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Abstract 

 

Reflectance anisotropy spectroscopy (RAS) and second harmonic generation (SHG) have 

been used to probe various low-dimensional (LD) structures grown on vicinal Si(111) 

surfaces under ultra-high vacuum (UHV) conditions. Reflectance anisotropy spectroscopy 

(RAS) spectra of single domain Si(111)-5×2-Au, Si(557)-5×1-Au, Si(111)-4×1-In and 

Si(111)-3×1-Ag structures showed a large minima in the region below 3 eV, which show a 

systematically higher polarizability perpendicular to the adsorbate chains, for all the 

structures. The detail, however, varies with the adsorbate, the reconstruction and the offcut. 

The RAS spectra of Si(111)-5×2-Au showed changes with offcut angle in the 1 to 3 eV 

region, where Au-induced structures appear. The variation was found consistent with 

different populations of single- and double-chain gold structures formed in the region of 

the steps.  

 

One-dimensional (1D) arrays of nanodots were grown on a single domain (3×1)-Ag 

surface by depositing 0.5 monolayer (ML) of Ag on the Si(111)-3×1-Ag surface. 

Reflectance anisotropy spectroscopy (RAS) was used, together with scanning tunneling 

spectroscopy (STS), to investigate the optical and electronic properties of the nanodots. 

Scanning tunneling spectroscopy (STS) of the Ag nanodots revealed a bandgap of ~0.6 eV, 

which is attributed to the opening of a Kubo gap due to confinement of the electron 

wavefunction. The nanodots showed a very small optical response in the infrared (IR) 

region which is consistent with their non-metallic character. Larger, anisotropic 3D Ag 

islands were formed by further deposition of Ag. Scanning tunneling spectroscopy (STS) 

showed a well-developed metallic character, in agreement with their larger size. 

Reflectance anisotropy spectroscopy (RAS) measurements extended into the IR region, 

showed a large positive anisotropy consistent with the electronic properties of the 

nanostructures measured by STS. The large positive IR anisotropy for the 3D Ag islands is 

in the region where anisotropic Drude-like intraband transitions begin to become 

significant, the larger polarizability being aligned along the length of the islands, where the 

inelastic scattering electron mean free path is expected to be longer. The anisotropy was 

also found to be influenced by the offcut angle of the substrate, and hence the terrace 

width. The agreement between the electronic properties, as measured by STS and the IR 

measurements indicates that infrared RAS should be a useful technique for the non-contact 

probing of the metallicity of aligned anisotropic nanostructures. 
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The Ag nanostructures were then capped with amorphous Si to form a near-IR transparent 

protecting layer. The samples were stable to exposure to ambient conditions for significant 

periods. The RAS spectra were compared to model calculations, which support the 

conclusion that the metallic nanostructures survived the capping, while the (3×1)-Ag areas 

not covered by the nanostructures are modified by the deposition of Si. In contrast, the 

quasi-1D structure of Si(111)-4×1-In did not survive the capping by amorphous Si as the 

optical signature of the (4×1)-In structure was quenched on capping. 

 

Optical second harmonic generation (SHG) was used to study the structural symmetry of 

3×1-Ag, 33 -Ag, Ag nanodots and Ag islands grown on vicinal Si(111). For the 

Si(111)- 13 -Ag structure, using s-output measurements, it was found that there are tensor 

components making significant contributions to the SH intensity that are identically zero in 

the presence of a mirror plane. This is a conclusive proof that the (3×1)-Ag structure does 

not possess a mirror plane in the [ 211 ] direction, in agreement with a previous SHG study 

of this structure grown on a singular surface. These results were contrasted with those from 

Si(111)- 33  -Ag, where the response is consistent with the presence of a mirror plane. 

Analysis of SHG studies of Ag nanodots and Ag islands revealed deviation from 3m 

symmetry, implying interaction of the Ag nanostructures with the underlying (3×1)-Ag 

chain. 
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1 
Introduction 

 

1.1 Overview 

One-dimensional (1D) electron systems are revealing new and interesting phenomena, 

such as spin-charge separation in a Lutttinger liquid, charge density waves, the Peierls gap, 

mixed dimensionality and 1D quantum well states, but much of the physics of these 

systems remains to be explored and understood [1]. The development of this field has been 

limited, until recently, by the bulk sample preparation techniques used, which involved the 

growth of three-dimensional crystals consisting of weakly coupled linear chains, e.g. rows 

of transition metal ions kept apart by a rigid lattice of counterions. This approach produced 

a large measurement volume for bulk sensitive experiments, such as neutron scattering, but 

the residual coupling between the chains depended on the crystalline structures formed. 

Polymers, however, are more flexible with respect to tailoring the chain spacing by the 

addition of branches, but they do not order very well. More recently, the synthesis of 

highly perfect nanowires, such as carbon nanotubes, has stimulated the investigation of 

individual objects with 1D character. Probing the electronic structure of an individual 

nanowire is still at a rudimentary stage, however. It is very difficult to attach leads to a 
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single nanowire that connect it to the macroscopic world. Fabricating contacts by 

conventional lithography introduces surface contamination that influences the electronic 

structure of the nanowire. 

 

1D electron systems can be synthesized at stepped surfaces by self-assembly of atomic and 

molecular chains. Surface science techniques have been used recently to produce clean and 

well-ordered arrays of chains at planar surfaces [1-3]. Locking the chains to a crystalline 

substrate as a superlattice makes it possible to control their spacing with atomic precision. 

A wide variety of adsorbate and substrate combinations provides opportunities for 

systematically tailoring electronic properties, such as the intra-chain and inter-chain 

coupling, the electron count and the Coulomb interaction. 

 

Regular arrays of monatomic steps can be produced on planar Si(111) single crystal 

surfaces, with periodicities ranging from 2 to 80 nm, and with very low kink densities, due 

to the highly directional nature of the Si bonding [1]. Tailored arrays of chains can be 

produced by self-assembly at such surfaces, where nucleation and growth typically initiates 

at the step edges. Conventional surface science techniques have been used to show that 

structures such as Si(111)-5×2-Au, Si(111)-3×1-Ag and Si(111)-4×1-In have 1D chain 

structures of typical width ~1 nm for the individual chains, where the formation of 1D 

electronic states are expected [1]. These nanostructures are grown by self-assembly and 

also characterized under ultra-high vacuum (UHV) conditions. The potential of this 

approach to growing 1D systems is exemplified by the Si(111)-4×1-In system, where  

recent high brightness synchrotron angle-resolved photoemission studies, in the region 0 to 

5 eV below the Fermi level, have provided the first fascinating evidence that the In chains 

are 1D conducting wires, with a Peierls gap opening at low temperature on formation of a 

charge density wave, although the latter point remains controversial [4-9]. Further, these 

surfaces can be used as a template to obtain arrays of quantum dots or anisotropic metal 

islands [10-13]. The nanodots arrange regularly in a self assembling manner and hence its 

size and position are highly controllable.  

 

These model systems have excellent potential for exploring low-dimensional (LD) 

phenomena and, being based on planar Si substrates with growth techniques compatible 

with current semiconductor processing technology, the systems are also very promising, in 

the longer term, for nanoscale device fabrication. The main goal of this work is to explore 

the characteristics of such nanostructures, in situ and non-destructively by linear and 
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nonlinear optical techniques. Secondly, capping layers are needed on LD structures to 

protect them from ambient conditions during study or use outside the growth chamber. The 

presence of a capping layer poses significant problems for surface scientists who wish to 

examine these interfaces directly at an atomic level. Electron-based techniques, including 

scanning probe techniques do not penetrate the capping layers. Photon-based techniques 

are often still applicable, because capping layers at typically ~1 nm -10 nm thick, is less 

than the absorption depth for optical radiation. A problem to be overcome is that the 

interfacial spectroscopic signal is often mixed in with very similar bulk-phase signals that 

can be several orders of magnitude larger. This may make it impossible to extract the 

desired interfacial spectroscopic information. The key attribute of linear and nonlinear 

optical techniques used here is the ability to probe both electronic and crystallographic 

structure at interfaces, while avoiding interference from bulk phases.  

1.2 Optical characterisation techniques and previous work     

The optical characterisation techniques used in this work are reflectance anisotropy 

spectroscopy (RAS) and second harmonic generation (SHG). These state-of-the art 

epioptic [14] techniques exploit the difference in symmetry between the surface or 

interface and the centrosymmetric structure of substrates such as silicon (and also capping 

layers) in order to eliminate the normally dominant bulk response [15]. Optical techniques 

are particularly sensitive to stepped surfaces and interfaces because the symmetry is further 

reduced [16]. However, anisotropic reconstructions of isotropic bulk exposed planes 

complicate symmetry considerations. Under these circumstances, the symmetry of the 

substrate often dictates that a number of symmetry-related domains are formed. For 

example, singular Si(111) substrates allow three equivalent one-dimensional structures 

(chain direction ],011[  ]101[  and ]011[ ). Stepped silicon surfaces break the three fold 

symmetry of the substrate and lead to a single domain if the step edge runs along one of the 

three equivalent chain directions. Hence, the use of stepped surfaces promotes a dominant 

domain on the surface that will give rise to a RAS signal, whereas equal domain 

populations ensure the absence of optical anisotropy, even though each domain is itself 

anisotropic.  

 

The potential for monitoring “self-assembly” of adsorbates on vicinal surfaces in real time 

is an important attribute of RAS. For example, the development of Si(111)-5×2-Au has 

been studied by RAS [17]. Initially the vicinal Si(111)-7×7 shows no significant 

macroscopic anisotropy. As Au is deposited, the single domain (5×2) structure grows, 
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creating a macroscopically anisotropic surface which can be monitored by RAS and which 

grows in intensity while preserving its spectral shape until the restructuring of the surface 

is complete. Once the maximum RA signal has been observed and the restructuring of the 

surface is complete, further deposition of Au gives rise to the growth of the ( 3 × 3 ) 

structure, which is optically isotropic. The RA spectrum decays steadily and eventually 

reduces to zero when the ( 3 × 3 ) structure is complete. RAS studies of both  Si(111)-

5×2-Au and Si(111)-4×1-In show a dominant linear polarizability perpendicular to the 

chain and step edges, between 1.5 and 3 eV [18-21]. This is interpreted in terms of electron 

confinement perpendicular to step edges. These RAS studies did not provide any evidence 

of quasi-1D metallicity along the chains, as any optical response associated with 

metallicity was assumed to be in the lower energy. RAS studies of Si(111)-4×1-In 

extended to lower energy provided evidence for this [19]. RAS shows an emergence of a 

positive structure below ~1.4 eV consistent with a dominant in-plane linear polarizability 

along the chains. By extending the spectral range into the infrared (IR), RAS has been 

utilised successfully to study anisotropic metal islands and isolated wires with direct 

observation of conductance anisotropy [22-24]. The observed large optical anisotropy 

directly reflects the morphological anisotropy, which arises from the presence of perfectly 

aligned self-assembled nanowires. Metallic conductors have Drude-like intraband 

contribution to the IR spectral region [25]. The observed large positive IR response with 

dominant polarizability along the long axes of the islands is in the spectral region where 

anisotropic Drude-like intraband transitions are expected to make significant contribution 

to the optical spectrum. The response can be modelled by an anisotropic Drude-type 

dielectric function with two independent tensor components, x  and y , contributing to 

the RAS signal. This simple model appears promising in relating the measured spectra of 

metallic nanowires and islands to the conductance anisotropy, thus facilitating contactless 

measurement of this quantity.  

 

The second optical technique used is SHG. Silicon is a material with bulk inversion 

symmetry and, within the dipole approximation, SHG from the bulk is parity forbidden. At 

the surface the inversion symmetry is broken and surface dipole exists, allowing the 

production of a dipolar SHG signal. Care is required however, as higher order bulk 

quadrupolar and magnetic dipolar contributions are allowed, and these may be comparable 

in size to the dipolar surface and interface signal.  As the fundamental energy is scanned, 

resonances appear at direct optical transitions involving electronic states of specific 
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symmetries, at either the fundamental or the SH energy. SHG has provided important 

information on the electronic structure at surface steps [26]. These electronic states have 

the reduced symmetry of the surface or interface and, in addition, selection of the 

fundamental and SH electromagnetic field vectors (polarisation vectors) allows different 

electronic resonances to be accessed, this additional information coming from exciting the 

various independent nonlinear susceptibility tensor components [27].  

 

SHG studies of Si(111)-4×1-In show that the SH intensity is a factor of six greater when 

the electric field vectors are aligned along the In chains, compared with alignment 

orthogonal to the chains [28].This appears to be the 1D equivalent of the general 

observation that the nonlinear susceptibility of metals is larger than that of semiconductors 

or insulators, due to the increased polarizability, in the optical region of the spectrum, of 

electrons in metallic systems. There have been a number of SHG studies of Ag structures 

on Si(111), mostly concerned with investigating the origin of oscillations of the SH 

intensity with film thickness above 1 ML coverage [29-34]. In addition, the sensitivity of 

SHG to surface symmetry has been used to probe the symmetry of  the 3×1 and 33   

reconstructions on singular Si(111) [35-37].  

 

Self-organised nanostructure arrays are also ideal test structures to investigate changes in 

metallic properties upon capping. Optical techniques like RAS and SHG are very well 

suited to probe the properties of buried nanostructures, as their penetration depth is much 

larger than that of conventional surface probes, and the lower symmetry of aligned 

nanostructures helps to discriminate the nanostructure response from the residual interface, 

bulk and capping layer response [16].   

