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Abstract 
 

Monolithic integration of optoelectronics on silicon is a dream. This thesis deals with 
the studies on the heteroepitaxy of indium phosphide on silicon substrate towards making 
that dream come true. Materials growth issues, characterization and defect identification 
are addressed.  

Epitaxial lateral overgrowth (ELOG) technique is used to grow high quality epitaxial 
indium phosphide on a silicon substrate provided with a low quality indium phosphide 
seed layer. Hydride vapor phase epitaxy is used for ELOG. The growth parameters were 
optimized first by carrying out ELOG experiments on an InP substrate. The lateral growth 
rate is strongly dependent on the orientation of the openings, the highest growth rate being 
for the openings oriented at 30o and 60o off [110] directions. But the vertical growth rate is 
relatively unaffected by the opening orientation. The observation of an inhomogeneous 
and orientation dependent dopant distribution within the same layer has been explained by 
invoking the bonding configurations exposed to the incorporating dopant atoms in the 
different emerging planes. 

When ELOG of InP is conducted on InP/Si, unlike that on InP substrates, the lateral 
growth is not symmetric on both sides due to the propagation of defects from the seed 
layer. For example, a higher concentration of threading dislocations intersecting the 
surface of the {111}A emerging planes would cause a higher growth rate of these planes. 
The growth rate of {111}A planes with respect to the others can also be caused by the 
vapor phase supersaturation as predicated by Burton-Cabrera-Frank model. The 
determined dislocation density in the ELOG InP on InP/Si is ∼4×107cm-2, which is nearly 
two magnitude lower than in the seed layer (∼4×109 cm-2). If the seed layer is of a better 
quality, the ELOG layer will also be. Combination of high resolution x-ray diffraction 
reciprocal lattice mapping and low temperature photoluminescence indicates that the 
ELOG InP layer with high aspect ratio is nearly strain-free.  

When ELOG of sulfur doped InP is conducted on ring shaped openings on InP/Si 
substrate instead of stripe openings, octahedral shaped ELOG InP templates with smooth 
surface are formed. Strain compensated InGaAsP 6 periods multi-quantum wells (MQW) 
at 1.5 µm wavelength (target value) were grown on these templates by metalorganic vapor 
phase epitaxy. RT-PL is indicative of a good quality ELOG layers. Optimized ELOG on 
ring openings may become very attractive for heteroepitaxy of III-V compounds on 
silicon.  

As an extension of ELOG of InP on InP/Si, growth of InP is also conducted on planar 
Focused-Ion-Beam (FIB)-modified (001) GaAs substrate. The impacts of the III/V ratio, 
crystallographic orientation of implanted lines and implantation dose were explored. The 
choice of suitable growth conditions makes it possible to obtain continuous InP wires 
aligned in all possible directions. 
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1 Introduction 
 
This thesis deals with the efforts made towards combining two dissimilar semiconductor 
materials to exploit their additive advantages. The ultimate aim is to achieve one or more 
devices on each of these semiconductors on a single platform and thereby monolithic 
integration. The considered combinations are indium phosphide on silicon and gallium 
arsenide on indium phosphide. The focus in this thesis is to obtain a good quality material. 
Hence growth aspects and materials characterization are given due importance. 
 
Semiconductors are the raw materials in the microelectronics industry. These are a family 
of materials that conduct electricity more than the insulators but less than the metals. The 
dawn of transistor made of semiconductors in the 1940’s revolutionized the world by 
changing our life-style drastically. Further developments led to the exploration of the use 
of semiconductors to exploit the interaction between light and electricity although the 
relation between them had been known for more than a century. This exploration gave 
birth to a new field called optoelectronics. While silicon, a dominant semiconductor in the 
microelectronics industry, was soon identified to be inadequate to efficiently exploit light-
electricity (photon-electron) interaction, several other semiconductors, called compound 
semiconductors, e.g., indium phosphide, gallium arsenide etc. were found to be very 
suitable. This is because the latter ones are direct bandgap materials and silicon is an 
indirect bandgap material. Without going into the details of physics, one can state that in a 
direct bandgap material the photon-electron interaction is straightforward and quick and in 
an indirect bandgap material it is both slow and not straightforward. It is also worthwhile 
to point out that not all the compound semiconductors are direct bandgap materials. 
 
Optoelectronics combines the properties of light with the capabilities of microelectronics. 
Development of compound semiconductor materials technology, invention and 
demonstration of semiconductor lasers together with low-loss optical fibers have spurred 
the progress of optoelectronics industry. Since then, optoelectronics has ceased to make an 
impact nearly in every walk of life. Tele-communication and data-communication 
networks, mobile telephones, laptop computers, compact disc players, photography 
(including digital cameras and digital video display (DVD)), imaging, sensing, detection, 
distance measurement, bar code readers, high-definition television, health care, analysis 
and monitoring of exhaust gases, flat-panel displays and super-luminescent traffic lights 
are only a few examples. 
 
Any optoelectronic device (or any semiconductor device) consists of two or more of the 
suitable semiconductor layers grown on a substrate. A grown layer is called an epitaxial 
layer if it continues to follow exactly the same crystallographic lattice dimension of the 
substrate. Said differently, an epitaxial layer is lattice matched to the substrate. In practice, 
as long as the deviation of their lattice parameters is <0.05%, they are considered to be 
lattice-matched. On the other hand, a large mismatch induces stress, which in turn causes 
strain especially in the grown layer. This leads to the generation of several defects 
(basically bond-breaking) at the interface that can be mobile enough to reach the surface. 
In such case, the material becomes useless for device fabrication.  
 
Many of the compound semiconductors offer a great deal of flexibility in their properties 
for optoelectronics. Three options are known: (i) by mixing two or more compound 
semiconductors, one can generate a series of new alloys with different bandgaps and 
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lattice constants, see Figure 1; (ii) by adjacently placing two different compound 
semiconductors or their alloys, one can create, the so called heterojunctions and (iii) one 
can alter the band structure of these semiconductors by means of quantum structures 
and/or by introducing some strain (not large enough to generate defects!). These three 
options enable a good control on the charge carrier confinement, charge carrier 
transport/dynamics and photon-electron interaction. Hence both discrete and integrated 
electronic and optical devices can be fabricated from them. Several of the III-V compound 
semiconductors are superior to silicon in their electronic and optical properties. 

 
Figure 1. Lattice constants and band gaps of semiconductors 
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Figure 2. III-V/Si platform technology offers a broad range of applications, 

including microelectronics and optoelectronic products. 

However III-V technology is less mature than silicon. Silicon is a single component 
system. III-V is a multi-component system. A multi-component system will offer several 
degrees of freedom but not without several constraints along with. In contrast, a single 
component system is easy to control. Besides, silicon is superior in terms of thermal and 
mechanical properties. The inherent silicon dioxide, an insulator to isolate integrated 
components is an asset to silicon. Hence it is believed that several of these factors will 
always maintain the silicon technology very attractive and contribute to even more 
maturity. Thus if both III-V and silicon technologies are combined on one single platform 
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one can reap the benefits of both which is the motivation of this thesis. Some of the 
benefits are indicated in Figure 2.  
 
Properties within the III-V semiconductors also vary. If for example InP is grown on 
GaAs, one can exploit the strengths of both of these and their related materials. Although 
InP and their related materials (meaning those that are lattice matched to InP) are more 
suitable for high speed electronics, GaAs and their related materials are normally used 
because of the higher maturity of the latter. InP and their related materials can produce 
long wavelength lasers and detectors; GaAs counterparts can produce short wavelength 
lasers. 
 
Heteroepitaxy denotes the epitaxial growth of a material that is different from the substrate 
on which it is grown. E.g., epitaxy of Ga0.47In0.53As on InP is considered as heteroepitaxy 
since both are lattice matched but different. But today heteroepitaxy is normally employed 
to denote the growth of a material whose lattice parameter is not the same as the substrate, 
e.g. InP on Si, GaN on sapphire, InP on GaAs etc. Throughout this thesis we attribute the 
latter meaning whenever the word heteroepitaxy is used. 
 
In heteroepitaxy one would expect materials full of defects. However, several defect 
engineering approaches have been taken to suppress these defects: 1) Growth of very thick 
layers1 – In this case the grown layer is so thick that the defects generated at the interface 
do not propagate up to the surface and hence a part of the layer at the top is free of defects. 
2) Epitaxial lateral overgrowth (ELOG) approach2 – In this case, a bad quality layer is first 
grown on a substrate after which only a part of the surface is exposed for growth, the 
remaining surface being masked for direct growth. Under this circumstance, the growth 
starts on the open surface but when the layer reaches a particular thickness, the layer starts 
to grow laterally from the opening on the masked region. This growth retains the defects 
in and near opening region. 3) Compliant substrate approach3 – Compliant substrates offer 
a new approach to strain management in lattice-mismatched structures. The role of the 
compliant substrate is to reduce the strain in a mismatched over layer by sharing the strain 
via deformation of the substrate, or by nucleating and confining defects in the substrate. 
This is done either by direct bonding or twist bonding of an appropriate layer on a 
substrate. 4) Focused ion beam (FIB) approach4 – In this case a beam of ions is focused on 
to a substrate. The beam width is only a few tens of nanometers broad. With appropriate 
beam energy, the substrate is damaged, which then is used to grow our desired layer. 
When doing so, that part of the substrate “written” by FIB acts as the active sites for 
growth (nucleation sites). The layer grows normally only on these parts. When the 
thickness is sufficient, lateral growth takes place as in ELOG and the same defect 
suppressing mechanism as in ELOG is operative. This method is not flexible enough to be 
applicable for any desired combination. This thesis adopts the ELOG and FIB approaches. 
ELOG was used to grow indium phosphide on silicon and FIB was used to grow indium 
phosphide on gallium arsenide. The lattice mismatching in these systems are ∼8 % and 
∼4%, respectively. 
 
Suppression of defects is the most difficult challenge in heteroepitaxy. Let us consider the 
case of heteroepitaxy of InP on Si. Large mismatches of lattice constant and thermal 
expansion coefficients between InP and Si could introduce high density of defects in the 
epitaxial InP layer on Si and cause the degradation of optoelectronic devices fabricated on 
these InP layers. The reliability of optoelectronic devices built up on heteroepitaxial InP 
layer on silicon substrate is critically affected by the defect density and residual strain in 
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epi-layer. The degradation mechanism of laser diodes (LDs) and light emitting diodes 
(LEDs) has been investigated on III-V substrate extensively.5, 6, 7 The performance of 
optoelectronic device can be affected by three degradation modes: rapid degradation, 
gradual degradation and catastrophic degradation. They arise mainly from two sources: 
gliding of misfit dislocation through the device structure and strain in epi-layer will 
accelerate the degradation process. 
 
