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Fabrication and modeling of SiGe

Nanostructures Driven by

Hetero-epitaxial Elasticity

Abstract

We investigate here the heteroepitaxy of silicon-germanium (SiGe), a system which

is commonly regarded as the stereotype of semiconductor epitaxy. While this sys-

tem has already attracted a tremendous amount of attention due to its applications

for band-gap engineering in microelectronic industry, the major challenge facing the

development of new SiGe-based devices remains the controllable epitaxial growth of

self-assembled nanostructures. It is well-known that SiGe follows a Stranski-Krastanov

growth mode, which proceeds via the growth of bi-dimensionnal layers followed by

the growth of three-dimensional islands. Under this generic “Stranski-Krastanov” des-

ignation, several different behaviors can be identified. An overall understanding of all

these behavior is still partially missing due to the complexity and the interplay of ki-

netics and energetic driving forces, preventing the development of new devices.

In this work we focus on the self-assembly of SiGe nanostructures following the

quest of light emission for integrated Si-based photonic, optoelectronic and nanoelec-

tronic devices.

Even if the innovation in Si-based devices has been boosted recently by the devel-

opment of ultra-thin body fully depleted silicon on insulator transistors, a real break-

through would be the demonstration of light emission and/or absorption by group IV

elements since it allows the convenient integration into the nowadays semiconductors.

In this work we first demonstrate the different growth regimes of strained films, i.e.

instability versus nucleation regimes. We develop a model which resolves the race of

these two growth pathways and unveil the mechanisms of different modes of morpho-

logical evolution driven by elasticity.
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In the second part, we examine in details the natural self-organisation of coherent

islands. The direct elastic effect induces repulsion between coherent islands. However,

the strain-dependent surface energy which has been overlooked previously in analysis

of the island-island interaction is revealed to cause an attraction between islands. It

may compensate the direct elastic repulsion during the initial state of nucleation and

lead to the clustering of coherent islands.

In a third part we study the influence of miscut steps of vicinal substrate on the

formation and self-organisation of islands. We demonstrate that the strain relaxation

anisotropy produced by the step edges, is at the origin of the instability elongation per-

pendicular to steps. Quantitative agreement between the instability elongation and the

anisotropy of strain relaxation is found, which deepens the understandings of hetero-

epitaxial growth on vicinal substrate.

In the fourth part we develop a new process based on Ge condensation during ther-

mal oxidation of dilute SiGe. The kinetics of SiGe condensation process is investigated

and the fully strained SiGe epilayer is fabricated via this particular condensation pro-

cess. This process can be applied in fabrication of SiGe core-shell nanostructures, for

which the direct deposition and growth process is found to be cumbersome in terms

of the control of morphology and composition.

As a whole, we studied the nanostructures of SiGe driven by its hetero-epitaxial

elasticity. We proposed a model to compare two pathways of morphological evolution

of SK growth and unearthed the mechanisms of the race and transition. We studied

kinetics of island nucleation under the impact of elastic filed produced by an existing

island. The peculiar role of strain-dependent surface energy is highlighted. Then the

elasticity anisotropy induced by miscut steps on vicinal substrate is studied theoreti-

cally and experimentally. This anisotropy effectively induces the elongation of islands

in one direction to form nanowires in good alignment. Then the kinetics of condensa-

tion of SiGe is studied, which is found to be an effective method in fabricating strained

SiGe nanostructures.

Key Words: Si, Ge, Epitaxy, Strain, Nucleation, Quantum Dots
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Chapter 1. SiGe Epitaxy and SiGe Quantum Dots

In the early stages, epitaxial growth of SiGe on Si substrate attracted tremendous

research interests due to its promising applications in semiconductor integrated cir-

cuit (IC) industry; then the interests have been soaring with the development of new

devices based on the strained SiGe quantum wells, superlattices or quantum dots, an-

swering to another hot demand,the so-called strain engineering which aims at tuning

the physical properties through the strain induced by lattice mismatch between SiGe

and Si. On the other hand, SiGe/Si system is regarded as a prototype generic simple

system that can serve to extract universal laws describing the hetero-epitaxial growth

of semiconductor nanostructures where the growth is tuned significantly by both the

strain field and the kinetics. Hetero-epitaxy stands as a widely-used fundamental tech-

nique to fabricate devices in electronics, optics, spintronics etc. In this part we will give

an overall review on the fundamentals of SiGe hetero-epitaxial growth, the formation

mechanism of SiGe QDs and their self-organization on nominal, vicinal and patterned

substrates. This state of the art of this research domain will serve as the starting point

of my work.

1.1 Importance of Semiconductor Epitaxy for applications

and Fundamental Research

The technique of epitaxial growth has been one of cornerstones supporting the whole

semiconductor industry since its emergence in early 1960s[1].In a semiconductor de-

vice, high-quality crystalline stacking layers and interfaces offer the possibilities to

control the flow and confinement of charge carriers or photons, see Figure 1.1. Al-

most all these staking layers and functional interfaces are assembled via homoepi-

taxy(Material A on Material A) and hetroepitaxy(Material A on Material B). One good

example to demonstrate the importance of high-quality crystalline epitaxy for a semi-

conductor device is the creation of blue LED (Light-Emitting Diode), for which Isamu

Akasaki, Hiroshi Amano and Shuji Nakamura were rewarded the Nobel Prize in Physics

in 2014. They would never be able to make a functioning device without the success in

fabricating low-dislocation Nitrides(AlGaN, InGaN)single-crystalline layer on Sapphire

thanks to the availability of growth techniques like MBE (Molecule Beam Epitaxy) and

MOVPE (Metalorganic Vapour Phase Epitaxy)[2][3].

Along with advancements in high vacuum and purification of materials(mainly for

the source materials) and the observation techniques like scanning microscopy includ-

ing AFM (Atomic Force Microscopy),STM (Scanning Tunneling Microscope) and XRD

(X-ray Diffraction) as well as in-situ observation techniques like RHEED (Reflection

High Energy Electron Diffraction) and LEEM (Low Energy Electron Microscopy), al-

lowing an ultimate nano-analysis of deposited thin films, a large number of material

series can be effectively fabricated by hetero-epitaxy, including IV–IV systems (Si, Ge,

8



1.2. Interests of Ge integrating onto Si

Sn...), III(Ga, In, Al)–V(As, N, Sb) systems and their alloys[4, 5], the II–VI systems(Zn,

Cu, O, S...)[6]. Their electronic and optoelectronic features are widely used for in ap-

plications, especially in designing innovative electronics, optoelectronic devices, high-

efficient catalysts and solar cells etc.

Among these materials, the epitaxy of Si and Ge stands as the very special one.

Figure 1.1: Schematic structure of the first blue LED[2]

1.2 Interests of Ge integrating onto Si

1.2.1 Si and Ge in semiconductor industry

Si is the ground on which all the nowadays semiconductor industry and our so-called

Information Age are constructed. In the last decades, the advancement of Si processing

and manufacturing techniques witnessed or defined the progress of semiconductor

industry, the trajectory of which can be evidenced by Moore’s law.

Ge, instead of Si, was the first semiconductor element chosen to manufacture al-

most all the solid-state devices just after the birth of transistors in 1950s. Until 1960s, Si

took over Ge as the dominant industry material thanks to the discovery of SiO2 dielec-

tric passivation and the creation of MOSFET(Metal-Oxide-Semiconductor Field-Effect

Transistor).

Recently in order to extend Moore’s law, Ge is regarded by the semiconductor in-

dustry as a very promising alternative channel material of Si on the way to increase

the charge-carrier mobility thence increase the performance of silicon transistors, be-

cause Ge has the highest hole mobility in all ever-known semiconductors, see 1.2b[7].

Another reason why Ge attracts enormous research interests from academies and in-

dustries is that it is technically convenient to integrate Ge into the Si-based industrial

manufacturing processes owing to their similar properties, making it economically at-

tractive to the semiconductor industry.

9



Chapter 1. SiGe Epitaxy and SiGe Quantum Dots

(a) (b)

Figure 1.2: (a)The first transistor in the world made of Ge. (b) The mobility landscape of semi-

conductors. The bulk mobility is plotted against the bandgap for silicon, germanium and a

variety of group III–V materials. Filled symbols indicate electrons, and open symbolsindicate

holes. Germanium offers the highest hole mobility of any known semiconductor material[7],

1.2.2 Si and Ge in nanodevices

In addition to be an alternative channel materials in Si transistors, the heteroepitaxy

of Si and Ge produced lots of novel nanostructures including quantum wells( super-

lattices),nanowires, quantum dots, which confine the electrons in one, two and three

dimensions respectively, tailoring their electron band structures and other properties.

Embedded in these heteroepitaxial quantum structures is the effect of epitaxial strain,

which turns to be a promising parameter to engineer various physical properties. This

is normally called strain engineering. High strain can significantly tune the physical

properties of materials. Such a high strain is impossible for bulk materials to sustain

as the epitaxial strain is even higher than their yield strength. However the reduction

of size to nanometric scale in nanodevices, characterized by the maxim "Smaller is

Stronger" remarkably strengthens the materials[8]. Taking advantage of the epitax-

ial strain bewteen Si and Ge, strain engineering has succeeded in the applications in

CMOS to increase charge- carrier mobility. Applying this epitaxial strain to Si on re-

laxed buffer SiGe layer,provides an increase of Si mobility a few hundred percent[9][10],

which ensured Moore’s law to continue since mid-2000s up to now. Benefits to semi-

conductor companies of billions of dollars have been generated thanks to the com-

mercialization of the tensile strained Si on SiGe epitaxy[8]. The band gap structure of

Si and Ge can also be turned from indirect band gap to quasi-direct by band folding

due to epitaxial strain. Indeed, one of the major technical bottlenecks is the indirect

band gap of Si and Ge, which hinders their efficiency in optoeletronic devices appli-

cations. Via the strain applied by heteroepitaxy, Si and Ge with quasi-direct band gap

may be created, paving the way to further applications in a broader range[11].
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1.3. SiGe heteroepitaxy and SiGe QDs

During the last decades, SiGe nanowires, multi-core-shell nanowires and SiGe quan-

tum dots have shown very promising properties in a wide range of applications includ-

ing transistors, memories, photovoltaics, laser, thermoelectrics, quantum computing

etc..

Below, we firstly go back to the very debut and basic concepts of hetero-epitaxy of

Si and Ge and we introduce the kinetics and thermodynamics of crystal growth during

heteroepitaxy, since these fundamentals are the prerequisites to design and fabricate

any SiGe device. Then the formation of self-organized SiGe quantum dots via hetero-

epitaxy will be emphasized and a detailed research state of the art will be given.

1.3 SiGe heteroepitaxy and SiGe QDs

1.3.1 Stranski-Krastanov Growth of SiGe epiatxy

As briefly mentioned above, hetero-epitaxy refers to a crystal growth process where

a material (s) incoherently or coherently grows on a foreign substrate (f). Mainly de-

pending on the lattice mismatch between material (s) and (f) (δ = (as − a f )/as), as

well as their surface energy γs and γ f , three major classes of growth modes are distin-

guished: Frank-van der Merve mode refers to two dimensional (2D) growth, Stranski-

Krastanov(SK) mode features a two-step process with 2D growth followed by 3D growth

via the 2D-3D transition while in Volmer-Weber mode three-dimensional (3D) islands

form directly on the substrate without a wetting layer, see Figure A.1.

Figure 1.3: Different growth modes of epitaxy mainly resilting from mismatch δ

Si and Ge have the same diamond lattice structure but have different lattice con-

stants (aSi = 5.43 Å, aGe = 5.66 Å)[12]. Ge has a lattice mismatch δ = (aGe − aSi )/aSi =
4.2% as compared to Si. Considering Si1−xGex alloy is infinitely soluble, its lattice con-

stant is then proportional to its composition x in an excellent approximation according

to Vegard’s law. Thence the lattice mismatch δx of Si1−xGex on Si substrate can be writ-

ten as:

δx = δ∗x = x ∗4.2% (1.1)
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Chapter 1. SiGe Epitaxy and SiGe Quantum Dots

On Si(001) substrate, Si1−xGex epitaxy follows the SK growth mode. As the deposi-

tion of Si1−xGex starts, the surface undergoes a very complex process. The first stage

can be seen as 2D layer or wetting layer growth. Afterwards the wetting layer reaches

a critical thickness, the surface begins to roughen and 3D structures begin to form on

the surface.

In the following part, we will follow this deposition pathway to demonstrate the

SiGe epitaxial growth on Si(001) substrate.

1.3.2 Wetting layer growth

During the first stage of Ge deposition, the 2D wetting layer is stabilized by the reduc-

tion of surface energy since the deposition of Ge can dramatically decrease the surface

energy of the system, which is quantitatively evidenced first-principle calculations[13],

see Figure 1.4a. During the 2D wetting layer growth, the compressive strain induced by

the lattice mismatch can be partially relaxed by intermixing, dimer vacancy line(DVL),see

Figure 1.4b, and spontaneous formation of additional kinks and steps[14]. However

(a) (b)

Figure 1.4: (a) Surface energy as a function of the thickness of deposited Ge layers[15], (b)STM

image of the Ge-covered Si(001) surface showing the (2×n) reconstruction

these effects quickly saturate after depositing a few monolayers( about 3 monolayers),

which is named the critical wetting layer thickness (hc ) , see Figure 1.4a. In the second

step, 3D islands grow on the top of the wetting layer whose formation can continue to

partially relax strain.

1.3.3 SiGe quantum dots

The highly strained epilayer finds new ways to relax the strain to reach a more sta-

ble state. Firstly the nucleation of dislocations, i.e. plastic relaxatio, is an effective

way,Figure 1.5. However, the nucleation of dislocation should be suppressed for all the

applications since dislocations are detrimental to all semiconductor devices. For this

reason, ultra clean growth environment and careful control conditions are requested
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1.3. SiGe heteroepitaxy and SiGe QDs

as well. In this work, we thence focus only on the elastic relaxation. We have seen that

when the the epilayer is thicker than hc , a flat film can evolve from 2D to 3D islands,

partially relaxing the strain and decrease the total energy of the system.

Figure 1.5: Schematic representation of the two ways followed by a strained epilayer to relax

the strain: nucleation of dislocations and formation 3D islands respectively

Since 1990, the discovery by D.J.Eaglesham and M.Cerullo that this islands are free

of dislocation at the first step of their formation, this research domain has attracted

a huge amount of research interests. Indeed these nanometer-scale islands can be

used as quantum dots. Furthermore, as the impurities or defects strongly degrade the

physical properties of QDs, this approach of fabricating QDs is performed in clean-

atmosphere chamber( for instance MBE) under ultrahigh vacuum and with monolayer

precision in deposition rate, thence this approach opened a way to make ultra clean

quantum dots[16].

For Si1−xGex growth on Si(001) substrate, depending on strain level (composition

x), one can find two different pathways of morphological evolution: nucleation of is-

lands in high-strain regime and nucleationless formation of islands via ATG (Asaro-

Tiller-Grinfeld) instability in low-strain regime.

Nucleation of islands in high-strain regime

Nucleation is the very first step in the phase change process via self-organization of

atoms or molecules. It is a spontaneous process requiring systematic thermal fluctu-

ations, which is ubiquitous ranging from the formation of bubbles in a glass of cham-

pagne to the formation of cloud[17]. During the deposition of Ge, with thickness above

hc , first 3D pre-pyramids nucleus nucleate stochastically on the wetting layer, Fig-

ure 1.6(c), and subsequently some of them grow into larger islands and some others

shrink. The remaining nucleus immediately turn to (105) faceted pyramids or huts,

see Figure 1.6(f).
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Chapter 1. SiGe Epitaxy and SiGe Quantum Dots

Figure 1.6: In-situ STM observation of the transition from 2D wetting layer to 3D island[18].

The formation of 3D islands is mainly driven by strain relaxation(∆E el ) while still

hindered by the energy cost of creating excess surfaces (∆E s) and edges between the

facets (∆E ed g e ). As a rough estimation, one would find that:

∆E el ∝ v (1.2)

∆E s ∝ v2/3 (1.3)

∆E ed g e ∝ v1/3 (1.4)

where v is island volume. As a whole, the formation energies of island is written as:

∆E =∆E el +∆E s +∆E ed g e (1.5)

= A v +B v2/3 +C v1/3 (1.6)

where A is negative, B , C are positive in principle. Finally the typical formation energy

as a function of volume is plotted as in Figure 1.7, in which one can find the critical

volume (Vc ) and the energy barrier(∆Ec ) of island nucleation. According to the Classic

Nucleation Theory, the nuclei size distribution follows Maxwell-Boltzmann distribu-

tion and those whose volume larger than (Vc ) will grow and the rest will shrink. D. E.

Jesson directly observed by in-situ STM, Ge clusters with size of some 270 atoms that

formed and then shrank[19]. Nucleation sites are found to be at the vicinity of step

edges as well as pits, where (Vc ) and (∆Ec ) might be lowered[20].

The deposition and nucleation processes can be conveniently simulated via Kinetic

Monte Carlo (KMC) method. The competition between deposition flux and diffusion

flux F /D f is found to control the island size and island density in the Solid-on-Solid

(SOS) KMC simulations[21].
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1.3. SiGe heteroepitaxy and SiGe QDs

Figure 1.7: Typical formation energy of island as a function of its volume

(a) (b)

Figure 1.8: KMC simulation of 3D islands (a) size, (b) density evolutions as a function of ratio

diffusion constant over deposition flux at T = 500 K after deposition of 1.5 ML[21]

The (105) facets of the pyramid or hut islands are out of Wulff construction. Ab

initio calculations have shown that (105) is stabilized by the reduction of surface energy

due to its specific reconstruction.[22],[23].

For Ge epilayer(high strain regime), (105)-faceted islands (pyramid and hut) are

often found unsustainable to the equilibrium state of epilayer due to its relatively low

height-base-ratio(r = 0.1). Such a shallow island is less effective than a dome or super

dome (r = 0.3) in terms of elastic relaxation. This explains why during the subsequent

Ge deposition, hut islands turn to domes and super domes[24].

ATG instability

In the low-strain regime, the 2D-3D transition shows a fully different scenario where

the morphology roughens continuously and gradually on the whole surface. As a result
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Figure 1.9: STM images of the transition from pyramid to domes during Ge deposition for in-

creasing thickness[24]

of competition between elasticity and capillarity, a typical wavelength of the morpho-

logical roughening may be extracted from the long-range ordering[14][25], seeFigure 1.10.

Figure 1.10: LEEM images of ATG istability in low-strain regime, for composition x =
0.25,0.34,0.40 respectively[25]

The mechanism of material transport is the surface diffusion driven by the local

chemical potential gradients on the surface, which might be described through a con-

tinuum model. The epilayer is represented by morphological function h(r, t ). A dy-

namic equation describing the morphological evolution can be written as Equation 1.7.

∂h/∂t = F +D
√

1+ | ∇h |2∆sµ (1.7)

where F is the deposition flux, D is the surface diffusion coefficient, ∆s is the surface

Laplacian and µ is the surface chemical potential including the contributions of sur-

face energy and elastic energy[14]. In case of stationary evolution(F = 0), a white noise

perturbation e i k·r+σt on the surface will grow exponentially with growth rate(see Ap-

pendix B for details)

σ=| k |3 −k4 (1.8)
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in a dimensionless calculation, where the length scale and time scale are defined as:

l0 = γ(1−υ)

2(1+υ)Y δ2
(1.9)

t0 =
l 4

0

γD
(1.10)

where γ is the surface energy( constant at the initial state of ATG instability), υ is Pois-

son ratio, Y is shear Young’s modulus and δ is mismatch.

