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Abstract 

In the fields of tensile-strained hetero epitaxial growth of III-V compound 

semiconductor by molecular beam epitaxy method, the pits on InAs layer on GaSb formed 

by the tensile strain and the dislocations in GaAs cover layer on InAs quantum dots 

formed by the anisotropic tensile strain were studied by focusing on the similarities 

between the two different material systems. 

   Before the InAs hetero epitaxial growth on GaSb, GaSb homo epitaxial growth was 

investigated to prepare a highly flat underlying surface. Two-step high and low 

temperature growth sequence was proposed, and extremely flat surface was obtained. 

   Adapting the flat surface obtained by two-step growth sequence, InAs bulk hetero 

epitaxial growth on GaSb was investigated for obtaining flat with pit-free surface 

applicable to the contact layer of GaSb-based device application. Pits with high index 

plane were observed on the InAs surface at relatively higher As2 pressure or lower growth 

temperature. Pits are not conducive to lattice relaxation, but formation of high index 

planes contribute to reduce surface energy. Although these pits on InAs are suppressed 

or reduced by reducing the As2 pressure or increasing the growth temperature, growth 

method for suppressing the pits with higher tolerance is needed. 

   In establishing a growth method that effectively suppresses pits of InAs on GaSb, the 

growth sequence was focused on same as the case of GaSb homo epitaxial growth. By 

adapting initial low and subsequent high temperature growth sequence, extremely flat 

surface of InAs on GaSb was obtained. This owes to the following two factors: (1) high 

flatness of initial InAs layer under suppressed Sb carryover, and (2) higher (001) plane 

preference of InAs subsequent high temperature growth. 

   Focusing on the similarity with InAs growth on GaSb, InGaAs/GaAs growth on InAs 

QDs was investigated to obtain high optical quality from two aspects of InAs QDs growth 

and subsequent InGaAs/GaAs cover growth. Growth temperature dependence of InAs 

QDs revealed that the dislocations mainly act as a non-radiative recombination center to 

degrade the PL characteristics. Relatively higher height InAs QDs caused the dislocation 

formation at cover layer directly above QDs. To clarify the mechanism of the dislocation 

formation, relationship with the surface morphology after cover layer growth was 

investigated under the various cover layer growth condition. This reveals that pit formed 

directly above the QD is the starting point for dislocation formation during the subsequent 

high temperature GaAs growth. Same as InAs/GaSb system, ensuring the surface flatness 

of initial low temperature cover layer is the important factor for fabricating the high-

quality GaAs/InAs QDs structure with suppressed dislocations.
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1 Introduction 

1.1 InAs/GaSb related material system 

 

1.1.1 InAs/GaSb related material system and type-II superlattice 

(T2SL) infrared photodetector application 

InAs/GaSb related material system have attracted a lot of attention especially for their 

application to infrared (IR) photodetectors (PDs) [1-16]. III-V binary compound 

semiconductors of GaSb, InAs, and AlSb are so-called “6.1 Å family” [17]. Their lattice 

constraints are 6.094 Å, 6.058 Å, and 6.136 Å, respectively, are to each other as shown 

in the relationship between bandgap and lattice constant in Fig. 1-1 [1]. A superlattice 

structure combining InAs/GaSb has a type-II band lineup and is called type-II superlattice 

(T2SL) as shown in the band diagram of Fig. 1-2 [1]. 

As in the case of InAs/GaSb system, the type-II band alignment results in an overlap 

in energy between the conduction band (CB) minimum and the valence band (VB) 

maximum of the two materials. This energy overlap is regarded to be in the range of 140-

170 meV [18-20] and is regarded as a critical parameter for designing InAs/GaSb T2SLs. 

As indicated in Fig 1-2, the bandgap of the InAs/GaSb T2SL is typically defined as the 

energy gap between the bottom of the lowest electron mini-band (C1) and the top of the 

highest hole mini-band (HH1). Thus, T2SLs can achieve smaller bandgaps than those of 

the materials comprising the SL. T2SL related alloys can provide much flexibility when 

designing device parameters such as absorption wavelength of IR-PD. 

Regarding the substrate material, GaSb is suitable for the substrate material in terms 

of strain compensation since the lattice constant of GaSb is between those of InAs and 

AlSb [1]. Furthermore, in recent years, high-quality GaSb substrate is commercially 

available [21]. 

Adapting the T2SLs, it will be possible to realize an IR-PD capable of detecting 

infrared light in a wide wavelength range from near to far infrared (SWIR to LWIR). Fig. 

1-3 shows the example of the device structure of IR-PD [7]. In addition to the InAs/GaSb 

T2SL, InAs/InAsSb and AlAs/InAs/InAsSb T2SLs were adapted to LWIR and MWIR 

absorptions, respectively. By combining the materials related to the 6.1 Å family, device 

applications in various forms will become possible including two-wavelengths detectable 

IR-PD as shown in the example in Ref. [7]. In addition to the diversity in device designing, 

T2SL related materials possess a relatively long minority carrier lifetime compared to the 

AlGaAs/GaAs materials constructing technologically mature quantum well infrared 

photodetector (QWIP) [11]. This makes it possible to increase the responsivity of the IR-
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PD. Thus, in recent years, T2SL is one of the most intensively studied materials for IR-

PD application. 

 

 

      

Figure 1-1 Relationship between bandgap and lattice constant of InAs/GaSb related 

material system so called “6.1 Å family” from Ref. [1]. 

 

 

 

Figure 1-2 Energy band diagram of InAs/GaSb type-II superlattice from Ref. [1]. The 

bandgap of T2SL is typically defined as the energy difference between the top of the 

heavy-hole mini-band (HH1) and the bottom of the electron mini-band (C1). 
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Figure 1-3 Device structure of two-wavelength detectable T2SL IR-PD from Ref. [7]. 

 

 

1.1.2 Homo epitaxial growth of GaSb 

   For the improvement of device characteristics such as responsivity in IR-PDs, a high-

quality epitaxial layer is required. For that purpose, defects and dislocations in the layer 

should be reduced because they act as carrier traps of photocarriers. If the surface flatness 

of the GaSb homo epitaxial layer is not sufficient, there is a concern that this will cause 

defects or dislocation in epitaxial layer due to such as the strain accumulation of the 

composition modulation. Thus, firstly, flat surface morphology of GaSb homo epitaxial 

layer is one of the most crucial points for ensuring the quality of the upper active layer. 

   So far, GaSb homo epitaxial layer has been investigated in terms of growth parameters 

such as growth temperature, group-V species, and off-angle of the substrate [23]. In 

Nosho et al.’s report [23], growth temperature had a great impact on GaSb homo epitaxial 

layer as shown in Fig 1-4. At relatively low growth temperature around 350 ˚C, mound-

like morphology was observed. On the other hand, a relatively smoother surface was 

observed on vicinal substrate at high temperature around 450 ˚C [23]. Moreover, since 

the surface before GaSb homo epitaxial growth must be rough due to its large surface 

oxidation [22], special treatment should be required concerning to initial surface in 

addition to the GaSb growth itself [23]. From this aspect, the effects of thermal oxide 

desorption (TOD) of GaSb surface and initial GaSb growth on a rough surface should be 

treated carefully. 

   In this study, to obtain flat with pit free GaSb surface, the influence of TOD 
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temperature, growth temperature, and growth step on GaSb homo epitaxial layer on the 

vicinal substrate were investigated systematically. An atomically flat surface was 

obtained at a high temperature growth, whereas pits which originated in the heavily rough 

substrate were observed at the same time. These pits were not observed at a low growth 

temperature, whereas surface roughness became greater even in the step-flow mode 

growth process. Combining high and low temperature with step-flow mode growth made 

it possible to obtain a flat, pit-free GaSb homo epitaxial layer. 

 

 

    

Figure 1-4 Surface morphology of GaSb homo epitaxial layer with varying the growth 

conditions such as growth temperature, substrate orientation, and Sb species. Left and 

right show in the case of using Sb4 and Sb2, respectively. These figures are cited from 

Ref. [23]. 
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1.1.3 Hetero epitaxial growth of InAs/GaSb related material 

To improve device characteristics such as dark current and responsivity in IR-PDs, a 

high-quality active InAs/GaSb hetero epitaxial superlattice layer as well as high-quality 

InAs bulk hetero epitaxial layer for electrode contact layer is required. For these purposes, 

defects and dislocations in the active layer or contact layer should be reduced because 

they act as carrier traps. Therefore, a basic study on InAs hetero epitaxial growth on GaSb 

is required to improve the IR-PD characteristics. 

Lattice mismatch between InAs and GaSb is relatively small of 0.7%, and it is 

advantageous for hetero epitaxial growth. However, As/Sb exchange such as reported in 

Ref. [24] and [25] occurring at the hetero interface may affect subsequent InAs growth. 

Regarding As/Sb exchange, growth temperature and As2 pressure has been reported 

to be two factors influencing this phenomenon [24]. As reported in Ref. [24], the influence 

of As2 irradiation to GaSb surface morphology were investigated. According to this report, 

As/Sb exchange was enhanced in the cases of high growth temperature and As2 pressure. 

This makes the GaSb surface rougher as shown in Fig. 1-5 [24]. Subsequent InAs growth 

are expected to be affected by this initial surface morphology. 

From another perspective, in Ref. [26], growth optimization of InAs homo epitaxial 

growth was researched by changing the growth temperature and V/III ratio. According to 

this research, the growth temperature between 430 and 450 °C and an As2/In flux ratio of 

about 15:1 yielded the highest quality in terms of defect density and surface roughness as 

shown in Fig. 1-6 [26]. 

Furthermore, the initial surface state of InAs homo epitaxial growth was investigated 

in terms of As2 pressure as a growth parameter. Surface states are significantly different 

with respect to As2 pressure [30]. At a lower As2 pressure close to stoichiometry, a high 

density of InAs compact islands on terraces is obtained as shown in Fig 1-7 (a) [30]. On 

the other hand, at a relatively higher As2 pressure, the islands are large, and the step and 

island edges are much rougher as shown in Fig. 1-7 (b) [30]. These differences observed 

at the initial stage of InAs growth would affect the subsequent InAs growth especially 

under the existence of tensile strain. Thus, for InAs hetero epitaxial growth on GaSb, both 

the effect of the interface caused by the As/Sb exchange and the subsequent InAs growth 

under tensile strain should be considered in terms of As2 pressure dependence. 

In this study, to obtain a high-quality of flat with pit-free InAs layer on GaSb, the 

effects of As2 pressure on InAs hetero epitaxial growth was investigated. It was revealed 

that InAs quality largely depended on As2 pressure. A high-quality InAs hetero growth 

was achieved under low As2 pressure. On the other hand, dislocations and pits were 

observed in InAs layer under high As2 pressure. Strain analysis revealed that dislocations 
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were found to originate at the InAs/GaSb interface layer with small lattice constants due 

to As/Sb exchange. Pits were seemed to be a formation of high index plane as a part of 

strain energy relaxation between InAs and GaSb to ease the surface energy. 

 

 

    

Figure 1-5 Surface morphology of GaSb after As2 irradiation at two conditions of low As2 

pressure/low growth temperature (left), and high As2 pressure/high growth temperature 

(right) reported in Ref. [24]. 

 

 

Figure 1-6 Relation between the surface defect density and growth conditions of InAs 

homoepitaxial layers reported in Ref. [26]. Growth temperature between 430 °C and 

450 °C and an As2/In flux ratio of about 15:1 yielded the highest quality in terms of defect 

density and surface roughness [26]. 
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Figure 1-7 Scanning tunneling microscopy (STM) images of InAs homo epitaxial growth 

quenched after the growth of 10.25 ML at different V/III ratios. The substrate temperature 

was 450 °C, with a growth rate of 0.25 ML/s, and the V/III ratios were (a) 2:1 and (b) 6:1, 

respectively [30]. 

 

From the As2 pressure dependence of InAs hetero growth on GaSb, a pit-free surface 

was eventually obtained at a relatively low As2 pressure of 2.2×10-7 Torr. However, the 

growth window for obtaining good crystalline InAs was quite narrow since the As2 

pressure is extremely so low that it is difficult to control even with a valved cell. Thus, 

there is a concern that run-to-run wafer productivity will be affected. 

In the next step, other growth parameters which affect growth kinetics of InAs such 

as growth temperature and Sb as a surfactant were noted. Especially InAs hetero growth 

on GaSb, there is a possibility that suitable growth temperature is different between at 

initial layer and subsequent layer. 

In this study, to secure greater tolerance in pit-free InAs on GaSb growth, the 

influence of Sb irradiation during InAs growth and the growth sequence especially in 

relation to the growth temperature without Sb irradiation were investigated. It was found 

that the formation of pits in the InAs layer was suppressed by irradiating trace amounts 

of Sb due to its surfactant effect. Sizes of the pits tended to become smaller as the growth 

temperature increased. Moreover, it was found that a two-step growth sequence that initial 

growth was performed at 400 °C and subsequent bulk growth was done at 520 °C can 

completely suppress the pits, moreover, yield an extremely flat surface at the same time. 

This owes to the initial flatness of the InAs layer at low growth temperatures and the 

higher (001) crystal plane orientation at high growth temperatures. 
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1.2 InAs/GaAs related material system 

 

1.2.1 InAs/GaAs QD laser application 

Self-assembled InAs/GaAs quantum dots (QDs) attract much attention especially as 

a laser application. Since the first proposal of Arakawa and Sakaki [31], the growth of 

InAs QDs using self-assembling technique has been intensively studied to improve their 

optical quality for applying to the active medium of the laser device [32-49]. One of the 

most notable features of QD laser is its low threshold current density owing to its three-

dimensional carrier confinement effect compared to quantum well (QW) laser [50] as 

shown in Fig. 1-8. Moreover, for example, QD lasers have excellent high temperature 

operating characteristics shown in Fig. 1-9 [51], lower linewidth enhancement factor and 

reduced linewidth [52], reduced reflection sensitivity [53]. 

Now, due to these excellent characteristics, QD lasers shown in Fig. 1-10 [54] for 1.3 

μm optical fiber communication is commercially available in the market [55]. 

 

 

Figure 1-8 Threshold current density vs publication year is plotted for semiconductor 

lasers [50]. 
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Figure 1-9 Record-setting high temperature continuous wave power output vs bias current 

curves for quantum dot lasers that reaches 220 °C [51]. 

 

 

 

 

Figure 1-10 Schematic device structure of QD laser with its I-L and modulation 

characteristics [54]. 
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1.2.2 Hetero epitaxial growth of InAs/GaAs related material 

Regarding the epitaxial growth technique, InAs QDs capped with InGaAs strain 

reducing layer (SRL) has been intensively studied [56-58]. Applying InGaAs capping 

layer can reduce compressive strain to InAs QDs smaller compared to GaAs one. Owing 

to this technique, InAs QDs emission wavelength becomes longer to reach the 

commercially important wavelength of 1.3 μm for optical fiber communication. So far, 

In out-diffusion of from QDs was suppressed by optimizing the growth sequence of 

InGaAs SRL and the maximum ground-state optical gain of 54 cm-1 at 25 ℃ near 1.3 μm 

emission was obtained in 8-stacked QD structure. For more temperature stabilization of 

QD laser, higher optical gain should be required. In order to further increase the optical 

gain of InAs QDs, it is important to examine the factors that inhibit radiative 

recombination at especially InAs QDs including their surrounding cover layer. 

   As for the growth of InAs QDs including their cover layer, it has been reported that 

pits appear in the region where the GaAs cover layer is difficult to be grown due to the 

strain directly above the InAs QD [59]. Figure 1-11 shows the surface and schematic 

image of the pits described in Ref. [59]. The growth temperature of the cover layer plays 

a role in whether pits form or not. In the case that the cover layer was grown at a low 

temperature same as InAs QDs, pit size increased and crystallinity of QD structure 

deteriorated significantly as shown in Fig. 1-12 (a). By annealing at high temperature 

during the cover layer growth, the pits disappeared and a QD structure with good 

crystallinity is formed as shown in Fig. 1-12 (b). Although large pits as shown in Fig.1-

11 that significantly impair crystallinity can be suppressed by high-temperature annealing 

or high-temperature growth of the cover layer, dislocations caused by the pits may 

degrade the optical properties, and a detailed study is needed to further improve the 

optical gain of the QD structure. 

