 580°C. So when the temperature is 

closer to the de-ox temperature, the ramping rate is reduced to 10°C per minute and 

the observation RHEED pattern begins here. After de-ox pattern is shown on RHEED 

screen, the temperature is then ramped up to 30°C above the de-ox temperature and 

kept there for 20 minutes to remove the surface oxide as much as possible. The 

temperature profile for de-ox process is shown in figure 3.7. The de-ox temperature is 

often denoted as Tde-ox. Tde-ox is also used for growing buffer layer. 
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Figure 3.7 Temperature profile for de-ox process. 

 

3.2.5 Surface Temperature Calibration 

 The theoretical temperature for the growth process is around 500°C. However, 

the actual surface temperature is difference. To find the actual surface temperature, 

the correlation between the OM temperature and the change in RHEED pattern are 

needed. The motor is stopped at [1-10] direction of the surface, which illustrated 5 

lines on the RHEED screen, which is a (2x4) pattern, to observe the RHEED pattern 

revolution. Figure 3.8 shows the RHEED patterns for surface temperature calibration. 

The temperature of OM is ramped down with the rate of 10°C per minute until the 

middle line is disappeared, which denoted as T1. When the temperature goes lower, 

the appearance of the middle line is denoted as T2. T3 and T4 have the same 

mechanism as T1 and T2, but the temperature is increase instead of decrease. The 

average of T1, T2, T3, and T4 is called transition temperature (Ttransition), which is the 

growth temperature for that experiment, and theoretically defined to be 500°C. 
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Figure 3.8 RHEED patterns during surface temperature calibration. Where (a) 

indicate flat surface before transition, (b) T1, (c) T2, (d) T3, and (e) T4, 

respectively. 

 

3.2.6 Growth Rate Calibration for GaAs 

 In this experiment, GaAs is used for growing buffer layer, spacer layer, and 

also part of the InGaAs CHPs. The calibration of GaAs is started by setting the OM 

temperature to Ttransition and ramped Ga cell to the setting temperature. The DC motor 

is stopped to observe the revolution of specular beam on the RHEED pattern. When 

the Ga shutter is opened, the oscillation of the specular beam from brightest to darkest 

is considered as 1 cycle, which is equal to 1 ML of GaAs. Figure 3.9 illustrates the 

formation and specular beam oscillation during the deposition of GaAs layer on the 

GaAs(001) substrate. The growth rate of GaAs is calculated by the cycle divided by 

time, which is in the unit of ML/s. After obtained the desired growth rate, the surface 

is flattened by growing GaAs layer for 20 nm. 
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Figure 3.9 (a) Formation of GaAs layer on GaAs(001) substrate. (b) The RHEED 

intensity related to the formation. And (c) the oscillation of specular 

beam during the GaAs deposition 

 

3.2.7 Growth Rate Calibration for InAs 

 InAs is used for growing subcritical thickness in this experiment and also part 

of the InGaAs CHPs. The hc of InAs on GaAs is at 1.7 ML, while the lattice mismatch 

between InAs and GaAs is approximately 7.2%. The calibration of InAs is started by 

setting OM temperature to Ttransition and ramped In cell to the setting temperature. The 

DC motor is kept in motion to observe the revolution of the RHEED pattern. When In 

shutter is open, the RHEED pattern will change when reached hc, from streaky 

patterns to spotty patterns. The change in the pattern indicates the 3D islands 

formation on the surface. The growth rate of InAs is calculated by taking 1.7 ML and 

divided by the time that the spotty pattern appeared, which is in the unit of ML/s. 

 However, the calibration of InAs left the 3D islands on the surface. To get rid 

of the 3D islands, the OM temperature is ramped up to Tde-ox to evaporate the InAs 

from the GaAs. When InAs 3D islands have been evaporated, the surface of the 

sample will be rough. GaAs buffer layer of at least 100 nm is grown on top to flatten 

the surface before further experimentation.  
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3.3 Growth Process 

 The growth process for III-V compound materials semiconductor in this thesis 

contains 3 difference layers: buffer, CHPs, QDs and subcritical thickness layer. The 

QDs layer is only for InAs calibration purpose, so it is grouped with the subcritical 

thickness layer. 

 

3.3.1 Buffer Layer 

 Buffer layer is the layer used for flattening the surface of the sample before 

and after the InAs calibration and evaporation. It is the thickest layer and is lattice 

matched with the substrate, in this case GaAs on GaAs. Furthermore, the buffer layer 

is also GaAs buffer layer, where it is grown after the de-ox process at the substrate 

temperature of 580°C. The thickness of the GaAs buffer layer is approximately 100 

nm. For convenient, the GaAs buffer layer is grown at the rate of 0.6 ML/s, which is 

converted to approximately 10 minutes.  

 

3.3.2 Cross-Hatch Patterns Layer 

 Cross-hatch patterns (CHPs) are occurred by the lattice mismatched between 

substrate and epilayer as mentioned in the previous chapter. The compound material 

for CHPs in this thesis is InxGa1-xAs/GaAs, where the lattice constant for CHPs is 

proportional to the molar faction, x. To form the CHPs, the lattice mismatch should 

not be too large, to prevent the formation of 3D islands. The dislocation for zinc blend 

structure, such as InGaAs, is easily occur along [1-10] and [110] direction. 

