
Abstract 

 
SUNDA MEYA, ANDERSON. Shape and Stability of Epitaxial Nanostructures 
Evolving under Growth or Annealing. (Under the direction of Dr. Robert J. 
Nemanich.) 
 

Nanostructures may become useful components of future electronic devices. In our 

first study, The growth dynamics of Ge islands on Si(001) and Si(113) surfaces is studied 

in situ using ultra-violet photoelectron emission microscopy (UV-PEEM) with tunable 

UV light from the free electron laser at Duke University. In situ Ge deposition and real-

time monitoring of the growing islands allowed observation of the evolution of the size, 

shape and density of the surface structures. Following deposition, the transition from 

layer by layer to 3D growth was detected with the presence of islands with a density of 

~1x109 cm-2. Continuous deposition of Ge led to the enlargement of the islands, but 

further island nucleation was not detected. Upon annealing, the average size of the 

islands increased while the island density slightly decreased. AFM measurements 

performed on the islands grown on the Si(001)  surface showed dome structures while the 

islands on Si(113) substrates display flat tops with multiple steep facets on their sides. 

Reduction of the deposition rate on Si(113) resulted in the formation of metastable 

elongated structures aligned along the [33 2 ] direction.   

Next, narrow and wide nanowires of DySi2 were formed on a Si (001) substrate 

through high temperature deposition of few monolayers of dysprosium and annealing at 

700° C.  The formation, growth and decay of the silicide nanowires were observed by 

real time imaging using photo electron emission microscopy (PEEM).  We report on the 

decay of the nanowires at different temperatures between 700 and 800° C. Upon



 annealing, we observe that the nanowires width remains constant while the length 

decreases with time. Narrow nanowires decay only from the ends while wide nanowires 

may also break in fragments before they eventually disappear. A linear decay rate 

suggests an attachment/detachment dominant mechanism.  

We also report on the shape transition and migration of TiSi2 nanostructures 

embedded in a Si matrix. Grown multifaceted TiSi2 were exposed to a Si flux under 

different growth conditions forming a thick capping layer. AFM and XREM have been 

used to study the shape, geometry and evolution of the buried structures. We establish 

that under conditions of epitaxial Si deposition, Ti-silicide nanostructures undergo a 

shape transition and “migrate” to the surface.  

We have also studied the shape evolution of Si/Ge quantum dots (QDs) 

superlattices. Using a two-temperature procedure that has been found to prevent Si/QDs 

intermixing and the truncation of QDs, we have been grown dense, uniformly sized and 

distributed QDs.  The dome-shaped Ge QDs were first capped by a cold Si layer which 

allows them to retain their shape and their functionality. They were then covered by a hot 

layer of Si before depositing another layer of Ge at high temperature. This process was 

repeated 20 times and terminated by a layer of Ge. The surface morphology was studied 

by AFM. Cross-sectional TEM was used to analyze the growth sequence and the shape of 

the buried QDs. 

The observed structural changes in these experiments are explained in terms of 

the interplay between thermodynamics and kinetics, solid state capillarity, and the 

roughening transition. 
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1. Introduction 

After years of advancing the technology through the successful shrinking of 

devices, we may be on the cusp of a paradigm shift in the microelectronics fabrication 

techniques. Tremendous challenges lie ahead of the current integrated circuits industry it 

reaches the sub-50 nm critical dimension in the top-down optical lithography techniques. 

Some of these challenges are: how to manufacture nanodevices below 20 nm? How to 

fabricate three-dimensional complex nanostructures? How to heterogeneously integrate 

multiple functionalities?  

Several alternatives, such as X-ray lithography, e-beam lithography, near-field 

optical lithography, multi-photon optical lithography, and imprint lithography have been 

developed [1]. Their inherent high cost and low throughput constitute their main 

drawbacks. 

A competing approach, sometimes termed as “bottom-up”, is taking shape: it is 

based on the self-assembly and self-organization. It employs molecules, quantum dots, 

and nanowires as “building blocks”. It tends to exploit different and ‘new’ properties of 

materials at the nanoscale. For example, at this scale, quantum effects such as tunneling 

and carrier confinement become preponderant. In order for this approach to be used at the 

large scale, we need to understand the fundamental physics of the nanostructures as they 

are formed, assembled and annealed.  

Several methods like patterning or target deposition have been used to produce 

self assembled structures. One of the most promising seems to be the heteroepitaxial 

growth used to form quantum dots and wires. Nanowires and dots are formed by simply 
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growing at the proper conditions, without any further assistance. Their formation is 

related to different strain relief mechanisms in the deposited material.  

1.1 Heteroepitaxy 

Epitaxial (from the greek επι ‘on’, and ταξισ, ‘arrangement’) growth is an 

important phenomenon first observed in nature, and then reproduced artificially for the 

growth of crystals. It was defined in these terms by Royer for the first time: “epitaxy 

occurs only when it involves the parallelism of two lattice planes that have networks of 

identical or quasi-identical form and of closely similar spacings” [2]. Experimental data 

showed later that it occurs if the lattice misfit, defined as 100*(af – as)/as, where as and af 

are the corresponding lattice constants in the substrate and film, respectively, is not larger 

than 15% [3].  

The process relates to the oriented crystalline overgrowth of the deposited 

material on the crystalline substrate leading to a single crystalline solid. Both substrate 

and film may be of the same nature, ‘homoepitaxy’, or of different nature ‘heteroepitaxy’. 

The approach to describe and predict epitaxial film growth can be based on chemical and 

geometrical considerations. Many parameters directly related to these two approaches 

affect the oriented growth of films on a single crystalline substrate and cause difficulty in 

comparing results. Nonetheless, following Bauer’s lead [4], three fundamental growth 

modes of epitaxy may be distinguished as shown in Fig. 1.1: the Volmer-Weber mode 

(VW) happens when atoms of the deposit material are more strongly attracted to the 

substrate than they are to themselves; the Frank-van der Merwe mode (FM), in which 

case the deposit atoms are more strongly bound to each other than they are to the  
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Fig.  1.1 Schematic representation of the three main crystal growth modes: (a) Layer-by-
layer or Frank-van der Merwe; (b) layer plus island or Stranski-Krastanov; (c) island or 
Volmer-Weber. Θ represents the coverage in monolayer. 

 

substrate, and the Stranski-Krastanow mode is the intermediate case.  In terms of surface 

energies, if we deposit material A on B, layer growth occurs if γA < γB + γ*, where γ* is 

the interface energy, and vice-versa for island growth. The S-K mode arises because the 

strain energy increases as the layer thickness increases; typically this layer is strained to 

(more or less) fit the substrate. 

 The growth process in heteroepitaxy depends strongly on whether the grown 

epilayer is coherent or incoherent with the substrate, i.e., on whether the interface 

between the epitaxial overgrowth and the substrate is crystallographically perfect or not 

[5]. If the overgrowth is incoherent with the substrate, then it is free to adopt any in-plane 

lattice constant that minimizes its free energy. If the overgrowth is coherent with the 

substrate, then energy minimization is achieved by adopting the in-plane lattice constant 

of the substrate, thus creating a commensurable material system with the substrate. The 

resulting elastic-strain energy can then significantly increase its overall free energy 

significantly [6]. 
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Considering the mutual relation between substrate and the heteroepitaxy, three 

factors are important: lattice constant matching, or mismatch, crystallographic orientation 

of the substrate and its surface geometry, or reconstruction. However, the crucial 

problems of heteroepitaxy seem to be related to lattice mismatch or misfit. In the case of 

a sufficiently small misfit, the first atomic monolayers which are deposited will be 

strained to match the substrate and a coherent epilayer will be formed [7,8]. The 

homogeneous strain energy eventually becomes eventually so large that a thickness is 

reached when it is energetically favorable for misfit dislocations to be introduced, as 

indicated first theoretically by Frank and van der Merwe [9]. 

1.2 Interface formation in epitaxy 

Following Kern et al. [10], by “interface formation”, we understand here the first 

stages of epitaxy. In the VW-mode, adatoms may collide with each other and form stable 

clusters on the solid surface. These clusters and defects form potential adsorption sites for 

other adatoms. Volmer-Weber postulated a classical nucleation theory based on the total 

free energy of formation of randomly formed clusters. When a cluster forms, it creates a 

new surface area and volume. If the properties of the clusters are approached by the 

thermodynamical quantities of the bulk, the Gibbs free energy of formation is found to be 

the sum of the surface energy (energy necessary to change the surface shape, which 

corresponds to the number of broken bonds), and the volume free energy of condensation 

(energy difference per unit volume of the phase of molecular volume condensed from the 

supersaturated vapor of pressure Ps to the equilibrium pressure Pv). So, the Gibbs free 

energy is given by 

γππ 23 4
3
4 rGrG V +∆=∆  
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with    P
PkTG s

V ln
Ω

−=∆  

where γ is the free energy change per unit area of surface, ∆Gv is the free energy change 

per unit volume, and Ω is the atomic volume.   

When the free energy is plotted as a function of the radius, it is evident that a 

maximum of the total free energy occurs at the critical cluster radius, r*, depending on 

the supersaturation S (= Ps/P). As supersaturation increases (using lower substrate 

temperatures), the critical cluster size and the nucleation barrier height decrease, favoring 

the nucleation of a larger number of smaller sized clusters. Alternatively, a very small 

supersaturation gives rise to a higher nucleation barrier making it unlikely to have 

spontaneous nucleation of clusters. 
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Fig.  1.2 Free energy of cluster formation at constant supersaturation as a function of the 
cluster radius. 

 

 

1.3 Titanium-Silicon solid phase reaction 

Both nucleation and diffusion processes control the formation of titanium silicides 

from the solid state reaction of Ti and Si. During the reaction sequence, an amorphous Ti-

Si layer initially forms at the Ti/Si interface at ~ 400 °C, due to the inter-diffusion of both 

Si and Ti atoms. Continued diffusion of Si atoms into the a-TiSi region permits the 

nucleation of the C49 phase of TiSi2, and a further increase in temperature is 

accompanied by the lateral growth of C49 TiSi2 across the a-TiSi/Si interface. The 

vertical growth of the C49 layer occurs until all of the Ti is consumed. The C49 TiSi2 
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phase has a base-centered orthorhombic crystal structure, with lattice constants of a=3.62 

Å, b=13.76 Å, and c= 3.61 Å. 

A polymorphic transformation occurs at higher annealing temperatures, as the 

C49 crystal structure converts to that of a face-centered orthorhombic C54 structure, with 

lattice constants of a=8.26 Å, b=8.55 Å, and c= 4.79 Å. The polymorphic transformation 

is driven by a difference in the bulk free energy of the two phases. Higher annealing 

temperature eventually leads to the agglomeration of the C54 TiSi2 film, which has been 

shown to occur due to thermal grooving along the grain boundaries of the film, and has 

been modeled in terms of a balance of interfacial and surface energies [11]. 

Four stages have been identified in the formation of titanium silicides: inter-

diffusion, C49 formation, transformation, agglomeration. The polymorphic   

transformation, driven by a difference in the bulk free energy between the two structures, 

has been seen to occur at higher temperatures, due to the fact that the higher temperatures 

help the C49 phase overcome the nucleation barrier to C54 formation. The transition 

temperature, the temperature at which the phases change, has been shown to be 

dependent on several factors: the film thickness, the amount of contamination on the 

substrate, the grain size and the dopant concentration [12,13,14]. In addition, this 

nucleation barrier is affected by the misfit strain created by the nucleation of C54 TiSi2, 

and differences in the interfacial energies of the substrate and the C49 and C54 grains 

[15]. 

During the silicide formation the volume will decrease , which may be responsible for 

stresses [16]. One Å layer thickness of Ti will react with 2.27 Å of Si to form 2.51 Å of 

silicide. Another consequence of this effect is that the silicide islands slightly grow into the 

substrate. The equilibrium shape of nucleated TiSi2 grains has been found to be a 
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function of surface and interface energies at the TiSi2 surface, the Si surface, and the 

TiSi2/Si interface [12,15,17,18].  

It was reported that the transformation temperature increased as the film thickness 

decreased, due to the fact that the surface-to-volume ratio of C54 nuclei increased as the 

thickness is decreased, thereby increasing the C54 nucleation barrier. Thus, for coverage 

less than ~50 Å, the C49 TiSi2 islands are not observed to undergo the polymorphic C49 

to C54 phase change [12,15,17].  

 

1.4 GexSi1-x/Si and Ge/Si growth 

1.4.1 Wetting layer and islanding 

Si atoms on the Si(001) surface form dimers to minimize the surface energy by 

reducing the number of dangling bonds (DB) to one per atom resulting  in a (2x1) 

reconstruction. At every monoatomic step of the substrate, the dimerization axis is rotated 

by 90o, leading to alternating (2x1) and (1x2) domains as a result of the diamond 

structure. The two different existing steps are labeled SA when the dimer axis on the 

upper terrace is perpendicular to the step edge and SB when the axis is aligned parallel, 

respectively [19].  

The growth of Si1-xGex and Ge on Si(001) is strongly influenced by the lattice mismatch 

between the epilayer and the substrate. The misfit between Si and Ge is of 4.2% and, and 

for a Si1-xGex alloy film on Si, it varies as a function of the concentration x following: 

2027.020.0431.5)( xxxa ++=  (Å) [20] 
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Fig.  1.3 Si1-xGex lattice constant as function of the Ge content [20]. 

 

This misfit causes a strain relief mechanism along the Stranski-Krastanov growth mode. 

Following the formation of a thin wetting layer, islands are formed leading to growth of 

3D quantum dots as shown in Fig. 1.4.  
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Fig.  1.4 Stranski-Krastanov growth schematic (a) Pseudomorphic growth of a 
tetragonally distorted smooth wetting layer; (b) Formation of coherently strained 3D 
islands; (c) Introduction of misfit dislocations in the 3D islands. The direction of the 
elastic strain relief is indicated by the arrows. [21,22]. 

 

This SiGe system has been thoroughly studied in the past few years as as described in an 

extensive review by Teichert [22]. The overall scenario of strain-induced morphologies 

during Si1-xGex MBE growth on Si(001) is presented in the schematic diagram of Fig. 

1.5. In this sequence, a stage of strain relief is called “early” if it appears at lower 

thickness than one arising at higher thickness that is described as “later stage”. 
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Fig.  1.5 Sequence of strain relief mechanisms and the corresponding morphologies in 
Si1-xGex MBE growth on Si(001) as function of film thickness for a given concentration x 
where hc denotes the critical thickness for dislocation formation [22]. 

 

 

Although intended for the vicinal Si(001), this sequence can hold for the flat 

Si(001) when the onset of “pyramidal” islands is added after the faceted “hut” islands. 

For very low Ge concentration, the layer can relax its strain by dislocation formation 

without any growth of 3D islands [23,24].  

In the first stages of the deposition of Ge on Si(001), in the submonolayer region 

(0.1-0.2 ML), mixed asymmetric (buckled) Ge-Si dimer rows form with Ge on the upper 

positions [25,26]. Chen et al. determined the Ge-Si bond length to be 2.43 Å ± 0.10Å 

with a tilt angle of 31º ± 2º [27]. For a thickness below 1 ML, compressive stress, which 

forms during further deposition, leads to the formation of defects which appear as a 

periodic array of missing dimer rows. In the resulting (2xN) surface reconstruction, STM 

and LEED measurements [28,29] show that every Nth dimer is missing, which creates 

trenches. The strain energy, which increases with increasing coverage, is the driving 
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force for the formation of the strain relieving (2×N) reconstruction trenches and Si/Ge 

intermixing [30]. The periodicity N strongly depends on both the layer thickness, which  

 

Fig.  1.6 STM images showing the wetting layer of Ge on Si(001) and the evolution of 
the (2xN) surface reconstruction (image area:1600 Å x 1500 Å2, T = 575 K, Ge coverage: 
0, 0.92, 1.26, 1.82 ML in (a) to (d), respectively) [30]. 