The degradation mechanism of InP based laser diodes heteroepitaxially grown on Si 
substrates has been studied by Sasaki, et. al..8 Although no dark line defects (DLDs) 
develop during the aging tests, which are related to the rapid degradation caused by the 
climbing motion of dislocation, the density of the dark spot defects (DSDs) related to the 
threading dislocation in active layer gradually increase leading to the device degradation. 
The effect of thermal strain on LDs and LEDs degradation has also been investigated. The 
rapid degradation of GaAs lasers and LEDs grown on silicon substrates observed as the 
rapid increase in threshold and decrease in external differential quantum efficiency with 
time has been shown to be associated with the growth of non-radiative regions in the 
active layer.9 The growth of dislocations is enhanced by the non-radiative carrier 
recombination and is aided by the presence of a large tensile strain that results from the 
mismatch in the thermal expansion coefficients. Even a relatively small amount of strain 
has been shown to aid significantly the growth of non-radiative dislocations.10 The 
reduction of dislocation density and thermal strain intrinsically present in InP on silicon 
substrate is essential to obtain reliable operation of InP based optoelectronic devices on Si, 
comparable to that on InP substrate. Several approaches have been applied to improve the 
quality of InP on Si. For instance, by inserting low temperature GaAs11, ZnSe12 buffer 
layer, or super lattice13, 14, 15, performing thermal annealing16, 17, or growing InP on 
patterned Si substrates18, 19, rather low strain and defect density in epitaxial InP layers on 
Si can be obtained. However, the threading dislocation density in these InP/Si layers still 
exceeds 105/cm2. Further decrease of TD density in grown InP/Si layer is imperative for 
fabrication of optoelectronic device. Epitaxial lateral overgrowth (ELOG) could be the 
answer for the preparation of device quality InP/Si layers. 
 
ELOG has been used to fabricate novel electronic devices extensively because such 
structure can decease the parasitic capacitance and resistance in Si base CMOS devices.20, 

21 It is also used in the fabrication of GaAs waveguide.22 The ability of ELOG to decrease 
the threading dislocation in heteroepitaxy structure of III-V on Si was first reported in 
1980’s.23 It has been used to grow high quality GaN layers on sapphire to fabricate blue 
LDs with life time of 1000 hours under 30 mW continuous-wave operation at 60°C.24 
Recently, InP/InGaAs heterojunction bipolar transistor (HBT) with regrown-base prepared 
by ELOG has been reported with improved high frequency performance.25   
 
The aim of this thesis is to: 
 
(1) Investigate the optimum growth conditions for ELOG InP in LP-HVPE system. 
(2) Study the growth behavior of ELOG InP on InP/Si substrate and the formation of 

defects (planar defects and threading dislocations) during the ELOG InP growth.  
(3) Explore the possibility to reduce the residual strain in epi-layer and to improve the 

crystallographic quality of the ELOG InP on InP/Si.  
(4) Grow layers of quantum wells on ELOG InP on InP/Si templates and assess its 

material quality. 
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(5) Make the ELOG growth mechanism applicable to the growth of InP on focused-ion-
beam modified GaAs surface. 

 
The structure of the thesis is as follows. In chapter 2, some background information on the 
crystallographic structure of III-V compound semiconductors, comparison of several 
growth techniques for ELOG, defect structures encountered in ELOG InP on InP/Si 
growth, and characterization techniques for heterostructures will be described. In chapter 
3, the major results will be summarized and discussed. In chapter 4, summary of all the 
papers will be presented. Finally in chapter 5, summary, conclusion and suggestions for 
future work will be given.  
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2 Background 
 
In this section we will give a brief introduction to the growth techniques, ELOG and FIB 
modified surface for heteroepitaxy, certain details on zinc blende crystallographic 
structure relevant to ELOG, defects in ELOG InP on InP/Si and the characterization 
techniques used in the study (photoluminescence, high resolution X-ray diffraction, 
scanning capacitance microscopy, scanning spreading resistance microscopy). 

2.1 Growth techniques 
 
Liquid phase epitaxy (LPE), vapor phase epitaxy (VPE), metalorganic vapor phase epitaxy 
(MOVPE) and molecular beam epitaxy (MBE) are basically the four techniques employed 
for the growth III-V semiconductors. Among them the first two are near equilibrium 
techniques and the latter two are far-equilibrium techniques. 
 
2.1.1 Hydride vapor phase epitaxy (HVPE) 
 
In this work we have used HVPE to conduct ELOG and growth on FIB modified surface. 
Low pressure HVPE (LP-HVPE) was used in the former case and atmosphere pressure 
HVPE (AP-HVPE) in the latter case. The design of HVPE reactor has been presented 
before.26 The group-III sources are chlorides formed by flowing HCl through the molten 
metal, say indium to form InCl (Equation 1).  

Equation 1  22
1 HInClHClIn +⇔+  

The group-V sources are hydrides, i.e. PH3 and AsH3. Unlike in AP-HVPE, the general 
growth reaction of InP in LP-HVPE system involves PH3 instead of P2 and P4 (Equation 2) 
because the number of the collision between PH3 molecules is relatively small at low 
pressure and a substantial fraction of PH3 is not decomposed completely.27 
 

Equation 2  23 HHClInPInClPH ++⇔+  

 
The relative gas phase supersaturation of the reaction, γ can be defined as the state of 
advancement of the growth reaction with respect to equilibrium and expressed as: 
 

Equation 3  
[ ] [ ]
[ ] [ ] 1

2

3 −⋅
⋅

⋅
= TK

HHCl
PHInCl

γ  

 
where [i] is the partial pressure of each gaseous species in reactor and KT is the reaction 
constant of the Equation 2. It is related to the partial pressures of gaseous species at 
equilibrium, [i]eq: 
 

Equation 4  
[ ] [ ]
[ ] [ ] eqeq

eqeq

T PHInCl

HHCl
K

3

2

⋅

⋅
=  
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The deposition of InP can occur by either Burton-Cabrera-Frank (BCF) spiral growth28 or 
the two-dimensional (2D) nucleation.29 The latter mechanism applies to the growth of 
crystals from the vapor phase when the existing substrate surface is perfect, i.e. dislocation 
free. In this case the spontaneous formation of the first nuclei on the surface (that provides 
the necessary steps for the attachment of the freshly arriving adatoms) requires a critical 
supersaturation above which the 2D growth rate, R2D increases exponentially with the 
supersaturation γ according to:29  
 

Equation 5  
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where C’ is a constant. For the substrate containing high density dislocations, the surface 
steps, where the adatoms attach themselves, are provided by the emergence points of the 
dislocations having Burgers vector with a component normal to the surface. The 
relationship between the growth rate and the supersaturation is then given by BCF 
model:28 
 

Equation 6  
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where C and γ1 are constants for a given temperature. RBCF approximates to C(γ2/γ1) for 
low supersaturation (γ<γ1) and to Cγ for high supersaturation (γ>γ1). Therefore BCF model 
predicts a quadratic R(γ) curve for low supersaturation and gradual transition to a linear 
law as the supersaturation increases above the critical value given by γ1. For more general 
situation with group of dislocations, Equation 6 can be modified by a dislocation density 
factor ε:28 

Equation 7  
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In InP/Si seed layer, on which ELOG will be conducted in this work, the density of 
threading dislocation terminating on (001) surface plane is close to 109cm-2. As predicated 
by Equation 7, such a high density of dislocations will contribute to a high growth rate on 
the planes that they intersect.   
 
2.1.2 Other growth techniques 
 
Liquid phase epitaxy (LPE) was used for the early research on III-V semiconductors and is 
still in use because of its simplicity to grow simple device structures. ELOG III-V growth 
was exploited in LPE on both III-V30, 31, 32 and Si2, 33 substrates.  
 
Metalorganic vapor phase epitaxy (MOVPE) is a powerful growth technique in compound 
semiconductor industry especially due to its ability to grow heterostructures with abrupt 
interface and well controlled thickness, which is necessary for the formation of optical and 
electronic device structures. Some efforts have been made to investigate the feasibility to 
use MOVPE to selectively grow heterostructures in masked areas on GaAs or InP 
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substrate for the purpose of novel photonic devices. However, MOVPE generally operates 
with gas phase supersaturation far from equilibrium. This leads to the ready nucleation of 
materials on both the masked and unmasked regions, diminishing the selectivity of this 
process when using the commonly used growth precursors. As regards the selective 
epitaxy, constraints on the morphology and uniformity of the epitaxial layer usually limit 
the accessible range of growth parameters in MOVPE. There are also reports on the 
autodoping.34 The choice of growth precursors has the greatest influence on the attainment 
of selectivity under conditions yielding a high material quality. Both the co-introduction of 
chloride species (HCl, CCl4, CHCl3 etc.) and conventional metalorganic sources and the 
use of new metalorganic sources can give rise to selective growth.35 
 
Molecular beam epitaxy (MBE) is another growth technique used extensively for the 
formation of compound semiconductor heterostructures with abrupt interface and well 
controlled thickness. The selective growth by conventional MBE is difficult due to the 
high sticking coefficient of group III materials on the mask. Nevertheless, selectivity in 
MBE has been achieved by periodic supply molecular beam epitaxy (PSE/MBE)36 and the 
lateral overgrowth has also been realized by using the low angle incidence microchannel 
epitaxy (LAIMCE) in MBE system.37 The growth rates are very low in MBE and 
MOVPE. 

2.2 Heteroepitaxy by ELOG 
 
Here we describe the principle of ELOG through a schematic description given in Figure 
3. 

Si substrate

III-V seed

Mask Mask

ELOG

Threading 
dislocation

Opening

ELOG

 
Figure 3. Schematic representation of ELOG 

First a thin seed III-V layer (~1 µm) is deposited on Si substrate by MOVPE or MBE. 
Then a dielectric mask (SiO2 or Si3N4) is deposited by the well established techniques like 
plasma enhanced vapor phase deposition (PECVD). Using conventional photolithography 
and wet chemical etching, openings are formed in the mask. During the initial stages of 
growth in HVPE, selective area growth (SAG) is achieved, i.e., growth takes place 
selectively only in the openings and not on the mask. This is very important to achieve 
ELOG and in HVPE it is very easy to achieve because of its near-equilibrium nature. 
When the growth exceeds the top of mask, it will extend laterally. As mentioned in the 
Introduction, this technique may lead to a filtering of defects: above the windows, the 
microstructure of the seed is reproduced whereas the laterally grown material (over the 
mask) is less of defects. The dielectric mask blocks the propagation of threading 
dislocations (TD), which arise from the seed. Recently, growth mechanism, physical 
properties and defect reduction in heterostructures of III-V semiconductors on Si prepared 
by liquid phase epitaxy (LPE) has been investigated. However, the work in vapor phase 
epitaxy (VPE) is still limited. 
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One more characteristic that is often encountered in ELOG is growth anisotropy. It 
corresponds to the occurrence of different growth rates on different crystallographic 
planes. This has been observed in HVPE since at least two decades ago.38 These features 
are strongly supported by the analysis of the orientation dependence of the growth rate 
associated with surface kinetics. The crystallographic properties of the boundary planes in 
ELOG will be addressed in section 2.4. 

2.3 Heteroepitaxy on FIB modified surface 
In this method, the substrate is first subjected to focused ion beam implantation, e.g. that 
of Ga on GaAs. Afterwards, growth of e.g., InP is done in HVPE, see Figure 4. 
 

 
Figure 4. Schematic description of heteroepitaxy on FIB modified surface 

It has been found that a selective growth takes place only on the lines “written” by FIB in 
HVPE but not in other techniques.4 The dose, energy and the size of the beam are the 
variables that control an uninterrupted growth on the “written” lines. The growth features 
can also depend upon the growth parameters and the crystallographic orientation of the 
FIB lines. In this thesis, we have attempted to grow on the FIB line “written” along all the 
crystallographic directions.  