 To grow InGaAs CHPs, the shutter for both In and Ga are open at the same 

time. The molar fraction of In should not be higher than 20% to prevent 3D islands 

formation. In this particular experiment, the molar fraction is In0.2Ga0.8As. When both 

shutters are opened, In and Ga molecules react with As4 in the growth chamber and 

form CHPs when reached critical thickness for dislocation formation in 

InGaAs/GaAs, Hc, as shown in figure 2.8. 
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3.3.3 Quantum Dots and Subcritical Thickness Layer 

 QDs and subcritical thickness layer have the same process but difference in 

the layer thickness. For QDs, the first few layers are arranged in 2D manners similar 

to quantum wells, called wetting layer (WL). When the thickness reached critical 

thickness for QD formation in InAs/GaAs, hc, the 3D islands will form according to 

SK growth mode, as shown in figure 2.4. However, in this thesis, QDs layer is only 

for InAs calibration purpose. On the other hand, the thickness of subcritical layer is 

below the hc, which is considered as WL and falls into FM growth mode.  

 The hc of InAs for QDs to form on GaAs is 1.7 ML, which make the 

subcritical thickness to be 1.6 ML and below. In this thesis, the subcritical thicknesses 

range from 1.4-1.6 ML. For QDs, RHEED pattern will change to spotty pattern, 

which indicated the 3D islands formation. On the other hand, RHEED pattern for 

subcritical thickness will not change during the growth because there is no 2D-to-3D 

transition.  

 

3.4 Ex Situ Characterization 

 Since RHEED images during the growth process do not show a clear picture 

of the surface reconstruction, the ex situ tools are needed to observe the morphology 

of the samples. In this experiments, atomic force microscopy (AFM) is used to see the 

surface topography. Where, photoluminescence (PL) spectroscopy is used to analyze 

the optical properties of the samples. 

 

3.4.1 Atomic Force Microscopy (AFM) 

 To observe the topography of the sample, AFM is introduced. AFM is a 

machine that analyzes the structure of the surface in the size of nanometer scale. AFM 

can be divided into 3 modes: contact-mode, non-contact mode, and tapping mode. 

The system consists of tip, cantilever spring, laser, and photodetector. In this 

experiment, the samples were measured using Seiko SPA-400 AFM machine operated 

by dynamic mode, which is equivalent to tapping mode in typical AFM system. 

Figure 3.10 shows the Seiko SPA-400 AFM machine and a basic diagram of AFM. 
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Figure 3.10 (a) Seiko SPA-400 AFM machine. (b) Basic diagram of AFM. 

  

The system starts with the movement of the tip on the cantilever spring over 

the surface of the sample, where the oscillation is kept constant. When the tip moves 

in x and y direction, the z direction will move up and down corresponding to the 

surface of the sample due to the electromagnetic force. During the movement of the 

cantilever, the laser is shone onto the cantilever, and then the reflection of the laser is 

detected by the photodetector and displays 3D images on the computer corresponding 

to the cantilever’s motion 

 

3.4.2 Photoluminescence (PL) 

 Direct band gap semiconductor can release photon energy when excited by 

light with higher energy band gap. Each released photon has different wavelength 

than each other, which is depend on the unique properties of the sample. The 

technique that is used to measure the photon intensity is called photoluminescence 

(PL) spectroscopy.  

 The PL spectroscopy started by shining an Ar
+ 

laser, with a wavelength of 

514.5 nm, through a chopper to convert a signal from DC to AC with the frequency of 

330 Hz. The conversion is done to reduce the noise from the 50 Hz generator. Then 

the laser beam will go through a collector lens, which reduces the diameter of the 

beam but increase in intensity. The sample is placed in a vacuum container, called 

cryostat. The collected laser beam that hit the sample has an energy of 2.6 eV (476.5 

nm), which is higher than the energy band gap of GaAs sample, 1.43 eV at 300K or 
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1.52 eV at 20K, respectively. The schematic of PL spectroscopy is shown in figure 

3.11. 

 

 

Figure 3.11 Schematic of PL spectroscopy [29]. 

 

 When the laser beam hit the sample, the sample will absorb the energy and 

create an electron-hole pair, and then electron will recombine with hole. During the 

recombination, the energy difference will emit energy that depends on the type of 

energy band gap of the structure. For direct bang gap semiconductor, the sample will 

release its energy in the form of photon. On the other hand, indirect band gap 

semiconductor will release its energy in the form of phonon. The emitted photons are 

collected by the monochromator, which screens photons with various wavelengths 

and selects wavelength that fall in the wanted range.   

 In this experiment, the PL measurement is done with a power dependent 

technique, which varied laser power but keep a constant temperature at 20K. The 

samples were measured without a GaAs capping layer on top to studied optical 

properties of uncapped InAs surface structures 
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Chapter 4 

 

Results and Discussion 

   

The main focus for this thesis is to study the formation of subcritical thickness 

of InAs layer on InGaAs cross-hatch patterns by in situ annealing and analyze the 

characteristic of the nanostructure. This chapter reports the results from the 

experiments, which can be divided into 3 sections. Section 4.1 presents the summaries 

of the previous works that have been done with InGaAs cross-hatch patterns. Section 

4.2 reviews the relevant results with the subcritical thickness nanostructures. In 

Section 4.3, the results from this thesis are presented, including surface morphology 

and topology of subcritical InAs layer on In0.2Ga0.8As CHPs. Finally, Section 4.4 

explains the optical properties of subcritical thickness InAs layer without GaAs 

capping layer. 