1.3 Thesis outline 

The main aim of this work is to use the epioptic [14] techniques like RAS and SHG to 

identify the optical signatures associated with the various low dimensional structures.    

The outline of thesis chapters is as follows: 

 

Chapter 2 gives a brief review on the properties of low-dimensional structures and their 

optical response. Chapter 3 describes the phenomenological theory behind RAS and SHG. 

Chapter 4 describes the experimental set-up used for RAS and SHG and also sample 

cleaning procedures. Chapter 5 focuses on the preparation of Si(111)-4×1-In, Si(111)-5×2-

Au and Si(111)-3×1-Ag surfaces. Characterization of these surfaces by RAS is then 
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discussed. Chapter 6 presents and discusses the RAS of island structures formed on 

anisotropic surface reconstructions on offcut Si(111) surfaces and the RAS of In and Ag 

nanostructures capped using silicon. Chapter 7 presents SHG measurements of Si(111)-

33 -Ag, Si(111)-3×1-Ag, silver nanodots and silver islands. Chapter 8 gives the 

summary and outlook for future work. 
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2 
Low-dimensional structures and their optical response 

 

2.1 Overview 

The first section of this chapter introduces the singular Si(111) surface, and the dimer 

adatom stacking-fault model for its 7×7 reconstruction. A brief outline of vicinal Si(111) 

surfaces is also given. Low-dimensional nanostructures grown by self-assembly and their 

electronic and optical properties are reviewed in the following sections. 

2.2 The Si(111) substrate 

2.2.1 The Si(111)-7×7-surface 

A silicon crystal has a diamond lattice, in which each Si atom has four electrons with 

which to make covalent bonds with four neighbours in a tetrahedral arrangement [1]. When 

the valence electrons 22 )3()3( ps  of a Si atom form hybrid orbitals 3sp to make bonds with 

neighbouring atoms, their energy levels split into bonding and anti-bonding states. The 

valence electrons are accommodated in the bonding state, so the anti-bonding state is 

empty. Since in a crystal many atoms make bonds with each other to arrange themselves 
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periodically, these energy levels are broadened to make bands: the valence band and the 

conduction band, respectively. But on the ideal bulk terminated surface there exist 

dangling bonds (unpaired hybrid orbitals) which are similar to the hybrid orbitals of 

isolated atoms, whose energy levels will be located between the bonding and anti-bonding 

states, or within an energy gap. In fact, the dangling-bond state on a clean Si(111) surface 

is known to lie around the middle of the band gap . But when foreign atoms come to make 

bonds with the topmost Si atoms, the dangling-bond state will again split into bonding and 

anti-bonding states. When, furthermore, the adsorbates induce a surface superstructure to 

form some orbital overlap between neighbouring sites, the bonding and anti-bonding states 

will again be broadened and become bands. These are surface-state bands, inherent in the 

surface superstructure. The bands have their own characters, distinct of the bulk electronic 

states. Figure 2.1 sets out schematically, the formation of surface state bands [1]. 

 

 

The generally accepted structure for the Si(111)-7×7 reconstructed surface is the dimer-

adatom-stacking-fault (DAS) model proposed by Takayanagi [2] after scanning tunnelling 

microscopy (STM) and transmission high-energy-electron diffraction (THEED) studies of  

the surface. This structure is shown in figure 2.2 [3]. The lozenge of the 7×7-unit cell has 

corner holes, which are connected to each other by chains of dimers. This unit cell is 

regarded as containing two triangles separated by the dimer chains. Each triangle has six 

adatoms (large pink balls) and three rest atoms, arranged locally in a 2×2 periodicity. The 

Figure 2.1 A schematic diagram for atoms and molecules, and also the bulk and the 

surface of a silicon crystal 
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left and right triangles have opposite stacking sequences; the left hand side has a stacking 

fault (faulted half), while the right does not (unfaulted half). The structure has 19 dangling 

bonds per 7×7 unit cell, which is a significant reduction in the number of unpaired 

electrons from 49 at an ideal unreconstructed (111) surface. This leads to a decrease of the 

total energy, which is, however balanced against an energy increase caused by large 

angular strains of unusual bondings, such as dimers and adatoms. A review of the models 

proposed previous to the DAS reconstruction, together with the DAS structure is given by 

Haneman [4]. Prior to the advent of STM, the 7×7 reconstruction, indicated by electron 

diffraction techniques, could not be observed on the atomic scale. The first STM 

topographs obtained by Binning et al. [5] imaged spots within the 7×7 unit cell, at both 

positive and negative biases, which were thought to be adatoms on an otherwise bulk-

terminated substrate. Such a model was shown to lead to high strain, and in any case there 

was no guarantee that these STM peaks were in fact localized on single atoms. Ion 

scattering measurements [6-8] could not be explained without the incorporation of a 

Figure 2.2 Schematic diagram, in plan view, of the DAS model of of Si(111)-7×7 surface; 

the bold lines again show the surface unit mesh. In this diagram the adatoms are shown as 

large pink spheres, while the dimerised Si atoms are shown as pale blue. The red spheres 

show un-dimerised Si atoms in this same layer. The Si atoms in the layer below are shown 

green, while those in deeper layers are dark blue [3]. 
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stacking fault into a model for the surface. The lateral sensitivity of THEED work by 

Takayanagi et al. [2], with calculations of projected atom positions, led to the final 

structure shown in the figure [3]. This has become the widely accepted model of the 

Si(111)-7×7 surface. 

 

Data analysis confirmed that the images seen by STM were indeed adatoms and that a fifth 

layer stacking fault existed in one half of the 7×7 unit cell. STM topographs at different  

sample biases were made by Tromp et al. [9] and showed a clear asymmetry between 

opposite halves of the 7×7 unit cell, resulting from the small difference in energy of the 

dangling bond surface states in the different halves. It has been found by Chou et al. [10]  

that the stacking fault introduces a surface sate at 0.1 eV above the valence band, 

dispersing into the valence band. Evidence for the stacking fault and adatoms has also been 

found in XRD measurements by Robinson et al. [11]. The other major feature of the model 

is the existence of dimers which delineate the sides of each half of the unit cell.  

 

The effect of the DAS 7×7 reconstruction is to reduce the number of dangling bonds per 

unit cell. However, the surface is still reactive and possible adsorption sites include direct 

adsorption onto the dangling bonds, substitution for the adatoms, and adsorption in the 

corner hole, or breaking of the dimer bonds. All these adsorption sites affect the dangling 

bonds and any surface states associated with them.  

2.2.2 Vicinal Si(111) surfaces 

A vicinal surface of a single-crystal is a free surface whose orientation is close to that of a 

low Miller index surface. Vicinal surfaces are typically obtained by cutting a single crystal 

slightly off a low-Miller index direction, by an angle called the miscut angle. When 

suitably prepared, at the atomic scale a vicinal surface consists either of a regular array of 

parallel atomic steps separating atomically flat atomic terraces, or an array of an 

accumulations of atomic steps separated by flat terraces, a phenomenon called step 

bunching [12, 13]. Step bunching can be viewed as a periodic micro-faceting of a surface. 

Preparation usually consists of a series of cleaning/annealing cycles or homoepitaxial 

overgrowth, or a combination of several such procedures. Vicinal surfaces can act as 

templates for further deposition, where growth occurs preferentially at the steps (step 

decoration). For vicinal surfaces this has been demonstrated on variety of 

adsorbate/substrate combinations such as Ag/Pt(997) [14], Co/Pt(997) [15] , Ga/Si(112) 



 13 

[16], Gd/Si(111) [17] , Au on Si(337), Si(557), Si(5 5 12) [18, 19] or Ag/Si(5 5 12) 

surfaces. 

 

The Si(111)-7×7 surface has a particularly stable step geometry. The top edge of an 

equilibrated step consists of a string of corner holes of the 7×7 unit cell, running along the 

[ 101 ] direction [20-22]. Thereby, the 7×7 reconstruction helps ordering the step arrays by 

quantizing the terrace width in units of half the 7×7 unit cell [23]. This still leaves two 

possible orientations of the step edge, where the surface normal is tilted from (111) 

towards opposite directions, i.e., [ 211 ] and [ 211 ]. Due to the symmetry of bulk Si crystal 

structure, the surfaces misoriented towards these directions have inherently different 

structures from each other. Figure 2.3 shows the ideally truncated surfaces of misoriented 

Si(111) crystal toward [ 211 ] (left) and [ 211 ] ( right) directions, respectively. These two 

surfaces have different chemical bond configurations at step edges; only one dangling bond 

(DB) at a step-edge Si atom for the [ 211 ]-directed miscut, while two DBs for the [ 211 ] 

case [24]. The steps with the [ 211 ] tilt are taken as the most stable configuration since 

they are found to occur during Si-on-Si(111) epitaxy [25]. Arrays of single steps can be 

obtained from samples cut 1.1o towards [ 211 ] using a multi-stage annealing sequence 

[26]. The most critical part is a quench to 850oC within 3 s for avoiding step tripling. Rapid 

quenching through step bunching regions allows preserving the single-height steps that are 

stable at high temperature. Thermal disorder from the quench can be removed in a post 

anneal at lower temperatures, where the mobility is too low for step bunching. However, if  

 

Figure 2.3 Atomic structure models of ideally truncated surfaces of vicinal Si(111) 

misoriented toward (a) [ 211 ] and (b) [ 211 ] directions, respectively. The upper panels 

are top views, and the lower are side views [24]. 
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this temperature is too high, i.e., too close to the 7×7-to1×1 phase transition at ~870oC, 

some of the single steps convert to triple steps. Arrays of bunched steps occur for miscut 

towards [ 211 ] direction, with adjustable height (1-5 nm) and a spacing of 70 nm. By 

taking into account several parameters such as miscut angle, annealing sequence, current 

direction, external stress; straight edges and regular spacing can be obtained [12, 26].          

2.3 Low-dimensional structures  

The most commonly used techniques for the preparation of LD nanostructures are 

lithography, electrochemical deposition and self-organised growth on structured or stepped 

surfaces. The conventional lithographic methods use UV light from excimer lasers. The 

structure size is limited by the wavelength of the laser light (currently λ = 193 nm or 157 

nm). The node size in commercially available CMOS devices is 45 nm - already below the 

diffraction limit of λ/2. This can only be achieved by an enormous precision in the 

manufacturing steps and huge effort in mask design. Other lithographic methods such as 

electron beam lithography, or the direct scratching of the photoresist using an atomic force 

or scanning tunnelling microscope can produce much smaller structures, but not in large 

quantities or on large areas as required for device production. A promising approach to 

reduce the structure size with conventional lithographic techniques is EUV-lithography 

(extreme ultraviolet, 13 nm), [27, 28].  

 

Other methods of growing nanostructures have been discussed recently [29, 30]. Metallic 

nanowires can be grown by electrochemical deposition of metals in structured membranes 

which are then dissolved in later production steps [29, 31, 32]. The width of wires 

produced in such a way is determined by the membrane pore size and the length by its 

thickness. Currently, the only way to produce large areas of organised nanostructures of 

minimum dimension <5 nm is by self-assembly on structures substrates, particularly 

stepped surfaces.  

2.3.1 Self-organised epitaxial growth 

Self-organised epitaxial growth or epitaxial self-assembly may occur on crystalline 

substrates under favourable conditions. The driving force for the self-organization process 

during heteroepitaxial growth of films of more than a few monolayers (ML) thickness is 

the misfit between the crystal lattice of the growing layer and that of the substrate, which 

creates strain in the growing layer. In the initial stage of growth, a pseudomorphic thin 

layer is created, which is elastically distorted. During growth the elastic energy stored in 
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this layer increases. In general, either plastic or elastic relaxation of this internal elastic 

energy is possible. During plastic relaxation, the elastic energy is reduced by misfit 

dislocations at the substrate/layer interface; this process competes with elastic relaxation 

leading to self-organized nanostructures. Elastic energy relief is important for the 

formation of self-assembled nanostructures, and this in turn depends substantially on layer 

thickness. For layer thicknesses of only a few MLs, the elastic energy may be reduced by 

surface reconstruction. The clean surface of a crystalline substrate is often reconstructed in 

relation to a bulk exposed plane. Heterogeneous adsorption then leads to further 

reconstruction, producing an adsorbate induced surface superstructure. 

2.3.2 Metal-induced reconstructions as templates for LD growth 

Surface superstructures induced by metal adsorption on semiconductor surfaces have now 

become important platforms for exploring LD physics as well as applications to 

nanotechnology. With various combinations of metal adsorbates and semiconductor 

substrates an abundance of ordered surface phases has been reported, some of which 

exhibit intriguing physical properties. Different adsorbates and atomic arrangements form 

different surface electronic states. Since the surface superstructures generally involve one 

or two surface atomic layers, their surface state bands are inherently two dimensional. 

One-dimensional electronic bands may be created due to strongly anisotropic atomic 

arrangements in surface superstructures. For nano-structural fabrication, usually a thin 

epilayer is grown on a substrate. This two-dimensional (2D) layer may be used to fabricate 

lower dimensional structures like wires (1D) or dots (0D) by lithographic techniques. 