 

 

Figure 1-11 Surface (left) and cross-sectional schematic figure (right) of GaAs cover layer 

grown on InAs QDs from Ref. [59]. 
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Figure 1-12 Cross-sectional TEM images of QD structure where (a) GaAs cover layer 

was grown at same temperature of QDs and (b) high-temperature annealing was 

introduced during the GaAs cover layer growth from Ref. [59]. 

 

   In this study, firstly, focusing on the effect of the underlying InAs QD, the growth 

temperature dependence of InAs QDs to understand the relationship between their 

structural and optical properties of InAs QDs structure. Photoluminescence (PL) intensity 

and dislocation density of QD structure changed a lot with QD growth temperature. Large 

PL intensity with small temperature dependence was observed in the sample with low 

dislocation density. Time-resolved PL measurement revealed that PL lifetime became 

longer as the dislocation density of the sample became lower. This means that dislocations 

in QD structure act as nonradiative centers degrading the PL intensity characteristics. 

   Following the results of the study of the underlying InAs QDs effect, secondly, the 

effect of InGaAs/GaAs cover layer growth on the optical properties of InAs QDs 

structures was investigated by changing the growth temperature and thickness of the 

cover layer. PL intensity decreased as the dislocation density observed around InAs QD 

increased. This indicates that the dislocations mainly act as a nonradiative recombination 

center same as confirmed in the case of InAs QDs with their temperature dependence. 

With surface observation of the cover layer, it was revealed that dislocations are formed 

during HT GaAs growth, originating from pits that remain on the surface after LT cover 

layer growth and subsequent annealing. 
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1.3 Research outline 

   The purpose of this study is to obtain a high-quality hetero epitaxial layer in the 

tensile-strained III-V compound semiconductor system. In this study, two different 

tensile-strained hetero epitaxial growth: InAs on GaSb and GaAs on InAs were 

investigated to obtain high-quality crystals in each material system. 

The purpose of InAs growth on GaSb is to obtain flat with pit-free surface suitable 

for the GaSb-based device application such as electrode contact layer of photodetector. 

Prior to the investigation of InAs/GaSb hetero growth, GaSb homo epitaxial growth was 

investigated for obtaining highly flat underlying GaSb layer suitable for InAs hetero 

epitaxial growth. Next, adapting the flat GaSb underlying layer, InAs hetero epitaxial 

growth was investigated by changing such as As2 pressure, growth temperature, growth 

sequence. The generation and suppression mechanisms of the pits were also discussed. 

The purpose of GaAs growth on InAs is to obtain optically high-quality QDs structure 

for improving the laser characteristics such as wall plug efficiency. The effects of growth 

condition of both underlying InAs QDs and InGaAs/GaAs cover layer on the optical 

properties of QDs structure were investigated. The mechanism of dislocation formation 

and its suppression method were also discussed. 

   The outline of this study is summarized in Fig. 1-13. 

   In the main context, experimental equipment used in this study and their principles 

are introduced in Chapter 2. 

   In chapter 3, GaSb homo epitaxial growth concerning to the pit formation on its 

surface and their suppression method are discussed. A part of content of this chapter is 

based on Ref. [1] in publication list of regular paper. 

   In Chapter 4, adapting the flat underlying GaSb layer obtained in Chapter 3, InAs 

hetero epitaxial growth with respect to the pit formation and its suppression method are 

discussed. A part of content of this chapter is based on Ref. [2] and [3] in publication list 

of regular paper. 

   In Chapter 5, GaAs hetero epitaxial growth on InAs QDs concerning to the 

relationship between dislocations and pits formed after initial cover layer is discussed and 

growth method for suppressing the dislocations is proposed. A part of content of this 

chapter is based on Ref. [4] in publication list of regular paper. 

   The research will be concluded in Chapter 6. 
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Figure 1-13 The outline of this study. 
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2 Experimental equipment 

 

2.1 Solid Source Molecular Beam Epitaxy (SS-MBE) 

MBE is one of the sophisticated epitaxial growth techniques enabling precise control 

of material purity, interface formation, alloy compositions, and doping concentrations.  

These qualities owe to the extremely clean ultrahigh-vacuum (UHV) environment in the 

material growth system. UHV conditions typically are controlled to a very low partial 

pressures of background impurity gases under 10-14 Torr. This leads to extremely low 

background impurity levels in the resultant epitaxial layer. In MBE, noninteracting 

molecular beams of constituent materials are evaporated or sublimed from effusion cells 

and allowed to chemically interact only on a heated substrate. The use of pure solid-source 

material enables not only very pure epitaxial growth but also much simplified chemical 

reaction when the source material reaches the substrate. MBE is suitable for extremely 

producing very sharp interfaces. The effusion cells that produce the molecular beams of 

source materials are typically paired with a mechanical shutter that can quickly start or 

stop the beams in much less time than it takes to grow an atomic layer of material. The 

temperature of the source in the crucible, which is very reproducible and stable, controls 

the flux generated from the effusion cells. This makes the generation of specific fluxes of 

constituent materials simple to control for accurate alloy compositions and doping 

concentrations. The UHV environment also makes it possible to incorporate various in 

situ monitoring techniques that can be used during growth, including reflection high-

energy electron diffraction (RHEED), and mass spectrometry. 

Figure 2-1 shows an example of an MBE reactor for research. The growth chamber is 

attached to a buffer chamber containing a heater stage for outgassing substrates, and then 

to a load-lock for the introduction of substrates into the vacuum environment. Figure 2-2 

shows a schematic of a typical MBE growth system. Effusion cells, pointed at the heated 

substrate, provide a flux of material that can be started and stopped with mechanical 

shutters. Various pumping technologies are used to maintain the vacuum, including 

cryopumps, ion pumps, turbomolecular pumps, and the liquid nitrogen-filled cryopanel. 

This helps keep background contamination of epitaxial layer as low as possible. 
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Figure 2-1 The photograph of MBE chamber. The photo shows the loadlock (front), the 

buffer chamber, and the growth chamber [60]. 

 

          

Figure 2-2 Schematic of an MBE system [60]. 
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2.2 Reflection High Energy Electron Diffraction (RHEED) 

RHEED is a powerful observation tool for the semiconductor surface structures 

analysis. In the RHEED technique, electrons from an electron source reflect off and 

diffract from a surface at a very low angle of 1° - 3° as can be seen from the position of 

the RHEED equipment in Fig. 2-2. Due to the shallow angle, the energy transfer normal 

to the semiconductor surface is minimal, and predominantly elastically scattered electrons 

escape from a few monolayers of material, causing this to be a rather surface-sensitive 

technique. The high energy electrons of typically 10 - 20 keV applied to RHEED can 

locally affect surface reconstructions, growth kinetics, and doping [61–63]. The reflected 

and diffracted beams create a pattern on a phosphor-coated screen on the opposite side of 

the system from the electron gun shown in Fig. 2-2. This pattern can be recorded using a 

CCD camera for real-time qualitative analysis. 

Briefly, the Ewald sphere construction denotes that a sphere with its center positioned 

at the origin in reciprocal space, with a radius equal to the incident electron k-vector (2p/l), 

will produce diffracted intensity when it intersects a crystal reciprocal lattice point. The 

Ewald sphere construction is shown in Fig. 2-3 [64]. For III-V materials and typical 

electron RHEED energies, the Ewald sphere is much larger than the spacing between 

reciprocal lattice points. For a perfectly flat, surface/vacuum interface, the constraint of 

the dimension normal to the semiconductor surface forces the reciprocal lattice points to 

extend into rods. A perfectly flat surface with a completely monochromatic electron 

source would produce “spots” where the Ewald sphere intersects the reciprocal lattice 

rods. However, due to the inevitable spread in electron energies, the vibration of atoms, 

and the much larger size of the Ewald sphere with respect to the spacing between the rods, 

the Ewald sphere is actually a thin shell and the reciprocal lattice rods are very thin 

cylinders. These effects make the diffraction pattern take the form of elongated “streaks” 

for smooth surfaces. When spots are observed, this is characteristic of atomic scale 

roughening, with the spots created by a transmission electron diffraction condition. 

RHEED is valuable for determining the surface structure of crystalline materials. 

 

Figure 2-3 Schematic relationship between the Ewald sphere construction and the 
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RHEED diffraction in both side view (left) and top view (right) from Ref. [64]. 

 

In addition, for the analysis of MBE growth, RHEED intensity oscillations are an 

important technique. First observed in the early 1980s [65–69], the intensity of the 

electron beam specular reflection, and other diffraction features, oscillate during growth 

under specific conditions. The oscillation period is equal to the time it takes to grow just 

one monolayer (ML) of material. Therefore, RHEED oscillations are generally used for 

the determination of growth rate. 

The simple schematic picture of RHEED oscillations is shown in Fig. 2-4. An initial 

smooth surface before growth starts yields a certain diffraction intensity. Once growth 

starts under conditions that yield an island growth mode, islands begin to nucleate on the 

formerly smooth surface. It causes an increase in disorder and providing additional 

scattering sites, that is step edges, for the incoming electrons. The intensity decreases due 

to the decrease in long-range order and the increased scattering. The intensity continues 

to decrease until a 1/2 ML of material is deposited. This represents the maximum disorder 

during layer-by-layer growth. Subsequent growth leads to coalescence of the nucleated 

islands and completion of an ML of growth. 

 

 

Figure 2-4 Schematic explanation of the origin of RHEED oscillations from Ref. [70]. 
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2.3 Atomic Force Microscopy (AFM) 

AFM is based on a relatively simple principle that it involves raster scanning of a 

sharp and hard probe which is located at the free end of a flexible cantilever. As shown 

in Fig. 2-5, the tip is scanned over the surface of a sample and senses the interaction forces 

between the tip and sample. The sample is normally mounted on a piezoelectric scanner, 

and it enables three-dimensional positioning with sub-nm accuracy. Interaction between 

the tip and the surface of the sample makes cantilever to be bended, and it is measured by 

laser light reflected from the cantilever to a position-sensitive photodetector. As changes 

in cantilever deflection result in variation of the distance between the tip and sample, a 

constant distance is re-established with a feedback loop between the sample-tip 

positioning system and a computer-controlled piezoelectric scanner. Registered values of 

cantilever deflection are electronically converted into a pseudo-3-dimensional image of 

the sample. As a result, AFM gives real 3-dimensional images of the sample with a 

vertical resolution of 0.1 nm and lateral resolution of 1 nm. 

 

 

Figure 2-5 Schematic illustration of the basic principles of AFM [71]. 
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2.4 X-Ray Diffraction (XRD) 

X-ray diffraction (XRD) is a characterization tool for analyzing crystals. The 

characterization is conducted by irradiating the sample with X-ray and measuring the 

diffracted beam intensity. 

 The vibration of the electrons in the component atoms of the crystal occurs by the 

irradiation of incident X-ray. Then, this generates spherical wave of the X-ray from the 

atoms with the same wavelength of the incident beam. The generated X-ray is called 

scattered X-ray. 

Figure 2-6 (a) shows the basic mechanism for the X-ray diffraction. When X-ray is 

irradiated on the sample at an incident angle of θ, interference of the scattered X-ray 

toward the same angle of θ occurs if the following formula is satisfied. 

 

                                                          2𝑑ℎ𝑘𝑙 sin(𝜃) = 𝑛𝜆                                                                         (2-1) 

 

where dhkl is the spacing between the (hkl) planes of the atomic lattice, n is an integer, λ 

is the wavelength of the incident X-ray. This condition is well known as Bragg’s law.  

Based on this principle, the detailed structure of the samples such as thickness and 

composition of the epitaxial layers, and the quality of grown crystals such as lattice 

relaxation and mosicity, can be examined by measuring the diffracted beam intensity at 

various angles for the incident beam and the detector. Figure 2-6 (b) shows a schematic 

of diffractometer for such a measurement, in which the two arms, one for the X-ray source 

and the other for the detector, can be independently rotated to determine the incident and 

detection angles. 

Regarding X-ray sources, Cu tube is one of the most widely used. In an X-ray tube, 

electrons accelerated from the cathode filament by applying a high voltage of 40 to 60 

kV are bombarded onto the target Cu. When the K-shell electrons of Cu is struck by the 

incident electron and ejected from the atomic orbit, outer-shell electrons subsequently fall 

into the vacant K-shell. At the same time, emission of a characteristic X-ray with an 

energy equivalent to the energy difference between the two atomic orbits. For XRD 

measurement, the emission associated with the transition from the L-shell to the K-shell, 

called Cu-Kα X-ray, is typically adapted. 

The X-ray emitted from the Cu tube firstly passes through the divergence slit (DS). It 

suppresses the horizontal dispersion of the incident beam. Then, X-ray is purified in terms 

of the wavelength in the monochromator consisted of Ge single crystals and parabolic 

mirrors. Then, the incident beam is irradiated on the sample after passing through the 

soller slit (SS) to reduce the vertical dispersion. The diffracted beam is finally detected 
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by the X-ray counter, where receiving slit (RS) is often inserted in front in order to 

enhance the measurement resolution. 

At the measurement, the sample is located at the center of the diffractometer. The 

angles between the incident beam and the sample stage, and between the incident beam 

and the detector are defined as ω and 2θ, respectively. Scanning with rotation of ω axis 

is called rocking curve measurement for evaluation of mosicity of the crystal. Scanning 

with Δω : Δ2θ = 1 : 2 around the diffraction point is used for the evaluation of the crystal 

quality in a vertical direction to the corresponding crystal plane. For GaAs based epitaxial 

layer grown on (001) substrates, ω-2θ scan is often performed around the (004) diffraction 

(ω = 33.0239°, 2θ= 66.0479°). The layer structure in the growth direction can be 

characterized by this scanning. 

If the (001) plane is completely parallel to the sample stage, the enhanced interference 

of the scattered X-ray takes place when ω= θ. In practice, however, offset between the ω 

and θ is generally non-negligible due to manual sample setting. Therefore, alignment of 

the each axis is typically carried out to make the diffraction intensity highest prior to the 

main scan. 

The Bragg’s law described in the eq. (2-1) is synonymous with the Laue’s condition: 

 

                                                                            𝐻⃗⃗ =
𝑠0⃗⃗⃗⃗  − 𝑠 

𝜆
                                                         (2-2) 

 

where 𝐻⃗⃗  is reciprocal lattice vector, 𝑠0⃗⃗  ⃗ and 𝑠  are the unit vectors for the incident and 

the diffracted X-ray, meaning that the constructive interference occurs when the 

scattering vector of the X-ray is equal to H of the corresponding plane. Therefore, 

mapping of the diffracted X-ray intensity by sweeping the ω and 2θ within a particular 

angle range gives us more detailed information regarding the epitaxial films such as lattice 

constant and strain. This is called reciprocal space mapping (RSM). 
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Figure 2-6 (a) Principle of X-ray diffraction (XRD) by crystal with plane spacing of d, 

and (b) schematic of typical diffractometer for XRD measurement. 

 

 

2.5 Photoluminescence (PL) 

PL spectroscopy measurement is used for a characterization of the luminescence 

from radiative recombination of carriers in a material generated by incident light. It is 

commonly used as an evaluation of crystalline quality especially in compound 

semiconductor. In this study, two PL measurements, continuous wave PL (CWPL) and 

time resolved PL (TRPL) measurements, are performed. In the case of CWPL, the 

luminescence spectrum from the sample is measured under continuous excitation by a 

laser. In the case of TRPL, the time transient of the luminescence due to carrier 

recombination excited by a short pulse illumination is measured. It is suitable for 

measuring the dynamics of carriers in a material. 

Fig. 2-7 shows the experimental setup for PL measurement used in this study. In 

CWPL, 532 nm DPSS laser (Nd:YVO4) or 1064 nm YAG laser are used for excitation 

light sources. The luminescent light from the sample passes through a long pass filter to 

cut the excitation light and is led to a spectrometer. The dispersed light was then detected 

by InGaAs sensor suitable for detection of near infrared light. 

In TRPL setup, 780 nm semiconductor pulse laser whose period of 88 ps is used for 

excitation, which is repetitively triggered by the measurement unit at a repetition rate of 

10 MHz. The time interval between triggers should be sufficiently longer than the time 

required for the emission by excitation to decay completely. The luminescence light from 

the sample is led to a monochromator. Then, only the chosen wavelength light can come 

out to be detected by the photomultiplier. The measurement unit integrates the electrical 
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signals from the photon counting unit versus the time after sending the trigger to the laser 

and plots them as the time transient of the PL decay. 

