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Abstract 

This dissertation describes investigations of structural ordering in the Si-Ge material 

system from nano-to-meso scale in order to modify electronic and thermal transport 

properties for potential improvement in thermoelectric or nanoelectronics applications. 

We first present the synthesis and characterization of mono-layer scale chemically ordered 

Si1-xGex alloys. Here, metastable ordering to an L11-like structure, occurring during 

heteroepitaxial growth of Si1-xGex thin film alloys on Si(001) and Ge(001) substrates, is 

investigated. A parametric study was performed to study how strain, surface roughness, 

and growth parameters affect the order parameter during the alloy growth. The order 

parameter for the alloy films was quantified carefully using x-ray diffraction, taking into 

account an often-overlooked issue associated with the presence of multiple spatial variants 

associated with ordering along equivalent <111> directions. The sometimes contradictory 

roles of strain, extended surface roughness and surface steps in dictating the observed order 

parameter is discussed. 

For the second part, we present our comprehensive investigation on the directed self-

assembly of Si-Ge alloy quantum dots (QD) on patterned Si surfaces with variable 

morphology. Coherently strained Si1-xGex QD self-assemble during epitaxial growth on 

Si(001) substrate via the Stranski-Krastanov growth mode, typically with a broad size 

distribution and spatial disorder. For device applications control over the QD position and 

size distribution can be realized by templated self-assembly, where a lithographic 

technique is used to precisely define the nucleation sites and improve the size homogeneity. 

The templated QDs can then be used as 2D seed “crystals” to propagate the dots into third 

dimension through subsequent multilayer growth to form quantum dot mesocrystals 
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(QDMC). QDMCs have their own synthetic properties related to the mesocrystal structure, 

such that by manipulating the interdot spacing and the size of the dots of a QDMC structure, 

we can potentially tune the transport properties. This work develops both an enabling 

synthesis technology for QDMCs, and generates better fundamental understanding of self-

assembly directed by pre-existing modulation of the substrate surface morphology. The 

multilayer growth is not covered here; however, the research serves as a core foundation 

to the ongoing efforts in our group for QDMC synthesis along with characterization of the 

resultant electronic and thermal transport measurements.  

For the successful growth of a QDMC structure, the initial underlying 2D template or the 

substrate pattern morphology plays a critical role. Therefore, the primary challenge was to 

develop a process and methodology to create highly uniform pit-patterned 2D templates on 

Si(001) substrates. Specifically, the challenges of patterning with focused-ion-beam (FIB) 

and electron beam lithography (EBL) based approach will be discussed. Significant effort 

was made to avoid extrinsic biases to surface diffusion by residual defectivity and 

contamination during the pit-patterning of Si substrates. Growth of Si1-xGex QDs on these 

pit-patterned Si(001) substrates was investigated. Growth of QDs on such patterned 

substrates is reported to yield precise positioning and improved size homogeneity. 

However, contradictory results are found regarding QD site selection on patterned 

substrates. A large body of both theoretical and experimental work has been published to 

study QD evolution on patterned substrates, but a unified analysis is still lacking regarding 

the site-selection of QDs on modified substrates. Here, we investigate QD site-selection on 

a patterned Si(001) substrate as a function of underlying substrate pattern morphology from 

pit-in-terrace to quasi-sinusoidal. The pit-in-terrace morphology leads to well-ordered QDs 
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centered in the pits over a wide range of pattern wavelengths. However, for a quasi-

sinusoidal morphology, when the pattern wavelength is twice the intrinsic wavelength, 

QDs suddenly bifurcate and shift to form in every saddle point, with high uniformity in 

size and site occupancy. Comparison of our results with existing models of QD formation 

on patterned surfaces will be discussed. Further, we use a relatively unusual approach to 

growing the Si-Ge QDs, in which a conformal layer is grown at low temperature, and then 

annealed in situ to promote surface diffusion and self-assembly. This provides additional 

control over the size of the QDs, and turns out to lend additional insights into QD growth 

kinetics, Ostwald ripening, and morphological transitions in the presence of an underlying 

surface modulation.  
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Figure 5-2: Topographic AFM images of 30kV energy Ga+ ion patterns for various ion 
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100nm pitch, (e) 2K ions/site with 100nm pitch, (f) 1K ions/site with 100nm pitch
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Figure 5-13: Plot of dot dose vs pattern pitch. The symbols represent the actual data with 
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exposure – (1) under-dose region: result of insufficient clearance of the resist, (2) 

acceptable/ideal-dose region, and (3) over-dose region: excessive dose or exposure 

of pattern resulting in pattern degradation. ............................................................. 122 

Figure 5-14: (a) Polymer sub-unit of PMMA, (b) fragmentation of polymer chain during 

EBL exposure, and (c) Spatial distribution of volume fraction of small fragments 

(less than 10 monomers) within the resist during single point exposure.2.............. 123 
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Chapter 1: Introduction 

This dissertation presents our extensive work on the structural ordering in SiGe system 

from nano-to-meso scale where our core motivation is driven by the enhancement in 

thermoelectric figure of merit (zT) achieved by structural ordering. Even though the 

measurement of transport properties and overall evaluation of zT does not fall under the 

scope of this dissertation, it serves as a foundation for our motivation for the synthesis of 

these structurally-ordered materials. In this chapter, we present the background and 

motivation for the entire dissertation. Further, we will also discuss in brief the Si-Ge 

heteroepitaxy which serves as a backbone for the introduction of our material system. 

1.1 Background and Motivation 

The ability to tailor material properties via synthetic physical and chemical structuring at 

the nano-to-meso scale, according to the fundamental paradigms of materials science, 

provides new opportunities to improve existing electronic device performance. This 

dissertation will focus on describing the strategies and efforts to investigate structural 

ordering of semiconducting material systems from nano-to-meso scale in order to modify 

electronic and thermal transport properties. The improvement of electrical transport, in 

particular the carrier mobility, would be important to many different device technologies. 

Control of thermal transport is similarly important to reducing thermal heating in scaled 

devices, or to improving performance in thermoelectric applications.  

Thermoelectric efficiency of a material system is given by a dimensionless figure of merit 

(zT),  
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zT =  

S2σT

κ
=

S2σT

κl+κe
=

S2σT

κl+LσT
 , 1- 1 

where S is the Seebeck coefficient, σ is the electrical conductivity, κ is the thermal 

conductivity, here resolved into its lattice (phonon) and electronic components, and L is 

the Lorentz factor, making use of the Wiedemann-Franz relationship. Maximizing zT 

involves a delicate balance of effects that depend on the electronic and phononic 

dispersion, carrier concentration and effective mass, as well as scattering mechanisms for 

both electrical carriers and phonons. For improving zT, researchers have been focusing on 

the appealing concept of the “electron crystal/phonon glass”, in which the material 

simultaneously possesses the electronic conduction properties of a single crystal, but 

scatters phonons like an amorphous solid.1 The basic methodology to improve 

thermoelectric performance is to minimize the lattice thermal conductivity while 

maximizing the electrical conductivity. The most commonly utilized approach for 

accomplishing this in commercial materials has simply been alloying of two or more 

chemical components. This increases phonon scattering at multiple length scales, thereby 

reducing “κ”. Although electrical conductivity is adversely impacted by alloy scattering, 

there is nonetheless an overall increase in zT due to alloying. A review by Snyder et al., 

succinctly summarizes the broad strategies underlying modern research approaches aimed 

at improving the zT of a material.2 He identifies these as: (i) exploiting disorder within the 

unit cell to enhance phonon scattering while limiting reductions in electrical conduction; 

(ii) exploiting complex crystal structures that “separate” the phonon glass and electron 

crystal aspects; and (iii) incorporation of a high density of interfaces to scatter phonons 
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through nanostructuring, relying on the different mean free paths for phonons vs. electrons 

to preserve the electrical conduction properties as much as possible.  

The following section outlines a foundation for our motivation which is sub-divided into 

two major parts. Part I - presents the effect of nano-scale ordering on transport properties 

for monolayer scale chemically ordered Si1-xGex thin film alloys. Part II - discusses the 

effect of meso-scale ordering on transport properties for quantum-dot mesocrystals 

(QDMC). 

1.1.1 Nano-scale ordered structure in Si1-xGex alloys 

Chemically-ordered alloy systems have a unique crystal structure with their own 

symmetry, unit cell and associated properties that are different than their disordered 

counterparts. The concept of using monolayer-scale chemical ordering to tune thermal and 

electronic transport properties in semiconductors could offer major improvements in 

applications such as solid-state thermal rectification3, thermal storage devices4, transistors 

based on thermal switching5, thermal barrier coatings6, nanoelectronic cooling7 and 

thermoelectrics.8  

Si-Ge alloys, which have already seen significant application in high-temperature 

thermoelectrics for space applications9, are known to undergo metastable chemical 

ordering during heteroepitaxial growth on Si (001) substrates.10–15 The ordering most 

commonly observed in Si1-xGex alloys is an L11-like (in the Strukterbericht notation) 

structure, with alternating {111} bilayers enriched in one or the other species, see Figure 

1-1(a). The ordering doubles the lattice constant along the <111> direction, thereby 

increasing the rhombohedral primitive unit cell volume by a factor of 2. This results in the 

reduction of Brillouin Zone (BZ) volume by a factor of 2. This reduced BZ size associated 
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with ordering inherently leads to enhanced Umklapp scattering of phonons, resulting in 

reduced lattice thermal conductivity at elevated temperature. Non-equilibrium molecular 

dynamics (NEMD) simulations study on the role of atomic ordering on thermal 

conductivity have shown that a fully ordered structures like L11 alloy can have a thermal 

conductivity almost as low as that of a random alloy at elevated temperature due to 

enhanced Umklapp scattering of phonons.16,17 Schematics of three of the L11-like 

computational cells having varying order parameter used in the NEMD study are shown in 

Figure 1-2. The figure also shows results for the change in thermal conductivity with 

temperature and order parameter.  

In Figure 1-2, the degree of order, which characterizes the extent to which chemical 

segregation to non-random sites occur is characterized by a dimensionless order parameter, 

η, that ranges from 0–1, corresponding to random–complete order respectively. The order 

Figure 1-1: (a) L11-like ordered Si0.5Ge0.5 (RS2) structure, where green and blue atoms 

represent each chemical species. The view is along the <3 2 1> direction, and shows a 

conventional unit cell of the ordered structure with 64 atoms. The volume shaded red color 

represents the primitive unit cell. (b) The four equivalent {111} planes relative to the (001) 

surface that dictate the possible spatial variants for RS2 ordering. 
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parameter can be determined by diffraction-based methods. The random alloy, η = 0, has 

only a very weak temperature dependence to κ, while the fully ordered alloy exhibits a 7x 

decrease in κ over the range of temperature. The key result is that even a fully ordered L11-

like alloy can have a thermal conductivity almost as low as that of a random alloy at 

elevated temperature.  

Further, based on the behavior in ordered metallic alloys18, an ordered semiconductor alloy 

is expected to have an electrical conductivity significantly superior to that of a random 

alloy. A classic example is the Cu-Au binary system. For system compositions near 

equimolar, Cu-Au forms a disordered FCC solid solution at temperatures above 390 ˚C, 

see Figure 1-3. Here “disordered” in this context refers to a fully crystalline structure in 

which chemical occupation of any FCC site is random, weighted only by the system 

stoichiometry. Below 390 ˚C, Au-Cu undergoes a sequence of chemical ordering 

transitions, and forms the so-called L10 ordered structure over an extended range of 

composition and temperature. The L10 and L12 ordered structures are shown in Figure 1-

Figure 1-2: (left) Actual computational cells used in the NEMD simulations. (right) 

Thermal conductivity vs. LJ reduced temperature for order parameters from random(ƞ=0) 

to fully ordered (ƞ=1).17 
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3, and essentially represent layered structures with a repeat period of 2 monolayers. In 

binary systems such as Cu-Au, Fe-Pt, Co-Pt, etc., these ordered structures are 

thermodynamic equilibrium phases. An important observation is that the resistivity drops 

dramatically for chemically ordered alloys, metallic solids, due to the reduction in alloy 

scattering of electrons. An example is shown in Figure 1-3, where there is up to a 9x 

decrease in resistivity observed upon ordering. 

Here, our strategy of improving thermoelectric performance best aligns with strategy (ii) 

as identified by Snyder et al.2 For example, implement chemical ordering to improve 

electrical transport characteristics like single crystals, while retain reduced thermal 

conductivity due to enhanced Umklapp scattering in the reduced BZ at elevated 

temperature. Such tuning of thermal and electronic transport properties could provide for 

Figure 1-3: (left) L10 and L12 ordered structure in Cu-Au system. (right) Cu-Au phase 

diagram showing ordered regions along with electrical resistivity of ordered alloys from 

experiment (symbols) and theory (lines).18 
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increased thermoelectric performance at high temperatures where power generation from 

waste heat is obtained. 

1.1.2 Meso-scale ordered structure in Si1-xGex alloys 

A quantum-dot mesocrystal (QDMC) is a highly ordered 3D array of quantum dots (QD) 

epitaxially embedded in a matrix material, also referred to as an “artificial crystal”, where 

the interdot spacing and the size of the dots controls the mesocrystal properties. A 

schematic illustration of a unit cell of a QDMC is shown in Figure 1-4(a), where each QD 

can be considered as an “artificial atom”. For the SiGe material system, Si1-xGex QDs 

embedded in a Si matrix form a Type-II band alignment, where holes are confined within 

the QDs and electrons are confined in the shallow potential well in-between the dots in 

strained Si matrix, see Figure 1-4(b).19 Such electronic structures can be ultimately used to 

generate new properties associated with the QDMC structure.  

Figure 1-4: (a) Schematic illustration of QDMC (cross-sectional view) along with the unit 

cell, showing three lattice parameters, and the QD diameter, φ. (b) Type-II band alignment 

between the QDs and strained Si matrix. 
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For thermoelectric applications, as described in Section 1.1, we need to tailor a material 

property such that it has a low lattice thermal conductivity and a large electrical 

conductivity. It has been shown that the thermoelectric figure of merit of such QDMC 

structures can be improved compared to random dot structures due to increased phonon 

scattering (reduced thermal conductivity, with reported thermal conductivity to be as low 

as 1 WK-1m-1).20–22 SiGe alloys have low thermal conductivity compared to pure Si as 

alloying increases the impurity scattering of phonons. But the figure of merit zT reported 

in such material systems has not exceeded a value of about 1.5, even at higher temperatures, 

as alloying not only scatters the phonons but scattering of electrons is also increased, which 

adversely affects the electrical conductivity.2,23  

The Si matrix embedding the QD is strained due to lattice mismatch, see Figure 1-5(a). As 

a result of strain, holes are confined within the QDs and electrons are localized in the 

strained Si on top and below, as well as around the QDs. For a highly ordered QD structures 

like QDMC, provided that the lateral and vertical spacing between each dot is not too large 

(such that the strain field overlaps with neighboring dots), a coupling of localized electron 

Figure 1-5: (a) A single SiGe QD embedded in a Si matrix showing the strained Si at top, 

bottom and edges of the QD due to lattice mismatch forming Type-II band alignment, and 

(c) Optimized lateral and vertical positioning of QD arrays is predicted to yield coupling 

of electronic states of QDs resulting in strain-induced high-mobility electron channels.  
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states at the edges of QDs is predicted resulting in strain-induced high mobility electron 

channels as shown in Figure 1-5(b). Fromherz et al.24, from their model calculations of the 

3D band structures of QDMC, indicated that extended 2D states form between each 

nearest-neighbor dot, due to the elastic strain imposed upon the intervening Si layer, see 

Figure 1-6. This is predicted to occur for a lateral interdot spacing of 35 nm.  These 2D 

states extend vertically throughout the mesocrystal provided that the stacked QD layers are 

in close proximity. Fiedler and Kratzer25 also worked out a detailed theoretical model for 

the electronic structure of such QDMC structures and predicted very similar 2D bands in 

the Si between the QDs, resulting in strain-induced conductive channels. Electron transport 

along the 2D bands in Si matrix was found to exhibit high mobility (>400% relative to 

equivalently-doped bulk Si) resulting in an enhanced zT at lower temperatures. The results 

of their calculation are shown in Figure 1-7 as function of temperature for conductivity, 

power factor and zT. Even though the model used for their computational supercell had 23 

nm interdot spacing, the effect predicted is not directly related to center-center distance of 

the dots but rather edge-edge distance, which controls the ability to overlap the band states 

laterally. Thus, in principle, small center-to-center spacings are not required to get mobility 

Figure 1-6: The confined electron states (blue, red, green) associated with strain imposed 

on the surrounding Si matrix by the Ge QDs (yellow). The blue states are of particular 

interest here as high-mobility conduction channels for electrons. 
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enhancement. However, a smaller center-to-center distance will increase the density of the 

2D conduction channels, i.e., the number of these per unit in-plane area. 

SiGe QDs, above a critical thickness, self-assemble on Si(001) substrate by the 

development of {105}-faceted, quasi-pyramidal islands that form to relieve elastic and 

surface energy.26,27 The size of these QD structures are composition dependent and 

significant and useful modifications of transport properties have been predicted for reduced 

edge-edge distance between the QDs. Reducing the lateral spacing of QDs require a 

thorough understanding of material synthesis science including but not limited to the 

knowledge of fundamental origin of QD formation and coarsening suppression 

mechanisms.  

 

Figure 1-7: (a) Electrical conductivity, (b) power factor and (c) figure of merit – zT; for 

QDMC structure with doping concentrations of 1019 cm-3. For comparison the calculated 

values of bulk Si are shown for the same doping concentration (dashed gray). 



34 

 

1.2 Si/Ge heteroepitaxy 

Silicon and Germanium are two of the most commonly used materials for semiconductor 

device fabrication. In addition to the large expertise base of industrial processing for these 

group IV elements, non-toxicity, ease of doping and its ability to form high quality crystals 

have made Si and Ge a leading material for semiconductor device applications. Both Si 

and Ge have a diamond cubic crystal structure with lattice constants of aSi = 5.4309 Å and 

aGe = 5.6575 Å at 300 K. They exhibit a complete solid solubility in diamond phase, see 

Figure 1-8.   

For Ge and Si1-xGex films deposited onto a Si substrate, a biaxial misfit strain parallel to 

the substrate interface arises for a fully coherent film, given by, 

 εcoh =
asubst− afilm

afilm
 , 1- 2 

Figure 1-8: Binary phase diagram of Si-Ge 
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For pure Ge deposited on a single crystal Si substrate, the 4.2% lattice mismatch results in 

the evolution of Ge QDs to partially relax the strain via Stranski-Krastanov (S-K) growth 

mode.28 In the S-K growth mode of Ge/Si (001), initially a planar Ge wetting layer (WL) 

grows pseudomorphically matching the lattice constant of the Si substrate. After reaching 

a critical WL thickness of 3-4 ML29, Ge layer relaxes by forming faceted 3D islands, in 

order to relax some of the stored elastic energy, see Figure 1-9. Ge QDs initially self-

assemble on Si substrate by the development of {105}-faceted coherent quasi-pyramidal 

islands. With further Ge deposition the pyramidal islands transition to domes and 

superdomes, where each shape has increasingly steeper {hkl} facets, see Figure 1-10.26,27,30 

Thus, QDs are 3D structures that form to relieve the strain induced due to lattice mismatch 

during heteroepitaxy and strain relaxation is the common driving force that results in the 

Figure 1-10: STM images of Ge islands on Si(001): (a) pyramid, (b) dome and (c) 

superdome.30 

Figure 1-9: Schematic representation of the S-K growth mode 
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evolution of a flat and strained 2D surface to a faceted 3D surface. However, the simplified 

S-K growth mode does not describe the early stages of 2D/3D transition characterized by 

surface roughening or morphological instability.  

1.2.1 Surface evolution  

For the growth of Si1-xGex on Si(001) substrate, the first stage is the layer-by-layer growth 

resulting in the formation of flat and strained 2D wetting-layer (WL). Strain relaxation is 

the common driving force which results in the surface morphological evolution in these 

epitaxial films. The overall energy of the strained film in such case is simply a sum of 

elastic energy and the surface energy. Compared to bulk, the surface energy cannot be 

neglected in thin films. Therefore, initially the film is essentially flat and smooth in order 

to limit the surface energy. 

As the growth progresses, the compressive strain in the film is relaxed by the formation of 

dimer vacancies, kinks, Ge segregation and increased surface step density resulting in a 

gradual rise of surface roughness. The initial stage of roughening is characterized by a 

nucleationless morphological instability regime where a periodic corrugation is induced, 

see Figure 1-11. The surface roughness at this stage can exhibit a characteristic lateral 

lengthscale termed as intrinsic lengthscale (λATGS) or Asaro-Tiller-Grinfeld-Srolovitz 

Figure 1-11: Schematic illustration showing the development of instability during the early 

stages of Si1-xGex alloy growth. 
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(ATGS) instability31–33. Formation of quantum dots has also been modeled in terms of 

classical nucleation theory, resulting in a critical nucleus size34,35. The scaling of the 

intrinsic wavelength (or critical size) is discussed below. 

As the growth further progresses, the roughness mounds as shown in Figure 1-11, defined 

by morphological instability, evolves into prepyramids with rounded shapes which 

ultimately transforms to a {105} faceted truncated pyramidal structure, see Figure 1-12 for 

the initial stages prior to a complete pyramidal formation and see Figure 1-13(a) for free 

energy change during the evolution.  

Further into the growth, these {105} faceted quasi-pyramidal structures evolve into domes 

and superdomes as described in the previous section. A kinetic phase diagram representing 

various growth regimes of Si1-xGex growth as a function of the deposited thickness and 

strain (or composition) is shown in Figure 1-13(b). This phenomenon of morphological 

instability is commonly observed for Si1-xGex system at low misfit strain (x≤0.6).36–41 For 

system with larger misfit strain or higher Ge composition, growth instability develops 

Figure 1-12: STM images of (1) prepyramid island and (b) truncated {105} faceted 

pyramid prior to the formation of a complete {105} faceted quasi-pyramidal 3D islands.37 



38 

 

much faster, resulting in a conventional 3D island nucleation and growth.40 For instance 

with reference to Figure 1-13(b), region-II and region-III is very narrow at higher strain (or 

higher Ge composition) resulting in a sudden 2D-3D transition with a direct formation of 

3D islands.  

It should be noted that the surface evolution during SiGe heteroepitaxy to reduce the strain 

energy is only effective at lower thickness. As the growth progresses, at larger thickness, 

the larger strain in the film will ultimately be relaxed by the introduction of misfit 

dislocations at the substrate interface. There exists a critical thickness, above which the 

misfit dislocations are introduced to relieve the strain. Figure 1-14 shows the critical 

thickness calculated by Matthews and Blakeslee42 plotted against Ge fraction for Si1-xGex 

layers grown on Si(001).   

Figure 1-13: (a) Free energy E (normalized to the activation energy EA for nucleation of 

(105) faceted huts) as a function of island volume V (relative to critical volume of a hut 

Vc). The solid line shows the energy for (105) facet island and the dashed line shows the 

evolution path where the sidewall angles grow continuously from 0˚ -11˚.36  (b) Kinetic 

phase diagram representing the main growth regimes of Si1-xGex layers.140 
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1.2.2 Intrinsic lengthscale 

QD formation requires growth conditions where adatom diffusion lengths must match or 

exceed the intrinsic length scale (λATGS).33 This “wavelength” arises during the early stages 

of the 2D/3D transition due to the competition between the reduction of the elastic energy 

by islanding vs. the increase in surface area. The morphological instability in 

semiconductor epitaxy was first reported in InGaAs systems43 and then later in Si1-xGex 

systems44–46. In a simple notion, the ATGS wavelength is found to have inverse-

proportional relation to the Young modulus and misfit square. Sutter and Lagally36 

experimentally verified for SiGe systems, intrinsic length decreases with increasing Ge 

concentration and deduced the relation -  λATGS α ε-(1.0±0.1)
. Tromp et al.40 showed that in 

SiGe systems morphological evolution was evident for composition 0.2 ≤ x ≤ 0.6. For x > 

0.6 evolution was observed to be similar to that of pure Ge i.e, conventional direct 3D 

island nucleation. The growth instability develops much faster for higher strain or higher 

Figure 1-14: The Matthews and Blakeslee critical thickness plotted against Ge fraction 

(x).42,141 
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Ge composition systems as discussed in previous section. The instability value was worked 

out in detail by Asaro and Tiller31, Grinfeld32 and later Srolovitz33, given by 

 λATGS =
4π

3
∗

γWL

M∗ε2
 , 

1-3 

where γWL is the surface energy and Mε2 is the elastic energy density in the film due to 

lattice mismatch. The biaxial modulus “M” is given by  

 
M = C11 + C12 −

2C12
2

C11
 , 

1-4 

where the elastic moduli “C11” and”C12” for Si and Ge is 166.2, 64.4 and 128.4, 48.2 GPa 

respectively. Here, Equation 1-4 gives the biaxial modulus value for a pure element (Si or 

Ge). Thus for an alloy, in our case Si1-xGex, the biaxial modulus is given by47   

 MSi1−xGex
=  MSi +

asi(MGe−MSi)

(aSi−aGe)
∗ ε(x) , 

1- 5 

See Figure 1-15(a), where MSiGe is the slope (σ = M*ε). For the calculation of λATGS from 

Equation 1-3 the only required value now is γWL. For pure Ge the (001) surface under 

Figure 1-15: (a) Measured stress-strain data in SiGe system calculated by Floro et al.47 The 

solid curve (highlighted) is the quadratic fit to the data from which the MSiGe can be 

calculated, (b) Surface energies versus biaxial strain for Ge surface under strain. 

