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Summary

The main focus and concerns of this PhD thesis is the growth of III-

V semiconductor nanostructures (Quantum dots (QDs) and quantum

dashes) on silicon substrates using molecular beam epitaxy (MBE)

technique. The investigation of in�uence of the major growth param-

eters on their basic properties (density, geometry, composition, size

etc.) and the systematic characterization of their structural and opti-

cal properties are the core of the research work. The monolithic inte-

gration of III-V optoelectronic devices with silicon electronic circuits

could bring enormous prospect for the existing semiconductor tech-

nology. Our challenging approach is to combine the superior passive

optical properties of silicon with the superior optical emission prop-

erties of III-V material by reducing the amount of III-V materials to

the very limit of the active region.

Di�erent heteroepitaxial integration approaches have been investi-

gated to overcome the materials issues between III-V and Si. How-

ever, this include the self-assembled growth of InAs and InGaAs QDs

in silicon and GaAx matrices directly on �at silicon substrate, site-

controlled growth of (GaAs/In0.15Ga0.85As/GaAs) QDs on pre-patterned

Si substrate and the direct growth of GaP on Si using migration en-

hanced epitaxy (MEE) and MBE growth modes. An e�cient ex-situ

bu�ered HF (BHF) and in-situ surface cleaning sequence based on

atomic hydrogen (AH) cleaning at 500 ◦C combined with thermal ox-

ide desorption within a temperature range of 700-900 ◦C has been

established. The removal of oxide desorption was con�rmed by semi-

circular streaky re�ection high energy electron di�raction (RHEED)



patterns indicating a 2D smooth surface construction prior to the

MBE growth.

The evolution of size, density and shape of the QDs are ex-situ char-

acterized by atomic-force microscopy (AFM) and transmission elec-

tron microscopy (TEM). The InAs QDs density is strongly increased

from 108 to 1011 cm−2 at V/III ratios in the range of 15-35 (beam

equivalent pressure values). InAs QD formations are not observed

at temperatures of 500 ◦C and above. Growth experiments on (111)

substrates show orientation dependent QD formation behaviour. A

signi�cant shape and size transition with elongated InAs quantum

dots and dashes has been observed on (111) orientation and at higher

Indium-growth rate of 0.3 ML/s. The 2D strain mapping derived

from high-resolution TEM of InAs QDs embedded in silicon matrix

con�rmed semi-coherent and fully relaxed QDs embedded in defect-

free silicon matrix. The strain relaxation is released by dislocation

loops exclusively localized along the InAs/Si interfaces and partial

dislocations with stacking faults inside the InAs clusters.

The site controlled growth of GaAs/In0.15Ga0.85As/GaAs nanostruc-

tures has been demonstrated for the �rst time with 1 µm spacing and

very low nominal deposition thicknesses, directly on pre-patterned Si

without the use of SiO2 mask.

Thin planar GaP layer was successfully grown through migration en-

hanced epitaxy (MEE) to initiate a planar GaP wetting layer at the

polar/non-polar interface, which work as a virtual GaP substrate, for

the GaP-MBE subsequently growth on the GaP-MEE layer with to-

tal thickness of 50 nm. The best root mean square (RMS) roughness

value was as good as 1.3 nm. However, these results are highly en-

couraging for the realization of III-V optical devices on silicon for

potential applications.



Zusammenfassung

Diese Dissertation untersucht das Wachstum von III-V Halbleiter-

Nanostrukturen (Quantenpunkte (quantum dots, QDs) und Quan-

tenstriche (quantum dashes)) auf Siliziumsubstraten mit Hilfe der

Molekularstrahlexpitaxie (MBE). Der Schwerpunkt der Forschungsar-

beit liegt dabei in der Untersuchung der Zusammenhänge zwischen

den wichtigstenWachstumsparametern und den grundlegenden Eigen-

schaften von QDs, wie Dichte, Geometrie, Zusammensetzung und

Gröÿe. Weiterhin werden die strukturellen und optischen Eigenschaften

der Nanostrukturen systematisch charakterisiert.

Aufgrund seiner exzellenten elektrischen, thermischen und mechanis-

chen Eigenschaften ist Silizium in der modernen Mikroelektronik das

Standardmaterial. Im Gegensatz zu Silizium haben aber III-V Halb-

leiter hervorragende optische Eigenschaften. Die monolithische In-

tegration von III-V Halbleitern in elektrische Schaltkreise auf Siliz-

iumbasis könnte somit zu enormen Fortschritten in der existierenden

Halbleitertechnologie führen. Bestehende Herstellungstechnologien in

der Mikroelektronik sind aber nur sehr begrenzt kompatibel mit III-V

Halbleitern. Unser Lösungsansatz für die Kombination der hervorra-

genden, passiven optischen Eigenschaften von Silizium mit den aus-

gezeichneten Eigenschaften der optischen Emission von III-V Halbleit-

ern liegt in der Beschränkung des III-V Halbleiters auf den aktiven

Bereich. Für diese Zielsetzung der Dissertation wurden verschiedene

Ansätze der Heteroepetaxie untersucht.

Dies beinhaltet das selbstorganisierte Wachstum von InAs und In-

GaAs QDs in Silizium- und GaAs-Matrizen direkt auf Siliziumsub-

straten, das positionskontrolliertes Wachstum von (GaAs/In0.15Ga0.85As-

/GaAs) QDs auf vorstrukturierten Si-Substraten und das direkte Wach-

stum von GaP auf Si mit Hilfe der migrationsunterstützten Epitaxie



(MEE = migration enhance epitaxy) und MBE-Methoden. Mittels

Hochenergie-Elektronenre�exionsbeugung (RHEED = re�ection high

energy electron di�raction) konnte durch die Beobachtung von Streifen-

mustern bestätigt werden, dass Streifenmuster bestätigten, dass eine

in-situ Reinigung mit atomarem Wassersto� gefolgt von thermischer

Desorption in einem Temperaturbereich von 750-900 ◦C eine sehr ef-

�ziente Reinigungsmethode von Ober�ächen ist. Veränderungen der

Gröÿe, Dichte und Form von QDs wurden ex-situ mit Hilfe eines

Rasterkraftmikroskops (AFM) und Transmissionselektronenmikroskops

(TEM) charakterisiert. Die InAs QD-Dichte nimmt stark von 108 auf

1011 cm−2 zu, wenn das V/III-Verhältnis von 15 auf 35 (strahläquiv-

alente Druckwerte) erhöht wird. Das Entstehen von InAs QDs kon-

nte nicht bei Temperaturen oberhalb von 500 ◦C beobachtet werden.

Wachstumsexperimente auf (111)-Substrate zeigen eine Abhëngigkeit

der QD-Geometrie von der Substratorientierung. Es wurde eine Verän-

derung von Form und Gröÿe bei ausgedehnten InAs QDs und Quan-

tenstriche bei einer (111)-Orientierung und einer Indiumwachstum-

srate von 0.3 ML/s beobachtet. 2D-Spannungskarten von hochau-

�ösenden TEM-Messungen bestätigten, dass InAs QDs in Silizium

semikohärent und vollständig entspannt in einer defektfreien Siliz-

iummatrix eingebettet sind. Die Verspannung wird abgebaut durch

versetzungsschleifen, die sich an der Si/InAs-Grenz�äche be�nden und

teilweise auch durch Stapelfehler innerhalb der InAs-QDs.

Das positionskontrollierte Wachstum von GaAs/In0.15Ga0.85As/GaAs-

Nanostrukturen wurde zum ersten Mal bei einem Löcherabstand von

1 µm und einer sehr dünnen, nominalen Depositionsdicke direkt auf

vorstrukturiertem Silizium ohne SiO2-Masken demonstriert.

Dünne planare GaP-Schicht wurde durch MEE abgeschieden, um

planare GaP-Benetzungschichten an der polar/unipolar-Grenz�äche

zu erzeugen. Diese dienen als virtuelles GaP-Substrat für die nach-

folgende GaP-MBE-Abscheidung auf die GaP-MEE-Schicht mit einer

Gesamtdicke von 50 nm, was unterhalb der kritschen Dicke ist. Damit



kann man sogar insgesamt RMS-Rauhigkeiten von 1.3 nm erreichen.

Diese Ergebnisse geben Anlass, III-V optische Bauelemente auf Siliz-

iumbasis für zukünftige Anwendungen zu entwickeln.
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Chapter 1

Introduction

Modern semiconductor microelectronics technology is mainly based on silicon

as a key material, several advantages of silicon such as the very good electrical

properties, high thermal conductivity, cheapness and the large scale availabil-

ity made silicon the best candidate among other semiconductor materials in the

current microelectronics industry. However, silicon has a very poor optical emis-

sion properties due to it is indirect band gab, and of very weak non-linearities,

which is needed for optical switches, LEDs, lasers etc applications. In contrast,

III-V materials are the dominate materials in today optoelectronics market due

to their very excellent optical properties, because of their high e�ciency optical

transitions, which originate from their direct fundamental band gap energy.

The monolithic integration of the III-V on silicon holds a great promise for the

future demonstration of the practical integrated III-V optoelectronic devices on a

Si complementary metal oxide semiconductor (CMOS) platform as well as it will

shift the optoelectronic market from using very expensive substrates like GaAs

and InP to Si substrates. However, the heteroepitaxial growth of III-V quantum

dots (QDs) directly on silicon substrates has proven to be quite challenging due

to the defects caused by dislocations and anti-phase domains, which originate

from the large lattice and thermal mismatches and polar/non-polar nature of

III/V and Si systems [1, 2]. These structural defects are closely related to carrier

dynamics in the QDs and have severe in�uence on their optical quality. So far,

only few details on the growth mechanism of InAs and InGaAs nanostructures

on �at silicon substrates have been provided in literature [3, 4]. However, in this
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Introduction

thesis a detailed study of the growth and characterization of InAs and InGaAs

QDs embedded in Si matrix as well as in GaAs matrix will be presented. The

careful optimization of di�erent growth parameters led to controlled QDs forma-

tion in density, shape and size. Generally, this thesis deals with main aspects

of the current understanding of the fundamental physical mechanisms that con-

trol the epitaxial formation of III-V nanostructures (quantm dots and dashes) on

Si substrates and presents the basic investigations for improving the structural

characteristics of such heterostructures (HSs).

1.1 Monolithic Integration of III-V Semiconduc-

tor on Silicon

The most convincing approach for a low-cost mass production of optoelectronic

devices is the monolithic integration of III-V heterostructures with silicon micro-

electronics, which in turns employ the direct epitaxial growth of III-V semicon-

ductor compounds layers on the Si wafers.

1.1.1 Status of Current Research and Challenges

Growth of III-V materials on silicon results in highly strained III-V �lms due to

the large lattice and thermal mismatch between the �lm and the substrate. The

system of InAs QDs embedded in silicon matrix has been under investigations

over the past decade [3, 4]. At a substrate temperature of 370 ◦C, the formation

of InAs QDs were observed by RHEED at an InAs coverage of 1.7 MLs and in-

dependent of the As/In �ux ratios [3]. In addition, the thermal mismatch caused

by the di�erent thermal expansion coe�cients of III-V �lm and substrate, results

in an additional strain by cooling down the material from growth to room tem-

perature. Typical values for the thermal expansion coe�cients for InAs and Si

are 4.52 × 10−6 k−1 and 2.6 × 10−6 k−1, respectively [5]. Introduction of mis-

match dislocations in the strained �lm relieves lattice strain at layer thicknesses

above the critical thickness of the materials. It was also experimentally observed,

2



1.1 Monolithic Integration of III-V Semiconductor on Silicon

that the threading dislocation density in GaAs and GaP �lms grown on Si sub-

strates increased during the cooling process from growth temperature to room

temperature [6, 7].

Active light emission from silicon based devices is still quite challenging despite

that many approaches were tested. Recent successful approaches include, e.g.,

wafer fusing or epitaxial growth techniques on strain relaxed thick III-V bu�er

layers [8, 9, 10]. However, all these approaches do not allow to utilize the inherent

advantages of silicon based photonics, i.e. very low optical absorption and very

high heat conductivity in comparison to III-V materials and increases the process

complexity and material cost. For III-V/Si hybrid integration, direct epitaxial

growth of III-V compounds on silicon substrates would be the most desirable

approach, because only silicon processing is required as is already used in passive

silicon photonics.

The capability to produce device-quality heteroepitaxial growths for speci�c

device purposes is a non-trivial challenge, and begins with a comparison of lattice

constants, then bandgaps. Lattice constants determine the potential for success

in epitaxial growth, whereas bandgap evaluations determine the aptness of the

material to ful�ll a speci�c function within the device. Another crucial param-

eter to be examined is the coe�cient of thermal expansion, which can lead to

severe fabrication issues for materials that do not have similar coe�cients. After

reviewing these three parameters, the conclusions of theoretical literature as to

the feasibility of fabrication is apparent.

In this research work, di�erent approaches will be investigated to overcome

the material issues between III-V and Si. The �rst approach is based on self-

assembled e�ect of the growth of InAs and InGaAs QDs in Si and GaAs matrices

directly on �at silicon substrates. While the second approach utilizes the size

e�ect and geometry of the patterned features (nano-holes), which results in a

new strain adjustment to carry out the site-controlled growth on pre-patterned

Si substrates. Finally, the last approach is based on nearly lattice-matched growth

of GaP on silicon (with 0.37 % mismatch) using di�erent growth modes like MEE

and MBE.

3
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1.1.2 Thesis Approach

The successful integration of the III-V materials on silicon holds a great promise

for the future demonstration of the practical integrated III-V optoelectronic de-

vices on a Si CMOS platform. In particular, optical interconnect systems provide

a promising approach for the realization of the next generation high-speed com-

munication and computing technologies [11]. However, compatibility with micro-

electronic fabrication technologies is very limited. Our approach is to combine

the superior passive optical properties of silicon with the superior optical emission

properties of III-V material by reducing the amount of III-V materials to the very

limit of the active region or by embedding the active layer (III-V quantum dots or

dashes nanostructures) in III-V matrix using the minimum amount of III-V ma-

terials as a barrier, i.e., below the critical thickness as it is illustrated in Fig. 1.1.

This is most likely possible by utilizing the large strain accommodation proper-

ties of nanostructured III-V materials. However, the luminescence e�ciency of

an indirect bandgap matrix can be dramatically improved by inserting a narrow

and a direct bandgap material like InAs or InGaAs in silicon matrix. So far,

only few details on the growth mechanism of InAs and InGaAs nanostructures

on �at silicon substrates have been provided in literature [3, 4]. On the other

Figure 1.1: Schematic diagram of the thesis approach under the BMBF project (MON-

ALISA), where the III-V semiconductor are just limited to the active layer and embed-

ded in Si matrix or embedded in thin III-V matrix as a barrier.

hand, it has been proposed that these structural defects may be circumvented

4



1.1 Monolithic Integration of III-V Semiconductor on Silicon

by the realization of epitaxial growth of site-control III-V QDs on pre-patterned

(multi-facetted nanoholes) substrates due to size e�ect, geometry and strain ad-

justments of the patterned features [12]. The growth of self-assembled as well

as site-controlled III-V semiconductor nanostructures (Quantum dots (QDs) and

quantum dashes) on silicon substrates by molecular beam epitaxy (MBE) tech-

nique, the investigation of the in�uence of the major growth parameters on their

basic properties (density, geometry, composition, etc.) and the systematic char-

acterization of their structural and optical properties are the core of the research

work. This research work is �nancially supported by the Federal Ministry of

Education and Research (BMBF) project MONALISA.

All the samples produced in this research work were grown by the ultra-high

vacuum solid-state molecular beam epitaxy (UHV-SMBE) technique. This re-

search work required also a variety of characterization techniques, serving as a

reference to better interpret and understand of the experimental results. Molec-

ular beam epitaxy (MBE) and ultra-high vacuum (UHV) technology were key

components for achieving successful epitaxial growth. Re�ection high energy

electron di�raction (RHEED) was used to check the silicon surface preparation

and the formation of the quantum dots (QDs). The structural analysis of the

grown samples were characterized using atomic force microscopy (AFM), high

resolution transmission electron microscopy (HR-TEM), high resolution X-ray

di�raction (HR-XRD) and secondary electron microscopy (SEM). I would like

to point out that the TEM characterizations and strain analysis have been con-

ducted by Dr. Achim Trampert and the PhD student Wu Mingjian at Paul Drude

Institute (PDI) - Berlin (project partner). The silicon substrates pre-patterning

work (nanoholes samples) using e-beam, dry and wet etching tools have been

conducted by Muhammad Usman and Kerstin Fuchs. The electrical characteri-

zations of the doped silicon samples have been conducted by Florian Schnabel.

The training to use the phosphor cell for the growth of GaP on silicon have been

conducted by Vitalii Ivanov and the author. I would like to thank them all for

their e�orts.
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Introduction

1.2 Thesis Outline

The structure of the thesis is constructed as follows:

• Chapter 1 is the introduction to the research work status, challenges, the

scienti�c objectives of current project (Monalisa) and thesis approach, with

a complete overview of the thesis structure.

• Chapter 2 serves as an introduction to fundamental physics of low dimen-

sional systems (nanostructures), including the motivation to use silicon in

this research work.

• Chapter 3 discusses the main concepts of epitaxy and challenges of the het-

eroeptiaxial growth of the III-V quantum dots (QDs) on silicon substrate,

including the basics physics of the planar defects (micro twins (MTs), mis�t

dislocations (MDs) and stacking faults (SFs), etc.) associated to polar on

non-polar epitaxy.

• Chapter 4 deals with the growth and characterization techniques used to

produce all the results reported in this research work, which serve as a refer-

ence to better interpret and understand of the experimental investigations.

• Chapter 5 provides a detail study of the growth and characterization of

InAs and InGaAs QDs embedded in Si matrix, including the surface prepa-

ration treatment prior to the MBE epitaxy.

• Chapter 6 focusses on the growth and characterization of InAs and InGaAs
QDs embedded in GaAs matrix on both �at and pre-patterned Si substrates.

• Chapter 7 introduces the optimization of GaP bu�er layer growth on �at

Si substrate using di�erent growth modes like MEE and MBE.

• Chapter 8 concludes the results of the present thesis and gives outlook for

the future work.
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Chapter 2

Theoretical Background of

Semiconductor Nanostructures

2.1 The Importance of Silicon

Silicon (Si) is the main and key material in modern microelectronics technology

and the major player element a�ecting today's electronics market. About 95

percent of microelectronics markets being dominated with silicon based semicon-

ductor devices sold worldwide. Several advantages of silicon-like high thermal

conductivity, high sti�ness and availability of a stable oxide, (silicon comprises

about 26 percent of the earth's crust, which makes it second in abundance af-

ter oxygen), easy to process (a very well-established industrial infrastructure in

silicon processing exists around the world) and a developed technology for prepa-

ration of cheap large-area dislocation-free substrates make this material advan-

tageous for numerous applications in microelectronics technology. On the other

hand, silicon possesses two of the most outstanding natural dielectrics, silicon

dioxide (SiO2) and silicon nitride (Si3N4), which are essential for device forma-

tion and transistor design. In particular, SiO2, which is the basis for CMOS

devices, can be grown thermally on a silicon wafer, it is chemically very stable,

and it can achieve a very high breakdown voltage. The interface defects of the

thermally grown SiO2 by reaction of oxygen with a silicon wafer are several orders

of magnitude lower than those of any deposited �lm [13].
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Silicon transistors manufacturing technology has built on these advantages

and advances of fabrication tools to the point where the state of art fabrication

facilities can produce billions of transistors per wafer at the production rate of

thousands of wafer per day, like in the big microprocessor chip manufacturing

industry. Considering these huge and intense amount of investment which has

gone to Si transistor technology in the last decades and the domination of Si

transistor in modern semiconductor devices and equipments. It is expected that

Si will continue keep dominating the microelectronics industry for the foreseeable

future [13].

• Silicon Challenges :

The recent advances of semiconductor technology with increasing transistor

speed and density on Si wafers have started to expose some of the inherent lim-

itations of traditional Si circuits and chips for ultra-high speed and high-density

microelectronics applications (super chips) [13]. In particular, relatively low car-

rier mobility compared to other semiconductor compounds like GaAs and InP

and the inability of Si crystals to form direct bandgap optoelectronic devices,

have both begun to restrict the speed and the rates at which Si-based integrated

circuits can operate. However, optical circuit interconnects o�er an alternative

model for high-speed microelectronics. In which individual circuits or devices on

wafer chip are multiplexed by optical waveguides, providing crosstalk-free data

paths with exponentially higher data rates than current metal wires [13, 11].

The performance bene�ts o�ered by optoelectronic integration on Si chips are in

essence and in the same importance of those o�ered by optical �ber technology

that replaced much of traditional metal wiring in the telecommunications net-

works. Individual �ber optic waveguides capable of carrying trillions of bits of

digital data per second through hundreds of discrete channels, now carry mostly

all of the long-distance voice and data tra�c in the modern world [13]. Optoelec-

tronic interconnects promise revolutionary speed and bandwidth development for

Si integrated circuits if they can be successfully integrated in the current mature

Si transistor microelectronics platform, these transistors and optical intercon-
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2.1 The Importance of Silicon

nects, constituting the so-called optoelectronic integrated circuits (OEIC) [14].

• Indirect Bandgap Nature :

In a semiconductor with an indirect fundamental energy bandgap, such as sil-

icon, the maximum of the valence band and the minimum of the conduction band

are at di�erent locations in the k-space as shown in Fig. 2.1(b). Recombination

via a single photon, which carries negligible momentum, is not allowed because

of momentum conservation. Participation of a phonon with the right momentum

is necessary to satisfy momentum conservation. Phonons are quantized modes of

lattice vibrations that occur in a solid. In the bulk material, this phonon-assisted

optical transition is very weak, allowing many other nonradiative processes to

dominate resulting in a huge drop in the light emission e�ciency.

Figure 2.1: Schematic diagram of semiconductor band structure (dispersion relation)

of di�erent semiconductor types. (a) Direct bandgap semiconductor with electron-hole

pair (exciton) formation after excitation from valance band to conduction band shows

clear emission of a photon. (b) Indirect bandgap semiconductor require a phonon to

make this transition possible. Figure modi�ed according to reference [15].
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On other hand, Fig. 2.1(a) shows a direct bandgap semiconductor materials

such as compound semiconductors of group III and V in the periodic table (e.g.,

GaAs or InAs, etc.). If the electron given some energy in the form of heat, voltage,

or absorption of a photon. When an electron is raised to the conduction band, it

leaves behind in the valence band a particle called a hole, which represents the

absence of an electron and is treated as a positive particle. These two particles

are called exciton (electron-hole pair). Between those two bands is the bandgap,

a region of forbidden energies for the electrons (bandgap). Electrons that have

been excited to the conduction band will eventually return to the valence band,

recombining with a hole. This represents the natural tendency of a system to

return into the lowest energy state possible. When an electron recombines with

a hole, conservation of energy dictates that their di�erence in energy (which is

the energy di�erence between the bottom of the conduction band and the top of

the valence band, i.e. the bandgap energy) must be conserved. Depending on the

type of material, this energy di�erence might result either in light (emission of a

photon) or it is mostly transferred to the lattice vibrations and dissipated as heat

(emission of a phonon). Therefore, an electron raised to the conduction band, will

recombine in a very short time 10−9 s with a valence band hole to emit a photon

of energy hν equal to the bandgap Eg of the material [15]. Thus, the probability

of radiative recombination is very high in direct bandgap semiconductors.

Despite that silicon has very excellent electronic, thermal and mechanical

properties. However due to its indirect bandgap silicon exhibits poor optoelec-

tronic properties. The light emission in indirect bandgap silicon can be explained

in terms of phonon-assisted exciton recombination across the bandgap [13, 15]. In

the bulk material, this phonon-assisted optical transition is very weak and dom-

inates many other non-radiative processes resulting in a huge drop in the light

emission e�ciency. Therefore, bulk silicon is not suitable for the implementa-

tion of optoelectronic devices, which is needed for the new demand of ultra-high

speed chips (super chips). To date, the semiconductor optoelectronics industry

has been dominated by the III-V compound semiconductors because of their high

e�ciency in optical transitions primarily due to their direct fundamental energy

bandgap. However, the integration of III-V optoelectronic devices with silicon
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electronic circuits could bring huge prospect for the existing advanced semicon-

ductor technology [3, 16, 17].

2.2 Nanotechnology Approach to QDs Fabrication

Methods

The increasing demands on modern technology and energy conservation in the

last decade as well as the future plans of semiconductor industry made the semi-

conductor companies to think more about reducing the costs and the dimensions

of their devices and products. However, at the same time keeping or increasing

the e�ciency of their products is another critical concern, by taking into account

the new material selection and design which have the lower energy consumption

due to the fact that the energy resources are limited. Nanotechnology is one of

the keys to the development of novel materials, devices and systems. Precise

control of nanomaterials, nanostructures, nanodevices and their performances is

essential for future innovations in technology and energy consumption.

Nanotechnology is an advanced technology that has received a lot of atten-

tion for its ability to make use of the unique properties of nanosized materials.