However, structures smaller than the limits of lithographic techniques can only be obtained 

by assembled growth utilizing the principles of Stranski-Krastanov (SK) or Volmer Weber 

(VW) growth. Small islands can exhibit unusual quantum confinement effects, which make 

them useful in electrical devices as single electron transistors and optical devices.  

 

The use of more complex crystalline templates opens up more possibilities of LD epitaxial 

growth of metallic and semiconducting structures. This is demonstrated on Si(111)-3×1-Ag 

[33, 34],  where the Si(111)-3×1-Ag surface is used as a template for growing 1nm sized 

Ag quantum dots, with a preferential spacing of 1.5 nm along the rows. Other structures 

include Er silicode wires on Si(001) as templates for deposition of platinum [35], 1D In 

islands on Bi/Si(001) system [36]. Adsorption of a larger quantity of metal atoms on 

surfaces can lead to the formation of islands. The shape of the islands formed may depend 

not only on the adsorbate and substrate material, but also on the surface orientation and 
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reconstruction before adsorption. In some cases it is possible to grow larger anisotropic 

islands. Examples are the formation of Sn islands on InAs(110) [37] or Pb islands on 

Si(335) [38], Ag islands on Si(111)-3×1-Ag [33], InGaAs islands on GaAs [39]. In these 

systems the island size and also shape is determined by the amount of metal deposited. The 

width, height and length of the island change when more material is deposited. With 

appropriate growth conditions, self-assembled epitaxial islands can be grown in reasonably 

well-controlled sizes. A narrow size distribution is essential for most optoelectronic 

applications. The ability to grow such size-controlled islands is an attractive feature of self-

assembly, although the positions of individual islands cannot be determined precisely. 

Since precise placement of islands is not required for many devices, self-assembly is an 

attractive route for the fabrication of devices based on nanostructures. 

2.3.3 Nucleation of islands on silicon surfaces 

Growth of surface structures as described above involves deposition of atoms onto a 

surface, subsequent diffusion of those adatoms on the surface, and eventually nucleation of 

adatom clusters, commonly called islands. As atoms are deposited onto a surface they are 

adsorbed and begin to migrate at non-zero temperatures. Nucleation proceeds as long as 

adatoms form new islands instead of attracting to the existing ones. A stationary state is 

reached when the number of islands N remains constant and only island size changes. N 

scales as a power-law with respect to the surface diffusion coefficient D and the incoming 

flux F [40, 41] . This implies that the surface diffusion coefficient D can be found by 

measuring the number of islands on a surface. The scaling relation is given by [40] 

x

F

D
N



~          (2.1) 

where x is the scaling exponent which depends on the spatial dimension d, various 

microscopic surface processes and the critical island size. For islands on a singular surface, 

the relevant length scale is determined by the typical distance between islands ln, which is 

set during submonolayer deposition. Incoming adatoms nucleate new islands, since in this 

initial stage of growth there are no steps or islands present where newly landed adatoms 

could attach. Nucleation terminates when a saturation regime is reached, and all incoming 

adatoms attach to already existing islands. Consequently, the total number of islands 

remains constant. 

 

If one assumes stable and immobile dimers, the nucleation length on a singular surface is 

given by [42] 
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where D is the adatom diffusion coefficient and F is the flux. When island growth occurs 

on terraces of a vicinal surface, the terrace width L appears also as a length scale. On a 

terrace with smaller L most adatoms attach to the step edge and only a few islands appear 

[43]. On a vicinal surface in the limit of large terraces, L>>ln , in the submonolayer 

regime, the island density N (number of islands per unit area) will scale as on a singular 

surface,  
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As the terrace width decreases, adatoms attach preferentially to steps instead of nucleating 

new islands. If L is small enough (step-dominated nucleation), only one island fits between 

the edges of neighbouring steps. The nucleation length of the islands on a small terrace is 

given by [44]  
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and consequently the island density in this regime is given by 
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Setting the expressions for the island densities equal, NN
~

 , results for a cross-over value 

of the flux Fc = D/L6, or the terrace width Lc = (D/F)1/6. During the nucleation period the 

distance between the islands decreases until the saturation density is reached. 

2.3.4 Electronic properties of LD structures 

In LD systems, confinement of the electrons in at least one dimension strongly modifies 

the properties of the system. Low dimensions amplify the role of quantum fluctuations and 

enhance correlations. Both the ground state and the excitations exhibit strong correlation 

effects and possess a number of exotic properties, such as charge density waves (CDWs), 

Peierls instabilities, or the formation of non-Fermi-liquid-like ground states [45-48]. 

 

The Fermi liquid picture can describe the properties of bulk metals very well. The key 

observation is that, at normal temperatures, the macroscopic properties involve only 

excitations of the system on an energy scale small compared to the Fermi energy. The state 

of the system can be specified in terms of its ground state, i.e. the Fermi surface, and low-
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lying elementary excitations-a rarefied gas of ‘quasi-particles’. These quasi-particles 

evolve continuously out of the states of a free Fermi gas when interactions are switched on 

adiabatically, and are in one-to-one correspondence with the bare particles (adiabatic 

continuity). They possess the same quantum numbers as the original particles, but their 

dynamical properties are modified by the interactions. This scenario emerges because the 

phase space for scattering of particles is severely restricted by Fermi statistics: at low 

temperatures (T/EF << 1) most particles are frozen inside the Fermi sea, and only a fraction 

participate in the scattering processes. The restriction to lowlying excitations, implying low 

densities of excitations, and Fermi statistics are enough to ensure Fermi Liquid properties.  

In an ideal 1D system, the only possible scattering requires full momentum transfer. Hence 

interactions between single electrons will be much larger than in the 2D and 3D case. On 

the microscopic level, the central problem in the theory of interacting electrons is the 

Peierls instability. For a strictly 1D metal, a model of the band structure and the Fermi 

surface is shown in figure 2.4 (left). Assuming the band is crossing the Fermi level at half 

the Brillouin zone, it can be seen that any periodic distortion with a periodicity of 2 real 

space unit cells will lead to a backfolding of the band at the new zone boundary. This is 

always accompanied with an energy gain of electrons at the Fermi surface of ΔEP due to 

the opening of a gap as depicted in figure 2.4 (right). The argument can be similarly 

formulated for any kF, though the distortion then involves more than two unit cells. Peierls 

and Frohlich discussed these phenomena in terms of the electron-phonon interaction. The 

periodic lattice distortion of 2kF leads to the energy gain and a periodic modulation of the 

charge called a charge density wave (CDW) [49]. This instability of 1D metallic structures 

against CDWs accompanied with periodic lattice distortions (or vice versa) is now known 

as Peierls instability. For electrons in 1D, any many-body interaction that causes a 2kF 

distortion would lead to a more stable configuration than the metallic band. Repulsive 

electron-electron interaction would lead to similar effects eg. the Mott transition. Also, a 

periodic modulation of the spins – a spin density wave (SDW) – would lead to an 

energetically favoured configuration and an opening of a pseudogap at kF. In addition, the 

well-known 3D BCS-singularity (Bardeen, Cooper and Schrieffer [50]) can also occur in 

1D leading to Cooper pair formation and superconductivity [51]. Calculations are more 

complicated in this case, since the formation of a static CDW leading to an insulating 

ground state, and Cooper pairs leading to superconductivity are competing processes. 

Mean field theories can only describe one of them.  
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2.4 Optical properties of LD structures 

For bulk semiconductors the most important contribution to the dielectric function in the 

visible spectral range is interband transitions. The dielectric function   of Si is shown in 

figure 2.5 (left). The maxima in   can be attributed to certain transitions within the 

electronic band structure as shown in the right graph of figure 2.5. The absorption and also 

Im( ) are large whenever the joint density of states (JDOS) is maximised. The two 

features at about 3.5 eV and 4.3 eV are labeled E1 and E2 and are related to aspects of the 

band structure as shown in the right hand graph of figure 2.5. The band edge absorption is 

completely negligible compared to the absorption coefficient in the spectral region around 

E1 and E2. This is a consequence of two factors. Firstly, the band edge absorption is weak 

because it is indirect, and secondly, the density of states at the band edge is comparatively 

small. The measured absorption is dominated by direct, k-conserving transitions at photon 

energies where the density of states is high. The band gap Eg is indirect and has a value of 

1.1 eV, with the conduction band minimum located near X-point of the Brillouin zone. 

Direct transitions can take place between any state in the valence band and the conduction 

band states vertically above it, if the transitions are dipole allowed. The minimum direct 

Figure 2.4 Graphical explanation of the energy gain at the Peierls transition. A system with a 

parabolic metallic state with kF =1/2(π/a) can gain energy by a distortion of periodicity 2a. The 

backfolding of the band leads to a gap opening at 1/2(π/a) with a Peierls gap (∆Ep). Since no 

filled states exist above the new found valence band the system gains energy as depicted by the 

shaded area. The total energy gain though depends on the density of states around the Fermi 

vector kF [54] . 
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separation between the conduction and valence bands occurs near the L point, where the 

transition energy is 3.4 eV. The energy of these transitions is labelled E1, and corresponds 

to the sharp increase in the absorption at 3.4 eV, observed in the data shown in figure 2.5 

(left). The separation of the conduction and valence bands near the X point is also 

significant. This energy is labelled E2 and corresponds to absorption maximum at 4.3 eV 

[52]. The transitions near the L and X points are particularly important because of the 

‘camel’s back’ shape of the conduction band, leading to conduction and valence bands 

being approximately parallel to each other. The joint density of states factor is therefore 

very high at E1 and E2. The maxima in the JDOS or Im( ) are usually called critical point 

energies.  

 

For the discussion of the optical properties of nanowires there are two important points 

regarding the interband transitions. Firstly, since no free standing nanowires are 

investigated, the reflectivity of the substrate will the influence optical measurements. 

Optical models will have to be developed to relate structures in the measured spectra to the 

wires themselves. Secondly, the interband transitions of the nanowire will differ from the 

bulk, and will vary with size of the wire. Models are needed in order to relate structures in 

the optical spectra to the properties of the nanowires 

Figure 2.5 The dielectric function of silicon (left) solid line: imaginary part, dotted line: real 

part. In the right image the main transitions contributing to the bulk critical points are depicted 

by arrows in the bulk band structure [54]. 
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2.4.1 Drude-Lorentz oscillator 

The simplest models of absorption and dispersion are due to Lorentz and Drude. The 

Lorentz model can be applied to direct interband transitions; i.e., all transitions for which 

the final state of an electron lies in a different band but with no change in k-vector in the 

reduced zone scheme. The Drude model can be applied to intraband transitions.  

 

Within the the Lorentz model, the dielectric response at frequency ω for an isotropic 

medium is given by 
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where   and    are the real and imaginary part of the dielectric function, N denotes the 

charge density, m the electron mass, the damping factor, e the electron charge and 0  is 

the oscillator position where absorption is maximum. 

 

The region below the interband transitions can be assumed to be nearly free-electron-like 

and can be described within the Drude model, which describes the absorption of an 

electron gas. The Drude model for metals is obtained directly from the Lorentz model by 

equating the restoring force to zero as the conduction electrons of a metal are assumed not 

to be bound. Furthermore, because the wavefunction for a free electron is distributed fairly 

uniformly throughout the metal, the field acting is just the average field. Taking 00  , 

equation (2.6) becomes 
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The origin of the viscous damping term for a free-electron metal is the ordinary scattering 

of electrons associated with electrical resistivity.  The scattering rate or damping factor,  , 

can be replaced by 1 , where   is the inelastic scattering relaxation time. In the Drude 

model the scattering rate of the electrons is not explained, since the electrons are assumed 

to be non-interacting. In the Fermi liquid picture introduced earlier this is changed. The 

electron-electron and electron-phonon interactions can be included in this model and the 

scattering rate quantitatively described [53]. The Drude function for the free carrier 
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absorption remains valid. The Drude model of non-interacting electrons is a rather crude 

model. Nevertheless the agreement with the IR response of metals and also doped 

semiconductors is astonishing if the electron mass is replaced by the effective mass, *m , 

which accounts for interactions of the electrons with the screened core potentials. In figure 

2.6   is shown for several metals [54].  

 

.  

Quasi-1D nanowires are structurally anisotropic and are expected to produce an anisotropic 

optical response. The optical anisotropy is most simply described by anisotropic values of 

the effective masses and/or scattering rates. The full anisotropic dielectric function, i , can 

be described by the combination of Drude term and Lorentz oscillators, which account for 

the intraband absorption of the free electrons and the interband absorptions, respectively: 
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for i=x, y in the surface plane. Here, the amplitude iA is proportional to the oscillator 

strength, i  is the damping,   *22 /4 mNep  is the plasma frequency squared and m* is 

the effective mass. The parameters can be adjusted to give optimal values by least square 

fitting to the experimental data. 

Figure 2.6 Imaginary part of the dielectric function for various metals. For all metals the 

characteristic Drude tail of the free carrier absorption is observed in the infrared. Additional 

structures arise from interband transitions [54].  
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3 
Phenomenology of RAS and SHG 

 

3.1 Overview 

The first half of this chapter deals with a more detailed discussion of RAS phenomenology. 

The second half deals with SHG and the phenomenological theories relevant to this work.  

3.2 Optical response of materials 

The interaction of an EM field of optical frequency, with condensed matter can be 

described in terms of the polarization amplitude, ,...)2,( P , induced by the field, :)(E  

               ...),(:)2,,(),(:),(,..)2,,( 2)2()1(
0   kEkkEkkP  (3.1)                                                                                

)(i is the i-th order dielectric susceptibility tensor describing the material response. The 

intensity of the EM radiation emitted depends on the square of the polarization amplitude. 