 

decreases with increasing thickness to a lower limit of N = 8 for 3ML Ge, and the Ge 

content of the Si1-xGex alloy [31,32]. A schematic example of a (2x8) reconstructed 

surface and a STM image of Si(001) covered with Ge is shown in Fig.1.6. 

Adapting to the substrate structure, the axis of the trenches formed by the missing 

dimers is rotated by 90° on every step edge. These missing dimers allow the partial relief 
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of compressive strain while they increase the number of dangling bonds which, 

subsequently, increases the surface energy [30,33,34].  

1.4.2 Embedding in Si matrix 

The first indications of Ge-Si intermixing during the growth of a Si cap layer on 

Ge were observed by Raman spectroscopy and medium energy ion scattering (MEIS) 

[35]. Using Secondary-ion mass spectroscopy (SIMS), Zalm et al. [36] found segregation 

of Ge during the growth of a Si top layer on GexSi1-x. The minimization of the surface 

free energy causes the enrichment of Ge in the surface layer during the initial growth of 

the GexSi1-x layer. This enrichment induces a depletion of the Germanium in the first 

layers causing a degradation of the interface (“leading edge”) until the Ge concentration 

achieves equilibrium to the deposition flux. After stopping the Ge flux and the growth of 

the Si cap layer, further Ge segregation takes places along with the incorporation of Ge 

into the Si layer causing a smeared Si/GexSi1-x interface (“trailing edge”) [36].  

Detailed experiments showed that the slope of the trailing edge depends on the 

substrate orientation as well as on the growth temperature and the deposition rate [37]. 

For example, the segregation effect was found to be stronger for Si(001) than for Si(111) 

[37].  

Fukatsu et al. investigated the Ge segregation in the Si/Ge interface observing a 

non-exponential  incorporation of Ge at high concentrations in the Si cap layer, which 

they explained by a self limited process in a two-state exchange model [38,39]. Godbey 

et al. applied this model to the Si/Si1-xGex system [40]. A strong dependence of the width 

of the leading edge on the composition of the GexSi1-x-alloy was observed, and the self 
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limitation effect during Ge segregation was found to cause a trailing edge similar to the 

one observed before. 

Recently, X-ray photoelectron spectroscopy (XPS) combined with low-energy ion 

scattering spectrometry (LEISS) was used to examine the composition of the top layers of 

GexSi1-x [41]. The result is a top surface layer consisting of nearly 100% Ge while the 

amount of Ge incorporated in the second layer is still strongly enriched depending on the 

composition of the desired GexSi1-x alloy. The layers below have equilibrium composition 

till the region of the GexSi1-x/Si interface is reached where a depletion of Ge atoms is 

present in the leading edge. To describe the observed results a new model was proposed 

[41,42] assuming a continuum of Ge states with a binding energy decreasing 

exponentially from the surface to the bulk.  

 

1.5 Rare-earth (RE) growth on Si(001) 

1.5.1 RE characteristics and structures 

Rare earth-semiconductor interfaces have been attracting attention in the past two 

decades. According to Iandelli et al, “they present a growth and compound formation 

(silicide intermetallics) phenomenology that defines a distinct class with respect to the 

much exploited transition metal or noble metal systems. They define a class of junctions 

that have peculiar interface growth and crystallographic properties” [43,44].  

All the fifteen elements the rare earth series (from lanthanum to lutetium) 

distinguished themselves by the progressive filing of the 4f localized subshell that also 

determines their properties [45].  
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RE silicides structure is hexagonal A1B2 with a number of vacant sites [43]. They 

grow at RE-silicon interfaces via nucleation of defect-disilicides, i.e. the RESi1.7 formula 

[43,44,46], whereas the dominant behavior of all the other silicides is diffusion-controlled 

reaction. Iandelli et al. attributed the nucleation controlled reaction in RE silicides to the 

vacancies in the silicon sublattice of the AlB2-type RE pseudo-disilicides [43]. Therefore, 

they concluded that RE atoms are not mobile in the silicide structure up to temperatures 

of the order of 1000°C representing a significant increase over that needed for fast 

mobility of silicon, and for nucleation of RESi1.7 i.e. ~ 400 °C [45,47]. The fast diffusion 

of silicon is favored by the abundance of vacancies in the A1B2-type lattice, and is 

expected to be anisotropic according to the AIB2 anisotropy [48]. 

1.5.2 Rare-Earth Nanowires (RENW) 

Starting with the seminal publication of C. Preinesberger et al. [49], RENW have 

seen extensive interest because of their good conductivity and low Schottky barrier with 

silicon [50]. Though RE exhibits many phases, the hexagonal one is the most dominant. 

It shows a good lattice match with Si(001) in one direction, and a large mismatch in the 

other (see Table 1.1). Therefore any heteroepitaxial growth will be constrained in one 

direction while evolving easily in the other direction. 

 

 

 

 

 

 



 16

Table 1-1 Lattice mismatch between hexagonal phase of various RE silicides and 
Si(001). Si(001) has a lattice constant of 3.84 Å. [51] 

 

Rare earth a (Å) % c (Å) % 

ScSi1.7 3.66 -4.69 3.87 +0.78 

YSi2 (hexagonal) 3.842 +0.05 4.144 +7.92 

Sm3Si5 (hexagonal) 3.90 +1.64 4.21 +9.64 

GdSi2 (hexagonal) 3.877 +0.96 4.172 +8.65 

DySi2 (hexagonal) 3..831 -0.23 4.121 +7.32 

HoSi2 (hexagonal) 3.816 -0.63 4.107 +6.95 

ErSi2-x (hexagonal) 3.79 -1.30 1.09 +6.51 

YbSi2 3.784 -1.46 1.098 +6.71 

 

RENW growth has been observed under certain conditions resulting from the 

anisotropic strain between the A1B2 crystal structure of the nanowire and Si(001) with 

fast growth along the less-strained direction, and limited growth along the more-strained 

direction. The formed RENW vary according to the experimental conditions including 

the substrate orientation, substrate temperature, deposition thickness, and growth method. 

We collected some of the most relevant results in the table 1-2. 
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Table 1-2 Some of the most relevant results in the growth of RENW on Si(001). 

 

Deposition Wires (nm)   
Substrate Charact. 

Technique Thickness Temp. Length Width Height 
Ref.

Dy Si(001) STM 0.1-0.2 (RT) 200 > 2 > 4 [52]
Dy Si(001) STM, LEED .17-3.3 ML 600 300 .77-6.14 0.48-0.56 [53]

Dy,ScEr,
Gd Si(001) STM < 0.5 ML RT-600 150–450 3–11 0.2–3 [54]

Er Si(001) STM < 0.8 ML RT-620 50-231 2.98-50 0.38-4.5 [55]
Ho Si(001) STM, STS 0.06-0.9 ML 600 100-500 1.1-7.3 0.2-1.2 [56]
Gd Si(001) STM .33 ML 600  2.1  [57]
Er Si(001) STM, LEED  RT 10-100 1.1-5.6  [58]
RE Si(001) STM 0.5 ML 600  1.5-10 .24-0.40 [59]

 

 

Some of these RENW properties, like their conductivity and their crystal 

structure, have been studied in the above mentioned literature. In contrast, the reactivity 

and the stability of these structures have received less attention.  

 

1.6 Overview of the dissertation 

In order to integrate these structures into the existing integrated circuit 

technology, we need to assess their stability and their evolution at high temperature. 

These properties will determine their usefulness. Important fundamental physics may also 

be learned: how do they decay? What are the parameters that influence them the most? 

What roles do kinetics and thermodynamics play in their decay? How are morphology 

and energetics related? 

In order to attain this goal, we have used several techniques to study these 

structures along with their properties. In the first chapter, we introduce the different 
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techniques. In Chapter 2, we have investigated the growth dynamics of Ge islands on 

Si(001) and Si(113) surfaces in situ using ultra-violet photoelectron emission microscopy 

(UV-PEEM) with tunable UV light from the free electron laser at Duke University. This 

study will present insight into how substrate orientations influence the growth and decay 

of the nanostructures. In Chapter 3, we have studied the dysprosium silicide decay in situ 

and in real-time, using photo-electron emission microscopy in order to investigate their 

dynamic process, following the evolution of their size, shape and distribution. In Chapter 

4, we have studied the behavior of titanium silicide islands when embedded in a Si 

matrix. Their size, shape and density before and after the Si influx are determined and 

compared as function of the capping thickness and temperature. Chapter 5 explores the 

growth and evolution of Ge quantum dots using a novel technique. The preliminary 

results of this on-going experiment are introduced. In the last chapter, we collect all the 

important results and reflect on the directions of our future work. 
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2. Experimental 

2.1 Technical Aspects 

The morphological and structural information from the samples were obtained 

using various techniques. Samples were grown in ultra high vacuum (UHV) to minimize 

the possibility of oxygen contamination and its effects that can affect negatively the thin 

film growth. Before loading, the substrates were subjected to a pre-growth chemical etch 

and surface passivation to eliminate any surface oxide found on the Si (001) substrates 

used for these films.  

Different techniques were used to examine the surface morphology, composition, 

and structures of the samples grown during these studies. They included low energy 

electron diffraction (LEED), Auger electron spectroscopy (AES), X-ray photoelectron 

spectroscopy (XPS), atomic force microscopy (AFM), photoelectron emission 

microscopy (PEEM), transmission electron microscopy (TEM) and scanning electron 

microscopy (SEM).  

2.2 Sample Preparation 

Prior to the deposition of the Si, Ge and Ti films, the Si (001) substrates were put 

through a cleaning procedure designed to prepare atomically clean surfaces. The wafers 

themselves were obtained from Virginia Semiconductor, Inc. and were Si (001) ±0.5° 

substrates, n- or p-type (B or P doped), 25 mm diameter, 20 µm thick, 0.8 to 1.2 Ω • cm 

resistivity with one side polished. The wafer flat was cut parallel to the [110] direction.  

Before loading the samples into the UHV-system, they are cleaned with a 

standard cleaning process [1]. Prior to cleaning the Si-wafer has a native oxide and a 

hydrocarbon contamination layer at its surface. By exposing the surface to ultra violet 
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light from a Hg lamp for 5 minutes, the oxygen (from the air) is dissociated and 

converted to ozone and atomic oxygen by the 184.9 nm light. Ozone then absorbs the 

253.7 nm light and decomposes to O2 and more atomic oxygen. The latter reacts with 

hydrocarbon contaminants to form molecules such as CO2, H2O, etc which evolve from 

the surface and silicon dioxide remains at the surface layer. 

The next step in wafer cleaning was a spin etch which removed the native oxide 

and passivated the surface with hydrogen. The etchant was a mixture of 1:1:10 HF, de-

ionized water and ethanol. The alcohol wetted the Si surface while the HF removed the 

oxide. While approximately 1 mL of the etchant was applied, the wafer was spun at 3000 

rpm inside a Teflon container which allowed the etchant to clean the wafer and remove 

the residue. The resulting surface remains hydrogen passivated in air for up to 20 

minutes. 

Immediately after the spin etch, the wafer was placed into the load lock of the 

Integrated Analysis and Processing Tool, shown in Fig. 2.1. The wafer was in the load 

lock for 15 minutes before being moved into the UHV portion of the system. Once inside 

the UHV MBE chamber, the wafer was heated on the sample stage to approximately 900 

°C in order to thermally desorb any remaining oxide. During heat cleaning, the pressure 

increases to ~2x10-9 Torr. After the anneal, the pressure recovers to 2x10-10 Torr.  
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Fig.  2.1 Schematic diagram of the Integrated Analysis and Processing Tool. 
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AES was used to confirm the Si 2x1 surface reconstruction which indicated a 

well-ordered surface, while AES and XPS were used to confirm the removal of the 

surface carbon and oxide contamination. The effect of an UV-ozone/HF clean and the 

post annealing in UHV as described above is shown in Fig. 2.2. 

 

Fig.  2.2 XPS survey scan spectra of Si (a) before cleaning, (b) after HF cleaning, and (c) 
after UV-ozone/HF cleaning and annealing at 900C. 

 

The XPS survey scan reveals a strong oxygen peak for the as-received sample 

which is reduced after the ex-situ treatment. After the ex-situ clean, submonolayer 

coverage of residual carbon is deduced from the C 1s XPS peak. This additional 

hydrocarbon adsorption presumably occurs during the process of transferring the wafer 
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into the XPS chamber and annealing. Also, the C 1s and the O 1s peak are found to be 

shifted by about the same energy after the UV-ozone/HF clean. This indicates that the 

shift is due to a change in band bending rather than a chemical shift.  

After the in situ anneal, LEED images of the Si(100) wafer exhibit a sharp double 

domain 2x1 surface reconstruction, and AES data indicate carbon or oxygen at the noise 

level of the system. Fig. 2.3 shows a representative LEED pattern of a 2x1 double domain 

reconstructed Si(100) surface and AES data, respectively, before and after the in situ heat 

cleaning.  

 

 

 

Fig.  2.3 After annealing at 900C, the AES scan shows no signature of C or O. The peaks 
at ~270 and ~515 are due to carbon and oxygen respectively. The LEED patterns (the two 
inserts) show a (1x1) and a (2x1) reconstruction respectively before and after annealing at 
900C.  
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A Si buffer layer may be deposited onto the wafer at 550 °C prior to any 

subsequent processing in order to smooth out any surface defects and leave the surface in 

a pristine condition. 

 

 

2.3 Photo-electron emission microscopy (PEEM) and UV FEL PEEM  

2.3.1 Introduction 

Recent advances in thin films and material surface investigation have been 

sustained by the rapid development of microscopy techniques. These techniques have 

strived to combine the highest spatial resolution possible with the highest sensitivity 

while increasing the signal-to-noise ratio. Scanning tunneling microscopy (STM), atomic 

force microscopy (AFM) and related scanning probes technique have led to advances in 

many areas. 

The development of the Photo-Electron Emission Microscope (PEEM) was only 

possible after the development of high resolution electron optics. It has gained 

importance in the last two decades due to its ability to provide real-time imaging of 

surfaces with high lateral resolution. It principally consists of electron optics for 

performing spatially resolved spectroscopy and topography on samples, manipulated 

within an ultrahigh vacuum (UHV) environment. PEEM is an electron-optical parallel 

imaging technique. Electrons emitted from the surface of a specimen after absorption of 

photons are used to obtain a laterally resolved image of the surface. A magnified image 

of the photoexcited electrons emitted from the sample is created through electrostatic 
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lenses. The image is projected onto a fluorescent screen. The intensity in the image 

represents the local electron photoyield. 

The emitted photo-electrons originate from electronic states near the surface, 

which leads to high surface sensitivity. Unlike with scanning (SEM) or transmission 

electron microscopes (TEM), the specimen is not subject to a bombardment by high 

energy electrons. The PEEM design allows imaging of fragile organic specimens such as 

strands of DNA, proteins or viruses. In addition, PEEM images can be obtained over a 

wide range of sample temperatures and during in-situ deposition.  

While the theoretical lateral resolution limit in PEEM is in the range of 3-5nm, 

the experimental high resolution PEEM has a demonstrated lateral resolution of 12nm 

[2]. Resolution of 10 nm has also been achieved. The lateral resolution of a microscope 

using illumination just above the threshold of the sample is limited by the spherical and 

chromatic aberrations of the accelerating field and the spherical aberrations of the 

objective lens. Spherical aberration refers to rays at large angles coming to a premature 

focus and limits the emission angle of the electrons which fall within the intensity peak 

representing the image of the object. Chromatic aberration (the dependence of focus on 

electron energy) is manifested in the high-intensity distributions for different emission 

energies occurring in different planes. 