Nanotechnology is capable of manipulating and controlling material structures at

the nano level and o�ering unprecedented functions and excellent electrical, opti-

cal and magnetic material properties. Nanotechnology consists of the "top-down

approach" and the "bottom-up approach". The top-down approach is based

on fabrication of nanostructures by nano-lithography (e.g., electron, ion beam

or nanoimprint patterning) and etching techniques (e.g., wet- or dry-chemical

etching), such as in semiconductor manufacturing can lead to the processing of

nanosized �ne structures. In the bottom-up approach, self-organization proper-

ties inherent in materials can be utilized to assemble �ne nanostructures from the

atomic or molecular levels (e.g., self-assembled quantum dots growth by MBE,

formation of nano-crystallites with special plasma deposition processes). More-

over, there is another mixed approach of nanofabrication which consist of the

combination of the last two approaches top-down and bottom-up (e.g., quan-

tum dot growth on pre-patterned substrates). Controlling materials at the nano
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level can enhance material functions and characteristics, leading to considerable

energy savings and environmental load reduction. However, according to this

approach which is based on the monolithic integration of nanostructures semi-

conductor, such as (quantum dots QDs, quantum wells QWs, etc.) on silicon

substrates. Nanostructures, such as quantum dots (QDs), can be fabricated with

either a top-down technique or bottom-up technique. Top-down techniques are

great for generating a uniform distribution of diameters. Unfortunately, top-down

approaches like lithography are limited by the di�raction limit and implies ma-

terial damage and defects. The most common way to create a QD is through a

bottom-up approach. This can be done either with metal-organic chemical vapor

deposition (MOCVD) or MBE. Self-assembled quantum dots (SAQDs) nucleate

spontaneously under certain conditions during MBE and metal-organic vapor

phase epitaxy (MOVPE), when a material is grown on a substrate to which

it is not lattice-matched. The resulting strain produces coherently strained is-

lands on top of a two-dimensional wetting layer. This growth mode is known as

Stranski-Krastanov (SK) growth (like InAs QDs on GaAs system). The islands

can be subsequently buried to form the quantum dot. Therefore, the fundamental

understanding of low-dimensional semiconductor physics and the electronic con-

�nement inside these structures is essential for the growth and characterization

of these systems including their new structural and optical properties, etc. The

next section will bring the focus on the underlaying physics, which explains these

interesting nanostructures.

2.3 Low-Dimensional Semiconductor (Nanostrtuc-

tures)

With the advent of epitaxial growth techniques like molecular beam epitaxy

(MBE), the realization of low-dimensional structures became feasible. However,

when one of the three spatial dimensions of a bulk solid, like in semiconductor

material, is of a size comparable to de Broglie wavelength (λB) (Eq. 2.1) of the

electrons or smaller, this means we are dealing with a material or a structure

of low-dimensionality (nanostructure) [18], which is referred as two-dimension
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(2D) system known as quantum well (QW), where the electrons are con�ned in

one-dimension and the degree of freedom for this system in this case is two.

λB =
h

p
=

h

m∗v
(2.1)

It is well known from quantum mechanics that for an electron of momentum p

can be described by a wave function with a wavelength given by the de Broglie

wavelength (λB). However, m∗ is the electron e�ective mass. From solid state

physics, we know that inside a semiconductor, electrons behave dynamically as

if their mass was m∗, instead of the mass m0 of the electron in vacuum. This

observation is very important because for many interesting semiconductors, like

GaAs, m∗ is much smaller than m0, for example m∗ GaAs is equal to 0.067

m0. Therefore, that the smaller the value of m∗, the easier will be to observe

the size quantum e�ects in nanostructures. This is the case of semiconductors

in comparison with most metals, for which the conduction electrons behave as

quasi-free [18].

The con�nement of electrons and holes (charge carriers) in these nanostruc-

tures modi�es the electronic as well as the optical and vibrational properties of the

material. Semiconductor QWs, where narrow-bandgap semiconductor material is

sandwitched between di�erent wide bandgap materials by means of hetrojunc-

tions causes the electron con�nement in two-dimensions. This two-dimensional

con�nement results in new optical properties that are di�erent from bulk material

(3D) structure. However, in semiconductors (λB) usually ranges between 10 and

100 nm and therefore we have to deal with solids of size in the nanometer range

in order to observe quantum e�ects in nanostructures of a given size [19]. There-

fore, low-dimensional materials are classi�ed according to the number of spatial

dimensions of nanometric size or the degree of electronic con�nement. Table 2.1

summarizes the di�erent types of nanostructures and the degree of con�nement

of each structure. If only one of the three-dimensions is small enough, then the

structure is called a quantum well (2D). In the case of quantum wires (1D), two

of the dimensions are in the nanometer range, and �nally in the case that the

three dimensions of the structure are comparable to (λB) the structure is called

a quantum dot (0D).
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Structure Degree of con�nement Dimension of the structure

Bulk 0 3D

Quantum well (QW) 1 2D

Quantum wire (QWR) 2 1D

Quantum dot (QD) 3 0D

Table 2.1: Classi�cation of semiconductor nanostructures and their degree of quantum

con�nement.

According to Eq. 2.1 if one-dimension of a bulk semiconductor (assuming,

box geometry) (Lx, Ly, Lz) is in the order of the de-Broglie wavelength (λB) or

smaller (Eq. 2.2), the quantum size e�ect gets signi�cant. The wave-like behavior

of electrons are also important on much longer dimensions, if you have to care on

coherent phenomena. This is also true for band-structure formation caused by the

coherent interaction with the periodic potential of the lattice and is valid in the

whole solid. You would not understand this without using quantum mechanics

[19].

Lx, Ly, Lz ≤ λB (2.2)

2.3.1 Density of States Function of Low-Dimensional Sys-

tems

In quantum physics, the electronic structure is often analyzed in terms of the

density of electron states (DOS). The DOS function, at a given value E of energy,

is de�ned such that g(E)∆E is equal to the number of states (i.e. solutions of

Schrödinger equation) in the interval energy ∆E around E. However, if the

dimensions Li (i = x, y, z) are macroscopic and if proper boundary conditions are

chosen, the energy levels can be treated as quasi-continuous [19]. On the other

hand, in the case where any of the dimensions Li gets small enough, the DOS

function becomes discontinuous. Fig. 2.2 describes how the density of states

changes as a function of dimensionality. It is clear that the density of state

function (DOS) in Fig. 2.2 gets sharper as the dimension of the structure becomes
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Figure 2.2: The density of state functions (DOS) of semiconductor with di�erent

degrees of freedom 3, 2, 1 and 0 of electron propagation, the system with 2, 1 and

0 degrees of freedom referred as quantum wells, quantum wires and quantum dots

respectively. Figure modi�ed according to reference [21].

smaller, which is a potential advantage for the electronic and optical properties.

The density of state function (DOS) for di�erent semiconductor structures shown

in Fig. 2.2 are mathematically expressed as:

g(E)3D =
1

2π2
(
2m∗

~2
)

3
2√

E (2.3)

g(E)2D =
m∗

π~2
∑
n

σ(E− En) (2.4)

g(E)1D =
1

π~
∑
n

√
m∗

2(E− En)
σ(E− En) (2.5)

g(E)0D =
∑
n

2δ(E− En) (2.6)

Where m∗ is the e�ective mass and En are the energies of the quantized states

inside the nanostructure, σ(E− En) is the step function, and δ(E− En) is the

Dirac delta function [21]. However, in quantum dots (QDs) the energy level are
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discrete and the DOS consists of a series of sharp (delta-function-like) peaks.

Eq. 2.6 describes the corresponding discrete eigenenergies of the electrons. Due

to the �nite life time of electronic states, the peaks are broadened and the DOS is

a sum of Lorentzian functions. In real samples not all QDs are of the same size.

Di�erent sizes mean di�erent eigenenergies. Accordingly, the electronic energy

states of an ensemble of quantum dots are distributed around a mean energy

related to the average QD size. In many applications, the active device material

contains a large ensemble QDs. Their density of states then includes a statistical

broadening characterized by a Gaussian function, this broadening is often called

inhomogeneous broadening [21]. Being zero-dimensional, quantum dots have a

sharper density of states than higher-dimensional structures. As a result, they

have superior optical properties, as they are already in use by III-V based QDs

laser diodes, ampli�ers, and biological sensors markets.

2.3.2 Carriers Con�nement in Semiconductor Nanostruc-

tures

Quantum con�nement in low-dimensional heterostructures strongly modi�es the

basic properties of a semiconductor crystal and the bandgap energy. In a quantum

well (QW), carriers are spatially con�ned in the transverse direction and move

freely in its plane. In a quantum wire (QWR), carriers are spatially con�ned

in two transverse directions and move freely along the wire direction. Hence,

the carrier energy spectra in both QWs and QWRs are continuous within wide

sub-bands of allowed states.

Fundamentally, in all cases, quantum con�nement pushes away the allowed

energies e�ectively increasing the bandgap. The enlargement of the quantum

con�ned bandgap increases as the nanoparticle size becomes smaller. It also in-

creases as the characteristic dimensionality of the quantum con�nement increases

(from 1D to 2D to 3D). Therefore, quantum con�nement may be used to tune the

energy of the emitted light in nanoscale optical devices based on the nanoparticle

size and shape. In a quantum dot (QD), carriers are three-dimensionally con-

�ned and the modi�cation of electronic properties is most strongly pronounced;
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the energy levels are discrete. For this reason, QDs are also referred to as super-

atoms or arti�cial atoms. A QD of typical size (several nanometers to several tens

of nanometers) contains several ten thousands to several tens of million atoms.

Quantum dots have generated much interest as a new class of human-made mate-

rials with tunable (by varying both the composition and size) energies of discrete

atomic-like states [22].

2.3.3 The Excitons Con�nement in Quantum Dots

An exciton is a bound state of an electron and an electron hole which are attracted

to each other by the electrostatic Coulomb force. Excitons are the main mecha-

nism for light emission in semiconductors. An exciton can form when a photon

is absorbed by a semiconductor. This excites an electron from the valence band

into the conduction band. The Coulomb force in excitons act attractively be-

tween the two particles, negatively and positively charged, respectively, and a

stable state can be formed between electron-hole pair. However, this attraction

provides a stabilizing energy balance. Consequently, the exciton has slightly less

energy than the unbound electron and hole. The binding energy is much smaller

and the particle's size much larger than a hydrogen atom. This is because of both

the screening of the Coulomb force by other electrons in the semiconductor ( i.e.,

its dielectric constant), and the small e�ective masses of the excited electron and

hole [23, 24].

In general, excitons can be classi�ed in two basic types: Wannier-Mott ex-

citons also called free excitons, and Frenkel excitons which are tightly bound

excitons. Wannier-Mott excitons are typically found in semiconductor crystals

with small energy gaps and high dielectric constants, but have also been identi�ed

in liquids, such as liquid xenon [24]. In semiconductors, the dielectric constant is

generally large. Consequently, electric �eld screening tends to reduce the Coulomb

interaction between electrons and holes. The result is a Wannier exciton, which

has a radius larger than the lattice spacing. As a result, the e�ect of the lattice

potential can be incorporated into the e�ective masses of the electron and hole.

Likewise, because of the lower masses and the screened Coulomb interaction, the

binding energy is usually much less than that of a hydrogen atom, typically on
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the order of 0.01 eV . In contrast, Frenkel excitons are found in materials with

a small dielectric constant, the Coulomb interaction between an electron and a

hole may be strong and the excitons thus tend to be small, of the same order as

the size of the unit cell. Molecular excitons may even be entirely located on the

same molecule. These Frenkel excitons has a typical binding energy on the order

of 0.1 to 1 eV and found mostly in insulator and molecular crystals [23]. They

are also other exciton types like surface excitons, where the hole is inside the solid

and the electron is in the vacuum. These electron-hole pairs (surface-excitons)

can only move along the surface. Alternatively, an exciton may be thought of

as an excited state of an atom, ion, or molecule, the excitation wandering from

one cell of the lattice to another this later type called atomic or molecular ex-

citons. An electron is said to be found in the lowest unoccupied orbital and an

electron hole in the highest occupied molecular orbital, and since they are found

within the same molecular orbital manifold, the electron-hole state is said to be

bound. Molecular excitons typically have characteristic lifetimes on the order of

nanoseconds, after which the ground electronic state is restored and the molecule

undergoes photon or phonon emission [25].

The e�ect of quantum con�nement on excitons in semiconductors of low-

dimensions have been intensively investigated for many years [26, 27, 28]. Two

factors are responsible for the exciton properties in a quantum dot. The �rst

is the Coulomb interaction between the electron and hole. The second is the

con�nement by the quantum dot three-dimensional potential. The con�nement

is ruled by the size and shape of the dot as well as by the dot and barrier mate-

rial to produce various bands o�sets. In the quantum dots, the con�nement also

in�uences binding energy. Therefore, both factors in�uence the energy and oscil-

lator strength of exciton in a complex way [23]. As the size of the quantum dots

approaches the Bohr radius of bulk exciton, quantum con�nement e�ects become

apparent. There are two limiting cases depending upon the ratio between the

radius of the quantum dot (r) and the e�ective Bohr radius of the bulk exciton

(Beff ) described in Eq. 2.7:

Beff =
~2ε
m∗e2

(2.7)
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where ε is the dielectric constant of the material, e is the electron charge, m∗

is the e�ective reduced mass of the exciton 1/m∗ = 1/me + 1/mh, with me and

mh being the electron and hole e�ective masses, respectively.

When the size of the quantum dot is smaller than the critical characteris-

tic length or Exciton Bohr radius (Eq. 2.7), the electrons crowding lead to the

splitting of the original energy levels into smaller ones with smaller gaps between

each successive level. The Exciton Bohr radius is larger than the Bohr radius

due to the e�ect of dielectric screening and the in�uence of periodic lattice struc-

ture of the crystal. The quantum dots that have radii larger than the Exciton

Bohr radius are said to be in the (weak con�nement regime). On the other hand,

the ones that have radii smaller than the Exciton Bohr radius are said to be in

the (strong con�nement regime) [22]. The strong con�nement of excitons in the

quantum dots enhances the electron and hole interaction due to increased overlap

of electron and hole wave functions in two ways. First, the overlap is enhanced

because of reduced-dimensionality in 0D dots. Second, the electron and hole

overlap is determined by the size and shape of the quantum dot, and the barrier

height. Both e�ects signi�cantly a�ect the exciton binding energy. Therefore,

the energy of the emitted photon is determined by the size of the quantum dot

due to quantum con�nement e�ects.

As it was mentioned in the thesis approach, this thesis will bring the focus in

the next chapters to the growth and characterization of the III-V QDs on silicon

substrate via molecular beam epitaxy (MBE) technique.
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Chapter 3

Heteroepitaxial Growth of III-V

Semiconductor on Silicon

Substrates

3.1 Overview

In order to realize the monolithic integration of III-V material on silicon substrate,

high-quality III-V compound layers should be grown on a Si substrate. However,

heteroepitaxy between III-V �lms and silicon substrates induces a large strain

energy in the �lms. Due to the large lattice and thermal mismatches, this large

strain is released by the formation of structural defects and dislocations in the

III-V material [1, 4]. The structural defects resulted from the heteroepitaxy are

closely related to carrier dynamics in the QDs and have severe in�uence on their

optical quality. Therefore, the density of structural dislocations should be re-

duced to an acceptable level or even defect-free structures as an ideal goal, since

the performance of light emitting devices is deteriorated and is degraded due

to the irradiative recombination processes occurring at defect centers. However,

structural-defect-free III-V compounds have not been grown on Si substrates by

lattice-mismatched heteroepitaxy regardless of a great deal of research [16, 3, 30].

The key challenges in the heteroepitaxy of semiconductors, relative to the devel-

opment of useful optoelectronic devices, are the control of the growth morphology,
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stress and strain introduced by mismatched system and crystal defects. The pur-

pose of this chapter is to review the properties and challenges of the epitaxial

integration of III-V semiconductors on silicon substrates that bear on these as-

pects of heteroepitaxy, including crystallographic properties, elastic properties,

surface properties as well as the di�erent types of structural defects.

3.2 The Concept of Epitaxy

The term "epitaxial" is applied to a �lm grown on top of the crystalline sub-

strate in ordered fashion that atomic arrangement of the �lm accepts crystallo-

graphic structure of the substrate. Epitaxial growth is one of the most important

techniques to fabricate various "state of the art" electronic and optical devices.

Modern devices require very sophisticated structures, which are composed of thin

layers with various compositions. Quality, performance and lifetime of these de-

vices are determined by the purity, structural perfection and homogeneity of the

epitaxial layers [31]. Epitaxial crystal growth resulting in epitaxial layer perfec-

tion, surface �atness and interface abruptness depend on a number of factors like:

The epitaxial layer growth method, the interfacial energy between substrate and

epitaxial �lm, as well as the growth parameters - thermodynamic driving force,

substrate and layer mis�t, substrate misorientation, growth temperature, etc.

Recently epitaxial growth is used intensively for the fabrication of semiconductor

quantum structures like quantum dots giving highly perfect structures with high

density.

3.2.1 Fundamental Processes During Epitaxy

Regardless of the growth technique, atoms and molecules are delivered to the

substrate surface, and a large fraction of these species adsorb on the surface. Once

adsorbed, there are three things that can happen to an adatom. It can either form

a strong chemical bond to the surface where it is trapped, di�use on the surface

to �nd an energetically preferred location prior to strong chemical bonding or

desorb. Once adsorbed chemically, the adatoms can di�use on the surface and

this di�usion can be highly anisotropic, depending on the symmetry and nature of
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Figure 3.1: Schematic diagram of basic possible processes during epitaxial growth.

Figure modi�ed according to reference [32].

the surface [32]. These adatoms di�use until they either desorb from the surface,

�nd another adatom or nucleate to an island, attach or aggregate to an existing

island or step, di�use onto the surface or react at a defect site. Di�usion onto

the surface, or interdi�usion can be signi�cant under certain growth conditions

[32]. The main surface process that occur during epitaxy are schematically shown

in Fig 3.1 with di�erent atomistic processes. The extent of interdi�usion can be

thought as solubility of one material into other and clearly has strong dependence

on the material system. On the other hand, the reactions at defect site are often

important. For example, reactions at step edges ( a defect with respect to perfect

surface) are the foundation of step-�ow growth [31].

The formation of islands and the attachment of atoms to existing structures

and clusters are important in the formation of self-assembled (SA) islands (dots).

when a di�using adatom �nd each other, they can nucleate and form an island.

Adatoms that directly impinge to on an island can either incorporate into the

island or lead to the next layer growth, depending on the surface potential and

energy. As the island continue to grow further, and possibly migrate, they can

�nd other islands and coalesces into larger islands [32].
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3.2.2 Basics Physical Processes in MBE

Understanding kinetics, thermodynamics and how they interact and compete

with each other would enable us to know how to control the growth of thin �lm,

which is of great important to all modern semiconductor technologies. However,

in MBE growth, the beams from di�erent sources intersect each other at the sub-

strate surface, where the crystallization processes take place. A series of surface

processes take place during MBE growth which are schematically summarized in

Fig. 3.1. The surface processes occurring during MBE growth are characterized

by a set of relevant kinetic parameters that describe them quantitatively. The

arrival rate is described by the �ux of the arriving species and gives the num-

ber of atoms impinging on the unit area of the surface per second. Evaporated

atoms with temperature Ti onto substrate surface, which has temperature Ts,

usually lower than Ti at di�erent positions are with di�erent kinetics energies.

Depending on the atom energy and the position at which it hits the substrate

surface, the impinging atom could re-evaporate immediately, carrying with it an

energy corresponding to temperature Te or exchange energy with atoms of the

substrate at Ts. A description of this process is possible by de�ning the thermal

accommodation coe�cient (α)as [33]:

α =
Ti − Te
Ti − Ts

(3.1)

When Te equal to Ts the accommodation coe�cient is unity. Thus, it is

emerges as a measure of the extent to which the arriving atoms reach thermal

equilibrium with the substrate. It is important to distinguish between the accom-

modation coe�cient (α) and the sticking coe�cient (Sc). The sticking coe�cient

is de�ned as the ratio of the number of atoms adsorb (Nads) or stick to the sub-

strate surface, to the total number of atoms (Ntot) that impinge upon substrate

surface during the same period of time, and mathematically expressed as below

[33]:

Sc =
Nads

Ntot

(3.2)
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In many case Sc is less than unity and it may be a small fraction in cases when

the adsorption energy of atoms on the substrate is low, or the substrate temper-

ature is high. Assuming α is unity, all the arriving atoms are accommodated on

the substrate surface and achieve thermodynamics equilibrium. This does not

mean, that they will stay there permanently. They still have a �nite probability

related to the substrate temperature of acquiring su�cient energy to overcome

the attractive forces and leave the substrate [33]. If aggregation of adatoms, does

not occur, all the adatoms will eventually be re-evaporated. Thus, the Sc can be

almost zero even when α is unity.

There are two main types of adsorption that can occur during MBE. The �rst

is physical adsorption, which refers to the case where there is no electron transfer

between adsorbate and adsorbent by forming a van der Waal's bond with a surface

atom "physisorption". The second is is resulted by forming a covalent or ionic

bond with a surface atom, which refers to the case when electron transfer, i.e.,

chemical reaction, take places between adsorbate and adsorbent "chemisorption"

[33]. The molecules stick to the surface via weak physisorption, which enables

the migration. As the physisorbed state is only a precursor state, there is no way

back from the chemisorbed state to the much weaker physisorbed state or even

re-evaporation into the reactor vacuum. The rate at which adatoms adsorbed to

the surface can be described by an exponential law (Eq. 3.3):

Rads ∝ νa exp
−Eads

KBT
(3.3)

Where νa is the adsorption frequency, Eads describes the necessary energy to

overcome the electrostatics potential, KB is Boltzmann constant and T is the

substrate temperature [33]. However, most substrates have complicated recon-

structions and the bonding is highly directional. Therefore, the probability of

adsorption to some sites is higher than other. Assuming defect-free surfaces, a

number of theoretical and experimental works has been carried out to �nd the

most stable adsorption sites. Adsorbed atoms may di�use from one site to another

via thermally activated hopping , which can be expressed by Eq. 3.4:

D ∝ a2Ks ∝ a2 exp
−Ed

KBT
(3.4)
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Where Ks is the site-to-site hoping rate, a is the e�ective hopping distance

between sites, Ed is the di�usion energy and T is the substrate temperature [33].

Because of the complicated nature of the most surfaces, di�usion is an complicated

process. It should be pointed out that di�usion is the process responsible for the

degree of smoothness of the grown �lm for a �xed growth rate. Di�usion atoms

meet and bond with each other forming clusters that di�er in size, depending on

the deposit vapor or growth rate.

Another crucial factor is the temperature of the substrate T . Increasing the

temperature beyond certain limits leads to desorption of the molecules back into

the reactor vacuum. Simply they do not contribute to the growth, but are lost.

The desorption grows exponentially and the actual growth rate shrinks corre-

spondingly (Eq. 3.5).

Rdes ∝ f(θ) exp
−Edes

KBT
(3.5)

The desorption rate Rdes is dependent on the degree of coverage (θ) and the

desorption energy Edes [33]. However, the small growth rates allow the adsorbed

molecules to migrate on the substrate to a proper nucleation site for growth.

The so called migration length is a measure of the distance the molecules can

travel on the growing surface before being taken up by an attractive lattice site.

Nucleation on smooth surfaces is not energetically favored. The most attractive

sites are those on terraces and step edges on the growing surface as more chemical

bonds to neighboring sites are possible.

Growth parameters like substrate temperature T, growth rate (g) and the ratio

of group V excess to group III �ux (V/III ratio) have to be chosen appropriately

for the desired application. The V/III ratio has a similar impact on the layer

growth as the substrate temperature. Too high values shorten the migration

length of the group III species, because they can �nd a bonding partner more

easily and the incorporation into the crystal is faster. However, this can also

deteriorate the layer quality as described above. The desorption of group III

species can also be countered by the V/III ratio, which e�ectively shifts desorption

temperatures [34, 20]. The sticking coe�cient is also dependent on the V/III

ratio. Too low values on the other hand increase the migration length, but also
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the probability of desorption. In addition, metallic droplets of group III species

can liquefy on the substrate surface. The growth rates are determined by the

group III �uxes and the desorption. The V/III ratio must therefore be determined

by the �ux of the group V elements.

The occurrence of the epitaxial growth modes depends on various parameters

of which the most important are the thermodynamic driving force and the mis�t

between substrate and layer. In MBE growth the substrate surfaces are held in

UHV chambers while being exposed to a vapor of molecules or atoms of the grow-

ing material. The thermodynamics and kinetic factors determined the growth.

The classical thermodynamic approach to epitaxial thin �lm growth which led

to the de�nition of the so-called growth modes. This thermodynamics approach

is used to determine growth modes of thin �lms close to equilibrium [35]. The

growth mode characterizes the nucleation and growth process. There is a direct

correspondence between the growth mode and the �lm morphology, which gives

the structural properties such as perfection, �atness and interface abruptness of

the layers. The kinetic description of growth in which the �lm morphology is

the result of the microscopic path taken by the system during growth. This path

is determined by the of rates of the single atom, cluster, or molecule displace-

ments as compared to the deposition, desorption, and dissociation rates. It is

determined by the kinetics of the transport and di�usion processes on the surface

[32].

The competition between the �lm and substrate surface energies resulted from

the growth dynamics and growth conditions, will determine the growth mode of

the epitaxial growth process close to equilibrium. However, the MBE growth

process is a kinetically dominated process and thermal equilibrium conditions are

only partially ful�lled. The growing �lms using MBE technique usually not in

thermodynamics equilibrium and kinetics e�ects have to be considered. Because

of the limited surface di�usion, the deposited material cannot rearrange itself

to minimize the surface energy. The high supersaturation of the deposit leads

to a large nucleation rate, and kinetics will lead to the occurrence of di�erent

growth modes [35]. Therefore, the behavior of deposited species is determined by

a number of kinetic parameters. Among them are the surface di�usion coe�cient

(Ds) of the adatoms, the sticking probability of an adatom arriving the edge to
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a lower additional energy barrier (Es) to come down the edge to a lower terrace.