The first term on the right hand side of the equation, which depends linearly on the field, 

describes the linear optical response, is exploited in techniques like spectroscopic 

ellipsometry and RAS. The nonlinear terms in the equation becomes significant at high EM 

field strengths, and the second term in equation (3.1) has a polarization, which depends on 
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the square of the EM field, describes the lowest order nonlinear optical response 

responsible for SHG.  

3.3 Reflectance anisotropy spectroscopy 

 Reflection anisotropy spectroscopy (RAS) is a non-destructive optical probe of surfaces 

capable of operation within a wide range of environments. It achieves its surface sensitivity 

by a measurement of the difference in reflection of normal incidence plane polarised light 

in two directions at right angles, from the surface of a cubic crystal. The optical response 

of bulk signal cancels by symmetry leaving a signal that arises from the lower symmetry of 

the surface. The surface sensitivity of RAS has been demonstrated on silicon surfaces with 

observations of surface reconstruction [1, 2], dimer orientations [1, 3], atomic steps [4-6] 

and strain [7]. The technique has been used to study adsorption on metals [8-11], 

semiconductor surfaces [12-16]  orientation of organic molecules bonded to metal surfaces 

[17, 18], alkali-induced surface reconstruction [19] and high pressure semiconductor 

growth [20]. An extensive review of RAS has appeared recently [21]. 

3.3.1 Analysis  

RAS is one of a handful of techniques, including photoluminescence, and spectroscopic 

ellipsometry, that depend on  1  (equation (3.1)). As mentioned earlier, it measures the 

difference in the near normal incidence (50) reflectance of linearly polarised light along 

two orthogonal axes in the surface plane of a crystal.  

 

The geometry of such an arrangement is shown in figure 3.1. Here, pE  refers to light 

polarised in the plane of incidence, and sE  to light polarised perpendicular to the plane of 

incidence. Reflection from such a surface is described by the well-known Fresnel 

equations which can be found in [22]. 

 

In a strict sense, a surface that has reconstructed may be considered to be an interface 

between two crystals with dielectric tensor components ixx , iyy , and izz . ixx  is the x 

response of the dielectric tensor to x components of the incident beam in medium i, with i 

= 1 (surface or thin film) or 2 (bulk substrate), and x and y are defined as in the surface 

plane and z perpendicular to it (figure 3.1). If the bulk material or substrate is isotropic, 

then the tensor components are the same along each material axis. This allows jj2 , where  
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j = x, y or z, to be replaced by the single component b , the isotropic bulk dielectric 

constant. The division of the sample into three distinct regions, bulk, thin film and vacuum, 

is known as the three-phase model [23] (figure 3.1). 

 

Using this anisotropic three phase model and the Fresnel equations, expressions may be 

derived for the s- and p-polarised light from such a surface [23]. As RAS is only concerned 

with the reflectance of p-polarised light from a p-polarised incident beam, only that 

equation will be quoted.  
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ppr =  complex bulk reflection coefficient of p-polarised light from p-polarised incident  

           beam 

Figure 3.1 Reflection geometry from a three-phase system, with an exaggerated 

representation of the angles of incidence and reflection. 
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ppr = complex surface reflection coefficient of p-polarised light from p-polarised incident 

         beam 

0 =angle of incidence 

 = azimuthal angle with respect to the place of incidence 

d = surface thickness  

and ixx has been replaced with xx , etc. 

In the normal incidence case o is 0 and this equation simplifies to: 
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where r is the difference in complex reflection coefficient between the two axes, and r is 

their average [24, 25]. 

Now,  
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where d is the depth of the anisotropic surface region (medium 1) and λ the incident light 

wavelength. The quantity  yyxxd    is called the surface dielectric anisotropy (SDA). 

The SDA is a well defined quantity, while determining the surface dielectric function 

requires an assumption about the depth of the surface region. Equation (3.5) thus relates 

the measured RAS response to the product of the anisotropic dielectric function of the 

surface region and its depth. Models of the dielectric response were discussed in chapter 2, 

section 2.4.1. The real part of rr / is commonly measured, and equation (3.5) gives  
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3.4 Second harmonic generation 

3.4.1 Nonlinear response 

The electric polarisation ),( kP induced in a material by an electromagnetic field 

),( kE is given by equation (3.1). Third harmonic generation, which depends on )3( , is a 

bulk probe in the absence of any strong resonantly-enhanced surface electric dipole effects, 

while higher order nonlinearities are too small to be detected, except for extremely short 

pulses [26]. Second harmonic generation (SHG) and other three-wave mixing phenomena, 

which depend on  2 , are potentially surface sensitive at non-destructive power densities 

[27, 28]. This is most easily seen for centrosymmetric materials where, in the standard 

multipole expansion of fields, the electric dipole term is parity forbidden, leaving only 

higher order contributions such as those from magnetic dipole and electric quadrupole 

effects. At a surface or interface the bulk symmetry is broken and electric dipole effects are 

allowed. An order of magnitude calculation shows that the surface effect should be at least 

comparable in size to the higher order bulk effects [28]. Bulk SHG measured in reflection 

will be limited to a region about a wavelength, λ, from the surface, while the surface 

contribution is assumed to come from the top atomic layer of dimension a. The surface to 

bulk SHG intensity ratio, which is proportional to the square of the field, will then scale as 

~( /a )2; for λ in the optical region, this factor is ~10-6. Now, in the bulk of the solid, the 

standard multipole expansion of fields, gives contributions to the SHG intensity which 

scale as ( /a )2 with order. Thus, in the optical region, the electric quadrupole and 

magnetic dipole terms will contribute about ~10-6 of the SHG intensity of the electric 

dipole term, and the surface dipole effect becomes comparable to the bulk effect in 

centrosymmetric media where the bulk dipole contribution is forbidden. 

 

The nonlinear polarisation induced by the surface dipole contribution can be written as 

       kjijki EEP
)2(

2         (3.7) 

where
 2
ijk

 is the second-order nonlinear susceptibility tensor reflecting the structure and 

symmetry properties of the surface layer. Physical and symmetry considerations allow the 

number of distinct non-zero elements of 
 2
ijk

  to be considerably reduced. As SHG is a 

special case of SFG, where jkkj EEEE  , the 333   tensor can be represented by a 

36  matrix, allowing the expansion of equation (3.7) to be written as  
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A further conjecture due to Kleinman [29] uses a 3D symmetry argument to propose that 

all three indices ijk are permutable in the second order susceptibility when the frequency of 

excitation   and its SH 2  are far from resonance. Departures from Kleinman symmetry 

where these conditions are satisfied have been discussed recently [30], while the 3D 

symmetry breaking at the surface or interface prevents the use of Kleinmann symmetry in 

the phenomenological modelling. Nye [31] has tabulated the relationships between 

different elements of the piezoelectric tensor, which has the same form as  2
ijk , for the 

various surface point groups. For the 2D point groups, table 3.1 lists the non-zero 

components.  

 

First attempts at models of the SHG process at surfaces were made by Bloembergen and 

Pershan [32] who discussed nonlinear optical properties of a slab of vanishing thickness, 

representing a surface layer. Heinz [33] later applied appropriate boundary conditions to a 

surface induced dipole sheet, resulting in expressions for the SH  power in terms of the 

surface  2 and the properties of the excitation source. Higher-order nonlocal terms, 

magnetic dipolar and electric quadrupolar, were considered in the phenomenological 

analysis of Sipe, Moss and van Driel [34].  

 

The large electric field gradients across the surface layers are expected to result in a 

significant electric quadrupolar response [35, 36]. This contribution is obviously highly 

surface specific. An effective theory, then, must combine local and nonlocal responses of 

the surface layer and bulk. The lowest-order bulk contributions to the SH response of 

adsorbate on Si systems is of magnetic dipolar and electric quadrupolar symmetry in the 

dipole approximation. The total effective nonlinear polarisation can be written as [34], 

regardless of the details of the mechanism as 

     r,r,r,2  lkjijkl
B

i EEP        (3.9) 
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where k  is taken with respect to the field co-ordinates, ijk l  is a fourth rank tensor, and 

the iE  are the components of the exciting field inside the medium. Bloembergen et al. [37] 

have expressed this equivalently, for cubic centrosymmetric semiconductors, as  

         iiiiii
B

i EEEEP   E.EEE.2r,2   (3.10) 

where  ,,, are frequency-dependent phenomenological constants derived from ijk l . 

For excitation of bulk Si by a single transverse wave, the first two terms of equation (3.10) 

vanish. The third term is isotropic while the fourth is anisotropic. The total bulk 

contribution of Si reduces to     iiii
B

i EEP   E.E2  consisting of a constant 

background and a face dependent signal. Using a generalised Green’s function approach, 

the resultant SH fields have been calculated [38] for a polarisation of the form 

   tiRiPtp  2.expr.   where  yxRR ,  and  is real. By matching this polarisation 

to that in equation (3.10), the SH fields due to  2B
iP  can be found. The fields due to the 

bulk isotropic source are found to be the same for all crystal faces and are found to be of p- 

polarisation only, while those due to the anisotropic term are face dependent and are of 

both s- and p- polarisation.  

 

The symmetry-allowed dipole term of the surface region and the bulk contribution due to 

the large discontinuity of the normal component of the exciting electric field across the 

Symmetry class           Independent non-zero elements s
ijk for SHG 

1                                  xxx, xxy, xyy, yxx, yxy, yyy, xxz, xyz, yxz, yyz, zxx, zxy, zyy, 

                                    xzz, yzz, zxz, zyz, zzz                                                                     

1m                              xxx, xyy, xzz, xzx, yzy, yxy, zxx, zyy, zxz, zzz  

2                                 xzx, xyz, yxz, yzy, zxx, zyy, zxy, zxz, zzz 

2mm                           xzx, yzy, zxx, zyy, zzz 

3                                 xxx = -xyy = -yyx, yyy = -yxx = -xyx, 

                                   yzy = xzx, zxx = zyy, xyz = -yxz, zzz,   

3m                              xxx = -xyy = -yxy, xzx = yzy, zxx = zyy, zzz  

4,6,                          xxz=yyz, zxx = zyy, xyz = -yxz, zzz  

4mm,6mm,m          xxz=yyz, zxx = zyy, zzz 

 

 

Table 3.1 Independent non-zero elements of 
s
ijk for crystallographic and 

continuous point groups for a surface in the xy-plane 
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surface, can be amalgamated into an effective nonlinear polarisation [34] 

    002 zzEEP kj
S
ijk

S
i   where z  is the outward surface normal, and 

S
ijk

  is the 

surface nonlinear susceptibility tensor transforming with the point group of the surface. 

The delta function   0zz  strongly localises the surface contribution. 

3.4.2 The two-phase model of Sipe, Moss, van Driel and Mizrahi 

A phenomenological treatment of surface SHG has been presented by Sipe et al. [34, 39] 

The form of the SH fields generated in vacuum at the (111), (100) and (110) faces of a 

centrosymmetric crystal have been deduced. Limiting the discussion to reflection and 

together with the bulk contributions outlined earlier, the total SH fields from the (111) or 

(100) face can now be expressed in the following way, where mnE  refers to the m-

polarised second harmonic response to the n-polarised probe and   is the angle between 

the crystal x  axis and the plane of incidence: 
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     (3 .11) 

The ia  mix bulk and surface isotropic contributions, the ib and ic  are the bulk and surface 

anisotropic coefficients and the iA  are Fresnel terms, all tabulated in detail by Sipe et 

al.[34]. The coefficient   in the azimuthal dependence of the above equations is related to 

the symmetry point group of the surface and takes the value 3 for the (111) face. Isolation 

of the individual components of the surface  2 is difficult since the bulk terms are 

inextricably tied to the surface terms, and may even be of the same order of magnitude. For 

clean Si surfaces, the bulk terms are negligible, for the fundamental wavelengths here and 

equations (3.11) can be simplified , using Sipe et al.’s tabulations [34], to  
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  (3.12) 

where if are Fresnel factors for off-normal incidence. Equation (3.12) can be utilized to 

analyze the experimental plots of SH intensity for sample rotation. 
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However, sample rotation studies are difficult in UHV systems. An alternative approach 

can be used which involves rotating the input polarisation angle, instead of the sample. 

Assuming the fundamental wave vector E makes an angle α with respect to the plane of 

incidence, the field components are related to E by 

E

c

b

a

E

E

E

z

y

x







cos

sin

cos

         (3.13) 

where a, b and c are Fresnel coefficients, then p- and s- components of the reflected SH 

wave can be written as  
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     (3.14) 

The terms A, B, C, F, G and H are functions of the second-order susceptibilities and the 

Fresnel factors [40] and are discussed in detail in chapter 7. Experimental plots of SH 

intensity versus polarisation angle carried out in this work are analysed in light of these 

plots. 

 

For vicinal surfaces, small modifications of the Fresnel coefficients and some missing of 

tensor components occurs, as tabulated by Lupke et al.[41]. The substrates used in this 

work have vicinalities of only a few degrees, and the corrections can be safely neglected. 