2.3.2 High resolution PEEM 

The PEEM used in these experiments was designed and build by ELMITEC 

Elektronenmikroskopie GmbH (Fig. 2.4). It has two components: a main chamber and  
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Fig.  2.4 Photograph of the PEEM built by Elmitech 

 

and a lens column. They are separated by a special gate valve. The main chamber 

comprises a sample manipulator, an anode, and an objective lens, while the lens consists 

of an objective lens, a transfer lens, a field lens, an intermediate lens, a double gap 

projector lens and an imaging screen. A schematic of the lens column and ray traces in 

the PEEM is shown in Fig. 2.5. Electrons are accelerated in a field of up to 10V/µm, and 

focused by the objective lens. Conventional electron optics provides a magnification 

between 102 and 105, and a nominal resolution of 10nm [2]. The lens column is 

differentially pumped to allow operation of the PEEM as high as 10-6 Torr while 

protecting the image intensifier. Two ion getter pumps maintain a base pressure in the 10-

10 Torr range in the main chamber, and a lower pressure at the image intensifier.  
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Fig.  2.5 Schematic of the PEEM lens column 
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2.3.3 PEEM image contrast mechanisms 

The PEEM aims to measure the distribution of electron emission dependent on 

local differences on a sample while integrating over the whole energy spectra of electrons 

that leave the surface. The contrast observed with the PEEM is precisely given by the 

local variation of the electron photo-current [3]. There are three main mechanisms that 

lead to this image contrast: local variation of the photoelectron yield, morphologically 

induced variation of the electric field, and shadowing effects caused by the grazing 

incidence angle of the photons [4]. The various contrast mechanisms can be used to 

obtain analytical information about the surface of the sample.  

2.3.3.1 Photoelectron yield contrast 

The basic image contrast mechanism in PEEM is based on the difference in 

photo-threshold energies of different surface phases. Since it is a surface effect, it is 

sensitive to surface contaminants and surface structure. The photo-threshold energy is the 

appropriate value in semiconductors to describe the energy necessary to remove electrons 

from the valence band into vacuum. It is the sum of electron affinity and band gap 

energy, Eg, and therefore depends on the electronic structure of the surface and on the 

surface dipole. Photoemission is often described with a three step process [5] (Fig. 2.6). 

In the first step, valence band electrons are excited into the conduction band. In the 

second step, they travel to the surface, and may loose energy due to scattering. The third 

step is the actual electron emission, which is only possible if the remaining kinetic energy 

of the electrons is high enough to overcome the surface barrier.  
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Fig.  2.6 Schematic of the photoemission process. Ev valence band maximum; Ef Fermi 
energy; Ec conduction band minimum; Evac vacuum level. 

 

Taking into account that electrons are excited in bulk and surface regions of the 

crystal and that they loose energy by scattering, it is evident, that emitted electrons 

exhibit an energy distribution. This, in turn, can lead to reduced spatial resolution due to 

chromatic aberration, unless the photon energy is only slightly above the photo-threshold 

energy. By choosing a photon energy between the photo-threshold energy of two surface 

phases it is possible to directly image the spatial distribution and time dependence of the 

surface material composition and structure [2]. Best contrast condition is achieved if one 

area has a work function higher than the cut-off energy ħωmax of the used light source 

while the other area consists of material with a work function or photo threshold φ< 
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ħωmax. The two surfaces can be metal on metal or metal on semiconductor as illustrated 

on Fig. 2.7. 

 
 

 
 

Fig.  2.7 PEEM image contrast mechanism for (a) metal on metal surface and (b) metal 
on semiconductor surface due to photothreshold difference. The escape energy for the 
metal is hν = φ (work function) and hν = Eg + χ (sum of the bandgap and the electron 
affinity) 
 
   

2.3.3.2  Morphological contrast 

When a sample with high aspect features ratio is investigated in the PEEM, a 

local decrease or increase in electron density can originate from field distortion, field 

enhancement and the Schottky effect [6]. 

2.3.3.3 Shadowing effects 

Another contrast effect results from shadows cast by surface features. In the 

PEEM system, the sample is illuminated at a glancing angle < 15° with respect to the 

sample surface, which causes shadow effects. The shadowed areas do not emit photo-

electrons and appear dark in the image. Since the direction of the shadow is opposite for 

pits or protrusions on the surface, these two features can be distinguished if the direction 

of the incident illumination is known. And from the length of the shadow, a rough 

estimation of the height of the observed structure is possible. 
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2.3.4 Excitation sources 

2.3.4.1 Mercury UV source 

A mercury arc lamp is in general constructed of a long sealed quartz tube which is 

filled with a starting gas and a small amount of mercury and has an electrode at each end. 

When a voltage is applied between the electrodes, the starting gas ionises and starts to 

heat up. The hot gas evaporates the mercury which then emits radiation, a proportion of 

which is in the UV range. 

The lamp used in conjunction with the PEEM, an Oriel 100 W high-pressure Hg 

short-arc lamp, produces a continuous spectrum of light with several peaks between 250 

nm and 450 nm and a maximum cut-off photon energy of approximately 240 nm. A 

spectrum of the emission from the lamp collected by an Oceans Optics USB4000 fiber 

optic spectrometer at an approximate resolution of 0.4 nm is displayed in Fig. 1.8. The 

light enters the object chamber through a UV quartz window and is incident at an angle 

of ~ 15° with respect to the sample surface. The quartz window has a photon energy cut 

off of ~ 6.85 eV. 

 



 37

 

Fig.  2.8 Spectral distribution of light generated by the Hg lamp. 
 
   

2.3.5 Free electron laser (FEL)  

2.3.5.1 Principles of operation  

The invention of the free electron laser (FEL) as a source of coherent radiation 

rests on the inventions of the microwave tubes and, mostly, on the invention of the open 

resonator [7]. The open resonator led to the development of the conventional laser and 

improved the attainable wavelength by several orders of magnitude. An open optical 

resonator or optical cavity is an arrangement of mirrors that form a standing wave cavity 

resonator for light waves. In 1971, J.M.J. Madey invented and developed the FEL, a 

relativistic electron tube that made use of the open optical resonator [8]. The FEL brought 

two important attributes: tunability and design flexibility. 
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The FEL is built around three main components: an electron accelerator, a 

periodic arrangement of magnets (undulator or wiggler) and an optical resonator. The 

electron accelerator, such as a linear accelerator or a storage ring, generates a relativistic 

electron beam which propagates through the magnet structure as shown in Fig. 2.9. The 

periodic, transverse magnetic field accelerates the electrons resulting in the generation of 

light that propagates with the electron beam through the magnet structure. An optical 

cavity permits the stored radiation to build up to saturation. 

 

 

Fig.  2.9 Schematic of a FEL [8] with the periodic undulator field indicated by the 
alternating up and down arrows. A relativistic electron beam is passed through an 
alternating magnetic field, often called an undulator or wiggler. The undulator imposes a 
transverse acceleration on the electron beam, resulting in the generation of photons. 

 

The FEL operates in two main modes: spontaneous and stimulated modes. These 

modes correspond to operating the FEL in non-lasing mode (spontaneous) and lasing 

mode (stimulated). In spontaneous mode, the FEL emission mechanism is the same as in 

undulator-based synchrotron light sources, and the incoherent radiation has a broad range 

of tunability. In contrast, in the lasing mode the range of stimulated emission is 
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determined by the reflectivity of the optical cavity mirrors. In this mode, the FEL is 

capable of generating coherent light by applying a resonance mechanism to the 

incoherent spontaneous radiation [9]. 

 

2.3.5.2 Duke OK-4 Free Electron Laser (FEL) 

The OK-4 Free Electron Laser (FEL) is based on a 0.25 - 1.2 GeV storage ring. It 

has the capability to generate a broad range of spontaneously emitted light ranging from 

IR radiation to soft X-rays and can also generate coherent radiation in the UV to the 

vacuum UV range [10,11]. Up to 64 electron bunches can be injected into the storage 

ring which is controlled by a RF system operating at 178.5 MHz. Ultra-violet radiation is 

generated by an optical klystron (OK-4) which consists of two 3.5 m electromagnetic 

wigglers, an electromagnetic buncher between them and a 53.73 m long optical cavity 

where mirrors are installed on both ends.  

The wiggler is based on an array of magnets providing an undulating magnetic 

field. When electrons pass the wiggler on their way around in the storage ring they 

interact with the magnetic field and are forced onto an oscillating trajectory. The 

acceleration and deceleration of the electrons result in spontaneous emission of photons. 

Since the electrons are moving at the speed of the light, the photons are focused into a 

narrow beam. By adjusting the electron energy γ = E/mc2, the magnetic field Bw and the 

wiggler period λw, the output wavelength is found to be 
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The OK-4 system has an optical cavity of 53.73 m (1/2 the length of the storage 

ring circumference) enclosed by mirrors at either end. The magnetic system of the OK-4 
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consists of an electromagnetic buncher surrounded on either end by a 3.5 m 

electromagnetic wiggler. 

The OK-4 FEL is designed for deep UV lasing. The photoemission measurements 

presented in this work were excited by spontaneous emission. In addition to this form of 

radiation generation, the OK-4 FEL is capable of providing laser mode and giant pulse 

mode operation. The generated radiation is pulsed; in spontaneous and laser modes, the 

pulse structure is defined by the electron bunch structure with each bunch producing a 

pulse of light as it passes through the FEL. Spontaneous emission pulses are typically 100 

ps long at a frequency of 2.8 MHz for a single bunch and up to 178 MHz for the 

maximum of 64 bunches. Lasing mode pulse durations are typically 10 ps long while 

giant pulsed emission consists of a pulse approximately 100 µs long at a frequency of 60 

Hz with each pulse being made up of micro pulses with durations of approximately 100 

ps [12]. 
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Fig.  2.10 Schematic of the Duke OK-4 Free Electron Laser. This system generates 
spontaneous radiation from IR to the soft X-ray range and coherent UV radiation [13]. 
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2.4 Molecular Beam Epitaxy 

2.4.1 Semiconductor deposition 

Two electron beam evaporation sources are used to individually deposit Si and Ge 

and they may also be used to co-deposit Si1-xGex, alloys. A schematic diagram of the 

UHV components of the semiconductor deposition subsystem appears in Fig. 2.11. The 

two Thermionics HM2 electron beam evaporators are powered by a 10 kW Temescal 

Simba2 power supply. Two Temescal electron beam sweep controllers, one for each e-

beam source, are used to control the location at which the e-beam struck the source 

material. The evaporators are water cooled to dissipate excess energy and to keep the 

evaporator crucibles from melting. Shutters are used to control the deposition of material 

onto the sample and onto the sensors used for deposition rate monitoring.  

Silicon and germanium were deposited by evaporation of Si and Ge from molten 

Si and Ge sources. The Si and Ge sources were heated by electron beams to produce 

molten regions in the source materials. The evaporation rates of the Si and Ge were 

controlled by varying the current of the electron beam heating the source materials. Two 

Inficon XTC thin film thickness and rate monitors were used in conjunction with two 

Inficon bakeable sensors to monitor and control the evaporation rates. The bakeable 

sensors consist of a 0.5" diameter quartz crystal mounted in a water cooled UHV 

compatible housing.  
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Fig.  2.11 A schematic view of the molecular beam epitaxy chamber 
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The XTC calculates the deposition thickness and deposition rate at the sensor by 

measuring the change in the period of oscillation of the resonant frequency of the quartz 

crystal [14]. The sensors were placed in the line of sight of evaporating Si and Ge 

sources, and as Si and Ge accumulated on the sensors the resonant frequency of the 

crystals changed. Prior to the deposition, each XTC was programmed with the density 

and acoustic impedance values for the material to be deposited. The XTC also tracks the 

net change in the crystal frequency and continuously computes the accumulated film 

thickness [15]. 

 

2.4.2 Metal deposition 

The deposition of thin Ti films was achieved by the sublimation of Ti from 

resistively heated titanium filaments. The thickness of the deposited Ti was monitored 

using a XTC deposition controller and a third Inficon bakeable sensor. A diagram of the 

Ti deposition configuration appears in Fig.  2.11. Because the deposition rate was not 

critical, the XTC deposition controller was used only to monitor the total deposited Ti 

film thickness. The Ti deposition sensor was mounted such that when the substrate was 

positioned for Ti deposition, the source to sample and source to sensor distances were 

equal. The Ti deposition rate was controlled by varying the power applied to the Ti 

filaments. The Ti which over sprayed the sample coated the walls of the Ti filament 

housing and some of the inside surface of the deposition chamber. The Ti coated surfaces 

acted as a gettering pump and assisted in vacuum recovery following semiconductor 

deposition [15]. 
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3. Growth dynamics of Ge islands on Si(001) and Si(113) surfaces investigated by 

photoelectron emission microscopy 

 

3.1 Abstract 

The growth dynamics of Ge islands on Si(001) and Si(113) surfaces is studied in 

situ using ultra-violet photoelectron emission microscopy (UV-PEEM) with tunable UV 

light from the free electron laser at Duke University. The UV emission is tuned to a 

wavelength that maximizes the contrast between the substrate and the growing structures. 

In situ Ge deposition and real-time monitoring of the growing islands allowed 

observation of the evolution of the size, shape and density of the surface structures. 

Following deposition, uniform emission was observed indicating the growth of a strained 

wetting layer. During further deposition, the transition from layer by layer to 3D growth 

was detected with the presence of islands with a density of ~1x109 cm-2. Continuous 

deposition of Ge led to the enlargement of the islands, but further island nucleation was 

not detected. Upon annealing, the average size of the islands increased while the island 

density slightly decreased. AFM measurements performed on the islands grown on the 

Si(001)  surface showed dome structures while the islands on Si(113) substrates display 

flat tops with multiple steep facets on their sides. Reduction of the deposition rate on 

Si(113) resulted in the formation of metastable elongated structures aligned along the 

[33 2 ] direction.   
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3.2 Introduction 

As electronic structures continue to shrink in their lateral and vertical dimensions, 

alternatives to lithographic techniques will become increasingly important. The 

spontaneous self-assembly and self-organization of semiconductor quantum dots and 

wires or elongated islands is a promising approach for fabrication of nanometer scale 

semiconductor devices. The formation of Ge-Si quantum dot structures on Si has 

attracted wide interest since these structures can potentially be integrated into the 

fabrication of optoelectronic devices compatible with the well-developed Si technology 

[1,2].  

The growth of Ge on Si is strongly influenced by the 4.2% lattice mismatch 

between deposited layer and substrate, resulting in successive strain relief mechanisms 

following the Stranski-Krastanov growth mode. In this case, after the formation of a thin 

wetting layer, islanding occurs leading to 3D growth. In the early stages of the deposition 

of Ge on Si(001) the compressive stress during deposition leads to the formation of 

defects at a thickness below 1 ML appearing as a periodic array of missing dimer rows. 

The result is a (2×n) surface reconstruction, as evidenced by LEED and STM 

measurements where every nth dimer is missing [3,4]. Depending on the growth 

conditions, a 2D pseudomorphic wetting layer forms up to a thickness of 3-4 ML. This 

growth is enabled by the lower surface free energy of Ge compared to Si [3,4]. 

The embedding of Ge into the crystal lattice of Si leads to increasing strain inside 

the material and results in the formation of coherently strained 3D islands with increasing 

amount of deposited Ge. This phenomena was reported by Mo et al. [5] on Si(001) who 

studied the formation of metastable “hut” structures which are bounded by {105} facets. 
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Square based pyramids with the same facet directions were later found to be more stable 

[6]. As these islands grow, their shape is transformed from the square-based pyramids to 

larger multifaceted islands with steeper contact angles to the substrate [7]. These so 

called “domes” are still coherent, but show a further stage of strain relaxation in the Ge/Si 

system. On the basis of the observed bimodal island distribution, Medeiros-Ribeiro et al. 

suggested a model where both pyramids and domes are equilibrium states and a shape 

transition energy barrier has to be overcome. This model attempts to explain the 

transition between these shapes [7].  

In contrast to this model, different transition states between pyramids and domes 

were observed in a real-time LEEM study [8]. F. Montalenti et al. have recently 

suggested a top to bottom growth model: atoms accumulate only at the topmost region of 

the islands, creating a set of steps which eventually bunch together. Subsequently, the 

shape transition is accomplished by step bunching of incomplete {105} facets [9]. 

A further mechanism of strain relief is the introduction of misfit dislocations into 

islands above a certain size [10]. This modification is energetically favorable, and the 

plastic relaxation leads to very large islands (“superdomes”). In general, this transition 

would be avoided to maintain a uniform size distribution and to obtain uniform physical 

properties.  