Highlighted solid line refers to the (001) Ge surface energy under various biaxial strain.48 
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compressive strain, the wetting layer surface energy is 61 meV/Å2 from first principles 

calculations.48 Thus, with Equation 1-3 λATGS value for a pure Ge is calculated to be ~16nm. 

With an assumption that the surface in SiGe film is Ge rich (due to Ge segregation49) the 

γWL value for a SiGe film can then be taken as γWL value of pure Ge (001) under various 

strain condition, see Figure 1-15(b). 

Therefore, from Equation 1-3 for Si0.5Ge0.5, using M = 161.7 GPa, γ = 65.5 meV/Å2, and ε 

= -0.0195, we obtain λATGS ≈ 72 nm. Figure 1-16 shows the dependence of λATGS on Ge 

concentration of the alloy film, calculated from Equation 1-3. Further, we have included 

the reported value from literature at various compositions for comparison with our 

calculated data. 

 

Figure 1-16: λATGS plotted against Ge concentration (x), showing our calculated data with 

experimental and theoretical data from the literature. 
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1.3 Thesis organization  

The background and motivation for the entire thesis work has already been described in 

this chapter along with a brief introduction for the Si/Ge heteroepitaxy which serves as a 

backbone for the introduction of our material system. The thesis is organized in the 

following manner: in Chapter 2 the specifics of our growth and characterization methods 

used during our experimental works are discussed. For instance, details about the growth 

chamber setup, cleaning methods used for growth substrates, patterning methodology etc., 

have been discussed in details.  In Chapter 3, results for the growth of Si0.5Ge0.5 alloy film 

is presented along with a detail discussion regarding the monolayer scale chemical ordering 

observed in these alloys. Chapter 4 discusses the science of directed self-assembly of QDs 

along with a brief review of QD growth on patterned substrates. In Chapter 5, we present 

the process and methodology used for creating 2D templates on Si substrates followed by 

results and discussion of QDs growth on such 2D templated substrates in Chapter 6. And 

finally, in Chapter 7 we finish by discussing the key results and future outlook of our 

current work.  
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Chapter 2:  Experimental and Characterization Methods 

2.1 Molecular beam epitaxy (MBE) 

Molecular beam epitaxy (MBE) is one of the experimental techniques that utilize ultra-

high-vacuum (UHV) environment to produce high quality epitaxial structures with a 

control of deposition at monolayer (ML) scale. The design of MBE and growth techniques 

depends on the desired structure, type of material and needs. However, the underlying 

principle of all MBE growth is essentially the same: atoms or cluster of atoms are created 

and allowed to migrate in the vapor through an UHV environment. They then impinge and 

condense on a single crystal substrate, often held at elevated temperature to promote 

surface diffusion and for epitaxial growth. Apart from just being a high purity material 

deposition chamber, MBE offers highly-controlled growth of ultra-thin layers, atomically 

Figure 2-1: UHV Hyperthermal MBE setup at UVa showing key components for film 

synthesis. [A]- MBE chamber, [B]-Load Lock chamber, [C]- RHEED gun, [D]- Sputter 

guns, [E]- Manual gate valve, [F]- Transfer arm. 
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smooth heterointerfaces, and tailored doping profiles, enhanced by the potential for lower 

growth temperatures and deposition rates.50 All of the growth experiments included in this 

dissertation were conducted in our custom, UHV hyperthermal MBE (HyperMBE) system 

at UVa, see Figure 2-1. The HyperMBE is designed to access a broad window of kinetic 

deposition parameters. 

Generally, a Group IV MBE is equipped with thermal evaporation and/or electron beam 

evaporation system for material deposition which is operated under UHV to minimize 

chances of contamination. However, these evaporation techniques do have certain 

disadvantages like extensive outgassing, poor rate stability and thermal loading of the 

sample. In contrast to these thermal deposition techniques, our HyperMBE employs 

variable-distance direct current (DC) magnetron sputter guns for deposition of Ge and Si. 

Magnetron sputtering has been shown to yield high-quality Si and Ge growth surfaces by 

Figure 2-2: Schematic of a magnetron sputtering process. 
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scanning tunneling microscopy, when performed under otherwise very clean 

conditions.51,52 Sputtering is a deposition technique utilizing a gaseous plasma to create 

ions (Ar+) which are then accelerated into some negatively charged source material (like 

Si and Ge target materials as cathode). Atoms get ejected from the target material as a result 

of ion bombardment which will then get coated to a substrate. In magnetron sputtering, 

strong magnets are placed behind the target material to trap the free electrons in a magnetic 

field directly above the target surface. The increase in the density of free electrons near the 

target surface, enhances the probability of ionizing a neutral Ar atom by several orders of 

magnitude, resulting in a higher plasma density at lower working pressures, see Figure 2-

2. For sputtering, the energy of the bombardment for Ar+ is greater than the surface binding 

energy (EB) of the source targets, in our case, EB of Si and Ge are 4.73 eV/atom and 4.29 

eV/atom respectively.53 The energetics of ejected species during deposition plays a vital 

role in the crystal growth quality. The estimated energies of the ejected target species for 

our sputter system are in the range of 1-20 eV, which is described by the Thompson 

Figure 2-3: Probability distribution of sputtered atom energy from the target.54 
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distribution, see Figure 2-3.54 Of course, the sputtered atoms will lose energy to collisions 

with the background gas during transit from the target to the substrate. This distance can 

be varied in our chamber, in order to vary the degree of thermalization. 

Deposition rates for our magnetron sputter guns can be varied between 0.05 Å/s and 6.5 

Å/s depending on power and substrate-target separation; see Appendix 1 for the calibration 

rates. Both Si and Ge sputter sources are mounted on a 6 inch linear translation stage which 

allows the substrate-target separation to be adjusted between 2 and 12 cm. These sputter 

guns are DC biased, with up to 80 Watts incident power. The deposition rates from both 

the sputter guns were calibrated using a quartz crystal rate monitor (QCM). During the 

deposition, sputtering requires the back filling of the chamber with a non-reactive Ar gas 

to 5-10 mTorr pressures. To minimize the contamination, high purity Ar gas (99.9995% 

pure) line is fitted with a hot getter pump, cold getter pump and a liquid nitrogen trap in a 

series before the introduction of gas into the chamber through a fine leak valve to minimize 

contamination. The getters are designed to reduce contamination to parts per billion. 

Sputtering has other benefits however, including higher deposition rates, a wider growth 

parameter space, as well as the ability to deposit high melting point materials without high 

thermal loading of the targets. 

2.2 Substrate cleaning 

Surface contaminants on a wafer exist as absorbed ions and elements, thin films, discrete 

particles, particulates and adsorbed gases.55 The objective of substrate cleaning is to 

remove these chemical impurities and particles from the semiconductor surface to promote 

a clean epitaxial growth. There are various methods like plasma etch, (dry and wet) 

chemical etch, flashing etc., to achieve a clean substrate. Based on the type of substrate and 
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growth temperature requirement, we use a modified approach of wafer cleaning based on 

aqueous-chemical processes as described below.  

2.2.1 IMEC/Shiraki cleaning  

All Si(001) substrates were chemically cleaned using a modified IMEC56/Shiraki57 

cleaning process unless otherwise stated. This involves a H2SO4 + H2O2 (2:1) mixture to 

remove organic materials from Si surface, such as hardened polymer resists and other 

contaminants of organic nature. For inorganic contaminants, a buffered oxide etch (HF), 

followed by a H2O (DI) + HCl + H2O2 (4:1:1) heated solution, with subsequent buffered 

oxide strip is performed multiple times. A final etch with concentrated H2O (DI) + HCl + 

H2O2 (2:4:1) mixture creates a passivating suboxide (SiOx) layer. The passivated wafers 

were rinsed, dried, then fixed on a molybdenum sample holder using ceramic tweezers, 

then transferred through a load-lock chamber into the MBE growth chamber. The cleaning 

sequence is attached in Appendix 2. The passive SiOx layer was desorbed in situ at 800 ˚C 

after an overnight temperature ramp, plus 5 hr. prebake at 600 ˚C, resulting in a clean 2x1 

reconstructed Si surface for epitaxial growth.  

The cleaning sequence mentioned above requires a process temperature of 800 ̊ C for oxide 

desorption, which degrades a pre-imposed lithographic pattern due to high temperature 

processing, see Figure 2-4. For our directed self-assembly research, we adopted a low 

temperature cleaning process to preserve the patterns. This low temperature cleaning 

process involves the IMEC/Shiraki clean sequence, as explained earlier, followed with a 

quick dip in buffered HF. The HF dip strips the passive oxide formed by IMEC/Shiraki 

clean and then creates a passive H- terminated Si surface. This process was based on the 

work by Thompson58 and Eaglesham59. The passive H-termination layer was desorbed in 
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situ at 550 ˚C after an overnight temperature ramp, plus 5 hr. prebake at 400 ˚C, resulting 

in a clean 2x1 reconstructed Si surface for epitaxial growth.  

2.2.2 Ultraviolet/ozone cleaning  

The handling and cleaning processes prior to insertion into the MBE for Ge(001) substrates 

were different compared to the Si substrate. Ge(001) substrates were ultrasonically pre-

cleaned in successive rinses of trichloroethylene (TCE), acetone and isopropyl alcohol 

(IPA). They were then rinsed in DI water to dissolve the native oxide followed by ozone 

exposure in an ultraviolet (UV) lamp enclosure for rapid regrowth of clean germanium 

oxide. The process of DI water and UV-ozone exposure was repeated several times with 

the last step being the UV-ozone exposure.60,61 The oxide layer was desorbed in situ at 

about 450 ˚C after a 5 hr prebake at 350 ˚C, resulting in a clean 2x1 reconstructed Ge 

surface for epitaxial growth.  

Figure 2-4: (a) 10x10 μm2 AFM height image showing patterned region prior to the 

insertion to MBE. (b) 10x10 μm2 AFM height image of the same area as shown in (a) post 

800 °C desorb cycle in MBE – no Si buffer deposited. 
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2.3 Reflection high-energy electron diffraction (RHEED) 

Throughout the deposition process in MBE, the Si and Ge surface was monitored in situ 

using reflection high-energy electron diffraction (RHEED), which gives a real-time 

characterization of epitaxial growth and crystalline surface quality. A high-energy (10-30 

keV) electron beam at a glancing angle (< 5˚) towards a substrate is used to probe the 

surface of the substrate, see Figure 2-5 showing the schematics of the RHEED setup. Even 

though RHEED is operated at higher energies the penetration depth is in the order of <10 

nm due to the glancing angle setup, therefore making it a surface sensitive technique. The 

forward scattered electrons from the surface are viewed on a phosphor screen, which is 

recorded by a charge coupled device (CCD) camera. (Note: Surface diffraction occurs 

when the Ewald sphere intersects with the reciprocal lattice rods).  

Alignment of the substrate azimuth is critical to achieve the appropriate diffraction 

condition for the RHEED setup. For Si(001) and Ge(001) substrates, the electron beam is 

typically aligned along a <110> direction. Types of diffraction patterns recorded along the 

<110> direction are shown in Figure 2-6.  By monitoring the RHEED pattern as shown in 

Figure 2-6, we get evidence about the surface quality/ condition during epitaxial growth as 

Figure 2-5: Schematic of the RHEED setup in the MBE chamber showing a RHEED 

pattern recorded from a Si(001) (2x1) surface along a <110> direction. 
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well as during in situ desorb/ cleaning stages. It should be noted that the incident beam 

diameter on the sample surface is in the order of 1 mm and thus gives the surface 

information on a macroscopic lateral scale.       

2.4 Atomic force microscopy (AFM) 

Surface morphology for all our samples was characterized ex situ using atomic force 

microscopy (AFM) with a NT-MDT Solver Pro in tapping mode, using NSG01/NSG10 

tips with a typical tip curvature radius of 6 nm. 

AFM is a surface analysis technique that allows the topographical measurement of all 

surface morphological nanostructures. Topographic imaging of the samples was 

accomplished by operating the AFM in tapping (semi-contact) mode where the tip/probe 

Figure 2-7: Layout of an atomic force microscopy (NTMDT solver pro AFM manual) 

Figure 2-6: RHEED patterns of Si (001) along <110>: (a) diffuse 2D pattern prior to desorb 

cycle, (b) first order and (c) second order Laue spots indicating a (2x1) surface 

reconstruction of Si, (d) atomically rough 3D pattern, showing diffraction through 3D QDs. 
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is oscillated at a resonating frequency and changes of the tip amplitude is measured, see 

Figure 2-7. The intermittent contact with the sample during tapping mode causes the 

change in tip oscillation due to surface interactions. A piezoelectric drive adjusts the tip 

height by raising it away from the sample in order to maintain the tip-oscillation amplitude. 

In this way, the tip can be rastered across the sample and the z-height is recorded. Figure 

2-8 shows typical AFM micrographs displaying a smooth Si(001) surface post Si buffer 

growth along with a much rougher Si surface with 3D faceted QDs on the surface.  

2.5 X-ray diffraction (XRD) 

Strain, thickness and composition of the alloy films were characterized ex situ by x-ray 

diffraction (XRD) thin-film measurement technique. The XRD instrument used was a 

Rigaku SmartLab x-ray diffractometer62 in the laboratory of Prof. Jiwei Lu, with a 3 kW 

copper sealed tube generator. All the measurements were made at a wavelength of λ = 

1.5406 Å obtained using a parallel beam Ge 220x2-bounce monochromator. A schematic 

of the XRD setup is shown in Figure 2-9. 

Figure 2-8: AFM micrograph of Si (001) showing the surface morphology post (a) 50 nm 

of Si buffer layer growth at 700 ˚C, and (b) 3 nm of Si0.5Ge0.5 alloy growth at 650 ˚C. 
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As our samples are epitaxial thin films, the XRD measurement technique is different and 

more difficult compared with measurements of a powder sample. For instance, an epitaxial 

thin film (single crystal) has a strong preferred orientation such that only one set of specific 

lattice planes can be detected. Therefore, even a slight misalignment of the incident optics 

prior to the measurement will result in no observable intensity from the specific lattice 

Figure 2-9: Schematic of the Rigaku SmartLab x-ray diffractometer.62 

Figure 2-10: (a) Bragg peaks for an epitaxial film (single crystal) (b) Diffraction rings 
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planes for epitaxial thin film samples, see Figure 2-10. Note that for single crystal Si(001), 

a ω/2θ scan along the (001) azimuth results only in 00l diffraction peak. By comparision, 

for powder sample, a ω/2θ scan normal to the surface (which does not need to be in any 

specific azimuth) results in all possible hkl diffraction peaks. Figure 2-11 shows the 

reciprocal space map (RSM) of the (004) and (224) peaks of a SiGe film and the Si 

substrate recorded with XRD. Recording such RSM maps takes a long time therefore in 

general only a slice from the RSM is recorded during the data collection of XRD process 

with various XRD geometry and scan direction.         

For the alignment of the XRD optics prior to the measurements of our sample, two 

sequences of alignment were routinely performed. First, an automated sample alignment 

was performed by the SmartLab software which coarsely aligns the sample stage and the 

XRD optics. In this automated alignment process the software simply adjusts the height of 

sample stage with a direct X-ray beam. After the alignment, the sample surface and incident 

X-ray beam are essentially parallel. Second, a manual alignment of ω/2θ is performed 

Figure 2-11: Reciprocal space map (RSM) of (a) 004 peak and (b) 224 peak for 300 nm 

thick Si0.5Ge0.5 alloy grown on Si(001) substrate. Qx and Qz are the reciprocal space units 

along <110> and <001> respectively. (Qz for (224) scan is along <224> however it has 

been normalized along <001> for comparison with (004) RSM scan)    
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where the incident optics is aligned with the detector. In our case, as we grow on Si(001) 

and Ge(001) substrates, we take the (004) diffraction peak from substrate as the reference 

for manual alignment. A series of ω, ω/2θ and 2θ scan is performed to align the incident 

and receiving optics manually; more on the alignments procedure can be found in Rigaku 

Journal63. Figure 2-12 shows the schematics of three of the most commonly used scan 

direction in reciprocal space.  

2.5.1 Lattice parameter, composition and strain characterization 

Ge composition “x” and the strain in the films can be determined by measuring the 004 

and 224 reflections from the sample via conventional “ω-2θ” and rocking curve (ω) scans 

in XRD.64,65 Figure 2-13 shows a typical data recorded for 004 and 224 peaks from a 

conventional ω-2θ scan. The SiGe alloy peak shift from the Si substrate is due to strain in 

the film; for compression the shift is towards the left and for tension the shift is towards 

the right of the substrate/ bulk peak. Extracting lattice constants, strain and composition 

from such XRD scan is complicated as strain is coupled to unrelaxed lattice constants of 

the film.  

Figure 2-12: Schematics of XRD scanning geometry and direction. 
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Here, we will further discuss our approach to decouple and calculate the strain and 

composition of the film. The lattice parameter for an unstrained Si1-xGex alloy film is given 

by64,66 

 aSiGe = 5.4309 + 0.200326x + 0.026274x2 2-1 

Therefore, in order to calculate the composition “x”, from Equation 2-1, we will need to 

experimentally calculate the relaxed lattice parameter of the film (aSiGe) first. With an 

assumption of pseudomorphic growth (tetragonal distortion of a SiGe layer deposited on 

Si or Ge substrate) of SiGe alloy film, the relaxed lattice parameter of the layer is related 

Figure 2-13: ω-2θ scan of (004) and (224) peak for 100 nm thick Si0.5Ge0.5 alloy deposited 

on Si(001) substrate: (a), (b) and Ge(001) substrate: (c), (d). 
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to the in-plane (aII) and perpendicular (a⊥) lattice constant of the SiGe alloy film and is 

given by 

 
aSiGe =

(1 −  υ)

(1 + υ)
×aSiGe

⊥ + 
2υ

(1 + υ)
×aSiGe

II  2-2 

where υ = Poisson ratio: υSi = 0.278 and υGe = 0.271.64 To obtain the perpendicular lattice 

constant (a⊥), we performed a symmetric (ω-2θ) scan with substrate (004) plane parallel to 

the surface. Simply derived from Bragg’s law - a⊥ is given by  

 
a⊥ =  

2 λ

sin(θ004
Si + △ ω004) 

 2-3 

where λ = wavelength of Cu kα1 radiation (1.5406 Å), θ004
Si = Bragg angle for (004) Si peak 

= 34.565° and △𝜔004 = angular spacing between the substrate peak and the constant Ge 

composition layer peak. For in-plane lattice constant (aII), we performed an asymmetric (ω 

- 2θ) scan with substrate (224) plane parallel to the surface. From Bragg’s law 

 
aII =  

√2 λ

√(aSiGe
⊥        2

)sin2(θ224
Si + △ ω224) −  4λ2

aSiGe
⊥  

2-4 

where θ224
Si = Bragg angle for (224) Si peak = 44.015°, △𝜔224 = angular spacing between 

the substrate and the constant Ge composition layer peak, and aSiGe
⊥  = perpendicular lattice 

parameter deduced from Equation 2-3. With experimentally determined values of a⊥ and  
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aII, aSiGe can be calculated from Equation 2-2 and then the composition from Equation 2-1. 

Further, the degree of strain relaxation for our SiGe alloy films is given by, 

 
R =  

(aSiGe
II −  aSi)

(aSiGe −  aSi)
 2-5 

2.5.2 Thickness measurement  

The thickness of the alloy film was characterized by x-ray reflectivity (XRR) measurement. 

It is a technique to analyze a grazing x-ray reflection beam in order to measure thickness, 

density and surface/interface roughness of the thin film. When an x-ray beam is incident at 

Figure 2-14: X-ray reflectivity curve of: (a) Au film on Si substrate with different thickness, 

(b) Au, Cu and SiO2 film on Si substrate (film thickness is 20 nm), (c) Si substrate with 

two different values of surface roughness, and (d) Si substrate with different interface 

roughness (film thickness is 20nm)142 
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a grazing angle on a flat substrate the total reflection of the beam occurs below a critical 

incident angle. The interference of such a reflected beam from sample surface and the 

substrate-film interface results in the reflectivity profile with oscillations caused by x-ray 

interference as shown in Figure 2-14. The oscillations are also referred to as Kiessig 

fringes, which depend upon film thickness such that thicker the film give shorter oscillation 

period, see Figure 2-14(a). Apart from just thickness, information like film density, surface 

Figure 2-15: XRR data for nominal 100nm thick Si0.5Ge0.5/Si(001) sample. The reflectivity 

curve obtained from sample was analyzed with Rigaku software simulator; extracted 

results are listed in the table.  
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roughness and interface roughness can also be estimated as incident x-ray beam is sensitive 

to these parameters. The critical angle of incidence and the amplitude of the oscillation 

fringes are directly related to the density of films such that the larger the film density, the 

higher is the oscillation amplitude, see Figure 2-14(b). For larger surface roughness, the 

reflectivity envelope decays more rapidly, see Figure 2-14(c). Further Figure 2-14(d) 

demonstrates the effect of interface roughness on the reflectivity curve where amplitude of 

oscillations decreases with increasing interface roughness.  

For all growths, Si and Ge sputter guns were calibrated to deposit Si1-xGex alloys with x = 

50%. The post-growth Ge composition (x) determined by XRD for all of the samples were 

found to be 0.47<x<0.53 and will be referred to as 50% alloy in this work. A sample plot 

of the XRR data from one of our sample is given in Figure 2-15.  

Figure 2-16: Comparison of ½(111) superlattice peak of 300 nm thick Si0.5Ge0.5/Si(001) 

grown at various temperature with (111) fundamental alloy peak for order parameter 

calculation. 
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Further, XRD was also routinely used to characterize the order parameter (S) of the sample 

by comparing the forbidden superlattice integrated intensity: ½(111), to the fundamental 

reflections: (111), to quantify the long-range order in the sample, which will be discussed 

in Chapter 3, see Figure 2-16.   

2.6 Electron beam lithography (EBL) 

EBL is a fundamental nanofabrication technique, enabling patterning technologies to 

create masks and templates with direct writing of structures down to sub-10 nm 

dimensions.67 EBL patterning process involves three major steps: exposure, development 

and pattern transfer. During exposure a highly focused electron beam is used to modify the 

solubility of a resist material coated on the substrate. In the development step, the modified 

portions of resist material are then stripped off, leaving a patterned resist which can then 

be used as a mask to transfer the pattern to the substrate by etching. A schematic diagram 

of the patterning process is shown in Figure 2-17.  

In general, there are three common ways to write the patterns via EBL, where the dose can 

be defined by a pixel, line or an area. In pixel exposure, a dot or pixel is exposed with the 

e-beam for a well-defined dwell time that controls the dot dose given in pC/dot. In line 

Figure 2-17: Outline of EBL patterning process to form nanoscale pattern with a positive-

tone resist layer. 
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exposure, the system exposes a single line of pixels in a series to write a line feature where 

dose is given in pC/cm. And for area exposure, the system undergoes a series of line-

exposures to create an exposed area of defined shape and size and is given in µC/cm2. 

Figure 2-18(a) shows a dot-pattern with different pitches and doses designed in a pattern 

generator where dose was defined in a single pixel. Figure 2-18(b) and (c) shows the 

developed pattern image taken from optical scope and SEM respectively. Dose control is 

an essential part of EBL patterning process as it controls the final feature size, see Figure 

2-18(d).       