The maximum growth rateσmax is obtained when kmax = 3/4 corresponding to the

typical wavelength of ATG instability

λATG = 2π

kmax
l0 = 4πγ(1−υ)

3(1+υ)Y δ2
(1.11)

which evolves with misfit δ as λATG ∝ δ−2 when F = 0. The deposition flux F may in-

duce a shift of the onset of ATG instability in unstationary case where F plays against

the diffusion flux. This is demonstrated by P. Sutter and M. G. Lagally [26],see Fig-

ure 1.11.

Figure 1.11: Dependence of ATG instability wavelength on composition x[26]

ATG instability builds long-range shallow undulations that turn to (105)-faceted

pre-pyramids and eventually into hut islands during long-term annealing. Tersoff et al.

proposed a continuum two-dimensional model taking into account the elastic energy,

surface energy and corner edge energy. They predicted the main features of the transi-

tion from undulations to pyramid. The transient truncated pyramid was evidenced via

in-situ STM observation[27].

The wetting effect in the SK growth plays a crucial role governing the kinetics and

thermodynamics of 2D-3D transition of epilayer. A three-dimensional continuum model

including elasticity, surface energy anisotropy and wetting effect proposed in the work
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(a) (b)

Figure 1.12: (a)STM image of truncated pyramidal island, (b) Schematic pathway of formation

of faceted island

of Aqua et al. provided a quantitative description of the dynamics of epilayer evolu-

tion during long-time annealing[28]. In this model the non- linear effect of elasticity is

elucidated in particular. It is shown that wetting effect enforces the stability of a epi-

layer thinner than critical thickness (hc ). The epilayer thicker than hc begins to evolve

via instability and kinetically interrupts when facet (105) form since the driving force

for island coarsening vanishes. This interrupted coarsening is explained by the com-

bination of wetting effect and surface energy anisotropy, in excellent agreement with

experiments, seeFigure 1.13 and Figure 1.14.

Figure 1.13: AFM images of a 5-nm-thin Si0.70Ge0.30 layer (a) as grown (Fourier transform in

inset), (b) after 18-h annealing, and (c) after 54-h annealing at 550 °C . (d) Image of a 8nm film

after 18h annealing. The 〈110〉 direction is horizontal. The scan area is 3µm × 3µm, and the

vertical scale for all the images is 32 nm. [28]
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1.4. Controllable growth of SiGe quantum dots

Figure 1.14: Numerical simulation of a surface for a 5-nm strained anisotropic film of Si0.7Ge0.3

(a) as-grown (Fourier transform in inset), after annealing time of (b) 18h, (c) 54h , and (d) sim-

ulation of a 8-nm film after 18h annealing. [The scan area is 1.2µm ×1.2µm, and the vertical

scale is 31 nm.][28]

1.4 Controllable growth of SiGe quantum dots

1.4.1 Challenges toward applications

The physical properties of quantum dots profoundly depend on their size, composi-

tion ,even relative positions etc. However it is found that it is extremely difficult to con-

trol the self-organized growth of semiconductor quantum dots over large scale. First

the size is difficult to control because the intermixing between deposited epilayer and

substrate broadens the island size distribution [29]. Second the coexistence of vari-

ous shapes (pyramid, hut, dome, superdome) on the same sample is often observed

and third the islands nucleation is nearly random, see Figure 1.15a. In addition, the

composition within an island is non-uniform. XRD and selective etching experiments

showed different conclusions: it was reported that Ge tends to segregate onto the outer

shell of domes, forming a Si-rich core and Ge-rich shell, see Figure 1.15b while other

groups reported Ge-rich core and Si-rich shell. The intermixing for deposition for high

growth temperature( >600 °C ) allows to partially relax the strain and to decrease the

entropy, which is crucial for high concentration epilayer( pure Ge). On the contrary,

much less intermixing is found for the deposition of Si1−xGex if x < 0.6 at relatively low

temperature(<550 °C ).

As a consequence, spontaneous quantum dots show large variety of characteristics,

hindering their applications. Various approaches have been proposed to achieve the

controllable growth of SiGe quantum dots.
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(a) (b)

Figure 1.15: (a) AFM image of spontaneous quantum dots through deposition of 1.9 nm

Si0.25Ge0.75 on Si(001), unpublished result. (b) upper image is the real space chemical com-

position map for Ge domes; AFM line scans in lower image are taken on two Ge domes, before

and after 31% H2O2 selective etching. It was concluded from these experiments that Si-rich

core is present in the islands( The selective etching rate can be also dependent on strain state

or crystallographic direction, which may modify these results).[29]

1.4.2 surfactants on substrate

The nucleation of 3D island is sensitive to its local environment and heterogeneous nu-

cleation is always favorable than the homogeneous. The impurity atoms on the sub-

strate can create nucleation sites in thermodynamic point of view. Furthermore the

presence of surfactants segregating on the surface would influence the mobility of ad-

atoms and kinetically change the nucleation of islands. Carbon-mediated growth of Ge

was found to be an effective way to decrease the island size and increase island den-

sity. In this case, the C atoms act as nucleation centers for Si atoms decelerate and they

decrease their diffusion length and suppress the intermixing of SiGe, thence increas-

ing the Ge concentration in island. This has been reported to lead to the formation of

smaller island[14].

Figure 1.16: AFM image of 13ML Ge on (a) Si(001) and (b) with 1/2ML Sb on Si(001)[30]

A. Portavoce et al. investigated the influence of Sb surfactant on Si(001) on the for-
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mation of Ge islands[30]. In this case, the shape and size are also significantly modified

by the presence of Sb on surface. Non- faceted Sb-mediated Ge islands are observed,

their size is significantly reduced with higher island density and the bimodal size dis-

tribution is remarkably suppressed, see Figure 1.16.

1.4.3 Symmetry-breaking of elasticity on vicinal substrate

Since the elasticity plays the major role in terms of kinetic pathway and thermody-

namic formation of islands on Si nominal (001) substrate, slight changes of elasticity

would dramatically modify the island formation. SiGe epitaxy on vicinal substrates

with different miscut angles is proposed as a promising method toward controllable

self-organization of islands, in which the symmetry-breaking of elasticity is the main

playing factor. On a vicinal (001) substrate, miscut angles toward [011] direction presents

a strain of parallel atomic steps along [110] direction. Stabilized by strain, facet (105)

is still bounding the islands with asymmetrical shape, see Figure 1.17. Berbezier et al.

and Persichetti et al. investigated the Ge island formation mechanisms on substrate

with various miscut angles(0°, 1.5°, 2°, 4°). They demonstrated the stabilizing effect of

(105) faceting in the island formation combined with energetic calculation[31].

Figure 1.17: Schematic of islands lying a vicinal surface[14]

While the composition x of Si1−xGex decreased, the formation pathway also switches

from stochastic nucleation to gradual and continuous pathway of ATG instability sim-

ilar as on nominal (001) substrate. When a 10 nm Si0.7Ge0.3 thin layer is deposited

on Si (001) 10° off substrate at 550 °C , the as-grown sample shows non-faceted 1D

ripples perpendicular to the step edges resulting from the asymmetry of substrate,

seeFigure 1.19. During post-growth annealing, the ripples begin to evolve with the

onset of (113) facets. Later on the ripples break into triangular islands elongated along

miscut direction, Figure 1.19b, [32].
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Figure 1.18: AFM image of 13ML on (a) Si(001) and (b) with 1/2ML Sb on Si(001)[31]

Figure 1.19: AFM image (3×3 µm2) of Si0.7Ge0.3 islands obtained for a deposited thickness of

10 nm: (a) as-grown; (b) 18 h anneal; (c) is a schematic representation of (113) facets on the

annealed sample.[32]

The influence of miscut angle toward [010] direction was also systematically stud-

ied by T. Zhou et al.[33]. In this study, the (105)-faceted islands elongate along the step

edges resulting from the misorientation angle. They align [010] direction and form

well-aligned planar 2D nanowires, see Figure 1.20b and c.

On the vicinal substrates, it is suggested that the step bunching is hindered. Until

now it is still unclear how the large density of parallel steps on vicinal substrates can

control the shape of the islands. It it an effect of elasticity or surface diffusion.? We will

especially investigate this issue both from experimental and theoretic point of view in

Chapter 4.
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Figure 1.20: AFM images (0.5×0.5µm2) of the surface morphologies: (a) 6 ML Ge deposition at

540 °C on Si (001)/[100] 0°; (b) 5.4 ML Ge deposition at 540 °C on Si (001)/[100] 7°; (c) 5.4 ML

Ge deposition at 540 °C with a subsequent in-situ annealing for two hours on Si (001)/[100] 7°;

(d) 5.4 ML Ge deposition at 650 °C on Si (001)/[100] 7°. The unit of color bar is nm.[33]

1.4.4 Pre-designed stressors

Another fascinating method to control the self-organization of SiGe QDs is to create

some pre-designed stressors prior to their growth. Such modification is expected to

create strain gradients in the substrate and should b a reliable way to control the for-

mation kinetics and thermodynamics. J. Tersoff et al. firstly demonstrated that the

self-organization of quantum dots would be tuned by the quantum dots buried be-

neath while fabricating stacking quantum dots superlattices[34]. The successive layers

of quantum dots vertically self-align on each other. As the stacking inctrease, the net-

work of QDs gradually become more uniform in size and spacing. It was claimed for

instance that for Si0.25Ge0.75 after a dozen of layer stacking (20 layers shown in the arti-

cle), the size distribution narrows and ordering increases compared with the first-layer

spontaneous quantum dots. V. A. Zinovyev et al. used SiGe quantum dots as buried

stressor to arrange the successive stacking quantum dots and fabricate quantum dot

molecules[35]. The favorable nucleation sites of successive quantum dots are tailored

by the buried stressor. For a strained surface , the chemical potential can be written

as[35]

µ=µ0 +Ωγk +ΩEs (1.12)

where µ0 is the chemical potential of flat unstrained surface γ is the free surface en-

ergy of the wetting layer per unit area, Ω is the atomic volume, k is the local surface

curvature and Es is the local strain energy at the surface. The effect of buried stres-

sor mainly traced to the third term ΩEs . FEM(Finite Element Method) was employed

to determine the strain-dependent chemical potential Es on the surface of the buried
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stressor (truncated pyramid here). It is found that the nucleation sites of the stacking

QDs are aligned on the buried stressor, corresponding to the sites with lowest chemical

potential sites, see Figure 1.21.

Interestingly, the interaction between quantum dots through the stressor also shows

fascinating results for the quantum dots on SiGe nanowires[36] and on thin Si mem-

brane as substrate[37].

Figure 1.21: (a) Simulation by FEM of the surface distribution of strain-dependent chemical

potential on the top of a SiGe disklike nanomound covered by a thin Ge wetting layer. The

disklike nanomound was represented by a truncated cone with a height to base aspect ratio of

0.05 and a sidewall inclination angle of 14deg. (b) STM image of spatial ordering of small 3D

islands nucleated on the disklike nanomound after deposition of 3.5 MLs of Ge at 600 °C . [35]

Figure 1.22: STM images (1×1µm2) of the groups of closely spaced SiGe islands grown at 660

°C on a three-layered QD superlattice template with different thickness of deposited Ge:(a) 3.5

MLs, (c) 4 MLs, (e) 5 MLs. Image sides are oriented along the [011] directions. Figures (b),

(d), and (f) correspond to three-dimensional representations of the fourfold symmetric QDMs,

marked by dash circles in (a), (c), and (e), respectively[35].
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1.4.5 Pre-patterning on substrate

Since the formation of QDs is very sensitive to the local chemical potential on the

substrate, a geometrical designing of the substrate by pre-patterning a priori changes

the capillarity and elasticity simultaneously and then opens an efficient way to orga-

nize the QDs. Furthermore, the ultra-high resolution processing techniques including

photo-lithography, E-beam lithography and FIB (Focused Ion Beam) permit finer and

more effective design and fabrication of patterns on substrate. The patterns create the

preferential sites of island formation and thence offer the possibility to fabricate or-

dered islands with uniform composition.

Micrometer-scale patterns are fabricated by conventional photo lithography as nu-

cleation centers for formation of Ge islands via epitaxy[38]. The islands are found to

reside preferably at the concave and/or the convex region that correspond to the local

minimum chemical potential depending on the shape of patterns. In order to eluci-

date the influence of pattern on the chemical potential, the contributions of surface

energy and elastic energy are considered in Equation 1.12. The difference is that the

second Ωγk and third term ΩEs are both a function of pattern geometry. In principle,

atoms γk favors the concave position in terms of capillarity while it favors the convex

position in terms of elasticity Es . As a result of competition between γk and Es , the

chemical potential along a bumpy pattern is calculated and plotted in Figure. 1.23b.

(a) (b)

Figure 1.23: (a)Scanning electron microscope image of Ge 3D islands ordered on patterned

stripes on Si (001) with Ge = 60 MLs. The stripes are oriented in 〈110〉 directions, but ordering

of Ge QDs is independent of this direction. (b) variation of the local surface chemical potential

of stripe structures with position X (solid line). The dashed line is the surface profile measured

by AFM[38].

A more systematic kinetic model is proposed by Hu et al.[39] to elucidate strained

islands formation on patterns . The surface energy anisotropy as well as elasticity are

found to determine the preferential sites of island nucleation. The model considers

the nucleation of islands on a sawtooth pattern with a constant slope of angle ϕ as
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shown in Figure 1.24. Coherent island lies on the pattern with contact angle θ. The

strain energy difference between the island and flat strained film can be calculated

using Green’s function method with small-slope approximation[39]:

Ee =−σ
2

2

Ï
d x d x ′χ(x −x ′)∂i t (x)∂i t (x ′) (1.13)

where σ is the stress in the island, x and x ′ denote the position along the surface, χ

is the Green’s function and t (x) is the epilayer thickness function. By solving Equa-

tion 1.13, the elastic energy change is simply:

Ee = ε0S(tanθ− tanϕ) (1.14)

where ε0 = (2ln2)σ2(1−ν2)/πY is the strain energy of flat reference strained film, ν

is Poisson ratio and Y is Young’s modulus and S = l 2(tanθ− tanϕ) is the island base

area. While the surface energy of wetting layer and island facets are set as constant γw

andγ f , the excess surface energy created by island formation is:

Es = 2l (γ f secθ−γw secϕ) (1.15)

The surface energy anisotropy is represented using a generic form ofγw = γ0(1−αcos(nφ))

while the island facet is the first low-energy facet beyond flat surface, one can define

θ = 2π/n then γ f = γ0(1−α). Here parameter α is introduced to describe the surface

energy anisotropy. n is set as 32 to represent the (105) facet of island. Thence one can

calculate the formation energy of island as:

E = Ee +Es (1.16)

and the competition between Ee and Es produces the critical island size Sc and nu-

cleation energy barrier Ec. The influence of pattern on the nucleation kinetics can be

denoted as Sc and Ec , the critical volume and energy barrier of nucleation. They are the

function of pattern shape parameter ϕ, surface energy anisotropy parameter α, which

is plotted in Figure 1.25.

Nanometer-scale patterning became recently possible with the development of E-

beam lithography and FIB. Chen.G et al. used E-beam lithography and subsequent

reactive ion etching(RIE) to make patterns with large periodicity and aspect ratio. A

thick buffer layer of more than 100 nm is deposited to cap the impurities and produce a

clean starting surface while preserving the patterns. Ge domes with the same ordering

of patterns can be fabricated as in Figure 1.26. FIB patterning is convenient technique

to fabricate adjustable patterns with tunable characteristics such as hole size, pitch

distance etc. with a precision of dozens of nanometers. During patterning process

the ions would locally implant in the substrate. They can either be further removed

by post-patterning treatment[40] or act in the substrate as surface surfactants whose

dose and distribution are controllable [41]. In Figure 1.27, the Ge islands are obtained
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Figure 1.24: Schematic illustration of island nucleation on patterned substrates. (a) On a saw-

tooth pattern; (b) on the apex of a concave surface; (c) in the valley of a convex surface.[39]

Figure 1.25: Critical size of Island nucleation (a) and energy barrier (b) as a function of α and

ϕ . The size is in unit of γ2
0/ε2

0 and barrier in unit of γ2
0/ε0[39]

through the deposition of Ge on FIB-patterned substrate in which the implanted Ga

ions are removed prior to Ge deposition via a two-step cleaning process: Annealing

and subsequent HCl bath [40]. Interestingly, the nucleation sites of islands are found

to be dependent upon deposition temperature. At high temperature (TS = 750°C ), the

dots reside on the terraces between holes, and at low temperature (TS = 550°C ) the

dots tend to nucleate in the holes, whose transient temperature is then found around

(TS = 650°C ) at which some dots locate in holes and some on terraces. Kinetic Monte

Carlo simulation then revealed that favourable island position is dominated by the

competition between kinetic diffusion and kinetic nucleation energy. At low temper-
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Figure 1.26: (Left)AFM image of the prepatterned Si substrate with 5 ML of Ge. (Right) Line

scan in [100] direction along the dashed line in (a).

ature the diffusion of deposited Ge atoms across the hole-wall steps is blocked due to

the lack of thermal kinetic energy. Ge atoms are kinetically trapped in the holes. At

high temperature, the system can more easily overcome the kinetic energy barrier and

reach an equilibrium state[40].

Figure 1.27: AFM images (scan size 1.5µm) of FIB patterned areas after 8 ML Ge deposition

at different temperatures (TS ): (a) TS = 750°C In this situation the size of QD (100 nm) is in

the range of the hole-hole distance (180 nm). The inset shows a higher magnification image of

three Ge QD situated on the terraces between the FIB pits; (b) TS = 750°C . When the pitch is

larger, the size of the QDs is three times smaller than the hole-hole distance (350 nm). Ge QDs

are located close to FIB pits; (c) TS = 650°C , hole-hole distance is 180 nm. At this temperature

the Ge QDs are located randomly both in the holes and out of the holes; (d)TS = 550°C ., Ge

QDs are located only in the holes due to the diffusion barrier.[40]

Substrate pre-patterning has become a widely used process to fabricate control-

lable semiconductor quantum dots[42][43]. One step forward, it has been shown that

it is viable to fabricate 3D SiGe quantum dot crystals by combining the two mentioned

mechanisms: pre-patterning and pre-designed stressor[44]. 2D periodic hole arrays

are firstly fabricated via extreme ultraviolet interference lithography(EUV-IL), order-

ing Ge quantum dot array can be fabricated via epitaxy of Ge in MBE after the pattern

transfer to Si substrate and substrate cleaning [44]. A thin layer of Si is deposited on

quantum dot array at lower temperature to suppress the intermixing, and afterwards

quantum dots would be self-aligned in the vertical direction when Ge is deposited
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1.4. Controllable growth of SiGe quantum dots

on Si layer thanks to the mechanism explained in Section 1.4.4. This process is self-

repeatable and 3D quantum dot crystal can be finally produced as shown in Figure 1.28

which demonstrates fascinating opto-electronic properties[44].

Figure 1.28: (a) TEM cross-section image of 10 period stacks of Ge islands and Si spacer layer

(10 nm) deposited on a pre- patterned area, (b) AFM images of the surface of the same sample.

The inset in (a) shows a closeup of a dot in the first layer. The comparison of the cross-sectional

TEM micrographs and the AFM images demonstrates that the vertical and the lateral ordering

is maintained after 10 periods on the pre-patterned substrate. [44]

In the regime of ATG instability growth mode, the evolution of SiGe epilayer on pat-

terns is simulated via a continuum elasticity model in the works by X. Xu et al.[45][46][47].