Less research has been performed on the Si(113) surface, but interesting effects 

have been anticipated. The Si(113) surface is thermally stable and has a surface free 

energy that is only slightly higher than the more commonly studied Si(001) and Si(111) 

surfaces. The low surface energy provides the stability as a substrate for crystal growth 

and makes it a promising surface for semiconductor fabrication. In fact, Ge structures 
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coherently grown on Si(113) are anisotropically strained with the highest shear strain 

along the [33 2 ] direction [11]. 

Tersoff and Tromp have shown that, when exposed to a flux, an island with a flat 

top could grow by elongating in one direction under some conditions. [12]. An 

experimental evidence for the elongation of Ge islands on Si(113) was observed by Knall 

and Pethica [13]. These experiments were improved by Omi and Ogino who found wire-

shaped islands aligned along the [33 2 ] direction with {159} and {519} facets on their 

sides [14]. A study of the strain along and across these islands indicates that the 

compressive strain along [110] (across the elongated islands) is almost totally relaxed 

[15] which is a direct indication of an anisotropic strain relaxation process. It has also 

been found that these elongated islands are probably metastable and transform into dot-

like islands during further annealing [16]. The origin of this process has not been clarified 

and needs further investigation. Contradicting results have been reported by different 

groups, because the resulting structures appear to be strongly dependent on the growth 

conditions [17,18]. The growth mechanisms and shape evolution of Ge on Si(001) and 

Si(113) are still under discussion and not completely understood. 

Here, we report on the application of UV-FEL PEEM to investigate the growth 

dynamics of Ge islands on Si(001) and Si(113) surfaces during continuous deposition at 

elevated temperatures as well as the structural changes that occur during annealing. 

While Low Energy Electron Microscopy (LEEM) studies of Ge on Si have been 

previously reported [8,18], this study establishes that PEEM can be readily employed to 

display the real-time growth processes. A state-of-art LEEM has a better resolution than 

the PEEM, but its dominant contrast mechanisms, diffraction contrast and geometric 
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phase contrast, does not directly identify the materials. In the PEEM, instead, differences 

in the work function of different materials are easily visible. Furthermore, the PEEM 

provides a larger field of view. 

We have monitored the Stranski-Krastanov growth and observed ripening effects 

at Ge islands on Si(100) and the decomposition of the islands during annealing of Ge 

islands on Si(113).  The energy dependent PEEM sequences provide another insight into 

the potential energy of the islands. Also, the continuous growth in width and length of the 

islands suggest that a mechanism, other than the anisotropic strain, may be involved. 

 

3.3 Experimental procedure 

Commercially available Si(001) (n-type, P-doped, resistivity 0.05 - 0.1 Ωcm) and 

off-axis Si wafers with a supplier specified miscut angle of 22o from (001) towards (111) 

(p-type, B-doped, resistivity 1.12 - 1.31 Ωcm) were used as substrates. From previous 

experiments, this miscut angle was found to be inaccurate [19] and was therefore 

examined using X-ray diffraction. From measured rocking curves, the misorientation was 

determined to be 0.3° with respect to the (113) surface, which means that the surface 

normal is tilted by 24.9º from the [001] direction towards [111].  

The wafers were cut into 9x9 mm2 sections and  treated by two consecutive cycles 

of 5 min UV-ozone exposure directly followed by a 1 min dip in a 1:10 solution of  49% 

hydrofluoric acid in de-ionized water before transfer into the UHV MBE chamber with a 

base pressure of <2x10-10 Torr. This was followed by heating at 900oC for 10 min to 

remove the remaining contaminants using radiative heating combined with electron 

bombardment of the backside of the wafers. The presence of carbon and oxygen was 



 

 

52

below the detection limit of Auger electron spectroscopy (AES), confirming that the 

cleaning procedure was effective. 

The clean substrates were then transferred into the microscope chamber to 

perform the experiments using a customized Elmitech ultra-violet photoelectron emission 

microscopy (UV-PEEM) system in combination with the OK-4 Duke Free Electron Laser 

as the source for monochromatic UV light [20]. This experimental set up allows in situ 

studies of the film growth and surface treatments. The surface was monitored in real-time 

with UV-PEEM to study the evolution of the growing surface structures during Ge 

deposition and subsequent annealing. Photoelectrons were excited using the spontaneous 

emission of the tunable UV free electron laser (UV-FEL) with an optimal photon energy 

of 4.9 eV - 5.0 eV. The base pressure of the PEEM system was <2×10−10 Torr. This 

system has a predicted and demonstrated resolution of ~10 nm at a 10000× 

magnification, and the electric potential used for accelerating the imaging electrons is 

approximately 20 kV across a gap of ~2 mm [20].  

Germanium was deposited at temperatures varying from 430o to 550oC using a 4 

pocket e-beam evaporator with a crucible filled with pure Ge fragments. The substrate 

temperature was measured with a thermocouple attached to the sample holder, and the 

sample surface temperature was calibrated with an optical pyrometer. After the growth 

process, the sample was gradually cooled down to room temperature and removed from 

the UHV system. Subsequently, a surface morphology analysis was performed using an 

atomic force microscope (AFM) in contact mode. All shown AFM images represent the 

normal force scans because topography images do not clearly reflect the island shape and 
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the different facets, due to forces exerted on the surface by the AFM tip while scanning 

up or down a sloped surface.  

 

 

3.4 Results 

Beginning with a Si surface that displayed a uniform emission, the surface was 

exposed to a Ge flux, and the growth was monitored with PEEM. Fig. 3.1 shows a 

sequence of images obtained during deposition. The dark spots in the images are artifacts 

caused by damaged regions in the multichannel plate and are not due to the surface itself. 

After exposure to the Ge flux for 9 min, the nucleation of small islands is observed. From 

the well investigated thickness of the Ge wetting layer (3-4 ML) [3,4], the deposition rate 

can be estimated and is found to be ~0.4 ML/min. During the continuous evaporation of 

Ge atoms the islands grow further at different velocities [21]. 

To perform the measurements under the most optimal experimental conditions, 

the dependence of the image contrast on the wavelength of the UV light was investigated. 

The photo-threshold, ET, measured with ultraviolet photoemission spectroscopy was 

found to be 4.70 eV and 5.15 eV for Ge (001)-(2×1) and Si (001)-(2×1) surfaces, 

respectively [22]. During the growth of strained semiconductor material these values can 

be influenced by the incorporated stress and the degree of relaxation of the surface 

structures. Therefore, the UV light was varied between 4.7 eV and 5.7 eV, and at each 

wavelength, the UV lens was adjusted for an optimal focus of the light beam onto the 

surface. The resulting images are shown in Fig. 3.2. For the 4.7 eV excitation energy, 

only a weak signal from the islands can be detected, but the structures are observed to 
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emit electrons. We conclude, therefore, that ET of the islands is as low as 4.7 eV. When 

the photon energy of the beam is increased, the photo-current from the islands becomes 

more intense. The best contrast is obtained for photon energies between 4.9 eV and 5.1 

eV. As the energy is increased above 5.3 eV, the image contrast degrades with each step. 

This is attributed to enhanced electron emission from the strained wetting layer which 

becomes more intense for the higher energy excitation. Thus, the photo-threshold of the 

biaxially strained wetting layer is lower than 5.3 eV which is apparently greater than that 

of the partially relaxed Ge islands (ET ~4.7 eV). Beside the change of ET caused by a 

difference in the strain, a second process, namely the interdiffusion of Si into the Ge 

islands, may influence the electronic properties of the different regions [23]. 

The experiments were repeated on a clean Si(113) surface. Again the formation of 

circular islands was observed after ~10 min deposition at 450ºC at a rate of ~0.4 ML/min. 

Further deposition increased the size of the islands and caused their density to decrease. 

Increasing the growth temperature from 450º to 550ºC resulted in a faster enlargement of 

the Ge islands, which can be explained by the enhanced surface diffusion of the Ge atoms 

at higher temperatures.  

The coarsening effect is more evident when the structures are annealed at higher 

temperatures. After the Ge evaporation, the temperature was gradually increased to about 

650ºC, and it was observed that the island density decreased slightly (from 9.9 ·108 cm-2 

to 8.4 ·108 cm-2 for Si(001) and from 6.3 ·108 cm-2 to 4.5 ·108 cm-2 for Si(113)).  

The topography of the grown structures was examined in order to establish the 

island shape and the surface facet structure. Some facet changes may have occurred 

during the cool down process [8], but the PEEM is not able to resolve such changes. The 
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samples were characterized by contact mode AFM measurements in air. We expect that 

any structural changes caused by the oxidation of the surface will be negligible. Fig. 3.3 

shows the respective AFM results for the structures grown on Si(001) and on Si(113). For 

the structures on Si(001) the “dome” shape structure is found for the large clusters [8].  

When germanium is deposited on Si(113) with a slower growth rate a change in 

the island morphology is observed. From the very initial stages of the islanding process, 

elongated structures aligned in the [33 2 ] direction are formed. Shown in Fig. 3.4 is a 

sequence of PEEM images recorded during growth at 500ºC at a rate of ~0.1 ML/min. 

The formation of elongated islands begins after 21 min and a continuous growth of the 

structures in length and width can be observed. Both length and width increases while the 

aspect ratio remains essentially constant, as plotted in Fig. 3.5.  As indicated by the arrow 

in Fig. 3.4, after about 55 min, two islands linearly aligned are observed to merge into 

one longer “wire”.  

 Ambient AFM measurements were performed on some samples. Fig. 3.6 

shows a coexistence of small islands aligned along the surface steps and elongated 

islands with a flat top and multiple side facets. The maximum observed length of the 

elongated islands is ~1.4 µm, and the islands vary in width between 200 nm and 300 nm 

and in height between 40 nm and 50 nm. The flat top and steep side facet shape is also 

observed in addition to the round structures described above. Steep trenches with a 

depression of up to 12 mm deep form at the edges of the elongated islands as they grow.  

After the growth experiments, the elongated islands were annealed to investigate 

the effect of higher temperatures on the surface structure. In Fig. 3.7, a significant change 

in the island shape can be noticed during a 40 min annealing sequence where the 
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temperature is increased from 550º to 700ºC. The elongated island structures appear to 

undergo a decay process, resulting in the formation of indentations in the islands.   

3.5 Discussion 

The AFM measurements show that edges and facets of the dome structured 

islands on Si(001) are clearly visible and agree with the shape found in previous studies 

[8]. From the PEEM measurements in this experiment, it was possible to image islands as 

small as 40 nm in diameter. However, a direct deduction of the island shape was not 

possible, and the transition from pyramids to domes was not evident. Nonetheless, the 

different brightnesses of the islands may be related to the island shape. Pyramids have 

{105} facets with a rather flat slope of 11.3º while domes have a higher aspect ratio with 

{113}-25.2º and {15 3 23}-33.6º facets [6,8] which could result in different emission 

properties.  

Upon annealing of the elongated island structures, the average island size 

increased while the island density decreased at the same time. Three different effects 

contribute to this behavior. Large islands grow at the expense of small clusters which 

indicates that Ge diffuses on the surface and drives a coarsening process which is most 

likely characterized as Ostwald ripening [24]. The second effect is the interdiffusion of Si 

from the substrate into the clusters which is expected to be enhanced at higher 

temperatures. The last effect that leads to enlargement of the islands during annealing is 

the transfer of Ge material from the wetting layer towards the islands. The wetting layer 

was found to be unstable at higher temperatures [25,26].  This last process is rather fast 

and limited to the amount of material that is incorporated into the wetting layer. 
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It should be noted that a change in growth temperature from 450º to 550ºC 

resulted in faster enlargement of the Ge islands which can be attributed to the 

attachment/detachment limited regime as indicated by the linear increase of their length 

and width.  

Besides the large dome-shaped clusters of up to ~300 nm diameter on Si(001), 

smaller islands are also observed but their shape is not well defined in the PEEM image. 

The typical top (105) facet is transformed to a flat facet suggesting that a relaxation has 

occurred.  With increasing germanium coverage, the islands grow larger and have been 

shown to relax by the introduction of dislocations while considerable Si material diffuses 

inside [17]. The structures on Si(113) present a similar behavior with a few large islands 

surrounded by smaller structures.  

The structures are also relaxed by the formation of different side facets. In 

particular, the top of the islands is flat, which is most likely related to the low free energy 

of the (113) surface [27] resulting in the favorable flat top shape. The surrounding facets 

are steep and seem to be irregularly arranged compared to the well defined structures 

found on Si(001). Similar structures were found by Zhu et al. during the growth of Ge 

structures on Si(113) at 700ºC [17] where the main side facets were determined to be 

{111}, {113} and {15x} with x varying between 6 and 8. 

As observed in Fig. 3.4, the elongated structures aligned along the [33 2 ] 

direction. During their growth, the length and width increase approximately with the 

same rate while the length-width ratio remains almost constant. Similar results were 

obtained by Omi and Ogino in an AFM study of Ge grown on Si(113) [14] as well as in a 
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combined LEEM/LEED study [18]. Nanowires aligned along the [33 2 ] direction were 

also grown by Caro [11] and Sumitomo [15,16].  

The elongation along the [33 2 ] direction is related to the specific properties of 

the Si(113) surface. It has been shown that a coherent Ge layer on Si(113) is 

anisotropically strained with the highest shear strain along [33 2 ] [11]. As a consequence, 

the elongation process is energetically favorable, which is also predicted theoretically by 

the work of Tersoff and Tromp [12]. 

An MEIS study explored the distribution of strain during the relaxation process. 

The elongated islands were found to adapt to the lattice of the Si substrate along [33 2 ], 

which leads to compressive strain along the long axis of the elongated islands. On the 

other hand, the compressive strain across the islands in the [110] direction is gradually 

relaxed and, instead, a slight tensile strain of -0.5% was observed [15]. It was suggested 

that this anisotropic strain relaxation process leads to the formation of elongated 

structures. However, the fact that the island shape depends on the deposition rate is an 

indication of a kinetically limited growth process. Investigating the kinetics of the Ge 

nanostructures formation, Zhang et al. found that a higher growth rate kinetically 

stabilizes pure Ge pyramids prior to Si interdiffusion taking place. These Ge clusters are 

absent at the lower growth rate, demonstrating the influence of deposition rate on island 

evolution [28].  

Islands elongation can also be explained by an equilibrium tendency for energy 

minimization. Li, Liu and Lagally [29] have calculated that when a rectangular 2D 

faceted island exceeds some critical diameter, it adopts an elongated shape in either of the 

two orthogonal directions with two degenerate minima, due to strain-induced shape 
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instability. They found that in the case of anisotropic edge energies, the symmetry 

between the two orthogonal directions is broken, causing island elongation along the low 

edge free energy direction in which both edge and strain energies are minimized. For 

strong anisotropy, this elongation can occur at any size. 

AFM measurements on the elongated structures reveal that the elongation process 

is accompanied by the formation of surface steps along the [33 2 ] direction with a height 

of up to a ~9 nm nanometers (Fig. 3.6). These steps may have have been created by the 

rows of missing atoms parallel to the [33 2 ] direction that were observed by Knall and 

Pethica [13] in their study of the initial growth behavior of low temperature molecular 

beam epitaxy (MBE) of pure Ge on a Si(113) substrate. These features led to the 

formation of long ridges with {429}-oriented sidewalls after continued deposition of Ge. 

The formation of the small islands seems to be favorable at such steps which may be 

related to the fact that these steps act as a diffusion barrier for Ge atoms.  

The line profile across the structure shows the formation of a trench around the 

islands. Theoretical calculations predict that a high stress develops at the island edge near 

the substrate [30]. The formation of trenches has a significant effect on stress relaxation. 

Atoms near the depression at the base of the island can then relax their stress by moving 

laterally [31]. The trench formation is realized by the diffusion of Si atoms from the 

region of maximum strain into the island. During elevated temperature annealing, a mass 

transport has been proposed to occur from the Si substrate to the Ge islands [32]. This 

diffusion changes the composition of the islands, while the Ge/Si interface moves below 

the original substrate surface, resulting in the formation of a trench around each island.  It 
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has been proposed that the reduction in the strain energy is the driving force for this 

mechanism [32]. 