Since the response time of the system is finite, the measured and plotted PL intensity 

as a function of the time TRPL(t) is the result of the convolution integral between the 

actual luminescence decay PL(t) and the instrument response function IRF(t) as 

 

TRPL(t) = PL(t) * IRF(t)                        (2-3) 

 

Note that the instrument response time for the TRPL equipment was approximately 0.5ns, 

and thus the carrier dynamics faster than time scale cannot be accurately evaluated. 

 

 

Figure 2-7 Schematic images of measurement setups for (a) CWPL and (b) TRPL 
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3 GaSb homo epitaxial growth 

 

For the high-quality T2SL epitaxial growth, as a matter of course, primarily, flat surface 

of GaSb buffer layer should be required. However, GaSb itself is easily oxidized to form 

such as Sb2O3, therefore, the surface of GaSb after the removal of surface oxide in MBE 

chamber is expected to be rough. Thus, special care should be required for GaSb homo 

epitaxial growth including thermal oxide desorption (TOD) before GaSb growth. In this 

chapter, for the purpose of obtaining the flat with pit-free surface, the surface morphology 

of GaSb homo epitaxial layer was investigated by changing the growth condition. The 

mechanism of suppressing the pits was also discussed. 

 

3.1 Pit formation on GaSb epitaxial layer surface 

 

3.1.1 Experimental procedure 

 

(1) Growth condition 

⚫ SS-MBE equipped with standard effusion cells was used. 

⚫ Substrate: N-doped 0.35° off GaSb (001) 

⚫ GaSb growth rate: 0.33 μm/h 

⚫ Beam equivalent pressure (Sb4/Ga) ratio: 10 

⚫ Chemical bonding of Sb was regarded as tetramers Sb4 because it was not cracked 

[72]. 

 

(2) Two types of growth sequences adapted in this study 

⚫ One-step GaSb homo epitaxial layer where the growth temperature was fixed during 

the GaSb growth. The thickness of the one-step GaSb homo epitaxial layer was fixed 

at 500 nm. 

⚫ Two-step GaSb homo epitaxial layer which was grown at two different temperatures 

during the GaSb growth. The thickness of two-step GaSb homo epitaxial layer were 

100 nm (first layer) and 400 nm (second layer). 

 

(3) One-step GaSb homo epitaxial layer 

Thermal oxide desorption (TOD) temperature dependence was investigated under the 

same growth temperature of 520 ˚C. This growth temperature is known as an appropriate 
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temperature for obtaining good electrical properties [73].  

⚫ TOD temperature: 520 ˚C to 580 ˚C under the same TOD time of 20 minutes.  

⚫ Growth temperature: 520 ˚C and 440 ˚C under the same TOD temperature of 550 ˚C. 

 

(4) Two-step GaSb homo epitaxial layer 

⚫ The growth temperature of first- and second-step layer was varied between 520 ˚C 

and 440 ˚C, and between 440 ˚C and 380 ˚C, respectively, under the same TOD 

temperature of 550 ˚C.  

⚫ The growth temperature was changed under Sb4 irradiation during the interruption of 

Ga irradiation.  

⚫ During the GaSb growth and growth interruption under Sb4 irradiation, the RHEED 

pattern maintained (1×3) pattern which is in the Sb stabilization condition [74]. 

 

(5) Sample evaluation 

⚫ AFM in tapping mode was used for the evaluation of surface morphology of GaSb. 

⚫ Cross-sectional transmission electron microscopy (TEM) was used for the evaluation 

of structural property of GaSb homo epitaxial layer.  

⚫ RHEED was observed during GaSb homo epitaxial layer growth in MBE chamber 

to evaluate the growth mechanism. 

 

    

(a) One-step grown GaSb             (b) Two-step grown GaSb 

Figure 3-1 Schematic structures of (a) One-step grown GaSb and (b) Two-step grown 

GaSb. 
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3.1.2 Effect of TOD temperature on GaSb surface morphology 

   At first, the GaSb surface morphology as a function of TOD temperature was 

examined. Figure 3-2 (a) to (c) shows the AFM images of one-step 500-nm-thick GaSb 

homo epitaxial layer surfaces under TOD temperatures of (a) 520 ˚C, (b) 550 ˚C, and (c) 

580 ˚C each for 20 minutes. In the case of TOD temperature of 550 ˚C, the AFM image 

of one-step 100-nm-thick GaSb homo epitaxial layer grown at the same condition is also 

shown in Fig. 3-2 (d). For comparison, Fig. 3-2 (e) shows the AFM image of the GaSb 

substrate immediately after TOD was performed in the MBE chamber at 550 ˚C for 20 

minutes. The surface morphology before GaSb homo epitaxial growth in Fig. 3-2 (e) is 

very rough with a large root-mean-square (RMS) of 3.10 nm. This is because GaSb 

surfaces tend to be easily oxidized [22]. 

The surface of the GaSb homo epitaxial layer was atomically flattened. RMS of 500-

nm-thick GaSb is relatively small of 0.10 nm, 0.13 nm and 0.19 nm at TOD temperature 

of 520 ˚C, 550 ˚C and 580 ˚C, respectively. That of 100-nm-thick GaSb is also small of 

0.15 nm at TOD temperature of 550 ˚C. The height of the atomic steps of each sample is 

approximately 0.3 nm. This corresponds to 1 ML of GaSb in [001] direction. The terrace 

width between atomic steps along [1-10] direction is approximately 50 nm. This 

corresponds to the value estimated by the GaSb lattice constant of 0.61 nm and vicinal 

angle of 0.35˚. 

 

 

 

 

 

 

 

 

 

 



26 

 

     

   (a) 520 ˚C (500 nm)      (b) 550 ˚C (500 nm)       (c) 580 ˚C (500 nm) 

       

(d) 550 ˚C (100 nm)     (e) Immediately after TOD processing 

 

Figure 3-2 AFM images of one-step 500-nm-thick GaSb homo epitaxial layer with TOD 

temperatures of (a) 520 ˚C, (b) 550 ˚C, (c) 580 ˚C, and (d) that of 100-nm-thick with TOD 

temperature of 550 ˚C, and (e) GaSb substrate immediately after TOD processing at 

550 ˚C. Image shows 1 μm × 1 μm area. Color scale of (a)-(d) is 1 nm, and that of (e) is 

20 nm. 

 

   As can be seen from Fig. 3-2 (a)-(d), the pits which interrupt the terrace could be 

observed at the surface. At any TOD temperature, the density of the pits on GaSb homo 

epitaxial layer in Fig. 3-2 was within 2×109 cm-2 to 3×109 cm-2. There is no temperature 

dependence of TOD. On the other hand, as shown in Fig. 3-3, the higher the temperature 

of TOD, the deeper the pit depth becomes. The squares and error bars in Fig. 3-3 show 

the mean and standard deviation of the pit depths, respectively. The number of the pits on 

500-nm-thick GaSb at TOD temperature of (a) 520 °C, (b) 550 °C, and (c) 580 °C is (a) 

8, (b) 14, and (c) 15, respectively in 1 μm × 1 μm. 
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Figure 3-3 Dependence of pit depth on TOD temperature for one-step growth of a 500-

nm-thick GaSb homo epitaxial layer surface at the same growth temperature of 520˚C. 

 

   In order to observe the crystal structure of the pits in detail, cross-sectional TEM 

measurements were performed. The sample with a TOD temperature of 580 ˚C was tinny 

sliced by focused ion beam (FIB) at the pit area indicated by the dotted line in Fig. 3-2 

(c). Figure 3-4 is a cross-sectional TEM image of the GaSb homo epitaxial layer observed 

from the [110] direction indicated by the arrow in Figure 3-2(c). As can be seen from Fig. 

3-4, the pit exists only on the surface with a depth of a few nm. It does not penetrate the 

GaSb homo epitaxial layer. Thus, it can be concluded that the pits do not originate from 

defects or dislocations in the GaSb homo epitaxial layer. Based on the results of the 

temperature dependence of TOD, it can be assumed that the pits originate from the initial 

state of the GaSb surface after TOD treatment. It is also thought that the pits existed on 

the surface of the GaSb homo epitaxial layer without being flattened from the early stage 

of its growth, and that the desorption of Sb from the substrate progressed as the TOD 

temperature increased, resulting in larger pits. In addition, from the comparison with 500 

nm and 100 nm thick GaSb in Fig. 3-2 (b) and (d), respectively, there is no significant 

difference in pit shape and size with typical depth of 0.5 nm to 1.0 nm. Therefore, it can 

be said that in this thickness range, GaSb growth proceeds while the size and shape of the 

pits are maintained. 
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Figure 3-4 Cross-sectional TEM image of a one-step GaSb homo epitaxial layer grown 

at 520 ˚C with TOD temperature of 580 ˚C. The sample was sliced by FIB at the pit 

position indicated in Fig. 3-2 (c) and observed from [110] direction. 

 

3.1.3 Effect of growth temperature on GaSb surface morphology 

   GaSb surface morphology is affected by surface migration of Ga atoms. Moreover, 

Ga migration length largely depends on the growth temperature [75], the growth 

temperature dependence of the GaSb homo epitaxial layer was investigated. The growth 

temperature of the GaSb homo epitaxial layer was lowered under a TOD temperature of 

550 ˚C. Figure 3-5 shows an AFM image of the one-step GaSb homo epitaxial layer 

grown at 440 ˚C. In the case of 440 ˚C growth, the straightness of the steps became worse, 

and the flatness of the surface also became worse with an RMS of 0.16 nm, accompanying 

mounds and valleys compared to the growth at 520 ˚C (shown in Fig. 3-2 (b)) with RMS 

of 0.13 nm. The initial significant roughness of the GaSb substrate shown in Fig. 2 (e) 

could not be fully flattened due to the decrease in the surface migration length of Ga 

atoms. On the other hand, the pits on the surface disappeared at 440 ˚C growth. 

           

Figure 3-5 AFM image of one-step GaSb homo epitaxial growth grown at 440 ˚C under 

TOD temperature of 550 ˚C. Image shows 1 μm×1 μm area. Color scale is 1 nm. 
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3.2 Improvement of GaSb surface morphology by two-step LT/HT 

growth sequence 

 

3.2.1 TH to LT and LT to HT growth sequence 

   When heterostructures such as superlattices are grown on top of this GaSb homo 

epitaxial layer, these pits and roughness can cause defects and dislocations, which can 

degrade device characteristics such as IR-PD. From the results of the growth temperature 

dependence described in Section 3.1, it is expected that a good surface morphology can 

be obtained by combining low and high temperature growth. Thus, a two-step GaSb homo 

epitaxial growth sequence was investigated. AFM image of two-step GaSb homo epitaxial 

layers where the first/second layers are grown at (a) 440 ˚C/520 ˚C and (b) 520 ˚C/440 ˚C, 

respectively is shown in Fig. 3-6. Just as expected, by adapting two-step growth, a flat 

with pit-free surface of RMS 0.10 nm was obtained in both cases. a superior flat surface 

morphology was obtained in both two-step growth cases. However, (a) 440 ˚C/520 ˚C is 

better in terms of the straightness of the step. These changes in surface morphology will 

be discussed in the next section. 

     

               (a) 440 ˚C/520 ˚C        (b) 520 ˚C/440 ˚C 

Figure 3-6 AFM image of two-step GaSb homo epitaxial layer where the first/second 

layers were grown at (a) 440 ˚C/520 ˚C and (b) 520 ˚C/440 ˚C, respectively. Image shows 

1 μm × 1 μm area. Color scale is 1 nm. 

 

3.2.2 RHEED observation during GaSb growth 

From the perspective of fundamental crystal growth, it is important to consider the 

reason for the change in the shape of the atomic steps shown in Fig. 3-6. For this reason, 

the epitaxial growth of GaSb at an even lower temperature were performed to observe the 

change in surface morphology with RHEED observation during GaSb growth. Figure 3-

7 shows an AFM image of the two-step GaSb homo epitaxial layer whose second layer 

was grown at (a) 410 ˚C and (b) 380 ˚C, under the fixed growth temperature of 520 ˚C at 
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first layer. RHEED intensity variations of a specular spot observed from [1-10] azimuth 

during GaSb homo epitaxial growth at 520 ˚C, 440 ˚C, 410 ˚C, and 380 ˚C, respectively, 

are shown in Figure 3-8. 

      

(a) 410 ˚C               (b) 380 ˚C 

Figure 3-7 AFM image of two-step GaSb homo epitaxial layer whose second layers were 

grown at (a) 410 ˚C and (b) 380 ˚C. The first layers were grown at 520 ˚C in both cases. 

Image shows 1 μm × 1 μm area. Color scale is 1 nm. 

 

 

Figure 3-8 RHEED intensity variations of a specular spot observed from [1-10] azimuth 

during the GaSb growth at 520 ˚C, 440 ˚C, 410 ˚C, and 380 ˚C. The arrows in the figure 

indicate the time of Ga shutter opening. 

 

Focusing on the growth temperatures of 520 ˚C and 440 ˚C, where the atomic steps 

could be clearly seen in Fig. 3-2 (b) and Fig. 3-6 (b), respectively, no RHEED intensity 

oscillation was observed after the GaSb growth started with Ga shutter opening. On the 

other hand, the surface morphology with a mixture of the atomic steps and two-
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dimensional islands was observed at a growth temperature of 410 ˚C. When the growth 

temperature was further reduced to 380°C, the atomic steps were not observed, and only 

two-dimensional islands were observed. In this condition, RHEED intensity oscillation 

with relatively large amplitude was observed. Based on the relationship between surface 

morphology and RHEED properties with respect to the growth temperature, it is 

considered that the growth mode gradually transfers from step-flow mode to two-

dimensional nucleation mode as the growth temperature decreased. As for surface 

roughness, it was kept low with an RMS of 0.10 nm between 520 ˚C and 440 ˚C, which 

was suitable for device structure growth. However, below 410 ˚C, it became larger with 

an RMS of 0.10 nm to 0.14 nm as shown in Table 1. This is because the Ga migration 

length decreases with lowering the growth temperature same as in the case of one-step 

GaSb homo epitaxial layers discussed in Section 3.1. Regardless of the growth mode, no 

pits were observed on the surface below the growth temperature of 440 ˚C. As a result, 

flat with pit-free surfaces could be obtained by two-step growth, where both growths 

proceed with step-flow mode. 

 

Table 3-1 Summary of the RMS values of GaSb homo epitaxial layer with different TOD 

and growth temperatures. 

 

TOD 

temperature (˚C) 
520 550 580 550 

Growth 

temperature (˚C) 
520 440 520/440 440/520 520/410 520/380 

RMS (nm) 0.10 0.13 0.19 0.16 0.10 0.10 0.13 0.14 
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3.2.3 Mechanism of the planarization of the pits on GaSb 

As discussed in the TOD temperature dependence experiment in Section 3.1, the pits 

already existed at the GaSb substrate surface after TOD was performed in the MBE 

chamber, that is, before GaSb growth started. As the TOD temperature increased, Sb 

desorption from the surface becomes large. This makes pits size larger as discussed in Fig. 

3-2 in Section 3.1. 

As already discussed in Section 3.1, pits on the GaSb surface are planarized at 

relatively low growth temperatures of 440 ˚C, 410 ˚C, and 380 ˚C. On the other hand, 

they are not planarized and remain on the surface at relatively high growth temperature 

of 520 ˚C. 

Moreover, as inferred from the cross-sectional TEM in Fig. 3-4, the pit is estimated 

to consist of a number of steps and narrow terraces. Figure 3-9 shows the schematic image 

of the pits which exist inside wide terrace about 50 nm by vicinal substrate. Typical pit is 

several nm in depth and several tens of nm in width, however, here shows a pit of small 

size as a simplified example. Figure 3-9 also shows the image of the Ga adatom irradiated 

on the surface. In the case of normal MBE growth, the beam flux of element material is 

irradiated at a uniform density at any position on the substrate. Therefore, the growth rate 

of GaSb should be the same in the pit and the wide terrace regions. In this case, if there 

is no transfer of adatoms between terraces across the steps, the pits should remain and not 

be planarized as growth proceeds. Therefore, in the case of low growth temperature of 

440 ˚C, there should be a lateral flow of Ga adatoms from the upper to the lower terrace 

as shown by the blue arrow in Fig. 3-9. On the other hand, in the case of high growth 

temperature of 520 ˚C, as discussed in Section 3.1, the pits remain on the GaSb surface, 

and their sizes are almost unchanged during the growth. Therefore, the growth rate of 

GaSb should be same at pit and terrace regions. Considering the Ga adatom migration 

properties with respect to the growth temperature, a lateral flow of Ga adatoms from the 

lower to the upper terraces indicated by the red arrow might exist and cancel with the 

flow in the opposite direction indicated by the blue arrow. 