From the mentioned kinetic parameters the di�usion coe�cient is probably the

most important parameters. It determines the average distance an atom can

travel on �at surface before being trapped. This distance is the surface di�usion

length (lD) and can be de�ned by Eq. 3.6 [35].

lD =
√
Dsτ (3.6)

Where τ is the residence time before re-evaporation. The surface di�usion coef-

�cient is generally expressed as:

Ds = νa2 exp (
−EA

KBT
) (3.7)

Where EA is the activation energy for di�usion, ν is the attempt frequency

and a is the characteristic jump distance. From Eq. 3.7 it is clear that deposi-

tion temperature is important because it controls the di�usivity of the adaoms

[35]. Therefore, the growth modes in real systems far from equilibrium will be

controlled mostly by these kinetic factors and partially by the thermodynamics

factors.

Experimentally, the distinction between three classical growth modes is well

known and classi�ed to three growth regimes: Frank-van der Merwe (FM) (lay-

ers growth mode), Volmer-Weber (VW) (islands growth mode) and Stranski-

Krastonov (SK) (mixed growth mode layers and islands) as illustrated in Fig. 3.2.

In addition to the three well-known epitaxial growth modes mentioned above

there is a fourth one, which is the step-�ow growth mode as already mentioned

in section (Sec. 3.2.1). The study of �lm growth typically involves the deposition

of a controlled amount of atoms onto a well characterized crystalline substrate at

a prescribed set of growth conditions.

In the case of Frank-van der Merwe (FM) (layer by layer growth mode): Layer

growth is observed when the binding energy between the �lm and substrate is

stronger than the binding force between the �lm particles. However, in this case

a uniform monolayer of material is deposited in 2D forming a planar sheets as

long as the the binding energy is decreased toward the bulk crystal value, the

layer growth is sustained [36]. However, during FM growth mode a new layer is
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Figure 3.2: Schematic digram of the three fundamental growth modes: Frank-van

der Merwe (FV) (layers growth mode), Volmer-Weber (VW) (islands growth mode)

and Stranski-Krastonov (SK) (mixed growth mode layers and islands). Figure modi�ed

according to reference [36].

nucleated only after completion of the layer below, this growth occurs over long

distances in ideal case.

On other hand, when there is no strong bonding between �lm and substrate,

3D-islands are being formed. The �lm dose not wet the substrate because this

will lead to an increase in the total surface energy. This growth mode is referred

as Volmer-Weber (VW) growth mode, (see Fig. 3.2). It occurs when the binding

force between the particles of the deposited material stronger than the forces

between the material and the substrate.

In heteroepitaxial growth, the so-called Stranski-Krastanov (SK) growth mode

can occur. SK mode is considered as intermediate and kind of combination be-

tween the FM and VW growth modes, the above growth modes are merging in

this case. It is caused by signi�cant lattice mis�t from �lm and substrate. Here,

the growth mode changes from layer by layer to island growth (see Fig. 3.2). Dur-

ing heteroepitaxial growth, the lattice mismatch between substrate and �lm gives

rise to biaxial strain, resulting in an elastic energy that grows with the increasing

layer thickness. Mis�t dislocations at or near the substrate-�lm interface will be

formed if the layer thickness exceeds a critical thickness hc. At this thickness it is

thermodynamically favorable to introduce dislocations because the elastic energy,

released by the dislocations becomes comparable to the increase in the interfacial
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energy. In other words, mis�t dislocations are necessarily introduced to release

the mismatch strain through defects formation [35].

3.3 Epitaxial Growth of Lattice-Mismatched Lay-

ers

The concept of monolithically epitaxial integration of III-V semiconductors on Si

substrates is not straightforward and very challenging due to the signi�cant di�er-

ences in basic material and crystal properties that exist between elemental silicon

and III-V compounds [14]. In general, when two di�erent crystalline materials

are brought together by epitaxial mean like in MBE growth, the growth process

is called then heteroepitaxy such as the growth of InAs on Si. As a result of the

epitaxial integration, a hetero-interface is formed between the III-V materials and

silicon in heterostructure junctions [32]. Heteroepitaxy di�ers from homoepitaxy

in that it requires the nucleation of a new phase on a foreign substrate. Because

of this, the surface chemistry and physics play important roles in determining the

properties of heteroepitaxial deposits, including structural and electrical charac-

teristics, defect densities and structure, and the layer morphology [31]. However,

the heteroepitaxy is classi�ed for three main types based on the lattice constants

of the two crystalline materials, lattice-matched heteroepitaxy for the same lat-

tice constants and lattice-mismatched heteroepitaxy but elastically strained like

InGaAs on GaAs for di�erent lattice constants, and partially relaxed as in the

case of the growth of InAs on silicon with high mis�t dislocation density. The

heteroepitaxy process is widely used, not only for research but also for manu-

facturing semiconductor devices such as lasers, light emitting diodes (LEDs) and

transistors.

3.4 Challenges of Heteroepitaxial Growth of III-V

on Silicon

The physical material mismatch issues like lattice and thermal mismatches, and

polar on non-polar natures between III-V material and Si undone all previous at-
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tempts and research activities at defect-free hetero-integration. Lattice constant

mismatch in most III-V/Si combinations causes detrimentally high dislocation

densities in the III-V epilayers [37]. The thermal expansion coe�cient di�erences

between Si and III-V materials leads to variable strain conditions during tem-

perature changes, making alternative large area scale solutions, such as wafer

bonding, a signi�cant challenge [38]. Additionally, the heterovalent (i.e. po-

lar/nonpolar) nature of the III-V/Si interface is a source of numerous harmful

defects, such as anti-phase domains (APDs), stacking faults (SF), and microtwins

(MT) [1, 39]. The combinations of these problems has proved a signi�cant road

block to high-quality III-V on silicon hetero-integration. In this section, the fun-

damental challenges and barriers of the epitaxial integration between III-V and

silicon are discussed in details.

The major material di�erences between III-V's like InAs, GaP, GaAs and

silicon are summarized in Table 3.1.

Semiconductor/Property Si InAs GaAs GaP

Crystal structure Diamond Zinc Blende Zinc Blende Zinc Blende

Lattice constant (A◦) 5.43095 6.0584 5.6533 5.4512

Thermal expansion coe�-

cient at 300 K (K−1)

2.6× 10−6 5.19× 10−6 5.7× 10−6 4.7× 10−6

Band gap energy at 300 K

(eV )

1.12 0.354 1.424 2.26

Band gap type Indirect Direct Direct Indirect

Polarity Non-Polar Polar Polar Polar

Table 3.1: Basic material properties di�erence between di�erent III-V compounds and

Si substrate [40].

It can be seen clearly from Table 3.1 that there are signi�cant disparities in

the crystal structure, polarity, lattice constant, thermal expansion coe�cient and

band gap nature between III-V compounds and Si.
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Figure 3.3: The fcc crystal structures of di�erent semiconductors: (a) The diamond

crystal structure. All atoms are of the same type (e.g., Si). (b) The zinc blende crystal

structure. The white and black atoms belong to the two di�erent sublattices (e.g., Ga

and As) [31].

3.4.1 Di�erences in the Crystal Structure

The diamond cubic is in the Fd3m space group, which follows the face-centered

cubic bravais lattice (fcc), where eight atoms are packed and attached at the

corners and the centers of each face in the cubic unit cell system. Silicon is one

example of diamond structure as shown in Fig. 3.3a. However, a number of semi-

conductors exhibit the zinc blende (ZB) structure, including GaAs, GaP, InAs

and most of III-V semiconductor. It is very similar to the diamond crystal struc-

ture, except that the two fcc sublattices are made of two di�erent types of atoms.

Because of the two types of atoms (c.f. Fig. 3.3b), the zinc blende structure

has a lower symmetry than the diamond structure. This can lead to interest-

ing phenomena in the heteroepitaxy of ZB materials on diamond substrates like

antiphase domain boundaries and polar/non-polar interfaces [31].

3.4.2 Large Lattice-Mismatch

The major challenging problem during the heteroepitaxial integration is the large

lattice mismatch between III-V and Si. Fig. 3.4 summarises the energy gap
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Figure 3.4: Energy gap versus the lattice constant of the most common III-V semi-

conductors in comparison to Si. The indirect semiconductor GaP has a lattice constant

almost equal to Si, which is very encouraging for almost lattice matched-heteroepitaxy.

Figure modi�ed according to reference [41].

plotted versus the lattice constant of the most common III-V semiconductors in

comparison to Si. GaAs as well as InP have a lattice constant larger by more than

4% than that of Si. From the values of the lattice constants in Table 3.1 one can

calculate the lattice mismatch (f) using Eq. 3.8. Where aS is the lattice constant

of the substrate and aL the lattice constant of the grown layer [31]. While GaAs

on silicon exhibit a lattice mismatch of 4.1 %, InAs on Si su�ers by a mismatch

of 10.4 %.

f =
aL − aS
aS

(3.8)

A view at the lattice constants of di�erent III-V compound semiconductors

plotted in Fig. 3.4 reveals that the indirect semiconductor GaP has a lattice

constant almost equal to that of Si with a lattice mismatch about 0.37 %, which

is very promising for a dislocation free growth of GaP layers on Si substrates.

The mismatch in Eq 3.8 may take on either sign, with some interesting dif-

ferences observed between the tensile strain, when the lattice constant of the

epi-layer is less than the lattice constant of the substrate (f> 0). On the other
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hand, epi-layers with lattices constant larger than the substrate lattice constant

(f< 0) will undergo compressive strain. In heteroepitaxial systems with a low

amount of mismatch (|f |< 1), the initial growth tends to be coherent, or pseudo-

morphic as illustrated in Fig. 3.5(a). Therefore, a pseudomorphic (full strained)

layer exhibits an in-plane strain (ε||) equal to the lattice mismatch (f) as described

in Eq. 3.9 [31].

ε|| = f (Pseudomorphic) (3.9)

The residual strain in highly strained materials is generally a function of the

mismatch and layer thickness. However, the strain can be calculated based on a

thermodynamic model, as long as the growth occurs near thermal equilibrium.

However, there are kinetic barriers to the lattice relaxation. These are associated

with the generation and movement of dislocations. Kinetic models have been

devised to explain and predict the lattice relaxation behavior in these situations

[31]. These models predict that the residual strain in the layer will depend on

the growth conditions and post growth thermal annealing (PGA) applied after

the growth, as well as the mismatch and layer thickness. However, with higher

amount of mismatch, or thicker epitaxial layers, the mis�t strain will increase until

it exceeds the elastic strength of the coherent semiconductor-substrate bonds. At

this point, the �lm will undergo a plastic deformation resulting in the formation

of broken bonds and non-coherent growth fashion with mis�t dislocations at the

epitaxial �lm-substrate interface as shown in Fig. 3.5(b). This mis�t dislocation

is associated with an extra half-plane of atoms in the substrate.

The pseudomorphic layer matches the substrate lattice constant in the plane

of the interface and therefore experiences in-plane biaxial compression. Beyond

the critical layer thickness, therefore, part of the mismatch is accommodated by

mis�t dislocations (plastic strain) and the balance by elastic strain. In this case,

using the de�nition for the mismatch adopted here, the in-plane strain (ε||) is

expressed as in Eq. 3.10.

ε|| = f − δ (Partially relaxed layer) (3.10)

Where δ is the lattice relaxation. In the pseudomorphic layer, for which no lat-

tice relaxation has occurred (δ=0), the result will be a fully strained system as
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Figure 3.5: Growth of heteroepitaxial layer on a mismatched substrate (a) pseudomor-

phic (fully strained) layer below the critical thickness (b) Partially relaxed layer above

the critical thickness with mis�t dislocations generation in red color. Figure modi�ed

according to reference [31].

discribed in Eq. 3.9. The introduction of crystal dislocations and other defects

is an important aspect of lattice-mismatched heteroepitaxy. The mis�t disloca-

tions located at the heterointerface will degrade the performance of any device

whose operation depends on it. On the other hand, any device fabricated in the

heteroepitaxial layer will tend to be compromised by the presence of threading

dislocations in this layer. The threading dislocations are associated with the mis-

�t dislocations and are introduced during the relaxation process. Whereas the

mis�t dislocations are expected to be present in partially relaxed layers under

the condition of thermal equilibrium, threading dislocations are nonequilibrium

defects [42]. Threading dislocation are 1D crystallographic structures, they act as

non-radiative recombination centers and their presence is not welcome for III-V

heteroepitaxial structures on Si.

There are important di�erences between low-mismatch and high-mismatch

heteroepitaxial systems, which are not simply a matter of degree. The actual

mechanisms of strain relaxation and defect introduction have been found to be

di�erent. This is due, at least in part, to the three-dimensional nucleation mode

of highly mismatched heteroepitaxial layers. It is often expected that a heteroepi-

taxial layer will take on the same crystal orientation as its substrate. In practice,

both pseudomorphic and partly relaxed layers often exhibit small misorientations
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with respect to their substrates. In highly mismatched material systems, gross

misorientations are sometimes observed, due to the close matching in the atomic

spacings for the substrate and the epitaxial layers in di�erent crystallographic

directions [31]. However, as noted before, the strain energy will grow as the over-

layer thickness increase. As result, it will eventually be favorable for the overlayer

to generate dislocations. In simplistic theories this occur at an overlayer thickness

called critical thickness (dc), which is approximately given by Eq. 3.11 [21].

dc ∼=
as

2|ε|
(3.11)

The most widely used theoretical model for the critical layer thickness is the

force balance model of Matthews and Blakeslee [43].

• Matthews and Blakeslee Force Balance Model :

The Matthews and Blakeslee model is used most often to calculate the crit-

ical layer thickness for heteroepitaxy. Here it is considered that a pre-existing

threading dislocation in the substrate replicates in the growing epi-layer and can

bend over to create a chain of mis�t dislocations at the interface, once the critical

layer thickness is reached. This process is shown schematically in Fig. 3.6. The

glide force FG acting on the dislocation is de�ned by Eq. 3.12.

FG =
2Gbfh(1 + ν) cosλ

(1− ν)
(3.12)

Where λ is the angle between the Burgers vector b and the line in the interface

plane that is perpendicular to the intersection of the glide plane with the interface,

G is the shear modulus, ν is the Poisson ratio, b is the length of the Burgers vector

for the threading dislocation and h is the �lm thickness. On the other hand, the

line tension of the mis�t segment of the dislocation FL expressed in Eq. 3.13 is

acting with force in the opposite direction of the glide force FG [31].

FL =
Gb(1− ν cos2 α)

4π(1− ν)
[ln(h/b) + 1] (3.13)

By equating the glide force FG in (see Eq. 3.12) to the line tension for the mis�t

segment of the dislocation FL (see Eq. 3.13) and solve for the thickness. As
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Figure 3.6: The bending of a grown-in threading dislocation to create a length of

mis�t dislocation at the interface between an epitaxial layer and its lattice-mismatched

substrate. Figure modi�ed according to reference [44].

a result of this procedure, one can calculate the critical layer thickness hc (see

Eq. 3.14), according to the force balance model of Matthews and Blakeslee.

hc =
b(1− ν cos2 α)[ln(h/b) + 1]

8π|f |(1 + ν) cosλ
(3.14)

For layers with h < hc, the glide force is unable to overcome the line tension,

and grown-in dislocations are stable with respect to the proposed mechanism of

lattice relaxation. On the other hand, for layers thicker than the critical layer

thickness h > hc , threading dislocations will glide to create mis�t dislocations

at the interface and relieve the mismatch strain [31].

Equilibrium thermodynamics can be used to estimate the total density of

dislocations that will form for a mismatched semiconductor with a given mis�t

strain. For any strain state, the average spacing of an array of parallel mis�t

dislocation S can be estimated for a given amount of accommodated strain δ

[45], as described in Eq. 3.15.

S =
b

2δ
(3.15)

This equation assumes that all strain-relieving dislocations have Burgers vec-

tors 60◦ from the [110] dislocation direction. For GaAs grown directly on Si, the

complete relaxation of the 4.1% lattice mismatch would demand a dislocation

spacing S about 100 A◦ [14]. However, equilibrium theory shows that some elas-

tic strain will remain in a mismatched �lm after relaxation. Work by number

of authors has shown that the relaxation of a mismatched epitaxial �lm can be
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Figure 3.7: Strained layer above the critical thickness. (a) Con�ned dislocations at the

overlayer-substrate interface (desirable mode of epitaxy). (b) Penetrating dislocations

in the overlayer structure (undesirable mode of epitaxy and harmful for optoelectronic

devices) [31].

limited by kinetic barriers and dislocation-dislocation interactions [46, 47].

• Dislocations Confinement at the Interface :

Experimentally, the point in growth where dislocations are generated is not

so clear and depends upon the growth conditions, surface conditions, dislocation

kinetics, etc. However, one may use the criteria given by Eq. 3.11 for loosely

characterizing two regions of overlayer thickness for a given lattice mismatch.

Below critical thickness, the overlayer grows without dislocations and the �lm is

under elastic strain. Under ideal conditions above critical thickness, the �lm has

a dislocation array, and after the dislocation array are generated, the overlayer

grows without strain with its free lattice constant [48], and they could propagate

in the overlayer structure as shown in Fig. 3.7(b). Mis�t and threading disloca-

tion segments can be nucleated in a variety of ways in mismatched heteroepitaxy

above the equilibrium critical thickness. At very high mis�t strain, mis�t dislo-

cation loops can form spontaneously via homogeneous nucleation, although this

mechanism rarely occurs in practical growth scenarios. Much more common is

heterogeneous nucleation of dislocation loops at the interface and surface imper-

fections or at point defect in the epitaxial layer [14]. A great deal and challenge of

38



3.4 Challenges of Heteroepitaxial Growth of III-V on Silicon

this work, has been done to study and ensure that the dislocations generated stay

near the overlayer-substrate interface and do not propagate into the overlayer as

shown in Fig. 3.7(a).

3.4.3 Large Thermal-Mismatch

In lattice-mismatched heteroepitaxial layers, most of the mismatch may be accom-

modated by mis�t dislocations during growth, even if kinetic factors are impor-

tant. Therefore, the grown layer will be nearly relaxed at the growth temperature.

However, the strain measured at room temperature may be quite di�erent if the

epitaxial layer and substrate have di�erent thermal expansion coe�cients like in

the case of III-V epitaxy on silicon (see Table 3.1). Therefore, a thermal strain

will be introduced during the cool down to room temperature. The thermal ex-

pansion coe�cient of a given material is related to the expansion or contraction of

the crystal lattice as the material's temperature changes. Commonly, the lattice

expands under increased temperature, and returns to its original dimensions as

the temperature is reduced. Moreover, thermal cycling during device operation

will result in a temperature dependence of the built-in strain [31].

At room temperature conditions, the mismatch between GaP and Si is 0.37 %,

while at a typical MBE growth temperature of 550 ◦C, the mismatch is increased

to 0.48 %, due to the fact that the GaP with higher thermal expansion coe�-

cient will expands more than the Si substrate. This change in lattice mismatch

increases the mis�t strain, reducing the critical thickness of the GaP epilayer at

growth temperature, and must be taken into account [49]. On the other hand,

the thermal expansion coe�cient of GaAs is almost 60 % larger than Si expan-

sion coe�cient at room temperature. After the relaxation process at the growth

temperature during MBE epitaxy, the GaAs layer will shrink much more than

the Si substrate during the cooling down after the growth. Assuming that the

mismatched GaAs layer has completely relaxed at the growth temperature, a ten-

sile strain εt will thus be developed during the cooling process in the layer, which

will be proportional to the total change in temperature of the system:

εt =

∫ T

T0

[αS − αL] dT (3.16)
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Where T and T0 are the �nal and initial temperatures of the growth system

respectively, αS and αS are the temperature dependent coe�cients of thermal

expansion of substrate and layer [14, 50]. The actual dependence of the thermal

expansion coe�cients on temperature of GaAs are small enough that can be

ignored to �rst order, leading to simpli�ed expression for the thermal mismatch

strain as a function of the total change in reactor temperature ∆T [14].

εt = (αS − αL) ∆T (3.17)

For GaAs �lms on Si substrates at typical reactor growth temperature of 600
◦ C, the total tensile strain developed during the cool-down process to room tem-

perature will be 0.26 %. This strain is signi�cantly less than the total material

mismatch strain for this material system, but still signi�cant enough to cause

some important e�ects in the heteroepitaxial layers. Because this strain develops

as the epitaxial layers are cooled from the growth temperature , dislocation re-

laxation mechanisms are much less e�cient at relieving the resulting strain [14].

In addition, the di�erence in thermal expansion coe�cients also a�ects the rate

in which the two crystals contract during post growth or cool-down. Because the

silicon substrate contracts less than the GaP epilayer, tensile strain may accumu-

late.

Dislocation glide velocity decreases exponentially with decreasing tempera-

ture, and thus the residual thermal expansion strain that remains in a heteroepi-

taxial layer at room temperature can be as high as 90 % of the total thermal

mismatch [51]. However, this trapped tensile strain can lead to the formation of

micro-cracks in the epitaxial layer, with micro-crack nucleation behavior governed

by an e�ective critical cracking thickness, thermal mismatch strain can also act

to reduce the critical thickness of the grown layer [52]. Some practical ways to

account for thermal mismatch strain in the III-V/Si material system have been

proposed. For example, slower cooling rates after growth can encourage additional

tensile strain reduction by pre-existing mis�t dislocations, although practical con-

siderations limit how slowly temperature can be reduced [50]. Growth or device

fabrication on reduced areas can increase the total thickness of the epitaxial layers

that can be grown without crack formation [53, 54].
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Experimentally, if the epilayer is thick, the additional tensile strain can result

in micro-cracking. In GaAs/Si, such cracks do not typically appear until the

GaAs layer is in the range of 3 − 5 µm [55]. It is unknown at what thickness

micro-cracking will occur in the GaP/Si system for example, but it is not expected

to be an issue when GaP thickness do not exceed 1 µm, such as is the case in the

work reported here.

3.4.4 Planar Defects Associated to Polar on Non-Polar Epi-

taxy

An unavoidable issue of III-V/Si heteroepitaxy is the integration of polar and

non-polar heterointerface. However, a complete understanding of polar on non-

polar epitaxy is a critical challenge for successful III-V semiconductor compound

integration. Silicon, being made up of a single atomic species, forming purely

covalent chemical bonds with zero net dipole moments, is a non-polar crystalline

material. On the other hand, III-V like InAs, made up of both In and As atoms

whose ionic bonds possess a signi�cant net dipole moment, is a so-called polar

crystalline material; the interface between two such materials presents a number

of challenges that must be taken into account.

It was proposed that if the �rst III-V atomic plane adjacent to the silicon

bulk substrate were a perfect atomic plane, a large electrical charge would be

induced [56]. To neutralize the interface charge, rearrangement of atoms may

result, creating an environment of III-V island formations. Growing at low tem-

perature with a layer by-layer growth mode, referred to as migration enhanced

epitaxy (MEE), was used to address this issue. This growth technique proved

indispensable for previous successful GaAs/Ge work [57]. The polar/non-polar

charge neutrality dilemma is nearly impossible to monitor except by observation

of possible post-epitaxy e�ects, such as the formation of interfacial planar de-

fects such as: antiphase domain boundaries (APBs), stacking faults (SFs) and

microtwin (MT) defects. The goal of this work, therefore, is the suppression of

these heterointerface-driven defects through the proper surface preparation of the

Si substrates and optimization of the growth and nucleation conditions of the III-
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V heteroepitaxial layers.

• Autodoping by Interdiffusion :

Additional di�culties may arise when atomic species are interchanged at III-

V/Si interfaces. Interdi�usion of atoms across a hetero-interface is possible, when

enough atoms are thermally excited to a mobilize limit within the crystals for

atomic exchange mechanism [49]. However, if the III-V/Si interface consist of

III-Si or V-Si bonds, then electrical neutrality is lost and the interface becomes

polarized. Therefore, interdi�usion between III-V/Si can lead to an e�ect known

as autodoping, due to the fact that group-III and group-V materials are common

p-type and n-type dopants of silicon, respectively. On the other hand, silicon

species are amphoteric in the zinc blende crystal structure through their pref-

erence for the group-III sites. They can act as an n-type dopant for the III-V

material. Interdi�usion by itself presents the additional complication of unwanted

autodoping across the interface. Autodoping tends to produce undesired doping

pro�les, which can hinder devices performance. So keeping the di�usion at the

interface to minimum is a priority.

In practice, interface polarity is likely compensated during growth by the

presence of charged point defects and dislocation cores as well as some atomic

exchange a cross the interface [50]. Previous work in the GaAs/Ge or GaP/Si sys-

tems indicated that a multi-stage growth approach involving initial low-temperature

MEE GaAs growth mode, prior to a conventional high-temperature heteroepi-

taxial MBE growth mode, su�ciently suppressed autodoping between the two

materials [57]. A similar approach was examined for the GaP/Si system and will

be discussed in the experimental part of the growth in this thesis work.

3.4.4.1 Anti-Phase Domains

A number of planar crystal defects are encountered in III-V semiconductor het-

eroepitaxy on silicon, as it was discussed before. The far greater concern during

III-V/Si heteroepitaxy is the possibility of antiphase disorder formation. Anti-

phase domains (APDs) are one type of the planar defects that will be introduced
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Figure 3.8: Schematic diagram of anti-phase domains boundaries in InAs formed by a

single-atom step on the silicon substrate surface. Figure modi�ed according to reference

[50].

through the growth of compound semiconductor materials on an elemental crys-

tal, such as the case of InAs/Si, can result in the formation of crystalline sub-

domains referred to as anti-phase domains and anti-phase domain boundaries

(APBs) also known as, inversion domains boundaries (IDBs) [31]. There are a

few theoretical reasons for their formation. During growth initiation of a com-

pound material, two crystal domains can form independently of one another, each

the result of di�erent nucleations species like in In vs. As; the planes at which

the domains of reversed polarity meet, referred to as APBs, possess In-In and/or

As-As bonds instead of proper In-As bonds, as in the case of GaP/Si system [49].