During annealing, a significant change in shape was observed. The structures 

begin to shrink in length at the same time their width increases. Indentations and irregular 

structures are also evident. This effect may be ascribed to the strong interdiffusion of Si 

from the substrate as well as to the surface diffusion of Ge atoms, both processes are 

effective ways to relax the incorporated strain. The contrast differences in the PEEM 

images are not conclusive of the shape transformation because the local brightness 

difference can also be attributed to a local change of the photo-threshold caused by 

inhomogeneous diffusion of Si into the Ge islands. However, AFM scans directly 

establish that the indentation structure is a topographic effect (see Fig. 3.7). Therefore, it 

is evident that the elongated shape is a metastable configuration which depends on the 

growth conditions. Similar behavior was found in annealing experiments of Ge nanowires 

where a back-transformation to a circular shape was observed [33]. 

 

3.6 Conclusions 

In summary, the use of UV-FEL PEEM is appropriate to investigate the growth 

dynamics of strained Ge structures on Si substrates. Stranski-Krastanov growth is 

observed as the initial induced strain leads to the formation of nanostructures that were 

studied in situ and in real-time. Different island shapes are found to be dependent on 

parameters such as substrate orientation, deposition rate and growth temperature: dome 

shaped islands are formed from germanium deposition on Si(001) while elongated islands 

are obtained from slow germanium deposition on Si(113) at 500ºC. Formation of 
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compact circular islands was observed on both surfaces at 450ºC and annealing at higher 

temperature resulted in faster enlargement of the Ge islands. Processes including facet 

formation, island elongation, trench formation and high temperature shape transformation 

can be directly related to strain relaxation. Dynamic real time measurements constitute an 

invaluable tool for a more detailed understanding of the growth processes of Ge 

nanostructures on Si. 
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3.8 Figure Captions 

 

Fig.  3.1 PEEM images of the surface evolution during Ge deposition on Si(001) 

at a temperature of 500°C and a deposition rate of ~0.4 ML/min. The growth duration 

and estimated equivalent film thickness (in monolayers) are indicated. The arrow marks 

the same spot on the surface. 

 

Fig.  3.2 Photon energy dependence of the photoemission image contrast for Ge 

islands on Si(001). The sample is at room temperature and the photon energy is varied 

between 4.7 eV and 5.7 eV. 

 

Fig.  3.3 Contact mode AFM scans (normal force signal) of Ge islands on Si(001) 

and Si(113) after ~40 min deposition at ~500 °C with a Ge flux rate of ~0.4 ML/min. 

 

 

Fig.  3.4 PEEM images of the growth of elongated islands on Si(113) at a 

temperature of 500°C and a Ge deposition rate of ~ 0.1 ML/min. The growth duration 

and estimated equivalent film thickness (in monolayers) are indicated. The arrow marks 

the same spot on the surface. 
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Fig.  3.5 Evolution of the lateral dimensions of a single elongated Ge island 

during deposition, a) length to width ratio, b) length and width. 

 

Fig.  3.6 Contact mode AFM scan (normal force signal) and line scans of an 

elongated Ge island on Si(113). 

 

Fig.  3.7 Shape transition of Ge elongated islands on Si(113) induced by high 

temperature annealing; a) photoemission micrographs (annealing temperature and time 

are indicated) and b) ambient AFM scans of typical resulting islands structures. 
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3.9 Figures 

 

 

Fig.  3.1 PEEM images of the surface evolution during Ge deposition on Si(001) at a 
temperature of 500°C and a deposition rate of ~0.4 ML/min. The growth duration and 
estimated equivalent film thickness (in monolayers) are indicated. The arrow marks the 
same spot on the surface.  
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Fig.  3.2 Photon energy dependence of the photoemission image contrast for Ge islands 
on Si(001). The sample is at room temperature and the photon energy is varied between 
4.7 eV and 5.7 eV. 
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Fig.  3.3 Contact mode AFM scans (normal force signal) of Ge islands on Si(001) and 
Si(113) after ~40 min deposition at ~500 °C with a Ge flux rate of ~0.4 ML/min. 
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Fig.  3.4 PEEM images of the growth of elongated islands on Si(113) at a temperature of 
500°C and a Ge deposition rate of ~ 0.1 ML/min. The growth duration and estimated 
equivalent film thickness (in monolayers) are indicated. The arrow marks the same spot 
on the surface. 
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Fig.  3.5 Evolution of the lateral dimensions of a single elongated Ge island during 
deposition, a) length to width ratio, b) length and width. 
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Fig.  3.6 Contact mode AFM scan (normal force signal) and line scans of an elongated Ge 
island on Si(113). 

 

 

 



 

 

74

 

 

 

Fig.  3.7 Shape transition of Ge elongated islands on Si(113) induced by high temperature 
annealing; a) photoemission micrographs (annealing temperature and time are indicated) 
and b) ambient AFM scans of typical resulting islands structures.  
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4. Growth and Decay of DySi2 nanowires on Si(001) 

4.1 ABSTRACT 

In this study, narrow and wide nanowires of DySi2 were formed on a Si(001) 

substrate through high temperature deposition of a few monolayers of dysprosium and 

annealing at 700° C.  The formation, growth and decay of the silicide nanowires were 

observed by real time imaging using photoelectron emission microscopy (PEEM).  

PEEM gives image contrast due to different electron work functions of separate 

nanostructures on a surface. We report on the decay of the nanowires at different 

temperatures between 700 and 800° C. Upon annealing, we observe that the width of the 

nanowires remains constant while the length decreases with time. Narrow nanowires 

decay only from the ends while wide nanowires may also break in fragments before they 

eventually disappear. A linear decay rate suggests attachment/detachment as the 

dominant mechanism limiting the process. We rationalize these effects in terms of the 

epitaxial structures and surface and interface energetics, diffusion. 
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4.2 Introduction 

Nanowires (NW) are attracting renewed interest, driven by potential applications 

in devices and their integration into current IC fabrication technology [1,2]. They are 

promising structures for nanoscale photonics and electronics, including high performance 

field effect transistors [3,4,5,6,7,8,9], infrared photodetector [10], or nanowire-based 

programmable architectures [11]. Applications as biological and chemical sensors have 

also been suggested [12,13,14]. 

Rare earth (RE) (Er, Dy, Gd, Ho, Sm, Yb) silicides elongated islands or NW 

grown on Si(001) have been the focus of attention for their very low Schottky barrier 

height on n-type Si and a correspondingly high barrier on p-type Si 

[15,16,17,18,19,20,21,22,23]. Experimental studies by Preinesberger et al. have shown 

for that highly elongated silicide islands or nanowires can be grown by depositing rare 

earth metal on silicon surface at elevated temperatures [15]. [They are understood to be 

the result of the anisotropic strain between the AlB2 crystal structure of the elongated 

island and the Si(001) substrate. They grow along the less-strained direction and have a 

restricted growth along the more-strained direction.] 

The potential significance of NW in device applications, however, hinges on their 

thermal stability, among other mechanical properties. The optimization of the growth 

process requires an understanding of their decay and their ability to sustain elevated heat. 

A previous study has given an account of the breaking of ErSi2 elongated islands or 

nanowires grown by electron beam deposition and examined by scanning tunneling 

microscopy (STM)[19]. When samples were annealed at 800 °C, dislocations were 

observed in the nanowires. They are believed to relieve the asymmetric strain in the 
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nanowires, which completely broke apart to form clusters of rectangular ErSi2 crystals 

along with a high surface concentration of small irregular islands. A structure change was 

also observed when the erbium thin film was annealed. Using transmission electron 

microscopy (TEM), Travlos et al. found that, when the erbium thin film was annealed at 

870 °C, it not only consisted of epitaxial grains with the hexagonal AlB2 structure but 

also of grains with the tetragonal ThSi2 structure[24]. 

Several other studies have focused on the decay of isolated individual islands, 

both experimentally and theoretically [25,26,27,28,29,30,31,32]. In previous works, our 

group reported on the high temperature dynamics and evolution phenomenon for 

different nanostructure systems [33,34,35,36,37]. In this study, we explore the decay of 

the dysprosium disilicide nanowires through annealing at temperatures varying from 700 

to 800° C. We monitor the decay process of individual wires using real-time 

photoelectron emission microscopy (PEEM). Direct observation combined with ex-situ 

AFM measurements are used to analyze the wires growth dynamics, their ordering, shape 

and size. Surface ripening is found to occur at the same time as wires and islands are 

formed. We report on the decay of nanowires and their dependence on their initial width. 

After the deposition has stopped and upon annealing, the width of thin wires (width <100 

nm) remains constant while the length decreases with time. Meanwhile wider nanowires 

(width >100-300 nm) tend to break into sections with annealing before diffusing or 

evaporating completely.  We model these effects in terms of the epitaxial structure and 

surface and interface energetics.  
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4.3 Experimental  

All measurements employed 9x9 mm2 sections of Si(001)-oriented wafers with a 

resistivity of 0.8 – 1.2 Ωcm (n type, P doped, ND = 1016 cm-3). Prior to loading in UHV, 

the substrates were cleaned by UV-ozone exposure and a wet chemical etch using a 

solution of 10:1 hydrofluoric acid diluted in de-ionized water. Before deposition, the 

wafers were heated to 900 °C for 10 minutes. The experiment was performed with a 

customized Elmitech ultra-violet photoelectron emission microscopy (UV-PEEM) system 

with ~10 nm lateral resolution, and a base pressure better than 2 x 10-10 Torr. The electric 

potential used for accelerating the imaging electrons is 20 kV across a gap of ~2 mm. The 

tunable UV free electron laser (UV-FEL) at the Duke University Free Electron Laser 

Laboratory provided photons in the 3-7eV energy range and the wavelength was tuned to 

maximize the sample contrast. We obtained a contrast maximum at 4.9eV. The 

capabilities of the UV-FEL PEEM system have been described in detail elsewhere [38].  

Dysprosium was deposited at temperatures varying from 600oC to 700oC by e-

beam evaporation from a Dy rod. The temperature was measured with a thermocouple 

attached to the sample holder, and the sample surface temperature was calibrated with an 

optical pyrometer. The real-time surface evolution was observed with the PEEM. The 

images displayed with a microchannel plate and a phosphor screen, were monitored with 

a DVC-1312-M-fw CCD camera and stored digitally with an image processor. They are 

visualized in the form of sequences of time-lapsed PEEM images. After the growth 

process, the sample was cooled and removed. Subsequently, a surface morphology 

analysis was performed using an Autoprobe CP-R atomic force microscope (AFM) in 
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contact mode, utilizing a Si cantilever with a spring constant of 1.6 N/m and a resonant 

frequency of 170 kHz. 

Typical results using PEEM are shown in Fig. 4.1 and 4.2. The plain cleaned 

substrate was heated at 675 °C before depositing Dy for ~3 min. Fig. 4.1a shows 

nanowires formed after annealing at 675 °C for 3 min. The DySi2 nanostructures are 

identified as the bright spots in the images while the Si surface appears as the darker 

region. The PEEM image contrast is due to the difference in the photo-threshold of DySi2 

(3.86-4.21 eV) and Si (001) (~5.1 eV) [39]. The nanowires grow along one of the two 

<110>Si orthogonal directions, with no preference for either orientation. NW do not 

appear to cross each other but end or start at the intersection point. They measure up to 

~2.5 µm in length, with a width between 60 and 80 nm and an average height of ~4.0 nm. 

Immediately after growth, their shape is triangular as shown by the AFM scan in Fig. 

4.1b and Fig. 4.2.  

 

 

4.4 Results  

In Fig. 4.3, nanowires are grown after a 4 min. deposition at 700 °C and at higher 

rate. Bright patches of non reacted materials are still visible. The nanowires thickness and 

length are observed to be dependent on the amount of deposited material. The NW are up 

to ~3.5 µm long and they display a width of ~120 nm.  Their distribution on the surface 

appears random. Although their width seems apparently uniform, a few of their ends 

appear larger than the rest of the body. These ends are also brighter than the rest of the 

surface suggesting more material accumulation. During annealing at high temperature, 
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the NW decay from the smaller end as shown in Fig. 4.5. When one ends touches another 

NW, they decay from the ‘free end’. Two nearby NWs do not necessarily start decaying 

at the same time. The larger ends appear more like islands when the decay process is 

stopped as shown in Fig. 4.5(f). However, their overall size does not seem to have 

changed and apparently no new island or wire nucleation occurs.  

When we deposit just a few monolayers of Dy at ~700° C, a very dense array of 

narrow NW are formed (Fig 4.4). They measure up to ~0.5 µm in length and ~10 nm in 

width. The nucleation of these wires occurs too rapidly to be observed with the PEEM. 

Their growth appears to stop only when they intersect another wire. They have a more 

uniform morphology and size distribution while they populate the entire surface. When 

annealed at 750° C, they decay more rapidly than the thicker wires. They shrink from the 

ends before completely disappearing. Starting from Fig. 3.4(c), empty areas that were 

occupied by the NW appear on the surface. Since additional nucleation is not observed 

during the entire decay process and no structure seems to increase its size, evaporation 

seems to be an important mechanism of nanowire decay.  

One nanowire was chosen and measured during the entire decay process to have a 

hint on the decay mechanism. Its length is plotted as a function of time in Fig. 4.6. Its 

decay is almost linear with time. When the nanowire size reaches about 20% of its initial 

size, an abrupt transition in decay rate was observed.  

 

4.5 Discussion 

Rare earth (RE) disilicides are known to crystallize in three types of structures: 

hexagonal AlB2, orthorhombic GdSi2, and tetragonal ThS2, which can coexist as different 
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phases dependent on the growth conditions [24,40,41,42]. It is well established that these 

three structures grow epitaxially on Si (001) substrates and can coexist as metastable 

phases depending on the growth conditions. The hexagonal more stable phase grows on 

Si(001) surface in two orientations, DySi2( 0101 )||Si(001) and DySi2[ 0112 ]||Si[ 011 ]. 

[Error! Bookmark not defined.,40,43,44,45] which are normal to each other. The 

hexagonal type has a 7.3 % mismatch with the Si (001) substrate in the c direction and 

only a -0.3 % mismatch in the direction [46]. 

Although a Stranski-Krastanow growth mode for the rare earth NW has been 

proposed [15,16,18,19,20], the PEEM images do not show any evidence of a wetting 

layer necessary for this process. We believe that the overall growth mode can be 

considered a modified Volmer-Weber growth. Volmer-Weber growth is characterized by 

immediate nucleation of islands coexisting with the bare substrate at lower coverages. In 

this modified Volmer-Weber growth mode the Dy originally covers the surface. Upon 

annealing and following a reaction with the Si substrate, DySi2 3D islands and wires are 

formed. 

This formation is mainly driven by surface energy. Strain induced islands undergo 

an elongation during annealing. An open question remains why nanowires are 

preferentially formed instead of islands. This may be in part explained by the difference 

in diffusion mobility of Si and RE atoms.  The rare earth silicides grow at RE-silicon 

interfaces via nucleation of defect-disilicides, i.e. the RESi1.7 formula [47,48,49], whereas 

the dominant behavior of most of the other silicides is diffusion-controlled reaction. The 

reason for the nucleation controlled reaction in RE silicides has been explained by the 

presence of ~15% of vacancies in the silicon sublattice of the AlB2-type RE pseudo-
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disilicides. Consequently, RE atoms are not mobile in the silicide structure up to 

temperatures of the order of 1000°C representing a significantly increased temperature 

than that needed for fast mobility of silicon, and for nucleation of RESi1.7 i.e. ~ 400 °C 

[49,50]. The activation energy of Si diffusion is 1.5±0.2 eV and the estimated activation 

energy for diffusion for RE is ~3 eV [49]. The fast diffusion of silicon is favored by the 

abundance of vacancies in the A1B2-type lattice, and is expected to be anisotropic 

according to the A1B2 anisotropy [51]. So, this anisotropy will favor the atom 

aggregation in one direction resulting in growth of the nanowires at low temperature as 

opposed to island growth. 