3.4.3 Simplification at normal incidence 

The phenomenological treatment of normal incidence SHG is straightforward when the 

bulk signal can be ignored. For light incident normal to the surface, the excitation field’s 

polarisation vector is confined to the plane of the surface and there is no refraction. For an 

E field’s polarisation vector at an angle   to the x axis, simplified expressions can be 

immediately extracted from equation (3.14) by substituting the E field components. 
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The detected intensity with the 2ω field along the i axis is then given by   2
2 ii PI  . 

Plots of  2iI  obtained  by sweeping the input polarisation vector  , for fixed output 

polarisation, can then be matched to the above equations to obtain values for 



 35 

those  2 components allowed by symmetry (table 3.1, with all z-dependent components 

set to zero).                                      
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4 
Experimental details 

 

4.1 Overview 

This chapter describes sample preparation, including the use of evaporation sources, and 

elemental and structural characterisation. Detailed descriptions of the RAS and SHG 

experimental configurations are also provided.  

4.2 Sample preparation 

4.2.1 Substrate cleaning 

All the Si samples in the experiments were prepared from commercially available wafers, 

cut 1o, 2o and 3o off the [111] axis towards the high symmetry [ 211 ], and 4o towards the 

[ 211 ] directions. Si(557) wafers were also used: these are cut 9.5o off the [111] axis 

towards [ 211 ]. In order to use stepped surfaces as templates for producing one-

dimensional wires or stripes by decorating the step edges, it is essential to start with regular 

step arrays which exhibit atomically straight step edges and low kink densities as discussed 

in chapter 2 section 2.2.2. The cleaning of the Si(111) surface plays a major role in 



 39 

obtaining regular step arrays. A number of different methods can be employed for thermal 

treatment of Si surfaces in UHV. For instance, electrons can be accelerated to the rear of 

the sample from a hot filament by means of a large bias voltage. This is termed electron 

bombardment. Another method is resistive heating. Silicon, a semiconductor, has a 

negative thermal coefficient of resistance. Its electrical conductivity, as for all 

semiconductors, depends on the fact that, at room temperature, the distribution of thermal 

energies of electrons, (characterised by Boltzmann distribution of the form, 

)/(
exp

kTEgap
, where gapE is the energy band gap of the semiconductor), is such that a 

significant population of states in the conduction band results. This, together with holes left 

in the valence band, provides mobile carriers for the current. The effect of heating is to 

further populate the conduction band with electrons and valence band with holes, resulting 

in lower resistance at higher temperature. In this work, samples were cleaned by resistive 

heating. The first stage of resistive heating is to apply a high voltage across the sample to 

breakdown the native oxide layer, to create enough carriers for current to begin flowing. 

This method does have the advantage of being able to uniformly heat Si samples routinely 

right up to the melting point, provided feedthroughs can handle the current. This requires 

proper clamping of the Si samples in their sample holders to ensure even heating. In this 

work, sample ends were wrapped in a tantalum foil and clamped securely with stainless 

steel clamps as illustrated in figure 4.1. Extensive repetition of resistive heating can lead to 

the electromigration of steps [1], but no evidence of this has been found for the limited 

heating of samples reported in this work.  

 

Silicon temperature control was achieved using an optical pyrometer. The emissivity of Si 

through the optical port of the UHV chamber in use is required for accurate readings by 

pyrometer. For standard UHV conditions, the emissivity of Si is ~0.66. The procedure used 

Figure 4.1 Top view of sample holder used for UHV experiments 
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to obtain regular array of ordered single height steps (single height steps on the Si(111) 

surface are defined as the spacing between first and second Si bilayers, a distance of 

0.3135 nm) is  detailed in O’Mahony et al [2] . Degassing of samples and sample holders 

was achieved by annealing to 800oC for a number of hours in UHV until good chamber 

pressures were recovered. Removal of the oxide layer occurred on flashing samples to 

1200oC. The sample was then rapidly cooled to inhibit step bunching. The whole heating 

cycle was then repeated and Auger electron spectra (figure 4.2(a)) showed negligible 

contamination. A low energy electron diffraction (LEED) pattern of the 7×7 reconstruction 

obtained following this surface treatment is shown in figure 4.2(b).  

 

 

LEED spot splitting due to the regular array of steps is not generally seen on the low angle 

offcuts, due to the coherence length of the LEED gun. Scanning tunneling microscopy 

(STM) was used by Dr. Sandhya Chandola, at the Technische Universität Berlin, to check 
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Figure 4.2 (a) Auger electron spectrum of clean silicon. (b) LEED pattern of Si(111)-7×7.   
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that the thermal processing recipe used led to regular, well-ordered step structure (see 

chapter 6). 

 

Auger-electron spectroscopy (AES), LEED and RHEED are standard surface science 

techniques for determining the elemental composition and crystallographic structure of 

surfaces. An electron beam of energy 150 eV has a wavelength of around 0.1 nm, making 

it suitable for electron diffraction experiments. However, this energy is roughly at the 

minimum in the universal path length curve (figure 4.3(a)), giving these electrons optimum 

surface sensitivity. The elastic backscattering of low energy electrons incident normally on 

a crystal surface forms the basis of the technique of LEED. An alternative is to use high 

energy electrons incident at a grazing angle on the crystal surface. In this case the 

penetration depth of the electron beam into the surface is also very small, as the component 

of the incident electron momentum normal to the surface is very small. This forms the 

basis of RHEED. A standard four-grid Omicron nanotechnology combined rear view-

LEED/AES apparatus was used. The system comprises of a normal incidence electron gun 

and a retarding field analyser (RFA). Electron gun filament currents of approximately 6A 

gave emission currents of 0.2mA. Diffraction patterns were viewed on a screen at +4kV 

relative to the grounded sample. AES studies were carried out by applying a modulating 

voltage (10V peak-peak) to the middle grids of the RFA detecting total secondary 

electrons, and using a lock-in amplifier. Energy resolution (in eV) of Auger peaks was 

approximately that of the modulating voltage used. A standard RHEED apparatus (Eiko 

engineering systems Ltd., Japan) was used with a beam energy of 15keV. The contrasting 

sampling depths of electron spectrocopies and epioptic techniques are shown in figure 4.3, 

where it can be seen that optical sampling depths around the visible region are typically 

~10 nm, sufficient to penetrate ultra-thin capping layers.            

4.2.2 In, Au and Ag evaporation source 

 A WCK-2 Knudsen cell from WA technology was used for evaporating In on to the 

substrates. A collimated flux for controlled and reproducible deposition is produced from a 

crucible made of very fine graphite, the inside of which is coated with pyrolytic boron 

nitride (PBN), which shows minimal interaction with the deposition material. The crucible 

is heated using a tantalum foil element, which is insulated with a PBN thermal shield. The 

Knudsen cell can operate up to temperatures of ~1000oC with a low background pressure 

of ~
10105  mbar. Accurate temperature control was by means of a proportional-

integrated-differentiated (PID) controller, which has a thermocouple mounted in good 
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thermal contact with the crucible and is stable to within ±2oC. A High Temperature 

Effusion cell ( HTEZ-40) from MBE-Komponenten designed for clean UHV operation up 

to 1900oC was used for the evaporation of Ag and Au. Figure 4.4(a) shows the schematic 

drawing of the main parts of the HTEZ heating system. Due to the high operation 

temperature the filament is made of tungsten and direct contact between filament insulation 

parts is avoided. Additional insulating PBN ceramic plates are shielded by tantalum plates 

to prevent out gassing during operation. The HTEZ provided very reproducible 

evaporation and precise regulation. The crucible material used for the evaporation was 

Al2O3. Calibration of In, Au, Ag were done using Auger electron spectroscopy and LEED. 

A quartz crystal oscillator was used instead of AES to calibrate the Ag cell. It was often 

found that RAS spectral signatures could be used routinely to follow the sample coverage, 

after initial calibration using AES and LEED. Details of calibration are given in sample 

preparation section of chapter 5.        

4.2.3 Si evaporation source 

Silicon capping studies of the Si(111)/In system used a home made evaporator. This was 

achieved by resistive heating of a piece of silicon near to its melting point. Although a 

reasonable deposition rate could be achieved, an overall heating of the chamber walls due 

to the lack of proper shielding and water cooling lead to an increase in base pressure of the 

system. Later, a Silicon Sublimation Source (SUSI) from MBE-Komponenten was 

purchased and this was used for the evaporation of silicon for capping studies on 

Si(111)/Ag. The SUSI allowed growth of high quality ultra-thin Si layers, not otherwise 
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using effusion cells. It provided a very clean and constant Si flux, although at a low growth 

rate. The SUSI is commonly used for Si-doping of GaAs epilayers in MBE growth 

facilities. Figure 4.4(b) shows the schematic diagram of SUSI source. The specially 

designed free standing silicon filament arch is directly heated by electrical current and is 

surrounded by high purity silicon shielding parts. Heating of metal and ceramic parts is 

minimised by very effective water cooling of the electrical contacts. No insulating ceramic 

parts are used in the hot zone.  

4.3 Reflectance anisotropy spectrometer 

4.3.1 RAS Experimental configuration 

Typical RAS experimental configurations have been described in detail in a recent review 

[3]. RAS measurements were performed using a system initially constructed by Dr. Fran 

Pedreschi and Dr. Des O’Mahony of the Dublin Institute of Technology. The performance 

of this system was improved by Dr. Karsten Fleischer by adding active computer control of 

the photoelastic modulator (PEM) voltage and replacing the photomultiplier tube (PMT) 

with a Si/InGaAs dual photodiode. The set-up is based on the configuration designed by 

Aspnes et al [4]. Figure 4.5 shows the schematic diagram of the optical components upon  

a) b) 

Figure 4.4 Schematic view of a) high temperature effusion cell b) silicon sublimation 

source.  
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the baseplate. Light from the xenon lamp is reflected off the first mirror. The lamp-to-

mirror distance is approximately the focal length of the mirror so that the diverging beam 

is made nearly parallel. The light then passes through a polariser which specifies the axes 

with regard to which the RA response is being measured. The beam then passes through an 

optically flat, strain free, fused silica window (FSW) (Bomco USA) into the UHV chamber 

and strikes the sample. This window consists of an optically flat face which extends out of 

the vacuum chamber on a glass cylindrical wall. The construction allows the walls to 

dissipate the strain brought about by mounting the window in the vacuum chamber, leaving 

the optically flat window largely unaffected. The reflected beam then passes through the 

PEM and an analyser. The slowly diverging beam is reflected off the second mirror 

towards the monochromator. The distance from the second mirror to the monochromator is 

also approximately the focal length of the mirror, and the beam is nearly in focus at the 

entrance slit. The detector used for RAS measurements of In induced reconstructions was a 

PMT. Due to the limitation of spectral range to 1.5 eV, any free carrier anisotropy of the 

RAS signal which will be mainly in the IR region could not be observed. The detector was 

replaced by a Si photodiode for measurements from 1.3 eV to 5 eV, and an InGaAs 

detector for 0.85 eV to 1.5 eV. All RA measurements of Ag and Au on Si were performed 

using this detector. Brief specifications for individual components of the RAS system are 

Figure 4.5 Schematic diagram of the RAS optics 
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given in Appendix A. Figure 4.6 shows the configuration of RAS set-up and evaporators 

with respect to the UHV chamber. The configuration allowed real time monitoring of 

adsorbates on the Si sample with RAS.  

 

The influence of each component on the polarisation state of the light must be considered 

in determining the output equation for the system. The Jones Vector approach is ideally 

suited to this task. It represents polarised light as a vector, and optical components as 2×2 

matrices. Subsequent interactions of the light with the optical components are calculated 

by multiplying the element matrices and applying the result to the vector. Hence by 

applying Jones matrix formalism, the proportionality factors between the time-varying 

current in the photodetector and reflectance anisotropy can be obtained [3]. 
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I Photodetector current 

I change in photodetector current 

1  azimuthal offset of window strain for incident beam 

Figure 4.6 RAS set-up with respect to the sample in the UHV chamber  
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2  azimuthal offset of window strain for reflected beam. 

1 incident beam window strain retardation 

2 reflected beam window strain retardation 

aF Polarizer imperfection 

PEM  PEM retardation  

P  misalignment of polarizer 

M  misalignment of PEM 

J1, J2  Bessel functions 

 PEM modulation angular frequency 

 

and r and r are as defined in chapter 3. The terms in this equation reveal many important 

points about the effective operation of an RA spectrometer. Only first order terms are 

included, as the others are assumed to be negligible on a properly set up system. It also 

shows on which part of the RAS response (real or imaginary) that the effects are strongest. 

For example, P and M has a substantial effect on the real part, but not on the imaginary  

part (again, to first order).  Possibly the most important aspect of the equation is that the 

anisotropy is modulated at the PEM frequency, and its real and imaginary parts have 

different frequency dependencies (2 and  respectively). This makes them easily 

distinguishable by lock-in detection, via the f and 2f modes. 

4.3.2 RA signal processing 

Figure 4.7 shows the layout of the electronics. The detector is connected to a unit which 

contains a preamplifier to amplify the output voltage from the diodes. This unit also 

contains an active filter box which splits the signal into its AC and DC components. The 

DC component is measured by the analogue-to-digital converter of the lock-in-amplifier 

and the AC component goes to the main input of the amplifier. The PEM control voltage is 

varied remotely via the digital-to-analogue converter of the lock-in-amplifier. The 

modulating frequency of the PEM provides the external reference signal for the lock-in-

amplifier. The PEM, monochromator and lock-in-amplifier (and therefore the whole 

measurement of rr / are controlled by a PC. The RMS output from the lock-in-amplifier 

is converted into peak amplitude.  