Figure 2-18: (a) Dot-pattern generated with AutoCAD for e-beam exposure, (b) optical 

image of the patterned region after developing the patterns, (c) SEM image of one of the 

patterned region, and (d) a series of dot/pixel exposed at increasing dose from bottom to 

top showing the ability to control the feature size with dose control. 
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EBL systems have an advantage of producing very high resolution patterns with the ability 

to customize the pattern design easily. However, to write large area and complex patterns 

takes longer time. The resolution or the smallest feature that an EBL system can write 

depends mostly on the electron source and column optics. Initially, for learning purposes, 

all the EBL patterning and preliminary testing was performed utilizing Raith-50 EBL at 

UVa with LaB6 filament source. Even though the Raith-50 was nominally capable of 

writing features below 50 nm, the uniformity of patterns severely degraded below a pattern 

pitch of 500 nm, see Figure 2-19. Therefore, all of our higher resolution patterning (≤ 500 

Figure 2-19: (a) Raith-50 at UVa was not optimized to perform patterning with pitch ≤ 500 

nm where patterns with lower pitch were non-uniform. (b)Pattern pitch 75-200 nm; Raith-

e-line was able to perform high resolution patterning with better uniformity and precision. 
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nm) was performed at the University of Maryland - Nanocenter FabLab on a Raith-e-line 

system with tungsten field emission (FE) source. We performed all the patterning and 

optimization work in a Raith-e-line independently and the post-patterning process was 

performed at the University of Virginia Microfabrication Laboratories (UVML) at UVa. 

More details on the EBL patterning optimization work is presented in Chapter 5. 

2.7 Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM) was performed on both an FEI Titan 80-300 

operated at 300 kV and a JEOL 2000-FX operated at 200 kV. In TEM, high energy electron 

beam is transmitted through an ultra-thin specimen (<100 nm) where the electrons interact 

with specimen as it passes through it. Careful interpretation of the transmitted electrons 

provide insight into structural and compositional configuration of the sample. A diagram 

Figure 2-20: A schematic diagram of electron-sample interaction.121 
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of electron-sample interactions is shown in Figure 2-20. The forward scattering of electrons 

at low angles is very important since crystalline materials will diffract the electron beam 

when the Bragg condition is met. Owing to the small de Broglie wavelength of electrons, 

the TEM is capable of imaging at significantly higher resolution where even single atomic 

columns can be resolved, also known as high-resolution transmission electron microscopy 

(HRTEM). See Figure 2-21(c), which shows a HRTEM image of a Si lattice. For 

chemically-ordered structures, in addition to the fundamental reflection in TEM 

diffraction, extra reflections also known as forbidden reflections may be present. The 

intensity of such forbidden reflections can be directly used to quantify the ordering in the 

material. However, we have used the observation of forbidden reflections from TEM as 

qualitative analysis method to analyze the ordering in our samples which will be discussed 

in more detail in Chapter 3. The TEM can also be used in z-contrast imaging mode where 

scanning transmission electron microscopy (STEM) is incorporated. In STEM mode, a 

condensed beam is rastered across the sample surface and scattered electrons are collected 

in an annular detector. Note that in TEM mode the electrons transmit therefore higher Z-

Figure 2-21: TEM images of a 500 nm thick Si0.5Ge0.5/Si sample (a) BF image, (c) STEM 

image: Ge having a greater Z than Si therefore SiGe alloy appears as the lighter intensity 

due to increased high angle scattering, and (c) HRTEM image along with FFT image 

showing the Si lattice along a <110> ZA. 
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atoms or any change from regular lattice (due to strain) will give a dark contrast (electrons 

diffract) whereas in STEM mode contrast is opposite as only elastically scattered electrons 

at higher angle are collected by the annular detector to form an image, see Figure 2-21.  

Cross-sectional TEM (XTEM) samples were prepared via both focused ion beam (FIB) 

lift-out process as well as mechanical thinning, where dimple grinding was used followed 

by glancing incidence ion milling with 4 keV Ar+. The FIB lift-out process was used when 

a cross-section from any specific region of the wafer was required. The mechanical process 

of TEM sample preparation has been well described and documented by our group in the 

past.68,69 For FIB lift-out process, the scanning electron microscopy (SEM) images 

showing various stages of the sample preparation is given in Figure 2-22. FIB lift-out was 

performed at Evans Analytical Group (EAG) and Penn State University. 

Figure 2-22: SEM images of (a) patterned region from where a TEM cross-section is 

required, (b) 50 µm wide carbon strap is deposited to protect the patterned region on the 

surface, (c)-(e) sequential milling steps into the Si substrate to expose a sample for lift-out, 

and (f) thinned sample mounted to half grid for TEM. 
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Chapter 3:  Mono-layer scale chemically ordered Si1-xGex alloy 

As discussed in Chapter 1, chemical ordering in semiconductor alloys could modify 

transport properties with potential benefits to thermoelectric application. Initially, the main 

goal of this work was to grow chemically ordered Si1-xGex alloys and perform transport 

measurements to investigate the effects of ordering on transport. However, as we will 

discuss in this chapter, ordering was found both difficult to obtain and to characterize 

leading us to shift our goals to investigate the growth and ordering mechanism Si1-xGex 

alloys. Therefore, a parametric study was performed to study how strain, surface 

roughness, and growth parameters affect the order parameter during the alloy growth which 

will be discussed below.   

3.1 Ordering in Si1-xGex alloys 

Compositional ordering in Si1-xGex alloys was first reported by Ourmazd and Bean10, where 

they found additional ½(111) Bragg peaks in the TEM diffraction image of Si1-

xGex/Si(001) alloy layers. Presence of these weak ½(111) superlattice reflections was 

attributed to a doubling of the lattice periodicity along a <111> direction. Further, they also 

proposed that the ordering in these alloys was solely driven by substrate strain.  Since this 

reported observation of ordering in SiGe system, extensive work has been done towards 

resolving the specific ordered structure at the atomic scale and understanding the detailed 

ordering mechanisms.  

To explain the presence of half-order superlattice reflections, Ourmazd and Bean proposed 

that the ordered structure to be either RS1 or RS2 (RS = rhombohedral structure), see 

Figure 3-1. Martins, et al.,70 and Littlewood71 used lattice energy calculations to show that 

RS2 model is less favorable, and predicted the ordered structure to be RS1. However, 
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detailed experimental studies were found to support the existence of RS2 structure and not 

RS1 as predicted by theoretical calculations.12,72–75 (Note: There has been one reported 

observation of RS1 structure experimentally but their method of characterizing the ordered 

structure appears to introduce significant error and uncertainty.76) Tischler, et al.,74 did 

show from their detailed XRD study that the ordered structure is more accurately defined 

by a flexible RS3 structure. The RS3 structure is a generalized version of the (111) ordered 

phases that is parameterized to be a range of structures between RS1 and RS2. As both RS2 

and RS3 represent L11-like structure, with alternating {111} bilayers enriched in one or the 

other species with very close structural parameters, the ordered structure will simply be 

referred to as RS2 here. 

The experimental confirmations for the existence of RS2 structure were very interesting. 

Much of the work was then focused on the ordering mechanism, since ordering is generally 

not stable in the bulk, and to understand why RS2 ordering is preferred.      

Figure 3-1: Proposed rhombohedral structure (RS) models for the ordered structure in Si1-

xGex alloys: (a) RS1 model, (b) RS2 model and (c) RS3 model. View for all the ordered 

unit cell is along <110>. α,β and γ,δ represent Ge-rich and Si-rich sites, respectively.74 
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3.2 Ordering Mechanism 

Ourmazd and Bean proposed that the ordering is solely driven by substrate strain where 

annealing the alloy samples was found to improve the overall ordering.10 However, 

LeGoues, et al., with annealing experiments showed that annealing is not able to improve 

the ordering; in fact once the ordering is destroyed by high temperature processing further 

annealing is unable to restore it.72 Reported growth temperatures to foster ordering are 

below 550 ˚C, generally in the proximity of 400 ˚C.10–12,14,15,61,74 Kuan, et al.,13 Muller, et 

al.,11 and LeGoues, et al.,12,72 found that the ordering is not related to substrate strain and 

its existence is solely dependent upon the conditions of the dynamic growth surface. 

LeGoues, et al., found that the ordering in Si-Ge alloys occurred only on the 2x1 Si(001) 

reconstructed growth surface. No compositional ordering was found on SiGe alloys for 

growth on surfaces other than the 2x1 dimer-reconstructed Si(001) surface. Apart from 

Si(001) substrates, ordering has been reported for growth on Ge(001) substrates as well, 

further corroborating that the epitaxial strain does not drives the ordering process, since the 

sign of the strain changes for alloy growth on Ge vs. Si.15,61,76  

With all these observation and reports, it was concluded that the ordering in SiGe is 

metastable for the bulk of the alloy, and strictly results from surface growth kinetics 

occurring on the 2x1 reconstructed growth surfaces. Extensive work has been done to 

understand the mechanism of RS2 ordering observed in Si1-xGex alloys. However, to date 

there has been no convincing and direct evidence to support the proposed theoretical 

models for the origin of ordering. Here we will discuss two of the proposed mechanisms 

that supports the reported RS2 ordering found in SiGe alloy system; one by LeGoues, et 
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al.,72 and the other by Jesson, et al.,77 Both the mechanisms are based on surface properties 

during the growth and not related to bulk thermodynamics. 

The mechanism proposed by LeGoues, et al.,72 is based on trapping near-surface 

equilibrium configurations as the growth surface advances, see Figure 3-2. The 2x1 

reconstruction is associated with clean Si(001), Ge(001) and Si1-xGex (001) surfaces, where 

the recombination of dangling bonds results in surface dimer formation that introduces 

large, inhomogeneous strains underneath the surface. Kelires and Tersoff78 used Monte 

Carlo simulation to show that the strain associated with the dimer-reconstruction drives an 

oscillation of composition in the alloy up to the first four layers from the surface. This 

oscillation of composition can drive site-specific segregation of Si and Ge atoms. Si atoms 

being comparatively smaller, will migrate to sites under compressive stress while larger 

Ge atoms will migrate to sites under tensile stress.61,79 

Figure 3-2: (a) Cross-sectional view of a 2x1 dimer surface along a <110>. Surface dimers 

result in the strain underneath the surface resulting in sites under compression favoring Si 

occupancy, black circles, and sites under tension favoring Ge occupancy, white circles. (b) 

Proposed growth model by LeGoues, et al., where growth occurs by the motion of double 

steps in order to permit large domains along a single <111>. 72   
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On the other hand, the model proposed by Jesson, et al.,77 provides a detailed kinetic model, 

see Figure 3-3. As the ordering is associated with 2x1 reconstructed surface, a step-flow 

atomistic model was suggested at a type-DB bilayer step80 containing a kink acting as a 

sink for adatoms. The model requires that the growth surface is Ge-rich (all dimers are Ge) 

due to efficient surface segregation. To propagate the DB kink by one unit requires that four 

atoms, two Si and Ge, be added.  The two Si atoms attach at the intermediate (one 

monolayer up) sites.  During this attachment, the geometry is such that in one of these two 

sites, the Si has a driving force to place exchange with a Ge (the “atom pump”) to reduce 

dangling bond energy.  There is no benefit to a switch in the other site. The two Ge atoms 

then attach as a dimer on the upper step edge, representing ideal surface segregation. Any 

loss of efficiency in the segregation and pump mechanisms then leads to less than ideal 

Figure 3-3: Proposed growth model by Jesson, et al., with growth-induced compositional 

ordering by kink flow growth at DB steps. (a) Plan-view of a 2x1 dimer surface with kink 

where, A and B are surface dimers, and C to E represent rebonded edge atoms at the step 

edge. (b) to (e) shows how the growth takes place by the Ge-pump mechanism resulting 

in the ordered structure where α,β and γ,δ represent Ge-rich and Si-rich sites, respectively. 

White circles represent Ge atoms and black circles represent Si atoms.77 
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long range order, or even a different ordered structure whose structure factor provides a 

signature for the specific structure.  

It is very important to realize that both the ordering mechanisms above require the 

propagation of double-height steps during growth in order to establish long-range order. 

However, Araki, et al.,81 argued that the LeGoues model can also be explained with ML 

by ML growth model without requiring double-height steps, see Figure 3-4. Ordering in 

the Si-Ge system is not limited to thin films – ordering has also been reported in SiGe 

strain-induced 3D islands.82–86 The ordering in these self-assembled islands are different 

Figure 3-4: Surface stress induced ordering mechanism proposed by LeGoues, et al., and 

revised by Araki, et al., showing ML by ML growth process of the ordering 
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and are believed to be driven by strain under some specific facet orientations, but the 

mechanisms are even less understood than in films.  

Proper quantification of the order parameter in these SiGe alloys is very important for 

comparison work. Surprisingly, only a few papers have accurately and correctly quantified 

the order parameter in these alloys.61,74 In the following section we describe in detail how 

the order parameter was quantified for all the SiGe samples used here.  

3.3 Order Parameter Considerations 

An order parameter in a binary alloy is defined as S = (fA-FA)/(1-FA), where FA is the 

fraction of species A in the alloy and fA is the fraction of species A on the correct site.87 

The typical method of measuring an order parameter is to compare the ratio of the 

integrated peak intensities of a superlattice reflection to that of a fundamental reflection 

obtained, e.g., via XRD. The integrated intensity measured from XRD, depends upon 

various factors; based on kinematic diffraction theory the intensity of a reflection from the 

hkl reciprocal lattice point can be defined as74,88,89 

  3-1 

where I0 is the intensity of incident x-ray, re is the classical electron radius, λ is the x-ray 

wavelength, t is the film thickness, VUC is the volume of unit cell, µ is the linear absorption 

coefficient and Fhkl is the structure factor amplitude. We have explicitly incorporated 

another factor, vi, important either when multiple phases are present (e.g., disordered and 

ordered phases) or when multiple equivalent spatial variants of the ordered phase can 

occur.  The quantity vi is the fraction of the volume illuminated by the x-rays that 
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contributes to the hkl diffracted beam, and the index refers to the ith spatial variant. For 

L11-like ordering in a [001] epitaxial film, i=1-4, i.e., there are four spatial variants along 

the four unique <111> directions, see Figure 1-1.  For a typical system undergoing 

ordering, vi = 1 for a fundamental reflection, while for a superlattice reflection, vi ≤ 1 

represents the volume fraction of the ordered spatial variant. Typically, the order 

parameter, S, is determined by measuring the intensity ratio of a superlattice reflection 

(h’k’l’) to a fundamental reflection (hkl). For the superlattice reflection, we can explicitly 

write Fh’k’l’ = Sh’k’l’, where S is the order parameter, and h’k’l’ is a combination of atomic 

scattering factors evaluated at the appropriate value of sinh’k’l’/.  Then the ratio of 

intensities can be written as,87,89 

  3-2 

In Equation 3-2, the G’s contain the explicit angle-dependent factors in Equation 3-1, and 

it acknowledges that the volume of the primitive unit cell for the ordered phase need not 

be the same as the disordered phase. Then for simplicity, we lump all the known physical 

quantities inside the curly brackets into the parameter Q.  Solving for the order parameter, 

we get  

  3-3 

Many researchers who measure the ratio of superlattice-to-fundamental intensities quote 

the result as the true order parameter, S, when in fact it is the effective order parameter, Seff 

that they measure. For most experiments, it is difficult to separate the true order 
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parameter of the ordered region from the volume fraction that is ordered.  For 

example, an effective order parameter Seff = 0.5 could correspond to all the material having 

S = 0.5, or one quarter of the material having S = 1.  Thus one needs other information, 

e.g., whether the ordering transition is higher order, or else independent measurements of 

the volume fraction of ordered phase are required, e.g., by dark-field TEM.  In situations 

where a change in lattice symmetry accompanies ordering, it can be possible to measure 

both the true order parameter and the volume fraction of the ordered phase.90 

For all films analyzed here, the integrated intensity from the ½(111) reflection was used 

for the superlattice reflection. For the fundamental reflection both (111) and (333) 

integrated peak intensities were used to calculate the order parameter independently and 

averaged to reduce the peak fitting errors. This was especially useful for samples grown on 

Ge substrates, where the (111) reflections from the film and substrate have significant 

overlap, see Figure 3-5. Since these are single-crystal measurements, each choice of a 

Figure 3-5: ω-2θ scan for 100 nm thick Si0.5Ge0.5/ Ge(001), (a) (111) azimuth scan showing 

significant alloy peak overlapping with the substrate peak, and (b) (333) azimuth scan 

showing distinct alloy peak resulting in lesser peak-fitting errors. 
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superlattice-fundamental pair of reflections only characterizes ordering along one of the 

four equivalent <111> directions. 

The structure factor amplitudes were calculated from the RS2 model, consisting of 64 

atoms in a conventional (pseudo-cubic) unit cell. Figure 3-6, shows that good agreement is 

obtained between our calculated superlattice structure factor values with the Tischler, et. 

al.74, model. The normalized structure factor value used in Tischler, et al.,’s model has been 

rescaled for absolute scale comparison. Slight variation in the two calculations shown in 

Figure 3-6, is due to the different sources used for the atomic scattering factor during the 

structure factor calculation. The factors involved in the calculation of order parameter are 

Table 3-1: Factors involved in the calculation of order parameter. 
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tabulated in Table 3-1, where the intensity ratio between a superlattice and fundamental 

peak is compared. 

Since the order parameter should strongly affect both thermal and electronic transport, in 

this work we present a detailed parametric study of how strain, surface roughness, and 

growth parameters affect the order parameter during the epitaxial growth of Si1-xGex alloys. 

Our body of data leads to three key results that appear self-contradictory with regard to the 

role of steps in promoting enhanced ordering. 

3.4 Sample growth and Results 

Si1-xGex alloy thin films were grown on 2 in. diameter, 250 µm thick, undoped Si(001) and 

Ge(001) wafers. The epitaxial alloy films were grown in our custom, ultra-high vacuum 

(UHV), hyperthermal molecular beam epitaxy (MBE) system. Details on the MBE and the 

substrate cleaning process have already been discussed in Chapter 2. For all growths, Si 

and Ge sputter guns were calibrated to deposit Si1-xGex alloys with x = 50%. The post-

growth Ge composition (x) determined by XRD for all of the samples were found to be 

Figure 3-6: Computed structure factor amplitude comparison with that of the RS2 model 

by Tischler, et al., for the half-order superlattice reflections. 
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0.47<x<0.53 and will be referred to as nominal 50% alloy in this work. The Si0.5Ge0.5 alloy 

was grown on 3 different types of substrate: 

(i) Low-miscut Si(001) substrates,  

(ii) Low-miscut Ge(001) substrates, and 

(iii) Miscut Si(001) substrates. 

Here, the low-miscut substrate refers to a miscut of <0.1˚. For miscut substrates, miscut 

angles of ±1˚ and ±3˚ were used where the miscut direction was specified to be either 

towards <100> or <110>. All the growth substrates were purchased from “Virginia 

Semiconductor Inc.” where the specified miscut was within a tolerance of ± 0.1˚. This 

section provides the experimental results, organized by the results of (i) critical growth 

temperature, (ii) varying the deposition rates, (iii) domain orientation, size and symmetry, 

(iv) epitaxial strain and growth surface morphology, and (v) comparative MBE grown 

samples. 

3.4.1 Critical growth temperature 

The first series of samples prepared were 300nm thick Si0.5Ge0.5 alloys on low-miscut, 

Si(001) substrates, at growth temperatures: 350, 400, 450, 500 and 550 ˚C. For these 

samples, both the fundamental and superlattice intensities in XRD were found to exhibit a 

highly symmetric distribution of intensity amongst all the four orientation domains (i.e., 

the four unique <111> directions). Since the sample has low miscut, we assume that all 

four spatial ordering variants are equally likely.  In this case, vi = ¼, so that S = 2Seff, and 

hence we plot the “true” order parameter in Figure 3-7, determined by simple averaging of 

the intensities over all the four domains. Figure 3-7 shows the results for the dependence 

of ordering on growth temperature. A growth temperature of 400 ˚C exhibited maximum 
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S, where the overall ordering sharply decayed at higher growth temperatures. However, 

overall, the order parameters for these samples were low, with Smax = 0.16.  

The second series of samples prepared were 100 nm Si0.5Ge0.5 alloys on Si(001) high-

miscut substrates (miscut of ±3˚ from [001] towards the [100]). As the deliberate miscut 

on the growth surface breaks the crystal symmetry, the spatial ordered variants are no 

longer equivalent, so vi ≠ ¼. In such case, we cannot now separate the order parameter and 

the ordered-domain volume fraction. Therefore, we plot only the “effective” order 

parameter, Seff. The effective order parameter vs. the growth temperature for all the 4-

domains has been plotted in Figure 3-8 (a). The plot clearly shows that the ordering is 

maximum at 400 ˚C with the ordering better in two of the four domains; the asymmetry in 

the ordering for the four domains is due to the miscut.  

The third series of sample prepared were Si0.5Ge0.5 alloys on low-miscut Ge(001) substrates 

(miscut of <0.1˚). A SiGe alloy film grown on a Si(001) substrate is under compression 

due to lattice mismatch, whereas the same alloy grown on a Ge(001) substrate is under 

tension. Similar to the samples grown on Si(001) substrates, 400 ˚C was found to be 

Figure 3-7: Order parameter for 300 nm thick SiGe/Si samples grown at various 

temperatures. The 400˚C sample was grown several times to ensure repeatability. 
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optimal for observing the ordering in Ge(001) substrates. However, comparing to the 

samples grown on low-miscut Si(001), these samples had order parameters about twice as 

large at 400 ºC, as shown in Figure 3-8 (b). 

3.4.2 Deposition rate 

Jesson, et al., predicted that ordering could be sensitive to deposition rate.77 To explore 

this, 300 nm thick Si0.5Ge0.5 alloys were deposited on Si(001) substrate with deposition 

rates: 0.2, 0.5, 1 and 2 Å/sec. Since these samples were grown on low-miscut Si(001) 

substrates both the fundamental and superlattice intensities in XRD were found to exhibit 

a symmetric distribution of intensity amongst all four orientation domains. The results 

showed that there was a slight decay in order parameter as the deposition rate was 

increased, see Figure 3-9. Similar alloy samples were grown at a deposition rate of 1 Å/sec 

several times to test the repeatability and no significant changes were observed.   

Figure 3-8: (a) Effective order parameter (Seff) plotted against growth temperature for 

100nm Si0.5Ge0.5 on 3° miscut Si(001) substrate, and (b) True order parameter for 300 nm 

thick Si0.5Ge0.5/Si(001) and 100 nm thick Si0.5Ge0.5/Ge(001) 
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3.4.3 Domain orientation, size and symmetry 

XRD and TEM techniques were used to analyze the ordered samples for domain 

orientation, size and symmetry informations. For growth on low miscut Si(001) substrates, 

both the fundamental and superlattice intensities in XRD were found to exhibit a highly 

symmetric distribution of intensity amongst all the four orientation domains (i.e., the four 

unique <111> directions). It was very hard to extract any quantitative data from the XRD 

Figure 3-9: Order parameter vs Deposition rate for 100 nm thick Si0.5Ge0.5/Si(001) 

Figure 3-10: (a) TEM bright field cross-sectional image of a Si0.5Ge0.5 500 nm alloy on 

Si(001) low-miscut substrate (b) SAD pattern along [-1-10], and (c) SAD pattern along 

[-3-10] zone axis showing half-order superlattice diffraction spots. 
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regarding the domain size and volume other than symmetry as the superlattice peaks were 

too weak to perform quantitative analysis.  

A subset of samples was examined in XTEM. Although superlattice reflections were 

observable in selected area diffraction patterns (SAD), these were typically quite weak and 

difficult to record using a video-based detector, and hence were best imaged in thicker 

films.  Figure 3-10 shows the SAD pattern from a 500 nm Si0.5Ge0.5 film on Si(001) non-

miscut substrates along with its corresponding bright field (BF) micrograph.  

The <310> zone axis was found to produce higher superlattice intensities. Extensive 

threading dislocation content associated with strain relaxation is evident. TEM dark-field 

(DF) images were also taken for the sample shown in Figure 3-10, with half-order integral 

superlattice spots taken from <310> zone axis as they were brighter and easier to isolate 

with an objective apperture in diffraction space. A pair of equivalent superlattice spots were 

isolated successively and a DF image was recorded to compare and map the two possible 

domains, see Figure 3-11. It was hard to cleanly resolve the DF image due to weak 

superlattice intensity and high diffuse scattering. However, ½(-13-3) in part (a) and ½(1-

3-3)  in part (d) clealy lights up yielding the size of ordered domain in a range of 100-200 

nm wide, similar results has been reported by Jesson, et al.,14 The reason for choosing 

supperlattice peaks other than ½(111) was because of the size limitation of objective 

apperture in TEM. Further, the superlattice peaks are more widely spaced in a <310> ZA 

making it a lot more easier for the objective apperture to isolate the superlattice spot and 

record the DF image.  
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Figure 3-11: DF image taken by placing an OA over the corresponding superlattice peaks 

as labelled with [-3-10] ZA. The BF image of the sample is shown in Figure 3-10. 