With the vast attention devoted to the formation of QDs due to the unique 

properties of the structure in both electrical and optical; the formation of subcritical 

thickness nanostructures are still poorly understood. However, few studies have 

shown some interesting nanostructures obtained from the subcritical thickness layer, 

such as HNWs [11], low density QDs [31], and complex parquet structure [12]. There 

are many applications in optoelectronic devices for these kinds of nanostructures, 

such as nanosensors [32], fiber-based communication [33], and many more. 

 

4.1 Summaries of Previous Works on Cross-Hatch Patterns 

 The previous works that have been done on InGaAs CHPs were mostly QDs 

structure on CHPs. The cross-sectional structure is shown in figure 4.1. The substrate 

is GaAs (001) and flattened by 300 nm of GaAs buffer layer, followed by InGaAs 

CHPs. Then, InAs layer is grown on top of InGaAs CHPs. The variables x, y and z are 

the molar fraction of In, the thickness of CHPs, and the evolution of InAs layer on 

InGaAs CHPs, respectively. 
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Figure 4.1 Cross-sectional structure of CHPs experiments from previous 

generation. X, y, and z, indicated molar fraction, thickness of CHPs 

layer, and thickness of InAs layer, respectively. 

 

4.1.1 The Effects of Molar Fraction of In, x 

The cross-hatch density for InGaAs CHPs is directly depends on the molar 

fraction of In, x. When the value of x increases, the density of CHPs and QDs are also 

increase. This natural phenomenon can be explained by the strain relaxation during 

the growth of InGaAs. According to table 2.1, the higher value of x causes the lattice 

constant of InxGax-1As to become larger. Thus, the Hc for dislocations becomes lower. 

So the MD and TD occurred faster at higher value of x, which result in higher density 

of CHPs.  

 

 

Figure 4.2 AFM images of InAs QDs on 50 nm InGaAs CHPs, where the molar 

fraction is (a) 0.08, (b) 0.10, (c) 0.16, and (d) 0.20, respectively [34]. 

 

In figure 4.2 demonstrates the AFM images of InAs QDs on InGaAs CHPs, 

where the thickness of all CHPs is 50 nm and x = 0.08, 0.10, 0.16 and 0.20, 

respectively. Figure 4.2(a) shows the AFM image of sample with x = 0.08, the 

dislocation only appears on [1-10] direction, called stripes. The QDs are aligned along 

the stripe in the form of chain, which is called quantum dot chain. Figure 4.2(b)-(d) 
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demonstrated complete CHPs on both [1-10] and [110] directions with QDs grew on 

top. It is clear that with higher value of x, the density of CHPs become higher.  

 

4.1.2 The Effects of InGaAs Thickness, y 

 Aside from the effects of the molar fraction, the thickness of InGaAs layer 

also has effect on the accumulative strain and the surface of CHPs. When the 

thickness of InGaAs layer exceeds the Hc, the strain in InGaAs is decreased rapidly. 

Figure 4.3 shows AFM images for various thickness of In0.15Ga0.85As CHPs. Figure 

4.3(b) and 4.3(c) demonstrate the ineffective ordering of QDs relative to the thickness 

of CHPs layer.  

 

 

Figure 4.3 AFM images of InAs QDs on In0.15Ga0.85As with the thickness of (a) 

50 nm, (b) 100 nm, and (c) 150 nm, respectively. The arrow is pointing 

to [1-10] direction [35]. 

 

4.1.3 The Effects of Growth Interruption Time 

 Another parameter that affects CHPs, other than the molar fraction of In and 

the thickness of InGaAs layer, is the growth interruption (GI) time. GI is a time after 

the shutter of In cell is closed until the next growth process. For InAs QDs on flat 

GaAs surface, the GI time for the best optical result and FWHM is 30 s [36]. 

Similarly for InAs QDs on CHPs, the GI time for best optical result is also 30 s [37]. 

In the case of short GI time, the QDs are be able to form on the flat surface, as shown 

in figure 4.4(a) with white arrows. The sample of GI time of 30 s shows the best 

result, as shown in figure 4.4(b). Figure 4.4(c) shows the case of long GI time, the 

QDs shape becomes abnormal due to the In evaporation from the surface. 
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Figure 4.4 AFM images of InAs QDs on In0.15Ga0.85As with GI time of (a) 0,  

(b) 30, and (c) 60 seconds [37]. 

 

4.1.4 Evolution of InAs Quantum Dots on Cross-Hatch Patterns, z 

 The height of InAs QDs on CHPs is different in each location, which indicated 

the difference in the formation time. The studied from T. Limwongse [28] shows the 

image threshold from AFM images of the QDs on CHPs sample with x = 0.2 and 50 

nm thick. The evolution of InAs QDs formation on CHPs is concluded. The first 

location that QDs are formed was at the cross section of [1-10] and [110], as shown in 

figure 4.5(b). Followed by the formation along [1-10] direction, shown in figure 

4.5(c). Then the QDs formed on [110] direction and the flat surface, respectively. The 

reason behind this evolution of QDs formation is due to difference in strain energy in 

each location. 