2.4 Crystallographic structures of zinc blende 
 
The crystallographic structure of semiconductor is essential for understanding the process 
of epitaxy and the generation of defects during growth. InP crystallizes in a zinc blende 
(sphalerite) lattice. The zinc blende structure consists of two interpenetrating, face-
centered cubic (fcc) sublattices consisting of only indium and phosphorus atoms in each 
sublattice. Each sublattice is shifted by a/4 [111] relative to the other fcc sublattice, where 
a is the length of the fcc lattice constant. The zinc blende structure of InP is shown in 
Figure 5, where open circles are indium atoms and solid circles are the phosphorus atoms. 
 
The most common surface used for the growth of III-V’s on InP and GaAs is (001). The 
{001}, {110}, and {111} basic planes in III-V compounds are of particular interest, which 
are important to understand the III-V semiconductor growth. Other surfaces with higher 
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Miller indices can be resolved on an atomic scale into stepped structures built up from 
combinations of these three basic sets of planes.39 During the selective growth, boundary 
planes surrounding the ELOG InP are formed because of the anisotropic growth rates. For 
the ELOG InP on (001) substrate, the normally encountered boundary planes are {111}, 
{110} planes, and other high index planes that can be decomposed to basic planes. 
Knowledge on their properties will facilitate to understand ELOG, nucleation of defects 
and strain relaxation after growth. 
 

In

P

 

Figure 5. Lattice structure of InP, ○= In; •=P.  

2.4.1 {001} planes 
 

In

P

 
Figure 6. Atomic structure of {001} planes in InP crystal. 

An ideal (001) plane is shown in Figure 6. It consists of alternating planes of indium or 
phosphorus atoms. The In and P planes are geometrically equivalent and are equally 
spaced. Each In (P) atom in indium (phosphorus) plane is bonded downward into the 
crystal to two P (In) atoms. Under typical growth conditions in LP-HVPE system, where 
V/III ratio is larger than one, the growth can be treated as indium incorporation limited, 
since under the condition of excess PH3, total adsorption of phosphorus atoms takes place 
readily. The growth on {001) plane can be seen as layer by layer growth. Incorporation of 
In atoms on {001} planes will cause net change of dangling bonds equal to zero 40, if 
surface reconstruction is neglected There is no substantial nucleation barrier for crystal 
growth on {001} planes.  

 
2.4.2 {110} planes 
 
Atomic structure of {110} planes is shown in Figure 7. {110} planes contain equal 
number of In and P atoms. Atoms in {110} planes form planar zigzag chains, each atom 
being bonded to two adjacent atoms in the chain, with its other two bonds extending out 
on each side to the remaining tetragonal position. Growth on planar {110} planes can 
encounter nucleation barrier to initiate the growth of a new layer because the net change of 
dangling bonds is 2 after incorporation of new atoms. Once the first atom is in place, 
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atoms of the opposite type can deposit adjacent to it without change in the number of 
dangling bonds.  
 

PIn  
Figure 7. Atomic structure of {110} planes in InP crystal 

2.4.3 {111} planes 
 
The structure of {111} planes in InP crystal is shown in Figure 8. This family of planes is 
significant for understanding the growth profile and dislocation reduction in ELOG InP. 
The {111} double layer contains two closely spaced planes of In and P atoms and denoted 
as {111}A and B planes, respectively. Each atom in one plane has three bonds to the other 
plane. The fourth bond extends normal to the plane of the double layer to connect to an 
atom in the next such double layer. Since the two sides of the {111} double layer are not 
chemically equivalent, crystals bounded by {111} facets would be expected to show 
polarization effects during the selective growth. Growth on {111}B planes is lethargic in a 
phosphorus rich vapor ambient, because further attachment of indium atoms at {111}B 
planes will cause the net change of dangling bonds to be +2.39 It means that indium atoms 
have to overcome high energy barrier to deposit on {111}B planes.  

P
In

 
Figure 8. Atomic structure of {111} planes in InP crystal 

In zinc blende crystal structure, {111} planes are gliding planes for dislocation that lies 
along <110> directions because {111} planes are close-packed, which gives rise to the 
largest inter-planar spacing, d, and lowest Peierls stress. {111} planes also have a low 
density of bonds perpendicular to the plane. Both factors facilitate gliding.41 Planar 
defects, such as stacking faults and microtwin can only occur along <111> directions 
during heteroepitaxy of InP on Si.42 
 
2.4.4 Boundary plane in ELOG InP 
 
During ELOG, boundary planes (surrounding the grown InP layer) are formed. For growth 
in stripe openings along [110] and [110] directions, the boundary planes are normally 
low index planes such as {111} or {110}. For those ELOG layers grown in openings 
along misoriented directions, which often give rise to high lateral growth rate, the 
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boundary planes could be difficult to identify instantly. Nevertheless, it is important to 
identify these and their atomic structures to understand the anisotropic growth mechanism 
of lateral overgrowth. The indices of boundary planes can be derived from the interplanar 
angle between the boundary plane and the substrate surface (001) plane by:43 
 

Equation 8  
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where φ is the interplanar angle and (hkl) and (h’k’l’) are reference surface and boundary 
planes, respectively.   

2.5 Defects in ELOG InP on InP/Si  
 
Certain semiconductors properties, e.g., free carrier mobility, and carrier lifetime change 
dramatically with the introduction of defects and impurities at the parts per million or parts 
per billion level. Scientists and engineers have made great efforts to take control on the 
imperfections in semiconductor substrates and epitaxial layers. Heteroepitaxy of dissimilar 
materials system, such as III-V on Si, raises more challenges in the aspects of impurity 
level control, suppression of dislocation density and releasing thermal strain.  
 
2.5.1 Impurity 
 
Control of the impurity properties in epitaxial layer is essential for the performance of 
optoelectronic devices. Impurities and intentional dopant can alter the electrical 
conductivity and carrier lifetime.44 The main impurity encountered in HVPE is Si that is 
introduced into the grown crystal via chlorosilane generated by the reaction of HCl, H2, 
and the quartz (SiO2) reactor tube.45 High purity InP can be grown by LP-HVPE26 with 
background doping concentration as low as 1014cm-3. The source for n-type doping in 
HVPE is H2S. Some studies have been conducted on the mechanism of silicon46, 47 and 
sulfur incorporation in III-V semiconductors during VPE growth.48, 49, 50, 51 As n-type 
dopants, S atoms will replace V atoms (P sites) and Si will replace III atoms (In sites). 
Because of the presence of polar axes (<111>) in III-V semiconductor crystal, for the 
same dopant, non-uniform incorporation coefficients on different crystallographic planes 
were noticed during the epitaxial growth. Crystallographic orientation dependence of 
impurity incorporation has been studied for Si and S in III-V semiconductors with surface 
planes lying between {100} and {111}A/B.52, 53, 54, 55 The hierarchy  of impurity 
incorporation efficiency as (111)B>(100)>(111)A has been observed. 
 
2.5.2 Dislocations 
 
The lattice constant of InP is larger than that of Si. This lattice mismatch causes strain in 
the epitaxial layer, which increases with the layer thickness. The mismatch can be 
accommodated by elastic deformation of the lattice, i.e. InP layer is compressed in the 
plane of growth and expanded along the direction of growth. When the thickness of the 
epi-layer is larger than the critical thickness, the associated lattice mismatch strain energy 
is larger than the dislocation energy. Then the dislocations are generated to relieve the 
misfit strain energy. These dislocations are called misfit dislocations. 
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Two types of misfit dislocations are often observed in heteroepitaxial InP layer on Si: 
perfect edge dislocation and inclined dislocations (60° in the case of InP on Si). The 
dislocation can be specified in terms of Burgers vector. For the growth axis of [001], the 

perfect edge dislocation at the interface between InP and Si has Burgers vector
2
a <110>. 

Both the dislocation line and the Burgers vector lie in the (001) plane. They are very 
efficient in accommodating mismatch strain because their Burgers vectors are parallel to 
the growth plane. The inclined dislocations have their Burgers vector at an angle of 45° to 
the plane of the substrate and 60° to the dislocation line. Since their Burgers vectors are at 
an angle to the surface plane, more of these dislocations are required to accommodate a 
given mismatch than edge dislocations. The dislocations can never just end within a 
crystal, although it can form a closed loop within a crystal or a half loop with both their 
ends touching the surface. The part of a misfit dislocation propagating upto the free 
surface is called threading dislocation (TD). The threading dislocation can extend to the 
device structures grown on ELOG and degrade the performance of devices. The threading 
dislocation in ELOG InP on InP/Si will glide on {111} planes along <110> direction. The 
gliding of TDs could be blocked by the edge of dielectric mask on patterned substrate.56 
 
Dislocations in semiconductor will generate shallow levels due to elastic strain field 
around the core and deep levels associated with dangling bonds.57 They also interact with 
impurities. The dislocation density in substrate can be decreased by introducing certain 
dopants.58, 59, 60 The effect of impurity on the generation of dislocations and their 
properties have been studied in III-V semiconductors.61, 62, 63 
 
2.5.3 Planar defects 
 
The most important planar defects observed in heteroepitaxy of III-V on Si is stacking 
faults (SF) and micro-twins. Initially the formation of stacking faults was attributed to 
lattice mismatch and thermal expansion coefficient mismatch.64, 65 Recently, it has been 
argued that these mismatches play a minor role in the nucleation of stacking faults and 
twins.42, 66 The new model on the formation of stacking faults and twins are based on the 
assumption that the early stage of nucleation is faceted by low-energy planes such as 
{111}. Errors in stacking on the {111} facets during deposition give rise to stacking faults 
and twins. Twins and stacking faults can propagate along two out of four (111) planes, 
namely, the (111) and (111) planes. The propagation along these planes usually leads to 
the mutual annihilation of the twins and stacking faults and thus they are confined to a 
short distance from the interface, but some still propagate into the epi-layer and intersect 
the surface.67 
 
2.5.4 Thermal strain 
 
Another problem we have to solve in heteroepitaxy of InP on Si is the residual strain in the 
epitaxial film. There are two major sources of strain: one is the lattice mismatch and the 
other is the difference in the thermal expansion coefficient between the epitaxial layer and 
substrate. For III-V semiconductors on Si, such as GaAs and InP, the lattice mismatch 
strain should be compressive because the epitaxial layers have larger lattice constant than 
the substrate, while the thermally induced strain should be tensile because the layers have 
larger thermal expansion coefficients than the substrate. It has been reported that for the 
heteroepitaxial layers with a lattice mismatch exceeding about 4%, almost the entire lattice 
mismatch is accommodated by the generation of misfit dislocations.68 However, in III-V 
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semiconductors grown on Si, tensile strain has been constantly observed, even for GaP 
that is nearly lattice matched Si.69  Therefore, it is reasonable to consider the residual 
strains in InP layers on Si to be dominated by the thermally induced strains after growth 
during the sample cool down from growth temperature to room temperature. The thermal 
strain in InP on Si epi-layer can be estimated by Equation 9: 
 

Equation 9  dTSiInP )(// ααε −= ∫   

 
where αInP and αSi are thermal expansion coefficients for InP and Si respectively, and ε// is 
the strain in the growth plane.  

2.6 Characterization techniques 
 
Characterization of epitaxial layer is important for analyzing and understanding the 
mechanism of imperfection generation and distribution in crystal. Especially for 
heteroepitaxy of InP/Si, characterization techniques should be able to provide the 
information about the level of strain, defect density and distribution, and impurity 
distribution in grown layer. In addition, the ELOG growth from the immediate vicinity of 
openings extends only tens of micrometers over dielectric mask. Therefore the 
characterization techniques should be able to operate in small dimensions with good 
spatial resolution.  
 