    

This output must still undergo minor processing to obtain rr / . This processing can be 

formulated by considering equation (4.1). This reveals that, in order to get an accurate, 

maximised output, as well as minimising the misalignments, the relevant Bessel function, 
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J1 or J2 should be at its peak value. As the value of the Bessel function depends on the 

PEM retardation, plots of J1 and J2 will yield the appropriate values of δPEM for the 

imaginary and real response respectively. The DC component is proportional to the 

intensity I and the AC component of thr real part to the modulation ΔI2ω. 

  

So, in the absence of any alignment errors and window strain, the 2ω component can be 

related to the RA response using the following expression derived from equation (4.1) 

  I

I

Jr

r

PEM





2

22

1
Re










 
      (4.2) 

4.4 Second Harmonic Generation 

4.4.1 SHG experimental configuration 

The general SHG setup involves impinging a pulsed fundamental beam at an incident 

angle of 67.5o on the sample and then separating and collecting the SH beam generated 

which in this work is collinear with the specularly reflected fundamental. A MIRA 900-F 

fs-laser was used as the fundamental-frequency light source. Pumped with a solid-state 

Figure 4.7 Layout of RAS electronics 
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VERDI V-10 laser, the MIRA generates 130fs pulses of laser light at a 76MHz repetition 

rate reaching peak powers of approximately 10W necessary for SHG. However, the 

maximum average power is 0.9W, which does not damage the sample and, indeed, 

produces negligible heating. The central output-wavelength of the MIRA is continuously 

tuneable between 710 nm and 980 nm (1.25 eV to 1.75 eV) with a FWHM of about 12 nm 

caused by the time-bandwidth product of ultra-short pulses. Figure 4.9 shows the optical 

set up. All elements were attached to an aluminium plate which was bolted to the UHV 

chamber. The polarised pulsed laser beam of frequency ω is first steered using mirrors. The 

beam then progresses to a Glan-Air polariser with an extinction coefficient of 10-5 and set 

for maximum transmission. A motorised half wave plate acts as a polarisation rotator 

which allows the plane of polarisation of the beam to be set or continually changed under 

PC control. These are 2θ devices, meaning their rotation through θ results in a polarisation 

rotation of 2θ. The beam then passes through a lens and an OG550 filter. The filter 

eliminates any 2ω generated in the input optics. The lens allowed the beam to be focussed 

to a 190 m FWHM-diameter on the sample. After reflection from the sample, the beam 

passes through a BG39 filter, which removes most of the fundamental, allowing the 2ω to 

be passed through a second Glan-air polariser. The orientation of this polariser determined 

the output polarization alignment of the experiment. The beam then impinges on a dichroic 

Figure 4.9 Optical set-up for SHG measurements 
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mirror that transmits the residual fundamental frequency component, while reflecting SH 

frequency component. The beam is then focussed using a lens onto the entrance slit of the 

monochromator. The 2ω photons are detected by a side-on photon-counting PMT 

(Hammamatsu R1527P). The initial alignment was carried out using a HeNe beam (2mW 

CW at 632.8 nm). The advantages of using this laser are its visibility and its safety during 

alignment. A computer-controlled photon-counter (SR400) was used to discriminate and 

count the pulses from the PMT. The fs laser controller provided an output channel 

indicating the intensity of the fundamental beam, allowing real-time normalization of the 

PMT SHG signal against the input intensity. Figure 4.10 shows the SHG set-up 

configuration with respect to sample in the UHV chamber, where both SHG and RAS can 

be measured. 

 

4.4.2 Minimisation of errors 

Since the intensity of the SH signal is related to the fourth power of the amplitude of the 

excitation field, variations of the excitation field, such as changes in intensity or 

polarisation mixing, must be eliminated. Any intensity variation is taken care of by using 

the normalisation method, while MIRA proved to be very stable. The use of specially 

constructed fused silica windows minimises any strain-induced birefringence. 

Figure 4.10 SHG set-up with respect to sample in the UHV chamber, allowing both 

the SHG and RAS to be measured  
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Misalignment is a potentially significant source of error, particularly arising from 

polarisation mixing of the s- and p-SH signal at the output polariser. The precise 

orientation is crucial in order to avoid any leakage of the p-SH signal into the s-polarised 

output, which is typically at least an order of magnitude smaller. The orientation was 

determined using a cross polarised set-up with respect to the input laser beam. 

 

The net error due to any remaining misalignments and polarisation mixing can be 

determined by measuring the SH response from a sample where the plane of incidence can 

be aligned with a mirror plane of the surface. The polarisation rotation plot from a clean, 

vicinal Si(111)-7×7 surface, offcut by 1o, is shown in figure 4.11. Plots of SH intensity as a 

function of input polarisation should produce an even-lobed )2(sin2  response with well 

defined nulls (see chapter 7). Figure 4.11 shows the result, together with the 

phenomenological curve fit. The clean and sharp nulls, plus the even lobes at 90o intervals, 

show that any residual misalignment or polarisation mixing in the apparatus can be 

considered as negligible.  

 

 
The nulls are slightly displaced from zero by the dark count of the PMT, while the small 

difference between the 45o and 225o maxima, and the 135o and 315o maxima, are 
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Figure 4.11 α-sx (s-polarized SH output, x-azimuth) rotation plots as a function of angle 

of polarisation of the fundamental beam, incident at an angle 67.5o . The substrate was 

Si(111)-7×7. Experimental points are indicated by dots, and the theoretical fit by solid 

line.   
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systematic and appear to be associated with a slight error in the halfwave plate 

manufacture.            
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5 
RAS of anisotropic structures grown on vicinal Si(111)  

 

5.1 Overview 

The atomic structures of Si(111)-4×1-In, Si(111)-3×1-Ag and Si(111)-5×2-Au, are 

reviewed. All these structures possess in plane anisotropy. Details of the preparation of 

various nanostructures and the RAS spectra obtained on different offcut Si(111) samples 

are presented and discussed. 

5.2 Si(111)-4×1-In 

Indium on silicon represents an interesting overlayer system which allows us to study the 

interfacial bonding between a simple metal and an elemental semiconductor in a variety of 

different interfaces. Indium is known to induce a number of ordered surface phases on 

Si(111)- 77  up to coverages of 1-2 ML. The sequence of structures for Si(111)- 77 as a 

function of In coverage is [1]:  

 

            oo RR 301114313130331177  . 
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The   3033 R o surface has been studied experimentally by k-resolved direct and 

inverse UV photoelectron spectroscopy (ARUPS and IPES) [2-4],  STM [5], and electron 

energy loss spectroscopy (EELS) [6]. The pseudomorphic   3011 R o layer, which is 

observed for coverage greater than 1 ML marks the transition layer growth to 3D islanding, 

and as well the onset of metallicity in In overlayers [1]. Si(111)- 14 -In is a member of a 

class of quasi-1D systems that possess chain-like overlayer structures on Si(111) that 

includes Si(111)- 25 -Au [7] and Si(111)- 13 -X where X ={Li, Na, K, Cs, Ag} [8, 9]. 

The ( 14 )-In forms at coverage between 0.6 - 1 ML at elevated temperature and is 

presumably the basic interfacial layer for the subsequent Stranski-Krastanov growth. 

Figure 5.1 shows the model generally accepted for ( 14 )-In, based on surface x-ray 

diffraction analysis [10].  

 

Indium atoms arrange in four lines along the [ 011 ] direction between which zigzag Si 

chains run. These atomic chains are seen as stripes in the STM image figure taken at RT 

[11]. Each stripe corresponds to the four In chains, aligned with a spacing corresponding to 

the four-times super-periodicity. Along each stripe, corrugations corresponding to the 

fundamental periodicity can be seen. According to the ARUPS study by Abukawa et al. 

[12], it is metallic along the In chains, while insulating in the perpendicular direction.  

Figure 5.1 Ball-and-stick model of the Si(111)-4×1-In reconstruction in top (a) and side 

(b) views. Indium atoms are drawn dark grey, silicon atoms are drawn light grey. The 

standard LEED (4×1) unit cell is indicated by a dashed line. The dash-dotted line along 

[ 211 ] indicates a mirror line [10]. 
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Along the In chains, three dispersive bands, m1, m2, m3 are found, all of which cross EF, 

indicating metallic bands. On the other hand, perpendicular to the In chains, these bands 

show no significant dispersion. Figure 5.2(a) shows the band dispersion diagram. This 

indicates that the electrons in these bands are mobile along the stripes, while it hard to 

make them hop to the neighbouring stripes, i.e, this is a quasi-1D metal. This nature is also 

consistent with IPES studies of the unoccupied states [13].  

 

Another interesting feature in figure 5.2(a) is, that the m3 band crosses EF at around the 

middle of the surface Brillouin zone and its Fermi surface (line) is roughly parallel to ky as 

shown in the figure 5.2(b). This means that a nesting vector of 2kF exists along the In 

chains, where kF is the Fermi wavevector. Therefore, the formation of charge-density 

waves with double periodicity, due to the Peierls instability of one-dimensional metals 

Figure 5.2 Surface-state bands of the Si(111)-4×1-In structure, determined by ARUPS at 

RT (kx and ky are the components of wavevector along the In chains and perpendicular to 

them, respectively). (a) The band dispersion is drawn three dimensionally. (b) The Fermi 

surface in the surface Brillouin zone [11]. 

kx 

ky 

kx 

ky 

kx 
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might be expected at a sufficiently low temperature. The instability of the (4×1) phase is 

indeed observed when the surface is cooled to a temperature below ~100K [14]. The 

RHEED/LEED pattern shows streaks indicating a doubled periodicity along the chains. 

These streaks indicate that there is a lattice distortion of 2ao (ao = 0.384 nm) periodicity 

along the linear chains, which is poorly correlated between the chains. The low-

temperature phase has been labelled the (4×”2”)-In phase though its actual periodicity 

turned out to be (8×2) from electron diffraction experiments [15]. Streaky half-order 

reflections are due to weak inter-chain correlation along the chains.  Comparison of 

ARUPS spectra measured along the linear chains at RT and ~100K show that the metallic 

states lose their spectral weight at EF, showing a semiconducting nature. This means that a 

metal to non-metal transition occurs on cooling. This phase transition is related to the 

formation of a charge density wave (CDW) and the opening of a Peierls half-band gap. 

However,  it has been argued, using surface X-ray diffraction results, that the CDW is not 

the driving force for the phase transition as the formation of (8×2) is not complete at even 

20K [15]. It is suggested that a glide line occurs causing a doubling of the unit cell in the 

direction perpendicular to the In chains and the periodicity along the In chains doubles due 

to the outer indium atoms forming In trimers.  

5.2.1 Sample preparation  

RAS of (4×1)-In has been studied extensively [16-21]. Hence the main aim of the present 

work is to use it as a model system to understand the preparation of the single domain 

structures and its characterisation using the RAS system. A vicinal Si(111) substrate, n-

type of resistivity 0.1-20 Ω cm, polished 2o off the [111] toward [ 211 ] was used. The 

sample cleaning procedure was described in section 4.2. Using the Knudsen cell 

evaporator, with a crucible temperature of 850oC, between 0.75-1 ML of In was deposited 

on the clean surface at a substrate temperature of approximately 400oC to form the single 

domain (4×1)-In. The structure was confirmed using RHEED or LEED depending on the 

UHV system used and the surface composition using AES. Figure 5.3(a) shows the single 

domain (4×1)-In LEED. Figure 5.3(b) shows the calibration of In deposition using AES 

with the substrate at room temperature. The ratio of the decaying Si LVV Auger transition 

at 92 eV to the rising In MNN at 400 eV, both normalized to the primary electron current, 

is used as an estimate of In coverage. (1 ML In = 7.8×1014atoms/cm2 on the Si(111) 

surface). Indium was evaporated onto a clean Si(111) substrate held at room temperature 

and the peak-peak height of Si and In signals measured as a function of time.  
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The linear relationship up to monolayer coverage demonstrates the absence of metal 

clustering at low coverages and the uniform growth of first monolayer at RT. The 

crossover of Si and In AES signals gives a reasonable estimate of 1 ML coverage. 

5.2.2 RAS results  

The RA spectrometer used follows the design of Aspnes et al. [22], details of which are 

given in section 4.3, using a PMT as the detector.  Figure 5.4 shows the transient at 1.9 eV 

during deposition, with the substrate at 400oC. The formation of (4×1) structure is marked 

by the appearance of the non-zero RAS signal at around 200 seconds. As ( 33  )-In is 

optically isotropic, no RAS is signal is observed before the on-set of the formation of (4×1) 

structure. Figure 5.5 shows the RAS spectrum after cooling the sample to room 

temperature. The spectrum agrees well with the previous work [16-21] .The spectrum is 

dominated by a feature centered at 1.9 eV, and two bulk related features at 3.4 eV and 4.2 

eV, corresponding to optical transition across the direct silicon band gap from step 

modified bulk states. As the energy region is far below the direct optical gap of Si, the 1.9 

eV must involve surface states. The negative sign of the (4×1)-In peak is a feature found in 

the RAS of all chain-like metal-induced structures on vicinal Si(111) studied so far. RAS 

of other structures are reported in the following sections of this chapter.  