 

 

Figure 4.5 (a) AFM image of InAs QDs on In0.2Ga0.8As CHPs with height 

contrast of 7.6 nm. And the images threshold with height contrast of 

(b) 5.5, (c) 4.9, (d) 4.0, and (e) 3.0 nm, respectively. The black color 

indicates the higher area and the white color indicates the lower area 

[34]. 
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4.2 Subcritical Thickness Structures 

Subcritical thickness or intermediate stage is a structure that forms when the 

thickness of epitaxial layer is below the hc. In the cases of InAs on GaAs, this stage is 

in the range of 1.0-1.6 ML [12, 13]. The formation of nanostructures in the subcritical 

range is still poorly understood. According to figure 2.4, the subcritical thickness for 

InAs on GaAs falls into FM growth mode, because the lattice mismatch between them 

is approximately 0.072. The FM growth mode is considered as 2D growth mode. 

However, due to the potential energy during the growth could make the WL to be in a 

metastable state and could form 3D structures. 

 

4.2.1 Quantum Dots Formation in Subcritical Thickness 

Although the epitaxial layer of subcritical thickness is in 2D growth mode, the 

kinetic energy during the growth could make the WL to be in a metastable state and 

form into 3D structures. The studied by Tonkikh et al. [31] presented the transmission 

electron microscopy (TEM) image of InAs QDs formation on GaAs substrate, where 

InAs layer thickness is at 1.4 ML, as shown in figure 4.6. This experiment proved that 

the formation of QDs is possible even at subcritical thickness layer.  

 

Figure 4.6 TEM image of subcritical thickness InAs QDs at 1.4 ML grown on 

GaAs substrate [31]. 

 

 Moreover, the studied by V.G. Dubrovskii et al. [38] presented the density of 

InAs QDs grown on 5° off-cut GaAs(100) substrate with the thickness between 1.3, 
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1.4, and 1.5 ML. By looking at their PL spectra, the surface density can be obtained. 

Figure 4.7 clearly shown PL images of the density of InAs QDs, which indicated that 

when the thickness of epitaxial layer increases, the density of QDs is also increases. 

This proved that the ultra-low density of QDs can be obtained by the growth of 

subcritical thickness structure.  

 

 

Figure 4.7 PL images of the density of (a) 1.3, (b) 1.4, and (c) 1.5 ML of InAs 

QDs grown on GaAs substrates [38]. 

 

4.2.2 Complex Structure in Subcritical Thickness 

 Other studied on subcritical thickness InAs layer showed an interesting 

structure that formed into wires and complex parquet structure as performed by 

Guryanov et al. [12]. The InAs layers of 1.0-1.5 ML were deposited on GaAs(100) 

singular and vicinal surfaces. The growth temperature is 470°C for InAs deposition. 

After the growth of InAs layer, the temperature is decreased down to 300°C for 

transferring to scanning tunneling microscopy (STM) operation.  

The STM images of 1.0 and 1.5 ML of InAs on singular samples are shown in 

figure 4.8(a)-(c). In figure 4.8(a), the thickness of InAs is 1.0 ML with growth 

interrupt (GI) of 30 seconds, the image showed sign of wires along [001] direction.  

The lateral size of wires is approximately 30 nm. In figure 4.8(b) and (c), the 

thickness of InAs is 1.5 ML with GI of 30 and 2 seconds respectively, the images 

showed a so-called “parquet” structure, which resulted in perpendicular direction: 

[001] and [010]. In addition, a parquet model is depicted in figure 4.8(d) as 

clarification. 
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Figure 4.8 STM images of (a) InAs 1 ML with 30s GI, (b) InAs 1.5 ML with 30s   

GI, and (c) InAs 1.5 ML with 2s GI on singular GaAs(100) substrate. 

(d) A model of simple parquet structure for clarification [12]. 

On the other hand, the surface arrangements for vicinal samples are different 

than those on the singular samples. Figure 4.9(a) demonstrates the structure of the 1.0 

ML InAs layer with GI of 30 seconds, the STM image shows similar result as found 

in singular sample, which revealed wires structure along [001] direction with a tilted 

angle by 15°. The lateral size of the wires is about 25 nm. Where in figure 4.9(b), 

InAs layer of 1.5 ML thick with GI of 2 seconds shows wires along the [001] 

direction but accompanied by wires with larger width that tilted slight toward [011] 

direction.  

 

Figure 4.9 STM images of (a) InAs 1 ML with 30s GI and (b) InAs 1.5 ML with 

2s GI on vicinal GaAs(100) substrate [12]. 
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4.2.3 Horizontal Nanowires in Subcritical Thickness 

Recently, the rather simple growth process of subcritical thickness of Ge on Si 

have been studied by Zhang et al. [11] who show horizontal nanowires (HNWs) of 

Ge/Si formed by submonolayers deposition and post annealing. The 3D islands called, 

“hut-clusters”, formed during annealing period. AFM images of this experiment are 

shown in figure 2.8. In this studied, the amount of deposited Ge on Si is 4.4 ML, 

which is 0.1 ML lower than hc. After the deposition of Ge, the experiment was carried 

on by in situ annealing at 10°C lower than the growth temperature for 1 hour, 3 hours, 

and 12 hours. The annealing period affects in length of the HNWs. 