2.6.1 Photoluminescence 
 
Photoluminescence (PL) has been used to examine the strain in heteroepitaxy structures, 
such as InGaP/GaAs70, InGaAsP/InP71, InGaAs/GaAs72, 73, and GaAs/Si74, InP/Si75, 
GaP/Si.76 When the epitaxial layer has a larger lattice constant than the substrate, as is the 
case of GaAs or InP on Si, the epi-layer is under biaxial compressive strain. This strain 
can be decomposed into a hydrostatic component, and a shear component. The hydrostatic 
component changes the volume of crystal lattice of epi-layer and causes a shift in the PL 
peak wavelength. The shear component of the strain is proportional to the asymmetry in 
the strain parallel and perpendicular to the stress plane. It splits apart the degenerate 
valence bands at k=0 (Γ point), Figure 9. Each valence band participates in carrier 
excitation and recombination. Hence shear strain component splits singlet PL peaks into 
doublets.77 These effects make PL such an effective probe of stress. Under strain, the gaps 
ELH and EHH associated respectively with the conduction band to light hole transition, and 
the conduction band to heavy hole transition, become: 
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where EG is the unstrained band gap, the Cij are elastic stiffness coefficients of InP at room 
temperature,78 a is the hydrostatic deformation potential, b is a shear deformation 
potential, and ε is the strain. Since the elastic constant and deformation potentials in bulk 
III-V semiconductors are known, the energies measured from the PL data yield strain 
values. 
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Figure 9. An in plane biaxial strain effect on the electronic energy-bandgap 

structure near the Γ point in zinc-blende-type semiconductors. 79 

In this work, 514.5 nm line Ar- ion laser was used in the PL setup. The PL emission was 
detected by a liquid-nitrogen cooled Ge detector. The samples were mounted on a cold 
finger and cooled by a closed cycle helium refrigerator. The PL measurements were 
carried out at different temperatures from 10 K to 295 K.  
 
2.6.2 High resolution x-ray diffraction 
 
High resolution x-ray diffraction (HRXRD) has been developed into a powerful tool for 
the nondestructive investigation of heterostructures. The principle of this technique is 
based on the elastic scattering of x-ray radiation by the crystal lattice structure and the 
collection of scattered signal by an open detector or a crystal analyzer. The information of 
crystal structure and the distance between two scattering crystal planes can be obtained by 
Bragg Law: 
Equation 12  λθ nd =sin2     

where λ is the x-ray wavelength, θ is the angle between the incident x-ray beam and the 
surface of a set of scattering planes and d is the spacing between the planes.  
 
The configuration of x-ray diffractometer used in this work is shown in Figure 10. By 
placing a 4-crystal Ge (220) mono-chromator after the Cu x-ray source with an angular 
divergence of 12 arcsec, Cu Kα1 (λ=1.5406 Å) radiation is separated from other radiation 
components of the x-ray source. The sample stage can be adjusted independently. 
Thereby, the angle of incidence ω, the diffraction angle 2θ, the angle Φ of rotation around 
the surface normal, and the angle Ψ of rotation around an in plane surface direction can all 
be varied. The detector can be set in either receiving-slit mode, which is used to record 
rocking curve (RC), or in triple-axis mode, which is ideal for reciprocal lattice mapping 
(RLM) measurement. A 2-crystal analyzer is placed after the specimen and before the 
detector, in order to restrict its angular acceptance to 12 arcsec and leads to the triple axis 
mode. This has the effect of separating the effects of strains and tilts on the measurement.  
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Figure 10. Schematic view of triple-axis x-ray diffractometry used in this work. 
(ω is x-ray incident angle, θ is Bragg angle, Φ is rotation angle, Ψ is tilt angle) 

2.6.2.1 Thermal strain  
 
In this work, the strain in ELOG InP on InP/Si was also estimated from high resolution x-
ray diffraction reciprocal lattice mapping (HRXRDRLM)80,81,82 obtained from triple-axis 
x-ray diffractometry (TAD) by performing a series of ω-2θ scans with a gradual off-set of 
ω value. The peaks from Si substrate, seed InP layer and ELOG InP layer with different 
lattice constants will be separated along ω-2θ direction in reciprocal lattice mapping, as 
shown in Figure 11.  

ELOG
InP

Seed InP

Si

Qy×10000(rlu)

Qx×10000(rlu)
 

Figure 11. High resolution x-ray diffraction reciprocal lattice mapping 
(HRXRDRLM) at 004 reflection of ELOG InP on InP/Si grown structure 

The lattice constant of ELOG InP parallel to the growth direction, a⊥ELOG can be 
calculated from the Bragg angles of Si substrate, θSi and ELOG InP, θELOG: 
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The strains in ELOG InP layer normal (ε⊥) and parallel (ε//) to the substrate surface can be 
calculated by considering a tetragonal distorted film using the elasticity theory:83 
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where aInP is the lattice constant of bulk InP, 5.8686Å, and C11 and C12 are the elastic 
constants of InP at room temperature. 

2.6.2.2 Dislocation density  
 
The HRXRD can also be used to measure the dislocation density in heteroepitaxial layers. 
Dislocations are commonly present at the interface as misfit dislocations to accommodate 
the strain and in the epitaxial layer as threading dislocations generated by local plastic 
deformation due to thermal or mechanical strain. The misfit dislocations at the interface of 
heterostructure will give a specified relaxation of strain between the substrate and the epi-
layer. This causes quantifiable shifts in the peak position and adds diffuse scattering.84, 85 
On the other hand, threading dislocations inside the epi-layer will not shift the rocking 
curves but would rather broaden it. Gay. et. al.86 have described the theory of x-ray 
diffraction in metal crystal with dislocation. The threading dislocation density in 
semiconductor epi-layer has been estimated from the diffused scattering x-ray data by 
means of reciprocal space mapping87 and from the full width at half maximum (FWHM) 
values of rocking curves.88, 89 
 
In this work, threading dislocation density in ELOG InP on InP/Si substrate is estimated 
from the FWHMs of (004), (115) and (117) Bragg reflections in the ω scan direction. If βm 
(hkl) is the measured rocking curve FWHM of the (hkl) reflection, then90 
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where β0(hkl) is the intrinsic rocking curve width for the crystal being examined, βd(hkl) is 
the intrinsic rocking curve width from the monochromator, βα(hkl) is the rocking curve 
broadening caused by the angular rotation at the dislocations, βε(hkl) is the rocking curve 
broadening caused by the strain surrounding the dislocations, βL(hkl) is the rocking curve 
broadening due to the crystal size, and βr(hkl) is the rocking curve broadening due to the 
curvature of the specimen. β0(hkl) and βd(hkl) are usually less than 10 arcsec and can often 
be neglected. Crystal size broadening, βL(hkl) can be neglected for layers thicker than 1.0 
µm. Usually, curvature broadening can also be neglected since the epi-layer is much 
thinner than the substrate. Thus the rocking curve broadening mostly arises from the 
angular rotation at the dislocations and the strain surrounding the dislocations, i.e. βα(hkl) 
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and βε(hkl), respectively. The square of strain broadening βε2(hkl) is proportional to tan2θ, 
91 where θ is the Bragg angle. Thus Equation 16 can be simplified as: 
 

Equation 17  θββ εα
222 tan)()( Khklhklm +=  

 
where Kε is a proportionality constant. The FWHMs of three measured rocking curves of 
reflections (004), (115) and (117) and the corresponding Bragg angles, θ (for each 
reflection) can be inserted into Equation 17 and the function βm

2 versus tan2θ is plotted as 
a straight line with intercept βα2 and slope Kε.  

 
Figure 12. FWHM2 versus tan2θ for ELOG InP on InP/Si layer grown in 

openings aligned at 60° off [110] direction. 

As an example, the FWHM2 of rocking curves measured on ELOG InP on InP/Si layer 
grown in openings aligned at 60° off [110] direction is plotted versus tan2θ in Figure 12. 
 
Then dislocation density, D can be determined by:89 

Equation 18  2

2
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where b is the Burgers vector of threading dislocation.  
 
2.6.3 Cathodoluminescence 
 
Cathodoluminescence (CL) is a technique to measure the luminescence arising from the 
excitation caused by an electron beam. It is an important imaging mode in modern 
scanning electron microscopy. Even though the mechanism of light emission from CL is 
similar to photoluminescence, the electron beam excitation leads to the emission by all 
mechanisms present in the semiconductor, while PL emission, on the other hand, may 
strongly depend on the excitation energy. Image contrast in CL may arise from a number 
of different mechanisms, e.g., enhanced non-radiative recombination, emission at 
undetectable wavelengths, variations in radiative efficiency, optical scattering, and optical 
absorption. Careful interpretation of CL contrast can reveal the presence of 
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crystallographic defects, impurity inhomogeneties, gettering, stress variations, space-
charge regions, and interfaces. CL has been used to study the defects and stress in 
heterostructures since it has the following advantages: a) high spatial resolution and b) 
availability of more depth-resolved information by varying electron beam energy.  
 
2.6.4 Techniques to characterize dopant incorporation 
 
Characterizing the impurity distribution in epitaxial layer is important because its 
influence on the electronic and photonic properties of the material. The continuous down 
scaling of the semiconductor device size and the use of complex 2-D, 1-D and 0-D 
structures have led to the development of advanced carrier profiling techniques with high 
lateral resolution. Among theses, scanning capacitance microscopy (SCM)92 and scanning 
spreading resistance microscopy (SSRM)93, 94, 95 are capable of measuring doping with 
nm-spatial resolution and complement each other. Recent works have demonstrated their 
ability to study the orientation dependent impurity incorporation in selective area growth 
and related issues in buried heterostructure lasers.92, 94 

 
The SCM and SSRM set up are shown in Figure 13. Both techniques are based on atomic 
force microscope (AFM) equipped with a conductive tip that is biased relative to the 
sample.  
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Figure 13. Schematic diagram of (a) SCM and (b) SSRM set up 
 

In SCM, the tip and the sample form a metal-insulator-semiconductor (MIS) structure, the 
insulator (in this work) being the native oxide on cleaved surface formed by the exposed 
air. As the tip scans the sample, the capacitance information is obtained by a resonant 
capacitance sensor that operates at 915MHz. The tip-sample capacitance is modulated by 
low frequency ac (5-100kHz) bias and lock-in detection is used to measure the differential 
capacitance (dC/dV). In accordance with the high frequency MIS capacitance voltage 
relationship for an n-type sample, in the dC/dV image, low and high doped regions in the 
sample will appear bright and dark, respectively, and the signal magnitude is related to the 
doping level (Figure 14(a)).  
 