DySi2 nanowires appear to grow and decay in length while the width stays 

constant. They aggregate adatoms preferentially from the ends rather than from their 

straight edges. Further diffusion of the dysprosium increases the thickness of the 

nanowires. The extrinsic stress (due to the change in temperature) and the intrinsic stress 

(due to molar volume evolution or relaxation) combine to give the nanowires their final 

shape.  

Liu et al. have suggested from their STM study that compact and rectangular 

islands are ascribed to tetragonal and orthorhombic phases since their mismatches with 

the silicon substrate are not nearly as anisotropic as for the hexagonal phase [Error! 

Bookmark not defined.,52]. It has also been shown that longer annealing time and 

higher coverage promote 3D island growth.  

When the Dy flux stops, a ripening process takes place due to coarsening kinetics 

as annealing proceeds. The excess Dy deposition over a few monolayers gives rise to 

thick and sparse nanowires. We believe that, because a greater amount of Dy is available 
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on the surface, Dy can diffuse with less energetics cost to join a nanowire. Such an easier 

transport will allow the DySi2 to coarsen into fewer and larger nanowires.  

Further annealing during this heteroepitaxial growth induces the instability of the 

surfaces, which is caused by the competition between the strain energy and the surface 

energy of the system. The origin of the instability can be related to the reduction of the 

total free energy of the epitaxial system. The coarsening/ripening phenomenon has been 

described by Gibbs–Thomson equation in which the equilibrium free adatom 

concentration ρeq associated with an island is related to the equilibrium island chemical 

potential µ through the expression 

⎟
⎠
⎞

⎜
⎝
⎛=∞ kT

eq µρ exp , 

where eq
∞ρ is the equilibrium free adatom concentration of a straight edge and µ is related 

to the orientation-dependent island curvature κ and the step edge stiffness 
~
β  as 

Ω= κβµ
~

, 

where Ω is the unit atomic area [53]. 

The dynamic time evolution of the island has also been explained by the Gibbs-

Thompson effect [54]. The island area is found to be reduced with time t proportional to 

(t0-t) β, where t0 is the island lifetime. The value of the exponent β  is characteristic of the 

dominant microscopic mechanism governing the rate of decay: β is 1 for the attachment-

detachment regime i.e. attachment and detachment of atoms from the island dominate the 

rate of decay whereas β is 1/3 in the diffusion-limited regime i.e. diffusion of adatoms on 

the terrace limits the decay rate [54]. Y. Yao et al. have extended those results to the 
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decay of islands on anisotropic substrates [55]. At high temperatures, the decay rates are 

found to be similar to those observed for isotropic surfaces.  

The nanowire ends have a larger adatom concentration than surrounding 

structures and have therefore a concentration gradient that causes adatoms to evolve to 

larger structures with low adatom concentration. As the nanowire end radius decreases, 

its adatom concentration increases, increasing similarly the nanowire decay rate [56]. 

This causes narrow nanowires to decay faster than wide nanowires. Also, similar to their 

growth, nanowires decay preferentially from the ends. 

By studying the time dependence of the average island area during ripening, 

Bartelt et al. [57] showed that the linear increase or decrease is consistent with 

detachment limited kinetics. The linear decay shown in Fig. 4.6 would suggest that the 

attachment/detachment limited kinetics is the dominant decay mechanism for these 

nanowires [54]. This suggestion will need confirmation by studying the decay slope of all 

the wires on the surface. Furthermore, the decay rate apparently decreases significantly at 

some point. Kodambaka et al. have also observed an abrupt decrease in island decay 

rates, irrespective of temperature of adatom islands with areas less than a certain critical 

value. They attribute the size-dependent island decay behavior, which is consistent with 

detachment-limited kinetics, to anisotropic attachment and detachment barriers [58]. 

When wide nanowires are annealed further at higher temperature, they fragments 

into smaller islands before evaporating completely. Becker et al. [59] and Ref. 9 observed 

a similar fragmentation working respectively on Ag and ErSi2. This behavior is seen as a 

consequence of the relief of strain by fragmentation. Following Tersoff and Tromp 

model, the smaller size represents the optimal tradeoff between surface energy and strain. 
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Annealing introduces furthermore a misfit dislocation in the nanowire that prevents it 

from growing wider [60]. As the strain increases, the dislocation nucleates and 

propagates itself in the nanowire as a function of time and temperature [61,62]. 

 

 

 

4.6 Conclusion 

In summary, nanowires were formed by deposition of Dy on Si(001) followed by 

annealing. We have grown narrow (<100 nm) and wide (>100) nanowires. We monitored 

in real time their growth and decay dynamics at high temperature (750 – 800 °C). We 

found that upon reaching an optimal size nanowires grow preferentially from the ends 

and decay in the same way. Narrow nanowires decay only from the ends, while wide 

nanowires may also break in fragments before they completely disappear. The narrow 

ones decay rate is found to be greater than the narrow. Finally, the decay rate seems to be 

linear, following an attachment/detachment pattern.  
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4.8 Figures captions 

Fig.  4.1 (a) DySi2 nanowires array formed after the deposition of few monolayers at 675 
°C, followed by annealing at 675 °C for 3mn; (b) Ambient AFM  1x1 µm2 viewgraph and 
line scan: triangular shaped nanowires are aligned in two preferential directions. They 
measured up to ~2.5 µm in length with a width of 60 to 80 nm and a height of ~4 nm, 
with a FWHM of ~4 nm. 

Fig.  4.2 A 1x1 µm2 AFM 3D picture of the DySi2 array formed after deposition and 
annealing at 675 °C for 3mn. 

Fig.  4.3 Three different FOV (50, 20, 10 µm) of wide DySi2 nanowires array formed 
after deposition of a large amount of Dy at 700C for 4min, followed by annealing for ~15 
min at 700 °C (length up to ~3.5 µm; width: ~120 nm). 

Fig.  4.4 A sequence of the decay of narrow wires (length up to 0.5 µm, width ~10 nm) 
formed after deposition of a few monolayers of Dy at 700 °C. The sample temperature 
was subsequently raised to 750°C: (a) nanowires array as formed, (b) after 60s, (c) 132s, 
(d) 192s, (e) 246s and (f) 288s. [FOV: 5µm] 

Fig.  4.5 A decay sequence of wide nanowires as formed (a))after annealing at 800 °C for 
(b) 2 min, (c) 4 min, (d) 7min ,(e) 9min, and (e) 13 min. The arrow shows one nanowire 
breaking in fragments while decaying [FOV: 10 µm] 

Fig.  4.6 The initial decay seems to be linear with time. An abrupt transition in the decay 
rate is observed when this nanowire reaches about 20% of its initial size. 
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Fig.  4.7 (a) DySi2 nanowires array formed after the deposition of few monolayers at 675 
°C, followed by annealing at 675° C for 3mn; (b) Ambient AFM  1x1 µm2 viewgraph and 
line scan: triangular shaped nanowires are aligned in two preferential directions. They 
measured up to ~2.5 µm in length with a width of 60 to 80 nm and a height of ~4 nm, 
with a FWHM of ~4 nm. 
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Fig.  4.8 A 1x1 µm2 AFM 3D picture of the DySi2 array formed after deposition and 
annealing at 675° C for 3mn. 
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Fig.  4.9 Three different FOV (50, 20, 10 µm) of wide DySi2 nanowires array formed 
after deposition of a large amount of Dy at 700° C for 4min, followed by annealing for 
~15 min at 700° C (length up to ~3.5 µm; width: ~120 nm). 
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Fig.  4.10 A sequence of the decay of narrow wires (length up to 0.5 µm, width ~10 nm) 
formed after deposition of a few monolayers of Dy at 700 °C. The sample temperature 
was subsequently raised to 750°C: (a) nanowires array as formed, (b) after 60s, (c) 132s, 
(d) 192s, (e) 246s and (f) 288s. [FOV: 5µm] 
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Fig.  4.11 A decay sequence of wide nanowires as formed  (a) after annealing at 800 °C 
for (b) 2 min, (c) 4 min, (d) 7min, (e) 9min, and (f) 13 min. The arrow shows one 
nanowire breaking in fragments while decaying [FOV: 10 µm] 
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Fig.  4.12 The initial decay seems to be linear with time. An abrupt transition in the decay 
rate is observed when this nanowire reaches about 20% of its initial size. 
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5. Shape transition and migration of TiSi2 nanostructures embedded in a Si matrix 

5.1 ABSTRACT 

While the embedding of epitaxial nanostructures, like SiGe, on Si surfaces does 

not affect their epitaxial position on the substrate, this study establishes that under 

conditions of epitaxial Si deposition, Ti-silicide nanostructures undergo a shape transition 

and “migrate” to the surface. Many of these structures were found to display a near 

hemispherical shape which is attributed to the minimization of their surface and interface 

energies. Their density and size were observed to be temperature dependent. The buried 

islands induce inhomogeneous stress profiles on the capping layer surface. The AFM 

images of the islands showed square holes at the surface aligned along the [110] 

directions suggesting that the Si layer was terminated along {111} planes. Many islands 

displayed faceting observed in cross-sectional electron micrographs. The observed 

structural changes are rationalized in terms of the interplay between thermodynamics and 

kinetics, solid state capillarity, and the roughening transition. 
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5.2 Introduction 

Titanium silicides have been integrated in microelectronics as a contact material 

due to its low electrical resistivity, metallurgical stability, and electrical isolation from the 

substrate via the Schottky barrier  [1,2,3,4]. Silicide island structures have attracted much 

attention recently since they spontaneously form into nanoepitaxial dots or wires 

[5,6,7,8,9], which may find application as low resistance interconnects or as 

nanoelectrodes for molecular attachment. Understanding their formation and evolution 

may lead to approaches to control the fabrication of novel nanoscale devices and to the 

understanding of the fundamental surface phenomena of thin film growth related to 

strain, surface diffusion, and ripening. 

The unique properties of these nanostructures are a sensitive function of their size 

and shape. Therefore their evolution with temperature and time is significant, as well as 

their energetic state relative to thermodynamic equilibrium. Indeed, our group has 

observed single electron tunneling characteristics in TiSi2 nanoislands even at room 

temperatures [10]. In another study, distinctive island migration and coalescence has been 

observed for TiSi2 epitaxial islands on Si surfaces. It has been found that the coalescence 

of islands was not due to random island motion but due to directed island migration 

toward each other. And this mechanism significantly affects the evolution of the island 

distribution [11]. 

In this study, we report on the evolution of the TiSi2 embedded in a Si matrix. We 

establish that under conditions of epitaxial Si deposition, Ti-silicide nanostructures 

undergo a shape transition and “migrate” to the surface. 
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5.3 Experimental  

The samples were prepared in our MBE system on Si (001) ±0.5° substrates (n- or 

p-type (B or P doped, 25 mm diameter, 20 mm thick, 0.8 to 1.2 Ω • cm resistivity with 

one side polished). The wafers were cleaned by UV-Ozone exposure and then treated 

with an HF-spin etch (HF:H20:Ethanol = 1:1:10). After the chemical cleaning, the wafers 

were loaded into the UHV system (base pressure < 2x10-10 Torr), and they were heat 

cleaned at 900 °C. After the in situ anneal, LEED images of the Si(100) wafer exhibit a 

sharp double domain 2x1 surface reconstruction, and AES data indicate carbon or oxygen 

at the noise evel of the system. 

A Thermionics HM2 electron beam evaporator powered by a 10 kW Temescal 

Simba2 power supply was used to deposit silicon. The e-beam is controlled by a 

Temescal electron beam sweep controller and the evaporator is water cooled to dissipate 

excess energy and to keep the evaporator crucibles from melting. An Inficon quartz 

crystal sensor was used to monitor and control the evaporation rates. The wafer is heated 

through a coiled, torroidal shaped and resistively heated tungsten filament. A 

thermocouple in the middle of the torroidal heater loop measures the temperature of the 

back side of the wafer.  

The deposition of thin Ti film was achieved by the sublimation of Ti from 

resistively heated titanium filaments. The deposition rate is controlled by the current 

through the filament and ranges from 0.1 to 2.0 A/s. The thickness of the deposited Ti 

was measured by an Inficon quartz crystal monitor. The average deposition rate was 1.5 

Å/s at 750 °C. During the Ti deposition, the pressure rises to about 4x10-9 Torr.  
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In a first step, a Si(001) surface with a Si buffer layer of  20 nm was seeded with 

an array of coherent multifaceted nanostructures – wires and islands - by depositing ~0.5 

nm of titanium at 750 °C and annealing for 2 min. The island covered surface was then 

exposed to a Si flux. Two different sets of samples were then grown. On one hand, a 20 

nm thick Si layer was deposited with the substrate at 550° C, 650° C, 750° C, 850° C, 

950° C and 1050° C. On the other hand, capping layers of thickness 20 nm, 40 nm, 60 

nm, 80 nm and 100 nm were deposited at constant substrate temperatures of 550° C, 750° 

C, and 1050° C.  

The surface morphology was studied with an Autoprobe CP-R atomic force 

microscopy (AFM) at room temperature and ambient air in contact mode, utilizing a Si 

cantilever with a spring constant of 1.6 N/m and a resonant frequency of 170 kHz. An 

Asylum Research AFM MFP-3D with a standard optical lever was also used. HRTEM 

observations were made with a JEOL 4000EX electron microscope operated at 400 keV. 

Samples were prepared with standard methods of mechanical polishing, dimpling, and 

ion-beam milling to perforation. Images were taken at “optimum defocus” so that atomic 

columns appear dark, but the contrast has been inverted in the printed figures to improve 

visibility. 
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5.4 Results  

Titanium disilicide islands and wires are formed spontaneously on Si(001) by 

reactive deposition  as shown in Fig. 5.1. Several different island types are observed, with 

different orientations to the substrate [7,12,13]. Fig. 5.2 shows examples indicating that 

some islands possess a flat top or a long flat interface, parallel to the Si(001) plane (a) 

and (c), while others display a highly faceted cross-section with a tendency towards 

matching the Si(111) planes. Wires appear to have a triangular shape. All of the 

nanostructures on the Si surface are recessed into the silicon substrate.  

Fig. 5.3 shows a series of AFM scans of the samples grown at temperatures 

ranging from 550° C to 1050° C with a 200 Å capping layer. Most wires are buried but 

some are still visible up to 850° C. The island density decreases with increasing 

temperatures above 850° C while the island size increases. In Fig. 5.5(a), plain view 

TEM of the 550° C sample shows islands and needle-like islands aligned in two 

orthogonal directions, while cross-sections TEM show droplet like islands at the surface 

(Fig. 5.5(b)) or under the surface (Fig. 5.5(c)). Their top plane is flat and oriented in the 

<001> direction and may well be the plane of the square hole seen on the AFM scans. A 

deposition of 1000 Å at 550° C has all the nanostructures buried and a few square holes 

aligned along the equivalent <110> direction, as shown in Fig. 5.4. 

At 750° C, after depositing a 200 Å capping layer, wires are completely buried or 

are not evident while dense islands, which are droplets shaped or hemispherical, populate 

the surface as illustrated in Fig. 5.6. HRTEM cross-sections of this sample show droplets 

or hemispherical islands at the surface. Below the surface, some islands exhibits a flat 

interface in the <001> direction with rounded sides (Fig.  5.7.) With increasing capping 
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layer thickness, the island density decreases while square holes aligned along the <110> 

direction form on the surface. In Fig. 5.8, the HRTEM cross-section captures 

hemispherical islands with a flat top at the surface along with elliptical rounded islands 

below the surface. 

When the Si flux temperature is increased to 1050° C, wires become unstable 

while randomly distributed islands protrude above the surface as evidenced in Fig.  5.9. 

With increasing Si thickness, the islands size increases and their density decreases. They 

seem to undergo an evident coarsening on the surface apparently due to longer annealing. 

From the HRTEM cross sections, two different aligned island structures can be 

distinguished. The first is characterized as an island with a long flat interface, parallel to 

the Si(001) plane, accompanied by some steps (Fig.  5.2 a); the second type displays a 

highly faceted cross-section with a tendency towards matching the Si(111) planes (Fig. 