Similarly the formation of islands is tailored by the capillarity and elasticity while in

this case the patterns are characterized by the wavelength which can be conveniently

associated to the ATG instability wavelength λATG . Free epilayer h(x, y, t ) deposited on

patterned substrate with pattern function z = η(x, y) evolves with annealing time t , see

Figure 1.29(a). Tuned by the capillarity and elasticity, islands form finally with differ-

ent orderings and density, totally dependent on epilayer thickness H̄/Hc and pattern

wavelength λη with respect to λATG , which is written as:λη/λATG [47],. The different

situations were clearly summarized in a diagram in Figure 1.29(e).
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Chapter 1. SiGe Epitaxy and SiGe Quantum Dots

Figure 1.29: (a), Schematic figure of epilayer deposited on patterned substrate z = η(x, y); (b),

highly-ordered islands locate in the valleys of pattern in case of H̄/Hc = 1.8 and λη/λATG = 1;

(c), islands undergo coarsening with less ordering in case of H̄/Hc = 1.3 and λη/λATG = 1; (d),

disordered islands with H̄/Hc = 1.8 and λη/λATG = 6; (e), the phase diagram to summarize the

island ordering as a function of H̄/Hc and λη/λATG .[47]

1.5 Summary

As a summary of this chapter, we gave out a brief introduction to the epitaxial growth

of semiconductors and highlighted the importance of Si Ge epitaxy. Furthermore, the

fabrication of SiGe quantum dots via SiGe epitaxy is reviewed in details from the ex-

periments to modeling. Several methods and studies dedicated to controllable growth

of SiGe quantum dots have been briefly summarized to give a comprehensive back-

ground necessary to understand the major issues that have been addressed in this the-

sis.
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Chapter 2. Growth pathways: from Nucleation to ATG Instability

In this chapter, we propose a thermodynamic model to investigate the nucleation

of Si1−xGex islands on Si(001) substrate and to particularly study the influence of com-

position x to the nucleation kinetics. Combining with Classic Nucleation Theory, we

quantitatively elucidate the transition of growth mode from nucleation in high strain

regime to nucleationless in low strain regime and estimate the critical composition xc

via comparing nucleation time scale and characteristic time of ATG instability. The

main results are evidenced in experiments aiming at highlighting growth mode via ob-

serving the very onset of 3D evolution.

2.1 Background

As shown in Chapter.1, depending on the amount of strain, the 3D evolution of Si1−xGex

epilayer behaves as two different modes: nucleation/ATG instability at high/ low strain

regime. Previously these two growth modes have been studied separately. Their for-

mation mechanisms are described by different theories. The island formation at high-

strain regime is described by the classical nucleation theory while continuous morpho-

logical undulation via surface diffusion, driven by elasticity, is believed to govern the

low-strain regime. However, a quantitative description to these two evolution modes

is still in demand and the transition of evolution modes still remains as an issue of

confusion and controversy.

In Figure 2.1 we demonstrate two clear examples of strained thin films: the long-

range order is clear for Si0.7Ge0.3 layer in (a) and discrete islands formed on the surface

for the Ge layer in (b). On the top are schematic figures and planview TEM images at

the bottom. The cross-over composition xc , refers to the critical composition separat-

ing these two growth pathways.

2.2 Energetics of island nucleation

In order to investigate the energetics of island formation, we consider a square-base

pyramidal island with (105) facets that emerge from a flat strained film, shown in Fig-

ure 2.2. The (105)-faceted pyramid is ubiquitously found in experiments on SiGe and

disclosed to be a partially stabilized state. First-principle calculations furthermore re-

vealed that the (105) facet is stabilized by the epitaxial strain [23][48]. For simplicity, in

this model the pyramid is taken as the nucleation island directly without missing the

generality [23][48], see below for a discussion for pre-pyramid.

In Figure 2.2, a strained flat epilayer with thickness h0 is taken as the reference state.

The energy variation between this reference state and a pyramid can be decomposed

as:

∆E =∆E sur f +∆E ed +∆E el (2.1)
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2.2. Energetics of island nucleation

Figure 2.1: Growth pathways of Si1−x Gex strained layers depending on x: (a), schematic fig-

ure of ATG instability and plan-view TEM image of Si0.7Ge0.3 layer ; (b), schematic figure of

nucleation and plan-view TEM image of Ge layer.

where ∆E sur f , ∆E ed , ∆E el are respectively the variation of surface energy, edge energy

and elastic energy.

2.2.1 Capillarity

Due to the wetting effect, surface energy is a function of the epilayer thickness [48]. The

quantitative relation between surface energy and thickness was firstly proposed by Lu.

et al.[48] to be exponential while for a Ge epilayer on Si(001), the exponential decayγ0+
γw e−h/δ0 was shown to be consistent with first-principle calculations [49][28]. Mass

conservation enforces the balance hw = h0 −ρV /a in Figure 2.2.

On the other hand, the surface energy of Si1−xGex also depends upon the compo-

sition x. The real composition of Si1−xGex epilayer has been an issue of controversy ,

the complexity of which is increased owing to mechanisms of surface segregation of Ge

and SiGe intermixing. Here for simplicity, we consider an epilayer surface which is fully

enriched Ge as evidenced by experiments[50] so that the surface energy of Si1−xGex is

simplified to be independent of x. (At the end of this chapter, we will demonstrate

that this simplification does not change our main results). Considering surface energy
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Chapter 2. Growth pathways: from Nucleation to ATG Instability

Figure 2.2: A pyramidal island emerges from a flat strained film

anisotropy, the surface energy variation ∆E sur f can be written as:

∆E sur f = γ105
Ge L2

cosθ
−γ001

Ge L2 (2.2)

= γ001
Ge ηL2 (2.3)

where η describes the anisotropy:

η= γ105
Ge

γ001
Ge

1

cosθ
−1 (2.4)

where L is the base length of the pyramid and θ is the contact angle with tanθ = 0.2

corresponding to (105) facet on (001) substrate. Thence the volume of pyramidal island

is V = L3/6tanθ.

It costs some energy to create the facet edges including (001)-(105) edges and (105)-

(105) edges. On average, the edge energy is taken as proportional to the total edge

length and the edge energy densityσed is estimated via atomic calculations to be 10 meV /Å.

According to works dedicated to the calculation of the edge energy of Ge pyramid[51][52][53],

we choose its magnitude of 10 meV /Å which leads to a reasonable nucleation energy
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2.2. Energetics of island nucleation

barrier. 270/3 meV Å2 is another value found to fit experimental results. It results

in enormous energy barrier in the following calculations, which is consequently dis-

carded. At the end, the edge energy ∆E ed is:

∆E ed = 4H

tanθ
(2+2

√
2+ tan2θ)σed (2.5)

where H is the height of pyramid, V = 4H 3

3 tan2θ.

2.2.2 Elasticity

Elastic interactions may be computed within the small-slope approximations, described

in the Appendix A. The driving force for island formation is the elastic relaxation. Here

we focus on the elastic relaxation of a pyramid compared to a flat epilayer. Within the

small-slope approximation, a given epilayer h(r ) with a free surface on a semi-infinite

substrate, the elastic energy E el is[49]:

E el = ε0

∫
dr

{
h(r )−ζh(r )H i i [h(r )]

}
(2.6)

where ε0 = Y f δ
2

1−ν f is the elastic energy density, computable via small-slope approxima-

tion, see Appendix A, ζ= Y f (1−ν2
s )/Ys(1−ν f ) with Y f , Ys referring to Young’s modulus

of film and substrate, ν f ,ν f referring to their Poisson’s ratios (as regards elastic con-

stants of Si and Ge, see Appendix D) and H denotes the Hilbert operator given as:

H i j =F−1[(ki k j /|k |)ĥ(k)] (2.7)

with F−1 denoting the Inverse Fourier Transform (IFT)[49].

The first term ε0
∫

dr h(r ) is the elastic energy of flat film with the same volume of

materials and the second term

∆E el = ε0

∫
dr

{−ζh(r )H i i [h(r )]
}

(2.8)

represents the elastic relaxation enforced by the surface undulation. By numerical cal-

culation, we compute ∆E el (V ) and indeed find a linear dependence with the volume

V :

∆E el =−ζpε0V (2.9)

with the coefficient p ' 0.198. The elastic relaxation of coherent pyramid island was

also calculated thanks to Green’s function as[54].

p = 4(
p

2−1)[1+ ln(1+p
2)]tanθ/π (2.10)

which turns to be around 0.198 when tanθ = 0.2 corresponding to (105)-faceted pyra-

mid.
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Chapter 2. Growth pathways: from Nucleation to ATG Instability

2.2.3 Nucleation Energy Barrier

When h0 is small, the wetting effect enforces that the materials spread on the substrate

and island formation is energetically hindered; when h0 is larger than a critical value

hc , nucleation may occur since the wetting effect decreases exponentially. As a result,

for a given composition x, one can estimate the corresponding hc (x) if we simply con-

sider a criterion that the formation energy decreases for large enough volume. We take

x = 1 as example and plot ∆E as a function of the volume V while varying the wetting

layer thickness h, see 2.3 ∆E diverges while increasing V if h0 < hc ; in case of h0 > hc

∆E overcomes energy barrier and begins to decrease with V . The calculation of the

wetting layer thickness is of great significance as well, and we will investigate it below.
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Figure 2.3: Formation energy ∆E as a function of volume V while varying h0 fixing x = 1.

In order to simplify the issue and disclose the main effect of composition x, here we

consider in the following a thick enough wetting layer to eliminate the wetting effect.

With Equation 2.3, 2.5 and 2.9, we finally write the island formation energy ∆E as a

function of volume V :

∆E = σ̃V 1/3 + γ̃V 2/3 − p̃V. (2.11)

with

σ̃= 461/3(1+
√

2+ tan2θ) tan5/3θσed

γ̃= (6tanθ)2/3γ001
Ge η

p̃ = ξpε0

One can then find the maximum value, which is the nucleation energy barrier:

∆E∗ = 1

27p̃2
[γ̃(2γ̃+9p̃σ̃)+2(γ̃2 + p̃σ̃)3/2] (2.12)

and critical volume

V ∗ =
[
γ̃+√

γ̃2 +3σ̃p̃2

3p̃

]1/3

(2.13)

as typically shown in Figure 1.7.
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2.3. Master equation of nucleation: Nucleation Time Scale

2.3 Master equation of nucleation: Nucleation Time Scale

2.3.1 master equation

In the classic nucleation theory (CNT), the stationary nucleation rate J is related to the

nucleation energy barrier ∆E∗. Here we try to estimate a typical nucleation time scale

τ in order to evaluate its competition with the ATG instability time scale.

The concentration of nuclei Cn consisting of n atoms (n-mer) is ruled by the Maxwell-

Boltzmann distribution as:

Cn =C1e−∆En /kB T (2.14)

where C1 and Cn are respectively the density of monomers and n-mers on the surface.

The evolution of Cn is described by the master equation[55]

∂Cn

∂t
=∑

m
[ fm,nCm − fn,mCn] (2.15)

where fm,nCm stands for the transition frequencies that m-mers transit to n- mers.

The equation can be conveniently represented as Figure 2.4, in which
∑

m fm,nCm and∑
m fn,mCn are respectively the inward flux and outward flux for the density of n-mers.

Figure 2.4: Schematic presentation of the possible changes in the size of a cluster of n

molecules. The concentration of n-sized clusters diminishes because of n → m transitions (the

arrows leaving size n) and increases thanks to m → n transitions ( the arrows ending at the size

n).

In practice, the attachment/detachment proceed mainly via the transfer of monomers

so that the master equation Equation 2.15 turns to:

∂Cn

∂t
= fnCn − gnCn (2.16)
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Chapter 2. Growth pathways: from Nucleation to ATG Instability

in which fn = fn−1,n and gn = fn,n−1 are actually the monomer attachment and detach-

ment frequency respectively. The CNT exhibits a stationary regime where nucleation

occurs with a rate[55, 56]

J st = Z fn∗ Cn∗ (2.17)

where Z is called the Zeldovich factor, fn∗ is growth frequency of cluster of critical size

n∗ and Cn∗ is the density of cluster with a critical size given by Equation 2.14. Z is

found to be :

Z =β/π1/2 = [(−∂2∆E/∂n2)n=n∗/2πkB T ]1/2 (2.18)

where β = (−∂2∆E/∂n2)n=n∗/2kB T , the curvature of the ∆E(n) curve at n = n∗. Com-

bining with Equation 2.11, we get:

Z = 2a3
√

kB T

tanθ
p
πσ̃2

(γ̃−
√
γ̃2 +3σ̃p̃)(γ̃2 +3σ̃p̃)1/4 (2.19)

Growth frequency fn∗ is the last factor to be estimated.

2.3.2 Growth frequency in surface diffusion process

As regards the epitaxial growth of semiconductors, only the attachment and detach-

ment of monomers is supposed to be important in atomic process. By introducing the

capture number, the attachment frequency fn may be approximately estimated as[55]

fn = rnαDsC1 (2.20)

where rn is sticking/attachment coefficient, roughly varying from 0 to 1, α is the cap-

ture number between 1 and 5; C1 is the monomer/adatom concentration on the sur-

face, given by 1
a2 e−E1/kB T knowing the attachment energy E1 ' 0.3eV for Si and Ds

is surface diffusion coefficient which is calculated as Ds = a2ν0e−Edi f f /kB T in which

Edi f f ' 0.83eV [57] on Si surface, a is the lattice constant, ν0 is atomic vibration fre-

quency in magnitude of ν0 ' 1013s−1.

Note that even though quite a few parameters are necessary to quantitatively de-

scribe the nucleation kinetics as shown above, at the end, our main results are insensi-

tive to these parameters. The main goal here is to give out the reasonable parameters,

paving the way to further analysis. In addition, detachment is supposed to be negligi-

ble or can be treated as being equivalent to a modification coefficient.

2.3.3 Nucleation time scale

With stationary flux equation Equation 2.17, one can estimate the typical time τnuc

required to find one nucleation event on a surface of a typical area (1/ρ), which is taken

as the typical island surface with the island density ρ = 1013m−2 as:

τnuc = 1

J st Snuc
= ρ

J st
= ρ

Z fn∗ Cn∗
(2.21)
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2.4. Characteristic time of the ATG instability

A brief qualitative analysis is given here. For a given temperature T , ρ and fn∗ are

both supposed to be constant while Z is given by Equation 2.19. σ̃ and γ̃ are both

constant, and p̃ is proportional to x2, which slightly changes with x. A much stronger

dependence of τnuc on x comes from the term Cn∗ due to its exponential form.

2.4 Characteristic time of the ATG instability

As already analysed in Equation 1.9 [49], length scale of the ATG instability can be de-

duced from the diffusion equation resulting from the competition between elasticity

and capillarity. The instability length scale is [49]:

l0 = γ

2ζε0
(2.22)

while the associated time scale can be written as:

t0 =
l 4

0

γDs
(2.23)

where Ds is the surface diffusion coefficient as mentioned above. The characteristic

time of the ATG instability describes the time scale of the kinetic morphological evolu-

tion, typically indicating the time required for morphological roughening. While look-

ing for a quantitative relation between ATG instability time scale, one would easily find

t0 ∝ x−8 since l0 is proportional to x−2.

2.5 Growth mode competition

With all the parameters and the model proposed above, one can estimate the time scale

for nucleation and ATG instability respectively. While taking the growth temperature

T = 550°C as in our experiments shown later on, and we choose the reasonable value

of the surface energy anisotropy η = 0.003 and edge energy density σed = 3.3meV /Å,

which is in the same magnitude of σed = 10meV /Å in order to fit our experimental

results. Within these parameters the nucleation time scale and characteristic time of

the ATG instability are plotted in Figure 2.5, with a cross-over composition xc = 0.55.

We see that the nucleation time scale τnuc is much shorter than the characteristic

time t ATG in high strain regime and nucleation occurs quickly before the instability

mode. However, when the composition x decreases, τnuc exponentially shoots up and

turns to be a more time-consuming pathway since t ATG simply varies as x−8. In order

to figure out clearly the quantitative relation of τnuc with x, an approximate formula

can be given as:

τnuc
app ≈ τnuc

0 e(b γ3

x4 +c γσ
ed

x2 ) (2.24)

where τnuc
0 , b and c are all constants. This formula shows similar trend as τnuc , shown

in Figure 2.5.
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Figure 2.5: As a function of composition x, the nucleation time scale is plotted in red solid

curve, characteristic time of ATG instability in green curve and the red dashed curve represents

the nucleation time scale which is approximated as in Equation 2.24, and the vertical line marks

the crossover composition.

2.6 Experiments

The experiments to identify the two different evolution pathways are performed in

a Riber MBE (Molecule-beam epitaxy) system with pressure down to 10−11tor r , in

which Si deposition flux is produced by electron-beam evaporator while the Ge flux

comes from an effusion cell. The deposition rates are both precisely calibrated by

RHEED (Reflection high-energy electron diffraction). Si(001) substrate is firstly cleaned

by chemical method and then transferred into MBE growth chamber. After flashing

the substrate at 1000°C for 3min, a buffer layer with thickness of 40nm is deposited

to make a reproducible clean surface at 750°C . Then the substrate temperature is de-

creased to 550°C , Si and Ge are co-deposited with SiGe rate of 0.04-0.05 nm/s. The

sample holder is always kept rotating during the deposition. As the deposition stops,

the samples are cooled down to room temperature immediately and subsequently taken

out for morphological characterization using AFM (Atomic Force Microscopy) in non-

contact mode. The images are shown in Figure 2.6. We precisely control the epilayer

thickness to catch the onset of surface roughening and finally find that the evolution

pathways are clearly distinguishable with thickness of 2.0 nm for Si0.5Ge0.5 and with 1.3

nm for Si0.4Ge0.6.

In Figure 2.6 a, the morphology roughens on the whole surface with a similar sce-

nario of ATG instability[26, 25], the wavelength of which can be conveniently extracted

from a ring-like Fourier Transform image to be 80 nm. The continuous roughening is

more clearly highlighted in the line profile in Figure 2.6 c and d. On the contrary, for

Si0.4Ge0.6 in Figure 2.6 b, islands nucleate discretely on the surface while the substrate

remains flat which is evidenced by the profile in Figure 2.6(b) where we see isolated

islands and the background roughness is around 0.3 nm, merely in the magnitude of
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2.6. Experiments

AFM noise. Its Fourier Transform image is a full disk, showing no long-range order-

ing. All of them characterizes the nucleation pathway as for Ge/Si(001). At 550°C , we

evidence that the cross-over composition lies between 0.5 and 0.6.

Figure 2.6: Experiments to identify cross-over composition xc . AFM images of (a) 2 nm

Si0.5Ge0.5 and (b) 1.3 nm Si0.4Ge0.6 deposited at 550°C . (c) and (d) are typical profiles taken

respectively from (a) and (b).

Figure 2.7: The FFT image of figure Figure 2.6(a). The corresponding wavelength is found to be

around 80nm
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Chapter 2. Growth pathways: from Nucleation to ATG Instability

2.7 Discussions

In the proposed model, some assumptions are made to simplify the problem. We firstly

assume that the surface energy of the Si1−xGex epilayer is always taken as the surface

energy of Ge. A second assumption is that the pathway of nucleation follows a growing

pyramid, meaning that the island is always a pyramid at any state of nucleation. We

discuss below these assumptions.

2.7.1 Nucleation pathways

The nucleation pathway of pyramidal islands has been found to be a complex issue. In-

situ STM unveiled that ad-atoms firstly form pre-pyramids which subsequently turn to

truncated pyramids and pyramids. Here we test the pathway going through truncated

pyramids for comparison with that via full pyramids.