In another case, APDs can be formed if the elemental crystal (i.e. silicon) has

single atomic steps on its surface as shown in Fig. 3.8. A surface variation such

as an atomic-level step on the Si substrate can cause the III-V layer above this

step to rotate its orientation, and thus lead to the formation of a propagating

boundary layer between two distinct III-V domains [14].

Due to the lower symmetry of the polar semiconductor, it can grow with

one of two (nonequivalent) crystal orientations on the nonpolar substrate. The

boundaries between regions having these two orientations will also result in the

formation of inverted domain boundaries. The nature of the chemical bonding

across the APBs causes them to be electrically active, which directly relates to

the degradation in material quality. Experiments involving time resolved pho-
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Figure 3.9: Suppression of anti-phase domains in InAs layer by featuring double

atomic step reconstruction on Si (001) substrate surface. Figure modi�ed according to

reference [50].

toluminescence of GaAs/Ge system demonstrated a large decrease in minority

carrier lifetime with a large increase in interface recombination rates in the sam-

ples containing the APD defects versus those without [49]. Generally, APDs are

expected to introduce states within the energy gap and give rise to non-radiative

recombination. They therefore degrade the e�ciencies of LEDs and cause excess

leakage in p-n junctions.

Avoiding the APDs defect is tricky and demands control of the substrate sur-

face structure prior to III-V growth, but it has been accomplished in systems like

GaAs/Ge [60, 57]. Early research into direct III-V/Si MBE integration focused

on high indexed Si substrates with a surface atomic structure providing bond-

ing sites for alternating group-III and V-atoms, creating an electrically neutral

interface to help preventing the formation of APDs [61]. However, many other

authors have investigated surface preparations recipes, and reported many nu-

cleation conditions which can minimize or eliminate the formation of APDs for

many III-V/IV systems like GaAs/Si, GaP/Si and GaAs/Ge [62, 49, 60]. An-

other method has been provided e�cient APDs suppression [63], utilizes silicon

substrates whose surfaces are polished such that the surface atomic plane is in-

tentionally misoriented a few degrees toward an orthogonal [110] direction away

from the (001) surface in order to induce a double atomic step reconstruction

(DASR) as schematically shown in Fig. 3.9. In contrast to the irregular single
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Figure 3.10: Self annihilation anti-phase domains on [011] plane in a (001) zinc blende

semiconductor by the close proximity of bonding of two APD faces. Figure modi�ed

according to reference [31].

steps of nominally on-axis (001) Si surface, deliberately mis-orienting the sub-

strate toward [110] direction introduces a regular array of single steps running

the [110] direction. These regular array of single steps line up in a manner of

proper atomic positions, with planar atomic growth occurring in the (001) direc-

tion, as illustrated in Fig. 3.9. However, as the o�-cut angle φ is increased, the

density of steps increases and the average terrace width w decreases according to

Eq. 3.18. Where h is the height of the step.

w = h tan−1(φ) (3.18)

At high temperatures and under ultra-high vacuum conditions, o�-cut (001)

surfaces are known to transform from their initial single-stepped two-domains

con�guration to a lower energy single-domain con�guration of double steps re-

construction [64, 65]. Double steps surfaces preserve sublattice orientation be-

tween neighboring terraces, thereby facilitating APDs-free III-V epitaxial growth

on silicon substrates. In the event that single-stepped two-domains surface is

not achieved, substrate o�-cut may also serve to limit the extent of APDs in

zinc-blende crystal structures by self annihilation as a result of APD-APD inter-

action. Here, APDs annihilation occurs at the line of intersection of the two APD
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Figure 3.11: HR-TEM image of stacking faults defects loops found in Si/InAs/Si

system. TEM performed@PDI-Berlin.

planes, which lies along a [110] direction parallel to the interface [66]. Annihila-

tion reactions can also occur between APDs on [011] planes [31], which can meet

along a [010] direction, as shown in Fig. 3.10. The high single density a�orded by

substrate misorientation decreases the spacing between neighboring APDs, hence

increasing the probability that neighboring APDs will �nd one another and form

small close domains. Many reports of single domain GaAs/Si and GaAs/Ge

in the literature actually refer to initial two domain III-V growth, followed by

rapid annihilation of APDs near the interface, leaving a single dominant domain

[67, 68, 69]. In the limit of vicinal (001) substrates, however, the spacing between

adjacent APDs is thought to be quite large such that self annihilation near the

interface of single-domain becomes less likely [50].

3.4.4.2 Stacking Faults

Stacking faults (SFs) are produced when the regular arrangements of layer atoms

are disturbed. A perfect crystal can be considered a stack of atomic layers occur-

ring in a particular sequence. The stacking of the zinc blende structure of III-V

semiconductor in the [111] direction can be described as ABCABC. A stacking

fault can occur with an extra plane of atoms inserted into the stacking sequence,

as in ABCBABC, a B layer is inserted. This is called an extrinsic stacking fault.
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Figure 3.12: HRTEM image of micro twin and stacking faults defects (S1,S2) in

GaP/Si system. Figure modi�ed according to reference [70].

Another possible type of stacking fault involves the removal of one plane, as

in ABCBC, an A layer is removed and is called an intrinsic stacking fault [31].

Stacking faults are planar defects that are bounded on either side by partial dis-

locations. Fig. 3.11 shows a high resolution transmission electron microscopy

image of SFs defects and SF loops found in InAs QDs embedded in Si matrix sys-

tem, grown in our MBE system and characterized at Paul Drude Institute (PDI)-

Berlin. It was also reported for GaP/Si system that initial planar nucleation of

GaP/Si is di�cult to control, often creating many small faceted GaP islands.

Coalescence of these GaP islands often results in the formation of SFs, which

then propagate throughout the entire GaP layer [70]. Later reports indicted that

SFs could be suppressed by forcing a 2D growth mode for the �rst few layers of

GaP using migration enhanced epitaxy (MEE) for the nucleation process on Si

substrate. Thus, it is essential to carefully monitor polar/non-polar of III-V/Si

interface and ensure a low density of SFs [39].

3.4.4.3 Micro Twins

Another type of planar defect resulting from a change in the stacking sequence

are the micro twins (MTs). In diamond and zinc blende crystals, twinning occurs

almost exclusively on [111] planes. Using the stacking notation used in the last

section (Sec. 3.4.4.2), a twin boundary in a diamond or zinc blende crystal may
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be denoted as ABCABACBA. There is a change in crystal orientation at the

twinning plane. Here the normal crystal and its twin share a single plane of atoms

(the twinning plane or composition plane) and there is re�ection symmetry about

the twinning plane as shown in Fig. 3.12. In other words, the MTs defect occurs

when the stacking faults sequence is disturbed in such a way as to create a mirror

image of itself, as in ABCABCCBAACBA [31]. Twinning involves a change in

long-range order of the crystal; it therefore cannot result from the simple insertion

or removal of an atomic plane, as in the case of the stacking fault. Therefore,

twins cannot be created by the glide of dislocations. Instead, twinning occurs

during crystal growth, either bulk growth or heteroepitaxy.

Finding ways to reduce the density of dislocations at a given mismatch starin

level is an important goal for successful strained-layer heteroepitaxy. As men-

tioned before, dislocations and defects can act as non-radiative recombination

centers in optoelectronic devices, because the localized mid-bandgap energy lev-

els in the dislocations cores will act as highly e�cient trap states for injected

minority carriers [14].

A great volume of research activities has already been dedicated to the various

barriers to III-V integration on silicon. Nevertheless, it has yet to be shown the

quality of III-V on Si material can o�er reliability and performance demanded

optoelectronic and other device applications. In this research work, a new ap-

proach for III-V on silicon heterepitaxy based on self-assembled and localized

growth of nanostructures like quantum dots and dashes will be investigated. The

idea is to minimize the above mentioned problems of the formation of disloca-

tions during the growth of relaxation layers. However, the materials integration

processes were conducted by the means of the epitaxial growth of III-V quan-

tum dots and dashes on silicon substrates via MBE technique, using the most

challenging materials integration approach, by limiting the III-V material to the

active region.
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Chapter 4

Experimental Growth and

Characterization Techniques

4.1 Overview

The growth and characterization techniques of the III-V on Si samples produced

for the work reported in this thesis, will be discussed in this chapter. How-

ever, all the samples in this research work were grown by the ultra-high vacuum

solid-state molecular beam epitaxy (UHV-SMBE) technique. This research work

required also a variety of characterization techniques, serving as a reference for

better interpretation and understanding of the experimental results. Molecular

beam epitaxy and ultra-high vacuum (UHV) technology were key components

achieving successful epitaxial growth. Re�ection high energy electron di�raction

(RHEED) was used to check the silicon surface substrate preparation and the

formation of the quantum dots. The structural analysis of the grown samples,

was conducted using atomic force microscopy (AFM), high resolution transmis-

sion electron microscopy (HR-TEM), high resolution X-ray di�raction (HR-XRD)

and secondary electron microscopy (SEM).

49



Experimental Growth and Characterization Techniques

4.2 Molecular Beam Epitaxy Technique

Molecular beam epitaxy is a versatile epitaxy technique with the capacity for

monolayer-scale control, due to the very low growth rates which can be achieved

by the evaporation cells. The growth rate of typically 1µm/h (1 monolayer/s) is

low enough that surface migration of impinging species on the growing surface is

ensured. What distinguishes MBE from other vacuum deposition techniques is

the signi�cantly more precise control of the beam �uxes and growth conditions.

The capabilities of realizing well-controlled abrupt interfaces, doping pro�les and

alloy heterojunctions o�er many opportunities to implement device structures

which have not been practical or realizable in the past. Simple mechanical shut-

ters in front of the beam sources are used to interrupt the beam �uxes, i.e., to

start and to stop the deposition and doping. Changes in composition and doping

can thus be abrupt on an atomic scale [33].

In SMBE, thin �lms crystallize via reactions between thermally evaporated

molecular or atomic beams of the constituent elements and a substrate surface

which is maintained at an elevated temperature in ultra-high vacuum. Because of

UHV deposition, MBE growth is carried out under conditions far from thermody-

namic equilibrium and is governed mainly by the kinetics of the surface processes

occurring when the impinging beams react with outermost atomic layers of the

substrate crystal. The composition of the grown epilayer and its doping level de-

pend on the relative arrival rates of the constituent elements and dopants, which

in turn depend on the evaporation rates of the elements from solid or liquid phase

[33].

In this thesis an MBE system is used, which is composed by three main

chambers with di�erent vacuum levels; exit/entry chamber (E/E chamber) or

sometimes called as load and unload chamber with a background pressure in

the order of 10−8 Torr. The bu�er chamber serve as preparation chamber be-

fore the growth, which contains also high temperature desorption (HTD) sta-

tion for initial thermal desorption of the substrate and with vacuum level up

to 10−9 Torr and �nally the growth chamber (growth reactor) as it is shown in

Fig. 4.1 equipped with high temperature manipulator for substrate heating, hold-

ing and rotation. The pressure in an idling MBE growth chamber is maintained
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Figure 4.1: Schematic digram of general MBE growth chamber with its majors parts

like, e�usion cells or even other types of cells like sumo and cracker cells and their

shutters, RHEED system, beam �ux monitoring gauge, sample transfer manipulator,

liquid nitrogen cooled panels and substrate heater supply with speed motor for rotation.

Figure modi�ed according to reference [33].

in the UHV range, typically in the range of 10−9 to 10−11 Torr, by a combination

of pumps, including ion pump, cryogenic pump, turbo molecular pump, trapping

pump and liquid-nitrogen-�lled cryo shroud. The UHV environment allows depo-

sition with extremely low impurity concentrations and enables the use of in-situ

surface analysis tools, such as re�ective high energy electron di�raction as illus-

trated in Fig. 4.1. More importantly, it maintains source �uxes in the molecular

�ow regime, so that individual molecules do not collide or react with each other

before reaching the substrate referred as physical deposition, and species that

miss or desorb from the substrate are pumped away immediately.

Material sources in MBE systems are typically Knudsen e�usion cells or Sumo

cells, which are loaded with ultra pure materials and dopants like group II, III and

IV materials (eg., In, Ga, Al, Be, Si) from which molecular beams are generated by

thermal evaporation or sublimation (temperature controlled cells). The elemental
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solid source material is held in an inert crucible. Typically, the e�usion cells

are made of pyrolytic boron nitride with tantalum heat shields. The source

temperatures are maintained with an accuracy of ± 0.1 ◦C to control the �ux of

evaporating atoms. The vapor pressure of each species is controlled by setting

the temperature of the e�usion cell and is monitored with a beam �ux ion-gauge

that is inserted from the back of the substrate manipulator, from which material

growth rates can be determined. Tantalum shutters in front of each cell can be

opened and closed to control the deposition of individual elements with monolayer

accuracy. However, group-V material such as As and P are normally loaded in

cracker cells or (valve controlled cells), in order to achieve V/III ratio control

for di�erent layers in shortest time and avoiding any growth interruptions during

the growth. Therefore, the valve opening of the cell is changed accurately and

more precisely in this type of cell. The III-V MBE substrates are heated by DC

powered �laments located behind the substrate, and the substrate temperature is

measured by both infrared pyrometry on the front side and manipulator-mounted

thermocouple on the back side.

The III-V MBE system in the epitaxy laboratory located at the Institute of

Nanostructure Technologies and Analytics (INA), University of Kassel, is a mod-

i�ed Varian Gen II MBE system. A new high temperature manipulator (HTM)

from Veeco system was installed in order to achieve high substrate temperatures

(Ts > 1000 ◦C) for silicon dioxide (SiO2) desorption. Another modi�cation was

the installation of a new electron beam evaporation system (Careera system)

for silicon homoepitaxy, which was designed to �t to the MBE Varian Gen II

geometry.

4.2.1 Re�ection High Energy Electron Di�raction

Real time monitoring of MBE growth as well as the surface preparation e�ciency

prior to the epitaxial growth are conducted via in-situ re�ective high energy

electron di�raction. RHEED, in fact, is a critical in-situ diagnostic tool for MBE

growth. It allows the veri�cation of a smooth, contaminant-free surface prior to

growth, as is necessary for the epitaxy of high-quality material. It can also be used

to determine the growth rate, composition, and growth mode in-situ. The Gen II
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Figure 4.2: (a) 3D sketch shows the directions of the elastically scattered electrons in

real space. These scattered electron beams hit a �uorescent RHEED screen in certain

RHEED spots, lying on so-called Laue circles which are numbered starting from zero.

(b) Streaks RHEED pattern indicates a 2D surface for Ewald sphere larger than the

separation of the reciprocal lattice rods [33, 29].

MBE system used for the work presented here has a RHEED system consisting of

a high energy electron gun capable of 35 kV beam energy and a phosphor coated

screen with recording camera on the opposite side of the chamber to record the

RHEED patterns, as shown in Fig. 4.1.

In a typical RHEED experiment, a high energy beam of electrons is incident on

the sample surface at a shallow angle of 1 to 2◦ (re�ection condition). Di�raction

of the electrons is governed by the Bragg law, as with x-ray di�raction. How-

ever, there are two important di�erences between RHEED and the x-ray case.

First, the electrons do not penetrate signi�cantly into the sample, so di�raction

is essentially from the two-dimensional lattice on the surface. Second, for the

high energy electrons used in RHEED, the Ewald sphere is large in diameter,

so many re�ections are excited at once. RHEED is a surface sensitive technique

that provides a real time pro�le of the atomic surface periodicity during MBE

growth. The re�ection from the substrate is directed toward a phosphor screen,

displaying a pseudo-1D di�raction pattern during growth or prior to the growth

in preparation stage [33].

The intensity of the re�ected RHEED spots/streaks is sensitive to the atomic

arrangement of atoms on the substrate surface. Because the di�raction occurs
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from a two-dimensional net of atoms on the surface, the reciprocal lattice com-

prises a set of rods perpendicular to the surface in real space. If the Ewald sphere

is so large compared to the separation of the reciprocal lattice rods that it will

intersect several rods, then it will excite several Bragg re�ections for any given

geometry. Therefore, the di�raction pattern therefore comprises a set of streaks

indicating 2D crystalline surface as shown in Fig. 4.2(b).

The growth rate may be determined from RHEED intensity oscillations, for

which the period corresponds to one monolayer of growth. The surface roughness,

and therefore the growth mode, may be discerned from the nature of the RHEED

pattern. As noted previously, a streaky pattern is an indication of an atomically

�at surface. In the case of a rough surface, the electron beam will penetrate

islands or other structures on the surface, giving rise to di�raction from a three-

dimensional lattice. Therefore, the RHEED pattern becomes spotty in this case

as shown in Fig. 4.2(a). The very macroscopic nature of this technique, which

lessens its impact in determining exact microscopic structure, is exactly what

makes it such a powerful and crucial in-situ tool for the epitaxial crystals grower

in determining epitaxial layer quality in real-time during growth

4.2.2 Electron Beam Evaporator system for Silicon Ho-

moepitaxy

Another important modi�cation to the Varian Gen II MBE system was the in-

stallation of a new electron beam evaporation (EBE) cell from Carrera systems

and MBE components for high quality pure silicon homoepitaxial growth. This

system consist mainly by three main parts. A high energy electron gun with

input voltage up to 10 keV and �lament current of 100 mA, and crucible at the

middle position dedicated for target loading as shown in Fig. 4.4(b), an electron

evaporation controller to control the area and the position of the exposed area

of the silicon target, and a deposition sensor equipped with a quartz crystal to

measure the growth rate and the thickness of the deposited layer as shown in

Fig. 4.3.

The process begins under UHV condition of 10−9 Torr. A tungsten �lament

inside the electron beam gun is heated. The gun assembly is located outside the
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Figure 4.3: Schematic view of the Si evaporation system with its controlling units and

their communication loops.

evaporation shown in Fig. 4.4(a) to avoid contamination by evaporants. When

the �lament become hot enough, it begins to emit electrons. These electrons form

a beam which is de�ected and accelerated toward and focused on the material to

be evaporated by means of magnetic or electric �elds. When the electron beam

strikes the target surface (silicon), the kinetic energy of motion is transformed

by the impact into thermal energy (heat). It is important to remember that

the energy given o� by a single electron is quite small and that the heating

is accomplished simply by virtue of the vast number of electrons hitting the

evaporant surface. This is the energy which vaporize the target material. The

energy level achieved in this manner is quite high, often more than several million

watt per square inch (c.f. Fig. 4.4(c)). Due to the intensity of the heat generated

by the e-beam, the evaporant holder must be water cooled to prevent it from

melting.

In the case of conventional silicon MBE, electron beam evaporators (electron-

guns) are usually used for producing silicon beams, since the vapor pressure of

silicon is extremely low, and conventional e�usion cells cannot generate su�cient
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Figure 4.4: Electron beam gun cell from MBE component (a) During operation, shows

how the electron beam bends and focus on the target to start evaporation. (b) Electron

beam gun with crucible for silicon target loading. (c) Silicon target before and after

operation.

silicon vapor, due to the high temperature melting point of silicon. It o�ers

simple growth control due to the unity sticking coe�cient of elemental silicon,

and a wide temperature range for growth. However, electron guns have some

problems, such as poor growth rate control, electronic shutdown due to electrical

discharge in e-beam source, and generation of surface defects due to charging of

particles in the chamber.

4.3 Atomic Force Microscopy

Atomic force microscopy is a very high-resolution type of scanning probe mi-

croscopy, with demonstrated resolution on the order of fractions of a nanometer

(atomic resolution), more than 1000 times better than the optical di�raction

limit. AFM provides a 3D pro�le of the surface on a nanoscale, by measuring

forces between a sharp probe (<10 nm) and surface at very short distance (0.2 -

10 nm probe-sample separation). The probe is supported on a �exible cantilever.

The AFM tip gently touches the surface and records the small force between the

probe and the surface. Because the AFM relies on the forces between the tip

and sample, knowing these forces is important for proper imaging. The force is

not measured directly, but calculated by measuring the de�ection of the lever,
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and knowing the sti�ness of the cantilever. The probe is placed on the end of a

cantilever (which one can think of as a spring). The amount of force between the

probe and sample is dependent on the spring constant sti�ness of the cantilever

and the distance between the probe and the sample surface. This force can be

described using Hooke's Law described in Eq. 4.1.

F = −kz (4.1)

Where F is the force, k is the sti�ness of the lever, and z is the distance

the lever is bent. However, the dominant interactions at short probe-sample

distances in the AFM are Van der Waals (VdW) interactions. The AFM consists

of a cantilever with a sharp tip (probe) at its end that is used to scan the specimen

surface. The cantilever is typically silicon or silicon nitride with a tip radius of

curvature on the order of nanometers. When the tip is brought into proximity

of a sample surface, forces between the tip and the sample lead to a de�ection of

the cantilever according to Hooke's law.

Figure 4.5: Scheme of an atomic force microscope and the force-distance curve char-

acteristic of the interaction between the tip and sample [71].

The motion of the probe across the surface is controlled using feedback loop

and piezoelectronic scanner as it is shown in Fig. 4.5. If the electronic feedback

is on, as the tip is raster-scanned across the surface, the piezo will adjust the

tip sample separation so that a constant de�ection is maintained so the force

is the same as its setpoint value. This operation is known as constant force
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mode, and usually results in a fairly faithful topographical (hence the alternative

name, height mode). During contact with the sample, the probe predominately

experiences repulsive Van der Waals forces (contact mode). This leads to the tip

de�ection described previously. As the tip moves further away from the surface

attractive Van der Waals forces are dominant (non-contact mode) as illustrated

in Fig. 4.5. Generally, the AFM operation modes can be classi�ed to mainly three

modes [? ]:

• Contact mode: (repulsive VdW force regime), when the spring force of

the cantilever is less than the surface repulsion force, the cantilever bends.

The force on the tip is repulsive. By maintaining a constant cantilever

de�ection (using the feedback loops) the force between the probe and the

sample remains constant and an image of the surface is obtained. The

probe-surface separation in this mode is less than 0.5 nm.

• Intermediate contact or (tapping) mode: The imaging is similar to contact

with probe-surface separation less than 2 nm. However, in this mode the

cantilever is oscillated at its resonant frequency. The probe lightly taps on

the sample surface during scanning, contacting the surface at the bottom

of its swing. By maintaining a constant oscillation amplitude a constant

tip-sample interaction is maintained and an image of the surface is obtained.

• Non-contact mode: Non-contact mode belongs to a family of AC modes,

which refers to the use of an oscillating cantilever. A sti� cantilever is

oscillated in the attractive regime, meaning that the tip is quite close to

the sample, but not touching it (hence, non-contact). The forces between

the tip and sample are quite low, on the order of pico Newton (pN) (10−12

N). The detection scheme is based on measuring changes to the resonant

frequency or amplitude of the cantilever with a probe-surface separation

between 0.5 - 10 nm.

However, most of the AFM measurements reported in this thesis, are conducted

via the last mode (non-contact mode) using CP II AFM system, due to the

advantages of very low force exerted on the sample (pN range) and the large
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probe-surface separation, this in turns will extend the probe lifetime for many

scans using the same cantilever.

4.4 High Resolution Transmission Electron Mi-

croscopy

Transmission electron microscopy is a valuable technique for the observation of

dislocations, stacking faults, twin boundaries, and other crystal defects in het-

eroepitaxial layers. TEM characterization is applicable to most heteroepitaxial

semiconductor samples, provided that they can be thinned to transmit electrons

and that they are stable when exposed to a high-energy electron beam in an

ultrahigh vacuum. Due to the very high atomic resolution (typically 0.1 nm) ob-

tained by TEM, lattice constants can be accurately determined, which in turns

open possibilities for strain calculations and mapping of the heteroepitaxial struc-

tures. However, conventional TEMs use electron energies of few hundreds keV.

For observation in a conventional TEM, typical heteroepitaxial semiconductor

samples must be thinned to less than 400 nm according to the corresponding

applied voltage. This requirement may be relaxed somewhat if the sample is

made up of light atoms with low atomic number (such as Si, SiC, or sapphire)

or if high voltage electrons are used. The sample preparation is destructive, and

in some cases, it can alter the defects that are to be observed [73]. There are

four main components of a transmission electron microscope: an electron optical

column, a vacuum system, the necessary electronics (lens supplies for focusing

and de�ecting the beam and the high voltage generator for the electron source),

and control software. A modern TEM typically comprises an operating console

surmounted by a vertical column and containing the vacuum system, and con-

trol panels conveniently placed for the operator. The microscope may be fully

enclosed to reduce interference from environmental sources. The operation of a

TEM instrument is shown schematically in Fig. 4.6. The condenser electromag-

netic lens system focuses the electron beam onto the specimen under investigation

as much as necessary to suit the purpose. The objective lens produces an image
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of the specimen which is then magni�ed by the remaining imaging lenses and

projected onto the viewing device.

Figure 4.6: Transmission electron microscopy. (a) Electron beam pro�le passing

through di�erent lenses and apertures. (b) Real TEM scheme with its main components

embedded in vacuum column or chamber [74].

When electrons impinge on the specimen, this can cause some of the electrons

are absorbed as a function of the thickness and composition of the specimen;

these cause what is called amplitude (or mass thickness) contrast in the image.