 

 

Figure 4.10 AFM images of Ge HNWs on Si substrates with (a) high and (b) low 

density of Ge HNWs. (c) Ge HNWs with miscut angle. (d)  3D AFM 

image with cross-sectional image indicated in the inset [11]. 

 

Figure 4.10(a) and 4.10(b) show the high and low density of Ge HNWs after 

in situ annealing for 12 hours. The HNWs direction are along [001] and [010] 

direction. The tapered Ge HNWs with a miscut angle are shown in figure 4.10(c). The 

3D AFM image in figure 4.10(d) indicated that the HNWs are in the triangular shape 

with an image of cross-sectional shown in the inset. 

 

4.3 Surface Morphology of Subcritical Thickness InAs on Cross-Hatch Patterns 

All of the structures are grown on epi-ready GaAs (001) substrate. After the 

surface oxide removal at 580°C, GaAs buffer layer with the thickness of 300 nm is 

grown on top at the same temperature. A 25-nm In0.2Ga0.8As CHP is grown on top of 

the flattened surface at 500°C, with the growth rate of 0.2 and 0.05 ML/s for Ga and 

In, respectively. The followed by growth interruption (GI) for 20 seconds before 

growing 6nm of GaAs spacer layer and GI for another 20 seconds. Finally, the 
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subcritical thickness of InAs layer with the growth rate of 0.02 ML/s is grown on top 

of GaAs spacer layer for 1.6, 1.5, and 1.4 ML. There are 2 groups of samples; 

annealed and non-annealed samples. In the case of annealed samples, the samples 

were left exposed with As4 flux for 4 minutes and 30 seconds and the temperature of 

the sample is lowered to 470°C. The cross-sectional structures of the samples are 

shown in figure 4.11. 

 

 

Figure 4.11 Cross-sectional structures of (a) 1.6 ML, (b) 1.5 ML, and (c) 1.4 ML 

subcritical InAs layer on In0.2Ga0.8As CHPs. 

 

 The samples are separated into 2 groups: annealed and non-annealed samples. 

Each group contains 3 samples with varied thickness of InAs layer, which equal to 6 

samples in total. This way the effect of thickness and the effect of annealing can be 

observed. For clarification, the overall samples and procedures are shown in table 2 

below. 

 

Table 2  Overall procedures for each sample 

No. Sample Code Thickness 

(ML) 

Annealing Time 

(min) 

Annealing Temp. 

(°C) 

1 A_16 151014_A 1.6 4:30 min 470°C 

2 A_15 151014_B 1.5 4:30 min 470°C 

3 A_14 151021 1.4 4:30 min 470°C 

4 NA_16 151118_A 1.6 0 N/A 

5 NA_15 151029_B 1.5 0 N/A 

6 NA_14 151118_B 1.4 0 N/A 
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4.3.1 Surface Morphology of Annealed Samples 

 This set of experiment contains sample A_16, A_15, and A_14. Each sample 

has the same growth structure but differed in the thickness of InAs layer. During the 

experiment, the pressure is kept at 1x10
-7 

Torr by continuously feeding As4 flux. The 

in situ real time observation is done by 15kV RHEED. During the growth of InAs 

layer, RHEED patterns showed no sign of spotty patterns, which indicated that there 

are no 2D to 3D transition. After the subcritical thickness InAs growth process is 

finished, all 3 samples were left to annealed at 470°C for 4 minutes and 30 seconds 

under As4 flux, the RHEED patterns after annealing period for sample A_16, A_15, 

and A_14, are shown in figure 4.12(a)-(c), respectively. 

 

 

Figure 4.12 RHEED patterns for sample (a) A_16 with the inset showing (2 x *) 

surface reconstruction, (b) A_15, and (c) A_14 after the annealing 

process. 

 

 The RHEED results from all 3 samples appeared to have a similar pattern. The 

patterns show a (2 x 3) surface reconstruction, which is differed from flat surface, 

which  has a (2 x 4) surface reconstruction [39]. When the electron beam hit the 

surface along [110] direction, the pattern appeared to be (2 x *) surface 

reconstruction, as shown in the inset of figure 4.12(a). On the other hand, when the 

electron beam hit the surface along [1-10] direction, the pattern appeared to be (* x 3) 

surface reconstruction. The (2 x 3) for subcritical thickness structure is in agreement 

with the studied by K. H. Ploog et al [40], which stated that the (2 x 3) surface 

reconstruction appeared when the InAs layer is lower than the hc. 

 After finished with the growth process with MBE machine, the samples were 

taken out for surface characterization with AFM. The AFM images for A_16, A_15, 

and A_14 are shown in figure 4.13(a)-(f). The scale for top rows is 5x5µm
2
 and the 
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scale for bottom rows is 2x2µm
2
, respectively. The perpendicular lines indicate the 

[110] and [1-10] crystalline directions. 

 

Figure 4.13 AFM images of (a)-(c) 5x5µm
2 
and (d)-(f) 2x2µm

2
 for sample A_16, 

A_15, and A_14, respectively. 