The above-mentioned difference in the behavior of these Ga adatoms at low and high 

temperatures can be explained by the potential barrier that occurs at the step edges. Figure 

3-10 shows the schematic image of the cross section of vicinal plane and surface potential 

around step edge. Ga adatom which arrives at the GaSb surface hops the potential energy 

Em formed by the bonding with surface Sb atoms and walks randomly at the surface. Ga 

adatoms diffuse two-dimensionally across the surface, but in order to move to the lower 

from upper terrace, they must overcome an energy barrier called the Schwoebel-Ehrlich 

barrier Es [76, 77]. At the adsorption position on the valley side of the step edge, the 
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presence of dangling bonds from the atoms at the step edge in addition to the dangling 

bonds from the Sb atoms at terrace makes potential energy larger by Ei. As a result, the 

energies of the Ga adatoms required to move from the upper to the lower terrace and from 

the lower to the upper terrace are Em + Es and Em + Es + Ei, respectively. The relationship 

with the energy of the Ga adatom Ead determines the lateral flow of the Ga adatoms. 

For example, as reported in Ref. [23, 78], at a low temperature growth of GaSb, in the 

case of the energy of the Ga adatom is too low to overcome Em + Es at step edge, a 

pyramidal structure is formed since Ga adatom cannot move to lower from upper terrace 

and growth proceeds only upward inside of the terrace. In the precise GaSb growth 

experiments regarding to growth temperature using vicinal substrate, the growth 

temperature below 390 ˚C causes the pyramidal shape due to the existence of the 

Schwoebel-Ehrlich barrier at the step edge [23]. Thus, in the case of GaSb homo epitaxial 

growth, the barrier height of Em + Es is roughly estimated to be equal to the thermal energy 

kBT at 390 ˚C (57.1 meV). 

In the case of the low growth temperature of 440 ˚C in this study, whose kBT is 61.5 

meV, since no pyramidal structure is observed, it can be assumed that there is a lateral 

move of Ga adatoms from the upper to the lower terrace as indicated by the blue arrow 

in Fig. 3-9. On the other hand, at this low temperature, it is not considered to have enough 

energy to generate the lateral move of Ga adatoms from the lower to the upper terrace. In 

other words, the energy relationship is Em + Es < Ead < Em + Es + Ei. Figure 3-11 shows 

the schematic image of the growth process in the case of low growth temperature of 440 

˚C. Although the example of the growth process is shown in a one-dimensional schematic, 

if there is a lateral migration of 10 Ga adatoms from the terrace of the vicinal substrate to 

the pit area during 1 ML growth, the pit will be flattened at 5 ML growth in this example. 

In general, if there is even a small amount of lateral Ga adatom move from the upper 

terrace to the pit, the pit will be eventually planarized. 

Next, the case of high temperature growth at 520 °C will be discussed. In this high 

growth temperature, kBT of Ga adatom (Ead) is 68.3 meV. The difference in Ead between 

440 ˚C and 520 °C seems to be relatively small. This seems to be difficult to form the 

energy relationship of Ead > Em + Es + Ei to enable the lateral move of Ga adatoms from 

lower to upper terrace. However, a high temperature might induce the shrinkage of each 

energy barrier heights Em, Es, and Ei. Especially, Ei might be largely influenced by the 

temperature since the related number of dangling bonds is more than the others. These 

shrinkages of energy barriers make the energy relationship of Ead > Em + Es + Ei at 520 °C. 

Thus, the lateral move of Ga adatoms from the lower to the upper terrace occurs to the 

same extent as that in the opposite direction, and in effect, the growth proceeds at the 
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same rate in the pit and terrace of the vicinal substrate regions. As a result, the pits do not 

planarized and remain on the surface as the growth proceeds as shown in Fig. 3-12. 
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Figure 3-9 Schematic image of a pit exists in the wide terrace by the vicinal substrate. 

The image of the Ga adatom irradiated on the GaSb substrate with a constant flux is also 

shown. Blue and red arrows indicate the lateral flow direction of Ga adatom at the step of 

GaSb surface. 

 

 

 

Figure 3-10 Schematic image of the cross section of vicinal plane (lower) and surface 

potential around step edge (upper). Filled and open circles in lower image denote Sb and 

Ga atoms, respectively. Em, Es, and Ei in upper image indicates the potential energy 

formed by the bonding between Ga adatoms with surface Sb atoms, the Schwoebel-

Ehrlich energy specially formed at the step edge, the potential energy formed at the 

adsorption position on the valley side of the step edge. 
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Figure 3-11 Schematic image of the GaSb growth process at pit region in the case of low 

growth temperature of 440 ˚C. The case is shown assuming that 10 Ga adatoms flow into 

the pit from the terrace by vicinal substrate during 1 ML growth. In this case, pit 

planarization completes by 5 ML growth of GaSb. 
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Figure 3-12 Schematic image of the GaSb growth process at pit region in the case of high 

growth temperature of 520 ˚C. The image shows in the case of 1 ML and 2 ML growth of 

GaSb. In this case, pit is not planarized and remains on the surface because the growth 

rate of GaSb is same at pit and terrace by vicinal substrate. 
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3.3 Summary of Chapter 3 

   The surface morphology of GaSb homo epitaxial layer by changing the TOD and 

growth temperature, and growth steps was investigated. TOD temperature dependence 

revealed that pits on the surface were found to originate from the initial surface state after 

TOD processing at a growth temperature of 520 ˚C. TEM observation also revealed that 

the pits only existed on the surface from the beginning of the growth without being 

planarized, and do not originate from defects or dislocations in GaSb homo epitaxial layer.  

These pits on the surface disappeared when the growth temperature was lowered to 

440 ˚C, whereas the roughness of the surface becomes greater. By combining high and 

low growth temperatures, a flat with pit-free surface was obtained under step-flow mode 

in both growth steps, revealed by the relationship between AFM and RHEED observation.  

While a superior surface morphology was obtained in both two-step growth cases, 

440 ˚C/520 ˚C is better than 520 ˚C/440 ˚C in terms of the straightness of the step. The 

phenomenon that the planarization of pits differs depending on the growth temperature 

can be explained by the relationship between the energy of Ga adatoms and the potential 

barrier specially formed at the step edges. At low growth temperature with low energy of 

Ga adatom, only unidirectional flow of Ga adatom from the upper terrace to the lower 

terrace is generated, advancing the planarization of the pits. On the other hand, at high 

growth temperature with high energy of Ga adatom, the lateral movement of Ga adatoms 

in both the upper and lower ways is generated and eliminates the inflow of Ga adatoms 

into the pits. As a result, the pits are not planarized and remains on the surface. 
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4 InAs/GaSb hetero epitaxial growth 

 

From the investigation in Chapter 3, GaSb homo epitaxial layer with flat and pit free was 

obtained. Next step is to grow InAs hetero structure on this flat GaSb layer. The aim of 

this chapter is to obtain a flat and pit-free thick InAs layer on GaSb suitable for the contact 

layer of GaSb-based IR-PD devices. To achieve this, growth parameters that may 

contribute significantly to InAs growth such as As2 pressure, growth temperature, and 

growth sequence of InAs were examined. 

 

4.1 Effect of As2 pressure on InAs hetero epitaxial growth on GaSb 

 

4.1.1 Experimental procedure 

 

(1) Growth condition 

⚫ SS-MBE equipped with standard effusion cells was used. 

⚫ Substrate: N-doped GaSb 0.35° off (001) in the direction of (111) 

⚫ Chemical bonding of As: dimers As2 (Cracking temperature is 900 ˚C) 

⚫ The sample structure grown in this experiment is shown in Fig. 4-1. 

⚫ The sample was heated to 530 °C under Sb4 irradiation for oxide desorption.  

⚫ 100-nm-thick-GaSb buffer layer was grown by two-step high- and low-temperature 

growth discussed in Chapter 3. 

⚫ The growth was switched to InAs. To observe the effects of As2 pressure on InAs 

hetero growth on GaSb. 

⚫ The other growth parameters such as the In pressure and growth temperature were 

fixed at 4.4×10-8 Torr (the growth rate at 0.20 μm/h) and 440 °C, respectively. 

⚫ As2 pressures: 2.6×10-6, 1.3×10-6, 6.6×10-7, and 2.2×10-7 Torr corresponding to V/III 

ratios of 60, 30, 15, and 5, respectively.  

⚫ Figure 4-2 shows the shutter sequence at the InAs/GaSb interface. To observe the 

effects of As/Sb exchange on InAs hetero growth, the irradiation period of Sb after 

GaSb growth and that of As before InAs growth were set at relatively longer of 5 s, 

enhancing the As/Sb exchange. 

 

(2) Sample evaluation 

⚫ AFM in the tapping mode was performed for surface observation. 
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⚫ Cross-sectional TEM was performed in the [110] direction for the evaluation of 

structural properties. 

⚫ Fast Fourier transform mapping (FFTM) of high-resolution TEM images and X-ray 

RSM were performed for strain analysis of the sample. 

 

 

Figure 4-1 Schematic sample structure of InAs on GaSb substrate fabricated in this 

experiment 

 

 

Figure 4-2 Shutter sequence of MBE growth at the InAs/GaSb interface adopted in this 

experiment. 

 

4.1.2 Surface observation 

   The AFM images of InAs on GaSb substrate with four As2 pressures under the fixed 

growth temperature of 440 °C are shown in Fig. 4-3. The AFM images of the GaSb homo 

epitaxial layer are also shown in Fig. 4-4 for comparing with InAs. Summary of the root-

mean-square (RMS) of InAs epitaxial layer surface is shown in Table 4-1. Noteworthy, at 

a high As2 pressure, pits were observed on the InAs surface. As the As2 pressure decreased, 

the pit size decreased and finally the pits disappeared at the As2 pressure of 2.2×10-7 Torr. 

The RMS of the sample surface also decreased as the pits disappeared. As a result, an 

atomically smooth surface without pits comparable to the GaSb surface was obtained at 

the lowest As2 pressure condition of 2.2×10-7 Torr in this experiment as shown in Fig. 4-

3 (h). 
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  (a) 2.6×10-6 Torr    (b) 1.3×10-6 Torr     (c) 6.6×10-7 Torr    (d) 2.2×10-7 Torr 

    

  (e) 2.6×10-6 Torr    (f) 1.3×10-6 Torr     (g) 6.6×10-7 Torr    (h) 2.2×10-7 Torr 

 

Figure 4-3 AFM images of InAs epitaxial layer on GaSb grown at different As2 pressures. 

As2 pressure is shown in each image. Images show (a) to (d) 5 μm×5 μm, and (e) to (h) 

1 μm×1 μm area, respectively. Color scales are (a) to (d) 8 nm, and (e) to (h) 2 nm, 

respectively. 

    

(a) GaSb BL        (b) GaSb BL 

Figure 4-4 AFM images of the GaSb buffer layer. Images show (a) 5 μm×5 μm and (b) 

1 μm×1 μm areas, respectively. Color scales are (a) 8 nm, and (b) 2 nm, respectively. 
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Table 4-1 The summary of the RMS roughness within AFM images of Fig. 4-3. The upper 

and lower rows indicate the RMS of roughness within FOV of 5 μm and 1μm, respectively. 

As2 pressure (Torr) 2.6×10-6 1.3×10-6 6.6×10-7 2.2×10-7 GaSb 

buf. 

RMS 

(nm) 

FOV 5 μm 0.91 3.66 3.08 0.18 0.18 

FOV 1 μm 0.34 0.57 1.70 0.10 0.11 

 

   Regarding the surface morphology, the step edge of InAs hetero epitaxial layer on 

GaSb grown at the As2 pressure of 2.2×10-7 Torr is rougher than that of the GaSb homo 

epitaxial layer. The GaSb homo epitaxial layer growth proceeds with a step-flow mode 

since RHEED oscillation was not observed during the growth discussed in Chapter 3. On 

the other hand, RHEED oscillation was observed during InAs growth at the As2 pressure 

of 2.2×10-7 Torr. As discussed in Ref. [30], InAs growth proceeds with a two-dimensional 

(2D) nucleation mode at the terrace, at the same time, with a step-flow mode at the step 

edge. This causes the coalescence of a 2D island at the terrace with the step edge, 

consequently, rougher step edges would be observed. 

 

4.1.3 Cross sectional observation 

   To understand the differences in surface morphology shown in Fig. 4-3 from another 

aspect, cross-sectional TEM measurements were performed for the four samples with 

different As2 pressures. The cross-sectional TEM images of InAs on GaSb with different 

As2 pressures are shown in Fig. 4-5. A relatively small pits are observed, on the other 

hand, the dislocation density is significantly high at the highest As2 pressure condition of 

2.6×10-6 Torr. The dislocation density monotonically decreases as the As2 pressure 

decreases. Below 6.6×10-7 Torr, it disappears within the 3 μm range of the cross-sectional 

TEM image. Regarding the pit size, once the pits become the largest at 1.3×10-6 Torr, they 

become smaller as the As2 pressure decreases. At 6.6×10-7 Torr, only pits without 

dislocations exist. By further lowering to 2.2×10-7 Torr, pits completely disappeared. As 

a result, the sample free from pits and dislocations was obtained. 
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(a) 2.6×10-6 Torr 

 
(b) 1.3×10-6 Torr 

 

(c) 6.6×10-7 Torr 

 

(d) 2.2×10-7 Torr 

Figure 4-5 Cross-sectional TEM images of InAs on GaSb grown at different As2 pressures 

of (a) 2.6×10-6 Torr, (b) 1.3×10-6 Torr, (c) 6.6×10-7 Torr, and (d) 2.2×10-7 Torr. 

 

In order to understand the origin of the dislocation and pits, high resolution TEM 

measurements were performed at the areas indicated with red rectangular boxes in Fig. 

4-5. Figure 4-6 shows the obtained images. As can be seen from Fig. 4-6 (a), the 

dislocations originate at the interface between InAs and GaSb and extend in the (111) 

direction. However, regarding the pits, as shown in Fig. 4-6 (b) and (c), they do not 

originate at the InAs/GaSb interface. They appear to be formed spontaneously during the 
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growth. 

Prior to the investigation of InAs hetero growth on GaSb, InAs homo epitaxial growth 

were investigated in a wide range of growth condition by changing growth temperature 

and As pressure in Ref. [26]. This paper reports that pit and pyramidal structure tend to 

be formed at relatively low and high growth temperature, respectively [26]. Regarding 

the pit formation, they are caused by the contamination, residual oxide, and In cluster of 

the substrate [26]. On the other hand, pyramidal structures at relatively high growth 

temperature are explained that the surface reconstruction in the In stabilization condition 

is the cause of them [27]. Thus, it can be said that InAs growth is easily affected by the 

surface condition and the stability of the (001) plane growth is easily broken compared to 

the other materials such as GaAs or GaSb. Therefore, the pit formation in the hetero 

epitaxial growth of this study is also considered to reflect this instability of InAs growth. 

However, since there exists no voids or particles at the bottom of the pits in Fig. 4-6 as 

reported in Ref. [26], it is speculated that other factors specific to hetero epitaxial growth 

also contribute to the formation of the pits in this study. The detail will be discussed in 

Section 4.1.4. 

 

   

      (a) 2.6×10-6 Torr        (b) 1.3×10-6 Torr         (c) 6.6×10-6 Torr 

Figure 4-6 High resolution cross-sectional TEM images of InAs on GaSb indicated by 

the red frames in Fig. 4-5. The As2 pressures are (a) 2.6×10-6 Torr, (b) 1.3×10-6 Torr, and 

(c) 6.6×10-7 Torr, respectively. The white dotted lines are visual guides. 