5.2b).  From the selected area diffraction patterns in both plan-view and cross-section, 

two different epitaxial relationships were determined: Si(004)||C49-TiSi2(040) and 

Si[ 022 ]||C49-TiSi2[ 200 ] for long flat island with long Si(001)-flat; and Si(002)||C49-

TiSi2( 200 ) and Si[ 022 ]||C49-TiSi2[040] for islands with Si(111) steps [14]. 

Furthermore, both types have Si[220] ||C49-TiSi2[ 002 ]. 

 

 

5.5 Discussion 

TiSi2 islands are formed by nucleation from very thin films. They have a larger 

surface-to-volume ratio than islands formed from thicker films. Therefore they are 
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energetically favored to nucleate in the C49 phase in thin films and at temperatures as 

high as 1200° C [15,16,17,18,19]. The nucleation behavior in the Ti/Si(100) is well 

described by conventional nucleation theory [20,21] over the temperature range 400 – 

1200° C [22].  

Ti diffusion is rate limiting in the relevant range of growth parameters [23]. 

During high temperature Ti deposition, Ti adatoms move randomly on the Si surface due 

to a low solubility of Ti in Si [18]. They are eventually captured by growing islands. On 

elongated islands, they attach at the ends as well as at the edges. But the adatoms attached 

at the edges will end up diffusing to the ends since the energy barrier for the nucleation of 

a new adatom layer is larger at the edges than at the ends [24]. They react with Si flux 

from the substrate or from nearby Si step edges further elongating the islands [25]. 

Therefore, the TiSi2 elongated island formation and their shape transition are due to 

energetics as well as kinetics.  

The flat top has been related to the strain relaxation mechanism in the islands. The 

dislocation-induced strain relaxation can lead to an increase in width, which lowers the 

height-to-width aspect ratio, and therefore leads to a flattening of the island’s top surface 

[26]. On the other hand, an increase in the island height relaxes the island further due to 

the strain energy density decrease from the interface to the peak of the island [27]. 

At higher Si deposition temperature (above 850° C), the islands shape changes to 

half spheres touching the surface or to droplet-like shape, and in general they are not 

faceted. From the HRTEM cross-sections, we may infer that these hemispherical shaped 

islands are terminated in square holes.  
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The silicon might diffuse through the silicide island. It may also diffuse around it 

on its surface and then along the surface between the nanoparticle and the Si substrate. 

This diffusion can then contribute to change the aligned shape to half spherical. The 

silicon deposition temperature has to be as high as 650° C so the Si atoms have enough 

diffusion energy. The deposited Si atoms may succeed to cover an island (when more 

atoms arrive than diffuse through the island) after which homoepitaxy takes place, and 

the island is buried. Si deposition at higher temperatures may cause some buried islands 

to be faceted like in Fig. 5.7, but most of the buried islands are a truncated elliptical shape 

with a vertical major axis. 

The square holes at the surface are sided along the <110> directions, as previous 

studies in our group have shown [14]. The epitaxial relationships for the two types of 

islands shown in Fig. 2 give two parallel directions to the Si<110> directions. A good 

matching interplanar spacing normal to either side of the interface is believed to be a 

favorable condition for epitaxy [28], because in such a case some kind of superstructure 

exists. There is a good match between the Si(110)-planes (dSi(110) = 3.84 Å) and the 

C49TiSi2(100) and (001) planes (dC49(100) = 3.62 Å) (5.7% mismatch) and dC49(001) = 

3.60 Å (6.3% mismatch) [14]..  
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5.6 Conclusion 

TiSi2 islands grown on Si(001) were capped by Si deposition at temperature of 

550 to 1050° C. The capping layer thickness ranged from 20 nm to 100nm. The wires 

were found to be unstable at high temperature and coverage. Most islands were buried 

and underwent a roughening transition. Increasing the Si deposition temperatures and 

thickness generally results in square holes at the surface sided along the <110> 

directions. The buried silicide islands then changed from droplet to elliptical buried or 

half-spherical touching the surface. Some islands migrate all the way to the surface and 

are coarsened. The buried islands have higher surface and lower interface energies than 

the uncovered ones indicating the change of shape. The island shape transition and the 

possible Si diffusion through the particle may be explained by interplay of kinetics and 

energetics. 
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5.8 Figure Captions 

Fig.  5.1 AFM scan of TiSi2 islands grown spontaneously by depositing 0.5 nm Ti 

on Si(100) and a 20 nm Si buffer layer at 750° C. Different types of islands are formed. 

 

Fig.  5.2 HRTEM-cross section of TiSi2 islands on Si(001). They are faceted 

droplet shaped. Some of them are more grown inside the silicon substrate than on the 

surface. 

 

Fig.  5.3 A series of AFM scans of samples grown with 200 Å Si capping layer at 

temperature ranging from 550° C  to 1050° C. 

 

Fig.  5.4  Two 5x5 µm2 AFM images of  two samples with Si deposition  at 550° 

C and a thickness of (a) 200 Å and (b) 1000 Å. 

 

Fig.  5.5(a) Plain view TEM of TiSi2 nanostructures covered by 200 Å Si 

deposited at  550° C. Needle like wire are aligned along the equivalent orthogonal <110> 

directions; (b) and (c) Cross section TEM shows hemispherical and droplet shaped 

islands. 

 

Fig.  5.6 A series of AFM scans of samples grown at 750° C with a capping layer 

ranging from 200 Å to 1000 Å. Island density decreases with increasing silicon thickness, 

and square holes are evident up to 1000 Å. 
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Fig.  5.7 HRTEM cross sections of samples covered by 200Å Si at 750° C. At the 

surface, islands exhibit droplet or hemispherical shape, while others islands are faceted 

below the surface. 

 

Fig.  5.8 Two HRTEM cross-sections of the same sample after 100 nm Si 

deposition at 750° C. 

 

Fig.  5.9 A series of AFM scans of samples with Si deposited at constant substrate 

temperature of 1050° and thicknesses of 200, 400, 600, 800 and 1000 Å. 
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Fig.  5.1 AFM scan of TiSi2 islands grown spontaneously by depositing 0.5 nm Ti on 
Si(100) and a 20 nm Si buffer layer at 750° C. Different types of islands are formed. 
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Fig.  5.2 HRTEM-cross section of TiSi2 islands on Si(001). They are faceted droplet 
shaped. Some of them are more grown inside the silicon substrate than on the surface. 
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Fig.  5.3 A series of AFM scans of samples grown with 200 Å Si capping layer at 
temperature ranging from 550° C  to 1050° C. 
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Fig.  5.4  Two 5x5 µm2 AFM images of  two samples with Si deposition  at 550° C and a 
thickness of (a) 200 Å and (b) 1000 Å. 
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Fig.  5.5(a) Plain view TEM of TiSi2 nanostructures covered by 200 Å Si deposited at  
550° C. Needle like wire are aligned along the equivalent orthogonal <110> directions; 
(b) and (c) Cross section TEM shows hemispherical and droplet shaped islands. 
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Fig.  5.6 A series of AFM scans of samples grown at 750° C with a capping layer ranging 
from 200 Å to 1000 Å. Island density decreases with increasing silicon thickness, and 
square holes are evident up to 1000 Å. 
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Fig.  5.7 HRTEM cross sections of samples covered by 200Å Si at 750° C. At the 
surface, islands exhibit droplet or hemispherical shape, while others islands are faceted 
below the surface. 
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Fig.  5.8 Two HRTEM cross-sections of the same sample after 100 nm Si deposition at 
750° C. 
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Fig.  5.9 A series of AFM scans of samples with Si deposited at constant substrate 
temperature of 1050° and thicknesses of 200, 400, 600, 800 and 1000 Å. 
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6. Growth of germanium/silicon quantum dots superlattices embedded in a two-

temperature silicon matrix 

6.1 Introduction 

Semiconductor quantum dots (QDs) have generated interest for their electronic 

properties which may have functional application in optoelectronic and photonic devices 

such as quantum cascade lasers or single electron electronics [1,2,3,4,5,6,7,8,9,10].  In 

order to design commercially viable, self-assembled, QD-based architectures, many 

challenges have to be overcome. For example, SiGe QDs need to be uniformly sized, 

shaped, and distributed, as well as free of any contaminants and oxides that may alter 

their “function”, i.e. their ability to quantum mechanically confine the charge carrier. 

Therefore, in order to use self-assembled quantum dots in opto- and microelectronic 

devices, they have to be embedded in a semiconductor matrix. In addition, when they are 

grown in a series of successive capping layers and quantum dots, they become vertically 

self-ordered. 

Growth of QD superlattices has been shown theoretically and experimentally to 

produce nearly organized placement of QDs in each successive layer due to strain and 

slow readjustment of position, resulting in more evenly spaced QDs [11,12]. It is believed 

that this process is due to the minimization of the system strain energy driven by the QD-

QD interaction energies in lattice mismatched systems [13,14,15]. Depending on the 

number of layers, usually tens of layers, it produces a set of ordered QDs. More detailed 

research has shown that the interdot spacing is dependent on the thickness of the spacer 

layer between the QDs [11,12]. 
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However, the capping procedure might however negatively affect both the 

morphology and the composition of the QDs since it is itself a lattice mismatched 

heteroepitaxial process which may be accompanied by other phenomenon such as strain 

release, segregation, faceting, intermixing [16]. For example, Ge QDs have been shown 

to flatten when they are capped with layers of hot Si (>550° C). 

In order to retain the QDs shape, it has been demonstrated that Si capping of QDs 

at temperature less than the growth temperature (<450 °C) resulted in shape retention 

[16,17,18]. The intermixing of the Ge QD and the capping layer was found to be 

avoidable by two-temperature capping. Furthermore, Vandervelde et al. identified a 

low/high temperature procedure where the full shape retention and maintenance of 

functionality of buried QDs could be achieved by varying the thickness of a deposited 

cold cap layer prior to the addition of hot Si [19].  

Using this two-temperature procedure, we report on the growth of superlattice 

structures formed by layers of buried QDs which demonstrate a remarkable degree of 

self-ordering. Here, our goal is to study the shape evolution of the buried QDs from layer 

to layer. We will give some preliminary results and analysis of the three-dimensional 

reconstruction in course at the University of Virginia. 

 

6.2 Experiment 

The samples were prepared by UHV solid source molecular beam epitaxy (MBE) 

on Si (001) ±0.5° substrates (n- or p-type (B or P doped), 25 mm diameter, 20 mm thick, 

0.8 to 1.2 Ω • cm resistivity with one side polished). The wafers were cleaned by UV-

ozone exposure and then treated with an HF-spin etch (HF:H20:Ethanol = 1:1:10). After 
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the chemical cleaning, the wafers were loaded into the UHV system (base pressure < 

2x10-10 Torr), and they were heat cleaned at 900° C. After the in situ anneal, LEED 

images of the Si(100) wafer exhibit a sharp double domain 2x1 surface reconstruction, 

and AES data indicate no detectable carbon or oxygen. The deposition is controlled and 

monitored with dual 6 MHz aluminum alloy-coated quartz oscillators which have been 

calibrated by profilometry. The base pressure prior to growth was typically <2.4 x 10 –10 

Torr. 

Two series of samples were grown: the (Si1-xGex)/Si superlattices and the Si/Ge 

two-temperature capping superlattices. For the first type, a 20 nm buffer layer was grown 

at 550 °C followed by an heteroepitaxial layer of Si1-xGex, x = 0.45, grown to 2.5 nm by 

co-depositing Si and Ge at rates of 0.22 Å/s and 0.18 Å/s, respectively. While 

maintaining the substrate temperature constant, the formed QDs were capped by a Si 

spacer layer of 10 nm. This sequence was repeated to form a stack of 20 periods. A Ge 

final layer of 0.85 nm was deposited at 500 °C. 

The second series of samples used a different growth sequence. The growth 

method has been adopted from Ref. 19. Immediately following the 100 nm buffer layer 

deposition at 750 °C, a 0.6 nm Ge seed layer was deposited at 775 °C and annealed for 10 

min to allow the QDs to ripen and to separate from each other. The substrate temperature 

was cooled to a temperature of 350 °C, and the cold Si capping 20 nm layer was 

deposited.  The substrate was then reheated to 750 °C to deposit the “hot” Si cap of 80 

nm followed by a 1.4 nm Ge layer. This process was then repeated for 20 periods 

(Ge/cold Si layer/hot Si layer) for a total of 60 layers. The position of the layered 

structure is shown in Fig. 6.1. 
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The samples surface were studied with an Autoprobe CP-R atomic force 

microscopy (AFM) at room temperature in contact mode under ambient air, utilizing a Si 

cantilever with a spring constant of 1.6 N/m and a resonant frequency of 170 kHz. The 

Asylum Research AFM MFP-3D with a standard optical lever was also used. TEM 

analyses were performed at the University of Virginia. TEM cross sectional foils were 

prepared by standard 4-6 keV Ar+ ion beam thinning techniques. The analysis was 

performed using a JEOL FX2000 TEM17, operated at 200 kV, with a dual tilt holder. All 

images are positive so Ge appears dark. The images are 2 beam bright field images using 

the <001> zone axis and <400> 2-beam condition. Some of the features are due to the 

bending of the foil. 

Raman spectra were measured with the samples at room temperature using the 

514-nm line of an Innova Ar+ ion laser and a U1000 ISA spectrometer, equipped with an 

Olympus microscope and a photomultiplier detector.  

 An analysis of the three-dimensional ordering of epitaxial Ge quantum dots is 

being performed at the University of Virginia using focused ion beam tomography. 

Focused Ion Beam (FIB) serial sectioning is performed using an FEI FIB-20018 with a 

Ga ion source. The sample is milled in serial fashion by positioning the surface of interest 

parallel to the beam direction and removing material with the outside edge of the beam. 

When a flat surface is obtained the sample is rotated 90o such that the newly formed 

surface is normal to the primary ion beam and the resultant surface is imaged with 

secondary electrons. This procedure is repeated at 20 nm intervals until the total volume 

of interest is sectioned. Matlab is used to reconstruct the sectioned volume via a linear 

interpolation method [20]. 
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6.3 Results 

6.3.1 Morphology of the SiGe/Si multilayer 

Fig. 6.2(a) shows AFM images of a 2.5 nm thick Si0.55Ge0.45 layer grown on 

Si(001) substrates. Fig. 6.2(b) shows an AFM image of the 20 periods SiGe/Si sample 

deposited with a 10 nm thick Si interlayer. The AFM images reveal a change in island 

density, size distribution and surface morphology for the two samples. They also indicate 

a qualitative lateral self-ordering of the Ge islands when grown on a SiGe/Si superlattice, 

which is consistent with previous reports [10,21].  The island size appears more 

uniformly distribute and the interdot distance becomes also more uniform for the 

multilayer sample. The island size distribution appears to be bi-modal for the first SiGe 

layer. However, the size distribution of the Ge islands that are grown on top of the 

SiGe/Si multilayer is mono-modal and narrower. This indicates improved ordering of Ge 

islands grown on multilayers of islands separated by a Si spacer layer, as predicted and 

shown by Tersoff et al. [11] and Teichert et al. [12]. 

The structure of the SiGe dots on both samples appears pyramidal to within the 

resolution of the AFM used in this study [20]. The growth temperature of 550 °C favors 

the so-called “hut” clusters [5]. Our group reported previously [22] that higher resolution 

AFM images of individual islands indicate indeed that the bases of the pyramidal SiGe 

islands are squares with edges normal to the <100> directions. A line scan along the 

<100> directions reveals that the sides of the islands are tilted with respect to the (001) 

plane by 11° ± 2°. Hence, these islands are bound by {105} facets and resemble the so-

called “hut” clusters.  
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TEM of the SiGe/Si multiplayer shows the quasi perfect lateral ordering of the 

QDs (Fig. 5.3(a) and (b)). Given sufficient layers, the ordering is predicted to increase 

and it becomes less sensitive to the initial arrangement [11].  