In SSRM, the spreading resistance value is derived from the measured electrical current 
between the biased tip and the sample, which is a function of the local carrier 
concentration at the surface region surrounding the probe’s tip. The spreading resistance is 
primarily determined by the resistivity of the material at the surface region, which is 
closely related to the local carrier concentration (and mobility) in this surface region. The 
spatial resolution of SSRM mainly depends on the tip radius and pressure. Under the 
measurement condition/configuration, the “doping contrast” is such that low (high) doped 
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regions appear dark (bright). Irrespective of this, the resistance is low (high) for high (low) 
doped region (Figure 14(b)). 
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S-doped InP (a) 
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Figure 14. Two-dimensional map of electrical properties of ELOG InP in 45° 
off [110] openings taken by (a) SCM and (b) SSRM. The SCM image contains 

only a part of the structure shown in the SSRM image. 
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3 Summary of results and discussions 
 
The published original work will be discussed in this part. The behavior of InP epitaxial 
lateral overgrowth was investigated on (001) InP substrate prior to that on the InP 
precoated silicon substrate (Paper A, B, and C). The crystallographic orientation 
dependence of lateral overgrowth rate and impurity incorporation during the ELOG 
growth was studied. Then the optimized growth conditions were used in ELOG InP on 
InP/Si growth. Papers D, E, F, G and H contain the major results toward fulfilling the 
objectives of this thesis. The defect reduction and thermal strain reduction were 
accomplished by ELOG growth at optimized growth conditions. The effect of impurity 
incorporation on dislocations was investigated in sulfur doped ELOG InP on InP/Si 
growth. Then InGaAsP multi-quantum wells (MQWs) at 1.55 µm were grown on ELOG 
InP on InP/Si templates which gave rise to promising luminescence spectra. In paper I, 
the application of ELOG on the fabrication of nanostructure was explored by selective 
growth of InP on focused-ion-beam modified GaAs surface.  

3.1 Epitaxial lateral overgrowth (ELOG) of InP 
 
Crystallographic orientation dependent growth rate of III-V semiconductor on planar 
substrate has been studied in a vapor phase epitaxy system in the kinetic limiting region.38 
During the ELOG process several facet planes are formed simultaneously surrounding the 
grown layer. This will give rise to different growth rates on different planes under the 
same growth conditions leading to anisotropic lateral overgrowth rate on patterned 
substrate. The aspect ratio between the lateral and vertical growth rate is an important 
parameter to characterize the ELOG growth. A large aspect ratio is desired from the point 
of view of defect reduction and device fabrication. To this end, temporally resolved 
selective growth of InP consisting of alternating sulfur doped and undoped layers was 
initiated from the stripe openings aligned at various directions on (001) InP substrate with 
15° interval. The [110] view cross-section scanning electron microscopy images of stain 
etched ELOG InP grown in the openings aligned at 15°, 30°, 45°, 60°, and 75° off [110] 
directions are shown in Figure 15.  
 
The lateral and vertical growth rates are shown in Figure 16. The lateral growth rates both 
at the bottom and at the top are depicted in the same figure. The maximum lateral 
overgrowth rate both at the top and the bottom occur for the openings aligned at 30° off 
[110] direction, as shown in Figure 16. But, there is no obvious dependence of vertical 
growth rate on the opening orientation. 
 
By carefully examining the emerging boundary planes of ELOG InP layer in cross-section 
SEM image, we postulate that the high lateral overgrowth rate is due to the formation of 
high index boundary planes. Such planes have high density of surface steps and kinks. The 
Miller indices of the boundary planes are calculated from interplanar plane angle, φ 
between the boundary planes and (001) surface according to Equation 8 and listed in Table 
1, as long as φ is accessible from Equation 19 (paper A):  

Equation 19(a)  







=

θ
φ

φ
cos

'tan
arctan    (0°<θ<45°) 
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Figure 15. Cross-section SEM micrograph of ELOG InP grown in openings oriented at: 
θ = (a) 15°, (b) 30°, (c) 45°, (d) 60°, and (e) 75° off [110] directions, [110] view. 

 

Equation 19(b)  







−

=
)90cos(

'tanarctan
θ

φφ   (45°≤θ<90°) 

 
where φ’ is the angle in (110) cleaved plane measured from the SEM photos and θ is the 
misorientation angle of the stripe openings. These high index boundary planes in the 
misoriented openings are vicinal planes, which have high density of steps at the growth 
front over the Si3N4 mask. These crystallographic steps on boundary plane can supply the 
seed for continuous lateral growth over the mask, although there is no nucleation site on 
the mask. 
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Figure 16. Relationship between stripe openings orientation and lateral 

overgrowth rate on (001) InP substrate 

 
θ φ'  φ Index of 

(degree) (degree) (degree) boundary plane 
15 48 49 {2 2 1} 
30 42 46,5 {3 3 1} 
45 36 45 {1 1 0} 
45 148 135 {1 1 0} 
60 142 138 {3 3 1} 
75 152 151 {3 1 1} 

Table 1. Boundary planes identified through Equation 8 and Equation 19 

The dependence of lateral and vertical growth rates on gas phase composition was studied 
by varying the input flow rate of InCl and PH3. The cross-sectional view of ELOG InP is 
trapezoidal at all our growth conditions. Two groups of experiments were conducted on 
(001) InP substrate patterned with the openings aligned at 30° off [110] direction and 
separated by 200 µm. On one set of samples ELOG growth was carried out under constant 
PH3 flow of 120 sccm and InCl flow rates of 8, 12, 18, and 30 sccm. On the other set of 
samples InCl flow was held constant at 18 sccm and PH3 flow rate was varied as 90, 120 
and 240 sccm. In both cases, the growth was conducted at 620°C, at a total pressure of 20 
mbar with a total flow rate of 900 sccm. The carrier gas was N2. 
 
Lateral growth rate that is measured at the top of ELOG, vertical growth rate and aspect 
ratio as functions of InCl and PH3 flow rates for the two sets of experiments are plotted in 
Figure 17 and Figure 18. The lateral growth rate passes through a maximum as PH3 or 
InCl is increased (as shown in Figure 17 (a) and Figure 18 (a)). The vertical growth rate 
increases monotonically when InCl flow rate is higher than 12 sccm (Figure 17 (a)), but it 
is almost constant as a function of PH3 flow rate (Figure 18 (a)). The dependence of aspect 
ratio (lateral growth rate/vertical growth rate) on PH3 and InCl flow rates is shown in 
Figure 17 (b) and Figure 18 (b). The inverse dependence of the lateral growth rate on the 
indium chloride flow rate after the maximum may indicate a competitive adsorption 
process of InCl and HCl for the available P adsorption sites on boundary planes.96 
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Figure 17. (a) Lateral and vertical growth rate and (b) aspect ratio of ELOG InP 

in 30° off [110] openings versus InCl flow rate; growth temperature=620°C; 
total pressure=20mbar, and total flow=900sccm. 

 
Figure 18. (a) Lateral and vertical growth rate and (b) aspect ratio of ELOG InP 

in 30° off [110] openings versus PH3 flow rate; growth temperature=620°C; 
total pressure=20mbar, and total flow=900sccm 

As noticed in the cross section SEM micrographs of ELOG InP shown in Figure 15, the 
impurity distribution in the same grown layer is inhomogeneous and higher concentration 
of impurities are incorporated in the lateral overgrowth on top of the mask. The impurity 
incorporation in ELOG InP is related to the crystallographic property of boundary planes. 
The impurity concentration is characterized by SCM and SSRM with high spatial 
resolution. The cross-sectional SCM image reflecting the impurity distribution in ELOG 
InP layers grown in the openings oriented at 30° off [110] direction is shown in Figure 19. 
In the SCM cross-sectional image, even numbered InP layers (L2, L4….) are intentionally 
doped with sulfur (n≈1×1018 cm-3) and odd numbered layers (L1, L3….) are 
unintentionally doped InP (n≈2×1015 cm-3). Letters v and l indicate vertical and lateral 
sections of growth.  
 
Regarding the ratio between lateral and vertical growth rates, the undoped ELOG InP 
layer (L3) has a value much larger than that of the S doped ELOG InP layer (L2). 
Incorporation of S decreases the lateral overgrowth rate. This can be due to the sulfur 
doping mechanism in HVPE growth of InP, where sulfur and phosphorus atoms compete 
for the incorporation sites on growth front of the lateral growth. The lateral overgrowth is 
a kinetically limited process, which means the growth rate of InP is affected by the 
crystallographic properties of the growth front plane. So does the incorporation of dopant.  
 
The boundary plane of ELOG InP in 30° off [110] direction has been identified as {331}B 
plane, which is P rich plane. The {331}B plane is composed of (110) terrace, on which  



25 

 
 

b1 

b2 

a1 

a2 (a) 

substrate 

L2-l 

L3-l 
L3-v L4-l 

L2-v 

L4-v 
L5-v 

L1-l 
L1-v 

L5-l 

 
 

(b) 

 
Figure 19. (a) Cross-section SCM (dc/dv) images of ELOG InP grown in openings 30° 

off [110] directions−[110] view. (b) Variation of the SCM signal along the lines 
indicated on the image, low signal⇒ high doping; high signal⇒ low doping.  

 
there are two stable P sites and each of the sites is connected with three dangling bonds 
from underlying (111)In layer, as shown in Figure 20. This means that, from the energy 
point of view, P and S atoms will incorporate on this plane more easily. And high S 
concentration along <331> direction will decrease the lateral growth rate. 
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Figure 20. The surface bonding structure of {331}B plane. The relevant 

incorporation sites for dopant atoms are indicated. 

3.2 Heteroepitaxy of InP/Si by ELOG 
 
From the study of ELOG InP growth on (001) InP substrate, we understand the 
relationship between the opening orientation and aspect ratio of ELOG. The ELOG InP 
growth was attempted on InP precoated (001) Si substrate with 4° miscut toward <111> 
direction. The work is discussed in Paper D and E. With the same growth conditions and 
sample pattern geometry as in ELOG of InP on InP, a different morphology was observed 
in ELOG growth on Si substrate, e.g., the cross sections of ELOG InP on InP/Si layers 
grown in openings aligned at 30° and 60° off [110] directions shown in Figure 21. These 
are different from Figure 15 (b) and (d) in their growth rates (or aspect ratios) and 
asymmetric growth profiles. 
 
This difference can be due to the existence of a high density of threading dislocations in 
the precoated seed InP layer grown by MOVPE. As estimated by HRXRD, the dislocation 
density can be as high as 109 cm-2 in the seed InP layer. Such a high density of threading 
dislocation will propagate during growth and exit on the boundary planes of ELOG to 
enhance the growth rate as predicted by BCF model (Equation 7). The asymmetric growth 
is caused by the nature and abundance of the dislocations on {111}A or {111}B planes 
since these are the boundary planes.41 
 
3.2.1 Asymmetric growth morphology 
 
A highly asymmetric growth morphology was observed for the ELOG InP on InP/Si 
grown in [110] oriented openings with well developed lateral overgrowth on one side 
bounded by {111}A and {111}B planes but less developed lateral growth on the other side  
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Figure 21. SEM micrograph of ELOG InP on InP/Si grown in openings aligned 

at (a) 30° and (b) 60° off [110] directions. [110] view.  

bounded exclusively by {111}B planes. (Paper D). This asymmetric growth morphology 
indicates an inhomogeneous threading dislocation distribution between the {111}A and 
{111}B planes in the seed layer. The dislocations lying on {111}A planes are referred to 
as α dislocations, while those on {111}B planes, β dislocations.62, 97 The nature of α and β 
dislocations are different because they lie on different {111} double layer in III-V 
semiconductors. Because of this, the generation barrier is also different for α and β 
dislocations. The result is that their propagation velocities are different under applied 
stress, which leads to different density for α and β dislocations. Based on the observed 
growth morphology, where the (111)A plane intersecting the (111)B plane had a high 
growth rate, we postulate that the subdensity of β dislocations is much higher than that of 
α type dislocations in the seed layer. 
 