Other electrons are scattered over small angles, depending on the composition

and structure of the specimen; these cause what is called phase contrast in the

image. However, in crystalline specimens, the electrons are scattered in very dis-

tinct directions that are a function of the crystal structure; these cause what is

called di�raction contrast in the image. In a standard TEM, mass thickness is

the primary contrast mechanism for non-crystalline (biological) specimens, while

phase contrast and di�raction contrast are the most important factors in image

formation for crystalline specimens (most non-biological materials). Therefore,

collimated high-energy electrons from a condenser lens impinge on the semicon-

ductor specimen and are transmitted through it. The electrons are scattered into
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particular directions by the crystalline sample according to the Bragg law for

di�raction. These di�racted beams are brought into focus at the focal plane for

the objective lens.

In the di�raction mode, the �rst intermediate lens is focused on the back

focal plane of the objective lens, thus capturing the di�raction pattern. This

di�raction pattern is magni�ed and projected by the combination of the inter-

mediate and projection lenses. The di�raction pattern displayed on the screen

comprises an array of spots, each corresponding to a particular di�raction vector

g. The di�raction mode is used to index the di�raction beams and to facilitate

the selection of the di�raction spots to be used in ultimately forming an image

[73].

In the imaging mode, the intermediate lens is focused on the inverted image of

the sample formed by the objective lens. This image is magni�ed and projected

onto the screen with an overall magni�cation of up to million times. An aperture

at the back focal plane of the objective lens is used to select only one di�racted

beam to form the image. If the beam transmitted directly through the image is

chosen, a bright-�eld image results. If one of the di�racted beams is chosen to

form the image, then a dark-�eld image is produced [31].

All the TEM results presented in this thesis are performed by our project

partner Paul Drude Institute (PDI) in Berlin. This TEM results conducted via

the JEOL JEM-3010, which is a 300 kV transmission electron microscope with a

LaB6 electron source. It is equipped with an ultra-high resolution (UHR) pole

piece that results in a point resolution of 0.17 nm.
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Chapter 5

MBE Growth of Self-Assembled

InAs and InGaAs Quantum Dots

Embedded in Silicon Matrix

5.1 Overview

This chapter reports the experimental results of the growth and characteriza-

tion of self-assembled InAs and InGaAs quantum dots (SAQDs) embedded in a

silicon matrix on �at silicon substrates. Key to this work is the study of the

silicon substrate preparation, including the investigation of di�erent ex-situ (wet

etching with bu�er HF) and in-situ (thermal oxide desorption, Ga treatment

and atomic hydrogen cleaning (AH)) surface substrate treatments prior to MBE

growth. However, the homoepitaxy of a silicon bu�er layer after surface prepara-

tion will create a freshly clean and smooth silicon surface for III-V heteroepitaxial

growth. The investigation of the in�uence of InAs and InGaAs QDs growth pa-

rameters such as (growth temperature, growth rate, nominal thickness and V/III

ratio) on their basic properties like density, size, shape, etc. and the systematic

structural and optical characterization is the core of this chapter. Investigation

of these parameters assists in identifying the origins of structural defects and sup-

pressing the formation of anti-phase domains, stacking faults and micro twins.

Careful calibration and optimization of the MBE growth parameters, as well as
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optimization of silicon surface preparation recipes, have led to a controlled for-

mation of QDs on a �at silicon substrate. Moreover, the MBE growth of n-type

arsenic (As) doped silicon layers with a controlled doping pro�le as a preparation

phase for the realization of P-N junctions will be also presented in this chapter,

hence this chapter deals with all the growth aspects related to silicon matrix

optimization with III/V QDs.

In this contribution, the focus is on the basic growth studies addressing mainly

morphological and structural properties of quantum dots like structures grown

directly on silicon surfaces, with a main emphasis on surface preparation and

growth parameters.

5.2 Experimental Details

All samples for the initial study and optimization were grown by a GEN II MBE

system on exactly oriented n-type (100) silicon all �gures, except Fig. 5.2(b),

which was grown on (111) Si substrate orientation. The silicon substrate surfaces

were ex-situ cleaned using bu�ered HF (NH4/HF : H2O) (1:1) for 4 minutes

as a pre-removal step of the surface native silicon dioxide (SiO2) followed by an

in-situ thermal atomic hydrogen (AH) assisted surface cleaning process at 500 ◦C

(45 minutes with PH = 3.7×10−7 Torr) in the bu�er chamber. The �nal thermal

oxide desorption was done in the growth chamber within the temperature range

of 700 − 900 ◦C. The quality of the surface preparation and the dots formation

process are monitored in-situ by re�ection high energy di�raction. Additional im-

provement for the cleaning and growth was achieved by exposing the Si surface to

low Ga �ux (0.1 ML/s) (Fig. 5.3). Di�erent growth parameters such as (growth

temperature, V/III ratio, In growth rate and InAs coverage) on structural prop-

erties of InAs QDs without bu�er layer (Sec. 5.3.2) and after depositing a 50 nm

silicon bu�er layer (Sec. 5.3.3) were investigated.

5.3 Results and Discussion

This section presents the results of the epitaxial nucleation and growth optimiza-

tion of InAs quantum dots and dashes on silicon substrates.
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5.3.1 Surface Preparation

Defects are known to be related to the cleanliness of the substrate surface. Surface

cleaning to remove surface impurities and surface preparation to establish a well-

de�ned substrate surface are �rst steps of the growth for high-quality III/V �lms

on silicon. Adsorbed carbon and surface oxide are the main contaminants to be

considered, since other contaminants such as metals (Cu, Fe, Na, etc.) can be

suppressed to negligible levels through careful substrate chemical treatments [75,

76]. Thermal treatments before, during and after the �lm growth are widely used

to improve the material quality of III-V on Si. In-situ thermal cyclic annealing

(TCA) [77], and post growth annealing (PGA) have been proposed in this regards

[78]. PGA was performed by using conventional furnaces and rapid thermal

annealing (RTA). Defect reduction by the PGA was reported [79].

To improve the surface quality of the silicon substrates, which have a profound

in�uence on the structural and optical properties of QDs. The silicon substrate

surface was prepared ex-situ using bu�ered HF (NH4F/HF : H2O) (1:1) (accord-

ing to Eq. 5.1 or Eq. 5.2) for 4 minutes as a pre-removal step of the surface native

oxide followed by an in-situ thermal desorption at 900 ◦C (described by Eq 5.3)

for 15 minutes as inferred from single crystalline surface according to RHEED

pattern, which was observed above 840 ◦C [80]. In the next approach, the sur-

face of the Si substrate was �rst exposed to hydrogen �ux with PH = 3 × 10−7

Torr at 500 ◦C for 45 minutes in the bu�er chamber [6]. The substrate was then

transferred to the growth chamber for in-situ thermal desorption and for RHEED

investigations before, during and after oxide desorption.

SiO2 + 4HF + 2NH4F =⇒ (NH4)2SiF6 + 2H2O (5.1)

SiO2 + 6HF =⇒ H2SiF6 + 2H2O (5.2)

SiO2 + Si =⇒ 2SiO (5.3)

RHEED streak patterns with hemispherical shapes were observed after AH-

cleaning followed by thermal oxide desorption at 700 ◦C as shown in Fig. 5.1(c).

This is an indication of a clean 2D crystalline surface compared to di�used

RHEED pattern (amorphous surface) obtained before the treatment (see Fig. 5.1(a)).

65



MBE Growth of Self-Assembled InAs and InGaAs Quantum Dots Embedded in
Silicon Matrix

On the other hand, RHEED elongated spots in semicircle were observed without

AH treatment only after a thermal desorption at much higher temperatures (e.g.,

900 ◦C for 15 minutes as shown in Fig. 5.1(b). The resulting pattern showed

streaks forming a semicircle, which indicates a 2D crystalline surface.

Figure 5.1: RHEED pattern during the thermal desorption surface treatment. (a)

The di�usive pattern indicating an amorphous surface. (b) The pattern in the form

of spots describing semicircle indicates a single crystalline surface and was observed at

900 ◦C. (c) RHEED pattern (streaks) resulting during the thermal desorption treatment

at 700 ◦C after the hydrogen cleaning step at 500 ◦C for 45 minutes with PH = 3×10−7

Torr.

Hence, one can conclude that thermal desorption accompanied with hydrogen

treatment is the most e�cient method to prepare a clean 2D crystalline surface,

which is in agreement with literature according to which hydrogen treatment is

e�cient to remove carbon contamination from the surface [81, 82]. Due to the fact

that a long time high temperatures thermal desorption will destroy pre-patterned

surfaces, like nanoholes, an in-situ thermal cleaning process was developed with

a reduced thermal budget.
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5.3.2 Growth of InAs QDs Directly on Silicon Substrate

In this section the growth conditions are: growth temperature =425 ◦C , 2 MLs

InAs coverage, V/III ratio of 20 after 15 min thermal desorption at 870 ◦C . In

the �rst section, the in�uence of the substrate orientation will be investigated,

then the in-situ Ga surface treatment method.

5.3.2.1 Dependence on Substrate Orientation

It can be seen clearly in Fig. 5.2, the shape and density of InAs QDs show a

signi�cant dependence on the Si substrate orientation. Dashed-like InAs islands

with a density of 6.8× 1010 cm−2 elongated in [1-10] direction were observed on

(111) surfaces (Fig. 5.2(b)) compared to circular shaped QDs with a slightly lower

density of 3.4× 1010 cm−2 on (100) planes (Fig. 5.2(a)).

Figure 5.2: (1×1 µm2) AFM images of InAs QD structures grown using SK mode by

depositing 2 MLs of InAs (a) Circular QDs on n-doped Si (100) substrate. (b) Elongated

dots on n-doped Si (111).

5.3.2.2 Ga Treatment

Our investigations using pre-growth Ga-assisted thermal treatment have revealed

that the samples exposed to a low Ga �ux of 0.1 ML/s at a temperature of

560 ◦C for 2 minutes followed by thermal desorption at 870 ◦C for 15 min, allow

an optimization of the lateral size and the homogeneity of QDs.

67



MBE Growth of Self-Assembled InAs and InGaAs Quantum Dots Embedded in
Silicon Matrix

SiO2 + 4Ga =⇒ Si+ 2Ga2O (5.4)

SiO2 + 2Ga =⇒ SiO + Ga2O (5.5)

The enhancement arises in Fig. 5.3(b),(c) due to additional cleaning of the

silicon dioxide from the treated surface according to the chemical processes de-

scribed in Eq. 5.4 and Eq. 5.5 [83].

Figure 5.3: (1 × 1 µm2) AFM images of 2 MLs InAs QDs grown using SK mode at

420 ◦C, (a) without Ga treatment, (b) with Ga treatment, and (c) 3D-view of InAs

QDs after Ga treatment.

This Ga treatment at a temperature of 560 ◦C for 2 minutes with 15 minutes

thermal desorption at 870 ◦C followed by 2 MLs InAs QDs deposition at 425 ◦C

and V/III ratio of 20 directly on n-doped Si (100) substrate resulted in a strong

reduction of the lateral size of InAs QDs from 50 - 70 nm (Fig. 5.3(a)) down to
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25-32 nm (Fig. 5.3(b),(c)) and a signi�cant enhancement of the homogeneity of

the dot distributions.

5.3.3 InAs Quantum Dots Grown on Silicon Bu�er Layer

The in�uence of the growth parameters on the structural properties (size, density

and shape) of InAs QDs like In-growth rate, V/III ratio, growth temperature and

InAs coverage, were investigated using the following conditions: Ga treatment for

2 min (0.1 ML/s) at 560 ◦C, thermal desorption at 870 ◦C for 15 min, 50 nm

Si bu�er grown at 700 ◦C, 10 min post growth annealing (PGA) at 800 ◦C on

n-doped Si (100) substrate have been performed for all the samples before InAs

deposition for additional crystallinity improvement. The growth conditions used

here are: V/III ratio 25, growth temperature at 400 ◦C, Indium (In) growth rate

= 108 nm/h, 2 MLs InAs coverage and only one growth parameter was changed

(see subsections below).

5.3.3.1 Homoepitaxy of Silicon Bu�er Layer

After in-situ (thermal desorption at 870 ◦C for 15 min.) and ex-situ (wet etch-

ing using bu�ered HF) surface treatment of Si substrate, a silicon bu�er layer

was grown. The electron beam evaporator cell in MBE Gen II was calibrated

using two samples. In order to calculate the real growth rate of the (EBE) cell

at given emission current Iemission and voltage V . Two samples with di�erent

thicknesses of 50 and 100 nm, respectively were grown according to deposition

controller measurements (quartz crystal sensor). However, at the same time the

preparation time for each sample was recorded. The real thickness of each sample

was measured via pro�lometer. From thickness measurements, the tooling factor

was extracted using Eq. 5.6.

Tooling factor =
Thickness profilometer(real)

Thickness deposition controller
× 100 (5.6)

This tooling factor value (correction factor) was inserted later in the software

of the deposition controller to read the real deposition rate of the silicon cell. The

growth parameters which were used for the calibration are; Iemission = 72 mA, V
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= 6 kV, growth temperature = 700 ◦C for both samples and only the time for

each sample was varied.

Sample No. Sample 1 Sample 2

Growth parame-

ter

Growth rate

[nm/h]

Thickness

[nm]

Growth rate

[nm/h]

Thickness

[nm]

Deposition con-

troller

140 100 135 50

Pro�lometer 310 220 290 115

Table 5.1: Calibration of electron beam evaporator (EBE) silicon cell using two dif-

ferent samples.

Table 5.6 shows the calibration parameters of the grown samples. The average

tooling factor according to Eq. 5.6 was found equal to 225.

Figure 5.4: 115 nm silicon bu�er layer grown on n-type (100) silicon substrate 0◦ o�

cut. (a) AFM image (1×1 µm2) with RMS = 0.12 nm, and (b) HR-XRD measurement

with FWHM values before (red curve) and after Si bu�er growth (black curve).

The corresponding growth rate for Iemission = 72 mA and V = 6 kV was

approximated to 300 nm/h or 5 nm/min. Fig. 5.4 shows the AFM image and

HR-XRD measurement of the sample with a 115 nm thick silicon bu�er layer.

The root mean square (RMS) value of the surface roughness of 0.12 nm con�rms
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the smoothness of the silicon bu�er layer, compared with an RMS value of 0.24

nm of the substrate before Si bu�er layer growth. On the other hand, the HR-

XRD measurements show almost the same full width at half maximum (FWHM)

value indicating together with TEM measurements (shown later) a very good

crystalline quality of the Si bu�er layer. This in turns resulted in additional

improvement in surface quality and creating a fresh Si surface ready for further

III-V deposition.

5.3.3.2 InAs Coverage

In this section the amount of deposited InAs material was varied in the range of 2 -

5 MLs. The rest of growth parameters are: V/III ratio of 25, growth temperature

= 400 ◦C, In growth rate = 108 nm/h (= 0.1 ML/s) on n-doped Si (100) were

kept the same. Fig 5.5 shows clear size and density dependence on InAs coverage.

The density and the size of InAs QDs increased with the increasing amount of

InAs deposit in the range of 2 - 5 MLs from ∼ 1010 cm−2 to ∼ 1011 cm−2 and

lateral sizes from 15 nm to 40 nm, respectively.

Figure 5.5: (1 × 1 µm2) AFM images of InAs QDs with di�erent InAs coverage. (a)

2 MLs InAs, (b) 3 MLs InAs, and (c) 5 ML InAs.

5.3.3.3 Growth Temperature

The growth parameters used in this section are: V/III ratio of 25, 2 MLs InAs

coverage, In growth rate = 108 nm/h (= 0.1 ML/s) on n-doped Si (100) substrate
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which were kept �xed and only the growth temperature was varied in the range of

400− 500 ◦C. Atomic force microscopy (AFM) images in Fig 5.6 shows that the

InAs QDs density is slightly increased with increasing the growth temperature in

the range of 400−450 ◦C, while the QDs lateral dimensions (L) and average height

(Hav) decreased from L = 33 - 55 nm and Hav = 6.62 nm at 400 ◦C (Fig. 5.6(a))

to values of L = 15 - 40 nm and Hav = 4.5 nm at 450 ◦C (Fig. 5.6(b)). The

main reason for these changes are related to Indium desorption, which starts to

be signi�cant at 450 ◦C (Fig. 5.6(b)). This causes a reduction of the dot sizes

at 450 ◦C and do not allow any InAs nucleation at 500 ◦C (Fig. 5.6(c)), which

is in agreement with literature where no nano-islands formation are observed at

temperatures higher than 450 ◦C [3].

Figure 5.6: (1 × 1 µm2) AFM images of 2 MLs InAs QDs grown using SK mode at

di�erent growth temperatures (a) 400 ◦C, (b) 450 ◦C, and (c) 500 ◦C.

5.3.3.4 V/III Ratio

In this investigation only V/III ratio values were varied. By increasing the V/III

ratio from 15 to 35, the QDs density is strongly modi�ed and increased from

∼ 108 cm−2 (Fig. 5.7(a)) to ∼ 1011cm−2 (Fig. 5.7(c)). AFM measurements show

denser QDs for samples grown at higher As4 pressures. The V/III ratio has a

similar impact on the layer growth as the substrate temperature. Too high values
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shorten the migration length of the group III species, because they can �nd a

bonding partner more easily and the incorporation into the crystal is faster. The

desorption of group III species can also be countered by the V/III ratio, which

e�ectively shifts desorption temperatures [84, 34]. The sticking coe�cient is also

dependent on the V/III ratio. Too low V/III ratio values on the other hand

increase the migration length, but also the probability of desorption.

Figure 5.7: (1× 1 µm2) AFM images of 2 MLs InAs QDs grown using SK mode with

di�erent V/III ratios: (a) 15, (b) 25, and (c) 35.

In addition, metallic droplets of group III species can liquefy on the substrate

surface, which results in lower temperature In desorption and lower density QDs

formation. This is a clear indication that the As4 �ux is an important parameter

to control the QDs density.

5.3.3.5 Indium Growth Rate

In this investigation, the following growth parameters were used: 2 MLs InAs

coverage, TG= 400 ◦C and V/III ratio of 25 on n-doped Si (100) substrate. Ac-

cording to Fig. 5.8, the shape and size of InAs QDs are signi�cantly changed

by increasing the In-growth rate from 108 nm/h (0.1 ML/s, Fig. 5.8(a)) to 324

nm/h (0.3 ML/s, Fig. 5.8(b)). It seems that a reduction of the formation time can

switch the InAs QDs shape from circular to dashed-like InAs, this dash structures

is preferentially oriented on [110] crystal direction.
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Figure 5.8: (1 × 1 µm2) AFM images of 2 MLs of InAs QDs grown using SK mode

with di�erent indium (In) growth rates (a) 108 nm/h (circular InAs QDs) and (b) 324

nm/h (dash-like QDs).

The observed shape transition is due to the preferential migration of in-

dium atoms along [110] crystal direction, resulted from the anisotropic migration

lengths of indium atoms [85].

Fig. 5.9 shows the dependence of di�erent growth parameters on their main

structural properties such as density, lateral size, height of InAs QDs. From

this study, one can conclude that the optimized growth parameters of InAs QDs

can be identi�ed morphology wise. The growth temperature should be set below

450 ◦C, which is an essential condition for InAs QDs formation and can avoid any

additional indium desorption, which is signi�cantly starts above this temperature

[3]. A low growth rate of 108 nm/h resulted in circular QDs shape formation.

However, average dots densities with non-overlapping dots can be achieved with

a V/III ratio of 25 as well as with an InAs coverage less than 5 MLs.
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Figure 5.9: Plot of di�erent growth parameters versus the InAs QDs structural prop-

erties like lateral size, density, and height. (a) InAs coverage vs QDs density and QDs

height, (b) InAs growth temperature vs QDs diameter and average height and (c) V/III

ratio with QDs diameter and QDs density.

5.4 Self-Assembled InAs QDs Embedded in Si Ma-

trix

In this section, the study of self-assembled InAs QDs embedded in Si matrix will

be presented in details. However, in the last section (Sec. 5.3.3) various growth

parameters of InAs QDs grown on a Si bu�er layer were investigated to obtain

controlled growth mechanism and optimized growth recipes. The use of the self-

organized growth technique is highly desirable, because the lithography processes
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followed by dry and wet etching possibly cause serious crystalline damages and

some external chemical impurities [16].

5.4.1 Experimental Details

Self-assembled (SA) InAs quantum dots (QDs) were grown in silicon matrix with

di�erent nominal thicknesses and on di�erent substrate o�-cuts. The �rst series

of samples were grown on exactly oriented (100) n-type, phosphor doped silicon

substrate, while the second series were grown on 5◦ o�-cut n-type (100) Si sub-

strate. After our standard ex-situ (2 min. BHF wet etching) and in-situ thermal

oxide desorption at 900 ◦C for 15 minutes, silicon bu�er layer with a 50 nm thick-

ness was grown at 700 ◦C followed by 10 minutes post growth annealing (PGA)

at 800 ◦C, in order to improve the crystallinity of the silicon bu�er.

Figure 5.10: Schematic diagram of X (1, 2 or 4) MLs InAs QDs embedded in Si

matrix. (a) Energy scheme of the structure. (b) Layer scheme of the grown structure.

The substrate temperature reduced after that to 400 ◦C. At this temperature

two samples were grown with 1 ML, 2 MLs or 4 MLs InAs QDs (see Fig. 5.10).

At 400 ◦C another 10 nm silicon cap layer was deposited to protect the InAs QDs

from desorption. The substrate temperature was ramped up to 700 ◦C with a
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ramping rate of 50 K/min for the growth of further 40 nm of Si to form �nally

a 50 nm thick cap layer in two growth steps. At the �nal stage, another 10

minutes PGA was performed to improve the crystallinity of the whole structure.

Fig. 5.10(a) shows the band structure scheme of the intended grown structure

(Si/InAs/Si/InAs), while Fig. 5.10(b) shows the layer scheme of the same struc-

ture.

The top InAs QDs layer was grown for AFM characterization and the sand-

wiched (buried) InAs layer for PL characterization. The growth conditions of SA

InAs QDs used for the preparation of the two series are: V/III = 25, TG = 400 ◦C,

In growth rate = 108 nm/h (0.1 ML/s) with di�erent nominal thickness of 1, 2

or 4 MLs InAs QDs.

Figure 5.11: (1 × 1 µm2) AFM images of InAs QDs top layer on exactly oriented

Si (100) (�rst series structure). (a) 1 ML InAs coverage , (b) 2 MLs InAs nominal

thickness.

5.4.2 TEM Characterization of Si/InAs/Si Structure

The samples in Fig. 5.11 were optically characterized by a macro PL setup and

did not show so far any optical activity. The possibility of obtaining coherent

InAs QDs embedded in Si matrix needs extensive studies. Therefore, intensive

TEM studies of the internal structure and interface quality were preformed at

the Paul Drude Institute (PDI) - Berlin. TEM investigations can give a deep

understanding of the growth scenario (structure evolution), strain analysis, and

defects types, which could in turns identify the possible reasons behind the irra-

diative recombinations in the grown structure. The stacking faults density was
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observed to have very low density compared to the InAs QDs and no detectable

wetting layer has been detected in the �rst measurement in TEM cross section

image Fig. 5.12(a). Mis�t dislocations loops were observed to form at the InAs/Si

interface consisting of perfect 60◦-type dislocations and partial dislocation with

SFs inside the InAs QDs observed to start moving from the dots to the Si surface

(Fig. 5.12).

Figure 5.12: TEM cross-section image of InAs/Si QDs sample (50 nm Si/2 ML InAs

QDs/ 50 nm Si cap/2 ML InAs) showing; (a) stacking faults defects start at InAs

QDs running to the top surface; (b) HR-TEM of single InAs QD shows spherical to

ellipsoidal QDs shape embedded in Si matrix and �at shape InAs islands on the top

layer of the grown structure; (c) HR-TEM of single InAs QD in Si matrix with 20 nm

lateral size and 6 nm height the red arrows point to mis�t dislocation and the white

arrow represents pure edge dislocation. (TEM performed@PDI-Berlin).

The in�uence of substrate o�-cut has been found to have a strong impact on

InAs dots shape and geometry. Depending on the dot diameter (D) di�erent dot

shapes were observed on exactly oriented substrates in case of InAs QDs grown

with 2 MLs (Fig. 5.12(b)). They can be classi�ed to: spherical shape when D

< 10 nm, ellipsoidal shape, if 10 nm < D < 25 nm and plate-like shape when D

> 25 nm. In contrast to that, a semi-coherent and multi-faceted InAs QDs with

very homogeneous size distribution were observed in the sample of 2 ML InAs

coverage embedded in Si matrix on mis-oriented Si substrates. A cross-section

TEM image in Fig. 5.13(a) illustrates the very homogeneous and narrow size dots

distribution with diameter D in the range of 5 - 8 nm.
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Figure 5.13: TEM cross-section image of 2 MLs InAs QDs embedded in silicon matrix

grown on 5◦ o�-cut (100) substrate. (a) Dark �eld cross section TEM image with narrow

dots size distribution. (b) HR-TEM cross-section image with di�erent dots shapes.

(TEM performed@PDI-Berlin).