83 

 

A high-resolution scanning TEM (HR-STEM) image was taken from 500 nm thick 

Si0.5Ge0.5/Ge(001) sample, see Figure 3-12. A close observation of the HR-STEM image 

taken from <110> ZA shows dark and bright bands corresponding to ordered atomic 

fringes with Si atoms as dark and Ge atom as bright band. A fast fourier transform (FFT) 

taken from the HRSTEM image clearly shows the ½(111) superlattice peaks. We were able 

to back track the ordered domain distribution and size by performing a reverse FFT to form 

Figure 3-12: (a) HRSTEM image for 500 nm thick Si0.5Ge0.5/Ge(001) along [110] ZA, (b) 

FFT image taken from the HRSTEM image, (c) Domain 1 (red) created by performing 

reverse FFT and taking ½(-11-1) and ½(1-11) superlattice spots, (d)  Domain 2 (green) 

created by performing reverse FFT and taking ½(-111) and ½(1-1-1) superlattice spots, (e) 

superimposed image of (c) and (d) 
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images from these half integral superlattice spots. The domain size was calculated to be in 

the range of 20-30 nm wide.  

For growth on miscut substrates the domain size and distribution will be governed by the 

degree of miscut and substrate symmetry. A series of samples was prepared with 100 nm 

Si0.5Ge0.5 thick alloys on Si(001) high-miscut substrates (miscut of ±3˚ from [001] towards 

the [100]). Miscut of the (001) substrates changes the step population on the growth 

surface, see Figure 3-13(a), and growth on the surface miscut towards [100] on the 

substrate broke the symmetry of the ordered domains along the four variants, see Figure 3-

13(b), suppressing two of the ordered variants. Note that Figure 3-13(b) plots the effective 

order parameter, Seff, since we cannot now separate the order parameter and the ordered-

domain volume fraction. Figure 3-13(b) also shows results from 100 nm Si0.5Ge0.5 alloys 

Figure 3-13: Miscut changes the step population on the growth surface; SN is the surface 

normal (b) Effective order parameter of all four ordered domains, for 100nm thick 

Si0.5Ge0.5 alloy on 3˚ miscut Si substrates. 
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on Si(001) substrates with a miscut of ±3˚ from [001] towards the [110] direction, where 

the ordered domain population is suppressed in only one of the variants due to symmetry.  

3.4.4 Epitaxial strain and growth surface morphology 

Due to lattice mismatch, a SiGe alloy film grown on a Si(001) substrate is under 

compression, whereas the same alloy grown on a Ge(001) substrate is under tension. As 

discussed in Section 3.4.1, the SiGe alloy grown on Ge(001) substrate had superior 

ordering compared to the alloys grown on Si(001). To study the strain state of the film and 

the effect of film thickness on overall ordering, 100, 300 and 500 nm thick Si0.5Ge0.5 films 

were grown on both Si(001) and Ge(001) low-miscut substrates at 400 °C. Figure 3-14 

shows a monotonic decrease in order parameter with film thickness for samples grown on 

Ge(001) substrates, whereas the thickness dependence is weakly non-monotonic for films 

grown on Si(001).  

 

Figure 3-14: Order parameter vs thickness for samples grown on low-miscut (miscut of 

<0.1˚) Si(001) and Ge(001) substrate. 
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AFM topography scans, along with corresponding local slope maps (slope with respect to 

(001) surface), are shown in Figure 3-15, comparing the morphology of 100, 300 and 500 

nm thick Si0.5Ge0.5 samples grown on low-miscut Si(001) and Ge(001) substrates. The 100 

nm thick sample grown on Ge(001) substrates was quite smooth with extended (001) 

terraces separated by slip traces along <110> in-plane directions. At larger thicknesses, 

shallow growth mounds form, with local surface angles less than 3º off (001), presumably 

due to the presence of Ehrlich-Schwoebel barriers.91 Samples grown on Si(001) substrates 

showed the development of {105}-faceted, quasi-pyramidal islands that form to relieve 

elastic and surface energy.26,27  However, the 500 nm thick film on Si has smoothed, as 

extensive strain relaxation due to misfit dislocations removes the driving force for {105} 

island formation, see Figure 3-16 (a). More details on the slope maps, and 2D slope 

distribution plots of the AFM images shown in Figure 3-15, are given in Appendix 3. The 

samples in this series were also characterized by XRD for their macroscopic strain state. 

Figure 3-15: AFM micrographs and local area slope images showing the morphology of 

Si0.5Ge0.5 (a) 100 nm, (b) 300 nm, (c) 500 nm thick alloy films grown on Ge(001) substrate 

and (d) 100 nm, (e) 300 nm, (f) 500 nm thick alloys on Si(001) substrate. (g) Color bar 

indicates the local slope in degrees. 
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The results show decreasing residual strain with increasing thickness for both SiGe/Si and 

SiGe/Ge due to the introduction of misfit dislocations, see Figure 3-16 (b). 

3.4.5 Comparative MBE grown samples 

We performed a comparative study with 300 nm thick Si0.5Ge0.5/Si(001) alloys grown by a 

conventional Riber MBE (IM2NP-France, courtesy of Dr. Isabel Berbezier) at growth 

temperatures: 400, 450, 500 and 550 ˚C. Figure 3-17 shows a plot comparing the order 

parameter between the two series of sample grown with a different MBE setup. Similar to 

the temperature varied samples grown on low-miscut Si(001) substrate, see Section 3.4.1, 

these samples also exhibited a highly symmetric distribution of intensity amongst all the 

four orientation domains. Similar to the samples grown in the UVa MBE, for Riber MBE 

a growth temperature of 400 ˚C exhibited maximum S, where the overall ordering sharply 

decayed at higher growth temperatures, with Smax = 0.13. 

Figure 3-16: (a) Order parameter vs surface roughness, (b) order parameter vs residual 

strain; labels 1,3 and 5 refer to 100 nm, 300 nm and 500 nm thick alloy, respectively. A 

residual strain of 50% means that half the initial mismatch strain has been relaxed. 
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3.5 Discussion 

We have explored the propensity towards metastable chemical ordering in Si0.5Ge0.5 alloys 

during MBE growth, over a broad range of conditions. In all cases examined here, the order 

parameter we obtained has never exceeded S = 0.24, hence ordering is limited. For the 

most part, these order parameters are consistent with the literature, although it must be 

noted that while many studies have shown evidence of ordering by the presence of 

superlattice reflections, few have accurately and correctly quantified S. Significantly 

higher order parameters were reported for very thin SiGe alloy films (up to S = 0.71 at 5 

nm thickness) based on in situ x-ray surface diffraction measurements.61 An order 

parameter of 0.64 was claimed in a standard XRD analysis of 500 nm thick Si0.5Ge0.5 films 

grown at 390 ºC, but details on the calculation were not provided.79 A thorough 

characterization of order parameter was performed by Tischler, et al.74, who obtained S = 

0.28 for a 300 nm thick Si0.5Ge0.5 film grown on Si(001) at 400 ºC by MBE. It does not 

appear Tischler, et al., considered the volume-fraction effect of multiple domains as 

Figure 3-17: Order parameter for 300 nm thick SiGe/Si samples grown at various 

temperatures with two different MBE setups. 
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embodied in Equation (3-3) here, hence we have doubled their reported value of S = 0.14. 

Our film grown under nominally identical conditions to theirs only exhibits S = 0.16. Our 

MBE uses UHV magnetron sputtering, so it is possible that a small fraction of energetic 

species could create surface damage that affects diffusion-related mechanisms, or the 

surface reconstruction itself, thereby affecting ordering kinetics. However, we did compare 

with Si0.5Ge0.5/Si(001) alloys grown by a conventional Riber MBE via evaporation, under 

otherwise identical conditions, and found that material had similar, or slightly lower, values 

of S, see Section 3.4.5. And, since we are able to obtain higher order parameters on Ge 

substrates, bombardment effects cannot be entirely limiting.  

There are three key observations from our results that are non-trivial to reconcile against 

one another: 

1. The highest order parameters were obtained for SiGe growths on Ge(001), especially 

in the thinnest film, which is extremely smooth, and then ordering rapidly decays as 

surface roughening, and thus surface step density, simultaneously increases with film 

thickness. Is ordering reduced by high step density? 

2. For SiGe growths on low-miscut Si(001), the order parameter is only half the maximum 

value observed for growth on Ge.  Furthermore, ordering persists, and the order 

parameter is roughly constant as a function of film thickness, despite a relatively 

extreme evolution of the surface morphology to form {105}-faceted islands, with little 

exposed (001) terrace, followed by development of much shallower mounds as the 

strain relaxes. Is ordering insensitive to high step density? 

3. For SiGe growth on high-miscut Si(001), the RMS order parameter is the same as for 

low-miscut Si, but the distribution of ordering amongst the four spatial ordering 
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variants is clearly modified in a way consistent with changes in density of specific steps 

with miscut angle and direction (more on this below). Is ordering enhanced by high 

step density? 

Steps, particularly double-height DB steps, are thought to play a significant role in 

establishing long-range, uniaxial ordering in SiGe. Clearly, our results provide a 

contradictory picture on the role of steps. For SiGe films grown on Ge substrates, it is clear 

that order parameter is the highest in thinner SiGe films, where growth takes place on large, 

extremely smooth (001) terraces, having RMS roughness of only 0.13 nm for the 100 nm 

thick film. This clearly indicates that large step densities are not required a priori, and it 

seems unlikely that double-height steps are present to a significant degree. The lack of DB 

steps, while still obtaining significant order, are qualitatively consistent with findings by 

Cahill.61  

As the film surface roughens with increased film thickness during growth on Ge (001), the 

order parameter goes down as the step density increases. However, we suggest that this is 

not due to the roughening per se, but is related to shearing-induced disorder with 

progressive strain relaxation. It is straightforward to show that four of the eight active 

½<110>/{111} slip systems will shear any particular ordered domain to produce an anti-

phase boundary (APB).  For a film that is 50% relaxed, the mean dislocation spacing is D 

= be/0.01 = 19 nm, where be is the in-plane edge component of the burgers vector for a 60o 

misfit dislocation. For 90% relaxation, the spacing decreases to 11 nm. This increase in 

APB density should correlate with the misfit dislocation density, and this will broaden the 

superlattice reflection in x-ray diffraction. Using an expression from Lutterotti and 

Gialanella92, the angular broadening of the ½(111) reflection associated with APBs is 
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estimated to be 0.95º for 11 nm APB spacing. They quantified how the x-ray order 

parameter decreased with increasing deformation in ordered Ni3Al alloys, and the degree 

of disordering is consistent with our observations here. Growth of the same alloys on 

Si(001) produces less ordering than on Ge substrates. Growth on Si also lead to more facile 

strain relaxation – Figure 3-16 (b) shows that at only 100 nm, the alloy is already 79% 

relaxed, vs. 50% relaxation for 100 nm SiGe on Ge. This is consistent with shearing-

induced disorder.  

The key role of steps in promoting ordering is strongly suggested by the results for high-

miscut samples shown in Figure 3-13. The particular ordering variants that are suppressed 

by the miscuts towards [100] and [110] are consistent with geometrically-necessary 

changes in the relative step population. It is useful to compare the average degree of order 

across the variants for growth on low- and high-miscut Si substrates.  Since the volume 

fractions are unknown a priori, however, we cannot compute the volume-weighted 

average.  This can be avoided by using the root-mean-square average, SRMS = <S2>1/2, 

where, using Equation 3-3, we get 

  3-4 

We find that SRMS is essentially identical for the low- and high-miscut samples. This can 

be interpreted as the changes in step density associated with deliberate miscut do not 

change the actual degree of order (Si), but they do bias the relative volume fractions of the 

ordered variant domains. Nonetheless, changes in the relative volume fractions during the 

growth on miscut wafers shows that step edges do influence the ordering process. 
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We also verified that changes in ordering on the different <111> variants is not produced 

by changes in dislocation activity as a result of symmetry-breaking, induced by the miscut, 

of the relevant slip systems. For all eight active slip systems, we calculated the resolved 

shear stress on each by rotating the biaxial stress tensor, defined in the reference axes of 

the miscut substrate, onto a new reference frame defined by the burgers vector + slip plane 

normal.93 We find that there are offsetting increases and decreases of the resolved shear 

stress, of order ±5% of the value for a non-miscut system. First, the effect is clearly small, 

and second, the offsetting changes suggest that there will not be an enhanced APB density 

on any specific ordered variant. 

The results for growth on low-miscut Si may be the hardest to understand. As the film 

thickens, the surface evolves from a planar wetting layer, through {105}-faceted pyramidal 

islands with very little exposed (001), and then to irregular mounds as misfit dislocations 

relax the elastic energy responsible for the faceted islands. Throughout this process, 

ordering persists, and the order parameter is essentially unchanged. The {105} facet in its 

fully-rebonded, minimum energy state94, cannot be thought of as being narrow sections of 

(001) terrace bound by a high step density. Hence it is not clear why L11-like ordering 

would occur on a true {105} facet. However, we observe nominal {105} facets in films 

with relatively low strains due both to the alloy composition  (vis-à-vis pure Ge islands 

where the facets are best studies) and due to the extensive strain relaxation from misfit 

dislocations. Under these conditions, and at these relatively low growth temperatures, it is 

quite possible that the {105} island faces are not fully rebonded, therefore retaining some 

aspects of the 2x1 reconstructed surface structure that continues to facilitate ordering via 

the mechanisms discussed above. An alternative possibility is that the atomic relaxations 
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underneath the {105} surface are similar to those under the (001)-2x1, promoting similar 

atomic incorporation biases as discussed by Tersoff, et al.72,78 To the best of our knowledge, 

this has not been examined in the literature.   

3.6 Summary 

We have performed a parametric study for the heteroepitaxial growth of Si0.5Ge0.5 alloy by 

MBE on Si(001) and Ge(001) substrates, to gain better insight into the growth factors 

affecting the order parameter of these alloys. Key results include: 

 The effect of equivalent spatial ordering variants on the calculated order parameter was 

explicitly considered here. Our expression for the diffracted intensity in a superlattice 

reflection explicitly accounts for the volume fractions of each variant. This can have a 

large effect on the reported value of S.   

 The observed order parameter never exceeded S = 0.24 across a range of growth 

temperatures, film thicknesses, substrate miscuts, and substrate types (Si vs. Ge). Claims 

in the literature of much higher order parameters could not be reproduced here, despite a 

survey over multiple growth parameters suggested to be important to ordering in the 

literature, and this was true in a conventional MBE as well as in our sputtering-based 

MBE. We feel this may be due to inaccurate calculations of the order parameter in the 

relatively few works where quantification was performed. 

 Smoother films, with extensive (001) terrace, led to the highest degree of order, and the 

order parameter subsequently decayed as surface step density increased with increasing 

film thickness.  

 The sign and magnitude of the strain was not directly important to ordering, other than 

for helping determine the evolution of the surface roughness and strain relaxation. Strain 
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relaxation is believed to reduce the order parameter when the degree of relaxation is large, 

by shearing of ordered variants by misfit dislocations to create APBs.  

 Ordering persists, albeit at low order parameters, during extensive roughening and even 

nominal {105} faceting. Persistent L11 ordering is hard to understand based on models 

suggesting that the 2x1 reconstructed Si (001) surface is crucial to the development of 

order. One possible explanation is that the {105} facets are not fully rebounded at these 

growth conditions, which would lead to local regions of step configurations similar to 

those on the 2x1 surface.  

 The experimental results presented here are not able to entirely distinguish the dominant 

ordering mechanism between the proposed theoretical models. However, growth on 

deliberately miscut substrates did not change the average order parameter, but did change 

the relative volume fraction of the ordered spatial variants. This indicates that step 

configurations on the growth surface do play a role in long-range order. 

 Finally, previous calculations on how ordering affects thermal transport suggest that 

much higher order parameters are required in order to obtain a significant effect.16  
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Chapter 4:  Directed self-assembly of Si1-xGex QDs 

As discussed in Chapter 1, a quantum dot mesocrystal (QDMC) is a highly ordered 3D 

array of QDs epitaxially embedded in a matrix material with a potential to tailor the 

electronic structure and ultimately generate useful new properties. For the successful 

growth of such a meso-scale structure, the initial underlying 2D template or the substrate 

pattern morphology plays a critical role. Growth of QDs on templated surfaces allows us 

to achieve not only spatial ordering but also morphological ordering. Various lithographic 

techniques are required to create such 2D templates on the growth surface to predefine 

nucleation sites to yield high degree of QD uniformity and ordering essential for a QDMC. 

In this dissertation, we present a detailed investigation of the QD evolution on patterned Si 

(001) substrates as a function of various growth parameters and the pattern-related 

variables. Multilayer growth to form QDMCs is not covered here however, the work serves 

as a core foundation to the ongoing efforts in our group for the QDMC growth along with 

its electronic and thermal transport measurements. In this chapter, we will review the key 

literature and discuss the science of directed self-assembly of heteroepitaxial QDs.  

4.1 Introduction 

Coherently strained Si1-xGex QDs that self-assemble during epitaxial growth on Si(001) 

exhibit a broad size distribution and spatial disorder.26,27 Figure 4-1 shows the AFM image 

of such randomly self-assembled QD structures grown on a non-patterned Si(001) 

substrate. For potential device applications, control over absolute size as well as position 

of these dots are required. The basic approach to homogenize the size and position of QDs 

can be realized through subsequent multilayer growth. The concept is schematically 

illustrated in  Figure 4-2. Si1-xGex QDs self-assemble on Si (001) via the S-K growth mode 
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of WL followed by formation of coherently-strained islands. If a Si layer is overgrown on 

the QDs, and another layer of Si1-xGex is then deposited, the 2nd layer of dots will tend to 

align above the first layer due to the inhomogeneous strain distribution present on the 

surface of a sufficiently thin Si interlayer.95 Repetition of this process leads to vertically-

aligned, but laterally random, QD structures called quantum dot superlattices (QDSL’s), 

see Figure 4-2(c). However, if the QDs could be periodically arranged in the very first layer 

by creating surface templates, the first layer of laterally ordered QDs can then be used as 

2D seed “crystals” that can be propagated into the third dimension through subsequent 

multilayer growth. Such a highly ordered array of QDs in 3D is called a quantum dot 

mesocrystal (QDMC), see Figure 4-2(d). 

The only reported 3D QDMC arising from intrinsic self-assembly is for the PbSe/PbEuTe 

superlattice material system, where elastic anisotropies drive the 3D alignment of PbSe 

quantum dots into mesocrystals.96 For the Group IV and III-V systems, directed self-

assembly is required to produce QDMCs. The very first demonstration of lateral ordering 

Figure 4-1: AFM image showing Si0.5Ge0.5 QDs nucleating randomly on a Si(001) 

substrate: (a) 3D perspective view, (b) topography image, and (c) local area slope image 

outlining the facets of quasi-pyramidal and dome morphology. 
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in SiGe system was performed without any lithographic techniques where miscut Si(001) 

substrates were used to direct the self-assembly of QDs on the step edges.97,98 However, 

lithographic techniques are required to create templates on the growth surface to predefine 

nucleation sites to yield a high degree of QD uniformity and ordering.  

As described by Shchukin et al.,99 there are five classes of ordered nanopatterns or 

nanostructures where the periodic structures influence the surface chemical potential to 

drive the QD growth/ordering process, see Figure 4-3. Our approach in this work best fits 

with obtaining the ordered nanostructures as shown in Figure 4-3(c) and eventually a 

QDMC as shown in Figure 4-3(e). 

Figure 4-2: (a) Single layer of S-K Ge QDs, capped with Si, but randomly oriented in-

plane. (b) A second layer aligns to the first via propagated strain fields on the Si cap 

surface. (c) Repeating the Ge/Si growth sequence leads to a QDSL. (d) If the first layer of 

Ge QDs are made to be 2D periodic, then subsequent Ge/Si layering leads to a QDMC 

Figure 4-3: Various classes of ordered nanostructures: (a) periodically faceted surfaces; (b) 

surface structures of planar domains; (c) ordered array of coherently strained islands; (d) 

cross-sectional scheme of a multisheet array of 2D islands; (e) cross-sectional scheme of a 

multisheet array of 3D islands (QDMC).99 
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In order to modify the growth substrate to create a 2D template for directing the self-

assembly process of QDs, various lithographic techniques like electron-beam lithography 

(EBL)100, ion-beam lithography101–103 and extreme ultraviolet interference lithography 

(EUV-IL)24,104 can be used to create variety of 2D surface templates like pits104–106, stripe 

arrays107–109, buried stressor (strain field modulation of the growth surface)110 and oxide 

windows111, see Figure 4-4.  

As shown in Figure 4-4, creating 2D templates via lithographic approach is an effective 

method to direct the self-assembly of QDs where these QDs are localized at the edges or 

in the patterns. However, fundamental understanding of the effects of surface modification 

on the QD evolution is a necessity in order to successfully produce patterns with higher dot 

Figure 4-4: (a) QDs ordering along <100> near the edges of a lithographically defined 

Si(001) plateau107, (b) QDs aligned along a <110> oriented ridges of the Si strip mesas108, 

(c) trench formation on the substrate resulting in the strain field modulation to direct QD 

formation on a flat top surface110, (d) QDs nucleating inside the pits of a pit-patterned 

substrate yielding highly ordered dots143.  
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density and tunable inter-dot spacing. In the next section, we will discuss the science of 

QD localization and formation on patterned substrates. 

4.2 Surface chemical potential: 2D template 

The evolution of SiGe QDs on a flat Si(001) surface was described in Chapter 1, where the 

strain induced QDs are formed via surface diffusion of adatoms. When a flat Si(001) 

surface is modified to form a pit, the chemical potential of the surface will also be modified. 

Therefore, a proper understanding of the surface thermodynamics which rules the surface 

diffusion on a modified surface is needed. For a modified surface, the surface free energy 

is influenced where the chemical potential can be described by33,112 

Figure 4-5: Schematic of a pit profile with top (t), bottom (b) and sidewall (s). Due to 

the curvature, the chemical potential is minima at the pit-bottom(µt> µs> µb).
144 
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 µ(𝑟) = µ0 +  Ωγk(r) + ΩE𝑒𝑙(𝑟), 
4-1 

where µ0 is the chemical potential of the planar surface, γ is the orientation dependent 

surface energy, Ω is the atomic volume, Eel(r) is the elastic energy density computed on 

the film free surface and k(r) is the local curvature at the position r on the surface. The 

second term in Equation 4-1 describes the energetic cost of an increase in the surface area 

due to local surface curvature and the third term describes the effect of strain relaxation 

associated with surface curvatures. For a patterned surface with a profile as shown in 

Figure 4-5, the capillarity forces will always try to flatten/ smoothen the surface by driving 

the mass transfer towards the pit bottom. However, during the QD self-assembly process 

if capillary forces were the only driving force the patterned substrate would result in 

flattening which is not the case as shown in Figure 4-4. QDs are strain induced structures, 

thus strain relaxation must play an important role during their evolution. The third term in 

Equation 4-1 incorporates the effect of strain relaxation. And the strain relaxation favors 

the mass diffusion towards concave region (top of the ridge) as compressed SiGe layer can 

stretch out more easily on a concave region. Therefore, the balance between surface energy 

and strain relaxation along with the pattern geometry plays a key role during the growth 

and localization of QDs. Numerous theoretical and experimental works have been 

published to understand the growth science.  
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4.3 Growth on patterned substrates 

Lithographic processes have been very successful in directing the self-assembly of QDs to 

produce highly ordered arrays. Grydlik, et al.,105 outlined important parameters influencing 

the growth of ordered QDs on a pit-patterned Si(001) substrates including: pit morphology, 

deposition rate and volume, growth temperature, pattern period, buffer layer growth and 

film composition. The pattern pitch for their experimental study ranged from 400 – 3400 

nm where high quality arrays of dots nucleated within the pits, see Figure 4-6. The initial 

Figure 4-6: AFM images in derivative mode showing the results for 3 ML of Ge deposited 

on a pit-patterned Si(001) substrate at 700 °C with various pitch (λp) ranging 425 nm – 

3400 nm.105  
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pit shape and size along with the combination of Si buffer layer growth conditions were 

found to be critical in defining the QD nucleation sites.  