 

 According to the AFM images shown in figure 4.13, it can be clearly seen that 

the CHPs are formed along [110] and [1-10] direction as expected. However, the 

density of CHPs in each sample is different due to the dependent in growth 

environment, which caused by many factors: thermal conductivity from difference 

Mo Block, growth rate calibration, and the location of the sample when mounted onto 

the Mo Block. 

 Although the density of CHPs is different but the surface morphology shows 

some interesting nanostructures in all the samples. By comparing to the surface of the 

InAs QDs samples, the area that does not affect by the CHPs tends to be flat. 

However, the surface morphology of subcritical thickness InAs layer does not show 

any sign of flat surface, but seem to form into wire-like structures along [1-10] 

direction instead. This formation resembled to the report from Guryanov et al. [12], 

which reports that a similar wire-like structures. These wire-like formation are 
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possibly due to the applied external stress during the lattice mismatched growth 

system [41].   

 

4.3.2 Surface Morphology of Non-Annealed Samples   

 To understand the annealing effect on subcritical thickness InAs layer on 

InGaAs CHPs, the samples with non-annealing period are also needed to be study. 

The growth process for non-annealed samples is the same as the annealed samples. 

But after the deposition of subcritical thickness InAs layer, the OM temperature was 

step down to 100°C immediately. By doing this, there will be no kinetic energy after 

the InAs deposition. The non-annealed samples are named NA_16, NA_15, and 

NA_14, which differed in thickness accordingly. 

 The real time surface reconstruction for non-annealed samples is also observed 

by in situ RHEED, as shown in figure 4.14 (a)-(c). Even though there were no 

annealing period, but the RHEED patterns after the subcritical thickness InAs layer 

for all 3 samples showed the same pattern as in annealed samples, which is also (2 x 

3) surface reconstruction. This is also similar studied by Ploog et al [40], which 

explained that there are no difference in RHEED patterns with annealed and non-

annealed samples at subcritical thickness, due to the absence of 3D islands. 

  

 

Figure 4.14 RHEED patterns for sample (a) NA_16, (b) NA_15, and (c) NA_14 

after subcritical thickness InAs deposition. 

 

 When the growth process finished, all 3 samples then get taken out to carry on 

to analyzing the surface morphology by AFM. Figure 4.15(a)-(f) presents the AFM 

images of sample NA_16, NA_15, and NA_14, with indication of [110] and [1-10] 

crystalline direction. Where images on the top row displayed 5x5µm
2 

and the bottom 

row displayed 2x2µm
2
 scale. 
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Figure 4.15 AFM images of (a)-(c) 5x5µm
2 
and (d)-(f) 2x2µm

2
 for sample NA_16, 

NA_15, and NA_14, respectively. 

 

 Although RHEED pattern for sample NA_16 did not show any spotty patterns, 

but after scanning the surface morphology by AFM, there are QDs formation on the 

surface, as shown in figure 4.15(a) and 4.15(d). However, it is considered as low 

density QDs when compared to the QDs formation at hc [38]. There also exists a large 

QD in the middle of the CHPs, which is where the QDs tend to form first [8].  Aside 

from the QDs formation, it can be seen that there are also wire-like structure on the 

surface as well. 

 In the case of sample NA_15 and NA_14, there are no sign of QDs formation 

on the surface. However, the CHPs for both samples do not clearly show. As 

mentioned before, there are many factors that might affect the formation of CHPs. 

Even though the CHPs cannot be seen clearly, but the wire-like structure is also 

formed in these 2 samples, which is similar to sample NA_16, but without any QDs 

formation on the surface. 
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4.3.3 Effects of Thickness for Subcritical Thickness InAs Layer  

 The surface morphology for both annealed and non-annealed samples with 

subcritical thickness InAs layer on InGaAs CHPs were obtained by the AFM scanning 

system, which show interesting results. But to explain the difference between these 

samples, the effects of different thickness and in situ annealing of subcritical layer 

must be taken into account. Because, these 2 parameters are the main parameters that 

varied in each samples.  

First, the surface topology for annealed samples has been analyzed to 

understand the effects of different thickness of subcritical thickness InAs layer. Figure 

4.16(a)-(c) shows the surface morphology with its line scan on the side for annealed 

sample A_16, A_15, and A_14, respectively.  

 

 

Figure 4.16 Surface morphology of 2x2µm
2
 AFM images with line scan profiles of 

annealed sample (a) A_16, (b) A_15, and (c) A_14, respectively. 
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From the line scan profiles, there are noticeable trend of the distance between 

two peaks of atomic wires. For sample A_16, the distance between two peaks of the 

structure is approximately 100 nm. While the distance two peaks of sample A_15 is 

around 150 nm. And for sample A_14, the distance between peaks is around 200 nm. 

The reason for this effect can be explained by the strain relaxation of the lattice 

mismatch structure. When the value of InAs deposition layer is getting closer to that 

of hc, in this case is 1.7 ML, there is more chances to perform a 2D to 3D transition, 

which mean that the 2D wetting layers are accumulating closer together before 

forming into 3D islands. That is why sample A_16, has a closer distance between 

peaks of atomic wires. 