 

4.1.4 Strain analysis 

   To consider the dislocations and pits of the InAs layers indicated in Fig. 4-5 and 4-6, 

FFTM analyses of high-resolution TEM images are performed. FFTM mapping images 

of the [002] lattice plane distance of InAs on GaSb with different As2 pressures are shown 

in Fig. 4-7. Histograms of the lattice distance with color scales are also shown in Fig. 4-

7. The blue and purple arrows in each histogram indicate the [002] lattice plane distances 

of free-standing and strained InAs layers which are derived from Poisson’s ratio of 0.33, 

respectively. 
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       (a) 2.6×10-6 Torr             (b) 1.3×10-6 Torr 

    

(c) 6.6×10-7 Torr               (d) 2.2×10-7 Torr 

Figure 4-7 FFTM mapping images of the [002] lattice plane distance derived by high 

resolution TEM images of the sample grown at As2 pressures of (a) 2.6×10-6 Torr, (b) 

1.3×10-6 Torr, (c) 6.6×10-7 Torr, and (d) 2.2×10-7 Torr. Histograms of each FFTM image 

with a color scale of the [002] lattice plane distance are also shown. 

 

   Transition layer with a relatively small lattice distance compared with GaSb or InAs 

can be confirmed in each FFTM mapping image. The thickness of the transition layer 

decreases from approximately 5 to 1 nm as the As2 pressure decrease. 
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The dark layers at the interfaces of InAs and GaSb in Fig. 4-5 are found to be transition 

layers with small lattice constants by comparing TEM images in Fig. 4-5 with FFTM 

images in Fig. 4-7. The transition layer can be considered to be formed by the As/Sb 

exchange during the As2 soaking before InAs growth because InAs layer thicknesses from 

the upper end of the transition layers are the same at 110 nm for each sample. They are 

seemed to consist of a ternary material such as GaAsSb. 

The ratio of relaxed InAs of As2 pressure of 2.6×10-6 Torr is the largest among the 

four samples. As the As2 pressure decreases, the ratio of relaxed InAs decreases. On the 

other hand, the ratio of the strained InAs layer increases. As a result, the dislocations 

observed at higher As2 pressures are attributed to the tensile strain of transition layer at 

the interface. Therefore, this could be regarded as misfit dislocations caused by the tensile 

strain of transition layer such as GaAsSb at the interface. 

   To consider the strain of InAs on GaSb macroscopically, X-ray RSM of InAs on GaSb 

with different As2 pressures were performed. Figure 4-8 shows the X-ray RSM images of 

InAs/GaSb with various As2 pressures. The lower and upper peaks in each image 

correspond to (224) lattice plane diffractions of GaSb and InAs, respectively. Moreover, 

the summary of the InAs lattice relaxation ratios and full-widths at half-maximum 

(FWHMs) of GaSb diffraction intensity along an in-plane (220) direction is shown in 

Table 4-2. The FWHM indicates the mosaicity of the crystalline InAs. In addition, Table 

4-2 indicates whether dislocations and pits were observed or not. 
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(a) 2.6×10-6 Torr                   (b) 1.3×10-6 Torr 

  

(c) 6.6×10-7 Torr                   (d) 2.2×10-6 Torr 

Figure 4-8 X-ray RSM images of InAs on GaSb with different As2 pressures of (a) 2.6×10-

6 Torr, (b) 1.3×10-6 Torr, (c) 6.6×10-7 Torr, and (d) 2.2×10-7 Torr. The lower and upper 

peaks in each image indicate the (224) plane diffraction of GaSb and InAs, respectively. 

Qx and Qz denote the absolute values of in-plane and vertical reciprocal lattice vectors, 

respectively. 
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Table 4-2 The summary of the InAs lattice relaxation ratio and FWHM of the InAs 

diffraction peak of the sample grown at As2 pressures of (a) 2.6×10-6 Torr, (b) 1.3×10-6 

Torr, (c) 6.6×10-7 Torr, and (d) 2.2×10-7 Torr. The presence or absence of the dislocations 

and pits are also indicated. The area of the measurements for the dislocation and pits are 

3 μm in the cross-sectional TEM image and 5 μm×5 μm in the AFM image, respectively. 

 

As2 pressure (Torr) 2.6×10-6 1.3×10-6 6.6×10-7 2.2×10-7 

InAs lattice 

relaxation ratio 

56% 1% 1% 0% 

InAs Qx FWHM 

(1/Å) 

201 24 19 13 

Dislocation Observed Observed Not observed Not observed 

Pit Observed Observed Observed Not observed 

 

At the highest As2 pressure of 2.6×10-6 Torr, the InAs lattice relaxation ratio is 

extremely high at 56%. Moreover, its mosaicity is also large compared with those of the 

other samples. However, the other samples are not relaxed and their mosaicity are small. 

These results correlate with the FFTM analysis results in Fig. 4-7. 

   Regarding the sample with an As2 pressure of 6.6×10-7 Torr, where only pits but no 

dislocations exist, InAs is not relaxed macroscopically from X-ray RSM. From the results 

of the comparison with the sample of the lowest As2 pressure of 2.2×10-7 Torr, this implies 

that the pits were not formed by lattice relaxation of strained InAs layer. 

The surface morphologies of InAs homoepitaxy at different As2 pressures were 

investigated by scanning tunneling microscopy in Ref. [30]. Surface morphologies are 

significantly different with As2 pressure. At lower As2 pressures close to the stoichiometry, 

corresponding to the case of 2.2×10-7 Torr in this study, there is a high density of compact 

islands on terraces. This indicates a 2D nucleation mode, with little step-flow mode 

growth [30]. On the other hand, at higher As2 pressures corresponding to 6.6×10-7 Torr in 

this study, the islands are larger, and the step and island edges are much rougher. This 

indicates the occurrence of step-flow mode growth [30]. In the latter case, the steps 

convolute with each other, thus step bunching or multistep formation seems to easily 

occur. Combined with the effects of tensile strain applied to the InAs layer, this may cause 

three-dimensional growth in localized areas, and lead to the formation of the observed 

pits with higher index planes as a part of strain energy relaxation to reduce the surface 

energy. Pits can be regarded to be formed self-assembly such as InAs QDs on GaAs case. 

However, in the case of InAs growth on GaSb, “reversed QD” is formed because InAs 
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layer undergoes the tensile strain contrary to the compressive strain in case of InAs/GaAs 

QDs. Once the high index planes are formed, the InAs growth proceeds with keeping the 

high index planes due to the instability of the (001) plane growth of the InAs layer at this 

low growth temperature range discussed in Section 4.1.3 [26]. 

On the other hand, at low As2 pressure, where the two different growth modes are 

mixed, step bunching and multistep formation are suppressed. This makes it possible to 

suppress pit formation even under the existence of tensile strain. As a result, high-quality 

pseudomorphic InAs growth on GaSb was obtained. 

 

4.1.5 Summary of Section 4.1 

   The effects of As2 pressure on InAs hetero epitaxial growth on GaSb were 

investigated to obtain high-quality InAs with flat and pit-free for contact electrode layer. 

The transition layers with small lattice constants were formed at the interface by As/Sb 

exchange with As2 soaking before InAs growth. Their thickness decreased as the As2 

pressure decreased. A lot of misfit dislocations were formed at the transition layer at 

higher As2 pressures. These lead to a large lattice relaxation of strained InAs layer. As 

the As2 pressure decreased, the misfit dislocation density decreased, whereas pits were 

formed on the surface. X-ray RSM measurement revealed that pits did not contribute to 

the lattice relaxation of strained InAs layer. It appears that instability of (001) plane at 

low growth temperature and special surface condition at high As2 pressure caused by step-

flow mode growth promotes the pits formation with high index plane to ease the strain 

energy. By further lowering the As2 pressure, accompanying the growth mode change on 

the surface, pits formation to ease the strain energy was suppressed. As a result, high-

quality pseudomorphic strained InAs layer on GaSb was obtained. 

Although a flat with pit-free InAs surface was obtained under a low As2 pressure of 

2.2×10-7 Torr, it is difficult to precisely control such a low As2 pressure even by using 

valved cracker cell. In order to improve run to run productivity, a stable growth method 

for producing flat with pit-free InAs is needed even in the case of higher As2 pressure 

condition. This will be discussed in the next section. 
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4.2 Effect of growth temperature on InAs hetero epitaxial growth on 

GaSb 

 

4.2.1 Experimental procedure 

 

(1) Growth condition 

⚫ SS-MBE equipped with standard effusion cells was used. 

⚫ Substrate: N-doped GaSb 0.35° off (001) in the direction of (111) 

⚫ Chemical bonding of As: dimers As2 (Cracking temperature is 900 ˚C) 

⚫ Chemical bonding of Sb: dimers Sb2 (Cracking temperature is 900 ˚C) 

⚫ The sample structure grown in this experiment is shown in Fig. 4-9. 

⚫ The sample was heated to 570 °C under Sb2 irradiation for oxide desorption. 

⚫ Growth rate of GaSb: 0.4 μm/h (fixed) 

⚫ Beam equivalent pressure (BEP) of Ga: 1.08×10-7 Torr 

⚫ BEP of Sb: 5.40×10-7 Torr (V/III ratio is 5) 

⚫ For GaSb buffer layer growth, two-step growth sequence discussed in Chapter 3 was 

adapted. After GaSb layer was grown at 560 °C, the growth temperature was lowered 

to 400 °C, 460 °C, and 520 °C under Sb2 irradiation of 5.40×10-7 Torr. Then, GaSb 

was grown at each temperature [See Fig. A-1 in Appendix]. 

⚫ Total GaSb homo epitaxial layer is 100 nm. Then, 85-nm-thick-InAs or -InAsSb layer 

was grown. 

⚫ Growth rate of InAs or InAsSb: 0.2 μm/h 

⚫ BEP of In: 7.97×10-8 Torr 

⚫ BEP of Sb 1.20×10-6 Torr (V/III ratio is 15) 

⚫ Six samples fabricated in this study are shown in Table 4-3. In sample A, B, and C, 

InAs layer was grown by one-step at constant temperature of 400 °C, 460 °C, and 

520 °C, respectively. In sample D, in order to study the effect of Sb as a surfactant, a 

trace amount of Sb2, BEP of 5.0×10-9 Torr, was irradiated during the one-step growth 

of InAs layer at 400 °C.  

⚫ Since the optimal growth temperature might be different between initial InAs growth 

and succeeding one in hetero epitaxial growth, the two-step low and high temperature 

growth in sample E and F. In sample E and F, initial 5-nm-thick-InAs was grown at 

400 °C/520 °C, and growth temperature was changed to 520 °C/400 °C under As2 

irradiation of 1.20×10-6 Torr. Then, 80-nm-thick-InAs was grown at 520 °C/400 °C, 

respectively. 
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(2) Sample evaluation 

⚫ AFM in the tapping mode was performed for surface observation.  

⚫ Cross-sectional TEM was performed in the [110] direction for structural observation. 

⚫ Secondary ion mass spectroscopy (SIMS) was performed for composition evaluation. 

⚫ X-ray reciprocal space mapping (RSM) were performed for strain analysis. 

 

 

Figure 4-9 Schematic structure of InAs or InAsSb on GaSb substrate fabricated in this 

experiment. 

 

Table 4-3 Summary of samples grown in this experiment. 

 

Sample Growth step Layer Thickness (nm) Growth temperature (°C) 

First Second First Second 

A One InAs 85 400 

B One InAs 85 460 

C One InAs 85 520 

D One InAs0.9965Sb0.0035 85 400 

E Two InAs 5 80 400 520 

F Two InAs 5 80 520 400 

 

4.2.2 Size variation of pit with InAs growth temperature 

   The AFM images of the one-step InAs on GaSb grown at three different temperature 

400 °C, 460 °C, and 520 °C in Fig. 4-10. These are corresponding to the sample A, B, 

and C, respectively. There can be seen pits on the surface of each sample. Relatively large 

pits with the depths of approximately 50 nm can be seen in sample A. As the growth 

temperature increases, the RMS of the InAs surface becomes smaller from 0.98 nm to 

0.25 nm due to the size reduction of the pits. In sample C, the depths of the pits are 

approximately 10 nm. 
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Sample A            Sample B            Sample C 

Figure 4-10 AFM images of one-step 85-nm-thick InAs on GaSb grown at constant 

temperature of 400 °C, 460 °C, and 520 °C (samples A, B, and C). The images are 

20×20 μm2. The color scales are 2 nm in height. 

 

For structural evaluation of the pits, cross-sectional TEM measurements from [1-10] 

direction was performed. Figure 4-11 shows the cross-sectional TEM images of InAs on 

GaSb. Same tendency in the sizes of the pits as can be seen from AFM images. Both 

vertical and lateral sizes of the pits become smaller as the growth temperature increases. 

In addition, the pits are formed by the specific higher index crystal plane such as (111), 

(311), and (411) same as Fig. 4-5 in Section 4.1.3. 
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Sample A 

 

Sample B 

 

Sample C 

Figure 4-11 Bright field cross-sectional TEM images of InAs on GaSb grown at constant 

temperature of 400 °C, 460 °C, and 520 °C (samples A, B, and C). The observation was 

performed from the [1-10] direction. 

 

To examine strain condition of InAs layer on GaSb, X-ray RSM was performed for 

sample A, B, and C. Figure 4-12 shows the X-ray RSM images of sample A, B, and C. 

Pseudomorphically grown InAs layers on GaSb were observed in all three samples. There 

exists no difference among them as for the strain state. Thus, the pits of each sample have 

no contribution to the lattice relaxation same as As2 pressure dependence discussed in 

Section 4.1. 

In the case of InAs homo epitaxial growth previously reported in Ref. [26] and [27], 

the pits due to surface condition of the substrate and pyramidal structure due to surface 

50 nm 

50 nm 

50 nm 
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reconstruction phase were tended to be formed at relatively low and high growth 

temperature, respectively. Decrease in pit size with increase in growth temperature in this 

study may mean that the stability of the (001) plane increases during the transition from 

pit to pyramid structure formation. The change in the growth mode with respect to the 

growth temperature is considered to be largely due to the surface state, including the 

surface reconstruction phase. 

Regarding the InAs growth stability of (001) plane growth, the InAs growth on InAs 

nonplanar substrate consisting of (001) and (111)A planes was investigated with changing 

growth temperature and As pressure in the previous study in Ref. [28]. The growth rate 

of (001) plane adjacent to (111) A plane was evaluated by μ-RHEED [28]. This study 

revealed that the lateral flow of Ga adatoms occurs from (111)A to (001) and from (001) 

to (111)A planes at relatively high growth temperature/low As2 pressure and low growth 

temperature/high As2 pressure, respectively [28]. What is particularly characteristic of 

InAs growth is the occurrence of In adatom migration from the (001) plane to (111)A at 

low growth temperature/high As2 pressure condition. Migration of the adatoms in this 

direction has not been observed for GaAs in similar experiments [29]. Although the 

tendency of growth plane preference in Ref. [28] is opposite and further study is needed, 

this implies that the stable plane orientation of InAs growth varies greatly depending on 

the growth conditions. 

Since there still exist small pits on the surface even in the high temperature growth at 

sample C, the growth method which completely suppresses the pits formation is required 

from the viewpoint of applying thick InAs layer to the contact layer of the IR-PD devices. 

It will be discussed in the latter section. 
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          Sample A                Sample B                Sample C 

Figure 4-12 X-ray RSM images of one-step InAs on GaSb grown at constant temperature 

of 400 °C, 460 °C, and 520 °C (samples A, B, and C). The upper and lower peaks 

correspond to the (224) plane diffraction of the InAs layer and GaSb buffer and substrate, 

respectively. Qx and Qz denote the absolute values of in-plane and vertical reciprocal 

lattice vectors, respectively. 

 

4.2.3 Pit suppression by the trace amount of Sb2 irradiation 

To suppress the pits formation discussed in the previous section, the Sb surfactant 

effect which are reported in other material systems [79-81] are examined. Trace amount 

of Sb2, BEP of 5.0×10-9 Torr, was irradiated during the growth of InAs at 400 °C, 

corresponding to sample D in Table 4-3. This growth produced ternary InAsSb with Sb 

composition of extremely small 0.35% confirmed by the X-ray diffraction measurement. 

Figure 4-13 shows the AFM images of sample D. Pits on the surface observed in sample 

A, B, and C were disappeared. As a result, a pit-free surface with relatively small RMS 

of 0.33 nm was obtained. 

   
Figure 4-13 AFM image of InAsSb with Sb composition of 0.35% grown on GaSb with 

trace amount of Sb2 irradiation during InAs growth (Sample D). The images are 5×5 μm2. 

The color scales are 2 nm in height. 