Grydlik, et al., in their work also found Ge QDs nucleating inside shallow pits (pit-sidewall 

inclination angle <30°) but for pits with higher inclination angle, dots were observed to 

localize at the edges, see Figure 4-7. Vastola, et al.,113,114 used elastic theory and finite 

Figure 4-7: Local area slope images for a single pit comparing the position/ localization of 

QDs relative to the pit-sidewall angle(αpit). QDs were observed to localize at the edges for 

αpit > 30°.105 

Figure 4-8: (a) Elastic energy density (ρ) vs pit inclination angle (α) plot, ρ is normalized 

to the energy density of Ge dome on a flat surface. Elastic energy maps for domes with (a) 

α = 0° (flat surface), (b) α = 20°, and (c) α = 60°.113 
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element analysis (FEA) model to correlate the strain relaxation of QDs and pit-sidewall 

inclination angle. Their theoretical results show that surface-minimization and elastic 

relaxation are the driving force for dots to nucleate inside the shallow pits such that the 

dots are more strain relaxed inside the shallow pit compared to growth on a flat (001) 

surface, see Figure 4-8. Schulli, et al.,115 verified this experimentally using precision x-ray 

diffraction showing that dots inside the pits are more strain relaxed compared to dots on a 

flat (001) surface.  

For QD growth on pattern periodicities ranging from 35 - 100 nm, Dais, et al.,104,116,117 have 

reported the QDs to nucleate in the patterned pits, see Figure 4-9. For their growth, the 

substrates were patterned with extreme ultraviolet interference lithography (EUV-IL) 

yielding 49x49 nm, 42x42 nm and 35x35 nm pit patterns over an area of 25x25 µm2. For 

their growth, a 10nm thick Si buffer layer was deposited at 350 °C followed by a 5 ML Ge 

at 540 °C which resulted in the nucleation of dots inside the pits. The cross-sectional 

scanning transmission electron microscopy (STEM) image for multilayer growth, with 

alternate stacking of 5 nm of Si spacer layers and 4 ML Ge dots at 560 °C, clearly shows 

that QDs are forming inside the pits, see Figure 4-9(b).  

Figure 4-9: (a) 1x1 µm2 AFM image of the top layer of QDMC with lateral period of 49 

nm. (b) Cross-section STEM image of the sample shown in (a).116 



104 

 

Recently, our group (C. Duska) has successfully demonstrated patterned growth of QDs 

with lateral periodicities down to 50 nm, see Figure 4-10.102 The Si surface was patterned 

using focused ion beam (FIB) and defect selective etching, resulting in a continuously 

height-modulated, “egg-carton” growth surface morphology. After the growth of QD 

arrays at 450 °C, the underlying surface template was examined by etching the Ge QD 

layer in warm water, which does not etch the Si. The direct 1-to-1 comparison of quantum 

dot and their growth sites indicated that Ge QDs preferentially nucleate in the crown 

regions unlike pit-nucleation for the similar pattern periodicity as observed by Dias, et al., 

see Figure 4-10. Similar observation of island nucleating in crown regions of pit-patterns 

has also been reported by other groups where the crown nucleation was observed to depend 

strongly on the growth temperature, see Figure 4-11.101  

As QDs grow via the S-K growth mode, the wetting layer should definitely play a key role 

in directing the nucleation sites. Zhang, et al.,118 using selective etching experiments 

showed that islands form inside the pits before the WL reaches the critical thickness on the 

planar parts in between the pits. At finer lengthscales, when adjacent pit edges approach 

each other, the growth surface can no longer be viewed as discrete pits surrounded by flat 

Figure 4-10: AFM data for 50 nm pitch pattern showing (a) Ge QDs and (b) same region 

of Si surface after Ge was etched off. (c) AFM linescans from the Ge QDs (blue) and Si 

surface (black) after etching Ge QDs. 
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(001) terraces but becomes a continuously height modulated, quasi-sinusoidal profile. 

Theoretical studies suggest that interactions between the substrate pattern wavelength and 

the intrinsic roughening wavelength becomes important for such profiles during the early 

stages of QD self-assembly process. Hu et al.119, using a relatively simple 2D theoretical 

model for a sawtooth-patterned substrate, showed that strain relaxation directs island 

nucleation to the trough (pit-bottom) but in the presence of large surface energy anisotropy, 

nucleation at both the trough and the crest are equally favorable. In contrast, the Monte-

Carlo simulation approach of Pascale et al.101 predicts the existence of an equilibrium 

configuration with islands nucleating in terraces in between the pits. Yang, et al.,112 

calculated the local chemical potential on patterned surface (ridges) and outlined that a 

local minimum exists at the crown region (concave) accounting to strain relaxation. To 

address the role of the WL, Vastola et al.113, from their theoretical model indicated that WL 

is highly relaxed near the pit edge (depending upon the pit inclination angle), which could 

Figure 4-11: 2.5 x 2.5 µm2 AFM image showing the results for 1.4 nm of Ge deposited on 

patterned Si(001) substrate at different growth temperatures (Tgrowth). (a) Tgrowth = 750 °C 

with pitch = 150 nm (inset shows the higher magnification image of 3 QDs localized on 

crown region), (b) Tgrowth = 750 °C with pitch = 350 nm, and (c) Tgrowth = 550 °C with pitch 

= 150 nm showing QDs nucleating only in the pits.101 
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result in extended residence time of diffusing atoms at the edge, therefore, increasing the 

probability of island nucleation at the edge instead of inside the pit.  

A recent continuum analysis by Aqua and Xu39,120 for strain-induced roughening, occurring 

specifically on a sinusoidal patterned surface, predicts a phase space for the preferred 

locations of QDs, see Figure 4-12. In the phase space plot, the abscissa is the ratio of the 

template wavelength to the ATGS wavelength, while the ordinate is the ratio of the film 

thickness to the critical wetting layer thickness (generally 3-4ML for pure Ge on Si(001)29). 

The model incorporates surface diffusion, anisotropic surface energy, surface chemical 

potential variations due to local elastic fields that vary along with local morphology, and 

the effects of the wetting layer. The model predicts a small region (“top”) in their phase 

space where the localization of QDs occur at the crowns, provided that the film thickness 

is slightly larger than the critical wetting layer thickness and the substrate pattern 

wavelength is 1.2-3.3 times that of the instability wavelength. For large thickness, 

nucleation in the valleys (“bottom”) is predicted. For template wavelengths less than λATGS, 

Figure 4-12: (a) λη is the artificial wavelength imposed by pattern and λATGS is the intrinsic 

wavelength. (b) Phase space for growth location of Ge QDs on a quasi-sinusoidal pattern, 

H is the film thickness and Hc is the wetting layer thickness.39,120 
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Ge is predicted to simply fill the valleys like water filling a cup (“bottom stable”), without 

higher angle surface facets.    

Basically, the Aqua model predicts the island nucleation position based on the interaction 

between intrinsic lengthscales vs artificially imposed lengthscales (imposed by pattern) and 

surprisingly few experimental studies have directly addressed the effect of interaction 

between the pattern wavelength and λATGS. Here, in this dissertation work, we will analyze 

the results of our systematic experimental study of island positioning as a function of λATGS 

on a modified surface with artificially imposed wavelength (λη) of the pattern to validate 

the Aqua model.  
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Chapter 5:  Directed self-assembly of Si1-xGex QDs: 2D template 

development 

As discussed in previous chapter, there are various lithographic techniques to pattern the 

growth substrate in order to direct the self-assembly process of QDs. In this Chapter, we 

discuss FIB- and EBL-based patterning approaches for creating the 2D pit-patterned 

templates. EBL was ultimately found to produce excellent and highly controllable patterns 

with good crystalline quality after the Si buffer growth. 

5.1 Preliminary work on FIB based patterning approach 

To generate templates for patterning the QDs, we first investigated the use of a Ga+ FIB- 

to develop patterns on Si (001) substrates. The FIB was an FEI Helios 650 located at the 

NIST NanoFab. The workflow developed for FIB patterning was: (i) Use the FIB to write 

a pattern of defect sites by bombarding with a focused beam of 30 KV Ga+ ions on Si (001), 

(ii) Use wet chemical etching to clean and selectively etch the defect sites creating nanopit-

patterns and (iii) deposit Ge and Si on the patterned substrate in MBE.  This technique was 

developed in prior work in our group under separate funding, and the results initially 

seemed encouraging.121 However, results obtained at the end of that project led us to 

question whether directed self-assembly of Ge QDs was not actually driven by the imposed 

morphological pattern. Transmission electron microscopy results suggested that in at least 

some instances, residual crystal damage at the FIB sites, coupled with the highly 

constrained thermal budget during MBE cleaning and Ge growth (in order to preserve the 

fine-scale pattern), may have been the primary bias dictating Ge diffusion and QD site 

selection.121  Although QD patterning did occur, the incorporated damage made it difficult 
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to subsequently cap the QDs and propagate into the 3rd dimension so as to form the quantum 

dot mesocrystal (QDMC). As a result, in the initial experimentation for this project, we re-

examined the process flow, particularly to examine whether the use of higher process 

temperatures would eliminate defectivity while retaining a surface morphological pattern. 

Using FIB, we patterned Si (001) substrates with a range of Ga+ ion doses and energies 

with 50 nm and 100 nm pitch (pattern periodicity). Initially, the patterned substrates 

underwent standard chemical etch/clean with dip in buffered HF as final step to allow low 

temperature processing in MBE. Preliminary data suggested that for low temperature (less 

than 550 °C) cleaning process, routinely obtaining a clean surface was very challenging. 

Figure 5-1 shows on-pattern AFM scans from patterns processed at low temperature, 

Figure 5-1: Topographic AFM images of 30kV energy Ga+ ion patterns for various ion 

dose with 8ML Ge (no Si buffer). (a) 20K ions/site with 100 nm pitch, (b) 10K ions/site 

with 100nm pitch, (c) 5K ions/site with 100nm pitch, (d) 3K ions/site with 100nm pitch, 

(e) 2K ions/site with 100nm pitch, (f) off-pattern region 
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created with 30 KV Ga+ ions. Even though the patterns were well preserved during low 

temperature process cycle the results for 8ML Ge growth (450 °C) on the pattern suggested 

that good epitaxial growth was very challenging. Therefore, we started exploring regular 

high temperature (~800 °C) process to clean the patterned wafer prior to the deposition of 

Ge.     

During high-temperature cleaning prior to insertion into the MBE, the passive SiOx layer 

created by ex situ chemical cleaning process was desorbed in situ at 800˚C after an 

overnight temperature ramp, plus 5 hr. prebake at 600 ˚C. The substrate was then cooled 

to desired temperature for Si buffer layer growth followed by Ge deposition. Figure 5-2 

shows on-pattern AFM scans from patterns created with 30 kV Ga+ ions. The patterned 

substrate underwent an oxide desorption at 800 ºC followed by growth of 8 ML of Ge at 

Figure 5-2: Topographic AFM images of 30kV energy Ga+ ion patterns for various ion 

dose. (a) 5K ions/site with 50 nm pitch and 20K ions/site with 100nm pitch, (b) 10K 

ions/site with 100nm pitch, (c) 5K ions/site with 100nm pitch, (d) 3K ions/site with 100nm 

pitch, (e) 2K ions/site with 100nm pitch, (f) 1K ions/site with 100nm pitch 
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450 °C. Ion doses were varied in each pattern site as shown. The pattern with 50 nm pitch 

was macroscopically etched during the wet-chemical treatment, see Figure 5-2(a). The 

macroscopic etching, wherein the entire FIB pattern is etched away by the cleaning process, 

leaving a broad valley, is the result of the overlapping of defect cascade regions during the 

FIB process.  Reducing the ion energy from 30kV to 8 kV could help reduce this effect, 

however, our preliminary data shows little or no pattern preservation for 8kV patterns, see 

Figure 5-3. The best pit-pattern observed was formed at 30 kV with 5000 ions/site dose 

and 100 nm pitch, see Figure 5-2(c). The overall QD pattering was quite poor with dots 

mostly observed to nucleate randomly with no preference in site-selection especially for 

the pit-bottom as reported in literature. One possible reason for Ge to avoid the pits could 

be due to the defected sites at the bottom of pits from FIB process.  

From the standpoint of both epitaxial growth and electronic properties, it is desirable to 

grow a Si buffer on the patterned substrate surface. This must retain the underlying 

morphology while presenting a growth surface with excellent crystalline quality for QD 

self-assembly. We investigated the effect of Si buffer layer growth at different 

Figure 5-3: Topographic AFM images of 8kV energy Ga+ ion patterns with (a) 5K ions/site 

with 50 nm pitch and 20K ions/site with 100nm pitch; (b) 10K ions/site with 100 nm pitch 

and 5K ions/site with 100nm pitch; (c) 5K ions/site with 100 nm pitch, 3K ions/site with 

100nm pitch and 3K ions/site with 100nm pitch 



112 

 

temperatures. A 15nm thick Si buffer layer deposited at 700 °C almost entirely washed out 

the patterned region with only macroscopic etch marks observed for higher doses, see 

Figure 5-4(a). Reducing the Si buffer layer thickness to 10 nm and further reducing the 

growth temperature to 600 °C was also not able to preserve the FIB patterns, see Figure 5-

4(b).  One aspect of these results is particularly confusing – if residual defectivity exists at 

the pit sites as indicated by the inability of Ge to nucleate in the pits, we would expect, 

based on prior research, that the Si would also avoid the pits.  However, the results of 

Figure 5-4 suggest preferred sticking of Si in the pits, resulting in planarization. 

Given these issues, and our rising concern about the repeatability of the FIB-based process, 

we opted to instead develop an EBL-based patterning to initiate and direct the QDs self-

assembly process.  

Figure 5-4: Topographic AFM images of 30kV energy Ga+ ion patterns with (a) 15nm Si 

buffer at 700 °C with 6 ML Ge at 600 °C; (b) 10nm Si buffer at 600 °C with 6 ML Ge at 

600 °C 
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5.2 2D patterning with EBL 

Fabrication of 2D templates underlies the entire QD patterning process. Therefore, it is 

very important to understand the process and science of the patterning technique being 

used. In this work, we have used EBL to pattern 2D square lattice templates on a Si(001) 

substrate, but more complicated 2D templates can also be created from similar processing. 

EBL is a fundamental nanofabrication technique, enabling patterning technologies to 

create masks and templates. Some aspects of EBL processing were already discussed in 

Chapter 2. In short, the workflow used for the EBL based patterning approach here is: (i) 

Coat a masking resist layer on Si (001), (ii) use EBL to expose resist/mask layer on 

specified regions of the substrate, (iii) develop the substrate to create pattern on the resist 

mask, and (iv) perform reactive ion etching (RIE) to transfer the patterns on to the substrate 

Figure 5-5: Schematic for the workflow used for EBL based patterning approach 

optimization. 
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and then clean mask layer leaving just a patterned substrate, see Figure 5-5 and Chapter 2 

for more details. As outlined in the Figure 5-5, there are numerous variables within the 

EBL patterning process that need to be optimized for successful fabrication of 2D 

templates. In this section, we discuss in detail the entire EBL patterning process, recipe and 

optimization work for successfully creating 2D pit-pattern templates on a Si(001) substrate. 

Table 5-1 lists some of the important parameters that require optimization to achieve a high 

resolution, high quality pattern with large process windows to maximize yield and 

reproducibility.  

Table 5-1: Parameters affecting the EBL process122
 

S/N Parameter Process impact 

1 Resist material Resolution 

2 Resist thickness Resolution, pattern quality 

3 Beam/ Exposure energy Resolution, proximity effect 

4 Exposure (dose) Pattern quality 

5 Developer solution Sensitivity, resolution 

6 Development time and temperature Resolution 
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5.2.1 Resist 

The e-beam exposure strongly depends on type of resist and substrate being used. There 

are basically two types of resist – positive-tone and negative-tone. The solubility is 

increased upon exposure to electrons in a positive-tone resist, whereas the solubility 

decreases upon exposure in negative-tone resist. For our experiments, we used a positive-

tone resist - PMMA (poly-methyl methacrylate) which is a long chain polymer. PMMA is 

by far the most popular e-beam resist, offering extremely high resolution (~10 nm67) and 

ease of handling which is well suited for our proposed work. Further, there are various 

types of PMMA resist based on the mean molecular weight. The most commonly used are 

have masses of 495,000 and 950,000 molecular weight resins in either chlorobenzene 

anisole, which is a safer solvent. 

For our purpose, a 2 in. diameter, 250 µm thick, undoped Si(001) substrate is cleaned in 

successive rinses of acetone and methanol, prior to spin coating the resist. A 50-70 nm 

thick, 950K PMMA-A2 film is then spin-coated (6000 rpm for 30sec) followed by baking 

at 180˚C for 90 sec on a hot plate, see Figure 5-6 showing the spin curve for 950K-PMMA-

Figure 5-6: 950K PMMA-A resists spin curve, solids: 2% - 7% in Anisole.145 
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A2 resist. The bake temperature of resist is critical as higher temperature results in cracking 

and degradation of resist quality.  

The thickness of the resist in combination with the energy of the incident beam is very 

important for the success of entire process. For instance, at lower energy the forward 

scattering of incident electrons can spread and degrade the pattern quality. Increasing the 

energy of the incident beam can reduce the broadening effect but at very high energies, the 

backscattering of electrons from the resist-substrate interface may cause exposure far from 

the intended region, see Figure 5-7.123,124 The pattern density also plays an important role 

in fine-tuning the balance between the forward and backscattering of the incident electrons. 

This is also termed as proximity effect125 where the undesired scattering events of incident 

electrons causes pattern distortion and overexposure. 

The doping level of the substrate can also effect the pattern quality as highly resistive 

substrate can build an undesired charge concentration leading to the proximity effect. 

However, we did not observe any effect of using doped vs undoped Si(001) substrate 

during our patterning work. But it should be noted that at lower pattern pitch (close to the 

Figure 5-7: Forward and backscattering of incident electrons during resist exposure. 
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resolution limit of PMMA) the substrate doping level will play a critical role in deciding 

the pattern quality. Figure 5-8 shows the proximity effect when patterning a 500 nm pitch 

pattern at different e-beam energy.  

Figure 5-8 shows the effect of beam energy variation but similar proximity effect is evident 

during PMMA thickness optimization as well. As described in Chapter 2, all of our higher 

resolution patterns with pitch 75-200 nm were performed in a Raith e-line instrument at 

the Univeristy of Maryland, and further optimization work for patterning was performed 

with 50-60 nm thick 950K PMMA-A2 and 10 kV (30 µm aperture) of beam energy.  

5.2.2 Exposure and EBL dose optimization 

Patterns were made in either a standard CAD software or the Raith Elphy-Quantum 

software where dose and pitch are defined. The pitch of the pattern (λp) was varied from 

50 – 300 nm and the electron dose was optimized independently for each pitch. A typical 

pattern is shown in Figure 5-9, consisting of constant dose test field and dose variation test 

field. In constant dose test field, multiple 5x5 µm2 pattern regions were exposed such that 

dose and pitch was constant within the 5x5 µm2 pattern region, see Figure 5-9(b). Whereas 

Figure 5-8: 500 nm pitch pattern exposed using Raith-50 at a constant dose with spot size 

2 and beam energy of (a) 10 kV, (b) 15 kV, (c) 20 kV and (d) 25 kV. At lower and higher 

beam energy, the beam broadening effect is prominent.   
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in dose variation test field, typically pattern regions were 5 x ~10-25 µm2 in size, dose was 

continuously varied from bottom to top with pitch remaining constant see Figure 5-9(b). 

The patterns used here are dot patterns, where only a “dot-pixel” is exposed to create a pit 

during etching. The pit opening width, W, scales with the electron dose at the dot-pixel; 

however, there is a critical dose beyond which adjacent pits overlap, degrading the pattern 

quality. As electron dose controls the pit opening, the optimum dose depends upon the 

Figure 5-9: (a) Dot-pattern generated with Elphy Quantum Raith software for e-beam 

exposure showing (b) constant dose test field and dose variation test field along with (c) 

an optical image of the patterned region after development stage 
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pattern pitch as well, therefore careful optimization of dot dose is required to yield highly 

uniform and repeatable patterns.   

Checking the dose variation test field post development is the quickest method of 

calibrating the dot dose. Figure 5-10 shows the 75 nm and 100 nm pitch pattern where dose 

was varied. The developed pattern clearly shows three distinct regions – (1) under-dose 

region, (2) ideal dose region and (3) over-dose region. Comparing the AFM micrograph 

with simulated dose patterns from Raith-Elphy Quantum software, we were able to 

calculate the idea dose range for each pattern as shown.  

Figure 5-10: Dose variation test field showing AFM micrograph of 75 and 100 nm pattern 

along with calibrated color dose range map comparing three distinct regions.  
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Patterns in the constant dose test field were also used to characterize the dose effect. As 

the dose was constant within each pattern we were able to correlate pit opening with the 

dose amount, see Figure 5-11. With the power curve fitting of the data, the relation obtained 

was 

 (Pit opening) = A ∗ (Dot dose)0.37 , 5-1 

where A is a fitting constant which was calculated to be 62.95 for our dose range. The plot 

clearly shows that beyond 10x10-3 pC of dose the relation is nominally linear. However, at 

lower dose the non-linearity is prominent which is basically a result of proximity effect.   

Figure 5-11: Plot of Dot diameter or pit opening vs. dot dose. Blue dots are the actual data 

and red dashed line is the fitted curve. Dot diameter is the pit opening width. 
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Figure 5-12: 2x2 µm2 AFM images showing the effect of dose change at various pitch. 

Dose (d) is increasing from left to right and is given in units of 10-3 pC. 
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Figure 5-12 presents the AFM images taken from the constant dose test field showing the 

effect of varying dose. From the figure, it is clear that the quality of the pattern is strongly 

dependent on both the exposure dose and the pitch where the ideal dose varied along with 

the pitch value. For instance, 1.5x10-3 pC was observed to be the ideal dose at 75 nm pitch 

with a very narrow window of dose where the pattern would be of high quality. Whereas, 

for 300 nm pitch the dose window was wide enough where best patterns were observed 

between 4.5x10-3 – 27x10-3 pC. For the lowest dose regions, the dose was insufficient in 

exposing all the PMMA through the resist depth. For the higher dose regions, the excessive 

exposure of the resist resulted in degradation of the patterns as shown in the figure at 

Figure 5-13: Plot of dot dose vs pattern pitch. The symbols represent the actual data with 

boundaries separating the three distinct regions observed experimentally during exposure 

– (1) under-dose region: result of insufficient clearance of the resist, (2) acceptable/ideal-

dose region, and (3) over-dose region: excessive dose or exposure of pattern resulting in 

pattern degradation. 
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extreme dose regions. Figure 5-13 summarizes the observed relation of dose and pitch 

outlining the process window. The acceptable dose window is wide at higher pitch and as 

we move to densest pattern with finer pitches the dose window narrows. Again, the 

narrowing of dose window is directly related with the proximity effect which is dominant 

at finer pitch patterns. Ideally, a large dose window is desired as fabrication process will 

then be less sensitive to process variables and has a better reproducibility.  

5.2.3 Pattern development 

During the exposure, the collision of electrons with the resist results in the breaking of long 

chain PMMA polymer into smaller fragments, see Figure 5-14. The average fragment size 

decreases with an increase in electron dose, resulting in higher solubility as smaller 

fragments more readily dissolves in developer solution. Due to scattering, dose varies 

spatially within the resist and so does the fragment size, see Figure 5-14(c). Therefore, the 

distribution of fragment size becomes important in understanding the development 

behavior.  

Figure 5-14: (a) Polymer sub-unit of PMMA, (b) fragmentation of polymer chain during 

EBL exposure, and (c) Spatial distribution of volume fraction of small fragments (less than 

10 monomers) within the resist during single point exposure.122 
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After EBL exposure, the patterns are developed in a standard 1:3 MIBK:IPA (methyl 

isobutyl ketone: isopropyl alcohol) developer followed by DI rinse. The developer simply 

dissolves the smaller fragments of the resist (occurs in region of exposure for positive tone 

resist – PMMA), printing the desired pattern on the resist. The ratio of the developer 

solution can be fine-tuned to adjust the dissolving power, such that increasing the MIBK 

fraction will result in more powerful solvent which can remove comparatively longer 

polymer fragments. However, powerful solvents are not desirable to yield high resolution 

patterns as their polymer dissolution rate and selectivity is much harder to control.   