However, the height of atomic wire for each sample is range from 0.1 nm to 

0.3 nm, where InAs thickness at 1.6 ML, 1.5 ML, and 1.4 ML, are equivalent to 0.485 

nm, 0.454 nm, and 0.424 nm, respectively. Where, InAs with the thickness of 1 ML is 

equivalent to 0.3 nm. These mean that the varied thickness of subcritical thickness 

InAs layer does not affect the height of the atomic wire, but does affect the distance 

between peaks of the atomic wires instead. Since the height of the atomic wire is low, 

it can also be considered as a wetting layer, which falls between FM and SK1 growth 

mode.   

 

4.3.4 Effects of In Situ Annealing of Subcritical Thickness InAs Layer 

The effects of varied thickness for subcritical thickness of InAs layer from 1.4 

to 1.6 ML for annealed samples have been explained in the previous section. Now, the 

effects of in situ annealing of subcritical thickness InAs layer itself will be explain in 

this section, to see what happen when to the surface when it undergo in situ annealing. 

For non-annealed samples, the surface topology is also has been analyzed by 

the same method. Figure 4.17(a)-(c) shows the surface morphology with its line scan 

on the side for non-annealed sample NA_16, NA_15, and NA_14, respectively.  
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Figure 4.17 Surface morphology of 2x2µm
2
 AFM images with line scan profiles of 

non-annealed sample (a) NA_16, (b) NA_15, and (c) NA_14, 

respectively. 

 

 From the line scan profile, the trends are similar with the annealed samples. 

However, the distance between atomic wires is different. In the case of sample 

NA_16, the distance between peaks of atomic wires is approximately 200 nm, as 

shown in figure 4.17(a). The distance is around 100 nm wider when compared to the 

annealed sample at the same thickness. Figure 4.17(b) shows the line scan profile for 

sample NA_15. The distance between two atomic wires is around 220 nm. Finally, 

figure 4.17(c) presents the line profile for sample NA_14, where the distance between 

two atomic wires becomes wider at around 300 nm.  

 For clarification of the effects of in situ annealing of subcritical thickness 

InAs, the mean wire separation for annealed and non-annealed are plotted in figure 

4.18 below. Figure 4.18 illustrates the minimum and maximum values of the 

periodicity of atomic wires for all the samples.  
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Figure 4.18 Mean wire separation data with minimum and maximum values of 

both non-annealed (red) and annealed (green) samples with subcritical 

thickness InAs layer of 1.4, 1.5, and 1.6 ML, respectively. 

 

4.3.5 Effects of Cross-Hatch Patterns on Subcritical Thickness InAs Layer  

 Typically, when InAs QDs are formed on CHPs, they are initially formed at 

the intersection point first, followed by [1-10] and then [110] direction [34]. Although 

the experiments in this thesis is a subcritical thickness InAs layer on InGaAs CHPs, 

but it showed the same effects as InAs QDs on CHPs. Figure 4.19(a) shows great 

example of 5x5µm
2 

AFM image of sample A_14, which contains both formation of 

subcritical thickness InAs layer on the intersection and along [1-10] direction. The 

line scans in figure 4.19(b) are done along [110] and [1-10] direction to observe the 

confinement and elongation of both directions. 

 

Figure 4.19 (a) 5x5µm
2 
AFM image of sample A_14 with (b) line scan profiles 

along [110] (pink) and [1-10] (blue) directions. 

 



 

 

46 

 As shown in figure 4.19, the height of the structure along [110] direction 

becomes discrete on CHPs. On the other hand, the structure along [1-10] direction is 

shown as a continuous structure. The highest peak is of course at the intersection of 

CHPs. But along [1-10] direction on CHPs, the subcritical thickness InAs layer is 

formed into a wire on CHPs. The potential application of this kind of structure could 

be uses in many types of semiconductor devices, such as MOSFET.  

 

4.3.6 Effects of Long-Time Annealing on Subcritical Thickness InAs Layer 

 Apart from the effects of short-time annealing experiment on subcritical 

thickness InAs layer on InGaAs CHPs, the effects of long-time annealing were also 

observed. The structure of the samples that were used in this experiment have the 

same exact same structure as the previous experiment with the thickness of InAs at 

1.6 ML. However, the annealing time is a lot longer when compared the short-time 

annealing, at 1 and 2 hours [42].  

 

Figure 4.20 5x5µm
2 
AFM images of (a) 1-hour-annealed with the inset of line scan 

of QDs and (b) 2-hour-annealed sample. Where (c) and (d) are line 

scan profiles for (a) and (b), respectively [42]. 
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 The AFM images and line profiles of both samples are shown in figure 4.20. 

For 1-hour-annealed sample, the AFM image is shown in figure 4.20(a); the CHPs 

can be seen clearly with the dominant stripes along [1-10] direction. The inset in 

figure 4.20(a) shows the size of the QDs formed on the surface, which is around 3.5 

nm high with the line scan profile in figure 4.20(c) Moreover, the more interesting 

structure occurred from 2-hour-annealed sample, where the surface becomes hill-like 

structure, as shown in figure 4.20(b). For 2-hour-annealed sample, the CHPs are 

completely covered by the hill-like structure. The line scan profile of this structure in 

figure 4.20(d) shows the thickness of the structure, where it is clear that it is in the 

form of steps. Each step is approximately 1 nm. The presumption about the 

occurrence of this kind of structure is believed to be the digging effect of the GaAs 

spacer layer during the long-time annealing process.  