 

 

 

0 2 4 6 8 10 12
0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

p
k
-p

k
 h

e
ig

h
t

Deposition time (minute)

  Silicon

 Indium

(a) (b) 

Figure 5.3 (a) Si(111)-4×1-In LEED (b) AES calibration of In coverage. In was deposited 

at a fixed rate with substrate at room temperature.   



 57 

 

 

 

Figure 5.5 RAS spectra of clean Si(111)-2o offcut sample towards [ 211 ] and In-induced 

(4×1) reconstruction, where  rrr 11  
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The real part of the reflectance signal (equation (3.6)) from the surface layer of thickness, 

d, is given by  
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    (5.1) 

where λ is the optical wavelength, b  is the bulk dielectric function, and ii are the 

components of the surface dielectric function. 11 yy  is parallel to the step edges ([ ]011  

direction), while   xx is perpendicular to step edges ([ 211 ] direction). The negative 

sign of the 1.9 eV peak suggests a dominant polarizability in the x-direction, perpendicular 

to the In chains, presumably arising from the Si-In backbonds. In the IR region, below 1.2 

eV, the anisotropy becomes positive [17, 18, 21], indicating that the polarizability along 

the chains becomes dominant in this spectral region. Based on the structural  model 

proposed by Bunk et al. [10], recent ab initio calculations have produced (figure 5.6) 

excellent agreement with the experimentally observed optical anisotropy [21, 23]. Figure 

5.6 also shows the sensitivity of the RAS response to surface structure, as the spectra 

Figure 5.6 RAS spectrum of the (4×1)-In surface compared with calculations of the  

(a) Zig-Zag chain model (b) π-SF model [21].   

(a) 

(b) 
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clearly allow an alternative π-chain/stacking fault [24] to be excluded. Unfortunately, the 

density functional theory approach does not allow qualitative discussion of the nature of 

the bonding.  

5.3 Si(111)-3×1-Ag 

The growth of silver on Si(111) has been the focus of many studies, as a proto-typical 

metal-semiconductor interface. This is partially due to the fact that there is limited reaction 

or intermixing between the two species. Ag growth proceeds in a layer-by-layer-like 

fashion at room temperature (RT) with the overlayer showing features characteristic of 

bulk Ag after a few monolayers. Above about 200oC, the growth process becomes a 

Stranski-Krastanov. At approximately 1 ML, the surface structure is characterized by 

a 33  periodicity and further deposition results in the nucleation of 3D Ag crystallites. 

In the submonolayer region, the 33  phase undergoes a transformation to an 

anisotropic, chain-like 3×1 structure when the surface is annealed at temperatures high 

enough to induce some desorption of Ag. Figures 5.7(a)-(d) show the various models 

proposed for the Si(111)-3×1-X reconstruction. The LeLay  model (figure 5.7(a)) consists 

of adsorbate rows along < 011 > separated by two empty rows, giving an absolute coverage 

of 1/3 ML [25]. The model of Jeon et al. (figure 5.7(b)) has two adsorbate rows leaving 

one row of dangling bonds exposed, giving a coverage of 2/3 ML [26]. The model of Wan 

et al. (figure 5.7 (c)) consists of a missing row arrangement of Si atoms along < 011 > also 

with 2/3 ML coverage [27, 28]. In this Missing Top Layer (MTL) model metal atoms are 

bonded to the dangling bonds along the Si chains. However, half-filled dangling bonds still 

exist in the empty channels The Fan and Ignatiev model (figure 5.7(d)) consists of a 

missing row arrangement of Si atoms, but the metal atom positions were not considered 

since the reconstruction was thought to be impurity induced [8, 29].  

 

Based on transmission electron diffraction results, a new model (CGM) was suggested 

[30]. The model consists of a partial Si double layer with a Si chain, and has a missing row 

where the adsorbate atoms lie. The Ag atoms bond to a single atom in the Si chain on one 

side of the trench and can bond to one of two atoms in the partial double layer on the other 

side. In this way, by choosing either the partial double layer atom in the ]101[  direction or 

the one in the opposite direction, the Ag atom breaks the mirror symmetry along [ 211 ]. 

Such a picture explains the deviation towards p1 symmetry seen in STM images [9, 27] as 

well as the tip-induced shifting of entire rows between scans [9]. Starting from the CGM 
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model [30], Erwin and Weitering [31] proposed another model, the honeycomb chain-

channel (HCC) model (figure 5.8), which exhibits the lowest energy of the any of the 

proposed structures to date. In the HCC structure, four Si atoms in the top layer construct a 

honeycomb chain lying in a plane parallel to the surface. The Ag atom sits in a channel 

formed by neighbouring honeycomb chains. The Ag atom occupies an asymmetric location 

with respect to the ]101[  direction and thus breaks the mirror plane symmetry. Physically 

this asymmetry is attributed to formation of weak Ag-Si bonds, which favours twofold 

coordination of the Ag atom. The HCC model is supported by an ARUPS study of the 

single domain surface [32]. ARUPS measurements, in both the M and K  

directions of the (1×1) SBZ, corresponding to the [ 211 ] and the [ 110 ] crystallographic 

directions, detected no photoemission intensity at the Fermi level, in either direction 

confirming that the Si(111)-3×1-Ag reconstruction is a semi-conducting surface. The 

electronic band structures show that there are at least two surface states in the K  

direction, and at least two in the M direction.  

Figure 5.7 Structural models for the metal induced Si(111)-3×1-X reconstruction 

according to (a) LeLay et al. [25] (b) Jeon et al.[26] (c) Wan et al. [27, 28] (d) Fan et 

al.[8, 29] 
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5.3.1 Sample preparation  

The Ag films were deposited onto the substrate using a high temperature effusion cell. A 

slow deposition rate (0.1 ML/min) was used, with a crucible temperature of 820oC. Here 1 

ML corresponds to 7.8×1014 atoms/cm2, the atomic density of a bulk-terminated Si(111) 

1×1 surface. The thickness of the films was monitored using a quartz-crystal oscillator 

(QCO), which could be moved directly in front of the Ag source. The Ag coverage was 

determined by timed exposure to the source. The vicinal Si(111) sample was n-type, 

phosphorous doped, with a resistivity in the range 0.1–20 Ω cm, offcut by 1°, 2o and 3o 

towards the [ 211 ] direction. Direct current heating of the sample produced a regular array 

of single height steps, as in section 4.2, with a sharp 7×7 LEED pattern forming after 

cooling. The clean Si(111) surface was exposed to less than 0.3-0.4 ML of Ag, at a 

substrate temperature of 600oC.  

5.3.2 RAS results  

Measurements were performed with a RAS spectrometer, using the dual Si/InGaAs 

detector, which can measure down to 0.85 eV (section 4.3). RAS was used to follow the 

growth of Ag on the surface by monitoring the RAS transient at 2.2 eV. Figure 5.9 shows 

RAS transients of multi-domain Si(111)-3×1-Ag. After a sequence of flash heating to 

1200oC, a single domain structure was obtained, with noticeable change in the slope of the 

RAS transient (figure 5.9), and increased optical anisotropy. Figure 5.10(a) shows the 

LEED pattern, with the atomic chains aligned in the direction of the step edges. The 

Figure 5.8 Ball and stick model of the HCC structure. Black circle are X atoms. White, light 

grey, and dark grey circles are the surface layer, first layer, and deeper Si layers, respectively. 

The heavy dotted line is an approximate mirror-symmetry plane for the top two Si layers. The 

(3×1) surface unit cell is shown as a heavy solid line [31]. 



 62 

preparation of the single-domain (3×1)-Ag structure became quite routine when RAS was 

used to monitor the surface reconstructions. Figure 5.10(b) shows RAS spectra of the 

(3×1)-Ag surfaces offcut 1o, 2o and 3o towards [ 211 ]. The very small spectral features 

near 3.4 and 4.2 eV for the clean surface arise from step-modified bulk optical transitions 

across the direct silicon band gap, similar to those published by Yasuda et al. [33].  

 

 

The RAS spectrum for the (3×1)-Ag surface is dominated by the negative feature at 2.2 

eV. Defects and disorder in the surface, and domain averaging, reduce the anisotropy of 

the signal. The 2.2 eV feature can be unambiguously related to surface and interface states, 

as this energy region is far below the direct optical gap of Si. A differential photo-

reflectance spectroscopy study of singular Si(111)-7×7-Ag, Si(111)- 33  -Ag, and 

Si(001)-2×1–Ag interfaces found a wide peak around 2.3 eV [34]. This feature was 

interpreted as arising from electronic transitions involving localised interface states 

associated with covalent Ag-Si bond formation, giving a semiconductor character to these 

interfaces. It was suggested that the peak was an “optical signature” [34] of the bonding 

between Ag and Si atoms, as the feature was found for a variety of Ag/Si interfaces and 

appeared to be independent of the structure: the 2.2 eV feature in figure 5.10(b) may be 

another manifestation of this “optical signature”. Its negative nature indicates a dominant 

polarizability in the [ 211 ] direction, orthogonal to the chains and steps. ARUPS data [32]  
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from this structure show that there are at least two surface states in the [ 211 ], M  

direction, within ~1.5 eV of the Fermi level, that could contribute to optical transitions in 

this spectral region. The 2.2 eV feature showed a small decrease in intensity after one week 

in UHV, with LEED still showing a single domain 3×1 structure, although the third order 

spots were not as sharp. This is consistent with several transitions contributing to this 

feature, with only some being affected by surface contamination. Large and reproducible 

structures also appear at 1.4, 3.3 and 3.5 eV (see arrows in figure 5.10(b)). The changes in 

spectra above 3.1 eV are complicated by the onset of bulk related features, but any features 

below are surface specific. The negative, broad, composite feature around 2.2 eV is very 

similar to features observed in other metal induced chain-like structures of Si(111)-4×1–In, 

Figure 5.10 (a) LEED pattern of Si(111)-3×1-Ag at 70 eV (b) RA spectra of  

Si(111)-3×1-Ag on 1o, 2o and 3o offcut towards [ 211 ] samples, where  rrr 11 .  
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Si(111)-5×2–Au and Si(111)-3×1-Ca [35].  For Si(111)-5×2-Au, the optical anisotropy has 

been attributed to the effects of transverse bonding in the [ 211 ] direction, within the Au-

induced chain structures on the 5×2 terraces [36]. When the RAS data for the (3×1)-Ag 

and (3×1)-Ca structures are also considered, it appears likely that the large negative 

composite feature is directly related to the covalent backbonds between the Si and 

adsorbate atoms, and that this signature appears in the RA spectra on formation of Si(111)-

m×n–X structures, with m n, as these have anisotropic unit cells.  

 

The other area of interest is the region below 1 eV, where Si(111)-4×1-In shows a positive 

anisotropy that is associated, at least in part, with a Drude-like response arising from a 

dominant metallic polarizability along the In chains [20]. In contrast, the negligible RAS 

response from Si(111)-3×1–Ag below 1 eV is consistent with its semiconducting character 

[32]. Finally, figure 5.10(b) shows that the change in the step density arising from the 

variation in vicinal angle has a negligible effect on the main features of the RAS spectra. 

5.4 Si(111)-5×2-Au 

Gold on Si(111) exhibits a particularly rich phase diagram containing both 1D and 2D 

structures. At the lowest coverage, a Si(111)-5×2-Au phase is observed that consists of 

stripes with 1D character. With higher coverage several 2D phases are formed, such as two 

related 33   phases and, eventually, a 6×6 structure that consists of an ordered array 

of 33  domains [37]. There are opportunities for using stepped Si(111) surfaces to 

produce tailored, 1D structures with exotic electronic states, which have been extensively 

explored by Himpsel et al. in particular [38-40]. Low step densities with miscut angle of 

about 1o stabilize a single domain of the 1D 5×2 structure. High miscut angles such as 9.5o 

for Si(557) create a whole new category of one-dimensional structures that incorporate a 

step into the unit cell [40]. The 5×2 surface phase forms in the coverage regime 0.4 - 0.5 

ML. Early LEED studies [41, 42] suggested that the surface consists of rows of (5×2) unit 

cells where neighbouring rows may be in phase or out of phase. STM images showed the 

surface to be decorated by bright protrusions with apparent height ~0.15 nm. Away  from 

the protrusions, STM images showed a “Y”-shaped topograph of a 2a spacing [43]. Bright 

protrusions in STM images have been identified as Si adatoms by evaporating small 

amounts of Si and Au onto the reconstructed surface [44]. While extra silicon increases the 

density of protrusions, extra Au transforms the reconstruction partially into a Si(111)-

33  reconstruction.  
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Several structural models have been proposed for Si(111)-5×2-Au. The model proposed by 

Marks and Plass [45] based on high resolution electron microscopy and electron 

diffraction, consists of  two rows of Au atoms lying over Si missing rows plus a 2a missing 

arrangement of Si adatoms (a is the unit length of the (1×1) surface, 0.387 nm). Another 

model proposed by Hasegawa et al. [46] also contain two rows of Au atoms but with a 

different bonding configuration. It consists of a Si trimer instead of a Si adatom and two 

fewer Si atoms in the first double layer. These two models were modified subsequently to 

explain the observed features in an ARUPS and STM study [47].   