The development time and temperature of the solution is important as leaving the sample 

too long or at higher process temperature can overdevelop the patterns degrading the 

quality. Developing time and temperature depends upon the type of resist, resist thickness, 

exposure dose and developing solution. Currently, for quality patterns, a 6-10 sec 

development time at room-temperature was found to be ideal in producing patterns with 

pitch > 75 nm. For finer pitch (≤ 75 nm), a cold temperature (<5 °C) development of the 

exposed pattern is required.116,126 Figure 5-15 shows a 50 nm pitch pattern where the pattern 

development was performed at room-temperature and at a developer temperature of -10 

°C, with process time of 10 sec. The lower temperature basically increases the dose window 

(experimentally it is found that lowering the development temperature to -10 °C results in 

an increase of dose window by almost a factor of 5)122 by controlling the diffusion kinetics 

of solvent molecular mobility, improving the selectivity and enabling the production of 

higher resolution patterns. Cold temperature of the developer solution can be attained either 

by using a chiller or by using a salt-ice-water bath. For the work performed here, we did 
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not further pursue the low temperature development as the pitch of our test patterns were 

> 75 nm and RT development was good enough to yield uniform patterns. 

 

  

Figure 5-15: 1.5x1.5 µm2 AFM image with 50 nm pitch. The patterns were developed at 

room temperature (RT) and at -10 °C with a development time of ~10 sec. The pattern 

resolution and contrast is clearly enhanced by the low temperature development process. 

The line scan is taken from the -10 °C development sample.  
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5.2.4 Pattern transfer and resist removal 

After development, the pattern is then transferred to the Si substrate via RIE where the 

developed resist is used as a mask. The RIE chemistry has to be carefully selected to 

enhance anisotropic etching of the Si without etching the mask material, as isotropic 

etching leads to undesired broadening of patterns, see Figure 5-16. To achieve anisotropic 

etching, a variety of processes have been developed and can be found in the literature. After 

rigorous iterations of different RIE chemistry we have outlined the following two 

chemistries for the pattern transfer purpose, see Table 5-2. 

Table 5-2: Recipe used for Si etch during RIE 

S/N 
O2 

(sccm) 

CHF3 

(sccm) 

SF6 

(sccm) 

C4F8 

(sccm) 

Press. 

(mTorr) 

RF-

Power 

(Watt) 

Temp. 

(°C) 

Etch Rate 

(nm/min) 

1 5 40 2 - 20 25 27 ~ 8-10 

2 - - 12 27 10 30 10 ~ 15-20 

 

The first recipe includes O2 in the chemistry therefore has a lower selectivity i.e, the etch 

rate of Si is only slightly higher than PMMA resist (oxygen plasma etches hydrocarbons). 

The final depth of the pit for this recipe is strongly limited by the thickness of the PMMA 

Figure 5-16: (a) anisotropic etching, and (b) isotropic etching of Si during RIE. 
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itself. However, at the end of the cycle the pits are smoother with minimal or no PMMA 

remaining on the Si. The second recipe is a derivative of Bosch etch process. The selectivity 

of this recipe to etch Si is 1.5 times more than the etch rate of PMMA resulting in more 

controlled etch rates with smooth sidewalls. The Oxford Plasmalab 100 RIE manual 

specifies that the second recipe combined with inductively coupled plasma (ICP) can yield 

submicron Si etch with etch rates of > 130 nm/min, see Figure 5-17. For our current work, 

we did not use ICP during RIE, so as to reduce the etch rates since only shallow (10-20 

nm) pit depths were desired.  

For both RIE chemistries it was found that increasing the SF6 increases the Si etch rate, 

however the effect is isotropic resulting in wide and non-uniform pits. Addition of CHF3 

or C4F8 enhances the anisotropy during etch. A more detailed theory regarding the effects 

Figure 5-17: cross-sectional SEM image of 50 nm wide features etched with SF6 (12 sccm) 

and C4F8 (27 sccm) chemistry at 10 °C, 10 mTorr pressure, 750 W ICP power and 20 W 

RF power. (source: Oxford PlasmaLab 100 RIE manual) 
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of mixing various chemistry for Si etch is presented in the literature.127 For our current 

work, we adopted SF6+C4F8 chemistry with ~1 min of etch time yielding pit depths of 10-

20 nm.  

Post RIE, the residual PMMA resist removal is crucial as any residue will impede the 

epitaxial growth during the deposition in MBE. As PMMA resist is simply a polymer 

(hydrocarbon) there are multiple ways to get rid of it. We tested the following 3 recipes 

and all were found to be effective and successful in removing the residual resist from Si. 

1. 10 min in acetone sonicator followed by 15-20 min in March Plasma cleaner with 100 

W of RF power.  

2. 10 min in acetone sonicator followed by 45-60 min in UV-ozone lamp box. 

3. 10 min in acetone sonicator followed by 7-10 min in IMEC solution. (IMEC is a 

mixture of sulphuric acid and peroxide in 2:1 ratio) 

To be consistent in our experimental approach, all of our samples followed recipe-1 for the 

removal of residual PMMA resist. Figure 5-18 shows the AFM image comparing the line 

scans before and after the RIE/ resist removal stage.  

Figure 5-18: 2x2 µm2 AFM images showing 150 nm pattern pitch; (a) after the 

development stage (before RIE), (b) post RIE and resist removal stage, and (c) line scan 

along <110> comparing the pattern morphology showing square-wave like patterns post 

RIE. 
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5.3 Summary 

For successful patterning of QDs the quality of 2D template plays a vital role. In this 

chapter, we mainly discussed the shortcomings of our FIB based patterning approach and 

discussed in more detail about our EBL based patterning approach to create highly ordered 

and uniform arrays of templated Si substrates. A summary of our optimized parameter for 

the EBL based patterning approach is presented in Table 5-3.    

Table 5-3: Optimized process variables for EBL based patterning approach. 

S/N Parameter Remarks 

1 Resist material 950K PMMA-A2 

2 Resist thickness 50-70 nm 

3 Beam/ Exposure energy 10 kV (30 µm aperture) – Raith-eline 

4 Exposure (dose) Pattern pitch dependent 

5 Developer solution (1:3) MIBK:IPA  

6 Development time and temp. 7-10 sec at RT 

7 RIE (SF6+C4F8) Etch for 1 min resulting in 10-20 nm deep pits 

EBL based patterning approach involves RIE which basically etches the Si anisotrpically 

through the resist window/mask, ultimately creating pits with flat bottom i.e., square-wave-

like pattern. Transforming such patterned surface morphology to a smooth and pseudo-

sinusoidal surface for QD growth requires a systematic study and understanding of the 

effects of substrate cleaning process, Si buffer layer growth conditions and annealing 

process. More details on the processing and growth on these patterned substrates will be 

discussed in the following chapter. 
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Chapter 6:  Growth of Si1-xGex QDs on a patterned Si(001) substrate 

In this chapter, we present our comprehensive investigation on the directed self-assembly 

of Si-Ge alloy QDs on patterned Si surfaces with variable morphology. This includes the 

effects of Si buffer layer growth on substrate pattern morphology along with the effects of 

critical growth parameters like annealing time, growth temperature, pattern orientation, 

pitch and alloy thickness during QD evolution. It is important to understand the self-

assembly process of QDs on such patterned substrates to yield highly ordered and 

morphologically uniform array of QDs. Therefore, we present here a very simple growth 

kinetic model based on our experimental data to describe the evolution of QDs on such 

patterned substrate.  Further, we present our results for the investigation of QD site-

selection on patterned Si(001) substrates as a function of underlying substrate pattern 

morphology and compare it to existing experiments and modeling.  

6.1 Introduction 

QD formation requires growth conditions where adatom diffusion lengths match or exceed 

the intrinsic lengthscale, which can be expressed either as a critical nucleus size34,35, or in 

terms of the instability wavelength, λATGS.33 This “wavelength” arises due to the 

competition between the reduction of the elastic energy by 3D island formation vs. the 

increase in surface energy; see Chapter 1 for more details on the evolution of these 3D 

island evolution. When the artificially imposed pattern periodicity (λp) becomes 

comparable to the λATGS, the interaction between these two wavelengths becomes important 

to QD site selection.39 So far the interaction between λATGS and λp, has not been 

systematically explored. Here we present results of a detailed experimental study on QD 

site selection for Si0.5Ge0.5 alloys. We show that when the pattern evolves, at fixed p, from 
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a discrete “pit-in-terrace” morphology to a quasi-sinusoidal shape, a deterministic 

transition occurs in the site selection, without coarsening. The occurrence of this transition 

depends sensitively on p, annealing time (tanneal), pattern orientation and Si0.5Ge0.5 alloy 

thickness. 

6.2 Growth/ Experiment 

After the patterning of Si(001) substrates via EBL, the substrate is chemically cleaned ex 

situ prior to the deposition in MBE, see the low temperature cleaning process in Chapter 2 

for more details. The H-terminated Si(001) surface was then desorbed in situ at 550 ˚C 

after an overnight temperature ramp, plus 5 hr. prebake at 400 ˚C. The substrate was then 

cooled to 450 ˚C for the deposition of a 50 nm thick Si buffer layer followed by the 

deposition of Si0.5Ge0.5 alloy film. We followed an unusual protocol for the QD self-

assembly process. This turned out to provide crucial control over the size and morphology 

of the QDs. The Si-Ge alloy layer was first deposited at 450 ºC to ensure a nominally 

conformal surface profile. The QDs were then formed during a post-deposition in situ 

Figure 6-1: Time vs growth temperature plot of the deposition cycle in MBE divided into 

4 distinct regions. tanneal is the annealing time. 
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anneal at 650 ˚C for 5 min (tanneal). The low temperature buffer deposition and the post 

anneal process of forming the QDs was very critical as ramping the temperature during 

buffer deposition resulted in shallow pits with facets or a complete loss of patterns. A 

schematic diagram representing the entire growth process in terms of temperature and time 

is shown in Figure 6-1.   

We fabricated two major pattern fields on the Si substrate, dose variation test field and 

constant dose test field, as discussed in previous chapter where the pattern periodicity range 

was 75 - 200 nm, see Figure 5-9 in previous chapter. Similar patterns were processed in 

multiple wafers to ensure repeatability of the patterning and growth process discussed here. 

Next, we will present the results of Si buffer layer growth on these EBL patterned region.  

6.3 Si buffer growth: Homoepitaxy 

For successful growth of QDs with good epitaxy, the growth surface should be free from 

impurities and is required to be planar without any clusters (roughness). Therefore, a thin 

epitaxial layer of Si buffer layer is deposited on Si(001) so that the growth surface is smooth 

with continuous transition from substrate to epitaxial layer which is free from impurities, 

Figure 6-2: 2x2 µm2 AFM images of 150 nm pitch pattern: (a) after RIE and resist cleaning, 

(b) after 50 nm of Si buffer growth at 450 ˚C, and (c) line scan along <110> showing the 

transition of rough and square-wave-like pattern to smooth Gaussian-like pit pattern 

profile. 
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disorder and misalignments present at the interface. Apart from this, the Si buffer layer 

plays a critical role for our patterned substrates as it results in the smoothening of rough 

and damaged surface due to RIE etching, see Figure 6-2.  

In order to obtain an ideal pattern for the growth of QDs, optimal buffer thickness and 

growth temperature are crucial to defining the final pattern morphology. For instance, a Si 

buffer layer deposited at higher temperature or beyond the ideal thickness can result in 

complete smoothening and loss of the patterns, see Figure 6-3. This effect was observed to 

be very pitch-sensitive – patterns with finer pitch were observed to disappear first. 

Presumably this occurs when the surface diffusion length is comparable to the pitch. For 

Figure 6-3: 2x2 µm2 AFM images of 100 nm pitch pattern (a) after RIE, and (b) after 50 

nm Si buffer deposited at 550 °C. 

Figure 6-4: AFM images along with the local-area slope image after 50 nm of Si buffer 

deposition for pattern with pitch (a) 100 nm, (b) 150 nm, and (c) 200 nm. 
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our experiments, we deposited 50 nm of Si buffer at 450 ˚C where the patterns with pitch 

≥ 100 nm were preserved. For patterns with pitch less than 100 nm, the 50 nm thick buffer 

deposited at 450 ̊ C generally resulted in shallower pits or loss of pattern. Therefore, further 

optimization work for buffer layer growth will be required for finer-pitch patterns, likely 

requiring smaller thickness and lower growth temperature.     

The peak-to-valley depths measured for patterns after Si buffer growth was in the range of 

~15-20 nm with pit-sidewall slopes of 15-26˚. The morphological evolution of pits after 

buffer deposition was observed to be less sensitive to the pattern pitch, see Figure 6-4. The 

size of the pit opening (W), in combination with Si buffer layer growth, permits variation 

of the pattern morphology. However, for pits with very small opening width (W < 50-60 

nm) the buffer layer results in shallow pits (< 10 nm) with sidewall slope of 5-11˚ or a 

complete smoothening, see Figure 6-5. Similar observation of the influence of Si buffer 

layer on pit-patterns has been well reported in the literature,105,128 where pit sidewalls are 

composed of {113} facets while the corners are decorated by {103} facets along with 

shallower {11n} facets at pit bottoms and edges for larger pitch pattern (λp > 400 nm).  

Figure 6-5: (a) 5x5 µm2 AFM image showing the disappearance of pits at the lowest dose 

region where the pits have narrow opening and shallow depth, (b) local slope image of the 

same AFM image showing the decreasing pit-sidewall slope with decreasing dose.   
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6.4 Pattern morphology: pit-in-terrace pattern vs quasi-sinusoidal 

As discussed in the previous chapter, the patterns used here are dot patterns, where only a 

“dot-pixel” is exposed to create a pit during etching. The pit opening width, W, scales with 

the electron dose at the dot-pixel; however, there is a critical dose beyond which adjacent 

pits overlap, degrading the pattern quality. For the dose-variation pattern test fields, we 

varied the electron dose continuously along [11̅0] while retaining fixed pitch. Figure 6-6 

shows the effect of dose variation where W is increasing along [11̅0]. For all the samples 

Figure 6-6: (a) Pattern with λp = 150 nm after Si buffer growth. The long linescan along 

[11̅0] reveals the gradual evolution from pit-in-terrace to quasi-sinusoidal. The inset defines 

the locations: (1) pit bottom, (2) crown region and (3) saddle region. (b) Line scan along 

[110] comparing pit-in-terrace vs sinusoidal-like profile. 
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here, the pit depth was held constant by fixing the RIE etch time, allowing the patterns to 

be characterized by W and p.  

Small values of W/p have a pit-in-terrace profile where discrete pits are surrounded by 

flat (001) terraces. Larger values of W/p have a quasi-sinusoid profile as shown in Figure 

6-6(b). To differentiate the two types of profile, we define quasi-sinusoidal profiles to occur 

when W/p ≥ 2/3. Patterns with W/p < 2/3 will be considered as pit-in-terrace. We also 

define a “transition region” (TR) where adjacent sites significantly overlap, eventually 

leading to pattern disintegration at larger values of W/p, see the line scan along [11̅0] in 

Figure 6-6. Growth on such varying pattern morphology is discussed in Section 6.9.   

6.5 Annealing time and growth temperature: Growth kinetics 

As discussed earlier, the Si0.5Ge0.5 alloy layer was deposited at 450 ºC. The alloy layer was 

observed to be nominally conformal with the substrate profile due to the low deposition 

temperature where surface diffusion of adatoms is restricted. To form the QDs, the surface 

diffusion length of adatoms should match or exceed the intrinsic lengthscale of the material 

being deposited (λATGS for Si0.5Ge0.5 ~75 nm). For our conditions, a minimum 650 ºC 

annealing temperature was required to initiate the self-assembly of QDs, where the 

estimated surface diffusion length (dl) of adatoms was ~90 nm. The estimation of the 

surface diffusion length is discussed in Section 6.8. See Figure 6-1 for the annealing 

process, highlighting the anneal temperature and time. In this section, for a constant 

Si0.5Ge0.5 alloy thickness of 1.3 nm deposited at 450 ºC, we will present the results for the 

formation of QDs at 650 ºC with annealing time (tanneal) as the variable. Note that in all 

cases, for thickness h = 1.3 nm, the QDs formed in the subsequent anneal present good 
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{105} facets, typical of the Si-Ge system. This is important, since faceting tends to be an 

indicator that the growth surface after patterning is not grossly contaminated or defective. 

Results for the growth of Si0.5Ge0.5 QDs on constant dose pattern fields with various pitches 

are presented in Figure 6-7, showing AFM topography scans along with line scans 

comparing the results for varying the annealing time. The scans were compiled from three 

different samples where tanneal was varied as 2 min 30 sec, 5 min and 10 min as shown. The 

three AFM scans for each p comparing the results of varying tanneal were taken from a 

constant dose region of 2x10-3 pC, 2.5x10-3 pC and 4.5x10-3 pC for p = 100 nm, 150 nm 

and 200 nm respectively for uniform comparison.  

For 100 nm pitch, it is clearly observed in Figure 6-7(a) that increasing the annealing time 

results in the increase of QD size but at large tanneal (≥ 10min), Ostwald ripening of QDs is 

observed where bigger QDs are formed at the expense of smaller ones. Similarly, QD size 

increases with tanneal for patterns with p = 150 nm and 200 nm, see Figure 6-7(b) and (c). 

However, with reference to the AFM images, Ostwald ripening diffusion between 

neighboring QDs at large tanneal (≥ 10min) was not as substantial as it was for the 100 nm 

pitch patterns.  
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Figure 6-7: Comparison of the AFM images with their corresponding line scans along 

<110> and <100> for the deposition of 1.3 nm of Si0.5Ge0.5 on patterns with pitch (a) 100 

nm, (b) 150 nm and (c) 200nm.  For patterns with same pitch, the scans were taken from 

three different samples varying tanneal, but in the same dose region such that the pit 

morphology is nominally identical prior to annealing. (2x10-3 pC, 2.5x10-3 pC and 4.5x10-

3 pC) 
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To gain better insight into the growth kinetics, we performed a statistical study where 

volumetric analysis was performed for the AFM images shown in Figure 6-7. For 

volumetric analysis, we masked all the QDs within a 2x2 µm2 AFM image using the image 

processing software (gwyddion), such that 330, 150 and 80 QDs were selected for patterns 

with pitch of 100, 150 and 200 nm, respectively. Each of the QDs were carefully masked 

making sure that the mask region would extend only up to the QD edge. The results for the 

QD volume distribution in absolute scale is given in Figure 6-8 (left side). Note that the 

volume derived from this method is only able to track and compare the QD volume above 

the local surface, i.e., the volume of material in the pit is not accounted for. Therefore, this 

will always underestimate the absolute value of QD volume. For the comparison of QD 

volume distribution at different tanneal for a specific p, the normalized distribution width 

(or normalized full-width half-max: FWHMnormalized) is given by, 

 FWHMnormalized = 2.355 ∗  σR  6-1 

In Equation 6-1, σR is the relative standard deviation (RSD), also known as coefficient of 

variation (CV), is a standardized measure of dispersion of a probability distribution for 

comparison between two or more data sets. Here, σR is given by, 

 σR =  
σ

< V >
 6-2 

σ is the standard deviation of the volume distribution and <V> is the mean volume of the 

data. Note that the calculations here are based on a Gaussian or normalized distribution. 

The assumption of a normalized distribution follows from the fact that all of our volume 

distribution data satisfies the normalized distribution condition in both the probability plot 
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and the Q-Q plot of statistics, see Appendix 4. The statistical data of the volume distribution 

curves in both absolute and normalized scale is given in Table 6-1. 

Table 6-1: Statistical data for the distribution width, in absolute and normalized units, of 

probability density plots shown in Figure 6-8. 

Pitch 

(λp) 

Annealing 

Time 

(tanneal) 

Mean 

Volume <V>  

x10-23 m3 

Std. 

Deviation 

(SD or σ) 

FWHM 

(2.355σ) 

Relative SD           

(RSD or σR) 

Normalized 

FWHM 

(2.355σR) 

100 

2min 30sec 0.296 0.061 0.144 0.206 0.486 

5min 1.199 0.190 0.446 0.158 0.372 

10min 1.790 0.765 1.802 0.428 1.007 

150 

2min 30sec 0.903 0.120 0.283 0.133 0.314 

5min 1.636 0.228 0.538 0.140 0.329 

10min 3.221 0.242 0.570 0.075 0.177 

200 

2min 30sec 1.035 0.120 0.283 0.116 0.274 

5min 2.879 0.321 0.756 0.112 0.263 

10min 4.419 0.671 1.580 0.152 0.358 

 

The corresponding normalized probability density plots for QD volume distribution are 

given on the right side of Figure 6-8 where the abscissa is V/<V> and ordinate is 

PDF/PDFmax. Here “PDF” is the normal probability density function given by,  

  
PDF =

1

σR√2π
∗  exp [

−(x − µ)2

2σR
2 ]  6-3 

where “µ” is the mean value of the distribution which is taken as 1 since the value of “σ” 

has already been normalized by dividing with <V>. 
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Figure 6-8: Comparison of volume distribution of QDs for the deposition of 1.3 nm of 

Si0.5Ge0.5 in absolute (left) and normalized (right) units, at various tanneal for patterns with 

pitch (a) 100 nm, (b) 150 nm, and (c) 200nm.  
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In Figure 6-8, the volume distribution plots on the left side clearly show for all the patterns 

that increasing the annealing time results in the increase of QD mean volume. Note that the 

deposited material for all these cases is fixed at 1.3 nm of Si0.5Ge0.5. Therefore, 

consumption of the wetting layer (WL) is the primary reason for the initial QD enlargement 

observed for all the cases here. Each pit acts as a material sink such that it collects material 

from the surroundings; the absolute collection area per unit pit is given by λp
2 (assuming 

no Ostwald ripening initially). However, the amount of material that each pit can collect is 

also determined by the kinetics such that the effective collection area is given by π(dl)
2, 

where dl is the surface diffusion length of the adatom species (~90 nm), see Figure 6-9. 

Figure 6-10 compares the capture zone to the pitch for the specimens of interest here. 

The normalized probability density plots on the right side of Figure 6-8 compare the 

distribution width at different tanneal, where narrower distributions imply more uniform QD 

Figure 6-9: Schematic diagram of the absolute collection area and effective collection area 

per unit pit in terms of λp and surface diffusion length (dl). If dl > λp/2 or comparable to λp, 

ripening of QDs will dominate as the annealing time progresses.  
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volume distributions. For λp = 100 nm, the normalized volume distribution is comparatively 

narrow and similar for tanneal ≤ 5 min but significantly broadens at tanneal = 10 min, see the 

right side of Figure 6-8(a), and Table 6-1. For λp = 150 nm, the distribution width is fairly 

similar tanneal = 2.5 and 5 min, but the volume distribution width apparently narrows at tanneal 

= 10 min. For λp = 200 nm, the distribution width is similar for all the annealing time cases, 

see right side of Figure 6-8(c).  

Figure 6-11 shows the evolution of the mean volume and normalized FWHM for the three 

annealing times examined. Again, recall that the QD volumes measured here are only those 

above the surrounding (001) terrace. We do not observe any QDs forming below an 

annealing time of 1 min at 650 °C, therefore at tanneal = 1 min we have taken <V> = 0 for 

all the patterns. For all three pitches, up to tanneal = 5 min, the growth rate of QDs is 

nominally linear, and larger pitch leads to higher growth rate. This result is a bit surprising, 

since we would expect that if surface diffusion is rate limiting, the initial growth rate would 

be independent of pitch. Hence, we suggest that, at least for p = 100 and 150 nm, the mean 

Figure 6-10: Effective collection area for four individual neighboring pits with pattern 

pitch of (a) 100 nm, (b) 150 nm, and (c) 200 nm. The dimensions in the schematics are in 

scale for comparison where dl has been scaled to match 90 nm (refer section 6.8 for our 

diffusion length calculations)  
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QD growth rate, G = d<V>/dt, depends only on the pattern-limited capture area, Aabs such 

that G = p
2(dhwl/dt), where hwl is the wetting layer thickness. The linear dependence of 

volume vs. t implies that dhwl/dt is constant, and the slope would be  p
2. The predicted 

ratio of slopes for p
2 = 2002:1502:1002 nm is 4:2.25:1, while the measured ratios from 

Figure 6-11(a) are  3:2:1. The agreement is reasonable, given the low data density in 

Figure 6-11(a). The poorer agreement, and more prominent non-linearity, for p = 200 nm 

indicates that this pitch is large enough to be in the diffusion-controlled regime. From the 

slopes of <V> vs. t for   p = 100 and 150 nm, we obtain a crude estimate of wetting layer 

consumption rate at 650 ºC, dhwl/dt  0.24 nm/min. This regime of growth is labeled as 

Region-I in Figure 6-11(a). 