The Moiré fringes pattern inside the dots in Fig. 5.13(b) reveal a good crystal

quality of some dots, especially dots with more than one facet, hence spherical

dots, seem to have more defects. Another interesting feature of the InAs islands on

Si observed in Fig. 5.12(c) is the shift of the interface toward the InAs islands, and

this interface is de�ned as the location where the extra half plane of dislocation is

terminated. The interface shift has also been observed in the lower magni�cation

TEM [17]. One possible explanation of a shift of 3 MLs Si to the InAs island

in Fig. 5.12(c) is the interaction between dislocations and the inevitable ones

parallel to the image plane [1]. The dislocations parallel to the image plane repel

the ones to reach the interface. In this case the dislocations may be pinned above

the interface and cause such a shift. The dislocations shown in Fig. 5.12(c) are

not located precisely at the interface. If this is true, the precise location of the

interface, which is a challenging subject in such nanometer scale structures, will

have to be de�ned by a criterion rather than the location of dislocations [1].
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Sample Number Growth Conditions

Sample 1 50 nm Si at 700 ◦C + PGA at 800 ◦C for 10 min. + 2 ML

InAs QDs at 400 ◦C

Sample 2 50 nm Si at 700 ◦C + PGA at 800 ◦C for 10 min. + 2 ML

InAs QDs at 400 ◦C + 10 nm Si at 400 ◦C

Sample 3 50 nm Si at 700 ◦C + PGA at 800 ◦C for 10 min. + 2 ML

InAs QDs at 400 ◦C + 10 nm Si at 400 ◦C+ PGA at 700 ◦C

for 5 min.

Sample 4 50 nm Si at 700 ◦C + PGA at 800 ◦C for 10 min. + 2 ML

InAs QDs at 400 ◦C + 10 nm Si at 400 ◦C+ PGA at 700 ◦C

for 5 min.+ 40 nm Si at 700 ◦C

Sample 5 50 nm Si at 700 ◦C + PGA at 800 ◦C for 10 min. + 2 ML

InAs QDs at 400 ◦C + 10 nm Si at 400 ◦C+ PGA at 700 ◦C

for 5 min.+ 40 nm Si at 700 ◦C+ PGA at 800 ◦C for 5 min.

Table 5.2: The samples series with detailed growth conditions for the PGA and Si

capping investigations.

5.4.3 The In�uence of Post-Growth Annealing and Si Cap-

ping

In order to study the e�ect of post growth annealing (PGA) and Si overgrowth

(capping) on the grown structure, another series of samples were prepared for

this study. Table 5.2 summarized the growth conditions of the grown samples

investigated in this section. An interesting Si surface reconstruction and evolution

around and over the InAs QDs were observed. In addition, InAs QDs experienced

a shape transition from �at and pyramidal shape to spherical and multi-faceted

QDs shape after PGA and further Si capping. These series of samples were grown

on exactly oriented Si (100) n-doped substrates. After our standard in-situ and

ex-situ surface treatment, a 50 nm silicon bu�er was grown at 700 ◦C followed by

10 minutes PGA at 800 ◦C. Afterwards, the substrate temperature was reduced

to 400 ◦C for further 2 MLs deposition of InAs QDs.

The �rst sample was unloaded directly after 2 MLs InAs QDs growth for
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structural characterizations. Fig. 5.14(a) shows the AFM image of such a QD

sample grown on a Si bu�er layer. The size distribution of dots ranges in diameter

D = 15 - 30 nm and in height h = 5 - 15 nm, respectively, which is consistent

with TEM measurements.

Figure 5.14: The structural properties of 2 MLs InAs QDs grown on 50 nm Si bu�er.

(a) (1× 1 µm2) AFM image of 2 MLs InAs QDs growth using SK mode. (b) HR-TEM

image of a single InAs QD (D =20 nm, H = 9 nm) with an inhomogeneous wetting layer

pointed in red arrow and 2 MLs coherent layer above the wetting layer of distorted InAs

QD in zoomed area (dashed yellow color). (TEM performed@PDI-Berlin) [86].

A HR-TEM image of a typical single InAs QD is shown in Fig 5.14(b). The

HR-TEM image with zoomed area (yellow dashed area) shown in the inset of

Fig 5.14(b) con�rmed the existence of an inhomogeneous wetting layer marked

with a red arrow with an interesting InAs/Si interface. Directly after the high-

quality Si bu�er layer shown in Fig 5.14(b), a 2 MLs thick InAs coherent layer

was detected. The defects start after this coherent layer with high tetragonal

distortion in lattice constant. From the last observations, one can conclude that

the detected inhomogeneous wetting layer is an evidence, which con�rms the for-

mation of InAs QDs under the described growth conditions (sample 1 Table 5.2)

follows the SK-mode during the initial QDs nucleation stage with half lens to

pyramidal QDs shape in most of the cases. However, the same growth steps in

Sec. 5.4.3 were used to prepare the second sample, but this time with further 10

nm cap layer deposition at the same growth temperature of InAs QDs (400 ◦C).
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The structure of 50 nm Si/2 MLs InAs/ 10 nm Si cap (without PGA) is shown

in Fig. 5.15. The AFM image with surface roughness of 0.9 nm is illustrated in

Fig. 5.15(a). However, the top surface of the grown structure dose not look

perfectly connected. A high density of pits or (voids) with abrupt Si wall were

observed, after capping with 10 nm of Si in both, SEM image in Fig. 5.15(b) as

well as dark �eld cross section TEM image in Fig. 5.15(c). The observation that

InAs islands commonly occupy shallow depressions or (voids) shows that, during

silicon overgrowth Si does not grow in the immediate vicinity of InAs islands.

Figure 5.15: TEM cross-section image of InAs/Si QDs sample (50 nm Si/2 MLs InAs

/10 nm Si cap) showing; (a) (3 × 3 µm2) AFM image of top surface with RMS value

of 0.9 nm. (b) SE-SEM image with high density of voids, InAs islands prefer to locate

in Si voids (magni�ed image) pointed with white arrow. (c) Dark �eld cross-section

TEM image of high density voids consistent with the SEM image. (TEM & SEM

performed@PDI-Berlin).

This observation has been also detected in similar structures [87]. A possible

reason for this can be related to the highly strained InAs QDs and surface energies

balance which will prevent the Si overgrowth on the top of the dots, leading to

growth scenario in the areas between the dots forming the observed voids.

Fig. 5.16(a) shows a cross-sectional HR-TEM image of InAs QD inside a

Si void with abrupt walls. Geometric phase analysis (GPA) strain mapping in

eyy and exx directions Fig 5.16(b,c) con�rmed highly strained QDs. In the third

sample (Table 5.2), the �rst PGA step was investigated at 700 ◦C for 5 minutes for

the structure of sample 2 (50 nm Si/2 MLs InAs /10 nm Si cap). The AFM image
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Figure 5.16: TEM cross-section image of InAs/Si QDs sample (50 nm Si/2 MLs

InAs /10 nm Si cap); (a) HR-TEM cross-section of single Si void shows an InAs QD

with preferential nucleation inside the void. (b) GPA strain mapping in exx direction

con�rmed no clear wetting layer and strained QD. (c) GPA strain mapping in eyy

direction and strained QD. (TEM & strain performed@PDI-Berlin).

in Fig. 5.17(a) shows the PGA step has improved the surface roughness and RMS

value from 0.9 nm (sample 2) to 0.23 nm (sample 3). However, one can observe

Figure 5.17: TEM cross-section image of InAs/Si QDs sample (50 nm Si/2 MLs InAs

/10 nm Si cap) with PGA at 700 ◦C. (a) (3× 3 µm2) AFM image of top surface with

RMS value of 0.9 nm. (b) The dark �eld cross-section TEM image shows the InAs QDs

with disappeared wetting layer and shape transition. (c) HR-TEM cross-section image

of localized circular-voids and V- SF above InAs QD. (TEM performed@PDI-Berlin).

that the PGA step at 700 ◦C has been found to have a signi�cance in�uence on

silicon surface reconstruction and Si atoms arrangement. An interesting Si surface
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reconstruction with bubbles (spherical or circular-voids without material inside)

and vacancy stacking faults (V-SF) formation above the InAs QDs has been

observed. The vacancy SFs and circular-voids formation are very logical traces of

the possible route of �lling the voids. The dark �eld cross-section TEM image of

the grown structure in Fig. 5.17(b) shows the InAs QDs with a missing wetting

layer and the shape transition evolution from pyramidal and �at to spherical and

faceted dots. The V-SF and the circular-voids above the InAs QDs are clearly

shown in the HR-TEM image Fig. 5.17(c). The further growth of 40 nm Si

cap layer (sample 4) after PGA at 700 ◦C resulted in high circular-voids density

localized above dots layer (Fig. 5.18(b)). However, the SFs density observed to

have low density after 40 nm Si capping. The HR-TEM image in Fig. 5.18(c)

shows spherical QDs shapes evolution, some with facets and obviously with higher

density and random size distribution compared to sample 3.

Figure 5.18: TEM cross-section image of InAs/Si QDs sample (50 nm Si/2 MLs InAs

/10 nm Si/40 nm Si cap). (a) (3 × 3 µm2) AFM image of top surface with RMS

value of 0.37 nm. (b) The bright �eld cross-section TEM image shows the InAs QDs

with dismiss wetting layer with low density SFs and high density circular-voids. (c)

HR-TEM cross-section image of high density circular-voids above InAs QDs. (TEM

performed@PDI-Berlin).

The in�uence of the �nal PGA step at 800 ◦C for 5 minutes of the whole

structure was invigilated by sample 5 (Table 5.2). Bright �eld cross-section TEM

image in Fig. 5.19(b) con�rmed a total disappearance of circular-voids and SFs

defects in the Si cap layer. A HR-TEM image in Fig. 5.19(c) shows an improved
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Figure 5.19: TEM cross-section image of InAs/Si QDs sample (50 nm Si/2 MLs

InAs /10 nm Si/40 nm Si cap) with PGA at 800 ◦C. (a) AFM image (3 × 3 µm2)

of top surface with RMS value of 0.37 nm. (b) The bright �eld cross section TEM

image shows the InAs QDs with dismiss wetting and shape dots evolution, and total

disappearance of SFs and bubbles in the cap layer. (c) HR-TEM cross section image

con�rmed SFs -free and voids-free structure with improved Si crystal quality growth.

(TEM performed@PDI-Berlin).

Si crystal quality growth with voids-free and SFs-free (defect-free Si) around and

above (capping zone) the InAs layer.

The second cycle of PGA at higher temperature of (800 ◦C) proved to have

a strong impact on circular-voids kinetics and crystal quality of Si layer, while

the �rst PGA cycle (at 700 ◦C) has a profound in�uence on the Si surface recon-

struction and evolution. Therefore, another two samples were needed to con�rm

the very interesting model or scenario of Si surface reconstruction and evolution.

The �rst sample was prepared by skipping the �rst cap layer at low growth tem-

perature of 400 ◦C (QDs growth temperature) and start Si overgrowth at 700 ◦C,

the layer scheme of the intended grown structure is shown in Fig. 5.20(a). The

expectation from this sample is total QDs desorption or no InAs QDs observa-

tion. On the other hand, the second sample was grown with the expectation of

QDs observation, according to our model and explanations. The same growth

conditions and sequence of sample one were �rst applied, followed by the growth

of a second layer of InAs QDs, but with two overgrowth steps for the Si cap layer.

However, the �rst layer was grown at a QDs growth temperature of 400 ◦C, while
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the second Si cap layer was grown at 700 ◦C, as shown in Fig. 5.20(c).

Figure 5.20: The layer scheme of the two con�rmation samples and their corresponding

cross-section TEM images. (a) The layer scheme of sample one with one-step capping

at 700 ◦C. (b) Dark �eld cross-section TEM image of sample one showing no QDs

formation after bu�er interface (red dashed line). (c) The layer scheme of sample two

with two InAs QDs layers, above the second layer two steps Si over growth were used at

400 ◦C and 700 ◦C. (d) Dark �eld cross-section TEM image of sample two shows QDs

formation with two-steps capping in second QDs layer marked with white dashed line

and no QDs formation after bu�er interface at �rst QDs layer (red dashed line) with

one-step capping (sample one). (TEM performed@PDI-Berlin).

The dark �eld cross section TEM image of the �rst sample Fig. 5.20(b) con-

�rmed that there are no QDs formed after the bu�er layer growth and even

during the whole deposition process of the 130 nm thick Si cap layer, which is

consistent with our expectation. The same observation was proved again in the

dark �eld cross-section TEM image of the second sample before the second QDs
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layer growth Fig. 5.20(d), which is highlighted by dashed red line. On the other

hand, the white dashed line in Fig. 5.20(d) shows up a very clear QDs formation

(second QDs layer) after two steps of Si overgrowth, which represents a second

strong evidence of the proposed model and growth scenario.

5.4.4 Growth Model of InAs QDs embedded in Si Matrix

From the last study all the previous �ndings related to Si surface reconstruction

and evolution are con�rmed now. One can conclude a growth model (Fig. 5.21)

that summarizes all the growth steps of InAs QDs embedded in Si matrix.

Figure 5.21: Schematic diagram of the growth model of InAs QDs embedded in Si

matrix at di�erent growth stages.

Fig. 5.21 shows that the InAs QDs with half lens shape are forming at growth

temperature of 400 ◦C. The formation of highly strained QDs together with sur-

face energy balance prevents the direct overgrowth of Si at low temperature like

400 ◦C and Si growth only happens on the surrounding areas around InAs QDs

forming pits or voids. An interesting Si surface reconstruction with circular-voids
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and V-SF formation above and around the InAs QDs have been observed after

the �rst PGA cycle at 700 ◦C. Nevertheless the QDs in Si voids will also evap-

orate, but the vapor is con�ned in the voids, evolved �nally to nearly spherical

QD shape. A further Si capping at 700 ◦C has in�uence on Si surface reconstruc-

tion and circular-voids kinetics. A localized circular-voids formation above the

semi-coherent InAs QDs layer only has been observed after the �nal Si capping

step. The second PGA cycle at 800 ◦C proved to have strong impact on circular-

voids kinetics and Si growth quality, through total re-crystallization and melting

of the whole structure and new atomic arrangement. A high quality (defect-free)

Si matrix growth with voids and V-SF free has been observed after the second

PGA cycle at 800 ◦C con�rming the proposed growth model in Fig. 5.21. Strain

analysis con�rmed almost fully relaxed QDs. However, These QDs are relaxed via

the creation of mis�t dislocation loops that are restricted in the InAs/Si interface

region, whereas the Si matrix is (extended) defect-free and with no detectable

strain gradient. However, in some cases few SFs and MTs are observed to form

only inside the dots.

The in�uence of InAs coverage has been investigated with 1 ML, 2 and 4

MLs nominal thicknesses grown on 5◦ o�cut Si (100) substrate. Fig. 5.22 shows

the cross-section HR-TEM images of embedded InAs QDs in silicon matrix with

di�erent InAs nominal thicknesses. A clear size, density, and shape evolution has

been observed in this study. The cross-section HR-TEM image in Fig. 5.22(a)

with low InAs coverage of 1 ML shows a small �at-coherent InAs QDs. This obser-

vation led to further strain and optical studies as shown in Fig. 5.23 and Fig. 5.24.

A further increase in InAs QDs coverage to 2 MLs resulted in a very homoge-

neous size distribution (5-8 nm) and spherical to faceted QDs shape formation

(Fig. 5.22(b)). The deposition of 4 MLs InAs QDs found to have a signi�cant

in�uence on density, size and shape of the QDs. A high density of semi-coherent

InAs QDs with di�erent shapes and wider dots size distribution (8-20 nm) has

been observed compared to low InAs covearge of 1 ML. However, other authors

reported a larger and more dislocated InAs clusters compared to our observation

in this investigation [88]. Fig. 5.22(c) illustrates a HR-TEM image of a semi-

coherent single QD with lateral size of 18 nm observed in 4 MLs InAs sample.
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Figure 5.22: Cross-section HR-TEM images of embedded InAs QDs in silicon matrix

with di�erent InAs coverage grown on 5 degree miscut Si(100) substrates. (a) 1 ML

(small �at-coherent QDs). (b) 2 MLs (spherical to faceted dots shape). (c) 4 MLs

(single semi-coherent QD). (TEM performed@PDI-Berlin).

Geometric phase analysis (GPA) strain mapping with 1 ML InAs coverage

(Fig. 5.23(b)) proved the existence of coherent InAs layer on top of a highly

Figure 5.23: TEM cross-section image of InAs/Si QDs sample (50 nm Si/1 ML InAs

/10 nm Si/40 nm Si cap) on 5◦ o�-cut substrate showing; (a) HR-TEM cross section

image, shows �at coherent InAs QDs marked with yellow color; (b) GPA strain mapping

of area in yellow rectangle, in-plane GPA strain (exx), gradient along growth direction

up to 0.5 %, while out-of-plane GPA strain (eyy), only near the surface and up to 10 %

(white arrows), coherent InAs wetting layer on top of highly strained silicon. (TEM &

strain performed@PDI-Berlin).
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strained Si layer, with in-plane strain gradient up to 0.5 % along growth direction,

and out-of-plane GPA strain up to 10 % found to be only near the surface,

which results in a strong tetragonal distortion of the coherent InAs epitaxial

layer. However, this sample showed a weak optical emission at 1153 nm and

it was discussed as defect related transition. The wavelength of the observed

peak does not match with direct band gap InAs optical transition. However, the

temperature dependence measurement (Fig. 5.24(b)) con�rmed that the observed

peak was not observed at a temperature above 14 K. Fig. 5.24(a) shows the PL

power dependence of this transition. All spectra reveal transverse optical (TO)

phonon-assisted exciton emission of the Si substrate and barrier at energy of 1.1

eV, which is equivalent to a wavelength of ∼ 1127 nm.

The indirected emission increased with the excitation power till the saturation.

However, due to the weak con�nement an additional small thermal energy may let

Figure 5.24: Photoluminescence (PL) measurement of 1 ML InAs QDs embedded in

silicon matrix grown on 5◦ o�-cut (100) substrate. (a) PL power dependence measure-

ment at 8 K. (b) PL temperature dependence measurement at an excitation power of

10 W/cm2.

the electrons to escape from the con�nement zone, therefore the optical emission

for this structure was not detected above a temperature of 15 K.
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5.4.5 Geometric Phase Analysis Strain vs. Material Strain

The sample with 4 MLs InAs coverage underwent di�erent strain analysis. The

layer scheme of the grown structure with the growth conditions are shown in

Fig. 5.10(b). However, this sample underwent an intensive structural and strain

analysis in order to understand the di�erent strain types. Fig. 5.25(a) shows

the cross-section TEM image of the grown structure, which is consistent with

intended one in Fig. 5.10(b). The HR-TEM image of a single InAs QD after

plastic relaxation, with half lens shape and �at interface on the top layer of the

grown structure is shown in Fig. 5.25(b). On the other hand, the dark �eld strain-

contrast image in Fig. 5.25(c) con�rmed the existence of unstrained Si layers with

no extended defects in the Si matrix.

Figure 5.25: TEM cross-section image of InAs/Si QDs sample (50 nm Si/ 4 MLs

InAs /10 nm Si/40 nm Si cap) showing; (a) bright �eld cross section TEM image of

the grown structure, consistent with intended layer scheme; (b) HR-TEM cross-section

of typical InAs QD with half lens shape and �at interface on top Si (100) surface; (c)

dark �eld strain-contrast image with buried InAs layer, shows unstrained Si layer with

no extended defects in Si matrix. (TEM performed@PDI-Berlin).

For this intensive strain analysis and study, it is important to distinguish

between di�erent types of strain. There are two main types of strain, the �rst

type referred as material strain (εii) described by Eq. 5.7, while the second type
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which has been already introduced before for determination of local lattice dis-

tortions strain by geometric phase analysis, known as GPA strain (εGPA
ii ) and

mathematically expressed by Eq. 5.8 [89]:

εii =
dmeasured
InAs − dbulkInAs

dbulkInAs

(5.7)

εGPA
ii =

dmeasured
loc − dmeasured

ref

dmeasured
ref

(5.8)

The lattice mismatch f of Si/InAs system is expressed in-terms of the bulk

lattice constants values of Si and InAs in Eq. 5.9:

f =
abulkInAs − abulkSi

abulkSi

=
6.055− 5.431

5.431
= 11.55 % (5.9)

The GPA strain mapping driven from HR-TEM image in Fig. 5.26 con�rmed no

detectable strain gradient in silicon matrix and fully relaxed InAs QDs, which is

in agreement with the dark �eld strain-contrast analysis in Fig. 5.25(c).

Figure 5.26: GPA strain mapping of buried single InAs QD in the sample of 4 MLs

InAs coverage embedded in Si Matrix. (a) HR-TEM cross-section image of a single InAs

QD with 2 SFs. (b) εGPA
xx strain mapping in x direction con�rmed almost fully relaxed

InAs QD with no detectable strain gradient in Si matrix. (c) εGPA
yy strain mapping in

y direction con�rmed almost fully relaxed InAs QD with no detectable strain gradient

in Si matrix. (TEM & strain performed@PDI-Berlin).

One can used the last three equations (Eq. 5.7 - Eq. 5.9) to relate εii with ε
GPA
ii

as shown in Eq. 5.11. The approximations used from the last observations are:
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negligible strain relaxation (Eq. 5.10) and negligible crystal rotation. However,

by direct substitution of the approximation in Eq. 5.10 into Eq. 5.11, the relation

between material strain and GPA strain is obtained and expressed by Eq. 5.12:

dbulkSi

dmeasured
Si

= 1 (approximation) (5.10)

εGPA − f
1 + f

=
dmeasured
InAs (

dbulkSi

dmeasured
Si

)− dbulkSi

dbulkInAs

(5.11)

εInAs =
εGPA − f

1 + f
(5.12)

The material strain analysis of di�erent shape and size InAs QDs is shown in

Fig. 5.27. The direction and magnitude of tensile and compressive strain is clearly

shown with the color map. The color scale indicates the type and magnitude of

the strain.

The tensile strain has positive sign values (marked in red to yellow colors

in Fig. 5.27) and is pointing to outward directions (highlighted by red arrows).

Fig. 5.27(a) shows an example of tensile strain in y direction (εyy). On the other

hand, the compressive strain has negative sign values and marked in green to

dark blue colors with direction (highlighted by red arrows) pointing to inward

direction as illustrated in Fig. 5.27(b). The structure of 4 MLs InAs embedded in

Si matrix proved to have high degree of relaxation and low residual strain values.

The bulk lattice mismatch of 11.55 % is relieved by dislocation loops along the

interface consisting of perfect 60◦-type dislocations and partial dislocation with

stacking faults inside the InAs clusters, which is in agreement with the litera-

ture [1]. By two-dimensional strain mapping derived from high-resolution TEM

structure images, no strain gradients in the Si matrix around InAs clusters are

detectable (Fig. 5.26). Therefore, it has been observed that the strain relaxation

e�ects is mostly relieved by defects formation inside InAs QDs such as (SFs and

MTs) and mis�t dislocation (MD) array at the InAs/Si interface, as it was shown

in Fig. 5.27. On the other hand, anisotropic distortion of InAs lattice constant

is another indication of strain relaxation. The residual strain is discussed based

on the thermal mismatch between InAs and Si. However, the deformation force
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Figure 5.27: HR-TEM images and strain mapping (in both directions εxx and εyy) of

four buried single InAs QDs with di�erent size and shape in the sample of 4 ML InAs

coverage embedded in Si Matrix. (a) HR-TEM cross section image of single InAs QD

with no SF and under compressive strain in x direction (εxx) pointed by (red arrows)

with magnitude of (−0.6 %) and tensile strain in y direction (εyy) with magnitude of

(2.8 %) pointed by (red arrows). (b) HR-TEM cross section image of single InAs QD

with mis�t dislocation (green color) and one SF (white arrow), is under compressive

strain in y direction and tensile strain in x direction. (c) HR-TEM cross section image

of single InAs QD with two SFs (white arrows), with [111] (violet color) and [001] (blue

color) plane facets and under compressive strain in both directions εxx and εyy (d)

HR-TEM cross section image of single InAs QD with MTs marked by (white arrow),

with [111] (violet color) and [001] (blue color) plane facets is under compressive strain

in both directions εxx and εyy. (TEM & strain performed@PDI-Berin).
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is driven by the thermal mismatch in Si/InAs system. At the end of the growth

of QDs the system experience nearly local equilibrium state, with mis�t strain

relieved totally by MD array. However, during cooling down the substrate tem-

perature to the room temperature and due to the thermal mismatch, InAs will

shrink faster than Si by keeping constant structure volume. Therefore, introduc-

tion of thermal stress during cooling down to room temperature resulted in extra

mis�t dislocations generation. Similar strain analysis done for samples with 1

and 2 MLs InAs QDs coverage and showed almost same observations as 4 MLs

InAs sample. As a conclusion from strain study, a fully relaxed InAs QDs forma-

tion has been observed and mostly with semi-coherent dots formation. However,

the lattice strain relaxation is released by dislocation loops localized along the

InAs/Si interface consisting of perfect 60◦-type dislocations. The thermal stress

is released by SFs and MTs generation during cool down process, which have been

observed in some cases.

5.5 Self-Assembled InGaAs QDs Embedded in Si

Matrix

In order to reduce the lattice mismatch between III-V quantum dots and silicon,

indium concentration in InxGa1−xAs QDs was reduced to 50 %. The lattice mis-

match is measured by the mis�t parameter (f) de�ned by Eq. 5.13. However, the

mis�t parameter (f) is a function of the alloy composition (x) in ternary semicon-

ductor compounds like InxGa1−xAs [90]. The lattice constant of InxGa1−xAs can

be obtained by Eq. 5.14. Therefore, for 50 % indium composition the lattice con-

stant was calculated in Eq. 5.15, by direct substitution of the lattice constant in

Eq. 5.15 into Eq. 5.13. The lattice mismatch between In0.5Ga0.5As and Si matrix

is around 7.5 %, which is almost 40 % less than the lattice mismatch in InAs QDs

embedded into a Si matrix. After our standard ex-situ and in-situ surface prepa-

ration used in Sec. 5.4, a silicon bu�er layer with 50 nm thickness was grown on

exactly oriented n-type Si (100) substrate at 700 ◦C followed by 10 minutes PGA

at 800 ◦C. These steps were applied for all samples investigated in this section.