 

The cross-sectional TEM image of sample D observed from [1-10] direction is shown 

InAs (224) 

GaSb (224) 

InAs (224) 

GaSb (224) 

InAs (224) 

GaSb (224) 
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in Fig. 4-14. There can be observed no pits or dislocations from cross-sectional evaluation 

same as AFM image. The X-ray RSM images of sample D is shown in Fig. 4-15. InAsSb 

layer seems to be pseudomorphically grown on GaSb same as the case of sample A, B, 

and C. From these results, the Sb acts as a surfactant on the InAs surface even in the case 

of trace amount of Sb2 irradiation. It makes the preference of (001) plane growth larger 

at the low temperature growth to suppress the pit formation with high index planes. 

However, the (224) diffraction peak from the InAsSb in sample D is relatively broader 

than those from the InAs of samples A to C in Fig. 4-12. This means that the Sb content 

of the InAsSb layer was relatively inhomogeneous. This is because the BEP of Sb 

5.0×10−9 Torr was too low to maintain the flux at a constant rate. 

 

Figure 4-14 Cross-sectional TEM image of InAsSb layer with Sb composition of 0.35% 

on GaSb by trace amount of Sb2 irradiation during InAsSb growth (Sample D). The 

observation was performed from the [1-10] direction. 

 

 

Figure 4-15 X-ray RSM image of InAsSb with Sb composition of 0.35% grown on GaSb 

(Sample D). The upper and lower peaks correspond to the (224) plane diffraction of the 

InAsSb layer and GaSb buffer and substrate, respectively. Qx and Qz denote the absolute 

values of in-plane and vertical reciprocal lattice vectors, respectively. 

 

50 nm 

InAsSb (224) 

GaSb (224) 
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   Moreover, since InAsSb tends to be easily oxidized to form such as Sb2O3 [82-84], 

they are concerned to trap photo-carriers. If the InAsSb layer is applied as a contact layer, 

there is a concern of deterioration in device characteristics such as responsivity of IR-PD. 

Thus, the growth method which suppresses the pits formation without the use of Sb 

irradiation is required. This will be discussed in the next section. 

 

4.3 Effect of growth sequence on InAs hetero epitaxial growth on 

GaSb 

 

4.3.1 Pit suppression by two-step InAs growth 

In Section 4.2, it was found that a higher growth temperature is valid for forming 

smaller pits due to the preference of (001) growth preference. Regarding the interface 

between InAs and GaSb, however, a lower temperature growth seems to be effective for 

reducing intermixing or As/Sb exchange such as reported in [24]. Thus, two-step growth 

where initial InAs layer at the interface was grown at 400 °C and succeeding InAs layer 

at 520 °C was investigated. This corresponds to sample E in Table 4-3. Figures 4-16 and 

4-17 show the AFM and TEM images of sample E, respectively. The pits were completely 

suppressed in the range of FOV of 20 μm without Sb irradiation during InAs growth. 

Moreover, the surface is extremely flat with the RMS of 0.20 nm where atomic steps are 

clearly confirmed as can be seen in Fig. 4-16 (a). From TEM image in Fig. 4-17, any 

dislocation could not be observed in InAs layer. This means that the two-step temperature 

sequence does not cause the lattice relaxation. This is also consistent with the result of X-

ray RSM in Fig. 4-18, where pseudomolphic InAs layer is grown on GaSb. 

 

          

(a) 5 × 5 μm2              (b) 20 × 20 μm2 

Figure 4-16 AFM images of InAs grown on GaSb by two-step low- and high- temperature 

sequence (Sample E). The images show (a) 5 × 5 μm2 and (b) 20 × 20 μm2, respectively. 

The color scales are 2 nm in height. 
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Figure 4-17 Cross-sectional TEM image of InAs grown on GaSb by two-step low- and 

high- temperature sequence (Sample E). The sample was observed form the [1-10] 

direction. 

 

 

Figure 4-18 X-ray RSM image of InAs grown on GaSb by two-step low- and high 

temperature sequence (Sample E). The upper and lower peaks correspond to the (224) 

plane diffraction of the InAs layer and GaSb buffer and substrate, respectively. Qx and Qz 

denote the absolute values of in-plane and vertical reciprocal lattice vectors, respectively. 

 

   The case where the temperature is reversed was also considered. The two-step InAs 

growth where initial 5 nm-thick InAs and succeeding 80 nm-thick InAs were grown at 

520 °C and 400 °C, respectively, corresponding to sample F. Figure 4-19 shows the AFM 

image of sample F. Interestingly, in contrast to sample E, the surface was quite rough with 

RMS of 7.68 nm. In addition, the density of the pits drastically increased. The same 

tendency can be seen in the TEM image in Fig. 4-20. The mechanism concerning these 

surface changes caused by different growth conditions will be discussed in the next 

section based on the growth mechanism. 

 

50 nm 

InAs (224) 

GaSb (224) 
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(a) 5 × 5 μm2             (b) 20 × 20 μm2 

Figure 4-19 AFM images of InAs grown on GaSb by two-step high- and low- temperature 

sequence (Sample F). The images show (a) 5 × 5 μm2 and (b) 20 × 20 μm2, respectively. 

The color scales are 2 nm in height. 

 

Figure 4-20 Cross-sectional TEM image of InAs grown on GaSb by two-step high- and 

low- temperature sequence (Sample F). The observation was performed from the [1-10] 

direction. 
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4.3.2 Mechanism of pit suppression 

   Next, the experiments were performed to understand why two-step LT/HT growth 

can be effectively suppress the pits formation. 

At first, since there is a suspect that Sb atoms diffusing from underlying GaSb layer 

act as a surfactant to suppress the pits formation, secondary ion mass spectroscopy 

(SIMS) measurement of InAs layer grown on GaSb was performed. Fig. 4-21 shows the 

SIMS profiles of Sb in InAs layer grown on GaSb in case of sample C and E. 

 

 

Figure 4-21 SIMS profiles of Sb in InAs layer grown on GaSb in the case of (a) one-step 

growth at 520 °C corresponding to sample C and (b) two-step growth at 400 °C and 

520 °C corresponding to sample E. The piling up of Sb at the InAs surface is due to the 

influence of surface adsorbates. 

 

The vertical axis indicates the secondary ion intensity of Sb. Sb carryover into InAs 

layer can be observed in both cases. However, that of sample E is lower than that of 

sample C in the entire InAs layer, especially at the interface between InAs and GaSb. This 

is because initial lower growth temperature of 400 °C makes Sb diffusion smaller than 

that of 520 °C. This also means that Sb surfactant effect do not play a role in the 

suppression of the pits in sample E. 

As discussed in Section 4.2.2, citing Ref. [26], it is assumed that the surface 

morphology of the initial InAs heteroepitaxial growth on GaSb is critical to the 

subsequent InAs growth. Thus, the surface of initial 5-nm-thick InAs grown at 400 °C 

was observed. Figure 4-22 shows the AFM image. The surface appears very flat, with an 
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RMS of 0.12 nm, without pits in this range. This is due to the small amount of 

interdiffusion at the InAs/GaSb hetero interface at the relatively low growth temperature 

of 400 °C, as indicated by the SIMS measurement shown in Fig. 4-21. 

 

Figure 4-22 AFM image of 5-nm-thick InAs grown at 400 °C on GaSb. The image shows 

5 × 5 μm2. The color scales are 2 nm in height. 

 

In addition, the subsequent growth at a higher temperature of 520 °C, essentially 

favors the (001) plane growth, as discussed in Section 4.2.2 related to Fig. 4-10 and 4-11. 

These two factors seem to help suppress the pits and make an extremely flat surface in 

sample E. On the other hand, in the case of sample F, the initial 5-nm-thick InAs grown 

at 520 °C should be rougher than the surface grown at 400 °C because of the larger 

interdiffusion at the InAs/GaSb hetero interface, as shown in the SIMS measurement in 

Fig. 4-21. Such roughness on the surface of the initial InAs layer will cause the 

appearance of pits in the succeeding InAs layer [26]. In addition, low-temperature 400°C 

growth of InAs also itself enlarges pits formation with high index planes, as can be seen 

in Fig. 4-10 and 4-11. The sequence of sample F, therefore, enhances pit formation. 

 

4.3.3 Summary of Section 4.2 and 4.3 

The effects of growth temperature, sequence, and Sb surfactant effects to InAs growth 

on GaSb were investigated. In the case of one-step InAs growth, the pits at the surface 

tend to be smaller with the increase in growth temperature, however, they remain even at 

the growth temperature of 520 °C. A trace amount of Sb irradiation during InAs growth 

could effectively suppress the pits formation even at a low temperature of 400 °C due to 

its surfactant effect. Moreover, the fabrication of InAs with pit-free and extremely flat 

surface was achieved by two-step initial low and succeeding high temperature growth 

without Sb irradiation. This might be caused by the high flatness at initial low temperature 

growth and preference of (001) plane at high temperature. The growth mechanisms on 

pits formation or suppression of InAs growths on GaSb in three cases are summarized 
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with the schematic diagrams below. 

 

 

◼ One-step HT growth 

 

⚫ Initial growth 

✓ Surface roughness is large due to large As/Sb exchange. 

⚫ Subsequent bulk growth 

✓ (001) plane growth preference is high but localized unstable areas due to initial 

roughness induce pits. 

 

◼ One-step LT growth 

 

⚫ Initial growth 

✓ Surface roughness is small due to small As/Sb exchange. 

⚫ Subsequent bulk growth 

✓ (001) plane growth preference is low and pits are easily formed. 

 

◼ Two-step LT/HT growth 

 

⚫ Initial growth 

✓ Surface roughness is small due to small As/Sb exchange. 

⚫ Subsequent bulk growth 

✓ Initial unstable areas are suppressed and (001) plane growth preference is maintained. 
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4.4 Summary of Chapter 4 

   To obtain high-quality thick InAs layer on GaSb applied to the contact layer, the effect 

of As2 pressure, growth temperature, sequence, and Sb surfactant effect were investigated. 

The transition layers with small lattice constants were formed at the interface due to 

As/Sb exchange by As2 soaking before InAs growth. Their thickness decreased as the As2 

pressure decreased. At higher As2 pressures, many misfit dislocations were formed at the 

transition layer. These lead to a large lattice relaxation of InAs layer. The misfit 

dislocation density decreased, whereas pits were formed as As2 pressure decreased. Pits 

do not contribute to the lattice relaxation but to reduce the surface energy by forming the 

high index planes from strain analysis. By further lowering the As2 pressure, 

accompanying the growth mode change, a pit-free, high-quality pseudomorphic InAs 

layer on GaSb was obtained. 

Regarding the growth temperature of InAs, in the case of one-step InAs growth, the 

pits at the surface tend to be smaller with the increase in growth temperature, however, 

they remain even at the high growth temperature of 520 °C. 

A trace amount of Sb irradiation during InAs growth could effectively suppress the 

pits formation even at a low temperature of 400 °C due to its surfactant effect.  

Moreover, without Sb irradiation, the fabrication of InAs with pit-free and extremely 

flat surface was achieved by two-step initial low and succeeding high temperature growth. 

This might be caused by the high flatness at initial low temperature growth and preference 

of (001) plane at succeeding high temperature. It is expected that the InAs layer by this 

two-step growth method will be applied to the electrode contact layer of actual GaSb-

based IR-PDs. 
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5 InAs/GaAs hetero epitaxial growth 

 

Unlike the previous chapters of InAs/GaSb material system, different material InAs/GaAs 

hetero growth is studied. The aim of this chapter is to establish growth conditions for 

obtaining a high PL intensity at 1.28 μm. At first, to clarify the effect of the size and shape 

of the underlying quantum dots on the cover layer growth, the growth temperature 

dependence of InAs QDs was investigated. Secondary, for clarifying the cover layer 

growth condition, the effect of growth temperature and thickness of the cover layer was 

investigated. The GaAs growth on InAs dots can be regarded as growth under tensile 

strain, just like the growth of InAs on GaSb. Focusing on this similarities, the research 

was conducted using of the knowledge gained from InAs growth on GaSb research in 

Chapter 4. 

 

 

5.1 Effects of the growth temperature of InAs QDs on their structural 

and optical properties 

 

5.1.1 Experimental procedure 

 

(1) Growth condition 

⚫ SS-MBE equipped with standard effusion cells was used. 

⚫ Valved cracker cell was used with As4 (uncracked) mode. 

⚫ Figure 5-1 shows the schematic QD structure grown in this study.  

⚫ 8-stacked InAs QD structure sandwiched with AlGaAs cladding layer was grown on 

GaAs(001) substrate. 

⚫ InAs QD layer was covered by InGaAs SRL followed by GaAs middle layer Their 

total thickness is fixed at 40 nm. 

⚫ At the top of the surface, InAs QDs were formed with the same growth condition for 

monitoring InAs QD size, density, and shape. 

⚫ Growth temperature of InAs QD was mainly changed. Three samples A, B and C 

were grown with QD growth temperature of 490 °C, 500 °C, and 510 °C, respectively. 

The growth temperature was monitored by optical pyrometer.  

⚫ Then, InGaAs SRL were grown under the condition of suppressing the In out-

diffusion form QDs as presented in Ref. [58]. After the growth of GaAs capping layer, 
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the growth temperature was elevated to 590 °C to form GaAs middle layer.  

⚫ The growth conditions in this experiment are summarized in Table 5-1. 

 

(2) Sample evaluation 

⚫ AFM in the tapping mode was performed for InAs QDs observation at the top of the 

surface. 

⚫ Cross-sectional TEM was performed in the [-110] direction for structural observation. 

⚫ X-ray RSM were performed for strain analysis of 8-stacked QD structure.  

⚫ CW and TRPL were performed from 6 K to 300 K under the 780-nm laser light 

excitation. 

 

 

Figure 5-1 Schematic sample structure of 8-stacked InAs QD structure with InGaAs SRL 

and GaAs middle layer fabricated in this study. InAs QDs for AFM monitoring were 

formed on the top of the surface. 
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Table 5-1 Summary of the growth conditions of InAs QD structure in this study. Ts 

denotes the growth temperature. 

 

Sample Ts of InAs QD (℃) Ts of GaAs spacer layer (℃) 

Sample A 490 
590 

Sample B 500 

Sample C 510 

 

5.1.2 Structural characteristics of InAs/GaAs QD structures 

   AFM images of InAs QDs of samples A, B, and C, corresponding to their growth 

temperature of 490 °C, 500 °C, and 510 °C, respectively, are shown in Fig. 5-2. The AFM 

images show 1×1 μm2. Color scales are different and indicated in each image. The 

average heights and densities of the are 5.0 nm/1.0×1011 cm-2, 7.2 nm/4.7×1010 cm-2, 8.2 

nm/2.7×1010 cm-2, for sample A, B, and C, respectively. As the growth temperature of 

InAs QDs increased from 490 °C to 510 °C, the trend is that the density decreased, and 

the average height increased from 5.0 nm to 8.2 nm. This might be caused by the increase 

in In migration length with growth temperature increase. In case of sample A, In migration 

length at the surface is relatively shorter. This makes In atoms gather into a narrow area. 

Therefore, QDs with relatively smaller sizes are formed. As the growth temperature 

increases, the In migration length becomes longer, which makes In atoms gather at 

energetically stable positions to form larger size InAs QDs. Moreover, a number of giant 

QD, whose heights are over 10 nm, can be observed in sample A compared to samples B 

and C. The densities of giant QDs are 6.8×108 cm-2, 1.3×107 cm-2, and 1.3×107 cm-2, 

respectively. In sample A, distance between adjacent QDs is so short that QDs are easy to 

coalesce each other to form giant QDs as reported in Ref. [85]. At higher growth 

temperature, in the case of sample B and C, the density of coalesced dots is an order of 

magnitude lower compared to sample A. This is due to relatively larger distances between 

QDs. 
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Sample A             Sample B             Sample C 

Figure 5-2 AFM images of the sample A, B, and C, corresponding to the InAs QD growth 

temperature of 490 °C, 500 °C, and 510 °C, respectively. Images show 1×1 μm2. Color 

scales are indicated in each image. 

 

   Figure 5-3 shows bright field cross-sectional TEM images of sample A, B, and C 

observed from [-110] direction. In each sample, 8-stacked QDs layers are clearly seen. 