 The amount of WL volume available for each pit is hWL*λp
2. Figure 6-11(a) shows this 

maximum pattern-limited volume for each pitch as horizontal, color-coded lines. Note that 

as the QD volume approaches this limiting volume (hWL*λp
2) the saturation in the volume 

will be reached.        

At larger anneal time (tanneal > 5 min), for λp = 100 nm at region II, the growth rate is limited 

as saturation value is reached (1.3x10-23 m3), resulting in Ostwald ripening of the QDs. 

Thus, at λp = 100 nm the growth rate is simply limited at larger tanneal due to ripening where 

significant overlapping of Aeff occurs between neighboring pits. For λp = 150 nm at region 

III, the growth is close to linear throughout the anneal time (up to 10 min) such that the 

saturation limit for the volume is just reached close to tanneal = 10 min. The effect of ripening 

is observed to be suppressed as overlapping of Aeff is minimal. For λp = 200 nm at region 

IV, the growth rate is decaying; here, the surface diffusion length (dl) < λp/2 and the 
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saturation limit for the volume (5.2x10-23 m3) has not been reached since the flow of 

adatoms from flat regions in between the pits is kinetically restricted (Aeff < Aabs).   

Figure 6-11(b) shows the dependence of the normalized FWHM on time and p. Our 

interpretation of this graph for now is that the gray banded region represents the day-to-

day variations in the pit-pattern itself (due to the EBL-based process). Hence only for the 

point p = 100 nm, tanneal = 10 min has Ostwald ripening clearly taken over. In the work by 

Figure 6-11: (a) Plot of mean volume vs anneal time at various pitch for 1.3 nm of Si0.5Ge0.5 

alloy. The plot is subdivided into four distinct regions outlining the growth kinetics. (b) 

Plot of normalized FWHM vs anneal time 
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Grydlik, et al.,129 they show that their growth conditions lead to diffusion lengths of > 10 

m, encompassing of order hundreds of pits. Despite this, Ostwald ripening is not observed 

to occur. This is most easily understood if the patterned pits are perfect sinks for adatoms, 

so that interdot mass transfer is suppressed. In our experiments, the diffusion length is 

considerably shorter (100 nm), which only encompasses adjacent pit sites for the smallest 

pitches reported here. This much smaller diffusion length arises since we are using Si-Ge 

alloys (activation energies for Si diffusion are higher) and, more importantly, QDs are 

forming during an anneal rather than directly under a vapor flux. Growth by annealing 

requires that adatom detachment from steps occurs, increasing the overall activation barrier 

for QD growth. The sudden onset of ripening for p = 100 nm may be due to the fact that 

in this case, the QDs actually grow beyond their pits onto the surrounding (001) terrace, 

resulting in more facile interdot transport and the “protective” effect of the pits is lost. 

Up to now we have presented the results for the growth of QDs on pit-in-terrace patterns, 

Figure 6-12 presents AFM micrographs showing the results for the growth of 1.3 nm of 

Si0.5Ge0.5 with varying tanneal at 650 °C on quasi-sinusoidal growth surfaces. For patterns 

with λp = 150 nm, 175 nm and 200nm, QDs are observed to bifurcate and shift to form in 

every saddle point instead of the pit-bottoms, with the highest uniformity in size and site 

occupancy observed for λp = 150 nm at tanneal = 5 min.  More on this observation of the 

shift in site-selection is presented in Section 6.9. 

For λp = 150 nm, at tanneal = 2min 30sec, the QDs form randomly within the pit sidewalls. 

However, with continual consumption of WL with the increase in tanneal, the QDs coarsen 

at the saddle points of the pattern. At longer tanneal (10min) the uniformity is observed to 
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decay somewhat at λp = 150 nm, possibly due to the ripening effect as Aeff significantly 

overlaps at this lengthscale for QDs at saddle points. Similar behavior of the QDs 

coarsening at the saddle points is observed at both 175 nm and 200 nm pitch patterns but 

at comparatively longer tanneal suggesting surface kinetics plays a key role. The results here 

Figure 6-12: Comparison of AFM topography scans of quasi-sinusoidal pattern region at 

various tanneal for 1.3 nm Si0.5Ge0.5 deposited on patterns with pitch (a) 150 nm, (b) 175 nm, 

and (c) 200 nm. 
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clearly suggest that the observation of QDs at saddle points, on quasi-sinusoidal pattern 

regions, is very sensitive to the anneal time and temperature which in fact governs the 

overall growth kinetics. For the observation of highly uniform QDs coarsening at saddle 

points, balance of anneal time, anneal temperature and pattern pitch is critical. For instance, 

in our work we observed highly uniform array of QDs coarsening at saddle points for λp = 

150 nm with tanneal = 5 min at 650 °C. 

6.6 Effects of varying Si0.5Ge0.5 alloy thickness  

SiGe alloy layers epitaxially grown on a Si(001) substrate form faceted 3D islands in order 

to relax the stored elastic energy. In the previous section, we discussed the growth of 

Si0.5Ge0.5 alloy layer with various tanneal at 650 °C and a constant alloy thickness of 1.3 nm. 

Crucially, this is below the equilibrium wetting layer (WL) thickness, hwl = 1.6 nm, for QD 

formation on planar, monolithic Si(001). Now in this section, we will vary the alloy 

thickness, keeping tanneal (5min) and temperature (650 °C) fixed. 

For tanneal = 5 min at 650 °C at 1.3 nm alloy thickness, islands do not form off-pattern, as 

shown in Figure 6-13(a). As the thickness increases, QD areal density increases, first with 

the formation of “pre-pyramidal” mounds, which transition to {105}-faceted pyramidal 

QDs, followed by a transition to domes, resulting in a bimodal size distribution; Figure 6-

13. For patterned regions, however, due to the modification of chemical potential of the 

growth surface as discussed in Chapter 4, the WL preferentially thickens in the pit region 

triggering the formation of QDs well before the critical WL thickness is reached on a flat 

non-patterned surface.  
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Figure 6-13: 2x2 µm2 AFM micrographs (left) along with local slope images (middle) and 

3D perspective view (right) of Si0.5Ge0.5 alloy deposited at 450 °C on a non-patterned 

Si(001) substrate, annealed at 650 °C for tanneal = 5 min with alloy thickness of (a) 1.3 nm, 

(b) 1.6 nm, (c) 2 nm, (d) 2.6 nm, and (e) 3 nm. 
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Results for the growth of 1.3nm vs 2.6 nm thick Si0.5Ge0.5 alloy on constant dose pattern 

fields are presented in Figure 6-14. For p = 100 nm, 150 nm and 200 nm the AFM scans 

were taken from a constant dose region of 2x10-3 pC, 2.5x10-3 pC and 4.5x10-3 pC 

Figure 6-14: Comparison of AFM topography images for 1.3 nm and 2.6 nm of Si0.5Ge0.5 

alloy with their corresponding local area slope image and 3D perspective image for patterns 

with pitch (a) 100 nm, (b) 150 nm, and (c) 200 nm. (2x10-3 pC, 2.5x10-3 pC and 4.5x10-3 

pC for pitch 100, 150 and 200 nm respectively) 
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respectively, such that the initial pit morphology is nominally same in for better 

comparison. For all the pitch patterns with 1.3 nm of alloy thickness, see the left side Figure 

6-14, QDs are {105} faceted pyramids whereas for 2.6 nm of alloy thickness, QDs are 

mostly domes with steeper facets, see the right side Figure 6-14. As discussed in Chapter 

1 regarding the morphological evolution, for 2.6 nm thick alloy the pyramidal structure has 

already transitioned to dome structures in the pits to relieve the comparatively higher strain 

energy in the thicker alloy. However, for the 2.6 nm thick alloy off the patterned region the 

structures are mostly pyramidal. A more rapid transformation to the dome morphology in 

the patterned regions is consistent with enhanced mass capture by the pits, see Figure 6-

15.  

Volumetric analysis of QDs shown in Figure 6-14 is compiled in Figure 6-16. Similar to 

the analysis method discussed earlier, we masked all the QDs within a 2x2 µm2 AFM image 

such that 330, 150 and 80 QDs were selected for patterns with pitch of 100, 150 and 200 

nm respectively. The results for the QD volume distribution in absolute units is given in 

left side of the Figure 6-16, while the normalized distribution plots are shown on the right 

side. The statistical data of the volume distribution curves is given in Table 6-2.  

Figure 6-15: (a) 3D perspective image, (b) AFM topography image, and (c) local area slope 

image comparing patterned and non-patterned region for 2.6 nm thick Si0.5Ge0.5 alloy 

annealed at 650 °C for 5 min. 
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Table 6-2: Statistical data for the distribution width, both absolute and normalized units, of 

probability density plots shown in Figure 6-16. 

Pitch 

(λ) 

Thickness 

(nm) 

Mean 

Volume <V>  

x10-23 m3 

Std. 

Deviation 

(SD or σ) 

FWHM 

(2.355σ) 

Relative 

SD (σR) 

Normalized 

FWHM 

(2.355σR) 

100 
1.3 1.199 0.190 0.446 0.158 0.372 

2.6 3.042 0.954 2.247 0.314 0.739 

150 
1.3 1.636 0.228 0.538 0.140 0.329 

2.6 4.873 1.452 3.419 0.298 0.702 

200 
1.3 2.879 0.321 0.756 0.112 0.263 

2.6 11.497 0.992 2.337 0.086 0.203 

 

In Figure 6-16, the volume distribution plots on the left side clearly show for all the patterns 

that the mean QD volume for the thicker alloy sample is higher, consistent with more 

deposited material. Comparing the normalized probability density, for λp = 100 nm, the 

distribution width of 2.6 nm sample is broader compared to 1.3 nm, see Figure 6-16(a). 

The broadening is due to ripening which is more effective for 2.6 nm sample because the 

rate of material incorporation in dome structures are faster compared to pyramidal 

structures and further, the domes have actually grown beyond their pits onto the 

surrounding (001) terrace. Similar effect is observed at λp = 150 nm as well where pattern 

with dome structures (2.6 nm sample) are found to have broader distribution due to 

enhanced ripening effect. However, at λp = 200 nm, the distribution width for 2.6 nm 

sample is nominally similar to that of the 1.3 nm sample, see Figure 6-16(c). As discussed 

regarding the growth kinetics in the previous section and Figure 6-11, at λp = 200 nm, 

ripening and growth of the QDs is basically limited by surface kinetics.  
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Figure 6-16: Comparison of volume distribution of QDs for the deposition of 1.3 nm vs 

1.6 nm of Si0.5Ge0.5 in absolute and normalized scale for pattern with pitch (a) 100 nm, (b) 

150 nm, and (c) 200nm.  

Pyramids 

Pyramids 

Pyramids 

Domes 

Domes 

Domes 
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Figure 6-17 presents AFM micrographs comparing the results for the growth of 1.3 nm vs 

2.6 nm thick Si0.5Ge0.5 alloy at 650 °C with tanneal = 5 min, on the quasi-sinusoidal growth 

surface. For λp = 150 nm, increasing the material thickness degrades the uniformity of QDs 

forming at saddle points. For λp = 175 nm and 200 nm, QDs for the 1.3 nm sample initially 

form randomly at the pit sidewalls, whereas for the thicker 2.6 nm alloy site-selection shifts 

from pit-sidewall to the saddle point. This is similar to the results obtained at higher tanneal 

=10 min for 1.3 nm thick alloy samples; compare Figure 6-12 and Figure 6-17, suggesting 

strain relaxation plays a critical role in QD site selection.  Interestingly, Figure 6-17 also 

shows that when QDs form at the saddle points they retain their {105}-faceted morphology, 

while the QDs in the pit-in-terrace regions of the same specimen transition to dome 

clusters.  This is due to the bifurcation in volume associated with the saddle-point location, 

keeping the QDs below the critical volume for the shape transition. 

 

Figure 6-17: AFM topography scans of quasi-sinusoidal pattern region at 650 °C with tanneal 

= 5min, comparing 1.3 nm vs 2.6 nm thick Si0.5Ge0.5 alloy deposited on patterns with pitch 

(a) 150 nm, (b) 175 nm, and (c) 200 nm. 
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6.7 Pattern Orientation: <110> vs <100> 

All the patterned regions discussed up to now have been aligned along the <110> 

crystallographic direction. Here, we present the growth results for 1.3 nm thick Si0.5Ge0.5 

alloys annealed at 650 °C for 5 min on patterned regions aligned along the <100> 

crystallographic direction (angle between <110> and <100> is 45°). Figure 6-18 

compares both the AFM micrographs and volume distribution of QDs grown on patterns 

(constant dose pattern region) along <110> vs. patterns along <100>. The statistical data 

of the volume distribution curves in both absolute and normalized scale is given in Table 

6-3. 

Table 6-3: Statistical data for the distribution width, both absolute and normalized units, of 

probability density plots are given (note the absolute PDF plots are not given in Figure 6-

18). 

In all the pitches examined, the mean volumes of the QDs were nominally similar for both 

the orientations of the pattern. The normalized distribution width (FWHMnorm) is nominally 

similar for patterns with different orientation but the same pitch, which clearly suggests 

Pitch 

(λ) 
Orientation 

Mean 

Volume 

<V> 

x10-23 m3 

Std. 

Deviation 

(SD or σ) 

FWHM 

(2.355σ) 

Relative 

SD (RSD 

or σR) 

Normalized 

FWHM 

(2.355σR) 

100 
<110> 1.199 0.190 0.446 0.158 0.372 

<100> 0.959 0.152 0.357 0.158 0.372 

150 
<110> 1.636 0.228 0.538 0.140 0.329 

<100> 1.762 0.250 0.590 0.142 0.335 

200 
<110> 2.879 0.321 0.756 0.112 0.263 

<100> 2.986 0.302 0.712 0.101 0.238 
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that there is no significant variation in the QD evolution for patterns with different 

orientation i.e., along <110> vs <100>.   

Figure 6-18: Comparison of AFM image (left) along with volume distribution (right) of 

QDs for the deposition of 1.3 nm thick Si0.5Ge0.5 alloy annealed at 650 °C with tanneal = 

5min for patterns with pitch (a) 100 nm, (b) 150 nm, and (c) 200nm. 
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However, when comparing the quasi-sinusoidal growth surface with orientation along 

<110> vs <100> the results were interesting: QDs grew randomly for patterns along <100> 

whereas for patterns along <110>, QDs formed at saddle points with high uniformity, see 

Figure 6-19. Throughout the growth conditions explored here unlike patterns along <110>, 

we never observed localization of QDs at saddle points for patterns oriented along <100>. 

This could suggest that saddle point nucleation is sensitive to surface anisotropy, e.g., the 

saddle points in <110> patterns are conducive to the formation of {105} facets in the 

quantum dots. However, we also note that the underlying pattern itself breaks down in the 

TR of the <100>-oriented patterns.      

  

Figure 6-19: AFM micrographs comparing the effect of pattern orientation for the pit-in-

terrace and quasi-sinusoidal patterned region with λp = 150 nm, (a) pattern oriented along 

<110>, and (b) pattern oriented along <100>. 
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6.8 Estimation of surface diffusion length  

So far we have discussed the QD growth regarding the effects of pattern morphology, alloy 

thickness, pattern orientation, annealing time and temperature. This section presents our 

results and discussion regarding the estimation of surface diffusion length for the adatom 

species during annealing which governs the overall growth kinetics.   

Figure 6-20 shows AFM topography scans along with local-area slope images and 3D 

perspective views for 2.6 nm thick Si0.5Ge0.5 alloys annealed at 650 °C for 5 min on patterns 

with λp = 200 nm. Figure 6-20(a) shows the results for a low-dose patterned region 

(3.75x10-3 pC) along <110>, where the initial size of the pit-opening (W) was 98.5 ± 2.3 

nm. Figure 6-20(b) shows results for a higher-dose patterned region (6.75x10-3 pC) along 

<110>, where W = 114.9 ± 2.3 nm. And finally, in Figure 6-20(c) the results presented are 

for same dose region (3.75x10-3 pC) as shown in Figure 6-20(a) but here the pattern is 

along <100> and W = 100.76 ± 2.45 nm. Details on the relation between W and dose were 

presented in Chapter 5. All the scans shown in Figure 6-20 were taken from a single sample, 

such that all three regions with different dose underwent the identical process cycle. 

For the alloy thickness of 2.6 nm, we have already showed that QDs are observed to form 

off the patterned regions, see Figure 6-13. The formation of secondary QDs on flat crown 

regions as shown in Figure 6-20(a) clearly indicates that the equilibrium WL thickness was 

surpassed in these regions. The fully-ordered coexistence of pyramids on crowns and 

domes inside pits is interesting and represents the only instance in this research that crown 

nucleation has been observed. Coexistence implies that the transfer of adatoms to the pits 

from the crown regions is restricted by the surface kinetics, so that the wetting layer on the 

crown is allowed to thicken. For instance, patterns with comparatively larger pit-opening 
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did not yield any secondary QD nucleation on crown regions, see Figure 6-20(b). Note that 

as W increases, the effective edge to edge distance (de-e) between the two pits across the 

crown region decreases. The reduction of de-e means that the adatoms need to travel shorter 

Figure 6-20: AFM 3D perspective image along with topography and local area slope image 

showing the comparative results for 2.6 nm thick Si0.5Ge0.5 alloy growth on λp = 200 nm 

region with varying pit-opening size - W (tanneal = 5 min at 650 °C). (a) and (b) are for 

patterns oriented along <110>, (c) is pattern oriented along <100>. 
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distance from the crown regions to get captured by the pits, therefore reducing the 

probability of secondary nucleation on the crown; see Figure 6-21 for more details 

Figure 6-21 presents the schematics of the patterned regions showing the diffusion length 

parameters from the crown region calculated by simple geometry. We that the surface 

diffusion length of adatoms (dl) needs to be greater than de-e/2 to avoid any secondary 

formation of QDs on crown region. Provided that all other experimental variables remain 

same, then the condition at which there will be no existence of secondary QDs on crown 

region will be given by, 

 
dl ≥  

de−e

2
=  

λp√2 − W

2
 6-4 

 And the condition at which secondary QDs on crown region will exist is given by, 

Figure 6-21: Schematics of patterned regions showing the diffusion length parameters 

along with pattern pitch (λp) and pit-opening (W). 
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dl <  

de−e

2
=  

λp√2 − W

2
 6-5 

Both Equation 6-4 and Equation 6-5 outline the requirement of surface diffusion length for 

the coexistence of secondary QDs on the crown regions. With the results shown in Figure 

6-20(a) and (b), we do not observe any secondary QDs for W > 98.5 ± 2.3 nm. Therefore, 

with reference to Equation 6-4 and Equation 6-5, with λp = 200 nm the calculated surface 

diffusion length is dl ≈ 92 nm.  

However, when the pattern orientation is changed from <110> to <100>, even with the 

similar pit-opening size (same dose) there is no observation of secondary QDs for pattern 

along <100>, see Figure 6-20(c). We attribute this effect to the diffusional anisotropy of Si 

and Ge adatoms on the surface. The diffusion of adatoms on Si or Ge surface is strongly 

anisotropic due to the 2x1 reconstruction, such that the adatoms diffuse preferentially along 

<110> in-plane directions. With reference to the energy barrier values defined by Barbato 

and Cavallotti130, for Si ad-atoms alone an energy barrier value of 0.60 eV was calculated 

for diffusion along <110>, while a value of 1.0 eV was calculated for diffusion along 

<100>.  Iguain et al. 131 and Rockett et al.132 have also applied similar barrier values in their 

simulation work that produced results comparable to experimental data of epitaxial growth 

surfaces. Based on this reported anisotropy, we suggest that when the de-e direction is 

aligned along <110> (i.e., pattern aligned along <100>) it is easier for adatoms to diffuse 

from the crown region, limiting the formation of secondary QDs.     

Note that the estimated diffusion length of adatoms in our work (~90 nm) is small 

compared to the diffusion length of as deposited adatoms at similar growth temperature 
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(few hundreds of nm133). We attribute this to our growth process where a nominally 

conformal film (deposited at lower temperature) is annealed at higher temperature to 

activate surface diffusion and form the QDs, rather than depositing the material at higher 

temperature to directly grow QDs during the course of deposition. The observation can be 

simply described in terms of energetics such that the energy barrier for the diffusing species 

on surface for as grown condition is smaller than that of an annealed condition, see Figure 

6-22. 

6.9 Site-selection of Si0.5Ge0.5 QDs on patterned region 

Results for the growth of 1.3 nm thick Si0.5Ge0.5 alloy with tanneal = 5min at 650 °C on the 

patterned regions as described in Section 6.4 are presented in Figure 6-23, showing AFM 

topography scans, comparing the TRs for pattern fields with various pitches. Again, W 

increases along the [11̅0] crystallographic direction. QDs grown on such patterned regions 

exhibit {105}-faceted, quasi-pyramidal islands. No QD formation was observed off the 

Figure 6-22: Schematics of the growth conditions showing surface diffusion kinetics for 

(a) adatom species under a constant deposition flux J, and (b) adatom species during 

annealing post deposition at lower temperature. 𝐸𝑆𝐷
𝑁𝑜 𝑎𝑛𝑛𝑒𝑎𝑙 is the energy barrier for surface 

adatoms to diffuse and 𝐸𝑆𝐷
𝐴𝑛𝑛𝑒𝑎𝑙 is the energy barrier for the surface adatoms to diffuse post 

deposition during anneal. 
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patterned region, since the film is below the critical wetting layer thickness for island 

formation on the non-patterned (001) surface, which for our growth conditions was 

observed to be ~1.6–1.8 nm, see Section 6.6. 

For p = 100 nm, QDs form at the pit bottoms, up to and including the TR, followed by the 

disintegration of the pattern and accompanying spatial disorder, see Figure 6-23(a). The 

results are similar for p = 125 nm, although QD ordering is preserved further into the TR, 

see Figure 6-23(b). However, for p = 150 nm, QD site-selection dramatically changes in 

transition region, see Figure 6-23(c). At lower W/p, the QDs are in the pit bottoms. 

However, when the pattern profile transforms to quasi-sinusoidal, the QDs bifurcate and 

preferentially form with high regularity on all the saddle points between two nearest-

neighbor pits. This is not the location of most positive curvature, which occurs at the 

“crown” – the center of the square connecting four proximal pits, see Figure 6-6(a) inset to 

clarify the nomenclature. For p > 150 nm, in the TR, the QDs mostly form in the pit 

bottoms up to the TR, but in the TR, they form on pit-sidewalls or at random locations, see 

Figure 6-23(d) and (e).  

Figure 6-23: AFM micrographs highlighting the transition regions in patterns with λp = (a) 

100 nm, (b) 125 nm, (c) 150 nm, (d) 175 nm, and (e) 200 nm. (1.3 nm thick Si0.5Ge0.5 alloy 

layer deposition with tanneal = 5min at 650 °C) 
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Figure 6-24 shows AFM micrographs and corresponding local slope maps that compare 

the QD site selections in the p = 150 nm pattern. Figure 6-24(c) and (d) shows the 3D 

perspective image for the AFM topography scans along with line scans along <110> and 

<100> in Figure 6-24(e) and (f) respectively. The QDs always exhibit the ubiquitous {105} 

faceting, but the islands forming on saddle regions appear elongated along the two 

Figure 6-24: AFM micrographs from λp = 150 nm pattern, showing (a) saddle nucleation, 

and (b) pit nucleation. Both topography (left) and local slope (right) images are shown. In 

(a), the inset shows a close-up of four QDs on the saddle points surrounding a pit. All the 

QDs are {105} faceted. (c) and (d) are 3D perspective image of (a) and (b) AFM 

topography images respectively. (e) and (f) are Line scan comparisons along <110> and 

<100> respectively. (for line scan comparison the AFM images has been normalized to 

crown region) 
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sidewalls of neighboring pits. Close inspection of high-resolution images reveals that the 

two corners facing adjacent crowns are truncated, fostering the appearance of elongation.  

In all the pattern wavelengths explored here, for pit-in-terrace morphologies, the QDs 

localize at the bottom of pits, as shown in Figure 6-23. Pit-in-terrace is a very well-studied 

pattern morphology for the growth of QDs and many studies have shown that the QDs 

preferentially self-assemble at the bottom of the pit as surface-minimization and elastic 

relaxation drives the site selection process.105,113–115,134 At finer lengthscales, when adjacent 

pit edges approach each other, the growth surface can no longer be viewed as discrete pits 

surrounded by flat (001) terraces but becomes a continuously height modulated, quasi-

sinusoidal profile, as discussed in Section 6.4. As discussed in Chapter 5, theoretical studies 

suggest that interactions between the substrate pattern wavelength (λp) and the intrinsic 

lengthscale or the instability wavelength of the alloy (λATGS) becomes important for such 

profiles during the early stages of QD self-assembly process. 