The asymmetric growth morphology can also be influenced by the relative gas phase 
supersaturation, γ, over the surface of ELOG InP layer grown in the openings as predicted 
by BCF model, Equation 7. γ can be controlled by changing the growth temperature, 
introducing extra HCl in growth ambient, changing reaction species or changing the 
pattern geometry, such as the distance between two openings. In Paper D, the effect of 
adding HCl was studied. After introducing extra HCl into growth ambient, growth 
morphology of ELOG InP on InP/Si appears symmetric due to the decreased growth rate 
on {111}A plane intersecting with high density TDs, since the growth mechanism transits 
from spiral growth to two-dimensional growth under decreased gas phase supersaturation. 
The similar phenomenon was reported in homoepitaxial growth of InP in HVPE.98 In 
Paper E, the effect of gas phase supersaturation on growth morphology and defect density 
was studied systematically at a set of III-V ratios by changing the flow rates of PH3 and 
InCl as indicated in Equation 3. The dependence of supersaturation on the distance 
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between the openings was also studied. The detailed experimental parameters are shown 
in Table 2.  
 

Group Sample Pattern PH3 flow 
(sccm) 

InCl flow 
(sccm) 

V/III 
ratio 

A Direction: [110], 
Opening width: = 6 µm, 

Opening separation = 400 µm. 

120 12 10 

B -do- 240 12 20 
C -do- 240 8 30 

I 

D -do- 120 24 5 
E Direction: 30 o off [110], 

Opening width: = 6 µm, 
Opening separation = 100 µm. 

120 12 10 II 

F Direction: 30 o off [110], 
opening width: = 6 µm, 

Opening separation = 400 µm. 

120 12 10 

Table 2. Summary of the wafer pattern and growth parameters. Total flow=900 
sccm; Tg=620°C; Total Pressure=20 mbar. 

The hierarchy of gas phase supersaturation is: γB(V/III=20) = γD(V/III=5) > γC(V/III=30) > γA(V/III=10). 
Whether the growth morphology is symmetric or asymmetric depends upon the growth 
rate on {111}A planes with respect to the {111}B planes. The growth rate on {111}A 
planes (with a constant threading dislocation) can be varied by changing the 
supersaturation. We found the growth rate on the {111}A is approximately related to the 
vapor phase supersaturation by a parabolic function, as predicated by BCF model. The 
growth rate of {111}A planes was calculated by measuring the normal to this plane from 
the edge of the openings. But the relative growth rate of {111}A with respect to {111}B 
can be also assessed by the emerging length of the former with respect to the latter from 
the SEM cross-section. At high supersaturation, V/III ratios affect the growth morphology 
profoundly; at low V/III ratio, symmetric growth morphology is formed due to the 
emerging {110} facet planes at both sides of ELOG InP on InP/Si. But this vanishes for 
high V/III ratio due to the high growth rate on these planes. Similar dependence of growth 
rate hierarchy of boundary planes on V/III ratio has been observed in selective area growth 
of GaAs, which is related to kinetically controlled growth mechanism100. 
 
The effect of the pattern geometry on the gas phase supersaturation was studied by 
changing the separation distance between the openings aligned at 60° off [110] directions. 
At large separation distance, the local concentration of the adsorbed species is high in 
relation to the consumption rate due to reaction. This situation enhances the 
supersaturation at the interface of ELOG InP layer. On the contrary, when the opening 
distance decreases, more gaseous species are consumed and the supersaturation is 
dropped. For the ELOG InP on InP/Si growth in misaligned openings, vertical growth rate 
is more susceptible to the fluctuation of gas phase supersaturation than lateral growth rate. 
Lower supersaturation will give lower vertical growth rate and higher aspect ratio. 
 
3.2.2 Defect reduction 
 
The defects encountered in heteroepitaxy of III-V on Si are threading dislocations and 
planar defects. The defects in ELOG InP on InP/Si layer were revealed by means of a 20s 
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etching in Hubert’s solution (2H3PO4:1HBr)101 at room temperature. By wet chemical 
etching, two kinds of etch pits have been identified. One is isolated etch pit from the 
threading dislocations. Another one is the groove shaped pit from planar defects, such as 
micro-twins and stacking faults (Paper E). Their densities are calculated from the optical 
microscope inspection. For comparison, the TD density was also estimated from the 
FWHM of HRXRD rocking curves.86, 89 The relationship between gas phase 
supersaturation and defect density in ELOG InP on InP/Si was established. The threading 
dislocation density derived from HRXRD is higher than EPD. This could be due to that 
EPD (estimated from chemical attack) represents a bundle of threading dislocations.89 
 
No etch pits from stacking faults have been noticed in the seed InP layer on Si substrate 
after wet etching, while the EPD due to threading dislocation is rather high. Density of 
etch pits arising from threading dislocation is in general lower in ELOG InP on InP/Si 
growth from the opening along [110] direction than in the seed layer. The stacking faults 
in ELOG layer could only be generated during the growth. It has been reported that the 
stacking faults in InP have rather low generation energy compared to those in other III-V 
compound semiconductors102. The growth rate on the defected {111}A is enhanced due to 
the spiral growth, which causes these planes susceptible to stacking faults.66 The 
interference from atomic steps caused by emerging threading dislocations on {111}A 
boundary planes during the growth can nucleate stacking faults easily. These stacking 
faults will continue growing until they intersect each other. Depending on the nature of the 
stacking faults, different types of stair-rod dislocations form at their intersection and the 
growth of the stacking faults are terminated.41, 42 The density of stacking faults is affected 
by both gas phase supersaturation and V/III ratio. 
 
Micro-twins are observed in ELOG InP on InP/Si layers grown in the openings aligned at 
60° off [110] direction. The etch pit from these planar defects are oriented along [110] 
direction and their densities strongly depend on the gas phase supersaturation. The 
formation of micro-twins outside the seed openings and across the whole grown layer 
could indicate that the lateral overgrowth involves the formation and coalition of {111} 
facet planes along the edge of ELOG InP layer over Si3N4 mask. As pointed out before, 
the interaction of {111} planes and threading dislocation increases the possibility for 
stacking faults. Since the probability of formation of stacking faults is proportional to the 
area of {111} facets available before the coalescence of nuclei, we speculate a lower 
density of {111} facets in ELOG InP on InP/Si layer at low supersaturation. 

3.3 Thermal strain in InP ELOG on Si 
 
The thermal strain in ELOG InP on InP/Si substrate has been studied in Paper F by means 
of HRXRD reciprocal lattice mapping and low temperature (10 K) PL. The thermal strain 
in ELOG InP on InP/Si layer is believed to be caused by the mismatch of thermal 
expansion coefficients of InP and Si3N4 mask. As mentioned in section 2.6.1, strain will 
change the volume of crystal lattice and cause red shift of InP peak wavelength in PL 
spectrum. In HRXRDRLM, the strain can be estimated from the separation of peaks from 
ELOG InP and seed InP. Both techniques show similar dependence of thermal strain on 
the aspect ratio of ELOG InP layer. A higher aspect ratio gives rise to a lower thermal 
strain at the measured temperature, as shown in Table 3. The effect of thermal strain on 
the optical property of ELOG InP on InP/Si layer with different aspect ratios grown in the 
openings aligned at 30° and 60° off [110] direction was studied by PL at several 
temperatures, as shown in Figure 22. The aspect ratio for ELOG InP on InP/Si in 30° off  
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    FWHM⊥XRD ε// XRD  λPL     ∆Eg  ε// PL 
Sample Aspect ratio (arcsec) (ppm)  (nm)     (meV) (ppm) 
 
[110]        0.5  39  626  882     9.7  1070 
30° off [110]       2.3  38  476  879     4.6  510 
60° off [110]       2.8  36  348  878     3.3  360 

Table 3. Thermal strain ε// , in ELOG InP on InP/Si layers estimated from HRXRDRLM data (295 K) and 
LT-PL (10 K) shift ∆Eg for different aspect ratios and openings orientation on a Si3N4 mask. ∆Eg is the 
bandgap difference between InP on plain InP substrate and ELOG InP on InP/Si. 
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Figure 22. Temperature dependent PL measurement of ELOG InP on InP/Si 
grown in the openings aligned at (a) 30° off and (b) 60° off [110] directions 

[110] openings is 2.3 and that for 60° off [110] openings is 2.8. For both samples, the peak 
wavelength shifts toward low energy at the same time as the peak gets broader as the 
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temperature increases. At all temperatures, the spectra of the 60° off openings sample have 
narrower linewidth than those of 30° off samples. 
 
We notice doublet peaks in PL spectra at 40K and 80K for the growth in 30° off samples 
with comparable magnitude, which is less obvious for the growth in 60° off openings. The 
splitting of valence band due to tensile thermal strain has been reported in GaAs grown on 
Si by MBE as inferred from its LT-PL spectrum at 77 K.103 The splitting of valence band 
in ELOG InP on InP/Si could also be due to the thermal strain. The absence of doublet 
peak in the 60° off [110] ELOG InP on InP/Si sample indicates a lower thermal strain in 
the grown layer than that in 30° off [110] growth. 

3.4 Effect of sulfur doping 
 
In our case, the dislocation density in seed InP/Si layer is already high. The dopant effect 
on dislocation behavior and density reduction during the ELOG growth is studied in 
Paper G. Octahedral shaped undoped and sulfur doped ELOG InP on InP/Si templates 
were grown in ring shaped openings. The templates are bounded by {110}, {111}A and 
{111}B facet planes. The growth morphology was characterized by AFM, as shown in 
Figure 23. Step like features oriented along [110] direction are observed on the surface of 
undoped ELOG InP on InP/Si templates, which are obscure on S-doped templates. These 
[110] surface steps could arise from the dislocations gliding through the epitaxial layer, 
which are often observed in lattice mismatched heterostructures consisting of III-V 
materials. 
 

(a)

[110] 

[110] 

 

 

(b) 

[110]

[110] 

 
Figure 23. AFM surface morphology images of (a) undoped and (b) sulfur 

doped ELOG InP templates on Si substrate.  

The improved morphology and reduced dislocation density in ELOG could be due to 
sulfur inhibiting the movement of threading dislocations (called impurity hardening effect) 
58, 59, 60 extending from the seed InP layer. Dislocation pinning in S-doped ELOG InP on 
InP/Si templates is observed in low temperature cathodoluminescence (LT-CL) at 77 K, as 
shown in Figure 24. The lateral overgrown part of InP growth on the top of Si3N4 mask is 
almost free of dislocations. 
 
In the CL spectrum of ELOG InP:S, a broader peak with emission energy as high as 1.5 
eV (825 nm) is observed, in addition to the band edge (BE) emission of InP at 1.417 eV 
(875 nm), whilst only BE transition is observed in the undoped ELOG InP. The intensity 
distribution of BE emission in S-doped sample coincides with the dislocation distribution 
in panchromatic image, as shown in Figure 25(a). The highest intensity of luminescence 
occurs in the epi-layer overgrown in the central part indicating a good crystalline quality 
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with respect to the other regions. In contrast, the intensity distribution of emission at 825 
nm is rather uniform across the surface of S-doped template, as shown in Figure 25(b). 
 

 
Figure 24. Panchromatic CL image of S-doped ELOG InP on InP/Si templates. Dark spots on the surface of 

templates are threading dislocations pinned by sulfur atoms due to impurity hardening effect. 

 

 

(a)

 

(b)

 
Figure 25. Monochromatic image of CL with center wavelength at (a) 875 nm 

and (b) 825 nm taken by CCD detector. 