Figure 2.8: Two different pathways of pyramidal island nucleation:(a) full pyramid pathway,

the island is always (105)-faceted (b) truncated pyramid pathway, the base length is obtained

by computing the V ∗ of pathway (a) and island grows by stacking materials with (105) facets on

sides.

By pathway(a), we calculate the nucleation energy barrier ∆E∗ and critical volume

V ∗ and its base length L∗. For comparison, we fix the base length of truncated pyramid

as Lc , and the island forms by growing materials on the top of truncated pyramid which

bounded by (105) facet on side and (001) on top. We compute the shift of energy barrier
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2.7. Discussions

and substitute it τnuc . As a result, the nucleation time scale of the truncated pyramid

pathway τnuc
tr unc can be calculated.

Figure 2.9: Schematic figure of a coherent truncated pyramid

The elasticity of coherent truncated pyramid has been dealt with the half-plane

Green function in the small-slope approximation [54]. We introduce a parameter κ =
Ltop /Lbot tom for the definition of truncated pyramid shape, see Figure 2.9. The elastic

energy is then given by:

∆E el
tr unc =−ζg (κ)ε0V (2.25)

where g (κ) corresponds to the truncated shape, which is[54]

g (κ) = 1

1−κ3
{
1

3
[
p

2−ln(
p

2+1)](2+κ)(1−κ)2+2

3
[
p

2ln(1+p2)−1](1+κ3)−Ξ(κ)} (2.26)

with

Ξ(κ) =−2κ

3

√
2+2κ2 + 2κ3

p
2

3
ln

1+
p

1+κ2

κ
+ 2

p
2

3
ln(κ+

√
1+κ2)

− 1−κ−κ2 +κ3

2
ln

1+κ+
√

2(1+κ2)

1−κ + 1+κ−κ2 −κ3

2
ln

1−κ+
√

2(1+κ2)

1+κ
(2.27)

As regards the surface energy variation, it is given in the geometry under study by:

∆E sur f
tr unc = [

6

tanθ(1−κ3)
]2/3(1−κ2)(

γ105

cosθ
−γ001)V 2/3 (2.28)

Finally, the whole geometrical shape is still bounded by facet (001) and (105)and all the

crystal edges are regarded with the same edge energy density σed . As a result, the edge

energy reads:

∆E ed
tr unc = 4(

6(1−κ3)

tanθ
)1/3[1+

√
1

2
+ tan2θ

4
+κ(1−

√
1

2
+ tan2θ

4
)]σed V 1/3 (2.29)
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Chapter 2. Growth pathways: from Nucleation to ATG Instability

We calculate the energy barrier of truncated pyramid and plot it together with that

of pyramid pathway, see Figure 2.10, where x = 0.5 as an example. We find that the

change of pathway only leads to an increase in the energy barrier of about 0.1eV , see

Figure 2.10. The increase shifts the crossover composition xc of about 0.55 to xc ' 0.60,

see Figure 2.11.
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Figure 2.10: The energy barrier variation of truncated pyramid pathway and pyramid pathway.
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Figure 2.11: The crossover composition xc shifts from 0.55 to around 0.6 when the truncated

pyramid pathway proceeds.

2.7.2 Surface energy anisotropy

One assumption we made in our calculation is that pure Ge fully segregates on the

surface so that the surface energy is approximated to be the surface energy of Ge.
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2.7. Discussions

What really matters in our calculation is the surface energy variation from facet (001)

to (105),which is mesured by one parameter η, defined in Equation 2.4. In fact, this

parameter is not a constant while we change composition x for a non segregated sur-

face. The surface energy density of strained film is found to be a function of its surface

strain. Their dependence on strain can be evidenced from first-principle calculations

at 0K [22, 23, 13], in which we see that γ105 is smaller than γ001 while γ105 > γ001 when

the strain is relaxed. As an example, the surface energy variation for a layer with strain

3% (roughly correspongding to Si0.3Ge0.7) is marked by a two-head arrow in Figure 2.12,

which is smaller than that with strain 4.2%. By the way, this result actually gives an ex-

planation to the stability of (105) facet.

Figure 2.12: Surface energy as a function of strain, respectively for facet (001) and (105). Two-

headed red arrow marks the surface energy variation for 0.3% strained layer.[23]

Now we take this effect into account by assuming now that the surface is not segere-

gatetd and assuming the Vegard’s law for the surface energy. Consequently η is a pa-

rameter depending on the composition x and their quantitative relation η(x) can be

obtained by fitting the first-principle results in [23]. For convenience to compare the

result, we shift slightly the curve so that η(0.55) = 0.003 which will lead to a crossover

of full pyramid pathway at x = 0.55 when it is taken as constant. Then the formula of

η(x) is obtained as:

η(x) = 0.02132−0.0270x −0.0114x2 (2.30)

With this second set of hypothesis, we plot the corresponding nucleation time scale

with respect to ATG instability time scale in Figure 2.13. We find that the strain-dependent

surface energy anisotropy makes the cross-over more robust in terms of x. In the high-

strain regime, nucleation occurs more rapidly for a smaller η, which actually decreases
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Chapter 2. Growth pathways: from Nucleation to ATG Instability

the energy barrier. In the low-strain regime, anisotropy becomes a stronger resistance

and the energy barrier increases, resulting in a larger nucleation time.

The sharper cross-over implies that it is less sensitive to other uncertainties includ-

ing alloying effect, temperature effect and so on.

t ATG

τnuc

0.4 0.5 0.6 0.7 0.8 0.9 1.0
x

107

1027

1047

t (s)

strain-dependent η

Figure 2.13: The surface energy anisotropy is regarded as a strain-dependent factor according

to first-principle calculation, it actually results in a sharper cross-over at x = 0.55.
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Figure 2.14: The growth temperature is changed to 650°C and one can find that the crossover

composition shifts to around x = 0.5.

2.7.3 Growth temperature

The growth temperature rules not only the kinetics of adatoms, but also the nucleus

distribution. In Equation 2.14, thermal fluctuation energy kB T as well as the surface

diffusion coefficient in Equation 2.20 and Equation 2.23 are related with temperature

T . In our previous discussion, experimental temperature 550°C is taken as an example.
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2.8. Conclusion

Here we try to figure out if the crossover composition xc is sensitive to the growth tem-

perature. The cross-over composition xc moves toward low-strain regime to around

0.5 when the growth temperature is set to be 650°C . Higher temperature results in a

higher thermal fluctuation energy kB T that reduces the nucleation time scale due to

the Boltzmann factor in the nucleation theory. However the shift due to temperature

does not lead to a significant change of xc , which supports the validity of our results.

2.8 Conclusion

In this chapter, we proposed a model aimed to clarify the two morphological evolution

pathways of strained epilayer, depending on the amount of strain. Firstly, we calcu-

lated the formation energy of a pyramidal island on a strained epilayer as a function of

island volume, taking surface energy, elastic energy and edge energy into account. The

nucleation energy barrier increases while decreasing the amount of strain. Using the

master equation that governs the system kinetics, we calculated the nucleation time

scale. With respect to composition x or amount of strain, the nucleation time scale is

found to shoot up while decreasing x, quantitatively as τnuc
0 e(b γ3

x4 +c γσ
ed

x2 ). On the con-

trary, the time scale of the ATG instability evolves merely as 1/x8. At high strain, the

nucleation time scale is shorter and nucleation dominates. However it rises rapidly

when x decreases and exceeds the time scale of ATG instability at a medium compo-

sition about x = 0.55 at growth temperature 550°C . This result is consistent with the

experimental results

Some issues and parameters were discussed in order to offer a solid ground to our

results. Firstly, the pathway of pyramid nucleation still remains as a controversial prob-

lem. We considered the truncated pyramid pathway and found that the cross-over

composition moves slightly. Secondly, the amount of surface energy anisotropy is sup-

posed to be a strain-dependent following the first-principle calculations at 0K , which

leads to sharper cross-over at a composition around x = 0.55; at the end, we discussed

the effect of the growth temperature and found it shifts slightly the cross-over compo-

sition toward lower strain. As a whole, we performed a joint work in theory and exper-

iments to figure out the two different pathways of 3D island formation from strained

2D epilayer, shedding some more light to this fundamental issue. We argue that our

model can be applicable to other epitaxial systems.
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Role of Strain-dependent Surface Energy
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Chapter 3. Role of Strain-dependent Surface Energy in Islands Interaction

The interaction between coherent islands plays a crucial role in terms of fabricating

dense, homogeneous islands. The coherent islands which interacts via the long-range

elastic field shows plenty of complexities. It still remains as an issue of controversy

both from the experimental and theoretical point of view. A priori elastic interactions

between two islands are repulsive. In this chapter, we demonstrate evident attrac-

tion between islands. Theoretically, we find that a strain-dependent surface energy

indeed induces and effective attractive interaction that can compensate for the repul-

sion caused by elastic interaction, driving the islands to form adjacently. Based on the

nucleation theory, we estimate the effect of inhomogenous elastic field around an ex-

isting coherent island.

3.1 Background

The interaction between coherent islands is a significant issue to get a controllable

self-organization of QDs. Generally speaking, the elastic relaxation on islands induces

repulsive dipoles[58].

However one also knows the surface energy of coherent islands is significantly de-

pendent on surface strain. This effect has been overlooked previously in the analysis

of AD nucleation. Employing first-principle calculations, O.E. Shklyaev et al.[13, 23]

computed the quantitative relation between the biaxial strain and surface energy.

3.2 Experiments and Island Distribution Analysis

3.2.1 Experiments to study island distribution

We clean the Si substrate and prepare the substrate using standard Shiraki method.

In the experiment under investigation, 1nm of Ge is deposited at 550°C onto a 4-

inch nominal Si(001) wafer and islands on the surface are observed by plan-view TEM

(Transmission Electron Microscopy). A quick inspection reveals that the islands seem

to nucleate in groups. We now try to quantify this effect.

3.2.2 Quantifying island distribution via correlation function

In order to quantitatively investigate the correlation between islands, we use the corre-

lation function of their mass centers. For an assembly of M islands, their projection on

the plane is considered, and especially their center positions ri , i = 1,2...M . The single

particle and pair densities can be defined as usual as n(r ) =∑M
(i=1)δ(r −Ri ), and

ρ2(r ,r ′) = 〈
n(r )n(r ′)

〉−〈
n(r )

〉
δ(r − r ′) (3.1)
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3.2. Experiments and Island Distribution Analysis

Figure 3.1: Plan-view TEM image of Ge/Si(001) islands

In an homogeneous and isotropic system with an island density ρ, correlations be-

tween islands can be characterized by the distribution function:

g (r ) = 1/(Mσ)
∫

dr ′ρ2(r + r ′,r ′) (3.2)

We plot in Figure 3.3 the distribution function g (r ) corresponding to the experimental

results of Figure 3.1. We see clearly that at a distance slightly larger than the cut-off, of

the order of the mean island diameterσ, a peak of g (r ) appears with a maximum value

gmax ' 2.5.

In order to quantify the interactions between islands, we compare the experimental

distribution function with the theoretical one associated with the equilibrium property

of a hard-disk fluid with a diameter σ. The contact value of this distribution is indeed

simply related to the 2D pressure, P/ρkB T = 1+B2ρg (1) with B2 = 1
2πσ

2. Hence g (σ)

appears as a peak due to the correlation introduced by the hard-disk effect. The value

of g (σ) at equilibrium can be estimated via some well-known approximation at low

density, which is the case in our experiments.

From the Padé approximant of Born-Green-Yvon (BGY) approximation, one can esti-

mate the value of g (σ) for a given particle density. Here we consider ρσ2 = 13%, of

the experimental of Figure 3.1, and get g (σ) = 1.19. Similarly , the Padé approximation

of Monte-Carlo simulations leads to the value of g (r ) = 1.20. As a consequence, the

maximum value g (r )max ' 2.5 in our experiments clearly indicates that the correlation

between islands is beyond the hard-core effects.

51



Chapter 3. Role of Strain-dependent Surface Energy in Islands Interaction

(a) (b)

Figure 3.2: (a) The projections of islands in experiments (b) the mass centers of islands, which

also gives the island coordinates ri
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Figure 3.3: Distribution function g (r ) (solid blue line) of the islands found experimentally as

a function of their distance r in unit of the mean island diameter σ. The red dashed curve

corresponds to the theoretical distribution function of hard-core disks with the same island

density (that is φ= 13%) in the Born-Green-Yvon approximation

3.3 Interactions between coherent islands via elasticity

In this section, we investigate the island-island interaction based on the elasticity the-

ory of coherent islands. As mentioned, island interaction is related to the elasticity

that is a long-range effect. Apart from the elastic term induced by the direct elastic

interactions, the strain-dependent surface energy is also taken into account. First, we

compute the energy of a two-island system; then, we consider the kinetics of nucle-

ation of an island as a function of distance from which it nucleates away to an existing

island.

In our calculations, the flat epilayer is regarded as a reference state, with respect
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3.3. Interactions between coherent islands via elasticity

to which energetic variation including elastic energy ∆E el , surface energy ∆E sur f , and

edge energy ∆E ed g e are calculated. The total energy variation ∆E tot al is simply:

∆E tot al =∆E el +∆E sur f +∆E ed g e (3.3)

where the only difference compared to Chapter 2 is the existence of two pyramids.

3.3.1 Elasticity

(a)Elastic energy

Elasticity of the two-island model is handled within the small-slope approximation.

The total elastic energy E el can be directly related to the morphological function h(r ),

see Equation 2.6.

Figure 3.4: Geometry of two-island model: two islands with given distance, the computation

box size is set large enough to avoid the interaction with adjacent computation box.

(b)Strain-dependent surface energy

The second term associated with long-range effect is the strain-dependent surface en-

ergy γ( ¯̄ε). The quantitative relation between biaxial strain on the ¯̄ε and the surface en-

ergy γ( ¯̄ε) is an issue of great importance to understand the formation of (105)-faceted

pyramid. Employing first-principle calculations, a couple of groups calculated the sta-

bility of facet (105) and (001) at different surface reconstructions while surface strain

applied. The estimate of γ105( ¯̄ε) and γ001( ¯̄ε) respectively for (105) and (001), are avail-

able from these published results[23],[13].

The absolute values of the surface energy from these groups are not fully consistent.

However, the variation of surface energies as a function of ¯̄ε are rather in good agree-

ment, which will be the major factor at work in terms of island-island interaction in-

duced by strain-dependent surface energy. We consider the result by O.E. Shklyaev et
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Chapter 3. Role of Strain-dependent Surface Energy in Islands Interaction

al.[23], and consider the reconstruction (2×8) into account as it is expected to be the

relevant surface reconstruction of the wetting layer. Finally we get:

γ(001)(ε) = 67.2+156.3ε (3.4)

γ(105)(ε) = 60.0+δγ+103.6ε−1577.8ε2 (3.5)

where the unit of surface energy is meV /Å2 and we introduced a parameter δγ to avoid

the (105) facet to be always energetically favorable due to a too low value compared

with (001). This issue can be quantified by Equation 2.4, which is rewritten again here

for convenience:

η= γ105
Ge

γ001
Ge

1

cosθ
−1

It describes the role of surface energy variation in the process of pyramidal island for-

mation. When η > 0, the surface energy variation is positive, meaning it plays as a

resistance. Conversely when η < 0 , the surface energy turns to be a driving force and

leads to a permanent stability of (105) facet with respect to (001). The sign of ηhas been

an issue of debate according to different experimental groups. First, no (105) faceting

has been found when the thickness of Ge is below the critical thickness hc , which gives

a hint of η > 0; on the other hand, the elongation of island (hut islands, 2D elongated

nanowires) is theoretically rationalized based on the assumption of η< 0 but with quite

high edge energy.

Here we set δγ = 0.8meV /Å2 so that η= 0.003, . We note that this parameters allow to

rationalize the existence of nucleation behavior and it has no effect to our result as-

sociated with the island-island interaction as it merely depends on the surface energy

variation as a function of ε, not on the absolute value of γ. We plot the γ(001)(ε) and

γ(001)(ε) in Equation 3.5.

Within this framework, one finds:

ε(r ) =−δ+ζH i i [h(r )] (3.6)

where δ , ζ and H i i have the same definition as in Equation 2.6. To confirm, we cal-

culate the distribution of ε(r ) in case of one single pyramid to compare with the result

obtained by Finite element method (FEM)[23], and indeed find a very good agreement.

Eventually the surface energy variation ∆E sur f with the strain-dependent surface

energy is the integral of γ(ε) within the whole computation box:

∆E sur f =
∫
∆

dr γ(105)
Ge [h(r ),ε(r )]/cosθ+

∫
∆

dr γ(001)
Ge [hw ,ε(r )]−γ(001)

Ge [h0,ε0]/ρ (3.7)

where∆ and∆ respectively denote the area of the facets (105) and (001), h0 and hw are

the initial epilayer thickness and the thickness of wetting layer beneath the islands.
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Figure 3.5: The strain-dependent surface energy as a function of ε for facet(001) and (105) re-

spectively. Note that only reconstruction (2) of facet (001) is considered as the reconstruction

transition occurs at low-strain regime, not associated to the strain regime in calculation

3.4 Two-island interaction in equilibrium state

We study here the energetic equilibrium state of a two-island system. The composition

x is firstly set to be 1, and the heights of pyramid are 0.5 nm, indicating that the volume

is more than 4 nm3. We argue that this volume is a priori larger than the critical volume

V ∗, which is still difficult to determine from experiments. From experiments, pyramid

height down to around 1 nm, has been observed by in-situ STM [18], which means

the critical volume of pyramids lies still in smaller regime. Based on the model we

proposed in Chapter 2, the critical volume for Ge/Si(001) is calculated to be around 4

nm3. We take this value firstly and at the end of this chapter, the effect of geometry will

be discussed.

The island heights (volume) are set to be invariable, while by varying the distance

between two islands, the total energy will vary as well.

3.4.1 Biaxial strain in two-island model

The part of great interest in this model is the effect of strain-dependent surface energy

which is related to island-island distance via the long-range biaxial strain ε(r ). To start,

we plot the distribution of ε(r ) when the distance d = 0, where we define the distance

d as the base-to-base distance as d = 0 for two touching islands. The mean strain

in this case is −0.042. It is clearly demonstrated that on the facets strain is partially

relaxed, while at the area at the foot of pyramids it is dramatically enhanced with ε =
−0.068 between the islands. In the area far away from islands remains the average

strain −0.042, immune of islands.
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Figure 3.6: (a), The distribution of biaxial strain ε(r ) is plotted in case of two touching pyra-

mids (d = 0), the value of ε(r ) is represented using colors with scale bar atop; (b), the profile of

ε(r ) along the two vertexes of pyramid, clearly showing the relaxation on pyramids and strain

enrichment around the base of pyramids.

We now investigate the distribution of ε(r ) while changing the island-island dis-

tance d . We separate the pyramids with distance d = 2 and 4 nm respectively and

plot again the distribution of ε(r ) in Figure 3.7. When the pyramids are separated, ε(r )

between shows particular variations, which can lead to interaction caused by strain-

dependent surface energy. We subsequently investigate the total energy as a function

of islands distance.