The optimization of di�erent growth parameters, such as In0.5Ga0.5As coverage,
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growth temperature and V/III ratio were studied morphology wise. However, un-

der optimized growth conditions the In0.5Ga0.5As QDs were overgrown with Si cap

layer at the same QDs growth temperature for further optical characterization.

f(x) =
a(x)− asub

asub
(5.13)

a(x) = aGaAs + (aInAs − aGaAs)x (5.14)

a(x = 0.5) = 5.65325 + (6.0583− 5.65325)0.5 = 5.8557 A◦ (5.15)

As a �rst growth parameter the growth temperature was varied. Four MLs of

In0.5Ga0.5As with a V/III ratio of 20 and a growth rate of 220 nm/h were grown

on n-type Si (100) substrate. The AFM images in Fig. 5.28 shows a clear QD size

and density dependence on the growth temperature in the range of (470−530) ◦C.

Figure 5.28: (1 × 1 µm2) AFM images of a sample grown with 4 MLs In0.5Ga0.5As

QDs and a V/III ratio of 20 on 50 nm Si bu�er grown on exactly oriented n-type Si

(100) substrate with di�erent growth temperature. (a) 470 ◦C. (b) 500 ◦C. (c) 530 ◦C.

A very homogeneous size distribution with diameter (D) in the range of 15 - 25

nm, hight (H) ranging from 3 - 7 nm as well as height QDs density of ∼ 1011 cm−2

was observed at a growth temperature of 500 ◦C (Fig. 5.28(b)). It has been found

that the amount of In0.5Ga0.5 has a stronger impact on QDs density and size

distribution as shown in Fig. 5.29. Fig. 5.29(a) with 1 ML In0.5Ga0.5As coverage
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Figure 5.29: (1× 1 µm2) AFM images of In0.5Ga0.5As QDs on bu�er Si grown on Si

(100) with di�erent In0.5Ga0.5A coverage. (a) 1 ML. (b) 2 MLs. (c) 4 MLs. (d) 8 MLs.

shows a low density of ∼ 109 cm−2 and inhomogeneous QDs formation. However,

an average dots size and density with a homogeneous size distribution found for

In0.5Ga0.5As coverage of 2 MLs and 4 MLs are clearly shown in the AFM images

Fig. 5.29(b,d). The in�uence of the V/III ratio on In0.5Ga0.5As QDs structural

properties was investigated by varying the V/III ratio from 10 to 30. A new series

of samples with 4 MLs In0.5Ga0.5As and growth temperature of 500 ◦C was grown

on a Si bu�er but with di�erent V/III ratios. Fig. 5.30 con�rmed that there is a

weak QDs size dependence on the V/III ratio in the range of 10 - 30. However,

at the same time no strong In0.5Ga0.5As QDs density dependence on V/III was

observed in the same range compared to the InAs QDs on Si.

Fig. 5.30(b) with V/III ratio of 20 shows an average dots size, homogeneity
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Figure 5.30: (1× 1 µm2) AFM images of 4 ML In0.5Ga0.5As QDs at growth temper-

ature of 500 ◦C on bu�er Si, grown on Si (100) substrate with di�erent V/III ratio. (a)

10. (b) 20. (c) 30.

and density. Therefore, from the previous study one can summarize the optimized

growth conditions based on morphology study with homogeneous size distribution

of diameter (D) in the range of 15 - 25 nm, height (H) ranging from 3 - 7 nm and

dots density of ∼ 1011 cm−2. An optimized homogeneous dot size and density was

found to be with 4 MLs coverage of In0.5Ga0.5As QDs and V/III ratio of 20 grown

at 500 ◦C. Under these optimized growth conditions based on AFM morphology

analysis as discussed before, 4 MLs In0.5Ga0.5As QDs were grown at 500 ◦C and

V/III ratio of 20 in silicon matrix for photoluminescence measurements. However,

the capped structure did not show so far any optical emission, most probably due

to the formation of mis�t dislocations at the interface of In0.5Ga0.5As/Si and MTs

and SFs defects inside the dots which act as irradiative centers for any optical

activity.

As a conclusion, in comparison with InAs QDs a di�erent growth scenario

of In0.5Ga0.5As has been observed. Firstly, In0.5Ga0.5As QDs formation were

observed at higher temperature of 500 ◦C (Fig. 5.28) compared to no InAs QDs

formation at the same temperature (Fig. 5.6). However, this most probably due to

higher Ga desorption temperature compared to Indium. Moreover, In0.5Ga0.5As

did not show density dependence with V/III ratio in the range of 10 - 30 (Fig. 5.31)

compared with strong density dependence observed in InAs system (Fig. 5.7), due

to di�erent nucleation mechanism.
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5.6 Realization of P-N Junction Structure

Another task is to realize a P-N structure by MBE. The capability of realizing

well-controlled abrupt doping pro�les and alloy heterojunctions o�er many op-

portunities to implement device structures, however, have not been practical or

realizable by MBE in silicon in the past. The development of Si MBE technology

is particularly important since there is an enormous Si technology base already

existing in industry, and any new advance in Si technology is extremely important

to the semiconductor industry as a whole. However, in order to realize P-N junc-

tion structure as well as controlled doping pro�le for light emitting diode (LED)

applications, a Si layer with di�erent As4 �uxes and di�erent Si thicknesses was

grown on exactly oriented undoped Si (100) substrate in MBE system. Group V

semiconductors like arsenic (As) or phosphor (P) act as n-type dopant of Si. The

silicon homoepitaxial growth was performed by electron beam evaporation sys-

tem (EBE), since the vapor pressure of silicon is extremely low, and conventional

e�usion cells cannot generate a su�cient silicon vapor. However, due to the fact

that in our III-V MBE system used for silicon homoepitaxy only an arsenic cell

is installed and no phosphorous cell, the n-type doping in Si was performed by

As4.

After our standard ex-situ (BHF wet etching for 2 min.) and in-situ (thermal

oxide desorption at 870 ◦C for 15 min.) surface treatment, the substrate tem-

perature was reduced to 650 ◦C for doped Si layer growth. The growth rate of

Si was set to ∼ 5 nm/min, which corresponds to an emission current of 68 mA

and voltage of 6 kV. However, in order to study the in�uence of As4 �ux on the

doping level of the grown Si layer, three di�erent samples with di�erent As4 �uxes

were grown with the same growth conditions and same Si layer thickness. A Si

bu�er layer with 100 nm thickness was grown at 650 ◦C and As4 equivalent beam

pressure (EBP) of 1.2 × 10−8 Torr. While, the next two samples were grown as

the �rst sample but with double and triple As4 �ux. After that, a contact layer of

metallic contact stripes with 20 nm Pt, 80 nm Ti and 300 nm Au were deposited

on the top of the doped Si layer for further electrical resistivity characterizations

as shown in Fig. 5.31. The red arrow shows the direction of the current �ow

between two of the stripes highlighted in dark-orange color. The measurement
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carried out at constant voltage of 1 V , while the current was measured at dif-

ferent stripe distances. The I-V curve was recorded and the doping level was

calculated for di�erent As4 �uxes. Fig. 5.32 shows the doping level dependence

with the BEP As4 �ux. A linear carrier concentration dependence on As4 �ux

was observed up to a doping level of 7.28 × 1017 cm−3 for a As4 of BEP value

3.6 × 10−8 Torr. A new series of samples were studied by keeping the As �ux

constant at 1.2× 10−8 Torr but with increasing the layer thickness from 100 nm

to 200 nm.

Figure 5.31: Schematic digram of the metallic stripes with di�erent widths deposited

on the top of the doped Si layer, for the electrical resistivity measurements.

Resistivity measurement showed that the doping density increased by a factor

of three with increased layer thicknesses from 100 nm to 200 nm, this can be ex-

plained by the band bending e�ect, which will get less with thicker layers. Hence,

the transfered electrons that occupy the region where the conduction energy Ec

is below the Fermi level, and constitute an accumulation layer whose thickness

is much less than the width of the band-bending in metal n-type semiconductor

junction [15].
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Figure 5.32: Doping level dependence on the As4 equivalent beam �ux.

Figure 5.33: I-V curve of the P-N junction grown by MBE.

However, the �rst 100 nm were grown with low doping level of 2× 1017 cm−3,

101



MBE Growth of Self-Assembled InAs and InGaAs Quantum Dots Embedded in
Silicon Matrix

while the second 100 nm was grown at highest doping of 7.28× 1017 cm−3. The

p-type substrate represents the p-doped side, while the grown Si with As4 doping

is the n-type side of the P-N junction. Fig. 5.33 shows the I-V curve of the P-N

junction with operation voltage (on voltage) about 3 V .

In summary, the growth of n-type doped silicon layers with a controlled doping

pro�le controlled by the As4 �ux has been achieved up to doping levels of 7 ×
1017 cm−3.
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Chapter 6

MBE Growth of InAs and InGaAs

Quantum Dots Embedded in GaAs

Matrix

6.1 Overview

The hetroepitaxial growth of GaAs on Si has been investigated to provide hetero-

geneous substrates including both Si and III-V semiconductor layers [91, 92, 93].

In this chapter, new approaches or methods to integrate GaAs with silicon sub-

strate will be investigated. The �rst approach is basically based on self-assembled

e�ects of MBE growth of InAs QDs on the top of GaAs islands using islands mech-

anism growth on �at silicon substrate. The advantage to use GaAs as barrier prior

to InAs quantum dots growth is the reduced lattice mismatch of ∼ 7% compared

to Si matrix of about ∼ 11%. Moreover, this approach provide also the possibility

to increase the distance between the Si/InAs interface by a GaAs spacer layer,

and gradually reducing the strain energy prior to the active layer growth. A fur-

ther approach is based mainly on the growth of GaAs/InGaAs/GaAs structure

on pre-patterned Si substrates. However, the hetroepitaxial growth of III-V QDs

directly on �at silicon substrates has proven to be very challenging due to the

defects formation caused by dislocations and anti-phase domains, which origi-

nate from the large lattice and thermal expansion mismatch and polar/non-polar

nature of III/V and Si systems [1, 2, 94]. These structural defects are closely
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related to carrier dynamics in the QDs and have severe in�uence on their opti-

cal quality [95, 96]. It has been proposed that these structural defects may be

circumvented by realization of III/V QDs on the pre-patterned substrates due

to the new lattice and strain adjustments of the patterned features [12]. For ex-

ample, In(Ga)As QDs growth on pre-patterned GaAs substrate is already a well

established �eld of research due to potential application such as single photon

sources and in quantum electrodynamics. For the large scale fabrication of single

quantum light sources, tremendous progress in the growth of InGaAs QDs on pre-

patterned GaAs substrates has been made [97, 98, 99]. Site-controlled InGaAs

QDs with very narrow linewidth photoluminescence signal have been achieved

both in inverted pyramidal [101, 102] and circular nanoholes [100, 103]. This

represents a good motivation to use this approach also for III-V QDs on silicon.

6.2 MBE Growth of SA-InAs Quantum Dots Em-

bedded in Thin GaAs Matrix on Flat Silicon

Substrate

6.2.1 GaAs on Silicon Epitaxy

The direct epitaxy of GaAs on silicon substrates was subject of research over the

last two decades. Recent successful approaches are mainly based on the growth of

thick relaxed GaAs bu�er layer, which is normally composed of two steps growth

at two di�erent growth temperatures [9, 104, 105]. On the other hand, inserting

an intermediate layer between GaAs and silicon like GeSi or short period super

lattice (used as strain �lter) represent another alternative successful integration

of GaAs with silicon [106, 108]. However, our new approach is based on using the

islands growth mode of GaAs, at the initial nucleation stage prior to the active

layer growth. However, di�erent studies have been demonstrated that at the

early stages of GaAs-on-Si epitaxy involves no wetting layer [109, 110, 96]; GaAs

islands form directly on the substrate and, hence, the initial growth mechanism is

Volmer Weber, in which the islanding of the �lm occurs because of the energetic

favorability of low GaAs coverage (few monolayers) growth on Si . According
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to Asai et al. [111], even after the deposition of a GaAs layer with an average

thickness of 1 ML to 2 MLs of GaAs onto Si, re�ections patterns obtained from

RHEED con�rmed the onset of the islanding mechanism growth. An AFM study

revealed the formation on this surface of lens shaped islands at a density of

about ∼ 1011 cm−2. A further increase in the average thickness of the GaAs

layer has little e�ect on the shapes of the islands, which can be seen in the cross

sections of these structures, as it has been presented from di�erent research groups

[112, 113, 114].

6.2.2 MBE Epitaxy of InAs/GaAs/Si Structure

A misoriented n-type silicon substrate with 5◦ o�-cut underwent our standard

ex-situ (BHF wet etching for 2 min.), and in-situ (thermal oxide desorption at

870 ◦C for 15 min.) surface treatment. The use of missoriented substrate has

been successfully proved that it has signi�cant in�uence on anti-phase domains

suppression by means of double-layer step formation [115, 67].

Figure 6.1: (a) Schematic view of the layer scheme of the intended grown structure of

(Si/GaAs/InAs/GaAs/Si) (GaAs QDs are in blue color) and (InAs QDs are in yellow

color). (b) (1 × 1 µm2) AFM images of 50 nm bu�er Si grown on 5◦ o�-cut Si (100)

substrate after in-situ and ex-situ surface substrate treatment with RMS value of 0.16

nm.

A silicon bu�er layer with 50 nm thickness was grown directly on 5◦ o�-

cut Si (100) substrate at 700 ◦C followed by 10 minutes post growth annealing
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(PGA) at 800 ◦C as shown in Fig. 6.1(b). These steps were applied for all samples

investigated in this section. The growth of very thin GaAs layer of 2 MLs nominal

thickness directly on silicon led to a non-planar layer growth and GaAs islands

formation, which is in agreement with literatures [109, 110]. However, the logical

consequence of InAs/GaAs/Si growth, that InAs QDs will preferentially nucleate

on the material of bigger lattice constants or less strain energy. In this case, GaAs

has a lattice constant, which can generate less strain energy compared to silicon.

Therefore, we expect InAs nucleation on top of GaAs dots. The layer scheme

of the intended grown structure is shown in Fig. 6.1(a). After a Si bu�er layer

the substrate temperature was reduced to 500 ◦C. At this temperature 2 MLs of

GaAs were deposited directly on Si (Fig. 6.2(a)).

Figure 6.2: (a) (1× 1 µm2) AFM images at di�erent stages of the growth. (a) 2 ML

GaAs at 500 ◦C on Si bu�er (GaAs/Si). (b) 3 ML of InAs QDs on GaAs at 450 ◦C

(InAs/GaAs/Si). (c) 2 ML GaAs capping at the same growth temperature of InAs

(450 ◦C) (GaAs/InAs/GaAs/Si). (d) 10 nm Si cap layer at 450 ◦C followed by 40 nm

Si at 700 ◦C followed by 10 min PGA at 800 ◦C (Si/GaAs/InAs/GaAs/Si).

The Ga growth rate was adjusted to 220 nm/h (0.2 ML/s) and V/III ratio
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to 20. The active layer of 3 ML InAs QDs was grown at 450 ◦C, with Indium

growth rate of 108 nm/h (0.1 ML/s) and V/III ratio of 20 (Fig. 6.2(b)). However,

at the same growth temperature of the active layer another 2 MLs GaAs were

grown as a capping layer of the InAs QDs (Fig. 6.2(c)). The idea to grow the

GaAs cap layer at lower growth temperatures is to avoid any indium desorption

[5]. A clear size evolution was observed after InAs QDs growth. The average

lateral size of GaAs dots increased from 23 nm to 38 nm. On the other hand,

the mean height has been increased from 6 nm to 9 nm (Fig. 6.2(b)). Obviously,

this is due to the preferential nucleation of InAs dots on GaAs dots. However,

further GaAs capping of InAs QDs led to larger size �uctuation in both lateral

size up to 45 nm and mean height up to 12 nm (Fig. 6.2(c)). The grown structure

was capped with silicon by means of two steps growth, the �rst 10 nm Si were

grown at the same growth temperature of the GaAs cap (450 ◦C). The substrate

temperature was ramped up to 700 ◦C for the growth of another 40 nm of Si.

Finally, the whole structure underwent post growth annealing for 10 minutes at

800 ◦C. The surface morphology of the whole structure is shown in the AFM

image of Fig. 6.2(d). The AFM structural analysis showed acceptable results

morphology wise. However, the photoluminescence measurements which were

performed to the capped samples in Fig. 6.2(c,d) did not show so far an optical

emission. Most probably, due to the introduction of mis�t dislocations before the

islands coalesce even in partially coherent islands [116].

6.3 Further Results: Site-Controlled Growth of

InGaAs QDs Embedded in GaAs Matrix on

Pre-Patterned Silicon Substrate

In recent years, some research e�orts have been made to realize the growth of

III/V QDs on pre-patterned Si substrates using SiO2 as a mask which show

encouraging results [94, 12, 117]. Several lithographic techniques are in use for

the pre-growth patterning of substrates, they include patterning of small holes

with focused ion beam, scanning probe techniques and electron beam lithography

(EBL) [118]. However, the electron beam lithography is the most widely used
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technique to fabricate features in the sub-100 nm and in some cases even sub-10

nm range [119]. In this section, the MBE growth of QDs on optimized patterned

Si surface with highly selective formation of localized dome like nanostructures

in patterned holes will be discussed in details.

6.3.1 Experimental Details

Exactly oriented n-type Si (100) substrates were used for patterning processes.

After optimized wet and dry etching recipes, the silicon substrates with sub-

nano holes were patterned using e-beam technique [120]. The substrate was

further cleaned in IPA at 80 ◦C for 10 min and in oxygen plasma asher for 30

min to remove any residual resist particles and carbon contamination left after

the lithographic processing. Finally, the substrate was cleaned with HF:H2O

(1:2) solution for two minutes to remove the native oxide. The substrates were

loaded into a Varian Gen II molecular beam epitaxy (MBE) system within 10

min of ex-situ chemical cleaning. During the growth of GaAs/ InGaAs/GaAs

nanostructures, the growth rate of gallium was 0.75 ML/s and of indium 0.13

ML/s, respectively. The beam equivalent pressure (BEP) for gallium and indium

were 2×10−7 Torr and 9×10−8 Torr, respectively, and the arsenic BEP throughout

the growth was 5 × 10−6 Torr. The V/III ratio was adjusted to about 20 for all

growth runs.

6.3.2 Characterization of Pre-Patterned Si Substrates

The advantage to use positively tapered sidewalls nano-holes is the possibility to

create multi-facets hole surface pro�le with di�erent crystal orientations. How-

ever, this in turn could lead to a new way of lattice adjustment with the chance

to get defect-free nanostructures. In order to achieve sub-100 nm holes with con-

trolled diameter and shape on the Si substrate, the electron beam lithography

process parameters for single pixel dot exposure were optimized [120].

Using an optimized electron beam lithography and dry etching recipes, the Si

substrates were patterned with square lattices of sub-100 nm holes with various

periods ranging from 1 µm down to 200 nm. Fig. 6.3 shows the SEM pro�le

of the patterned Si substrate for nano-holes with di�erent spacing. The surface
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Figure 6.3: The SEM pro�le of the Si surface patterned with di�erent holes periods,

(a) 1 µm. (b) 750 nm. (c) 500 nm. (d) 200 nm.

morphology and the depth of the patterned holes were investigated by AFM

Fig. 6.5(a). The diameter and the depth of the patterned holes both ranged

between 60 and 70 nm giving an aspect ratio equal to unity con�rmed by a single

hole high resolution atomic force microscopy measurement.

6.3.3 MBE Growth of GaAs/In0.15Ga0.85As/GaAs Quantum

Dots on Pre-Patterned Silicon

Before the epitaxial growth of pre-patterned Si with III/V material, the surface

was cleaned in-situ in the MBE system to remove the carbon contamination and

native oxide deposited on the surface during the loading process. The atomic

hydrogen (AH) cleaning has been proposed in the literature to remove organic

contaminants [81, 5]. We followed this approach by exposing the Si surface to

an AH �ux of 3 × 10−7 Torr at 500 ◦C for 45 min. In the next step the sample

was annealed at 850 ◦C for 10 min to desorb the native oxide from the surface.
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Figure 6.4: (a) The RHEED patterns of Silicon surface after the thermal oxide des-

orption at 850 ◦C and (b) at 750 ◦C. The AFM image (5×5 µm2) of the patterned Si

surface after the thermal cleaning at 850 ◦C and (d) a (3×3 µm2) at 750 ◦C.

The removal of oxide desorption was con�rmed by semicircular streaky RHEED

patterns (Fig. 6.4(a)) indicating a 2D smooth surface. However, the annealing

at 850 ◦C have severely damaged the pattern as it is observed in AFM image

of the surface (Fig. 6.4(c)). By reducing the annealing temperature to 750 ◦C

and annealing for 30 min till the emergence of a 2D semicircular RHEED pat-

tern (Fig. 6.4(b)), the pattern can be preserved as shown by the AFM pro�le

(Fig. 6.4(d)).

No detectable di�erence in the diameter, depth and vertical pro�le of the holes

was observed before and after the optimized in-situ cleaning. This observation

was con�rmed from the high resolution single hole AFM measurement shown in

Fig. 6.5. The lateral size (L) of the hole before in-situ treatment was in the

range of 70-75 and the depth (D) around 70 nm Fig. 6.5(a). Slightly smaller

values were observed after in-situ surface treatment (Fig. 6.5(b)). The HR-AFM

single hole measurements proved that the holes dimensions were preserved after

110



6.3 Further Results: Site-Controlled Growth of InGaAs QDs Embedded in GaAs
Matrix on Pre-Patterned Silicon Substrate

Figure 6.5: 3D surface pro�le of the high resolution atomic force microscopy (HR-

AFM) measurements of a single hole. (a) Before in-situ surface treatment with L =(70-

75) nm and D =(60-70) nm. (b) After in-situ surface treatment with L =(70-80) nm

and D =(65-70).

the optimized in-situ surface treatment. This in-situ cleaning sequence involving

AH cleaning and 30 min thermal annealing at 750 ◦C was performed before the

growth on all patterned substrate described in the following.

Two patterned samples were used to study the surface morphology after dif-

ferent stages of growth of a GaAs/In0.15Ga0.85As/GaAs heterostructure. The

schematic sequence of growth on patterned samples is shown in Fig. 6.6(a). For

the �rst sample, a GaAs bu�er layer was grown at 600 ◦C with a nominal thick-

ness of 2 nm. The AFM pro�le for this sample (Fig. 6.6(b)) shows that the GaAs

material nucleated in the form of dome like islands with lateral sizes ranging from

120 to 175 nm and exhibits a height variation of 60-115 nm. Moreover, the forma-

tion of these nano-islands has taken place highly selectively in the patterned holes

spaced by 1 µm as compared to the other periods. The second sample was grown

with a nominally identical GaAs bu�er layer, but with an additional deposition

of 2 MLs of In0.15Ga0.85As grown at 500 ◦C and a GaAs capping layer grown at

500 ◦C with a nominal thickness of 2 nm.

The growth temperature of the GaAs capping layer was kept identical to

the growth temperature of the In0.15Ga0.85As QDs layer to avoid high indium

desorption, which takes place above 500 ◦C [100]. The AFM pro�le of the sur-

face morphology of this sample (Fig. 6.6(c,d)) con�rms the continuation of site-
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Figure 6.6: (a) The schematic sequence of the growth of GaAs/In0.15Ga0.85As/GaAs

nanostructure. (b) and (c) The two dimensional AFM images (5×5 µm2)

showing the surface morphology after the growth of a GaAs bu�er alone and

GaAs/In0.15Ga0.85As/GaAs complete structure, respectively. (d) A 3D-view of the

whole grown structure showing the height of highly localized dome-like structures

in the nano-holes. (e) A 36◦ tilted SEM image showing the cross section of the

GaAs/In0.15Ga0.85As/GaAs QDs structure localized in the patterned holes [120].

controlled nature of growth after the full GaAs/In0.15Ga0.85As/GaAs nanostruc-

ture. The AFM pro�le of this sample (Fig. 6.6(c,d)) however exhibits that after

the growth of the GaAs capping layer additional nano-crystallites are formed

in between the holes causing high surface roughness of about 2-3 nm. We be-

lieve that these additional nano-crystallites are formed during the deposition of

the GaAs capping layer at 500 ◦C due to the smaller migration length of Ga

ad-atoms at such low growth temperatures. The patterned holes on the silicon

surface have a slight variation of 5-10 nm in the diameter of the nanoholes, there-

fore, this variation in diameter of the patterned holes results in the variation of

112



6.3 Further Results: Site-Controlled Growth of InGaAs QDs Embedded in GaAs
Matrix on Pre-Patterned Silicon Substrate

size of nucleated QDs during the MBE growth. The �uctuation of beam �uxes

during the growth could also partially contribute to the non-uniformity of the

nucleated QDs. The lack of nucleation of QDs in some of the holes could be

due to the surface degradation after the processing steps, the local surface inho-

mogeneities would a�ect the di�usion of ad-atoms to certain crystal directions,

which would result in a non-uniform distribution of nucleation sites during the

growth. A tilted scanning electron microscope image (Fig. 6.6(e)) displays the

cross section of the QDs localized in the patterned holes obtained after cutting

through the localized QDs with focused ion beam (FIB). The cross sectional

view exhibits a good interface between QDs and silicon in the patterned hole.