The band structure corresponding to the high energy transition is not clear, but comparably 
high energy emission (1.563 eV) has been reported by Williams et. al. in heavily tin doped 
InP grown by LPE.104 However, the high energy emission around 1.5 eV requires the 
dopant concentration as high as 8.5×1019/cm3 in tin doped InP. In samples studied in this 
work, the nominal sulfur concentration is 1.5×1018/cm3 in S-doped InP grown by LP-
HVPE and the highest reported emission energy for S-doped InP (n ≈ 5×1018/cm3) is 1.404 
eV at 77 K. The 1.515 eV emission requires much higher sulfur concentration. Combining 
all these observations and results, we postulate that the sulfur concentration is enhanced by 
diffusion through the core of threading dislocations from seed InP layer during the growth. 
The exact value of sulfur concentration around dislocation needs further investigation. 
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3.5 InGaAsP MQW at 1.55 µm 
 
In Paper H, InGaAsP MQWs at 1.55 µm were grown on undoped and sulfur doped 
ELOG InP on InP/Si templates respectively. The surface morphology after the growth of 
quantum wells is shown in Figure 26. For quantum wells grown on undoped templates, 
line shaped surface defects are observed along [110] especially close to the edges. These 
defects could be from the surface steps on templates. The surface is rather clean after 
growth of MQWs on S-doped templates. Some deposition of quantum wells is seen on 
{111}A and {110} facets, but absent on the {111}B facets. Certain amount of surface 
undulation can be seen close to one of the edges of templates. 
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Figure 26. SEM micro image of Quantum wells grown on (a) undoped and (b) 

sulfur doped ELOG InP on InP/Si templates. 
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Figure 27. 80K CL Panchromatic micro-image of InGaAsP quantum wells 

grown on (a) undoped and (b) S-doped ELOG InP on InP/Si templates. 

Defect distribution in the quantum wells was characterized by CL at 80K. The 
panchromatic micro-images of quantum wells grown on undoped and sulfur doped 
templates are shown in Figure 27. [110] Dark line defects (DLDs) are observed in the 
samples with quantum wells on the undoped templates. It seems that the distribution of 
DLDs coincides with the distribution of surface defects shown in SEM micrographs. That 
means the surface steps on templates will generate line defects in quantum wells.  For the 
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quantum wells grown on S-doped templates, few DLDs and high density dark spot defects 
(DSDs) are observed. These DSDs could be the threading dislocations in templates that 
penetrate the quantum wells layer. A long curved dark line is noticed in  (b) close to the 
edge of templates, which corresponds to the surface undulation observed in SEM photos. 
Figure 28 shows the RT-PL curves of MQWs grown on ELOG InP on InP/Si templates. 
As shown in the figure, the PL peak wavelength of reference MQW is 1546nm and the 
peak wavelengths of MQW on undoped and S-doped ELOG templates are around 1570 
nm. Although we have reduced dislocation in our ELOG by two orders of magnitude it 
has still enough dislocations to cause DSDs in spite of that the PL is not quenched 
indicating a good quality materials.  

 
Figure 28. Room temperature PL spectrum from 6 InGaAsP MQW at 1.55µm grown 

on ELOG InP:S/Si, ELOG InP on InP/Si and planar (001)InP:S substrate. 

A red-shift of approximately 24 nm with respect to the reference MQW is observed at 
room temperature. Large red shift of QW peak wavelength has been observed in selective 
epitaxy of InGaAsP structures, which is caused by thicker wells and richer indium content. 
The latter is due to the difference in diffusion coefficients of In and Ga under MOVPE 
growth conditions.105 This occurs even though we removed the Si3N4 mask before MQW 
growth. As shown in Figure 26, the InP template is bounded by {110}, {111}A and B 
facet planes. The interfacet migration of adsorbed reactant atoms between these boundary 
planes and (001) surface plane will change the growth rate and composition of InGaAsP 
on (001) plane, where the adsorbed species will migrate from low growth rate boundary 
plane to faster growing plane106. As seen in Figure 26, there is deposition on {111}A 
planes, but not on {111}B. Species atoms adsorbed on {111}B could diffuse to (001) 
surface causing thicker layer. The difference of diffusion coefficient between In and Ga 
will cause In richer layers. Both these effects will shift the MQW to lower energy. In 
addition to this surface migration effect, the remaining threading dislocations in ELOG 
InP templates will also enhance the vertical growth rate and cause thicker layer. 

3.6 Heteroepitaxy of InP on GaAs 
 
Selectivity is an imperative factor for ELOG. However, the dimension of openings is 
limited by the wavelength of light source in photolithography. This limits the application 
of ELOG technique to grow nano-sized structures in dissimilar materials system. Focused 
particle based pattern generation technology, such as ion and electron beam, are capable of 
achieving very high resolution. In Paper I, we investigated maskless SAG of InP on FIB 
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modified GaAs surface in AP-HVPE system. Continuous growth along [110] direction has 
been reported while the growth along [110] comprised of small detached islands107, 108. 
This is due to the formation of low growth rate (111)B facet planes under growth 
conditions of V/III >1. By manipulating the V/III ratio, the growth rate of the facet planes 
can be controlled to achieve continuous growth in FIB patterns along [110] direction.  
 
Spokes of wheel shaped patterns were formed by 100 keV Ga+ at a beam current of 10 pA 
FIB implantation on GaAs (001) substrate at different line dose, 0.2, 0.4, 0.8, and 2×1010 
cm-1. The angular interval of the spokes is 15°. The estimated diameter of the beam is 20 
nm. Then InP growth was carried out in an atmospheric HVPE reactor. The dependence of 
SAG morphology on III/V ratio was also studied by setting III/V ratios at 10, 12, 20 and 
0.2 with constant InCl flow.  
 

(a)

[110]

[110]

 

(b)

[110]

[110]

 
Figure 29. Selective growth of InP on FIB modified GaAs planar substrate 
under III/V ratio of (a) 0.2 and (b) 12. The line dose is 2×1010 cm-1 for both 

samples. 

The morphology of selective InP growth under III/V ratio of 0.2 is different from that 
grown under III/V ratio larger than 1 (III/V=12), as shown in Figure 29. For the growth at 
III/V ratio of 0.2 (Figure 29 (a)), growth on the FIB lines oriented along all the directions 
except along [110] merge together to form a single layer. Besides, the morphology is 
rather rough. For the growth at III/V ratio of 12 (Figure 29 (b)), the continuous selective 
grown InP wires in spoke patterns are well separated with islands scattered between the 
wires close to the edge of patterned area. The islands are formed uniformly outside the ion 
implanted area. 
 
The selectivity is caused by the higher probability of nucleation on the implanted areas 
due to an increased number of steps and kinks, and once the nuclei are formed, they act as 
an effective sink for the migrating surface species leading to the selectivity. The line dose 
has strong effect on the selective growth of InP in FIB implanted patterns. The minimum 
dose that is required to initiate continuous InP selective growth is different for different 
orientations of the FIB lines. The exact [110] direction needs the smallest threshold dose 
(0.2×1010 cm-1) to create sufficient surface steps and kinks to enhance selective growth in 
implanted lines. For the lines aligned along 30° and 45° off [110] direction, the threshold 
dose to obtain continuous growth is 0.8×1010 cm-1.  
 
The InP growth rate on FIB lines is assumed to be proportional to that of the islands. The 
growth rate of islands can be measured in cleaved cross-section as shown in Figure 30. 
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Figure 30. InP islands grown on GaAs substrate at different III/V ratios: 10, (a) [110] view, (b) [110] view; 
12, (c) [110] view, (d) [110] view; 20 (e) [110] view, (f) [110] view; 0.2 (g) [110] view, (h) [110] view. 
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Figure 31. AFM cross section of InP wires grown in FIB lines on GaAs 

substrate. (a) [110] view and (b) [110] view. III/V=12. 

The vertical growth rate decreases with PH3 flow. At III/V ratio of 0.2, the islands 
elongate along [110] direction with lengths in the range of 10 µm. As III/V ratio increases, 
the size of islands decreases in both directions of [110] and [110] but their density is 
much higher than that at III/V ratio of 0.2. The lateral and vertical growth rates of InP 
wires grown on FIB lines at III/V ratio of 12 are characterized by atomic force microscopy 
(AFM), as shown in Figure 31. The lateral growth rate increases, as the FIB lines are 
misaligned by an angle from the low index directions. This is similar to that observed in 
ELOG InP growth in openings on Si3N4 mask. The vertical growth rate is high at the low 
index directions, i.e. [110], [110] and [010] directions on (001) plane. However, in 
ELOG the vertical growth rate is relative constant. 
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4 Summary of appended papers 
 
 
Paper A 
 
Temporally resolved selective area growth of InP in the openings off-oriented from [110] 
direction 
 
Temporally resolved selective area growth of InP on patterned substrates with openings 
off-oriented from [110] direction was studied by low pressure hydride vapor phase epitaxy 
system. Lateral overgrowth and vertical growth were analyzed. The lateral growth rate 
was observed to be strongly dependent on the orientation of the openings. The maximum 
lateral growth rate was achieved when the openings oriented at 30o and 60o off [110] 
direction. The vertical growth rate was relatively constant, independent of the opening 
orientation. The growth behavior of InP in openings aligned at low index directions was 
explained by dangling bond theory. A new phenomenon of inhomogeneous and 
orientation dependent dopant distribution within an overgrown layer was observed in 
stained cross-sections by SEM. 
 
Contribution: Experiments design, ELOG growth, analysis and writing 
 
Paper B 
 
Crystallographic orientation dependence of impurity incorporation during epitaxial 
lateral overgrowth of InP 
 
Temporally resolved epitaxial lateral overgrowth (ELO) of 12 alternating layers of 
unintentionally doped and S-doped InP layers has been conducted in a low pressure 
hydride vapor phase epitaxy reactor. The growth was conducted in the openings on (001) 
n-InP substrate and they were oriented along 30o off [110] direction. Based on the analysis 
of the cleaved cross-sections by scanning electron microscopy and scanning capacitance 
microscopy, an inhomogeneous dopant distribution has been observed within the same 
ELO layer. This is explained by invoking different bonding configurations exposed to the 
incorporating dopant atoms in the different emerging planes. 
 
Contribution: ELOG InP growth, SEM analysis, interpretation and writing 
 
Paper C 
 
High resolution electrical characterization of laterally overgrown epitaxial InP 
 
Dopant incorporation in epitaxial lateral over-growth of InP is investigated by scanning 
capacitance microscopy (SCM) and scanning spreading resistance microscopy (SSRM). 
Dramatic variations in doping contrast in the laterally overgrown regions are observed 
both in SCM and SSRM measurements implying highly inhomogeneous dopant 
incorporation. The observed doping variations are explained by surface bonding 
configurations in the different emerging planes during growth. The results show that 
methods such as SCM and SSRM not only provide detailed electrical information on a 
nanometer scale, but also give insights into the growth mechanisms.  
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Contribution: ELOG InP growth and discussion. 
 
Paper D 
 
Selective area growth of InP on InP precoated silicon substrate by hydride vapor phase 
epitaxy 
 
Selective area growth of InP is carried out on InP precoated (001) 2° off Si substrate in 
low pressure hydride vapor phase epitaxy system under different gas phase 
supersaturation. Epitaxial lateral overgrowth can be formed on Si3N4 mask under certain 
growth condition, which has improved crystallographic quality than the InP seed layer. A 
crystallographic model is proposed to demonstrate the observed asymmetric growth 
profile of selective area growth.   
 