3.4.2 Energies variation with distance

The equilibrium state of a system is governed by the minimization of its total energy. In

a two- island model, ∆E el , ∆E sur f are calculated respectively as a function of d , while

∆E ed g e is independent of the distance. We normalize the energies at d = 0 to be 0,

and plot them in Figure 3.8. First, the elastic energy ∆E el decreases with d , confirming
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3.4. Two-island interaction in equilibrium state

Figure 3.7: (a) and (c), The distribution of biaxial strain ε(r ) is plotted for d = 2 nm and d = 4

nm respectively, with the same color scale bar as in Figure 3.6 ; (b) and (d), are the profiles of

ε(r ) along two vertexes of pyramid.

that it describes a repulsive effect between islands, which has been demonstrated in

references[51]. However, the surface energy conversely∆E sur f clearly increases signif-

icantly with d ,revealing an effective attractive interaction between islands, stemming

from the strain-dependence of surface energy. Furthermore, in this case, this attrac-

tion is strong enough to compensate the repulsion caused by direct elastic interactions,

which is clarified by total energy ∆E tot al in Figure 3.8.

Quantitatively, the amount of attraction of γ(ε) can be estimated to be about 0.22

eV while repulsion of elastic effect is 0.14 eV, offering an energy of attraction 0.08 eV, as

shown in plot of∆E tot al . This attraction is in fact in the magnitude of the thermal fluc-

tuation energy kB T , equal to 0.07 eV at T = 550°C . According to the classic nucleation

theory (CNT), such an energy difference may lead to a significant change during the

nucleation process. Thence it worth deriving a kinetic study using CNT, as done below.
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Figure 3.8: The energies ∆E el ,∆E sur f and ∆E tot al as a function of d , respectively marked in

blue, red and green. The points are obtained from numerical calculations and the lines are

here for eye-guide.

3.5 Two-island interaction in nucleation kinetics

In this section, we suppose that one pyramid (PA) has a volume slightly larger than

V ∗ and another pyramid(PB) nucleates adjacently, even though it still remains as a

fuzzy issue about whether clustering islands nucleate following a one-by-one process

or simultaneously.

PA PB

Figure 3.9: PB grows adjacently to PA, with ε represented in colors as Figure 3.6

PA firstly forms from a wetting layer h0, and locates in the center of the computa-

tion box. The size of PA is chosen similarly as above according to the calculation of

nucleation. The nucleation energy barrier of PB is studied while varying its distance

away from PA. During the whole process, mass conservation is always ensured. For
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3.6. Uncertainty of Strain-dependent surface energy

d = 0, we plot it in Figure 3.9 as an example.

We then calculate the energy barrier as a function of distance d that is merely varied

discretely as 0, 0.5, 2, 8 nm respectively, the nucleation energy barriers of PB are plotted

inFigure 3.10. The minimum energy barrier of PB is found when it locates close to

PA, due to the inhomogeneity of elastic field induced by PA. This effect may lower the

energy barrier about 0.1 eV, making the adjacent area the energetic favourable sites of

nucleation.
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Figure 3.10: The energy variation ∆E tot al as a function of V of PB while varying the distance

d from PA, marked as different colors, red, green, blue and yellow respectively for d = 0 nm,

d = 0.5 nm, d = 2 nm and d = 8 nm.

3.6 Uncertainty of Strain-dependent surface energy

A couple of studies have been dedicated to the calculation of the strain-dependence

of the surface energy via first-principle calculations[23][13]. Their results show that at

low strain, γ(001) < γ(105); at high strain, γ(001) > γ(105) so that (105) shows as a more

stable facet.

Since there exists the transition of reconstruction for facet (001) while various amount

of strain is applied, the practical quantitative formula γ(001)(ε) is difficult to get because

the inhomogeneous strain induces different kinds of reconstruction which shows dif-

ferent strain dependence. We know that at ε = 0, γ(001)(ε) is lower than γ(105)(ε) while

first-principle calculations reveals that γ(105)(ε) decreases more rapidly than γ(100)(ε)

and show lower surface energy at ε=−0.042. Consequently we can argue that the two

curves of γ(001)(ε) and γ(105)(ε) should intersect within the strain regime from −0.042 to

0. We already mentioned that the interaction caused by the strain-dependent surface

energy is related to the slope difference between these two curves. To test this effect,

we try to vary the slopes of γ(001)(ε) but keeping it in the regime of uncertainties of the
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Figure 3.11: The nucleation energy barrier of forming a pyramid as a function of its distance

away from an existing pyramid.

first-principle calculations. The two strain-dependent curves are modified and plotted

in Figure 3.12.
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Figure 3.12: The slope of γ(001)(ε) is modified in order to check the uncertainty about the first-

principle results in references.

With the modified surface energy, we plot the energy of PB and nucleation bar-

rier as a function of distance respectively of two-island model in Figure 3.13 and Fig-

ure 3.14. The energy barrier difference increases to 0.2 eV, or about 1 meV/atom if we

divide it by the atomic number in a nuclei with critical volume. We see that at larger

distance, the critical volume of nucleation increases, which can be another point that

make the island favorable at closer position.
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3.6. Uncertainty of Strain-dependent surface energy
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energy barrier of forming pyramid as a function of its distance away from an existing pyramid.

We now investigate another issue concerning elongated islands. The Ge/Si(001)

islands are sometimes found to elongate and to form the hut islands or nanowires[59,

43]. These hut islands and nanowires also form adjacently to each other, especially for

the clustering nanowires which particularly locate parallel[43]. If the strain-dependent

surface energy matters, the parallel huts or nanowires can be more strongly affected as

they have a larger areas correlated.

Similarly as above, we consider two parallel hut islands and their elastic energy. We

choose the height of hut islands to be 0.5 nm and a width of 5 nm. The length is set to

be three times the width, i.e. 15 nm. Biaxial strain distributions with various distances
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Chapter 3. Role of Strain-dependent Surface Energy in Islands Interaction

of 0 nm, 2 nm and 4 nm are shown in Figure 3.15. The energies with long-range effect

are plotted as a function of distance in Figure 3.16.

We see that the surface energy increases while the elastic energy decreases with the

distance. And as a whole, the energy of the system first increases with distance and

then becomes almost constant at distance larger than 2 nm. The position of minimum

energy locates at the 0 distance, which indicates that the two hut islands perform at-

tractive interaction. More interestingly, the energy of attraction at the closest distance

is about 0.2 eV, which is also larger than that in the case of two pyramids.

Figure 3.15: Biaxial strain distribution of two-hut system with different distance.

It is of great interest that the strain-dependence of surface energy may be applied

to explain the clustering nanowires, which is recently found by Zhang[43].
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Figure 3.16: Surface energy (red), elastic energy (blue), and total energy (green) of two-hut

system as a function of distance between them, which are all calibrated to 0 and 0 distance.

3.7 Discussions and conclusions

We start from the experimental observation of Ge/Si(001) sample to find the clustering

of coherent islands. Then we take into account the strain-dependent surface energy,

which has been ignored in the previous studies of island-island interaction. We found

that when the islands are relatively small but larger than the theoretical critical volume

of nucleation, islands can be driven to be attractive due to this strain-dependent sur-

face energy. In practice, the clustering seems not a common phenomenon: some sam-

ples show strong clustering while some others do not. It may stem from the atomic-

scale kinetics of nucleation controlled by the deposition flux and surface diffusion.

From the basic energetic point of view, the strain-dependent surface energy can play

an important role, ruling the distribution of islands.
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Chapter 4. Self-organization of SiGe nanostructures on vicinal substrate

The formation of SiGe islands on vicinal substrate shows a completely different sce-

nario compared to that on the nominal Si (001) substrate. The 3D islands on vicinal

substrate are found to elongate perpendicularly to the miscut stpes. The spontaneous

atomic steps on vicinal substrate indeed tune the elasticity of epilayer.

4.1 Background

The SiGe has been regarded as stereotype of semiconductor hetero-epitaxy. The meth-

ods of controllable growth are often tested within this system[28, 14, 60, 35, 61, 62]. The

growth tuned by the steps on vicinal substrate is also widely investigated experimen-

tally and theoretically, which has become an effective method in tailoring .

In the past decade, it was demonstrated that the use of 1D islands or nanowires

could be of great interest for anisotropic electronic transport and 2D quantum con-

finement effects[63, 64, 65]. They are now easily integrated in 1D gate transistors and

constitute an alternative way to make more efficient devices. However, one major hur-

dle to overcome towards their application in microelectronic devices is the presence of

metallic catalysts present not only on the heads of the nanowires but also along their

sides[66, 67]. For this reason several complex lithographic processes have been devel-

oped for the fabrication of planar NWs[68, 69], but their resolution is nowadays not

sufficient to provide 2D quantum confinement effects as predicted by theory. Growth

of self-organized homogeneous, dense and small planar 1D islands would be a sim-

ple and versatile method for the integration of nanowires into devices. A couple of

studies demonstrated that the deposition of Ge on vicinal substrates could result in

nanowires longer than 1µm under optimized conditions [70, 31, 52]. The periodic ar-

ray of nanowires is controlled by a symmetry-breaking elasticity promoting the island

elongation perpendicular to the step edges. Persichetti et al. [31] suggested that this

3D to 1D shape transformation results from anisotropic elastic interactions on vicinal

substrates. A following fundamental question is how such 1D elongation proceeds and

whether it is at variance with the usual ATG instability on nominal substrates.

In this chapter we examine the detailed effect of substrate misorientation on the

formation of the SiGe islands resulting from the well-known ATG instability. We mea-

sure and analyze by x-ray diffraction (XRD) the strain relaxation and topography of

SiGe islands on nominal Si(001) as well as vicinal substrate miscut 10ř off toward <110>

direction. We compare the perpendicular strain and the planar strain state of the film

deduced from Poisson dilatation , aiming to investigate the elasticity anisotropy. A sig-

nificant reduction of the dilatation is found in SiGe films deposited on vicinal substrate.

It is ascribed to the lateral elastic relaxation induced by the step edges. Anisotropic

misfits are introduced in a continuum model to describe the strain anisotropy mea-

sured in experiments. We present here the results of the linear analysis within the

continuum model. The crucial role of the strain anisotropy on the length over width
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4.2. Experiments

aspect ratio and on the evolution of the instability revealed by the theoretical model

are in good agreement with the experimental results. In addition, we evidence the self-

organization of nicely organized NWs in a high strain regime and the lateral size of NWs

can be easily tuned by SiGe concentration, which agrees with the theoretical results as

well.

4.2 Experiments

SiGe thin films were deposited by MBE on two different types of substrates, nominal

Si(001) substrates or vicinal substrates micut 10° off Si(001) toward < 110 > direction.

The substrates were chemically cleaned with the same method in chapter 2.

Figure 4.1: AFM images of SiGe layers with x = 0.22 and with thickness hSiGe = (a)–(d) 5 nm,

(b)-(e) 8 nm, (c)-(f) 10 nm. For clarity, the vertical scale of all the images is 20 nm.
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We first deposited Si0.78Ge0.22 thin films with varied thickness from 5nm to 15nm

on nominal Si(001) and vicinal 10°off substrate. Morphology of samples were observed

with AFM. We followed the morphological evolution of the SiGe surface on both sub-

strates by comparing the morphology with increasing thickness. After 5nm deposition,

see Figure 4.1(a) and (d), the surfaces are flat with RMS roughness 0.1nm almost similar

to those of clean Si substrates (i.e. in the range of the AFM noise). When the deposited

thickness increases (hSiGe = 8 nm) the instability develops and forms nice arrays of

quasi 1D ripples on vicinal substrate while contrarily rectangular undulations emerge

on nominal substrate. With continuing deposition to hSiGe = 10 nm, 3D islands begin

to emerge from the 1D nanowires, see Figure 4.1 (c), which then turn to round islands

when hSiGe = 15 nm, see Figure 4.4(a).

Figure 4.2: AFM images of 15 nm Si0.78Ge0.22 (a) on substrate 10° off, and on nominal (001)

substrate.

Figure 4.3: HRTEM images of cross section of elongated Ge islands on vicinal substrate

First it is important to determine the direction of elongation of the islands as com-

pared to the step edges. We performed TEM cross-section images of the elongated is-

lands on 10° off substrate (Figure 4.1(b)]. The images show that the islands lie over the
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4.2. Experiments

train of steps with their longitudinal length (called y) perpendicular to the step edges.

The quasi 1D shape of the islands is also well visible on large scale TEM images, as

shown in Figure 4.3.

To better understand and control the formation of 1D islands, we deposited SiGe

films on substrates misoriented between 0.1° and 10°. When varying the Ge concen-

tration, we find that on both substrates, the periodicity follows a power law evolution,

independent of the misorientation. We then examine their morphological evolution

with the misorientation (at constant Ge concentration). The results reported in Fig-

ure 4.4(a) show that the periodicity of the 1D array (perpendicular to the width of the

nanowires) remains constant. These results are consistent with a misfit independent

of the misorientation in this direction (called x) and identical to those on nominal sub-

strate. At the opposite, in the y direction, the length of the nanowires is directly depen-

dent on the misorientation (and consequently proportional to the density of steps).

In Figure 4.5, we have reported the evolution along x and y of the correlation lengths

with the misorientation. AFM images of the films for the different misorientations also

clearly evidence the elongation of the islands Figure 4.4.

Figure 4.4: Evolutions of the correlation length in x and y directions (in the plane of the sub-

strate) with the misorientation angle, (a) 0° (b) 4° (c) 6°(d) 8° (e) 10°, with schematic represen-

tation of substrate on the left and the corresponding AFM images on the right. The epilayer is

Si1−x Gex with x = 0.22.
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Chapter 4. Self-organization of SiGe nanostructures on vicinal substrate

Figure 4.5: Correlation length in x direction and y direction as a function of misorientation

angle, with x on the left in blue and y on the right in black.

An important feature of the SiGe films is the strain state both in the plane and per-

pendicular to the plane. We measured by x-ray diffraction the deformation perpendic-

ular to the plane for the two flat layers in Figure 4.1 (a) and (d), respectively on nominal

and 10° off substrates, as shown in Figure 4.6 and Figure 4.7. We focused on the flat

films to rule out the effect of the morphological undulation on strain relaxation.

Figure 4.6: (a)Map around the (004) spot; (b) intensity profile at the maximum of intensity of

the substrate.
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4.3. ATG instability within anisotropic elasticity

Figure 4.7: Filtered image of the (004) map on the vicinal 10ř off susbtrate.

For the nominal substrate, on the map intensity of the (004) spot, two peaks are ob-

served, one very intense from bulk and another weaker from the layer (Figure 4.6(a)).

Secondary oscillations are also observed between these two peaks in the qz direction,

associated to the well-defined thickness of the layer. A cross-section profile at the max-

imum of intensity for the substrate averaged over 10 pixels (Figure 4.6(b)) shows that

the distance between the two spots is δq = 0.079Å−1 which gives a strain of δq/q =
1.7%. From the position of the minima of the oscillations we could deduce qep =
0.0014Å−1 which corresponds to a thickness 46 nm. This fits well with the 50nm SiGe

nominal thickness deposited. The (004) map of the vicinal substrate is more noisy due

to the presence of a large density of steps at the substrate/film interface, about 1 mono-

atomic step every 10 Å measured on the (004) map. The distance between the two spots

is δq = 0.068Å−1 which gives a strain of δq/q004 = 1.5%, lower than on nominal sub-

strate. Even if the secondary oscillations are much less visible, again due to the steps.

the same thickness (46nm) is measured on the filtered image. Considering the lower

qz deformation on a vicinal substrate, we can deduce from Poisson dilatation, that the

SiGe film is partially relaxed in the plane. Such partial relaxation can be ascribed to the

train of mono-atomic steps which can relax the strain perpendicular to the step edges.

We then examine theoretically an anisotropy of the lattice misfit in x and y.

4.3 ATG instability within anisotropic elasticity

The computation of the Poisson dilatation in the geometry Figure 4.8 is a straightfor-

ward generalization of its computation in symmetric films. We suppose linear isotropic

elasticity where mechanical equilibrium enforce the Navier-Cauchy equations ∂ jσi j =
0 for i , j = x, y, z where σ is the stress tensor[71]. We suppose that the film and sub-

strate have the same Young’s modulus and Poisson’s ratio, that is quantitatively rea-
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Chapter 4. Self-organization of SiGe nanostructures on vicinal substrate

Figure 4.8: Geometry of the film/substrate system, epilayer on vicinal substrate.

sonable given the Si and Ge parameters, and that is qualitatively relevant given that

differences in these parameters only renormalizes the elastic field, [72]. In coherent

epitaxy where one assumes continuity of the displacement vector (and normal force)

at the film/substrate interface, one has to work with a given reference state that we

choose to be the substrate one in all the system. In this state,

ei j = 1

2
(∂ j ui +∂i u j )−δi j (mxδi x +myδi y +mzδi z)θ(z) (4.1)

where the film lies in the z 6= 0 region and with the Heaviside function θ(z). Here,

m = (a f − as)/as is the lattice mismatch between the film ( f ) and substrate (s) that

depends a priori on the direction. Assuming a stress-free upper surface and a vanishing

displacement deep inside the substrate, one finds the solution for a flat film

u0 = 1

1−ν
[
ν (mx +my )+ (1−ν)mz

]
z{0,0,1}. (4.2)

In the geometry under study, one finds the Poisson dilatation to be equivalent to a

lattice parameter a⊥ in the z direction given by

m⊥ = a⊥−as

as
= m +νmx

1−ν , (4.3)

that reduces to ms ym
⊥ = m(1+ν)/(1−ν) when mx = m. In the first experiment on a

nominal substrate, one finds ms ym
⊥ = 0.01698 that corresponds to a mean Ge concen-

tration in the film x = 0.229 close to the expected deposited one. For this composition,

the nominal misfit is m = 0.0096. In the second experiment, one finds m⊥ = 0.0146.

This Poisson dilatation is related to an effective misfit in the x direction given by mx =
0.00345, see Equation 4.3. Vicinality therefore introduces a strong relaxation of the

equivalent misfit strain in the direction perpendicular to the steps that is about one

third of the mismatch for the nominal substrate. The asymmetry in the x and y ef-

fective strain results in different relaxation of a surface corrugation in these directions.
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4.4. Evolution equation

Given the flat film solution u0, we compute the displacement field associated with a

free surface z = h(r ) where r = {x, y}. We solve for the Navier-Cauchy equations in

Fourier space (with the convention ĥ(k) = 1
(2π)2

∫
dr e i k ·r h(r )) assuming that the sur-

face h(x, y) displays small slope around its mean value h0. The solution may be de-

composed as u = u0 +u1 with

u1,x = i ĥ1
kxek(z−h0)

k3(1−ν)
×

{
−kh0

[
k2

x(mx +myν)+k2
y (mxν+my )

]
+k2

x(mx +myν)(kz −2ν+2) +k2
y

[
mx

(
νkz −2ν2 +2

)
+my kz

]}
, (4.4)

with a symmetric solution for u1,y where x and y are interchanged, while

u1,z = ĥ1
ek(z−h0)

k2(1−ν)
×

{
kh0

[
k2

x(mx +myν)+k2
y (mxν+my )

]
− (kz +2ν−1)

[
k2

x(mx +myν)+k2
y (mxν+my )

]}
, (4.5)

with k =
√

k2
x +k2

y . The elastic energy density on the surface, µel = 1
2σi j ei j [z = h(r )],

associated with this solution is given at lowest order by µel =µel
0 +µel

1 with

µel
0 = E0

(
η2 +2ην+1

)
/
[
2(1+ν)

]
(4.6)

where E0 = Y m2
y /(1−ν) and η= mx/my . At linear order in the surface slope, it reads

µ̂el
1 =−2(1+ν)c3 E0 k ĥ1 (4.7)

with

c3 = 1

(1+ν)2k4

[
k4

x(η+ν)2 +k4
y (1+ην)2 +k2

xk2
y (1+ν)

(
η2 +2ην+1

)]
. (4.8)

4.4 Evolution equation

As a first approximation, we describe the instability at work in such hetero-epitaxial

systems in a full continuum framework. We thence neglect the inhomogeneity and

asymmetry introduced by the steps in the diffusion process, together with attachment-

detachment issues at the steps. As a consequence, we rule out the step-bunching or

step-meandering instabilities [71, 73] that are known to yield nano-structures that can

not rationalize the instability described above, that grows perpendicular to the steps.