6.3.2 Morphology of the Ge/Si/Si two-temperature multilayer 

In order to adjust the growth parameters, we prepared a sample with only 3 

periods of Ge(0.6 nm)/cold-Si(20 nm)/hot-Si(80nm) and without the topmost Ge layer.  A 

cross-sectional TEM image (Fig. 6.4) shows a jogged, kinked, and strained sample. There 

is evidence of organization of the QDs forming from the second layer.  

Next we grew a 20 period two-temperature multilayer with the same parameters 

as above terminated with a final 1.6 nm Ge layer. Fig. 6.5 shows a 40x40 µm2 AFM 

image of the sample. An array of QDs is evident with a relatively uniform size 

distribution. They are still randomly distributed on the surface with no apparent 

recognizable geometrical organization at visual inspection although the interdot distance 

seems fairly equal. Dark spots on the surface mark pits or holes attributed to 

imperfections related to the cleaning process. The 3D AFM images reveal uniform, 

dome-shaped QDs surrounded by trenches deep up to ~10 nm (Fig. 6.6). A line profile 

across the QDs shows that they have a height of up to ~20 nm and a base of ~500 nm.  

Some preliminary TEM results and FIB reconstruction on this sample show that 

the QDs become uniform from the 2nd layer. This result should be confirmed by other 

techniques. 

Fig. 6.8 shows the Raman measurement with the four Raman lines due to Ge-Ge 

(298.2 cm–1) or Si-Si acoustic (303 cm-1), Si-Ge (403 cm–1), local Si-Si (436 cm–1), and 

Si-Si (520 cm–1) atomic vibrations.  
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6.4 Discussion 

It has been shown that in multiperiod SiGe/Si (100) structures, QDs rearrange 

themselves going from a broad size distribution in a single SiGe layer to a more uniform 

intraplanar size distribution in a SiGe/Si multilayered structure [12].  The vertical 

ordering of the islands in the successive layers is attributed to preferential nucleation due 

to an inhomogeneous strain field induced by buried QDs [11]. Assuming that QD 

thicknesses are small relative to their lateral and vertical separation, and that they can be 

treated as spherical inclusions in an isotropic elastic matrix, Tersoff et al. calculated the 

surface strain ε as a function of the lateral position x to be: 
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where L is the depth (Si spacer layer thickness) and the coefficient C is proportional to 

the volume of the buried island and to the misfit. There is a preference for island 

nucleation on the surface at each local minimum in misfit strain. After a certain number 

of layers, it was found that the lateral island spacing approaches a value of 3.5L.  

This model is based on continuum elasticity theory [23] and it assumes that there 

are no dislocations involved in the process. It has been shown that when more layers are 

grown and the total thickness exceeds its effective critical thickness, the QD morphology 

will be different from that predicted by this model. This is due to islands coarsening in 

the first layers i.e. an increase of the QD size with increasing number of deposited layers 

[24]. Le Tanh et al. have shown that the decrease of the Ge wetting layer thicknesses in 
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the upper layers of a multilayer structure is the main parameter which leads to the 

increase of the island size and height [25]. Such an evolution of the Ge wetting layer 

thickness is explained by an accumulation of elastic strain in the Si spacer layers induced 

by the lower Ge wetting layers.  

The coarsening effect has not been studied in the two-temperature superlattice. The 

FIB reconstruction that is underway will certainly shed light on the size evolution of the 

QDs through the layers, along with the density variation. 

The line profile across the structure shows the formation of a trench around the 

islands. Theoretical calculations predict that a high stress develops at the island edge near 

the substrate [26]. The formation of trenches has a significant effect on stress relaxation. 

Atoms near the depression at the base of the island can then relax the local stress by 

lateral displacement [27]. The trench formation is realized by the diffusion of Si atoms 

from the region of maximum strain into the island.  

During elevated temperature annealing, it has proposed that a mass transport 

occurs from the Si substrate into the Ge islands [28]. This diffusion changes the 

composition of the islands, and the island/Si interface moves below the original substrate 

surface, resulting in the formation of a trench around each island.  It has been proposed 

that the reduction in strain energy is the driving force for this mechanism [28].  

We are conducting a real-time, in situ experiment on the formation of the trenches 

under a continuous Ge flux on Si(001). The preliminary results with deposition at 550 °C 

and 750 °C, although not conclusive, do not show trench formation at 550 °C (see 

Appendix C). Additional results may lead to a tentative model to explain this apparent 

difference. 
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The Si-Si Raman line at 520 cm-1 is very strong because the thin Ge layer (1.6 

nm) hardly attenuates the light. The 298.2 cm–1 peak may be assigned to Ge-Ge mode 

rather than to the Si acoustic phonon mode, i.e., the peak at 303 cm–1 observed in the 

substrate spectrum. For one reason, the shape of the 298.2-cm–1 peak in the superlattice 

sample spectrum has been found to be asymmetric with a tail at the low frequency side, 

and is attributed to the phonon confinement effects [29,30]. Furthermore, the appearance 

of the Si-Ge interface mode at 403 cm-1 supports the existence of the Ge-Ge mode. It has 

also been shown that the Ge-Ge mode signal is mainly from the Ge dots rather than from 

the Ge wetting layers [31,32]. The Ge-Ge mode for the Ge QD is shifted due to both 

phonon confinement and strain effects while the Ge-Ge optical mode for bulk Ge is 

known to be at 300 cm–1 [29]. 

 

6.5 Summary 

In summary, we have studied the SiGe/Si and the Ge/Si(cold)/Si(hot) multiperiod 

structures. For both systems, QDs are shown to undergo an evolution towards a more 

uniform size and shape, and a greater density due in part to strain relaxation. Raman 

scattering has been interpreted in terms of the nanocrystals. This on-going study will 

show the effect of the two-temperature growth on the islands evolution through a 

tomographic reconstruction. 

By performing tomographic reconstructions of QD superlattices the three-

dimensional relationship of the QD columns can be directly determined. The actual 

relationship between the QD columns and between the QD layers can be directly 



 

 

131

compared to models developed to explain self-assembly which is more effective than 

inference based on two-dimensional techniques such as TEM and AFM. 
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6.7 Figure Captions 

Fig.  6.1 Schematic of the superlattice growth using the low/high temperature procedure. 

Fig.  6.2 Two 1x1 µm2 AFM scans of the QDs grown after depositing (a) a single layer 
and (b) 20 periods of 2.5 nm of Si0.55Ge0.45/Si at 550°C on Si(001). In the second sample, 
the Si0.55Ge0.45 layers are separated by a 10 nm Si spacer layer. 

Fig.  6.3 Bright field TEM images of the SiGe/Si multilayers which show the 
development of lateral ordering of the QDs. (b) shows details of (a) after magnification.  

Fig.  6.4  A 3 period multilayer bright field cross-sectional TEM image obtained in the 
<001> zone axes. The arrows and the insert show two QDs forming from the 2nd layer. 

Fig.  6.5 A 40x40 µm2 AFM image of the 20 period two-temperature multilayer 
superlattice. A line scan shows some QDs height uniformity along with pits on the 
surface. 

Fig.  6.6 10×10 µm2 and 2×2 µm2 3D AFM images of the two-temperature multilayer 
surface show regular dome shaped QDs surrounded by trenches. 

Fig.  6.7  A line scan across a QD on a 1×1 µm2 AFM image which indicates a height up 
to ~20 nm and a base of ~500 nm. 

Fig.  6.8 Raman spectrum of the multilayer sample with the four Raman lines. 
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Fig.  6.9 Schematic of the superlattice growth using the low/high temperature procedure. 
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Fig.  6.10 Two 1x1 µm2 AFM scans of the QDs grown after depositing (a) a single layer 
and (b) 20 periods of 2.5 nm of Si0.55Ge0.45/Si at 550°C on Si(001). In the second sample, 
the Si0.55Ge0.45 layers are separated by a 10 nm Si spacer layer.
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Fig.  6.11 Bright field TEM images of the SiGe/Si multilayers which show the 
development of lateral ordering of the QDs. (b) shows details of (a) after magnification.  



 

 

139

 

 

Fig.  6.12  A 3 period multilayer bright field cross-sectional TEM image obtained in the 
<001> zone axes. The arrows and the insert show two QDs forming from the 2nd layer. 
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Fig.  6.13 A 40x40 µm2 AFM image of the 20 period two-temperature multilayer 
superlattice. A line scan shows some QDs height uniformity along with pits on the 
surface. 
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Fig.  6.14 10×10 µm2 and 2×2 µm2 3D AFM images of the two-temperature multilayer 
surface show regular dome shaped QDs surrounded by trenches. 
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Fig.  6.15  A line scan across a QD on a 1×1 µm2 AFM image which indicates a height up 
to ~20 nm and a base of ~500 nm. 
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Fig.  6.16 Raman spectrum of the multilayer sample with the four Raman lines. 
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7.  Conclusion and Future Work 

We have shown that the use of UV-FEL PEEM is appropriate to investigate the 

growth dynamics of strained Ge structures on Si substrates. Dynamic real time 

measurements constitute an invaluable tool for a more detailed understanding of the 

growth processes of Ge nanostructures on Si. Stranski-Krastanov growth is observed as 

the initial induced strain leads to the formation of nanostructures that were studied in situ 

and in real-time. Different island shapes are found to be dependent on parameters such as 

substrate orientation, deposition rate and growth temperature. Processes including facet 

formation, island elongation, trench formation and high temperature shape transformation 

were found directly related to strain relaxation.  

Building on those results, we have studied Ge quantum dot superlattices using 

two different systems: the SiGe/Si alloy multilayer with a Si spacer layer and the 

Ge/Si(cold)/Si(hot) system, a pure germanium layer covered by a two-temperature Si 

spacer. On both systems, QDs are shown to undergo an evolution towards a uniform size 

and shape, and a greater density due in part to the strain relaxation. Raman scattering has 

been attributed to the quantum dots. 

Using the PEEM, we observed the growth of differently sized nanowires by 

annealing a thin layer of Dy deposited on Si(001). We have grown narrow (<100 nm) and 

wide (>100) nanowires. We monitored in real time their dynamics, growth, and decay at 

high temperature (750 – 800 °C). We found that they were unstable at high temperature. 

We also observed that the decay mechanism depends strongly on width. 

Finally, we studied TiSi2 nanostructures grown on Si(001) and embedded in a Si 

matrix. Most islands were found to stay in the Si matrix while undergoing a shape and 

roughening transition. Increasing the Si deposition temperatures and thickness generally 
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resulted in square holes at the surface sided along the <110> directions and roughening 

on the surface. At relatively high temperature, some islands migrate above or out of the 

surface and are coarsened, due to the diffusion of the Ti across the surface. Because of 

the islands shape transition and the possible Si diffusion through the particle, it is 

necessary to consider kinetics effects as well as energetics in describing the phenomena. 

 

Future work 

We have shown that the stability of nanostructures depends in large part on 

additional Gibbs free energy terms, such as strain, surface and interfacial energies, and 

roughening perhaps more than on thermodynamics. The study of TiSi2 may be extended 

to other refractory silicides like molybdenum, tantalum, and tungsten silicide used in 

microelectronics. 

The new process of two-temperature Ge quantum dots superlattice formation has 

not been extensively studied. We will need further experiments to confirm that the final 

shape and size of the quantum dots are obtained within the initial layers. If this is indeed 

confirmed, it will be a major advance in the growth of Ge quantum dots that can be used 

in applications. 

Furthermore, experimental work based on photoluminescence and Fourier 

transform infrared spectroscopy should be performed to explore new optical properties 

related to the size quantization for possible applications in novel laser, detectors, and 

other optoelectronic devices.  

It has been found that the Ge quantum dot system has very low thermal 

conductivity and thus a high figure of merit, and could be used in thermoelectric 

application. Since phonons are mainly responsible for heat transport, the study of 
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phonons in the multilayered two-temperature quantum dots becomes indispensable from 

an efficiency point of view. The vibrational states in the Ge quantum dots need to be 

investigated for quantum size effects. 
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APPENDICES 
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APPENDIX A. Decay of DySi2 (movie 1) 
Movie of the decay of DySi2 narrow wires formed after deposition of a few monolayers 
of Dy at 700°C. [File: Movie4+5+6[a1].tif] 
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APPENDIX B. Decay of DySi2 (File: Movie19+18[a].tif) 
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APPENDIX C 
 

Evolution of Ge quantum dots trenches on Si(001) 
 

Experimental 

Commercially available Si(001) (n-type, P-doped, resistivity 0.05 - 0.1 Ωcm) and 

off-axis Si wafers with a supplier specified miscut angle of 22o from (001) towards (111) 

(p-type, B-doped, resistivity 1.12 - 1.31 Ωcm) were used as substrates. From previous 

experiments, this miscut angle was found to be inaccurate [ 1 ] and was therefore 

examined using X-ray diffraction. From measured rocking curves, the misorientation was 

determined to be 0.3° with respect to the (113) surface, which means that the surface 

normal is tilted by 24.9º from the [001] direction towards [111].  

The wafers were cut into 9x9 mm2 sections and  treated by two consecutive cycles 

of 5 min UV-ozone exposure directly followed by a 1 min dip in a 1:10 solution of  49% 

hydrofluoric acid in de-ionized water before transfer into the UHV MBE chamber with a 

base pressure of <2x10-10 Torr. This was followed by heating at 900oC for 10 min to 

remove the remaining contaminants using radiative heating combined with electron 

bombardment of the backside of the wafers. The presence of carbon and oxygen was 

below the detection limit of Auger electron spectroscopy (AES), confirming that the 

cleaning procedure was effective. 

The clean substrates were then transferred into the microscope chamber to 

perform the experiments using a customized Elmitech ultra-violet photoelectron emission 

microscopy (UV-PEEM) system in combination with a frequency-doubled Coherent Inc. 

Innova 300 FReD Argon Ion, continuous-wave laser as the source for monochromatic 

UV light [2]. This experimental set up allows in situ studies of the film growth and 
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surface treatments. The surface was monitored in real-time with UV-PEEM to study the 

evolution of the growing surface structures during Ge deposition and subsequent 

annealing. Photoelectrons were excited using the 244 nm (5.08 eV) and the 257 nm (4.82 

eV) lines of the laser. The base pressure of the PEEM system was <2×10−10 Torr. This 

system has a predicted and demonstrated resolution of ~10 nm at a 10000× 

magnification, and the electric potential used for accelerating the imaging electrons is 

approximately 20 kV across a gap of ~2 mm [2].  

Germanium was deposited at 550 °C and 850 °C using a 4 pocket e-beam 

evaporator with a crucible filled with pure Ge fragments. The substrate temperature was 

measured with a thermocouple attached to the sample holder, and the sample surface 

temperature was calibrated with an optical pyrometer. After the growth process, the 

sample was gradually cooled down to room temperature and removed from the UHV 

system. Subsequently, a surface morphology analysis was performed using an atomic 

force microscope (AFM) in contact mode. All shown AFM images represent the normal 

force scans because topography images do not clearly reflect the island shape and the 

different facets, due to forces exerted on the surface by the AFM tip while scanning up or 

down a sloped surface. 
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Results 

a. Ge deposition at 550 °C 

After cleaning the substrate, a continuous flux of Ge was deposited on Si(001) for about 

an hour. At this end of the experiment, AFM scans (see pictures below) show no trenches 

around the quantum dots. We show here every 10th frame of the movie (file: movie). 

 

 

 

Fig.  1 A 1x1 µm2 of the quantum dots formed after the deposition of Ge for ~60 min. 
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Fig.  2 A 3D AFM shows no scan around the quantum dots. 
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Ge deposition at 750 °C  

In the second experiment, the Ge flux was deposited on Si(001) at 750 °C. The AFM 

scan shows deep trenches around the quantum dots this time. We show here every 10th 

frame of the movie (file: movie2-Ge-Trench.tif) 

 

 

 

Fig.  3 A 5x5 µm2 of the quantum dots formed after Ge deposition at 750 °C. 
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Fig.  4 3D AFM scan after deposition at 750 °C. 
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