The dark contrasts mainly extending to the lateral direction could be observed in each 

sample. They are regarded to be derived from quantum dots. The top of QD in this study 

is relatively flat shape as can be seen in TEM image in Ref. [58]. Therefore, laterally 

extending dark contrasts in bright field TEM image in Fig. 5-3 are brought by the lattice 

strain between InAs and GaAs. On the other hand, the dark contrasts indicated by the red 

arrows could be regarded as the dislocations. This is because they are likely to occur in 

[111] plane in zincblende lattice structure and originates from the compressively strained 

QD area. The densities of the dislocations estimated by the average of two field of view 

under the same sample thickness of 75 nm sliced by focused ion beam (FIB) are 1.39×1014 

cm-3, 4.62×1013 cm-3, 4.16×1014 cm-3 for sample A, B, and C, respectively. 
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Sample A (1.39×1014 cm-3) 

 

     Sample B (4.62×1013 cm-3) 

     

        Sample C (4.16×1014 cm-3) 

Figure 5-3 Bright field cross-sectional TEM images of the sample A, B, and C, 

corresponding to the InAs growth temperature of 490 °C, 500 °C, and 510 °C, respectively. 

The observation was performed from [-110] direction. Dislocations observed in each 
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sample are indicated by red arrows. The magnified figures of dashed areas are also shown 

in sample A and C on the right. Dislocation density of each sample is also indicated in 

each TEM image. 

 

Especially, dislocation density in QD structure is remarkably high in the case of 

sample C. As mentioned above, the relatively large heights of InAs QDs in sample C 

seems to contribute to the formation of the dislocations. This would cause the strain 

relaxation to form dislocations at InGaAs SRL and GaAs SL. The mechanism of the 

dislocation formation will be discussed in the letter section. Regarding Sample A, it has 

the second highest dislocation density. Although the average heights of InAs QDs is as 

small as 5.0 nm, there exists the highest density of giant QDs in sample A. These large 

size coalesced QDs will contribute to the formation of the dislocations same as sample C. 

Regarding sample B, the average height of InAs QDs is approximately 7 nm, and it is low 

enough to suppress the formation of dislocation. In addition, the density of coalesced QDs 

is as low as 1.3×107 cm-2, which also contribute to suppress the dislocation formation at 

InGaAs SRL and GaAs SL at a lower value in sample B. 

   Since small dislocations were observed in the cross-sectional TEM images, it is 

interesting to observe the extent of lattice relaxation in each sample. To evaluate the strain 

relaxation macroscopically including dislocations, each sample was evaluated by the X-

ray RSM. The X-ray RSM images of sample A, B, and C is shown in Fig. 5-4. 

 

          

Sample A 
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Sample B 

 

                               Sample C 

Figure 5-4 X-ray RSM images of the sample A, B, and C. The largest peaks in each 

sample correspond to the (-2-24) plane diffraction of GaAs substrate. Qx and Qz denote 

the absolute values of reciprocal lattice vectors of in-plane [-1-10] and vertical [002] 

directions, respectively. 

 

The diffraction peaks from GaAs(-2-24) are indicated in each figure. Satellite peaks 

from periodic QD layers of 40 nm were observed in each sample. In any sample, these 

satellite peaks are aligned in a straight line parallel to the Qz direction. This means that 

the strain relaxation generated by the dislocation formation is so small that the X-ray 

RSM measurement could not identify it even in the case of sample C with the highest 

dislocation density among three samples. 

As explained in Section 4, X-ray RSM measurements were also performed in the case 
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of InAs hetero growth on GaSb shown in Fig. 4-8. Although the material system is not 

same as InAs/GaAs material system treated in this section, there is the case where lattice 

relaxation was not identified by X-ray RSM measurement even the dislocations were 

observed in TEM image shown in Fig. 4-5 (b) as an example. Thus, in this InAs/GaAs 

case, it is considered that very small strain relaxation in a limited local area was brought 

by the dislocations. 

 

5.1.3 Optical characteristics of InAs/GaAs QD structures 

   As clear differences such as dislocation density were observed in structural properties 

of InAs QDs for their growth temperature, the relationship with their optical properties 

was interesting and investigated. 

At first, Fig. 5-5 shows CW-PL spectra of sample A, B, and C at the measurement 

temperature from 6 K to 300 K. Relatively sharp peak at longer wavelength side observed 

in each sample is regarded as the emission from ground state of QDs. Emission shorter 

than ground sate one is assumed to be from excited state of QDs or ground state of smaller 

size QDs. Although the average QD height of the sample C is the highest in three samples, 

the wavelength of ground state emission in sample C is approximately 40 nm shorter than 

the other two samples. Since the QDs growth temperature is the highest in sample C, the 

In interdiffusion between QDs and their surrounding layers is seemed to be the largest. 

This makes Ga composition of InGaAs QDs higher. This will blueshift the emission 

wavelength. Moreover, the emission peak around 950 nm observed at low temperature in 

each sample is thought to be the emission from InGaAs SRL. 
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Sample A (Ts 490 °C) 

 

Sample B (Ts 500 °C) 
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Sample C (Ts 510 °C) 

Figure 5-5 CW-PL spectra of the sample A, B, and C, corresponding to the InAs growth 

temperature of 490 °C, 500 °C, and 510 °C, respectively. The measurements were 

performed from 6 K to 300 K in 50 K increments. The scales of PL intensities are same 

among three samples. 

 

The temperature dependence of PL integral intensity of sample A, B, and C was shown 

in Fig. 5-6. PL integral intensities tend to decrease monotonically with increasing 

temperature in sample A and B. Overall trend of sample C is same for sample A and B. 

On the other hand, some PL integral intensity fluctuations from 6 K to 200 K was 

observed in sample C. As similar phenomenon was reported in same InAs/GaAs QD 

system in Ref. [86], this is because carrier transition among QDs occurs due to small 

conduction band offset in sample C compared to sample A and B. Since the decrease of 

PL intensity to the temperature might relate to the activation of non-radiative center, the 

reduction rates of PL intensity had compared each other. As can be seen by the 

temperature dependence of PL intensity normalized by that of 6 K shown in Fig. 6 (b), 

reduction rates of PL intensity at 300 K to 6 K are approximately three times larger in the 

cases of sample A and C than that of sample B. 
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                 (a)                                  (b) 

Figure 5-6 Temperature dependence of (a) PL integral intensity and (b) PL integral 

intensity normalized by that of 6 K in the case of the sample A, B, and C, corresponding 

to the InAs growth temperature of 490 °C, 500 °C, and 510 °C, respectively. 

 

Since this PL intensity reduction might be related to the dislocation in QD structure, 

the TRPL of three samples were measured. The TRPL decays of three samples were 

measured at 6 K, 150 K, and 300 K, respectively, are shown in Fig. 5-7. In this study, the 

detection of TRPL was fixed at ground state emission peak of QDs for each sample. The 

PL lifetime of each sample was derived by monoexponential fitting of each TRPL decay. 

The fitting curve is indicated in each sample in Fig. 5-7. 

At the measurement temperature of 6 K and 150 K, same tendency can be seen in the 

TRPL decays characteristics. On the other hand, at the measurement temperature of 300 

K, a difference in the decay characteristics between the samples was observed. Thus, 

TRPL for each temperature was measured in more detail and the PL lifetime was derived. 
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           6 K                    150 K                  300 K 

Figure 5-7 TRPL decays of the sample A, B, and C measured at 6 K, 150 K, and 300 K, 

respectively. The detection wavelength was fixed at the ground state of each sample at 

each temperature. The excitation wavelength was fixed at 780 nm. Monoexponential 

fitting curve of each TRPL result is also shown. 

 

 

Figure 5-8 PL lifetime of the sample A, B, and C as a function of measured temperature. 

PL lifetime was derived by a monoexponential fitting to the ground state TRPL decay 

curve. 

 

The temperature dependence of PL lifetime of three samples is shown in Fig. 5-8. At 

the measurement temperature of 6 K, the PL lifetime of each sample is almost same 

around 1.5 ns. On the other hand, PL lifetime of sample B is extremely longer than the 

other two samples at the measurement temperature of 300 K. 
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In the previous study of TRPL of QD structure, there were some reports that radiative 

recombination was dominant at a low temperature, whereas non-radiative recombination 

whose lifetime was relatively shorter made a large contribution in the temperature range 

close to room temperature due to the activation of non-radiative center [89-92]. 

If the dislocations in the QD structure discussed in the previous section act as a non-

radiative recombination center, the longest PL lifetime of sample B could be attributed to 

its lowest dislocation density. Regarding to the PL lifetime increase near 150 K to 200 K, 

as previously reported in [89-92], the thermally induced carrier escape and transition 

among the QDs, this is so called “thermalization”, makes the carrier recombination time 

longer compared to that of below 50 K. Above 150 K or 200 K, the PL lifetime 

monotonically decreases with the increase in temperature in all three samples. This 

decrease was brought by the activation of dislocation related non-radiative recombination 

center around room temperature. As a result, dislocations are dominantly related to the 

optical quality of the QD structure. Thus, optimization of the growth temperature around 

500 °C is important for the suppression of dislocation. 

 

5.1.4 Summary of Section 5.1 

   Growth temperature dependence of InAs/GaAs QD structure was investigated by 

focusing on the relationship between structural and optical properties. Dislocations 

extending from QDs layers were prominently observed in the case of the highest growth 

temperature of 510 ℃. Relatively larger size QDs grown at 510 ℃ seem to relate to the 

formation of dislocations. Temperature dependence of PL integral intensity indicated that 

the intensity reduction with increasing temperature was the lowest in the case of the 

sample with the lowest dislocation density grown at 500 ℃. TRPL of 500 ℃ grown 

sample shows the longest lifetime at near room temperature. These tendencies indicate 

that the dislocations act as a non-radiative recombination center to deteriorate PL intensity 

at near room temperature. These results suggest that growth temperature around 500 ℃ 

suppresses the generation of larger size QDs which leads to the dislocation formation at 

InGaAs/GaAs covered layer. Thus, suppressing QD height by the control of its growth 

temperature is the key for fabricating high-quality multiple QDs structure. 

   In the next session, to explore the mechanism of dislocation formation and its 

suppression method, the thickness and growth temperature dependence of the low 

temperature InGaAs/GaAs cover layer were investigated under the InAs quantum dots 

growth temperature of 510 ℃ with high dislocation density. 
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5.2 Effects of low temperature cover layer growth of InAs QDs on their 

optical and structural properties 

 

5.2.1 Experimental procedure 

 

(1) Growth condition 

⚫ SS-MBE equipped with standard effusion cells.  

⚫ Valved cracker cell was used with As4 (uncracked) mode. 

⚫ QD structure grown in this study is the same in Section 5.1 (Fig. 5-1). 

⚫ 8-stacked InAs QD structure sandwiched with AlGaAs cladding layer was grown on 

GaAs(001) substrate. 

⚫ Each InAs QD layer was covered by InGaAs SRL followed by GaAs layer, whose 

total thickness is fixed at 40 nm. 

⚫ At the top of the surface, InAs QDs were formed with the same growth condition for 

monitoring InAs QD size, density, and shape. 

⚫ The detailed structure around InAs QDs is shown in Fig. 5-9. The cover layer (CL) 

of InAs QDs consists of low temperature (LT) InGaAs/GaAs and high temperature 

(HT) GaAs. 

⚫ The growth temperature and thickness of low LT InGaAs/GaAs CL was changed 

under the fixed growth temperature of InAs QDs at 510 ℃. The growth temperatures 

of LT InGaAs/GaAs CL were set at 510 ℃ (sample B), 480 ℃ (sample A), and 420 ℃ 

(sample C) under the thickness of 7.5 nm. In addition, the sample D of LT 

InGaAs/GaAs CL growth temperature of 480 ℃ with the thickness of 12.0 nm was 

also grown. The growth temperature of HT-GaAs was set at 590 ℃ in all samples. 

The sample discussed in Section 5.1 corresponds to the sample A in this experiment. 

The growth sequence of InAs QDs and the CL is shown in Fig. 5-10. The growth 

condition in this experiment is summarized in Table 5-2. 

 

(2) Sample evaluation 

 

⚫ AFM in the tapping mode was performed for surface observation.  

⚫ Cross-sectional TEM was performed in the [-110] direction for structural observation. 

⚫ X-ray RSM were performed for strain analysis of 8-stacked QD structure.  

⚫ CWPL was performed at room temperature under the YAG laser light excitation at 

the wavelength of 1064 nm. 
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Figure 5-9 Detailed schematic sample structure around InAs QD. 

 

 

Figure 5-10 Growth sequence of InAs QDs structure adapted in this experiment. The 

growth temperatures of InAs QD and HT-GaAs were fixed at 510 ℃ and 590 ℃, 

respectively. 

 

Table 5-2 Summary of the growth conditions of InAs QDs and their surrounding layers 

in this experiment. Ts denotes the growth temperature. 

 

Sample Ts of InAs 

QD (℃) 

Ts of HT GaAs 

layer (℃) 

Ts of LT cover 

layer (℃) 

Thickness of LT 

cover layer (nm) 

Sample A 

510 590 

480 

7.5 Sample B 510 

Sample C 420 

Sample D 480 12.0 
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5.2.2 Relationship between optical and structural properties of InAs 

QD with various LT InGaAs/GaAs cover layer conditions 

   Figure 5-11 shows the PL spectra of 8-stacked InAs QD structures of sample A to D 

at room temperature. Although the PL intensity is low in sample A, an increase in PL 

intensity was observed under other growth conditions. In addition, the PL wavelengths of 

sample A, B, and C become longer than that of sample A. In terms of compatibility with 

the target wavelength of 1.28 μm, the condition of Sample D is the best in this experiment. 

Since the excitation wavelength is 1064 nm, photocarriers generation only occur within 

the InAs QDs considering the band lineup of the structure in Fig. 5-1. Thus, the 

differences in the PL intensity is assumed to be derived from the nonradiative center in 

InAs QD itself or its surrounding InGaAs/GaAs layer. 

 

 

Figure 5-11 Room temperature PL spectra of 8-stacked InAs QD structures of sample A 

to D. 1064 nm YAG laser was used for excitation. 

 

   Same as discussed in Section 5.1, the dislocations in InAs QD structure also have a 

possibility to play a role in deteriorating the PL intensity. In order to compare the 

crystalline state with sample A, the cross-sectional TEM measurements were performed 

for sample B, C, and D. Figure 5-12 shows the bright field cross-sectional TEM image of 

8-stacked InAs QDs structures of sample B, C, and D in addition to sample A 

(corresponding to the sample C in Fig. 5-3). Same as in sample A, the dislocations 

extending in the (111) direction starting from the InAs QDs were observed in sample B, 

C, and D as indicated by the red arrow. Dislocation density estimated from 75 nm 

thickness of FIB processed sample was also indicated in each image. The dislocation 
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density of sample A, B, C, and D is 1.7×109 cm-2, 2.1×108 cm-2, 6.3×108 cm-2, and 4.2×108 

cm-2, respectively. The dislocation density varies depending on the growth conditions. 

Figure 5-13 shows PL integral intensity as a function of dislocation density observed by 

TEM. As the dislocation density increases, PL integral intensity monotonically decreases. 

This suggests that the dislocations act as a nonradiative recombination center to 

deteriorate the PL characteristics same as discussed in Section 5.1. 

 

 

 

Sample A (1.7×109 cm-2) 

 

Sample B (2.1×108 cm-2) 
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Sample C (6.3×108 cm-2) 

   

Sample D (4.2×108 cm-2) 

Figure 5-12 Bright field cross-sectional TEM image of 8-stacked InAs QDs structure of 

sample A, B, C, and D, respectively. The dislocation is indicated by the red arrow. The 

dislocation density is indicated in each image. 
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Figure 5-13 PL integral intensity of 8-stacked InAs QD structure as a function of 

dislocation density. 
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5.2.3 Surface observation of LT InGaAs/GaAs cover layer 

   In order to understand why dislocation density is different with LT InGaAs/GaAs 

cover layer growth condition, the surface after its growth was focused on and observed. 

Figure 5-14 shows the AFM images of the surface immediately after the growth of LT 

InGaAs/GaAs cover layer under the growth condition of sample A to D.  

 

     

      Sample A               Sample B                Sample C 

  

       Sample D 

Figure 5-14 AFM image of the surface immediately after the growth of LT InGaAs/GaAs 

cover layer under the growth condition of sample A to D. Images show 1×1 μm2. Color 

scale is 3.6 nm. 