However, as explained above, vicinality rules the effective strain state that drives the

morphological evolution. Surface diffusion is thence described within the continuum

mass conservation equation ∂h/∂t = D
√

1+|∇∇∇h|2∆Sµ, with some diffusion coefficient

D and the surface Laplacian ∆S . The latter equation follows from the hypothesis that

surface currents are proportional to gradients of the surface chemical potential µ [74,
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57]. The latter potential µ = µs +µel includes both a capillary µs = −γ∆Sh at linear

order in the surface slope with the surface energy γ, and the elastic contribution given

above. We consider the space scale l0 = γ/[2(1+ν)E0] and time scale t0 = l 4
0 /(Dγ). In

units of l0 and t0, the evolution equation reads at linear order

∂ĥ1

∂t
=

(
c3 k3 −k4

)
ĥ1 , (4.9)

neglecting the wetting interactions that are not relevant here for thick films in the in-

stability regime before island growth.

4.5 Numerical Results

We consider typical values for a Si1−xGex film on Si(001), see e.g.[49]. The growth tem-

perature is 550°C and the composition is 0.229 as found above. The evolution runs

during deposition that lasts 30 minutes. The initial surface is considered as a white

noise with an amplitude of 0.3 nm. The numerical integration of Equation 4.9 up to an

amplitude of the surface roughness of 1 nm is plotted in Figure 4.9.

Figure 4.9: (left) Anisotropic ATG instability with an asymmetric strain in the x and y direction

corresponding to the strain asymmetry found experimentally on a vicinal surface correspond-

ing to a time when the peak to peak amplitude of instability is 1 nm; (right) Spectrum of this

surface.

4.6 Dynamic Evolution with Wetting effect and Surface

Anisotropy

For a thinner epilayer, its dynamic evolution can also be tuned by the wetting effect. In

addition, at the end of evolution, facets will emerge and surface energy anisotropy will
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also become important to enter into the dynamics. Here we perform an experiment

to investigate morphological evolution of dynamics in the regime of ATG instability

on vicinal substrate 10 ° off toward the [110] direction. Si0.7Ge0.3 with thickness of 5

nm is deposited on the vicinal substrate with a Si buffer layer. The as-grown sample

Figure 4.10: 5 nm Si0.7Ge0.3 deposited on 10° substrate at 500°C , (left) As-grown sample and

(right) after post-growth 18-hour annealing at 500°C , [110] direction is indicated by black arrow

and the images size is 2×2µm2

shows some undulations with small amplitude, which shows some tendency to elon-

gate along the [110] direction. The trend becomes more obvious during the annealing

as the epilayer continues to evolve. Well-aligned nanowires along [110] direction after

18-h annealing at 550 °C , see Figure 4.10(b).

These 1D planar nanowires then begin to break up, which is evidenced from Fig-

ure 4.11(a), for which the annealing of the sample is extended to 72 h. For convenience,

we increased the annealing temperature to 575 °C and found that all the nanowires

break into isolated (105)-faceted 3D islands, see Figure 4.11(b).

During the long-term annealing of thin epilayer, the wetting effect and anisotropic

surface energy can be an important role during the morphological evolution. These

two effects can also be integrated into the continuum model as shown by Aqua et al.[49,

28], which is in the plan of future works.

Furthermore, in the regime of ATG instability, the size of 1D nanowires is indeed de-

termined by the wavelength of ATG instability, following the relation as Equation 1.11

in chapter 1. Thence the size of nanowires can be conveniently tuned via varying the

composition of Si1−xGex . We deposited 2.5 nm Si0.5Ge0.5 at 500 °C on the 10 ° off sub-

strate and get similar planar nanowires but with much smaller size, about 30 nm. As

for higher strained epilayer, the morphology evolves more rapidly, the as-grown sam-

ple already show this similar nanowires, see Figure 4.12.
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Figure 4.11: 5 nm Si0.7Ge0.3 deposited on 10° substrate at 500°C , (a) after post-growth 72-hour

annealing at 500°C . and (b) after post-growth 72-hour annealing at 575°C ,[110] direction is

indicated by black arrow.

Figure 4.12: AFM image of as-grown sample of 2.5 nm Si0.5Ge0.5 deposited on the 10 ° off sub-

strate

4.7 Conclusion

We demonstrate a simple route to fabricate high-density arrays of SiGe planar nanowires

using anisotropic elastic strain relaxation induced self-assembled morphology of SiGe

ATG instability. The dimensions and lateral density of the NWs array are directly related
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4.7. Conclusion

by the anisotropy of elastic relaxation (lateral over longitudinal ratio) and by the epi-

taxial strain respectively. The substrate misorientation i.e. the density of steps is used

to create the anisotropy of strain relaxation. The theoretical assessment of the islands

elongation when considering an anisotropy of misfit in the plane deduced from the re-

duction of the deformation measured by x-ray diffraction, is in quantitative agreement

with the morphological evolution measured experimentally.

The dynamic evolution of of epilayer tuned by the misorientation steps is investi-

gated during long-term annealing. The flat epilayer first turns to dense array of NWs,

and subsequently break up into isolated islands, which are also (105)-faceted as other

coherent islands in SiGe system. In addition, we demonstrated that the size of NWs

can be conveniently tuned by varying the composition of Si1−xGex .
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Chapter 5. New strategy to prevent the development of the instability

In this chapter, a method to fabricate fully-strained SiGe thin layer via the conden-

sation of dilute SiGe is investigated. On the contrary to the common epitaxial growth,

the condensation of SiGe allows to produce a strained thin layer without introducing

dislocations and the 3D islands which always appear above critical wetting layer dur-

ing the direct epitaxial growth are significantly inhibited. This fully-strained layer has

great potentials in the applications of FD-SOI technology which is regarded as main

building block of the next-generation CMOS transistor.

5.1 FD-SOI technology and SiGe condensation process

The development of next-generation CMOS is significantly limited by the current leak-

age while continuing the miniature of transistor node scale. To resolve this issue and

revive Moore’s law, CMOS block fabricated on SOI substrate, which could hinder the

current leakage via the buried SiO2 insulator, is regarded as one of the most promising

solutions. In addition, the integration of SiGe strained layer onto SOI, which eventually

acts as the channel material in a SOI-based CMOS, is a of great significance to enhance

the charge carriers mobility in CMOS as this various strain induced by lattice mismatch

could achieve the mobility enhancement required in each transistor and raise the drive

current of the device.

Many of the expected advances will depend on further steps of the CMOS pro-

cess on SOI, in particular the epitaxial integration of defect-free Si and SiGe ultrathin

layers[75, 76]. SGOI is commonly produced by a Ge condensation technique that a

dilute (typically Si0.9Ge0.1 layer) is first epitaxially grown on SOI and followed by an ox-

idation step to produce a Ge-enriched layer which intermixes with the underlying Si

layer to form a quasi-homogeneous SiGe layer, see Figure 5.1. The mechanism of con-

densation stems from the much lower formation energy of SiO2 than that of GeO2,(-

8.2 eV and -4.7 eV respectively), which leads to the preferential oxidation of Si in SiGe

alloy[77]. The strain state in the structure of SOI with epitaxial SiGe layer atop is also

Figure 5.1: Oxidation of SiGe and formation of a Ge-rich layer by condensation of the germa-

nium at the interface[78].

under extensive investigation. The partitioning of strain between the epitaxial layer
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and its substrate causes a reduction of the overall strain energy. Despite extensive stud-

ies, the major issue whether SOI behaves as a compliant substrate is still under debate.

The first problem is that, in several studies, the thickness of the compliant top Si SOI

layers was not thin enough to avoid dislocations in the epitaxial layers according to

our model. The second problem comes from the Si/SiO2 interface which is not fully

slippery at temperatures of growth and start to glide only at very high temperatures in

conjunction with the formation of misfit dislocations.

Moreover, several studies aimed to investigete the compositional evolution of SiGe

condensation process commonly reported that at high oxidation temperature SiGe in-

terdiffusion is dominant resulting a SiGe layer with smooth but gradually diffuse Ge

concentration profile. Such a layer can be easily homogenized by a nonoxidizing high-

temperature annealing and forms a dilute SiGe layer on top of the oxide. In these con-

ditions, the process of SiGe interdiffusion is strong enough to homogenize all the Ge

accumulated beneath the oxidation front across the SiGe/Si structure. The composi-

tion of these homogeneous diluted SiGe layers stems from the intermixing between

the nominal SiGe epitaxial layer and the SOI pseudosubstrate without any visible loss

of Ge during oxidation.

In contrast, at low oxidation temperature, the Ge pile-up mechanism is dominant

and produces a germanium-rich layer (GRL) with a surprisingly constant Ge concen-

tration, x = 0.5, regardless of the experimental conditions (i.e., initial SiGe composi-

tion, epitaxial stress, oxidation duration). The very abrupt GRL/SOI interface and the

constant composition of the GRL(Si0.5Ge0.5) over a range of 700-850 °C oxidation tem-

peratures results from the dramatic decrease of germanium diffusion in Si compared

to Si0.5Ge0.5. In these conditions, the final GRL concentration is enriched compared to

that of the initial Si0.8Ge0.2 and reaches Si0.5Ge0.5. The enriched layers are found to be

fully strained, perfectly flat, and free of extended defects.

The formation kinetics of Si0.5Ge0.5 during the oxidation process has been system-

atically studied, In this chapter, in order to understand the role played by SOI substrate

on the strain and morphology of GRL, we compare the morphological and structural

features of SiGe thinlayers fabricated by direct epitaxial growth and rationalize the for-

mation mechanism of this Si0.5Ge0.5 layer.

5.2 Experiments

In this study we focus on the comparison of three samples: Sample A was obtained by

the condensation process, i.e., epitaxy of a 30 nm thick Si0.8Ge0.2 layer on SOI followed

by rapid thermal oxidation (RTO) to obtain 8 nm of Si0.5Ge0.5 on the SOI. Sample B

was obtained by direct MBE of 8 nm of Si0.5Ge0.5 on SOI, and sample C was obtained

by direct MBE of 8nm ofSi Si0.5Ge0.5 but on nominal (001) Si substrate. A schematic

representation of the three structures is given in Figure 5.2
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Figure 5.2: Schematic representation of the three structures. Sample A is a 8 nm thick Si0.5Ge0.5

layer on a 6 nm thick SOI (10 nm) obtained by oxidation of a thicker (30 nm) initial Si0.8Ge0.2

layer. Sample B is a 8 nm thick Si0.5Ge0.5 layer on a 12 nm SOI, and sample C is a 8 nm thick

Si0.5Ge0.5 layer on a bulk Si substrate. Samples B and C were both obtained by direct MBE

deposition; therefore, the Si 0.5Ge0.5 layer is not flat and island formation occurred

5.2.1 Sample preparation

The specific Ge-rich layers have been obtained via three different processes either on

a SOI substrate or a Si(001) nominal substrate. The commercial SOI substrate was fab-

ricated using the SmartCut process which consists of a top 12 nm ultrathin Si layer on

25 nm SiO2. Then, Si1−xGex layers of different thicknesses and compositions of x = 0.2

or x = 0.5, were epitaxially grown by molecular beam epitaxy on the cleaned SOI sub-

strates.

Surface preparation for epitaxy consists of ex-situ and in-situ cleaning. Ex-situ, the

silicon cleaning follows a modified Shiraki recipe: (i) 10 min in HNO3(65%) heated at

70 °C , (ii) 1 min in deionized water, and (iii) 30s in HF (5%). The samples are in-

troduced into an ultrahigh-vacuum MBE Riber MBE32 growth chamber with a base

pressure below 10−10 Torr. To avoid the dewetting instability of SOI substrate, in-situ

cleaning process via high-temperature heating cannot be applied. Instead, we finish

the ex-situ cleaning by HF to leave the surface passivated by H+ , and we introduce the
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sample immediately in the chamber. Then, we anneal it at 550 °C in growth chamber

for 30 min to in-situ dettach H+. SiGe layers are deposited at 450 °C . Low-temperature

oxidation was carried out at 750 °C for 8 h by steps of 30 min in accordance with the

RTO furnace JIPELEC technical specifications. These conditions were extracted from

previous experiments using a similar condensation process, which provided accurate

data on the experimental RTO conditions to obtain a single Si0.5Ge0.5 layer on SOI. To

prevent SiGe/Si intermixing, the RTO temperature was kept relatively low compared to

conventional temperatures, typically reaching 1100 °C . A complete study on the for-

mation of this Si0.5Ge0.5 layer has already been published. The two-step process with

oxidation refers to the condensation process (sample A), while the direct deposition of

Si0.5Ge0.5 refers to the epitaxy processes (samples B and C).

5.2.2 Characterization

Cross-sectional samples were prepared using a dual-beam FIB Helios 600 nanolab or

tripod polishing followed by PIPS (Ar+) thinning. Transmission electron microscopy

(TEM) was done using a FEI Tecnai G2 and a FEI Titan 80-300 with Cs-corrector in TEM

and scanning transmission electron microscopy (STEM) modes. Energy-dispersive

spectrometry (EDS) analysis and line profiles are carried out with the FEI Tecnai G2

using a probe size of approximately 3 nm. The k factors of Si, Ge, and O were mea-

sured on reference samples and allowed the determination of absolute concentrations.

Geometric phase analysis (GPA) was done using Digitalmicrograph software on high-

resolution TEM (HRTEM) and high-resolution STEM (HRSTEM) images.

X-ray measurements were performed using a nanofocused X-ray beam at beamline

ID01 of the European Synchrotron Facility in Grenoble (France). The nanobeam was

focused down to a 150 × 300 nm2 (vertical × horizontal) spot size using a Fresnel zone-

plate (FZP) of 270 µm diameter and 80 nm outermost zone width. The nanodiffrac-

tion experiments were carried out at a beam energy of 8 keV (wavelength, λ, of 1.55

Å). The diffracted beam was recorded with a two-dimensional (2D) MAXIPIX photon-

counting detector, characterized by 516 × 516 pixels of 55 µm pixel size. The sample

was mounted on a fast xyz scanning piezoelectric stage, with a lateral stroke of 100 µm

and a resolution of 2 nm.

5.3 Results and Analysis

5.3.1 Composition confirmation

First the composition of the SiGe layers obtained by the three different processes was

measured by semiquantitative EDS. We show here the in-depth line profile of Si, Ge,

and O only for sample A. A similar composition close to x = 0.50±0.05 was found in

the three samples. In the present case (sample A, condensation process), the Si0.5Ge0.5
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rests on top of a 6 nm thin layer of pure Si remaining from the initial UT-SOI, with an

abrupt interface between the two layers ( Si0.5Ge0.5/Si ).

Figure 5.3: TEM EDS profile of sample A and the corresponding HRTEM image identical to the

one in Figure 3.

Figure 5.4 shows cross-sectional TEM images of the three structures. Samples B and

C both exhibit island and/or dislocations in the Si0.5Ge0.5 layer. Defects are highlighted

in the case of sample B in the higher-magnification image shown in the inset. On a

semi-infinite silicon substrate such as sample C, the critical thickness for island nucle-

ation (h3D ) is evaluated in our experimental conditions to be 2 nm (see Results) and is

slightly larger for dislocation nucleation (hc ). Both are much lower than the deposited

thickness. The results are then consistent with previous studies, and the morphologies

and structures are explained by the biaxial strain relaxation.

On the two substrates, the SiGe epitaxial layers evolve similarly; therefore, an initial

observation is that in spite of the small thickness (12 nm) of the Si top layer, the relative

compliance of UT-SOI is not sufficient to avoid three-dimensional (3D) islands or dis-

locations in these experiments. We then investigated more precisely the 2D-3D growth

transition for Si0.5Ge0.5 deposition. In these experiments, the growth temperature was

maintained at a lower value, typically 550 °C , to avoid the nucleation of dislocations.

As indicated by AFM images of three Si0.5Ge0.5 layers with h = 2,2.3, and 2.5 nm, the

2D-3D transition occurs at a critical thickness of approximately 2 nm (Figure 4). One

can easily observe the increasing density of small islands from h = 2.3 and h = 2.5 nm,

while only prepyramids are observed at h = 2 nm. It is the nucleation of these prepyra-

mids which indicates the onset of the 2D-3D growth transition.
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In contrast, neither dislocations nor islands could be observed on sample A ob-

tained in similar experimental conditions via the two-step process. An even more in-

triguing result is that while critical thicknesses of both island nucleation and dislo-

cation nucleation are largely overcome, the Si0.5Ge0.5 layers about 8 nm thick remain

totally flat and free of extended defects.

Figure 5.4: High-resolution TEM cross-sectional images of the three structures A, B, and C. For

each structure, the corresponding schematic representation similar to Figure 1 is presented on

the right. For sample B, the inset shows a higher-magnification TEM image to highlight the

presence of defects in the crystal.

Figure 5.5: AFM images of a 2 × 2 µm2 area of the surface of 2, 2.3, or 2.5 nm thickSi0.5Ge0.5

layers which were epitaxially deposited on silicon at 550 °C .
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To address this question we undertook a detailed study of the strain in the differ-

ent samples using geometric phase analysis on TEM images 24 and X-ray diffraction.

When applied to the very flat and uniform layer of sample A, the GPA method provided

accurate measurements while it was made difficult by the presence of islands and dis-

locations that relieve inhomogeneously the strain in samples B and C. Figure.5 shows

GPA analysis of a TEM image of sample A. The HRTEM image analyzed is shown in Fig-

ure.5a. Figure.5 b shows the corresponding GPA image of the deformation along the

in-plane x axis. No variation of the lattice parameter could be observed between the

silicon substrate, the UT-SOI, and the Si0.5Ge0.5 layer.

This accounts for a fully biaxially strained Si0.5Ge0.5/UT-SOI, having a lattice pa-

rameter aligned to that of the relaxed Si and without any strain sharing between the Si

and SiGe membranes. Along the out-of-the-plane y axis, the SiGe lattice parameter is

distorted following Poisson’s law. We name a(x) the lattice parameter of a fully relaxed

Si1−xGex . When the SiGe is epitaxially grown on silicon, the lattice is deformed and we

name b the in-plane lattice parameter (equal to the silicon lattice parameter aSi) and

c(x) the out-of-the-plane lattice parameter resulting from the tetrahedral deformation

dictated by Poisson’s law. The lattice deformation under biaxial strain is given by

a(x) = (c(x)+bP )/(1+P ) (5.1)

with p = 2ν
1−ν , where ν is Poisson’s ratio. The lattice parameter of relaxed Si1−xGex can

be calculated from aSi and aGe (lattice parameters of pure relaxed Si and pure relaxed

Ge, respectively)[79]:

a(x) = 0.02733x2 +0.1992x +5.431 (5.2)

On the GPA image representing the deformation along the out-of-plane y axis, seeFigure 5.6

c, it is clear that the lattice parameter in the Si0.5Ge0.5 layer is higher than the one in Si.

As evidenced on the plot, seeFigure 5.6 d, the difference is approximately 3%. Because

the composition of this layer is known (50% Ge) and thanks to ??, we can deduce a cor-

responding 3.4% out-of-plane expected expansion, resulting from the biaxial in-plane

compressive strain between the Si0.5Ge0.5 and Si layers. The slight difference with the

GPA measurements (4%) is attributed to the imprecision of this technique in the deter-

mination of stress and strain values.