The selective formation of GaAs/ In0.15Ga0.85As/GaAs nanostructures inside the

patterned holes with 1 µm spacing after di�erent stages of the growth can be

explained based on the lower chemical potential inside the etched holes than the

plane surface [121]. This gradient of chemical potential provides the driving force

for the group-III ad-atoms to di�use to the holes and preferentially nucleate there

[121, 122]. The growth of GaAs/InAs/GaAs nanostructures on pre-patterned Si

masked with SiO2 has been demonstrated in reference [12] with thick nominal

depositions. But we have demonstrated here for the �rst time the site-controlled

growth of GaAs/In0.15Ga0.85As/GaAs nanostructures with very low nominal de-

position thicknesses directly on pre-patterned Si without the use of SiO2 masks.

These results are highly encouraging for the realization of III/V optical devices

on the pre-patterned Si surfaces for potential applications.
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Chapter 7

Optimization of MEE and MBE

growth of GaP Bu�er on Silicon

Substrate

7.1 Overview

Gallium phosphide (GaP) is considered as the best candidate among III-V to be

�rstly grown on silicon. This is due to the smallest lattice mismatch of 0.37 %

compared to any other III-V/Si combinations. The lattice constant is the single

most important parameter to consider when choosing a material for heteroepitax-

ial growth. If the mismatch is too large or the growth conditions not appropriate,

dislocations will be formed, which strongly degrades the material quality and

device performance. GaP has long been considered the most promising III-V

material for direct integration on Si substrates. However, detailed studies of the

initial stages of GaP-on-Si (001) growth using RHEED and high-resolution elec-

tron microscopy showed that, similar to GaAs/Si, the main problem here is to

obtain a continuous planar perfect GaP layer because the nucleation occurs by

the VW growwth mechanism, i.e., the process involves the formation of separate

large-sized islands whose coalescence gives rise to defects with high densities. A

number of research activities and studies relevant to the understanding of GaP-

on-Si (001) growth and its challenges were reported [123, 124, 125]. Hence one

of the key advantages for III-V/Si integration via GaP is that there should be
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signi�cantly less concern regarding methods to reduce nucleation of mis�t disloca-

tions and managing the threading dislocation density via methods such as graded

bu�ers. The critical thickness for GaP on Si(001) is approximately 70 nm [126],

beyond which the energy necessary to nucleate a mis�t dislocation becomes lower

than the energy buildup of increasing lattice strain as the GaP layer thickness

increases. In comparison to GaAs, the Matthews-Blakeslee critical thickness of

GaAs/Si system is about ∼ 1 nm [127].

Another critical theoretical issue mentioned in literature is the potential growth

problems associated with a large di�erence in the coe�cients of thermal expansion

for GaP and Si. However, the thermal expansion coe�cient of a given material

is related to the expansion or contraction of the crystal lattice as the material's

temperature changes. Commonly, the lattice expands under increased tempera-

ture, and returns to its original dimensions as the temperature is reduced. Si has

a coe�cient of thermal expansion of 2.6× 10−6 K−1, while GaP has a coe�cient

of 4.7×10−6 K−1. The di�erence in thermal expansion coe�cients also a�ects the

rate in which the two crystals contract during post-growth and cool-down steps.

Because the silicon substrate contracts more slowly than the GaP epilayer, tensile

strain may accumulate. If the epilayer is thick, the additional tensile strain can

result in micro-cracking. In GaAs/Si, such cracks do not typically appear until

the GaAs layer is 3-5 µm thick [55]. This di�erence has the potential to cause

cracking during cooling after growth at high temperatures [128]. It is unknown

at what thickness micro-cracking will occur in the GaP/Si system, but it is not

expected to be an issue when GaP thickness do not exceed 1 µm, as is the case

in the work reported here. In this chapter, the optimization of GaP growth us-

ing di�erent growth modes will be discussed in details. In agreement with thesis

approach, the results of GaP growth reported here are also below the critical

thickness, with an ultimate goal to achieve the planar growth of GaP on silicon

substrate with uniform smooth surface and 2D morphology pro�le. The suc-

cessful epitaxial integration of GaP/Si structure will be very bene�cial to many

optoelectronic applications.
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7.2 GaP/Si Growth Approach

Practically almost all researchers report that immediately after the epitaxial

growth of GaP on Si starts, RHEED patterns show the formation of point re�ec-

tions, pointing to the 3D character of the growth process [129]. The initiation of

III-V material on a group IV surface is surrounded with complications, resulting

in island-like growth, as was previously explained [130, 131]. Migration enhanced

epitaxy (MEE) is a method that has proven to be successful in inducing 2D (i.e.

layer-by-layer) growth at the initial stages of heteroepitaxy for GaAs/Ge [132].

Similarly, this method can be also applied to the system of GaP/Si like in the

case of GaAs/Ge system. MEE works by exposing the substrate to one III-V

constituent (i.e. Ga or P) at a time, allowing additional time for atomic surface

migration, encouraging planar growth. This growth method was a prerequisite

to eliminate nucleation-related defects in the case of GaAs/Ge, and has already

been used for GaP/Si MBE growth, showing improvement to material quality

[132]. Therefore, the MEE growth step for the �rst 5-10 nm is very important,

and it will work like a virtual GaP substrate, that initiate the growth of the

next MBE mode growth process at higher temperature. The approach of GaP

growth reported here is consisting of two steps optimization. The �rst step con-

ducted via MEE mode at low growth temperature of 350 ◦C, while the second

step is performed at higher growth temperature of 545 ◦C using MBE growth

mode [133, 49]. However, the transition phase from MEE to MBE mode during

epitaxy was also carefully optimized.

7.3 Experimental Details

Missoriented P-type Si(100) substrates with 5◦ o�-cut underwent ex-situ wet

etching using BHF for 2 min, and in less than 10 min they were loaded in the

MBE system for further in-situ surface treatment. At a temperature of 900 ◦C

an in-situ oxide thermal desorption step was carried out for 15 min. After that,

the substrate temperature was reduced to 300 ◦C and exposed to arsenic �ux

with an beam equivalent pressure of 4 × 10−7 Torr for 4 min for thin As layer

deposition. Two MBE systems were used for this study. The high-temperature
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manipulator was installed in one MBE system (MBE-A), while the phosphor

cracker cell was installed in a second MBE system (MBE-B). The two MBE

systems are connected via a transfer chamber (bu�er chamber) with vacuum

level of ∼ 10−9 Torr. However, the idea to cover the substrate surface with a

thin layer of arsine is to avoid any additional contaminations during the transfer

process between the two systems. Arsenic atoms will bond to the free bonds on

Si surface and make the surface atoms busy. As results other strange atoms in

transfer chamber they will not have the chance to bond to the surface atoms

during the transfer process. Arsenic desorption start signi�cantly at temperature

higher than 350 ◦C. Therefore, in MBE-B system the Si substrate underwent

another thermal desorption step (arsenic desorption) at a temperature of 750 ◦C

for 5 min. All the samples investigated in this chapter underwent all previous

steps prior to GaP epitaxy activities.

7.4 MEE Growth of GaP Bu�er on Si Substrate

This section describes in details the MEE step that is used to initiate the growth

of the �rst few GaP layers on Si, with the goal of full 2D growth. Here MEE

templates are then used to support subsequent MBE growth of GaP. However,

previously-published results indicate that the initiation species makes a signi�-

cant di�erence in the ability to create planar, layer-by-layer growth via MEE for

GaP/Si [134]. Reports and recent literatures indicate that phosphorus exposure

to the silicon surface results in atomic displacement of silicon atoms by phos-

phorus atoms [135]; the surface becomes roughened, with the displaced silicon

atoms forming singular islands, and the incorporated phosphorus forming Si-P

hetero-dimers. In addition, the phosphorus-covered silicon surface is expected to

exhibit reduced chemical reactivity and an increased surface energy due to the

�lled phosphorus dangling bonds, while gallium atoms are known to adsorb to the

silicon surface, passivating the highly energetic silicon dangling bonds and lower

the surface energy [49]. These concerns lead to an investigation of P-initiated

MEE vs. Ga-initiated MEE.

The P-type Si(100) substrates with 5◦ o�-cut were cleaned, loaded and an-

nealed at 900 ◦C for 15 min and then transfered to the MBE-B growth chamber
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as described in Sec. 7.3. The samples were then cooled-down to 350 ◦C for MEE

growth. MEE was conducted by using a 100 nm/h gallium growth rate for the Ga

deposition, while the P2 �ux was set to ∼ 15x the Ga �ux, with samples produced

utilizing both Ga and P2 initiation [133, 49]. While the P2 �ux pulse was not

Figure 7.1: (5× 5 µm2) AFM images of 10 nm GaP/Si at 350 ◦C using MEE-mode.

(a) P-initiated growth with RMS value of 0.76 nm (b) Ga-initiated growth with RMS

value of 0.51 nm.

expected to be a crucial parameter for this procedure, the intention is to supply

enough P2 to deposit a full monolayer of phosphorus while not �ooding the vac-

uum system with P2, causing possible Ga migration issues upon the next MEE

cycle. The MEE procedure consists of multiple cycles of Ga and P2 exposure,

creating a full GaP bilayer [133]. A 10 nm GaP were grown with MEE mode at

350 ◦C using the following time sequence. For Ga-initiated growth (Fig. 7.1(b)),

Ga was exposed to the freshly prepared Si(100) surface for 10s, followed by a 4

s wait time to allow gallium to react with the surface and pump the excess Ga

from the growth area. Following the 4 s waiting time, P2 was dosed for 10 s. Af-

terwards, P2 is exposed for 10 s followed by a growth stop of 60 s to allow surface

migration of phosphorous and to remove the excess P2 molecules from the surface

and growth chamber, before the cycle is started once again with the Ga. A sim-

ilar procedure is used for the Ga-initiated MEE growth with the di�erence that

Si is exposed with P2 �rst (Fig. 7.1(a)), followed by the 60 s waiting time, then

the Ga exposure is commenced similar to the P-initiated growth. AFM images

con�rmed that the best morphology pro�le and RMS evaluation was obtained
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for the Ga-initiated MEE growth recipe with RMS value of 0.51 nm which is in

agreement with the literatures [133, 49]. As a result the Ga-initiated growth with

the time sequence of 10 s Ga/ 4 s stop/10 s P2 /60 s was chosen for all following

MEE runs. In the next subsections MEE growth mode was optimized for other

growth parameters like growth temperature and V/III ratio.

7.4.1 MEE-GaP Growth Temperature

Two samples with 10 nm nominal thickness were grown on p-type Si(100) sub-

strates with 5◦ o�-cut after the surface treatment mentioned in Sec. 7.3 at di�erent

growth temperatures.

Figure 7.2: (1×1 µm2) AFM images of 10 nm GaP/Si at di�erent growth temperatures

using Ga-initiated MEE-mode. (a) 350 ◦C, RMS of 0.44 nm, (b) 400 ◦C, RMS of 0.87

nm.

The in�uence of the growth temperature was investigated using migration

enhanced epitaxy with Ga-initiated growth time sequence 10 s Ga/ 4 s stop/10

s P2 /60 s, at two low temperatures in the range of 350 ◦C to 400 ◦C, with a

V/III ratio of 15 and a Ga growth rate of 100 nm/h. Fig. 7.2 shows that the best

value was obtained at a lower growth temperature of 350 ◦C with an RMS value

of 0.44 nm compared to a rougher surface with RMS of 0.87 nm at higher growth

temperature of 400 ◦C. Therefore, a growth temperature of 350 ◦C was chosen as

an optimized temperature for the MEE growth step, which was later monitored

by RHEED.
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7.4.2 MEE - P2/Ga Ratio

Another two samples treated as described in Sec. 7.3 were loaded into the MBE

growth chamber and have been grown with the same growth conditions described

in Sec. 7.4.1 at a growth temperature of 350 ◦C. In this study, the V/III ratio

of Ga and P2 was varied from 5 to 15. AFM surface pro�le images (Fig. 7.3) of

the grown samples shows that sample exposed by more P2 (∼ 15x Ga �ux) has

a lower RMS value of 0.46 nm.

Figure 7.3: (1 × 1 µm2) AFM images of 10 nm GaP/Si with di�erent V/III ratios

using Ga-initiated MEE-mode growth. (a) 15, RMS of 0.46 nm, (b) 5, RMS of 0.82 nm.

The MEE growth parameters with 10 nm thickness, P2 /Ga ratio of 15, Ga

growth rate of 100 nm/h, Ga-initiated growth 10 s Ga/ 4 s stop/10 s P2/60 s

and growth temperature of 350 ◦C were used in all next MEE growth recipes as

optimized parameters.

7.5 Optimization of MEE Followed byMBE Growth

of GaP Bu�er on Si Substrate

The GaP/GaP homoepitaxy work provided a background for the GaP/Si MBE

growth parameters selection. The GaP-MEE/Si was anticipated to be a suitable

surface as a virtual GaP substrate for additional GaP-MBE growth. The standard

growth temperature of GaP/GaP homoepitaxy is around 550 ◦C [136]. To opti-

mize this growth regime, two parameters, P2 /Ga ratio and growth temperature
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were varied while maintaining a 100 nm/h growth rate, as was done during the

GaP/GaP homoepitaxy growth optimization [136]. The GaP-MBE/GaP-MEE/

Si was grown on cleaned silicon substrate as described in Sec. 7.3 in conjunction

with GaP-MEE growth procedure discussed in Sec. 7.4.1. AFM and RHEED

analysis were used to verify the 2D planar growth and investigate the surface

morphology of the di�erent GaP growth modes.

7.5.1 Growth Temperature of MBE-GaP

After the growth of the �rst 10 nm GaP using the MEE-mode, the growth tem-

perature of the MBE step was varied with a narrow range of 20 K from the

standard growth temperature of GaP on GaP substrate in the MBE-GaP growth

[136]. The Ga growth rate used for the MBE was the same as for the MEE step

(100 nm/h) and P2/Ga ratio was set to 15. Two samples were overgrown with

40 nm GaP (nominal thickness) at two di�erent growth temperatures of 545 ◦C

and 560 ◦C, respectively. The surface reconstruction during MEE and MBE GaP

epitaxy was in-situ monitored with by RHEED. Note that between MEE-GaP

growth step and MBE-GaP growth there is a growth stop, where the substrate

temperature was ramped up from 350 ◦C (MEE-step) to the MBE-GaP growth

temperature with a ramp rate of 50 K/min.

Figure 7.4: Re�ection high energy di�raction patterns of GaP growth on Si(100). (a)

Streaky RHEED pattern during MEE-mode indicating a 2D planar growth. (b) Spotty

RHEED pattern during MBE-mode indicates a non-planar surface morphology.

122



7.5 Optimization of MEE Followed by MBE Growth of GaP Bu�er on Si Substrate

Streaky RHEED pattern was observed during MEE-GaP growth till the �rst

stage of MBE-GaP growth step indicating a 2D planar growth scenario for the

�rst 10 nm GaP-MEE as shown in Fig. 7.4(a). Streaky RHEED patterns were

observed during the temperature ramping from 350 ◦C till the MBE growth tem-

perature of 560 ◦C. At the GaP-MBE growth temperature and after a few nm

GaP depositions spotty RHEED patterns are observed indicating a non-planar

growth (Fig. 7.4(a)). The transition from streaky to spotty RHEED patterns,

means the MBE-GaP growth step still need further optimization. The AFM im-

ages (Fig. 7.5) of the MBE-GaP growth con�rmed a rough surface pro�le with

some hole like structures or connected GaP islands.

Figure 7.5: (5 × 5 µm2) AFM images of 40 nm GaP-MBE/10 nm GaP-MEE /Si at

di�erent growth temperatures. (a) 545 ◦C with RMS = 6 nm, (b) 560 ◦C with RMS =

8.2 nm.

However, the smoother surface with reduced roughness of 6 nm (RMS value)

was obtained at a GaP-MBE growth temperature of 545 ◦C as shown in Fig. 7.5(a).

Decreasing the MBE-GaP growth temperature below 545 ◦C or increasing above

560 ◦C resulted in similar surface morphology. In both cases the �nal surface

roughness of the best result we report here approximately is doubled. As we al-

ready mentioned that during GaP/GaP homoepitaxy optimization not only the

growth temperature was investigated but also the V/III ratio. Therefore, new

series of samples with di�erent P2/Ga ratios still have to be investigated.
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7.5.2 P2/Ga Ratio of MBE-GaP

In this study all other parameters remain �xed like gallium growth rate of 100

nm/h and growth temperature of 545 ◦C. A 40 nm thick GaP layer as grown

Figure 7.6: (5× 5 µm2) AFM images of 40 nm GaP-MBE/10 nm GaP-MEE /Si with

di�erent P/Ga ratios . (a) 10 with RMS = 7.4 nm. (b) 15 with RMS = 6.8 nm. (c) 20

with RMS = 8.7 nm. (d) 25 with RMS = 12.5 nm.

in MBE mode on top of a 10 nm thick GaP layer grown on Si by MEE mode

(350 ◦C) with di�erent P2/Ga ratios ranging from 10 to 30 (Fig. 7.6). The

GaP/GaP homoepitaxy experiments indicate that a P2/Ga �ux ratio about 9:1

should provide acceptable quality GaP epilayers while growing at 550 ◦C substrate

temperature and a 100 nm/h growth rate [136]. However, the AFM analysis in

Fig. 7.6 showed that the smoother surface with the best RMS value was obtained

with P2/Ga ratio of 15:1 (Fig. 7.6(b)) using the same growth conditions. However,

the RMS value is still relatively high after these investigations. However, all

previous investigations were conducted with growth stop between the two growth

modes, i.e, during the temperature ramping from MEE-GaP growth (at 350 ◦C)
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to MBE-GaP growth (at 545 ◦C). Using the same growth conditions described

for the best RMS value in Fig. 7.6(b). Another two samples were grown with

and without growth stop between MEE and MBE modes. The sample without

growth stop between the two modes (Fig. 7.7(b)) showed an improved RMS value

of 3.2 nm, which is almost half the RMS value compared with the sample with

growth stop between the two modes (Fig. 7.7(a)).

Figure 7.7: (5× 5 µm2) AFM images of 40 nm GaP-MBE/10 nm GaP-MEE /Si. (a)

With growth stop (RMS = 6.8 nm). (b) Without growth stop (RMS = 3.2 nm).

An additional improvement was achieved with the increased Ga growth rate

from 100 nm/h (MEE-GaP growth step) to 300 nm/h (MBE-GaP growth step)).

By applying the same growth conditions used in Fig. 7.7 and increasing the

Ga growth rate from 100 nm/h during MEE growth to 300 nm/h during MBE

growth, a smooth surface with a very good RMS value of 1.3 nm was observed

(Fig. 7.8). In addition, when comparing GaP-MBE/GaP to GaP-MBE/GaP-

MEE/Si, it is clear that optimum MBE growth parameters are very similar, if

not identical. We interpret this to mean that the GaP/Si formed after the above

described MEE process has generated an e�ective GaP growth template on Si,

since the presence of Si does not require alteration of the standard GaP epitaxy

parameters. However, our optimizations are done for a very thin GaP layer with

∼ 50 nm nominal thickness. The best RMS value of 1.3 nm for the MBE-GaP

growth was obtained without growth stop, and with the increased Ga growth

rate from 100 nm to 300 nm during the temperature ramping from MEE to MBE

growth mode.
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Figure 7.8: (5×5 µm2) AFM images of 40 nm GaP-MBE/10 nm GaP-MEE /Si. The

RMS value is 1.3 nm without growth stop and with increased Ga growth rate from 100

nm to 300 nm during the growth temperature ramping from MEE to MBE mode.

We can conclude that the thin GaP-MEE/Si shows great promise as a virtual

substrate for III-V on Si growth. These results are highly encouraging for further

III-V/GaP/Si integrations for the potential applications.
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Chapter 8

Conclusions

In summary, self-assembled MBE growth of InAs and InGaAs QDs on �at Si(100)

has been intensively studied. Re�ection high energy di�raction (RHEED) streak

patterns con�rm that the combination of the atomic hydrogen followed by thermal

desorption is an e�cient surface cleaning method. An additional improvement

for the cleaning and growth is achieved by exposing the Si surface with Ga at low

�uxes resulted in a strong reduction of the lateral size of InAs QDs from 50-70 nm

down to 25-30 nm and a signi�cant enhancement of the homogeneity of the dot

size and distribution. The evolution of size, density and shape of the QDs are ex-

situ characterized by AFM and TEM. Di�erent growth parameters such as InAs

coverage, growth temperature, In-growth rate and V/III ratio are examined on

di�erently prepared silicon surfaces. The InAs QDs density is strongly increased

from 108 to 1011cm−2 at V/III ratios in the range of 15-35 (beam equivalent

pressure values). InAs QD formations are not observed at temperatures as high

as 500 ◦C. Moreover, InAs quantum dashes are observed on at higher In-growth

rate of 0.3 ML/s.

TEM characterizations of InAs QDs embedded in silicon matrix with di�er-

ent nominal thicknesses on di�erent o�-cuts substrates showed semi-coherent QDs

with good crystal quality inside the dots and mis�t dislocations at the interface of

InAs/Si. The substrate o�cut found to have in�uence on the QDs shape and ge-

ometry. A very homogeneous narrow QDs size with D= 5-8 nm distribution with

spherical to multi-facet shape has been observed on o�cut substrate, compared

to a broader size distribution with D= 15-25 nm observed on exactly oriented
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substrates, respectively.

The post growth annealing together with Si capping resulted in a very inter-

esting structure evolution and growth scenario through vacancy stacking faults

(V-SF) and circular-voids formation. The circular-voids and V-SF kinetics shows

strong dependence on the substrate temperature. During temperature ramping

up to 800 ◦C total recrystallization and reconstruction of the grown structure has

been observed. The InAs vapor interact with Si walls and con�ned in the voids,

evolved �nally to a nearly spherical QD shape, which results in a defect-free Si

matrix growth around the InAs QDs.

GPA 2D strain mapping derived from high-resolution TEM structure images

con�rmed fully relaxed QDs with no detectable strain gradients in the Si matrix

around InAs clusters. On the other hand, anisotropic lattice distortions inside the

InAs clusters are identi�ed, which are characterized by compressive and tensile

strain distributions in the two mapped directions, i.e. parallel and perpendicular

to the growth direction. This residual strain is discussed based on the thermal

mismatch between InAs and Si. The lattice strain is released by dislocation loops

localized along the InAs/Si interface consisting of perfect 60◦-type dislocations,

while the thermal stress is released by SFs generation during cool down process.

Successful MBE growth of n-type (As4) doped silicon with a controlled doping

pro�le and doping levels up to 7×1017cm−3 as well as P-N junctions characteristics

have been achieved.

The site-controlled growth of GaAs/In0.15Ga0.85As/GaAs nanostructures has

been demonstrated for the �rst time with 1 µm spacing and very low nominal

deposition thicknesses, directly on pre-patterned Si without the use of SiO2 mask.

The optimized GaP growth with best RMS values of 1.3 nm for the MBE-GaP

growth was obtained without growth stop between GaP-MEE and GaP-MBE, and

with the increased Ga growth rate from 100 nm to 300 nm during the temperature

ramping from MEE to MBE growth mode. We can conclude that the thin GaP-

MEE/Si shows great promise as a virtual substrate for III-V on Si growth. These

results are highly encouraging for the realization and integration of III-V on Si

optical devices for potential applications.
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Abbreviation Descriptions
MBE Molecular beam epitaxy
AFM Atomic force microscopy
QD Quantum dot

CMOS Complementary metal oxide semiconductor
QWR Quantum wire
DOS Density of state function
OEIC Optoelectronic integrated circuit
SA Self assembled
MD Mis�t dislocation
MT Micro twin
APD Anti phase domain
GPA Geometry phase analysis

RHEED Re�ection high energy di�raction
SK Stranski-Krastanov growth mode
FM Frank-van der Merwe growth mode
VW Volmer-Weber growth mode

FWHM Full width at half maximum
UHV Ultra high vacuum
PGA Post growth annealing
PL Photoluminescence
HR High resolution
TEM Transmission electron microscopy
SEM Scanning electron microscopy
MEE Migration enhanced epitaxy
LED Light-emitting diodes
RMS Root mean square
DSAR Double atomic reconstruction

HR-XRD High resolution x ray di�raction
EBL Equivalent beam pressure
APBs Anti phase boundaries
EBE Electron beam evaporator
EBL Electron beam lithography
FIB Focused ion beam
NW Nanowire
ZB Zinc blend
InAs Indium arsenide
GaAs Gallium arsenide
InGaAs Indium gallium arsenide
GaP Gallium phosphide
DOE Density of state function
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symbol Descriptions

γf Film-vacuum surface tension
γs Substrate-vacuum surface tension
γsf Substrate-�lm surface tension
ξ Poisson ratio
µ∗ Chemical potential
β Constant
f Lattice mis�t
aL Layer lattice constant
as Substrate lattice constant
ε Starin
εt Tensile strain
ε|| In-plane strain

III − V Group three and �ve elements in periodic table
δ Lattice relaxation
hc Critical thickness
G Shear modulus
b Burger vector
FL Line force mis�t
FG Glide force
S Parallel mis�t dislocation
αL Layer thermal expansion coe�cient
αs Substrate thermal expansion coe�cient
T◦ Initial temperature
T Final temperature
φ O�-cut angle or contact angle
µm Micrometer
nm Nanometer
w Terrace width
L Length
c Velocity of light
T Temperature
e Electron charge
h Plank constant
gE Energy state density

E,Ei, Ef Energy states
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