The instability wavelength is given by λATGS = (4π/3)*(γ/Mε2), see Chapter 1, where γ is 

the surface energy, M is the biaxial modulus and ε is the misfit strain.31–33 For Si0.5Ge0.5, 

using M = 161.7 GPa,47 γ = 65.5 meV/Å2,48,49 and ε = -0.0195, we obtain  λATGS ≈ 72 nm. 

In our case, for λp = 150 nm ≈ 2*λATGS, when the pattern morphology changes from pit-in-

terrace to quasi-sinusoid, the island localization changes from pit-bottom to saddle region 

respectively, see Figure 6-23.   

In other studies, QDs were observed to self-assemble at the crown region of pit-patterned 

Si(001) substrates but a direct comparison with our work is difficult as most of the previous 

work do not have pattern pitch at comparable lengthscale to the λATGS.101,108,109,135 We 

previously observed the islands nucleating on the crowns with high pattern fidelity.102 In 
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that work, patterning was performed using a focused ion beam and there can be concerns 

about low-level residual defectivity in the pits that can bias the adatom chemical potential. 

In this work, we have used EBL to avoid these issues. The growth of well-faceted QDs on 

patterned region is a good indicator of high quality epitaxial growth, see Figure 6-24. 

Grutzmacher et al.136 also studied the role of pattern morphology on QD site selection, 

albeit at only one pitch. They observed a very similar saddle-point site selection for pure 

Ge islands grown on pit-in-terrace patterns with 90x100 nm pitch, for a specific pit opening 

width. Their process actually created very fine grooves in the Si buffer that connect each 

pit site. This is different from the buffer morphology used here, where a quasi-sinusoidal 

surface is obtained, without grooving.  

Figure 6-25 maps our results as a function of p and W, shown in absolute and in 

normalized values. Both W and p were measured in separate samples where only the Si 

buffer was grown. The plots include results for both pit-in-terrace and quasi-sinusoidal 

pattern profiles. Throughout the patterned region, the maximum pit sidewall angle ranges 

from about 15-25º, depending on W and p. In principle, a phase space for site selection of 

epitaxial QDs of fixed composition on sinusoidal patterns will be a function of at least three 

characteristic variables (which can be appropriately scaled): the pattern wavelength, the 

film thickness, and some characteristic of the vertical:lateral aspect ratio of the pattern. The 

phase space established theoretically by Aqua, et al.,39,120 is an explicit function of the first 

two variables, although in their model aspect ratio is also varied.120,137 In the current work, 

the film thickness is kept constant while we instead vary the pit opening width. Since the 

pit depth is constant, this changes the aspect ratio in both the pit-in-terrace and the quasi-
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sinusoidal transition regions. Of course, in the pit-in-terrace regions of the pattern fields, 

comparison to Aqua and Xu’s predictions is inappropriate. 

Figure 6-25(b) shows that for W/p < 0.6, the Si0.50Ge0.50 QDs always form in the bottoms 

of the discrete pits. This occurs with high site-occupation fraction, i.e., there is little 

obvious coarsening between sites. More interesting is the extremely narrow region of the 

map over which QDs form in the saddle points, i.e., between pairs of adjacent dots along 

the <110> nearest neighbor directions. This behavior is repeatable across at least three 

different samples. QDs are never observed to form on the crowns for the given alloy 

thickness of 1.3 nm. At small p, as W increases the pattern breaks down due to lithographic 

constraints during RIE, while at larger p, where the imposed lengthscale significantly 

exceeds the intrinsic lengthscale, QDs form at random locations inside the pits, with more 

than one QD per pit. 

Careful examination of AFM linescans in both the pit-in-terrace and transition regions 

suggests there may be some net accumulation of SiGe at the crowns, see Figure 6-24. In 

Figure 6-25: Maps of the observed QD site preference as a function of the pattern pitch (λp) 

and the pit opening width (W) for 1.3nm Si0.5Ge0.5 alloy growth with tanneal = 5 min at 650 

°C in (a) absolute scale and (b) normalized scale. In (b), the transition region (TR) is 

indicated.  



168 

 

the Si buffer, the crown regions clearly retain regions of flat (001) terrace, until pattern 

breakdown. However, after SiGe growth, there is obvious rounding of the crown regions. 

There is no residual (001) terrace to within the lateral resolution of these scans; neither is 

there any indication of {105} facets yet. Hence any structures forming here are below the 

size needed to form the {105} facet.37 To fully confirm that there is nascent QD formation 

on the crowns as well will require careful cross-section transmission electron microscopy, 

which has not yet been obtained. 

The results shown in Figure 6-25(b) nominally disagree with those of Aqua and Xu39,120.  

Our maps represent a 2D space that would intersect Aqua and Xu’s map, see Figure 4-12, 

as a horizontal line at H/Hc 1, parallel to the p/ATGS axis. This would then predict the 

formation of QDs on the crown regions over the range 1.2 < p/ATGS < 3.3. Aqua and Xu 

did not find a region wherein QDs formed on saddle points, while we have not observed 

crown nucleation at quasi-sinusoidal regions in this work.  However, some differences may 

be critical to this comparison. In particular, the aspect ratios (sinusoidal amplitude to 

wavelength) used in our patterns are significantly larger than those used by Aqua and Xu, 

where the pattern slope considered were lower than 11º.120 Also, our patterns in the 

transition region are quasi-sinusoidal along the in-plane <110> nearest-neighbor directions. 

However, along the in-plane <100> directions, where the interdot distance is √2 larger, a 

region of flat (001) terrace is still retained. Obtaining completely sinusoidal surfaces is 

frustrated by faceting at larger p, and by pattern degradation at smaller p. More work is 

needed to overcome this limitation. 

Our work here shows how SiGe QD site selection, which occurs during annealing of an 

initially conformal film, changes as the surface evolves from discrete pits to coupled 
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(quasi-sinusoidal) pits. The formation of QD’s at the saddle points, as shown in Figure 6-

24(a) is unusual. Since the number of dots per area doubles relative to pit nucleation, the 

volume per QD is halved. Grutzmacher et al.136 have noted this behavior as well, and the 

fact that they observe similar site selection in pure Ge under a narrow range of conditions, 

in analogy to our observation in Si0.5Ge0.5, indicates this may be a universal behavior that 

still needs to be better understood. Increasing either the annealing time or the thickness of 

the alloy as discussed in Section 6.5 and 6.6, did result in the formation of QDs in saddle 

points in quasi-sinusoidal regions for larger pitch patterns (175 nm and 200 nm) but with 

reduced uniformity suggesting strain relaxation plays a critical role during the localization 

process.  

Theories suggest preferred nucleation can occur at regions of maximum negative (pit) or 

positive (crown) curvature, while the saddle point contains both negative and positive 

curvature, although neither is a global maximum in magnitude. An interesting feature of 

the linescan in Figure 6-24(e) is that the {105}-faceted QDs appear to merge smoothly with 

the pit sidewall, which suggests a role of the local surface slopes in facilitating formation 

of low-energy {105} facets associated with stable SiGe QDs prior to the dome 

transition.138,139 

6.10 Summary 

We sought to gain both a broader perspective on, and deeper understanding for, the directed 

self-assembly of heteroepitaxial Si0.5Ge0.5 QDs on patterned Si(001) substrates, as well as 

to lay out the best path forward for creating 3D quantum dot mesocrystals. Hence, we 

systematically investigated how QD site selection, morphology and size distributions 
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depended on pattern wavelength, and annealing conditions and pattern morphology. Key 

findings include: 

 Si buffer layer growth successfully smooths and heals residual roughness and damage in 

the patterned surface after RIE. As a result, our QDs form the proper sequence of 

morphological transitions, which serves as an indicator of the health of this process. 

Ultimately, however, more sensitive probes of residual defectivity should be employed, 

such as photoluminescence. 

  The EBL dose during patterning along with buffer layer growth can be used to fine-tune 

the pattern morphology from pit-in-terrace to more sinusoidal-like. However, the 

deposition temperature and thickness is critical to prevent a complete flattening and wipe-

out of the patterned region.  

 Growth of QDs on the pit-in-terrace morphology leads to well-ordered QDs centered in the 

pits over a wide range of pattern wavelength and growth conditions. The formation of QDs 

below the critical WL thickness in these patterned regions suggests that each pit acts as a 

material sink resulting in larger WL thickness inside the pit compared to the non-patterned 

region.  The pits also protect the QDs from Ostwald ripening, at least until the QD 

overgrows the pit. 

 However, for quasi-sinusoidal morphology, when p = 150 nm ≈ 2*ATGS, QDs suddenly 

bifurcate and shift to form in every saddle point, with high uniformity in size and site 

occupancy. Increasing the alloy thickness or annealing time results in the promotion of 

QDs formation at saddle points for larger pitch patterns (175 nm and 200 nm) as well but 

with reduced uniformity suggesting strain relaxation is the primary driving force for the 
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site selection. The saddle point contains both negative and positive curvature which appears 

in facilitating low-energy {105} facets formation during QD growth. 

 Unlike regular growth where QDs are formed under constant deposition flux at higher 

temperatures, we have opted to deposit an alloy film at lower temperature ensuring an 

initially conformal film with the substrate pattern. The film was then annealed at higher 

temperature to promote the formation of QDs. This provides an additional degree of 

freedom to control the average QD size. Our experimental findings indicate that the growth 

kinetics for this approach is initially controlled by the WL consumption across the entire 

unit cell defined by the pattern itself, resulting in an initially linear growth rate dependent 

on the pitch. For longer anneal time the growth is simply limited by ripening (for smaller 

λp) or by diffusion kinetics (larger λp). 

 We used secondary nucleation of QDs in between pits to determine the effective diffusion 

length during 650 ºC anneals of the metastable wetting layer. This is much smaller than 

values reported in the literature, due to various factors including the use of Si-Ge alloys 

(rather than pure Ge) and the (thermally activated) requirement to form adatoms via 

detachment from step edges. 

 Using this process, we have not only formed arrays of pyramidal QDs, but ordered arrays 

of steeper-faceted, dome-shaped QDs as well. This may be important towards QDMC 

formation. Domes will propagate inhomogeneous elastic fields over a greater lateral and 

vertical extent, promoting both strain-biased vertical alignment of dots, and the formation 

of 2D conduction channels between the dots. 
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Chapter 7: Summary 

Throughout this dissertation, we discussed strategies to obtain structural ordering of 

Group-IV semiconductor material systems from nano-to-meso scale in order to fine tune 

their transport properties relevant to thermoelectric applications. Even though, transport 

measurements and zT evaluation of the material was not covered in this work, it served as 

a core motivation for our exploration to understand the fundamental growth science in 

ordered Si1-xGex material system. 

We first discussed the mono-layer scale chemical ordering observed in Si1-xGex thin film 

alloys grown by MBE on Si(001) and Ge(001) substrates. We presented our detailed study 

on chemical ordering of Si1-xGex alloys with a parametric study, where effects of strain, 

surface roughness, and growth parameter on order parameter during the alloy growth was 

investigated. The observed order parameter never exceeded 0.24 across a range of growth 

temperatures, film thicknesses, substrate miscuts, and substrate types (Si vs. Ge). Claims 

in the literature of much higher order parameters could not be reproduced here, despite a 

survey over multiple growth parameters suggested to be important to ordering in the 

literature, and this was true in a conventional MBE as well as in our sputtering-based MBE. 

We feel this may be due to inaccurate calculations of the order parameter in the relatively 

few works where quantification was performed. The effect of equivalent spatial ordering 

variants on the calculated order parameter was explicitly considered here. We found that 

smoother films, with extensive (001) terrace areas, led to the highest degree of order. The 

sign and magnitude of the strain was not directly important to ordering, other than for 

helping determine the evolution of the surface roughness and relaxation. Ordering was 

observed to persist during extensive roughening and even nominal {105} faceting, 



173 

 

suggesting the facets are not fully rebounded at these levels of strain. Growth on 

deliberately miscut substrates did not change the average order parameter, but did change 

the relative volume fraction of the ordered spatial variants. A key outcome here was that 

the ordering was both difficult to obtain and characterize. Finally, previous calculations16 

on how ordering affects thermal transport suggest that much higher order parameters are 

required in order to obtain a significant effect which needs to be considered for future work.  

In the second half of the dissertation, we presented our comprehensive investigation on the 

directed self-assembly of Si-Ge alloy QDs on patterned Si(001) substrates with variable 

morphology. We discussed the effects of Si buffer layer growth on substrate pattern 

morphology along with the effects of critical growth parameters like annealing time, 

growth temperature, pattern orientation, pitch and alloy thickness during QD evolution.  

Growth of QDs on the pit-in-terrace morphology was observed to form well-ordered QDs 

centered in the pits over a wide range of pattern wavelength and growth conditions. Our 

observation of the formation of QDs below the critical WL thickness in these patterned 

regions suggests that each pit acts as a material sink resulting in larger WL thickness inside 

the pit compared to the non-patterned region.  Further, the pit sidewalls are found to protect 

the QDs from Ostwald ripening, at least until the QD overgrows the pit. However, for 

quasi-sinusoidal morphology, when p = 150 nm ≈ 2*ATGS, QDs were observed to 

suddenly bifurcate and shift to form in every saddle point, with high uniformity in size and 

site occupancy. Increasing the alloy thickness or annealing time resulted in the promotion 

of QDs formation at saddle points for larger pitch patterns (175 nm and 200 nm) as well 

but with reduced uniformity suggesting strain relaxation is the primary driving force for 

the site selection. A key morphological feature observed for saddle point regions are that 
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they contain both negative and positive curvature which appears in facilitating low-energy 

{105} facets formation during QD growth. 

For the formation of QDs in this work, we opted to deposit an alloy film at lower 

temperature ensuring an initially conformal film with the substrate pattern. The film was 

then annealed at higher temperature to promote the formation of QDs. This provides an 

additional degree of freedom to control the average QD size. Our experimental findings 

indicate that the growth kinetics for this approach is initially controlled by the WL 

consumption across the entire unit cell defined by the pattern itself, resulting in an initially 

linear growth rate dependent on the pitch. For longer anneal time the growth was observed 

to simply be limited by ripening (for smaller λp) or by diffusion kinetics (larger λp). 

Here we have successfully demonstrated not only the synthesis of highly ordered 2D arrays 

of pyramidal QDs, but ordered arrays of steeper-faceted, dome-shaped QDs as well. This 

may be important towards the future work for the QDMC synthesis as domes will 

propagate inhomogeneous elastic fields over a greater lateral and vertical extent, promoting 

both strain-biased vertical alignment of dots, and the formation of 2D conduction channels 

between the dots. 
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Appendix 1:  Deposition rates and substrate temperature calibration  

A1.1 Deposition rate calibration for DC magnetron sputter guns 

We used a Maxtek quartz crystal rate monitor (QCM) to calibrate the deposition rates of 

the Si and Ge sputter guns. QCM calibrates the deposition rates based on damped 

frequency. A quartz crystal is oscillated during deposition and frequency being damped 

due to deposited material (known density) is recorded over a period of time to calculate the 

thickness. The measured film thickness from QCM is given by, 

 
hfilm =  

Nq ∗ ρq

ρfilm
(

1

f0
−

1

f1
)  A-1 

where hfilm is the film thickness, Nq is the frequency constant for the bare quartz crystal, ρq 

is the density of the quartz, ρf is the density of the film and fo, f1 are the frequencies before 

and after deposition.  

The deposition rates of DC magnetron sputter guns in MBE can be controlled either by 

adjusting the output power or my physically changing the target-substrate distance which 

is done by adjusting the linear translation gun stage. The sputter targets used in our system 

are 0.25” thick with 2” diameter. The calibrated deposition rates for the sputter guns at 

various gun heights and output powers are given in Figure A1-1. The increase in deposition 

rate is linear with output power, but the effect of working distance is enhanced at larger 

powers. Figure A1-1 gives a plot of deposition rates vs. power at various gun heights where 

gun height is given in actual position of gun linear feed (i.e, higher the gun height shorter 

the distance between target and substrate) 
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(a) 

(b) 

Figure A1-1: Deposition rates for (a) Si sputter target and (c) Ge sputter target. The 

calibration was performed at a chamber pressure of 4.75 mTorr of Ar. 
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A1.2 Temperature calibration 

For heating the substrate, the MBE is equipped with tungsten filament coiled around 

ceramic beads to uniformly heat the sample, see Figure A1-2. The sample during MBE 

operation is mounted over the heating filament. There is a K-type thermocouple (TC) at 

the rear plate of the heating filament to measure the temperature but is always hotter than 

the substrate temperature itself. We do have a pyrometer which accurately measure the 

substrate temperature but is only rated to measure temperatures higher than 450 ˚C. 

Therefore, a temperature calibration was performed to accurately monitor the substrate 

Figure A1-2: (a) Manipulator assembly installed with a 2 inch wafer handling system along 

with substrate heating assembly, (b) tungsten heating filament coiled around ceramic beads 

which is about 2 inch in diameter to heat the substrate uniformly, and (c) heating filament 

under operation at UHV condition. 
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temperatures below 450 ˚C. The temperature measured by TC and pyrometer holds a linear 

relation as shown in Figure A1-3, which was fitted to estimate the substrate temperatures 

below 450 ˚C. The substrate temperature was also verified experimentally by clamping a 

TC in between two wafers and monitoring the steady state temperature with filament 

current.  

  

  

Figure A1-3: Temperature vs. Filament current plot 
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Appendix 2:  IMEC-Shiraki Si cleaning process (Floro Group) 

Basic Components: PTFE Beakers and Dippers, Teflon-coated tweezers, 19 MΩ DI water, 

heated bath 

Solutions: (solution stoichiometry is not critical) 

IMEC:  4:1 Sulfuric : Peroxide (H2SO4:H2O2); self-heated 

Beaker should be 80% full 

RCA-2:  4:1:1 Water : Hydrochloric : Peroxide (H2O:HCl:H2O2); 80˚C 

Beaker should be 75% full 

OXIDATION:  2:4:1 Water : Hydrochloric : Peroxide (H2O:HCl:H2O2); 80˚C 

Beaker should be 20-25% full 

Notes: 

 Safety and Environment: 

- Wear proper personal protection equipment (PPE) 

- Keep the sash closed as much as possible 

- Know the location of eyewashes and showers 

- Only add acid to water, never the other way around 

- HF IS INSIDIOUS – USE WITH EXTREME CAUTION 

- Chemicals are never poured down the drain- always store waste in properly 

labeled containers, expeditiously have waste picked up when full 

 Process Cleanliness: 

- Dippers and tweezers are CLEAN – use only clean gloves to touch, rest only on 

clean lint-free cloths 

- Beakers are dedicated to one specific solution and should never be used for 

anything else 

- Avoid passing over any open beaker 

- Do not let water run onto gloves and then into beakers 

- Rinse beakers thoroughly before and after clean (at least 5x) 

- Wipe down chemical bottles as needed to remove dust (before) or any acid drips 

(after) 
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Si wafer cleaning recipe: 

1. Pre-heat water bath to 80˚C, at least one hour prior to starting clean. 

2. When bath has stabilized, mix RCA-2 and OXIDATION solutions (but don’t add 

peroxide yet) and place in bath to heat. 

3. Pre-rinse wafer in its dipper in beaker DI-1 

4. Mix IMEC. Place wafer/ dipper into IMEC immediately. Etch for 5 min. (Rinse DI-

1 and BOE-1) 

5. Place wafer/ dipper into full DI-1 and rinse for 3 min. (Dip tweezers in IMEC for 10 

sec, and rinse briefly in DI-1) 

6. Fill BOE-1. Dip wafer into BOE for 20 sec. Should pull out dry. 

7. Rinse in DI-1 for 2 min. 

8. Add peroxide to RCA-2. When bubbling starts, place wafer/ dipper in. Etch for 2 

min. (Rinse DI-2, BOE-1, BOE-2) Fill BOE-2. 

9. Dip rinse in DI-2, then etch in BOE-2 for 20 sec. Dip rinse in DI-2 again. 

10. Put wafer/ dipper back to RCA-2 for 2 more min. (Rinse DI-2) 

11. Dip rinse in DI-2, then etch in BOE-2 for 20 sec. Dip rinse in DI-2 again. 

12. Put wafer/ dipper back into RCA-2 for 2 more min. (Rinse DI-2 and BOE-3) Fill 

BOE-3. 

13. Dip rinse in DI-2, then etch in BOE-3 for 20 sec. 

14. Rinse in DI-2 for 5 min. 

15. Remove wafer from dipper, place in OXIDATION. 

16. Add peroxide to OXIDATION. Warning – this is a violent solution! 

17. After 5-6 min, add another shot of peroxide. (Rinse BOE-2, BOE-3, DI-2) 

18. When OXIDATION solution has quenched, use tweezers to remove wafer, dip rinse, 

place back in dipper, rinse for 10 min in DI-2. Turn off water bath, remove RCA-2 

and OXIDATION beakers. 

19. Wafer can remain in running DI until ready to dry and load in laminar flow hood. 

20. Dry wafer with blowing N2, inspect, mount, load and pump down. 

21. After wafer has been loaded, allow solutions to cool for 30 min before pouring into 

waste. 
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Appendix 3:  2D slope distribution plot analysis  

Slope distribution plot enables to interactively plot the surface slope/facets occurring in the 

AFM data. The center of the plot corresponds to the horizontal facet, slope in x-direction 

increases towards the left and right border and slope in y-direction increases towards up 

and bottom borders. For instance, if the surface morphology is smooth with minimal 

roughness mounds and faceted features the slope distribution plot will be ideally an 

“intensity dot” at the center of the plot denoting majority of the surface is plane with the 

horizontal facet. More details on the slope distribution plot analysis can be found in 

Gwyddion’s software manual.  

For our chemically ordered SiGe samples discussed in Chapter 3, Figure A3-1 shows the 

slope distribution plots for alloy samples with various thickness grown on Ge(001) 

substrate. An intense center dot in observed for all the samples, suggesting the surface is 

mostly smooth and coplanar with the growth (001) surface. However, comparing the 100 

nm, 300 nm and 500 nm thick sample, the distribution appear to spread with the rise in 

thickness corroborating our analysis that roughness increases but at the same time overall 

(001) surface area decreases with the alloy thickness. Similar slope distribution plots are 

presented for SiGe alloy films grown on Si(001) substrate in Figure A3-2. It is evident that 

the samples grown on Si(001) substrate are visibly more spread in the distribution plots 

indicating a much rougher surface morphology. However, there are distinct intensity points 

along <100> in the plots for 100 nm and 300 nm thick samples at 11.3° referring to the 

{105} facets of the QDs present on the surface, see Figure A3-2(a) and (b).  
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Figure A3-1: Slope distribution plots of Si0.5Ge0.5 alloys grown on Ge(001) with thickness 

(a) 100 nm, (b) 300 nm, and (c) 500 nm. 
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Figure A3-2: Slope distribution plots of Si0.5Ge0.5 alloys grown on Si(001) with thickness 

(a) 100 nm, (b) 300 nm, and (c) 500 nm. 
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Appendix 4:  Normality test: Probability plot  

A probability plot is a graphical method to test whether a dataset follows a given 

distribution. It shows a graph with an observed cumulative percentage on the X axis and 

an expected cumulative percentage on the Y axis. If all the data points are close to the 

reference line denoting a particular type of distribution (normal distribution is chosen for 

reference line in our work), we can say that the dataset follows the given distribution. (refer 

OriginPro software manual for more details). Probability plots are sometimes also referred 

to as Q-Q (Quantile-Quantile) plots. The only difference in that the Q-Q plot shows 

observed and expected value instead of percentages on axes.  

For normality test of our data presented in Chapter 6, all the data were checked in OriginPro 

software by comparing the dataset to normal distribution reference line in the probability 

plot. Figure A4-1 presents the probability plots of the datasets for 100 nm pitch patterns 

with annealing time varying as 2 min 30 sec, 5 min and 10 min, refer Figure 6-7(a) in 

Chapter 6. Similar, tests were performed to confirm the normal distribution for all the 

datasets discussed in Chapter 6. 
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Figure A4-1: Probability plots comparing to the normal distribution reference line for three 

of the datasets discussed in Chapter 6. 100 nm pitch pattern with a population of 300 points 

and anneal time of (a) 2 min 30 sec, (b) 5 min, and (c) 10 min. 