An important issue with GPA measurements is also the very small size of the sur-

face measured which does not give a statistical representation of the full sample. More

global and accurate information can be provided by X-ray diffraction experiments. Fig-

ure Figure 5.7a-c shows reciprocal space maps (RSMs) around 004 Si and SiGe Bragg

peaks on the three samples (respectively A, B and C) and a RSM around (115) Si and

SiGe Bragg peaks on the sample A (Figure 5.7 a, right panel). The intensity attributed

to the SiGe layer has been circled in black in all RSMs, and the expected Qz positions

for the Si and pseudomorphic Si0.5Ge0.5 layer on Si are indicated by horizontal dashed

lines. RSMs around (004) reflections give information about the out-of-plane lattice
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Figure 5.6: TEM cross-sectional image of sample A (a) and geometric phase analysis of the

image along the x (horizontal) axis (b) and y (vertical) axis (c). GPA is irrelevant in the SiO2 part

of the image and was masked to improve clarity. Panel d is a line profile along the y (vertical)

axis from GPA image (c) and summed over 250 pixels. The corresponding area is marked by a

black dashed rectangle on the GPA image (c). Reference for the lattice deformation was taken

in the red rectangle area indicated on the STEM image (a) and on both GPA images (b and c).

The color scale for GPA images is indicated along the axis of the plot in panel d.

parameters of Si and SiGe, while the RSM around (115) reflections shows information

about both the in-plane and the out-of-plane lattice parameters.

For the three samples, the RSMs around (004) Si and SiGe reflections exhibit a sharp

intense peak centered at Qz = 4.62Å−1 attributed to the Si substrate. In samples A and

B, the SOI system is slightly twisted from the Si substrate as evidenced by the small

difference in Qy between the peaks of the Si top-SOI layer and the Si substrate on RSMs

(see the left panel in Figure Figure 5.7 a and Figure 5.7 b. The peak of the Si1−xGex layer

is broader and positioned at Qz = 4.47Å−1 for sample A and Qz = 4.51Å−1 for sample

C. It is virtually invisible for sample B because of thickness fringes coming from the 12

nm thick silicon layer of the SOI.

On the RSM around (115) (see Figure 5.7 a, right panel), the peak of the SiGe layer

is positioned at the same Qy as the peak of the Si substrate. This confirms that the

SiGe layer is pseudomorphic, i.e., it has the same in-plane lattice parameter as the Si

substrate.

From the Qz coordinates of the peaks, we can deduce the lattice parameters along

the out-of-plane axis for Si and SiGe and then calculate a difference of lattice param-

eters (∆az). For sample A using the (004) RSM (see Figure 5.7a, left panel), we find a

difference of (∆az) = 3.5%, and using the (115) RSM (see Figure 5.7a, right panel), a

difference of (∆az) = 3.68%. These distorsions correspond (following eqs 1 and 2) to a

concentration in Si of 52.2% and 50.1%, respectively, in good agreement with the 50%

value determined by EDS (Figure 2). For sample C using the 004 RSM (see Figure 5.7c),

we find a noticeably smaller value of (∆az) = 2.6%. This smaller strain is representative

of a partial relaxation of the Si0.5Ge0.5 layer in agreement with the presence of disloca-
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Figure 5.7: (a) Reciprocal space maps (RSMs) around 004 (left panel) and 115 (right panel)

Si and SiGe Bragg peaks of sample A. (b and c) RSMs around 004 Si and SiGe Bragg peaks of

samples B and C, respectively.

tions and islands evidenced in Figure 3.

For sample B (see Figure 5.7b), while an accurate position of the SiGe peak along

the z-axis can not be determined, a bright diffuse intensity is attributed to SiGe at a Qz

position larger than 4.5 Å−1, which is again representative of a partial relaxation exactly

like that in the case of sample C.

We did not record RSMs around (115) reflections for sample B and C, but the differ-

ence in Qz between the peak of the SiGe and the one of the Si visible on the (004) RSMs

shows the partial relaxation of the SiGe.

These measurements already show that the strain of the SiGe layers obtained by

direct deposition (on Si and on SOI) is completely different from the one with the two-

step deposition-condensation process. Using the focused X-ray beam, a mapping of a

20 × 20 µm2 region of sample A was performed using the quick continuous mapping

(K-Map) technique developed at the ID01 beamline. Figure 5.8 shows a map of the
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Figure 5.8: Map of a region of 20 × 20 µm2 of the strain of the 004 planes of the SiGe layer for

sample A. The strain is calculated with strain-free silicon as a reference (aSi = 5.4309Å).

strain on the (004) planes of the SiGe in this region. The origin of the strain values is

taken for strain-free silicon. The map shows an average strain of about 3.85±0.05% on

large areas (20 × 20 µm2) with low variations, which reflects a very good homogeneity

over the entire region. This average strain corresponds to a Si0.47Ge0.53 alloy fully biax-

ially strained on Si substrate. This result is in very good agreement with the electron

microscopy results. It confirms the absence of relaxation of the Si0.5Ge0.5 layer over

large areas and probably over the entire sample.

5.4 Discussions

In summary, we have compared the morphological and structural evolution of Si0.5Ge0.5

epitaxial layers obtained by direct deposition on Si and on SOI and by a two-step deposition-

condensation process. It should first be noted that the Si-top SOI layer is in principle

sufficiently thin (12 nm) to produce a significant increase of the critical thickness of

misfit dislocations nucleation as would predict the effect of the substrate compliance.

The experiments were then well-suited to determine the compliant effect of SOI sub-

strate.

In spite of that, it is found that the relaxation of Si0.5Ge0.5 is similar on bulk Si and

SOI. This first reveals that the SiO2/Si interface is rigid as discussed below. In both
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cases, relaxation is accompanied by both the growth of 3D islands and the introduc-

tion of misfit dislocations at the SiGe/Si interface. Tensile strain in the Si-top layer, as

predicted for a sufficiently thin compliant substrate, has not been observed either by

GPA or by X-ray diffraction.

In addition, even in sample A obtained via deposition- condensation (where the

Si0.5Ge0.5 layer after condensation is much thicker and unrelaxed), the amount of strain

in the Si-top layer was also too low to be observed. These results confirm that at this

temperature (750 °C ), the SiO2/Si interface is fully rigid and the SOI does not behave

as a compliant substrate for the epitaxial growth of SiGe.

In this last case, the large increase of the critical thickness for an epitaxial over-

layer, i.e., for both the 2D-3D growth transition and dislocations, nucleation is then at-

tributable only to the deposition followed by condensation process. Indeed, with this

process, the 8 nm thick Si0.5Ge0.5 layer is still flat and fully strained as indicated by both

GPA and X-ray diffraction measurements. In similar conditions, the same SiGe layers

obtained by direct deposition exhibit 3D islands and are partially relaxed by misfit dis-

locations. The delay of the nucleation of 3D islands in sample A is easily understood

by the presence of the SiO2 cap layer which fully inhibits the surface diffusion at the

Si0.5Ge0.5 top surface and thus prohibits the nucleation of islands.

The increase of the critical thickness of dislocation nucleation is more difficult to

understand. Indeed, it should be noted that in spite of the extensive literature on dis-

locations, the nucleation mechanism is extremely difficult to observe and the nature

of dislocation sources remains unknown. Various mechanisms have been suggested

to favor the nucleation of dislocations, such as the presence of surface steps, surface

dislocation loops, point defects, extended defects, and interfacial impurities.

The presence of the SiO2 cap layer can inhibit the nucleation of dislocations. How-

ever, while surface mechanisms prevail in various heteroepitaxial systems, they are

commonly considered as negligible in SiGe/Si.

In this system, the source of dislocations commonly reported is the density of point

defects and their ability to nucleate clusters. In our experimental conditions, the SiGe

layers are subjected to thermal oxidation which is known to induce silicon self-interstitial

(I’s) injection into the subsurface. Therefore, in the whole SiGe/SOI system considered,

the density of self-interstitials is much larger than in conventional epitaxial systems.

We suggest that this large density of I’s can be at the origin of the strengthening of the

SiGe layer. The increase of the critical thickness of nucleation of dislocations would

then be attributed to a mechanism similar to the Cottrel atmosphere in face-centered

cubic metals.
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5.5 Conclusion

We compared SiGe membranes fabricated by three different processes: direct deposi-

tion ofSi0.5Ge0.5 either on Si(001) nominal substrate or on UT-SOI, and deposition of

SiGe with low Ge concentration on silicon-on-insulator followed by Ge enrichment by

condensation.

In spite of the very thin top Si layer of the UT-SOI, no compliance effect was ob-

served for the sample of Si0.5Ge0.5 deposited on UT-SOI. Instead, we observed the same

relaxation by island nucleation and dislocation nucleation as on Si(001) nominal sub-

strate.

We show that the formation of 8 nm thick fully strained Ge-rich layers free of de-

fects with flat surface is possible only by the two-step epitaxy-condensation process.

We demonstrate that this process enables the total inhibition of the morphological in-

stability, together with the hindering of dislocations for a Si0.5Ge0.5 thickness of 8 nm,

which is much greater than those commonly obtained by direct deposition. We ver-

ify that the Si0.5Ge0.5 layer is fully strained and homogeneous over large areas. This

remarkable stability can be explained by the injection of self-interstitials in the GRL

during the condensation even if a reduced surface diffusion at the SiO2/SiGe interface

can not be ruled out. The results can be generalized to different systems, and we think

that this work will promote and expand possibilities on a wide variety of devices.

91



Chapter 5. New strategy to prevent the development of the instability

92



Chapter 6
Conclusions

The aim of my PhD thesis was to understand and control the formation of SiGe nanos-

tructures for different applications in the field of micro- nano- and opto-electronics

and also in photovoltaics for the fabrication of third generation solar cells. In this

context, my research project was focused on the self-organisation of SiGe 1D and 0D

nanostructures on Si(001) substrate.

Epitaxial growth technique has been one of the cornerstones of semiconductor in-

dustry, which is used in almost all the semiconductor devices, and in particular the

hetero-epitaxy is ubiquitously used to fabricate hetero-interfaces and hetero-structures

which control flows of charge carriers in semiconductor devices. It is well-known that

the hetero-epitaxial growth is dramatically affected by the mismatch strain due to the

different lattice constants between substrate and deposited layer materials. It has at-

tracted lots of research interests to rationalize the influence of strain on the growth.

The epitaxial strain commonly called strain-engineering, is regarded as another de-

gree of freedom for tuning physical properties of semiconductors including band gap

and charge carrier mobility etc. Nanostructures such as quantum dots and quantum

wires could be fabricated by taking advantage of the hetero-epitaxial strain. Moreover,

the SiGe epitaxy has drawn considerable attention not only because of its great poten-

tial applications but also because it is regarded as a prototype system of hetero-epitaxy

since the two materials have the same crystallographic structure. The morphological

evolution of SiGe epitaxy follows the Stranski-Krostanov growth mode with the transi-

tion from 2D to 3D growth. In order to control the growth of 3D ultra-small islands for

the foreseen applications, we need to fully understand the driving force of the 2D-3D

transition as well as the kinetic and energetic pathways. I have first investigated both

experimentally and theoretically this 2D-3D transition in this thesis. Second I studied

the spontaneous self-organisation of quantum dots in a very narrow regime.

The first part of this thesis was dedicated to a a non-exhaustive review on the SiGe

nanostructures, from the fundamental to their applications. In chapter 2, I addressed a

fundamental issue in Stranski–Krastanov growth mode hetero-epitaxy which concerns
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the pathways of 2D-3D transition in Stranski-Krostanov. It was suggested in various

studies that there exist two pathways : nucleation in high-strain regime and ATG insta-

bility in low-strain regime. However, no quantitative assessment of these two regimes

and evolution was given. With classic nucleation theory and master equation, we es-

timated the nucleation time scale with respect to different amount of strain, which is

actually proportional to SiGe concentration. On the other hand, when the morpho-

logical evolution is treated in the scenario of ATG instability, which is described by

continuum equation governed by surface diffusion, we could also estimate the time

scale of its morphological evolution. We found that the time scale of nucleation in-

creases exponentially when lowering composition or amount of strain as e1/x4
, while

the characteristic time of ATG instability t ATG merely evolves as 1/x8 ruled by the com-

petition between elasticity and capillarity. In high-strain regime, the time scale of nu-

cleation τnuc is smaller than that of ATG instability. Nucleation will then take place

firstly, while it is larger and τnuc would rapidly exceed t ATG at low-strain regime. The

crossover composition xc between these two regimes is found around 0.5 at growth

temperature T = 550°C . Experimentally we varied the composition of SiGe to identify

the cross-over between the growth pathways at T = 550°C . The thickness was adjusted

to catch the onset of 3D growth. We experimentally find that the crossover composi-

tion lies between 0.5 and 0.6 in good agreement with theoretical predictions. This work

demonstrated for the first time, the different driving forces of the 2D-3D transition and

the competition between ATG instability and nucleation. The results rationalized the

mechanism of transition depending on the amount of strain, which is evidenced in

SiGe system. The proposed model shed some new light onto the nature of epitaxial

growth and could be used to other epitaxy system.

In chapter 3, I investigated the driving force that could control the spontaneous

self-organisation of islands. For that, I determined the interactions between coherent

islands. These interactions play also a crucial role in the islands size homogeneity and

density. In the literature, the coherent islands have been widely recognized as ener-

getically repulsive due to their elastic field. In experiments, within specific conditions,

the islands are found to be clustering into aggregates, indicating the presence of pref-

erential nucleation centers in the vicinity of islands or an attraction between islands

during the formation. First-principle calculations revealed a non-intuitive strong ef-

fect of strain-dependent surface energy, which is actually also affecting the interaction

between islands. In the model, we consider the interplay of strain-dependent surface

energy and elastic energy. We found that in a narrow growth regime, strain-dependent

surface energy could over-compensate the elastic energy repulsion and induce attrac-

tions between islands. The regime of attraction is only obtained for relatively small

and highly strained (105) faceted islands. Considering the kinetic point of view, we

then calculated the nucleation energy barrier of a growing island in the elastic field

created by an existing island. The nucleation energy barrier is significantly reduced

94



about 0.1 eV, because of the existence of elastic inhomogeneity, which could modify

the sites of preferential nucleation . As a consequence, this effect also contributes to

the self-organisation of islands in very close vicinity. This findings open a new way to

fabricate high-density quantum dots or quantum dot molecules and could be general-

ized to various heteroepitaxial systems.

In chapter 4, I investigated the self-organisation of islands on self-patterned sub-

strate and I considered especially the presence of steps on a substrate in the case of a

vicinal substrate. The latter could be used to tune the growth of coherent islands as the

geometrical elasticity is broken compared with nominal substrate. In this part of my

work, I studied the dynamic evolution of strained epitaxial films on vicinal substrates

with parallel miscut steps along <110> direction. In this part the aim was to deter-

mine the effect of anisotrocic elasticity on the morphology of islands. We assessed

both theoretically and experimentally the morphological evolution of islands on a vic-

inal substrate. We have shown that the anisotropic in plane relaxation is responsible

of the elongation of islands on the substrate. We extracted from the perpendicular

strain measured by x-ray diffraction, the planar strain relaxation ascribed to the step

edges. We find that the elongation is in quantitative agreement with the value pre-

dicted theoretically. Nanowires 1µm long with very narrow (25nm) lateral dimensions

were obtained on a 10°off misoriented substrate.

In Chapter 5, the use of a compliant buffer layer was investigated to control the epi-

taxial growth and possibly increase the Ge concentration in the coherent SiGe nanos-

tructures. We have shown that the condensation of dilute SiGe alloy on silicon on insu-

lator substrate could be efficiently used to fabricate highly strained Ge-rich epilayer. in

this part, the kinetics of condensation is systematically studied on different substrates.

The process of condensation shows very intriguing mechanisms with the stabilization

of a 50% concentration SiGe alloy during the whole set of experiments whatever the

concentration of the initial layer is. The process provides a simple and efficient way to

fabricate fully strained and free of defect pure Ge 5nm thick layer, which is an unsur-

passed result. The process also allows to fabricate fully strained SiGe epilayers which

are not viable by direct epitaxial growth. The Ge-rich layers obtained by condensation

could be used subsequently for the self-organisation of highly strained pure Ge islands

free of dislocations. This work is still under investigation and will require further work

to be completed.

In conclusion, we have clarified different fundamental mechanisms that were un-

suspected before. We have also developed generic processes that could be applied to

various different systems. The work has been supported by a combination of theoret-

ical and experimental work. It relies on systematic studies that have provided a deep

understanding of the phenomena and solid foundation for future work.
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Appendix A
Elasticity of Epitaxy

A.1 Elastic Equations

Figure A.1: Elasticity issues of epitaxial growth we deal with

The issue aimed to resolve here is approximately in mechanical equilibrium which

could be achieved in very short time scale[49]. The system satisfies equilibrium equa-

tion:

∂ jσi j = 0 (A.1)

where i , j = x, y, z. According to Hulk’s law, in isotropic elasticity, we have:

σi j = Y p

1+νp
[ei j + νp

1−2νp
ei jδi j ] (A.2)

where Y p is the Young’s modulus and νp is Poisson ratio with p = s, f representing

substrate and epilayer respectively.

For the whole system, the substrate is taken as reference.The geometric equation for
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Appendix A. Elasticity of Epitaxy

substrate is:

e s
i j =

1

2
(ui , j +u j ,i ) (A.3)

Combining Equation A.1, Equation A.2, Equation A.3, one could get Lamé equation:

∇∇∇(di v u)+ (1−2νp )∆u = 0. (A.4)

Note that for epilayer with respect to substrate when it is taken as reference in x and y

directions:

e f
i j =

1

2
(ui , j +u j ,i )−δ1 (A.5)

where δ is the lattice mismatch between epilayer and substrate and 1 is identical ma-

trix.

A.2 Boundary Conditions

The epitaxy at the substrate/epilayer interface (z = 0) enforces the continuity of dis-

placements and streses:

u|z=0− = u|z=0+ (A.6)

σ[u] · z |z=0− =σ[u] · z |z=0+ (A.7)

On the surface of epilayer(z = h(r )), negligible pressure on the surface implies that the

surface is free of stress in normal direction:

σ[u] ·n|z=h(r ) = 0 (A.8)

where n|z=h(r ) is the nornal direction, which in general case could be calculated as:

n = 1√
1+ (∂h

∂x )2 + (∂h
∂y )2

(−∂h

∂x
,−∂h

∂y
,1) (A.9)

and merely n = (0,0,1) for flat film case.

A.3 Flat Case

We consider a flat epilayer with infinit size (x, y ∈ {−∞,∞}), the symmetry of the system

enforces that displacement u and strain σ are independent of x and y . Together with

Equation A.1, one could consequently get σ= c are all constants. By solving inversely

Equation A.2 we can know that e are also constants. Substituting into Equation A.3

and Equation A.5 one would get that u are merely a linear function of z, as they are

independent of x and y .

Consequently we can write displacement u as:
up

x

up
y

up
z

=


C p

1 z

C p
3 z

C p
5 z

+


C p

2

C p
4

C p
6
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A.4. First-order approximation

where p = s, f representing substrate and epilayer.

For substrate, at the limit z = −∞, the materials are supposed to be immune to the

elasticity caused by epilayer, so we get C s
α = 0 where α = 1,2, ..6 and us = 0. Conse-

quently we have e s = 0 and σs = 0 by solving Equation A.3 and Equation A.2.