 

   As can be seen from AFM images in Fig. 5-14, there exist pits on the surface. In the 

case of InGaAs/GaAs cover layer growth on InAs QDs, it has been reported that pits are 

formed directly above the InAs QDs due to the strain accumulation on the top of them 

[59]. The same phenomenon is considered to have occurred in this experiment. 

Especially in sample A with 480 ℃/7.5 nm condition, extremely many pits, relatively 

small pits with large numbers and relatively large pits with small numbers were observed. 
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From the comparison with AFM image of InAs QDs grown at the same 510 ℃ shown in 

Fig. 5-2, the small pits were derived from standard size dots with their heights around 8 

nm, and large pits were derived from large coalesced QDs with their heights of 10 nm or 

higher. 

In the case of sample B with 510 ℃/7.5 nm condition, the small pits observed in 

sample A were disappeared. The top of InAs QD is considered to be collapsed or 

intermixed during the LT cover layer growth at high temperature. This results in the 

reduction of the strain at the top of the QDs and suppression of pits formation with 

conformal coverage of LT cover layer. However, there still exist the giant QD-derived 

pits which could not be suppressed even with the above phenomena. 

   In the case of sample C with 420 ℃/7.5 nm condition, the small pits were disappeared 

same as in the case of sample B. However, surface morphology is greatly different and 

InAs QDs are covered by the mountainous shape. This is because the surface migration 

length of Ga is so short due to low temperature growth that the GaAs layer is conformally 

formed on InAs QDs even the existence of strain. However, there still exists the pits which 

are derived from the giant QDs with larger strain same as sample B. 

   In the case of sample D with 480 °C/12.0 nm condition, the standard size QDs are 

fully covered by increasing the LT cover layer thickness higher than average QD height 

in spite of the strain of InAs QDs. However, even in this case, the pits caused by the giant 

dots remain on the surface. 

   Next, the effect of annealing on the surface of the low temperature cover layer was 

investigated. Figure 5-15 shows the AFM images of the surface of sample A to D after 

the low-temperature cover layer was grown and the temperature was raised to 590 °C (the 

surface just before the growth of the HT-GaAs layer).  
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Sample A (4.0×108 cm-2)   Sample B (2.0×107 cm-2)    Sample C (1.8×108 cm-2) 

 

  Sample D (2.9×107 cm-2) 

Figure 5-15 AFM image of the surface after the growth of LT InGaAs/GaAs cover layer 

was grown and the temperature was raised to 590 °C (the surface just before the growth 

of the HT-GaAs layer) under the growth condition of sample A to D. Images show 

1×1 μm2. Color scale is 3.6 nm. 

 

From the comparison with the surface before annealing, the surface is flattened in any 

sample due to the surface migration of Ga atoms. However, although the pits on the 

surface become smaller, they still remain on the surface. Most of the remaining pits are 

thought to be caused by giant QDs, which were too deep to be flattened. Pit density 

averaged over four fields of view for each sample A, B, C, and D is 4.0×108 cm-2, 2.0×107 

cm-2, 1.8×108 cm-2, and 2.9×107 cm-2, respectively. In terms of the relationship with 

dislocation density in Fig. 5-12, the dislocation density increases with the increase in pit 

density. Figure 5-16 shows the PL integral intensity as a function of pit density. Same as 

the case of the relationship with the dislocation density, the PL integral intensity 

monotonically decreases as the pit density increases. 

Here, consider whether the dislocation originates from the pit or the other way around. 
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Let’s focus on two samples with LT cover layer thicknesses of 7.5 nm and 12 nm under 

the growth temperatures of 480°C. If the pits are induced by the dislocations, the 

dislocations are already present on the surface at 7.5 nm growth. The pits are embedded 

and disappear after 12 nm growth of LT cover layer, but if dislocations exist, they should 

remain even after thicker growth. However, cross-sectional TEM clearly showed that the 

sample with 12 nm thick had fewer dislocations than the sample with 7.5 nm thick. Thus, 

from the viewpoint of comparing the densities of the dislocations and pits numerically, it 

is reasonable to assume that dislocations were not formed before the formation of the pits 

and that they were formed during HT-GaAs growth originating from the remaining pits 

after annealing. HT-GaAs prefers the (001) plane growth, however, if surface orientation 

other than the (001) plane exists, dislocations are likely to be formed from the boundary 

between the (001) plane and the other plane orientation. Thus, for the formation of 

quantum dot structures of good crystallinity with suppressed dislocations, it is important 

to ensure the surface flatness before HT-GaAs growth and after the growth of the low-

temperature cover layer. 

 

Figure 5-16 PL integral intensity of 8-stacked InAs QD structure as a function of pit 

density. 

 

5.2.4 Mechanism of the dislocation formation in InAs QD structure 

   Based on the experimental results discussed in Section 5.2.2 and 5.2.3, growth 

mechanism concerning the dislocation formation during LT InGaAs/GaAs cover layer 

and HT GaAs layer is explained below using schematic figure with three steps; (1) 

Immediately after LT cover layer growth, (2) After annealing at 590 °C, and (3) After HT 

GaAs growth. 
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◼ Sample A (480 °C/7.5 nm) 

 

◼ Immediately after LT cover layer growth 

✓ Pits are formed directly above both small and large size InAs QDs. 

◼ After annealing at 590 °C 

✓ QDs heights are reduced by In-flashing and the surface is flattened. 

✓ Pits remain directly above large QDs. 

◼ After HT GaAs growth 

✓ Dislocations occur at the remaining pits. 

 

◼ Sample B (510 °C/7.5 nm) 

 

◼ Immediately after LT cover layer growth 

✓ The top of the small dot is fully covered while collapsing. 

✓ A small pit exists directly above the giant dot. 

◼ After annealing at 590 °C 

✓ The pits directly above the large dots also disappear and are flattened. 

◼ After HT GaAs growth 

✓ Growth proceeds on a flat surface without dislocation formation. 

 

◼ Sample C (420 °C/7.5 nm) 

 

◼ Immediately after LT cover layer growth 

✓ Small QDs are conformally covered. 

✓ Pits remain directly above large QDs. 

◼ After annealing at 590 °C 

✓ The mountainous shape will be flattened. 

✓ Some pits remain directly above the large QDs. 
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◼ After HT GaAs growth 

✓ Dislocations occur at the remaining pits. 

 

◼ Sample D (480 °C/12.0 nm) 

 

◼ Immediately after LT cover layer growth 

✓ Both small and large QDs are fully covered. 

✓ Pits remain directly above large QDs. 

◼ After annealing at 590 °C 

✓ The pits directly above the large dots also disappear and are flattened. 

◼ After HT GaAs growth 

✓ Growth proceeds on a flat surface without dislocation formation. 

 

 

5.2.5 Summary of Section 5.2 

   The effects of LT InGaAs/GaAs cover layer growth of InAs QDs to their structural 

and optical properties were investigated by changing the growth temperature and 

thickness of the cover layer. PL intensity of InAs QD structure decreased as the 

dislocation density observed around InAs QD increased. Dislocations are formed during 

HT GaAs growth, originating from pits that remain on the surface after LT cover layer 

growth and subsequent annealing. In order to form the InAs quantum dot structure free 

from dislocations, it is important to have a highly flat surface with suppressed pits after 

LT cover layer growth and subsequent annealing. 
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5.3 Summary of Chapter 5 

   The relationship between structural optical properties of 8-stacked InAs QDs with 

InGaAs SRL was investigated from the two perspectives of InAs QDs growth and LT 

InGaAs/GaAs cover layer growth. 

   Regarding the InAs QDs growth, the growth temperatures of InAs QDs were changed 

at 490 ℃, 500 ℃, and 510 ℃ to observe the effect of InAs QD size to the cover layer 

growth. Dislocations extending from QDs layers were prominently observed in the case 

of the highest growth temperature of 510 ℃ where average QD height is the highest. 

Temperature dependence of PL integral intensity indicated that the PL intensity reduction 

with respect to the temperature was the lowest in the case of the sample with the lowest 

dislocation density grown at 500 ℃. Moreover, TRPL of 500 ℃ grown sample shows the 

longest lifetime at near room temperature. These tendencies indicate that the dislocations 

act as a non-radiative recombination center to deteriorate PL intensity at near room 

temperature. These results suggest that growth temperature around 500 ℃ suppress the 

formation of a relatively large QDs which lead to the dislocation formation at the cover 

layer. Suppressing QD height in a uniform manner is therefore the key for fabricating 

high-quality multiple QDs structure. 

   Since the quality of the QDs grown at 510°C is likely to be high due to its high growth 

temperature, the optical properties are expected to be improved by exploring the 

mechanism of dislocation formation and establishing a method to suppress it.  

Thus, the effect of LT InGaAs/GaAs cover layer growth on the optical properties of 

InAs QDs was investigated by changing the growth temperature and thickness of the LT 

cover layer under the fixed InAs QDs growth temperature of 510 ℃. PL intensity of InAs 

QD structure decreased as the dislocation density observed around InAs QD increased, 

indicating that the dislocations mainly act as a nonradiative recombination center same 

as confirmed in the case of InAs QDs growth temperature dependence. It was revealed 

that dislocations are formed during HT GaAs growth, originating from pits that remain 

on the surface after LT cover layer growth and subsequent annealing. In order to form the 

InAs quantum dot structure free from dislocations, it is important to have a highly flat 

surface with suppressed pits after LT cover layer growth and subsequent annealing. 
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6 Conclusions 

 

6.1 Overview of this research 

In this study, tensile-strained hetero epitaxial growth with two different material 

system; (1) InAs hetero growth on GaSb and (2) InGaAs/GaAs hetero growth on InAs, 

were investigated using molecular beam epitaxy method for the purpose of obtaining 

good crystallinity with suppressed pits or dislocation, which leads to improved device 

characteristics. 

 

(1) InAs hetero growth on GaSb 

The effects of As2 pressure and growth temperature were investigated. Regarding the 

As2 pressure dependence, the transition layers with small lattice constants were formed 

at the interface by As2 soaking before InAs growth, and their thickness decreased as the 

As2 pressure decreased. At higher As2 pressures, many misfit dislocations were formed 

originating from the transition layer. These lead to a large lattice relaxation of InAs layer. 

As the As2 pressure decreased with the reduction of transition layer, the misfit dislocation 

density decreased, whereas pits were formed. From the comparison of strain analysis with 

the sample of lower As2 pressure, it is assumed that the pit was not caused by lattice 

relaxation but was the formation of high-index planes as part of strain energy relaxation. 

By further lowering the As2 pressure, a pit-free, high-quality pseudomorphic InAs layer 

on GaSb was obtained. 

Secondary, the effects of growth temperature including growth sequence to InAs 

growth on GaSb were also investigated. In the case of one-step InAs growth, the pits at 

the surface tend to be smaller with the increase in growth temperature, however, they 

remain even at the growth temperature of 520 °C. A trace amount of Sb irradiation during 

InAs growth could effectively suppress the pits formation due to its surfactant effect with 

sacrificing the mosaicity of InAs layer. Without Sb irradiation, we have succeeded in the 

fabrication of InAs with pit-free and extremely flat surface by two-step initial low and 

succeeding high temperature growth. This should be caused by the high flatness at initial 

low temperature growth and preference of (001) plane at high temperature. 

 

(2) InGaAs/GaAs hetero growth on InAs 

The effect of the underlying InAs QDs growth and LT InGaAs/GaAs cover layer 

growth on the structural and optical properties of 8-stacked InAs QDs structures were 

investigated. 

   Regarding the underlying InAs QDs growth, their growth temperatures were changed 



91 

 

at 490 °C, 500 °C, and 510 °C. As the growth temperature of InAs QDs increases, the 

average QDs height becomes higher due to the enlargement of In migration length. 

Dislocations extending from QDs layers were prominently observed in the case of the 

highest growth temperature of 510 ℃. QDs height seems to be related to the formation 

of dislocation. Temperature dependence of PL integral intensity and TRPL results 

indicate that the dislocations act as a non-radiative recombination center to deteriorate PL 

intensity. Optimizing the growth temperature around 500 ℃ suppresses the generation of 

larger size QDs which lead to the dislocation formation at the cover layer. Therefore, 

suppressing QD height in a uniform manner is the key for fabricating high-quality 

multiple QDs structure.  

From another perspective, since the quality of the QDs grown at 510°C is likely to be 

high due to its high growth temperature, the optical properties are expected to be 

improved by exploring the mechanism of dislocation formation and establishing a method 

to suppress it. 

Thus, under the fixed InAs QDs growth temperature of 510 ℃, the effect of LT 

InGaAs/GaAs cover layer growth on the optical properties of InAs QDs was investigated 

by changing the growth temperature and thickness of the LT cover layer. The PL 

characteristics showed significant differences depending on the growth conditions of the 

LT cover layer. PL intensity decreased as the dislocation density observed around InAs 

QD increased, indicating that the dislocations mainly act as a nonradiative recombination 

center same as confirmed in the case of InAs QDs growth temperature dependence. It was 

revealed that dislocations are formed during HT GaAs growth, originating from pits that 

remain on the surface after LT cover layer growth and subsequent annealing. In order to 

form the InAs quantum dot structure free from dislocations, it is important to have a 

highly flat surface with suppressed pits after LT cover layer growth and subsequent 

annealing. 
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6.2 Conclusions 

The following table summarizes the contrast between the two types of hetero epitaxial 

growth. 

 

 

Growth type LT growth HT growth LT/HT growth 

InAs on GaSb 

(001) plane preference 

is low, and pits are 

formed by strain 

energy relaxation in 

thick layer growth. 

 

The initial layer has 

high flatness due to 

small As/Sb exchange. 

(001) plane preference 

is high.  

 

The initial layer is 

unstable due to large 

As/Sb exchange. 

Pits are suppressed by 

the insertion of an 

initial LT layer that 

preserves flatness. 

GaAs on InAs 

A pit is formed 

directly above the dot. 

 

Pit formation is highly 

dependent on the 

growth temperature. 

 

As the thickness 

increases, small pits 

are embedded, but 

large pits tend to 

remain. 

(001) plane preference 

is high. 

 

Growth is affected by 

the unevenness of the 

underlying layer. 

Dislocations are 

formed from the 

remaining pits. 

 

Dislocation density 

can be reduced by 

decreasing pit density 

with high flatness by 

increasing the LT layer 

thickness. 
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As a conclusion of this study, in the tensile strained III-V compound semiconductor 

epitaxial growth, ensuring the surface flatness of the initial LT growth before subsequent 

HT growth is the important for preparing a high-quality crystal with suppressed pits and 

dislocations. 

   To ensure the flat surface at initial hetero epitaxial layer stage, (1) growth temperature 

and (2) thickness should be controlled properly as described below. 

 

(1) Growth temperature should be low enough to suppress the interdiffusion with the 

underlying layer during initial layer growth. Too high growth temperature causes the 

roughness or collapse of the underlying QDs during the initial layer growth. On the other 

hand, too low growth temperature results in the mountainous shape due to relatively short 

surface migration length of group-III atoms, causing the surface roughness even after HT 

annealing. 

 

(2) Regarding the thickness of the initial layer, too thick LT layer causes the pit formation 

or roughness due to low (001) plane preference growth. On the other hand, too thin LT 

layer results in the remaining pits on the surface even after HT annealing. Therefore, it is 

important to suppress the solid-state interdiffusion and embed the pits at the initial stage 

of LT growth if the QD is underlying layer. If the initial underlying surface is flat in the 

case of GaSb, 1 ML is assumed to be sufficient for initial layer thickness. Then, at HT 

annealing, surface migration of group-III atoms is caused to flatten while the solid-state 

interdiffusion between the initial LT layer and the underlying layer is suppressed to keep 

the crystal quality. 
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Appendix 

   In Section 4.2, binary Sb2 was used for the GaSb homo epitaxial growth. Although 

Sb chemical bonding state is different in the case of Sb4 discussed in Chapter 3 and 

Section 4.1, the flat with pits free GaSb surface was obtained. AFM image of GaSb homo 

epitaxial layer grown by two-step 560 ℃/520 ℃ growth is shown in Fig. A-1. Images 

show 1×1 μm2. Color scale is 0.96 nm. 

 

   

Figure A-1 AFM image of two-step GaSb homo epitaxial layer where the first/second 

layers were grown at 560 ˚C/520 ˚C. Images show 1×1 μm2. Color scale is 0.96 nm. 
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