Contribution: ELOG InP/Si growth, analysis, interpretation and writing 
 
Paper E 
 
Effect of growth conditions on epitaxial lateral overgrowth of InP on InP/Si (001) 
substrate by hydride vapor phase epitaxy 
 
Epitaxial lateral overgrowth of (ELO) InP on (001) InP/Si substrate is explored in a low 
pressure hydride vapor phase epitaxy system under various growth conditions. The effect 
of gas phase supersaturation on boundary plane formation of ELO and the behavior of 
dislocations in the grown layers are investigated. We found that the growth rate on (111)A 
boundary plane is determined by Burton-Cabrera-Frank model, which predicts a parabolic 
relationship between gas phase supersaturation and growth rate. Formation of (111)A 
plane will cause stacking faults in the grown InP layer. They will interact and annihilate 
each other and introduce fresh dislocations during the growth. Gas phase supersaturation 
can also be changed by varying opening separation distance. Low gas phase 
supersaturation is obtained by decreasing the distance between two openings. It gives rise 
to a lower staking fault density due to the suppression of nucleation of {111} facet plane 
at the edge of ELO. Etch pit density (EPD) and X-ray diffraction (XRD) techniques are 
used to estimate the dislocation density. Full width at half maximum of rocking curve at 
(004), (115) and (117) reflections were used to calculate the dislocation density in ELO 
InP/Si. Experimentally measured etch pit density is smaller than the dislocation density 
derived from XRD data. In general the dislocation density is dependent on gas phase 
supersaturation. In this work, we demonstrate that it is possible to grow high quality InP 
layer on silicon substrate by epitaxial lateral overgrowth technique under optimized 
growth conditions. 
 
Contribution: ELOG InP/Si growth, analysis, interpretation and writing 
 
Paper F 
 
Thermal strain in indium phosphide on silicon obtained by epitaxial lateral overgrowth  
 
High-resolution X-ray diffraction reciprocal lattice mapping and low-temperature 
photoluminescence (PL) were used to study the thermal strain in InP layers grown on Si 
(001) substrate by hydride vapor-phase epitaxial lateral overgrowth (ELO) technique. 
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Good agreement is found between the PL and X-ray measurements. We show that strain in 
the grown ELO InP/Si layers is affected by the aspect ratio (width to height ratio) of ELO 
InP layer. Almost strain free InP layer with high crystallographic quality is obtained on Si 
substrate, which is similar to that of a homoepitaxial InP layer.  
 
Contribution: ELOG InP/Si growth, HRXRD analysis, interpretation and writing 
 
Paper G 
 
Sulfur doped indium phosphide on silicon substrate grown by epitaxial lateral overgrowth 
 
The epitaxial lateral overgrowth (ELOG) of sulfur doped InP from ring shaped openings 
on SiNx masked InP/Si substrate in low pressure hydride vapor phase epitaxy system was 
investigated. Octahedral shaped ELOG InP templates with smooth surface were formed 
and studied by cathodoluminescence (CL). High energy transition at 825 nm (1.52 eV) 
due to the band filling effect caused by high concentration sulfur atoms trapped in 
threading dislocations was observed in spectra at 80 K. The band edge transition at 875 
nm (1.42 eV) in CL spectra has no red shift caused by thermal strain. As observed in 
panchromatic image, defect free area was surrounded by high density threading 
dislocations that were pinned by sulfur atoms due to impurity hardening. The quality of 
the ELOG InP templates is promising for the integration of photonic active layer on Si 
substrate.   
 
Contribution: ELOG InP/Si growth, participate CL, AFM measurement, results analysis 
and writing 
 
Paper H 
 
InGaAsP multi-quantum wells at 1.5 µm wavelength grown on indium phosphide 
templates on silicon 
 
Sulfur doped InP templates were deposited in ring patterns on Si substrate by epitaxial 
lateral overgrowth (ELOG) in low pressure hydride vapor phase epitaxy (LP-HVPE) 
system. The morphology of ELOG InP was examined by atomic force microscopy (AFM) 
and the surface is fairly smooth. The thermal strain in these ELOG InP templates was 
characterized by room temperature photoluminescence (PL) and no red shift of peak 
wavelength induced by thermal tensile strain in InP templates was detected. Strain 
compensated InGaAsP 6 periods’ multi-quantum wells (MQW) at 1.5 µm wavelength 
were grown on these templates by metalorganic vapor phase epitaxy (MOVPE). 
Morphology of these MQW was characterized by AFM and a rough surface is noticed. 
The optical property of the MQW on ELOG InP/Si template was characterized by room 
temperature PL and a large red-shift of 24 nm was detected. This could be due to the 
thicker and indium richer InGaAsP layers grown on non-planar substrates, where 
interfacet migration of reactant atoms adsorbed on boundary planes of ELOG InP play an 
important role. 
 
Contribution: ELOG InP/Si template growth, part of PL analysis, results interpretation and 
writing 
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Paper I 
 
Selective growth of InP on focused-ion-beam-modified GaAs surface by hydride vapor 
phase epitaxy 
 
The growth of InP islands on planar Focused-Ion-Beam (FIB)-modified (001) GaAs 
substrate was investigated in a hydride vapor phase epitaxy system. InP grew selectively 
on the FIB-implanted lines forming continuous stripes, whereas isolated islands were 
observed outside the implanted area. The impacts of the III/V ratio, crystallographic 
orientation of implanted lines and implantation dose were explored. The choice of suitable 
growth conditions makes it possible to obtain continuous InP wires aligned in all possible 
directions. The results of this work could be used for the fabrication of future 
optoelectronic integrated circuits, which would include nanoscale structure, e.g. quantum-
wire optical device with GaAs electronic circuits. 
 
Contribution: SEM measurements, result analysis, and writing 
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5 Summary, conclusions and future work 
 
The thesis work can be summarized as follows.  
(i) Several InP ELOG experiments were carried out first on InP substrate with the 

intention of gaining knowledge to apply to the same on InP/Si. We used an Aixtron 
LP-HVPE system for this purpose. From the temporally resolved InP ELOG (with 
n-doped and unintentionally doped InP layers) on InP substrates with openings off-
oriented from [110] direction, the lateral growth rate was observed to be strongly 
dependent on the orientation of the openings, the highest lateral growth rate being 
for the openings oriented at 30o and 60o off [110] directions. But the vertical growth 
rate was relatively unaffected by the opening orientation.  

(ii) The above experiments also indicated an inhomogeneous and orientation dependent 
dopant distribution within the same layer. This was qualitatively observed from the 
stained cross-sections and later confirmed by SCM and SSRM analyses. This has 
been explained by invoking the bonding configurations exposed to the incorporating 
dopant atoms in the different emerging planes. 

(iii) When InP ELOG was conducted on InP/Si, unlike that on pure InP substrates, the 
lateral growth was not symmetric on both sides because of larger growth rates along 
certain directions, e.g. along <111>A. These were explained to be due to the 
influence of the defects (in the seed layer) that propagate even during ELOG. For 
example, a higher concentration of threading dislocations intersecting the surface of 
the {111}A emerging planes would cause a higher growth rate of these planes. 
Another example is that if a (111)A plane and a (111)B plane emerge 
simultaneously in such a way that they intersect each other, the defects on these 
planes will also intersect each other. This means, in this case, that plane containing a 
larger number of defects will enhance the growth of the other plane. From the fact 
that {111}A planes have higher growth rates, we believe that in the seed layer, the 
defect density on {111}B is larger than that on {111}A. The growth rate on the 
emerging plane can also be varied by changing the supersaturation. We found the 
growth rate on the {111}A is approximately related to the vapor phase 
supersaturation by a parabolic function, as predicated by BCF model. This also 
explains the asymmetric growth. In our study we varied the supersaturation both by 
means of excess HCl and by varying the distance between the openings. 

(iv) Dislocation density in the InP ELOG on InP/Si was estimated from the full width at 
half maximum of XRD rocking curves of (004), (115) and (117) reflections and 
compared with EPD obtained by chemical revelation. These values were ~ 4×107 
cm-2. Thus threading dislocation density has been reduced from ∼ 4×109 cm-2 in the 
seed layer. If the seed layer is of a better quality, the ELOG layer will also be. 

(v) Combination of HRXRDRLM and LT-PL measurements indicate that in InP ELOG 
layers on InP/Si the strain is almost non-existent (as in a homoepitaxial layer) for the 
layers with high aspect ratio. 

(vi) When ELOG of sulfur doped InP was conducted on ring shaped openings on InP/Si 
substrate instead of straight openings, octahedral shaped ELOG InP templates with 
smooth surface were formed as indicated by AFM. CL indicates a good quality 
ELOG in the middle of the template. Strain compensated InGaAsP 6 periods’ multi-
quantum wells (MQW) at 1.5 µm wavelength (target value) were grown on these 
templates by metalorganic vapor phase epitaxy (MOVPE). Although the surface was 
slightly rough it exhibited RT-PL with a large red-shift of approximately 24 nm. RT-
PL indicates the good quality of the ELOG layers, although CL measurement 
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indicates some DSDs. The red-shift was expected due to the thicker and indium 
richer InGaAsP layers grown on non-planar substrates. 

(vii) As an extension of ELOG of InP on InP/Si, we conducted the growth of InP islands 
on planar Focused-Ion-Beam (FIB)-modified (001) GaAs substrate in an 
atmospheric HVPE. The impact of the III/V ratio, crystallographic orientation of 
implanted lines and implantation dose was explored. The choice of suitable growth 
conditions makes it possible to obtain continuous InP wires aligned in all possible 
directions. 

 
The major conclusions that can be drawn and some suggestions for future work are: 
(i) The symmetric growth achieved on both sides of the straight openings in InP ELOG 

on InP substrates is apparently difficult on InP/Si substrates due to a high density of 
dislocations in the seed layer. The surface morphology was also not uniform. 
However the ring openings yielded better symmetrical growth with a better surface 
morphology. From this one can conclude that a more effective defect hindering 
mechanism is operative in the ELOG from ring openings. We suggest that further 
investigation on this with various dimensions of the rings, distance between the 
rings etc. One can also investigate the possibility of a complete merger. The latter 
can also be used as a template in future Micro-Opto-Electro-Mechanical systems 
(MOEMS) and photonic crystal applications. 

(ii) GaAs on Si may be attractive for fabricating e.g. short wavelength VCSELs for 
optical interconnects on silicon. ELOG can be attempted on the ring openings since 
it appears to be very attractive. 

(iii) EPD in the ELOG layer has been reduced to ∼4×107 cm-2 from ∼4×109 cm-2 in the 
seed layer. Thus ELOG definitely reduces the defect density. Since we had only one 
source of the seed layer, we suggest to obtain other sources with 1×105 cm-2 which 
can hopefully lead to an ELOG layer of EPD with ∼1×103 cm-2.  
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Appendix: Properties of InP 
 

   

Quantity Unit InP 

Crystal Structure _ Zinc blende 

Lattice Constant Å 5.8686 

Band Gap Energy   

300K eV 1.350 

2K eV 1.425 

Thermal Expansion 10-6/K 4.56 

Elastic Constant   

C11 dyn/cm2 1.022×1012 

C12 dyn/cm2 0.576×1012 

Deformation Potential   

a eV -6.694 

b eV -1.55 
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