 

4.4 Optical Properties of Subcritical Thickness InAs on Cross-Hatch Patterns 

 The optical properties of nanostructure are also one of the important factors 

for optoelectronic devices. This property determined the suitable application for 

different structure, which can be used in many kinds of applications. However, there 

are not many investigation have been done on the subcritical thickness InAs layer 

before.  

 

4.4.1 Optical Properties of InAs QDs on Cross-Hatch Patterns 

In general, optical properties of InAs QDs on InGaAs CHPs obtained by 

photoluminescence (PL) technique are usually depend on the size of QDs on both 

CHPs and flat surface. The experiment done by A. Jittrong [43] shows a result of PL 

spectrum of InAs QDs on In0.2Ga0.8As CHPs with 6 nm of GaAs spacer, which is 

similar to this experiment. In figure 4.21 shows an AFM image of 1 stack sample and 

the corresponding PL spectrum measured at 20 K. 
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Figure 4.21 (a) 2x2µm
2 
AFM image of InAs QDs on In0.2Ga0.8As CHPs with 6 nm 

of GaAs spacer and (b) the corresponding PL spectrum [43]. 

 

 The QDs formation showed in figure 4.21(a) shows that the QDs are formed 

on both CHPs and flat surface with large variety in size. The PL spectrum shows that 

due to the large variety in size and the area of formation of QDs caused the PL 

spectrum to be broader with a peak at 1.24 eV. At the same time, the WL and GaAs 

layer combined with carbon, emitted PL energy at 1.44 eV. However, there are no 

emission from InGaAs CHPs layer because of the thin GaAs spacer layer, which 

caused the tunneling effect of the carrier to go to the WL and QDs layer, resulted in 

reduction of emission from CHPs layer. 

 

4.4.2 Optical Properties of Annealed Subcritical Thickness InAs on Cross-Hatch 

Patterns 

 Typically, the PL measurement was done with the GaAs capping layer to 

create a quantum well structure. However, the studied from M. J. Milla et al. [44] 

shows that the PL spectrum for InGaAs surface QDs can also be measured without the 

need of capping layer.  

 In this thesis experiment, the PL measurement for subcritical thickness InAs 

layer was done without the 100 nm GaAs capping layer. Also the sample that was 

choosing to measure was sample A_15, which displayed highest density of CHPs. The 

sample measured by the power dependent method, which varied the power of the laser 

to see the change in optical properties. Figure 4.22 shows the results of PL 

measurement of sample A_15 without GaAs capping layer. 
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Figure 4.22 The power dependent PL spectrum of sample A_15 without GaAs 

capping layer. 

 

 From figure 4.22, the power of the laser was varied from 40 mW, 120 mW, to 

250 mW. The PL peak at 1.24 eV, which correspond to InAs QDs, cannot be found 

since there is no QDs formation. However, there are a peak at 1.29-1.30 eV, which is 

assume to be InGaAs CHPs [45].  Moreover, the peaks for InAs atomic wires and 

GaAs layer are separated from each other at 1.45 eV and 1.49 eV, respectively. 

Although the intensity of the PL energy is low, but this PL measurement proves that 

even without GaAs capping layer, the surface structure still emit photons indicating 

that it may be useful in optoelectronics applications. 
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Chapter 5 

 

Conclusions 

 This thesis reports the studies of the surface morphology and topology of 

subcritical thickness InAs nanostructures on In0.2Ga0.8As CHPs, grown by molecular 

beam epitaxy.  

 The samples were separated into 2 groups differentiated by the post-growth 

process: annealed and non-annealed samples. The real time RHEED observation did 

not show any sign of 3D islands formation for both groups of samples, which 

indicated that the thickness is lower than hc. However, it does not mean that there was 

no 3D islands formation, since it has been found in non-annealed sample with 1.6 ML 

of InAs layer, even though they are low density QDs.  

 The surface morphologies for both annealed and non-annealed samples 

displayed similarity in the terms of structural. The surface of both groups appear to 

formed into wire-like structures, with a mean height of 0.3 nm, which is equivalent to 

1 ML of InAs layer. However, the different between annealed and non-annealed 

subcritical thickness InAs nanostructures can be distinguished by the distance 

between two atomic wires. In case of annealed samples, the distance between atomic 

wires seems to be narrower than the non-annealed samples. This effect is believed to 

cause by the kinetic energy during the annealing period.  

 In0.2Ga0.8As CHPs also has effect on the formation of subcritical thickness 

InAs layer as well. The evolution of subcritical thickness InAs on CHPs agrees with 

the evolution of InAs QDs, where the first position to form is at the intersection of 

CHPs. However, the formation of subcritical thickness on CHPs is confined on [110] 

direction and elongated along [1-10] direction, which InAs tends to favor. 

 The optical properties of uncapped subcritical thickness InAs on CHPs shows 

that it is possible to do PL measurement without GaAs capping layer. The PL peak 

gives the highest energy at 1.45 eV, which is a peak of InAs atomic wires. These 

conclude that there is no 3D islands transformation on the surface after annealing 

period.  

2 

µm  

2 

µm  
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 This thesis experiments are done to understand the formation of subcritical 

thickness InAs layer on InGaAs CHPs. At the subcritical or intermediate stage, there 

are still a lot to be discover. The results from this thesis could be useful for further 

studies in the subcritical region not only InAs structure, but other structure as well.  
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