For epilayer, boundary condition of continuity Equation A.6 leads to:
C f

2

C f
4

C f
6

= 0

and σxz =σy z = 0 enforce C f
1 =C f

3 = 0 Then we get:
e f

xx

e f
y y

e f
zz

=


−δ
−δ

C f
5 −δ


which is subsequently substituted into Equation A.2, we get:

σ
f
zz =

Y f

1+ν f
{C f

5 + ν f

1−2ν f
(C p

5 −3δ)} = 0

using boundary condition Equation A.7, we have e f
zz = 0, solve this equation and finally

get:

C f
5 = 1+ν

1−νδ (A.10)

and:

u f =


0

0
1+ν f

1−ν f δz


Finally the elastic energy density or elastic chemical potential of flat film is calculated

as:

µ0 = 1

2
ei jσi j = Y f δ2

1−ν f
(A.11)

A.4 First-order approximation

Morphological function h(r ) is decomposed as:

h(r ) = h̄ +εh(r ) (A.12)

where h̄ is the mean height of epilayer and εh(r ) describes the small undulations with

respect to h̄. To solve the linear derivative equation Equation A.4, the undulation εh(r )

is represented in Fourier space as:

ĥk = 1

(2π)2

∫
h(r )e−i k ·r dr (A.13)
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Appendix A. Elasticity of Epitaxy

where e−i k ·r = e−i (kx x+ky y) is the 2D wave vector and accordingly, the displacement is

decomposed as u = ū0 +εu. ū0 and h̄ correspond to displacement and morphological

function in the flat case as zeroth order. The linear derivative equation could be con-

veniently numerically resolved in Fourier space. In the first order, we search a solution

of displacement u as:

εu = εû(k ,z)e
−i k ·r (A.14)

Substituting into Equation A.4, we get:

−


k2

x ûx +kxky ûy + i kx û′
z

kxky ûx +k2
y ûy + i kx û′

z

i kx û′
x + i ky û′

y − û′′
z

+ (1−2νs f )(−k2 + ∂2

∂2z
)


ûx

ûy

ûz

=


0

0

0

 (A.15)

which is a second-order linear differential equation set with νs f = νs ,ν f are the Pois-

son ratio of substrate and epilayer. In their solutions, there would be 12 constants

supposed to be determined by Boundary Conditions Equations.

Boundary Conditions Equations(B.C.E)

1. In substrate, at the limit z = −∞, us shoul not goes to infinity , resulting in 3

B.C.E.

2. At the interface, Equation A.6 and Equation A.7 offer 6 B.C.E.

3. The state of free epilayer Equation A.8then offers 3 B.C.E

With these 12 B.C.E, one could finally determine the û(k ,z) of substrate and epilayer.

A.5 First-order Solutions

The 0th order has been resolved as in flat case, here we search the first-order solutions.

Displacements of substrate us f are resolved to be:

us f = e−|k|z
8
∣∣k∣∣3 (1−νs f )(1−2νs f )

×


As f

1

As f
2

As f
3

+ e|k|z
8
∣∣k∣∣3 (1−νs f )(1−2νs f )

×


B s f

1

B s f
2

B s f
3

 (A.16)
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A.5. First-order Solutions

where


As f

1

As f
2

As f
3

=



(1−2νs f )[k2
x(

∣∣k∣∣z +1)−4(1−νs f )k2]C s f
1 + (1−2νs f )(

∣∣k∣∣z +1)kxkyC s f
2

−2i (1−νs f )
∣∣k∣∣2 kx zC s f

3 +2(1−νs f )[2(1−2νs f )
∣∣k∣∣−k2

x z]
∣∣k∣∣2 C s f

4

−2(1−νs f )
∣∣k∣∣2 kxky zC s f

5 + i (1−2νs f )(
∣∣k∣∣z +1)

∣∣k∣∣2 C s f
6

(1−2νs f )(
∣∣k∣∣z +1)kxkyC s f

1 + (1−2νs f )[k2
y (

∣∣k∣∣z +1)−4(1−νs f )
∣∣k∣∣2]C s f

2

−2i (1−νs f )
∣∣k∣∣2 ky zC s f

3 −2(1−νs f )
∣∣k∣∣2 kxky zC s f

4

+2(1−νs f )[2(1−2νs f )
∣∣k∣∣−ky z]

∣∣k∣∣2 C s f
5 + i (1−2νs f )(

∣∣k∣∣z +1)
∣∣k∣∣2 kyC s f

6

− i (1−2νs f )kx
∣∣k∣∣2 zC s f

1 − i (1−2νs f )ky
∣∣k∣∣2 zC s f

2

−2(1−νs f )(3−4νs f +∣∣k∣∣z)
∣∣k∣∣2 C s f

3 +2i (1−νs f )(
∣∣k∣∣z +1)kx

∣∣k∣∣2 C s f
4

+2i (1−νs f )(
∣∣k∣∣z +1)ky

∣∣k∣∣2 C s f
5 + (1−2νs f )[4(1−νs f )+∣∣k∣∣z]

∣∣k∣∣3


and


B s f

1

B s f
2

B s f
3

=



(1−2νs f )[k2
x(

∣∣k∣∣z −1)+4(1−νs f )k2]C s f
1 + (1−2νs f )(

∣∣k∣∣z −1)kxkyC s f
2

+2i (1−νs f )
∣∣k∣∣2 kx zC s f

3 +2(1−νs f )[2(1−2νs f )
∣∣k∣∣+k2

x z]
∣∣k∣∣2 C s f

4

+2(1−νs f )
∣∣k∣∣2 kxky zC s f

5 + i (1−2νs f )(
∣∣k∣∣z −1)

∣∣k∣∣2 C s f
6

(1−2νs f )(
∣∣k∣∣z −1)kxkyC s f

1 + (1−2νs f )[k2
y (

∣∣k∣∣z −1)−4(1−νs f )
∣∣k∣∣2]C s f

2

+2i (1−νs f )
∣∣k∣∣2 ky zC s f

3 +2(1−νs f )
∣∣k∣∣2 kxky zC s f

4

+2(1−νs f )[2(1−2νs f )
∣∣k∣∣+ky z]

∣∣k∣∣2 C s f
5 + i (1−2νs f )(

∣∣k∣∣z −1)
∣∣k∣∣2 kyC s f

6

i (1−2νs f )kx
∣∣k∣∣2 zC s f

1 + i (1−2νs f )ky
∣∣k∣∣2 zC s f

2

+2(1−νs f )(3−4νs f +∣∣k∣∣z)
∣∣k∣∣2 C s f

3 +2i (1−νs f )(
∣∣k∣∣z +1)kx

∣∣k∣∣2 C s f
4

+2i (1−νs f )(
∣∣k∣∣z +1)ky

∣∣k∣∣2 C s f
5 + (1−2νs f )[4(1−νs f )−∣∣k∣∣z]

∣∣k∣∣3


In these equations the superscript s f denotes the substrate and epilayer respectively,

for instance, νs f should be replaced by the Poisson’s ratio of substrate material νs ,
∣∣k∣∣=√

k2
x +k2

y and C s f
j ( j = 1,2...6) are the 12 constants to be determined.

A.5.1 B.C.E Apply

Firstly, us is supposed to be finite at z =−∞, then we must have:


As f

1

As f
2

As f
3

= 0 (A.17)
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thence 6 constants in substrate C s
j ( j = 1,2...6) reduce to 3 since we have:


C s

2

C s
4

C s
6

= 1∣∣k∣∣ (4νs −3)


−4k2

x(1−νs)C s
1 +k2

y (−3+4νs)C s
1 −kxkyC s

3 − i kx
∣∣k∣∣C s

5

−kxkyC s
1 +k2

x(−3+4νs)C s
3 −4kxky (1−νs)C s

3 − i ky
∣∣k∣∣C s

5

−i kx
∣∣k∣∣C s

1 − i ky
∣∣k∣∣C s

3 +2k2(2νs −1)C s
5


(A.18)

Secondly, substituting z = 0 into A.5, we get us and u f at interface:

us(z = 0−) =


C s

1

C s
3

C s
5

 (A.19)

and

u f (z = 0+) =


C f

1

C f
3

C f
5

 (A.20)

the continuity of displacement at z = 0 in A.6 enforces


C f

1

C f
3

C f
5

=


C s

1

C s
3

C s
5

 (A.21)

We substitute A.5.1 into A.5 and get the displacement in substrate, which merely con-

tains 3 constants C s
1,C s

3,C s
5. using A.3 and A.2, we calculate the stress at z = 0 to be:

σ[u] · z |z=0− = Y s

2
∣∣k∣∣ (4νs −3)(νs +1)

4k2
x(νs −1)C s

1 +k2
y (4νs −3)C s

1 −kx(kyC s
3 +2i

∣∣k∣∣ (2νs −1)C s
5)

−kxkyC s
1 +k2

x(4νs −3)C s
3 +2ky (2ky (νs −1)C s

1 + i
∣∣k∣∣ (−2νs +1)C s

5)∣∣k∣∣ (2νs −1)(i kxC s
1 + i kyC s

3)+2k2(νs −1)C s
5



equal to σ[u] · z |z=0+ from the epilayer, which could be obtained similarly by using A.5

and A.2, resulting in three equations of C f
j , j = 1,2...6. Solve the equations and write
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A.5. First-order Solutions

C f
2 ,C f

4 ,C f
6 explicitly we have:

C f
2

C f
4

C f
6

= 1

Y f
∣∣k∣∣ (4νs −3)(νs +1)



4k2
x(νs +1)(νs −1)C f

1 +k2
y Y s(ν f +1)(4νs −3)C f

1 −Y skxky (ν f +1)C f
3

+i kx
∣∣k∣∣ [2Y s(1+ν f −2νs −2νsν f )+Y f (4νs −3)(νs +1)]C f

5

−kxky Y s(1+ν f )C f
1 +k2

y Y s(1+ν f )(4νs −3)C f
3 +4Y sK 2

y (1+ν f )(−1+νs)C f
3

+i ky
∣∣k∣∣ [2Y s(1+ν f −2νs −2νsν f )+Y f (4νs −3)(νs +1)]C f

5

|k|
ν f −1

(
i kx(Y s(−1+ν f +2(ν f )2)(−1+2ν f )−Y f ν f (−3+νs +4(ν f )2)C f

1

+i ky (Y s(−1+ν f +2(ν f )2)(−1+2νs)−Y f ν f (−3+νs +4(ν f )2)))C f
3 +

2
∣∣k∣∣Y s(−1+ν f +2(ν f )2)(−1+νs)C f

5

)


which are then substituted into A.5 and u f of the first order could now be written as

formulas merely containing C f
1 ,C f

3 ,C f
5 . The formula is simple but too long, here we

just use

u f
1

(
C f

1 ,C f
3 ,C f

5

)
(A.22)

to represent it. And the final u f is then the sum of 0th order and first order:

u f =


0

0
1+ν f

1−ν f δz

+u f
1

(
C f

1 ,C f
3 ,C f

5

)
(A.23)

, in which these three constants can be finally determined by the last B.C.E,that epilayer

surface is free of strain in the normal direction.

Similarly as above, the stress on the epilayer surface could be calculated using A.5

and A.2, represented as:

σ f (
C f

1 ,C f
3 ,C f

5

)
(A.24)

For surface morphological function

h(r ) = h̄ +εe−i (kx x+ky y)

its vector of normal direction on the surface is:

n =


εkxe−i (kx x+ky y)

εky e−i (kx x+ky y)

1

 (A.25)

and the stress on the surface is:

σ
f
(z=h(r ))

(
C f

1 ,C f
3 ,C f

5

)
(A.26)
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The final equation to determine these three constants is merely:

σ
f
(z=h(r ))

(
C f

1 ,C f
3 ,C f

5

) ·n = 0 (A.27)

from which the last 3 undetermined constants can be resolved.

Till here all the constants are determined. And the elastic chemical potential is

obtained as:

µ= (1

2
e f

i jσ
f
i j

)
z=h(r ) (A.28)

=µ0 +µ1 (A.29)

where µ0 is given in A.3 and µ1 to the second order is[72]:

µ1/µ0 =−ω1H i i (h)+ω2(2h∆h+∣∣∆h
∣∣2)+ω∗

2

(
2H i j [hθi j kl Hkl (h)]+H i j (h)θi j kl Hkl (h)

)
with i , j ,k, l = x, y and notation θi j i j = 1,θxxx y = θy y xx = ν f ,θxx y x = θy xx y = −ν f , in

other cases, θi j kl = 0; we also define the operator H as:

H i j (h) =F−1{(ki k j /
∣∣k∣∣)F [h]}

with = F ,= F−1 are respectively the Fourier Transform operator an the inverse. The

elastic constant parameters ω1,ω2,ω∗
2 are: ω1 = 2Y f (1− (νs)2)/Y s(1−ν f ), ω2 = (1+

ν f )(1−ν f )+Y f (1−2νs)(1+νs)/Y s(1−ν f ),ω∗
2 = 2(Y f )2(1−(νs)2)/(Y s)2(1−(ν f )2)(1+ν f ).

A.6 Elastic Energy and Biaxial Strain for thin epilayer

With the resolved surface elastic chemical potential for a given morphological function

h(x, y), assuming that the epilayer is very thin, one could approximately calculate the

elastic energy in the epilayer using functional integration from the substrate to epilayer

surface and obtain to the first order as:

E el =µ0

∫
dr

{
h(r )−ζh(r )H i i [h(r )]

}
(A.30)

where µ0 is given in A.3 and ζ= Y f (1−ν2
s )/Ys(1−ν f ).

The biaxial strain on the surface ε(r ) = 1
2 (exx +ey y )z=h(r ) could be deduced as :

ε(r ) =−δ+ζH i i [h(r )] (A.31)
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Appendix B
Dynamics of ATG instability

The morphological evolution of epilayer at low-strain regime is governed by the ATG

instability, for which materials redistribution proceeds via surface diffusion. We study

the dynamics of morphological function h(x, y, t ) here.

The flux of materials on the epilayer surface stems from deposition F and surface

diffusion and Js . Let us consider the diffusion of a small surface area dS and the vari-

ation of h(x, y, t ) in the normal direction n is actually the projection of the surface dif-

fusion gradient along the surface onto n, which is −∫
s ∇∇∇s · J dS, where ∇∇∇s =∇∇∇− (n ·∇∇∇)n

and normal direction n is given in A.2. According to Fick’s law, the dynamic equation

of h(x, y, t ) could be written as:

∂h(x, y, t )

∂t
= F +D

√
1+∣∣∇∇∇h(x, y, t )

∣∣2
∆sµ (B.1)

where D is the surface diffusion coefficient, ∆s = ∂2/∂x2 +∂2/∂y2 is the surface Lapla-

cian and µ is the surface chemical potential including contributions from surface elas-

ticity µel , given in Appendix A and capillarity µγ =κγwhereκ and γ are surface curva-

ture and surface energy respectively. The mean curvature is merely:

κ=−
hxx(1+h2

y )−2hxhy hx y +hy y (1+h2
x)

(1+∣∣∇∇∇h
∣∣2)3/2

(B.2)

As a result, we get:

µ=κγ+µel (B.3)

We consider the case of F = 0 and let an epilayer with small noise fluctuation be the

initial state which is written as:

h(x, y, t ) = h̄ +h1 (B.4)

= h̄ +εeσt+i (kx x+ky y) (B.5)

where eσt describes the growth of undulation with respect to flat film h̄. We substitute

it into B.1 and in the first order, the factor
√

1+∣∣∇∇∇h(x, y, t )
∣∣2 reduces to 1, curvature κ
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reduces to ε
∣∣k∣∣2 eσt+i (kx x+ky y) and

µel =µ0(1−ω1H i i (h))

=µ0(1−εω1
∣∣k∣∣eσt+i (kx x+ky y))

then B.1 turns to:

σ= D(µ0ω1
∣∣k∣∣3 −∣∣k∣∣4

γ) (B.6)

which then turns to be a dimensionless formula:

σ=∣∣k∣∣3 −k4 (B.7)

where we define the the characteristic length scale and time scale:

l0 = γ

µ0ω1
= γY s(1−ν f )2

2(Y f )3(1− (νs)2δ2
(B.8)

t0 =
l 4

0

Dγ
(B.9)

Here we could furthermore find the maximum ATG mode is k = 3/4, corresponding to

a wavelength

λATG = 2π

3/4
l0 = 4πγY s(1−ν f )2

3(Y f )3(1− (νs)2δ2
(B.10)

which, in case of Y s = Y f = Y ,νs = ν f = ν, reduces to

λATG = 4πγ(1−ν)

3Y (1+ν)δ2
(B.11)
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Appendix C
Equipements for experiments

Here we list the main experimental set-ups on which our experiments are performed.

The NANOTECMAT experimental set-up installed in IM2NP is composed of various

equipments including MBE (Molecular Beam Epitaxy) , AFM (Atomic Force Micro-

scope), FIB (Focused Ions Beam), RTO (Rapid Thermal Oxidation), which thence offers

plenty of possibility in nanostructure fabrications and characterizations.

C.1 MBE

The epitaxial growth of SiGe are all performed in the Riber MBE CBE32 system with a

pressure to 10−11 torr in growth chamber. The Si flux comes from an electron beam

evaporation system and Ge flux from effusion cell. Both the deposition rates of Si and

Ge are precisely calibrated by in-situ RHEED system combined with a kSA 400 cam-

era which permits the detection of the oscillation of RHEED e-beam patterns induced

by the variation monolayer roughness on the sample surface. The sample could be

heated up by the filaments installed on the backside of sample and the temperature

is in-situ measured by a pyrometer. To keep the high vacuum during experiments,

the growth chamber could be cooled down by a system with cycling liquid nitrogen

to adsorb some gas desorbed from sample and sample holder. The set-up of growth

chamber is shown in Figure C.1.
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Figure C.1: Riber CBE32 MBE system

C.2 AFM

The AFM (XE-100 SPM system, PSIA co.) is mainly used to do the morphological char-

acterization of samples.All the AFM images obtained in this thesis were obtained from

this AFM system.

Figure C.2: AFM XE-100 SPM system
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C.3. Dual-Beam FIB-SEM system

C.3 Dual-Beam FIB-SEM system

The Dual-Beam FIB-SEM system permits not only the morphology characterization,

but also the high-resolution processes of nano-fabrication. In this system the FIB

source is SiAu alloy, heated up to liquid during process, which then extracted and ac-

celerated with high voltage. The ions beam then goes through a Wiens filter with which

the ions species can be separated and selected on purpose. To avoid the contamina-

tion of implanted ions, we select the Si++ as the process ions to fabricate the patterns

on Si substrate. In addition, a GIS (Gas Injection System) is installed onto the Dual-

Beam system which could be used to deposit Pt or etch with XeF2 with the assistance

of FIB or electron beam.

Figure C.3: Tescan FIB-SEM dual beam system
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C.4 RTP

The commercial Jipelec JetFirst Rapid Thermal Processor allows to proceed the oxi-

dation of SiGe or Si and annealing process. The oxidation of SiGe to condensate is

performed in this system. The sample loaded into the furnace is heated up with lamps

which allows a temperature increase rate about 100°C /s, to a maximum process tem-

perature about 1000°C /s.

Figure C.4: Jipelec JetFirst Rapid Thermal Processor.
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Appendix D
Elastic Constants

In the calculations of elasticity, we use some elastic constants for Si and Ge. The values

of these constants are listed here for convenience.

Table D.1: Elastic Constants

Symbol Representation Value

YSi Young’s modulus of Si 1.30×1011 J/m3

YGe Young’s modulus of Ge 1.03×1011 J/m3

Y f Young’s modulus of Si1−xGex YSi (1-x)+YGe x

νSi Poisson ratio of Si 0.279

νGe Poisson ratio of Ge 0.273

ν f Poisson ratio of Si1−xGex νSi (1-x)+ νGe x
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