 

A new model proposed recently for the Si(111)-5×2-Au is consistent with the experimental 

data [48]. The model is closely related to the widely “honeycomb chain-channel” (HCC) 

model of Si(111)-3×1-X structures discussed in section 5.3 [31]. The model shown in 

figure 5.11 has the basic structure of a double honeycomb chain (DHC) with underlying 

5×1 periodicity.  One chain is formed by hexagons of alternating Au and Si atoms, and the 

other by hexagons of all Si atoms, as in the HCC model. Simulated STM images from this 

model reproduce a number of experimentally observed features, including the in-plane 

location and apparent height of the bright protrusions due to the adatoms, and the Y-shaped 

features seen away from these protrusions.  

 

Another important effect which occurs during metal adsorption on semiconductors is the 

large-scale modification of the surface morphology, such as faceting. Due to the symmetry 

of bulk Si crystal structure, the surface misoriented toward [ 211 ] and [ 211 ] have 

inherently different structures from each other. These two surfaces have different chemical 

bond configurations at step edges: one dangling bond (DB) at a step-edge Si atom for the 

[ 211 ]-directed miscut; while two DBs for the [ 211 ].  On vicinal Si(111) surfaces 

misoriented towards the [ 211 ] direction, the formation of (557) facets has been observed 

by RHEED after adsorption of 0.2 ML of Au and further annealing to 600oC [49]. Upon 

Au adsorption on vicinal Si(111) surface misoriented towards [ 211 ], it was observed by 

STM that (775) and (995) facets with (1×2) and (1×3) symmetry form for T>650oC at 0.7 

ML. The Si(775)-1×2 structure appeared to be closely related to the Si(111)-5×2-Au 

surface reconstruction. Additional adsorption of 0.5 ML of Au, giving a total coverage of  

1.2 ML of Au, causes the formation of Si(111)- 33  -Au and the disappearance of the 

(775) facets [50].  
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STM studies of Au deposition (0.3 ML) on a vicinal Si(111) surface misoriented 4o toward 

[ 211 ], found that the Au adsorption transformed bunched steps into well-ordered, Au 

adsorbed (111) terraces [51]. Gold adsorption on Si(557) (vicinal Si(111) miscut 9.5o 

towards [ 211 ]), produces a series of facets depending on coverage. The clean surface 

shows a periodic arrangement of narrow surfaces with the 7×7 structure, separated by triple 

steps running along the [ 101 ] direction. At 0.2 ML coverage, the surface becomes a 

uniform (557) facet with a terrace width of 1.88 nm [52]. This surface has been a centre of 

discussion about exotic LD electronic structure [53, 54]. 

 

 Figure 5.12(a) shows the structural model proposed for Si-(557)-Au [40] . The structure 

consists of a single gold chain in the unit cell. Adsorption of 0.25 ML of Au on the Si(775) 

offcut (miscut 8.5o towards [ 211 ], produces a uniform (775) facet structure. Figure 5.12(b) 

shows the structural model proposed for the (775) facet. The model consists of two Au 

Figure 5.11 ‘‘Double honeycomb chain’’structure of Si(111)-5×2-Au. Large circles are 

Au, small circles are Si. The elementary 5×2 unit cell is outlined. Each unit cell contains 

two honeycomb chains (HC) based on the outlined hexagons, one of alternating Au and Si 

atoms, the other of all Si [48]). 
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chains per unit cell, very similar to that of the S(111)-5×2-Au [55]. Both surfaces have a 

high band filling with extra flat bands near the Fermi level giving them metallic character, 

which prompted the use of a structure similar to Si(111)-5×2-Au as a model for the terrace 

of Si(775)-Au [40]. ARUPS measurement on a single domain Si(111)- 5×2-Au revealed a 

quasi-1D metallic nature. The spectra recorded parallel to the chains showed spectral 

intensity at the Fermi level, characteristic of a metallic material while the spectra recorded 

perpendicular to the chains  showed a lack of spectral intensity [56].         

 

5.4.1 Sample preparation  

Vicinal Si(111) substrates were used, offcut 2o, 3o and -4o towards [ 211 ], together with 

Si(557). Gold was deposited from a high temperature Knudsen cell, keeping the pressure 

below 4×10−10 mbar. The samples were held at 600oC during Au deposition and the 

formation of the (5×2) was monitored in situ with RAS. Post-deposition annealing at 

600oC maximised the RAS signal, resulting in well ordered, single domain (5×2) surfaces 

(figure 5.13(a)). Si(557) only formed a (5×1)-Au structure, with no trace of ( 33  ) 

LEED spots (figure 5.13(b)). Other methods of preparation were explored, such as 

stepwise room temperature deposition, followed by annealing [36]. However, no 

systematic variation in RAS line shape was found, and the RAS amplitude – and hence 

surface ordering – was maximised by using the first procedure.  

Figure 5.12 Structural models for gold chain structures on vicinal Si(111). Large circles 

are Au, small circles are Si, and dark blue circles are Si adatoms (a) Si(557)-Au (b) 

Si(775)-Au [40]. 

(a) (b) 
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5.4.2 RAS results of Si(111) - offcut dependence 

The RAS spectra of the (5×2)-Au and (5×1)-Au structures prepared on the vicinal Si(111) 

samples, are shown in figure 5.14(a). As mentioned previously, the amplitude of the 

response will be reduced by any domain averaging. The clean (7×7) surfaces are shown in 

figure 5.14(b) for comparison, where the only significant difference with offcut occurs near 

the E1 and E2 bulk critical points, marked in the figure, where step-related features are 

known to occur [33], possibly strain related [57]. The difference between the -4o and 3o 

offcut, rr / , is plotted in figure 5.14(c) for the (7×7) and (5×2) surfaces. The similarity of 

these plots near the bulk critical point region, where figure 5.14(b) shows a significant 

difference, indicates that there is no evidence of major step reconstruction or strain relief 

on Au deposition. The spectra differ considerably with the direction of offcut in the 

spectral region around 1.8 eV. As discussed in section 5.4, the major difference that occurs 

with offcut direction is that only single Au chains form on the terraces near the steps of 

[ 211 ] offcuts, while double Au chains can form near the steps of [ 211 ] offcuts [40]. The 

extreme example of this is Si(557)-5×1-Au, where only single Au chains form and the 

(5×2) LEED structure is not observed. The RAS spectrum of the (5×1) structure (see figure 

5.14(a)) has a narrower minimum at 2.5 eV, compared to the broader minima found for all 

the (5×2) samples. The spectra of the 2o and 3o samples can be generated by using a linear 

combination of the (5×1) response of single Au chains and the (5×2) response of the 

double Au chains of the -4o sample.  

 

Below about 1.2 eV, the RAS signal is positive, indicating a dominant polarizability along 

the chain direction. These results show, for the first time, an intriguing difference in the 

anisotropic optical response of the single- and double-chain structures. It is clear from 

figure 5.14 that the single-chain structure has much lower polarizability in the 0.8 to 1.2eV 

spectral region. The density of states at the Fermi level of the single-chain structure is 

known to be lower from ARUPS measurements [40], but the RAS measurements do not 

extend far enough into IR to conclude that different Drude-free carrier tails are being 

observed. However, the dramatic difference between the single- and double-chain 

structures in this spectral region will provide a stringent test of ab initio calculations of the 

anisotropic response. 
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Figure 5.14 (a) RAS spectra of the Au-induced (5×2) surface on 2o, 3o and -4o offcut Si(111) 

and also Si(557)-5×1-Au, where  rrr 11   (b) Spectra of the clean Si-(7×7) surface. The 

offcut dependence is best seen in the rr /  spectra, (c ), where the difference of the 3o and -4o 

sample is shown for the (7×7) and (5×2) surfaces. The y-axes of (a),  (b) and (c) have different 

scales. The E1 and E2 bulk critical points are shown by dotted lines.  
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5.4.3 Preparation dependence  

The RAS spectrum for the -4o offcut Si(111)-5×2-Au surface, shown in figure 5.14(a), 

differs significantly from the only previously published spectrum [36], also measured on p-

type Si(111). Vicinal structures are often sensitive to the preparation method, and figure 

5.15 compares RAS spectra of samples prepared by in situ monitoring during Au 

deposition on samples held at 600oC, post-annealed samples, and samples prepared by 

stepwise deposition at RT with subsequent annealing, as described in [36]. Two main 

conclusions can be drawn. Firstly, the sample prepared by Au deposition at 600oC, 

followed by a 20 minute post-annealing, shows the largest RAS amplitude and thus the 

largest single domain Si(111)-5×2-Au surface area, as both the Si(111)-7×7 and the 

Si(111)- 33  -Au surfaces are isotropic. Secondly, the general line shape of previous 

measurements for the same offcut could not be reproduced by any of the preparation 

methods. An overall reduction in amplitude indicates some domain averaging, but scaling 

still leaves a significant discrepancy. Systematic errors between the RAS spectrometers are 

excluded by similarity of the vicinal Si(111)-7×7 spectra. Also, reproducible results were 

obtained on a third RAS spectrometer by Dr. Sandhya Chandola at the Technische 

Universität, Berlin. The stepwise result is closest to the previous work and it is possible 

Figure 5.15 (a) RAS spectra of the Au-induced (5×2) surface on -4o offcut silicon for various 

preparation methods, where  rrr 11  (b) rr / before and after annealing, compared with 

the difference between 3o and -4o sample from figure 5.14(c ) 
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reducing the Au deposition rate of 1 ML in 5 minutes to the much lower value used 

previously (~1 ML in 50 minutes) would produce better agreement. The dependence in the 

RAS spectra on the detail of the preparation technique differs from previous studies of 

vicinal Si(111)-4×1-In [20] and Si(111)-3×1-Ag [58] structures. However, the vicinal 

Si(111)-Au system is known to show complex behaviour. Annealing such samples can 

alter terrace widths and step structure, while Si adatom structures can form on the Au 

chains [48], as discussed in section 5.4. However, figure 5.15(b) shows that, spectra taken 

before and after annealing are similar to offcut-dependent differences, and it appears likely 

that at least some of the difference from the previous work arises from small variations in 

the single to double Au chain population. 
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6 
RAS of uncapped and capped metal nanostructures 

 

6.1 Overview 

The first half of this chapter deals with RAS studies of the formation of In islands and the 

capping of In quasi-1D structures and islands with Si. The second half deals with RAS and 

STM studies of Ag nanodots and Ag islands on Si(111)-3×1-Ag, and their capping with Si. 

Capping with Si was not attempted for the Si(111)/Au system, because Au is known to 

react with Si at interfaces to form an alloy [1].   

6.2  Metal nanostructures 

The various methods to prepare metal nanostructures are discussed in chapter 2. A 

common characteristic of metal films grown on semiconductor systems is the appearance 

of preferred thicknesses, which are attributed to quantum size effects (QSE) in the 

electronic structure. These quantum-well states (resonances) have been reported to show, 

additionally, intriguing physical properties such as spin polarization, anomalous in-plane 

dispersion, and oscillation of the superconducting transition temperature with thickness [2]. 

Furthermore, it has been predicted that the Fermi surface topology can be changed by an 
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interface layer (electronic topological phase transition). Such topological regulation 

induces various effects of geometry on the physical properties of electrons, attracting 

interest in LD physics and technology. Depending on the competition between the effects 

of quantum confinement, charge spilling and interface induced Friedel oscillations, 

different types of film stability are obtained, characterized by the existence of 

critical/magic thickness for smooth growth [2].  

 

Deposition at low temperatures has attracted wide attention, since this kinetic path has 

allowed the growth of perfectly flat 2D films with apparently fully wetting properties, even 

for systems which should be non-wetting. By using two-step growth process consisting of 

deposition at low temperatures, followed by annealing to room temperature, growth of flat 

2D Ag films have been achieved on a variety of Si substrates [3]. With increasing film 

thicknesses, Ag films on clean Si(111)-7×7 and Si(001)-2×1 surfaces exhibited clusters, 

islands with flat top terraces, interconnected islands and flat films with voids and also no 

voids [3]. Low energy electron microscopy (LEEM) and photoemission electron 

microscopy (PEEM) studies of high temperature (620oC) self assembly of Ag on vicinal 

Si(001), miscut 4o in the [110] direction, showed growth of wire-like structures, after the 

formation of an initial wetting layer [4]. The wires display quasi-1D behaviour as their 

length was observed to increase while their width remains constant. The length of the wires 

was observed to increase to more than 100 μm. It is believed that the step-bunches act as a 

barrier to surface diffusion in the direction perpendicular to the wire. The high temperature 

is sufficient for the slow diffusion along the steps to supply the ends of the wire with 

sufficient adatoms to continuously increase the wires length.  

 

Surface morphology plays an important role in fabrication of nanowires on anisotropic 

crystalline substrates or anisotropic surface reconstructions. The anisotropy of the surface 

can influence the growth via anisotropic strain and the confinement of adatom diffusion to 

1D. The role of anisotropic stain on the formation of elongated Ag islands has been shown 

in the case of Ag on Si(100) [4, 5]. Nanowires of Pb have also been grown on different 

vicinal Si substrates [6, 7]. This was achieved by controlled pre-faceting of the surface by 

depositing submonolayer coverages of Au at RT and annealing to high temperature. The 

Au-induced reconstructions create quasi-1D facets and superstructures. Parallel aligned 

mesoscopic wires were obtained during Pb deposition on substrates cooled slightly below 

room temperature. Wires with length to width ratio reaching 130 were obtained on Si(775) 

and the Si(553) substrates. The driving force for the formation of these mesoscopic wires 
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has been attributed to the large misfit between the Pb and the Si lattice and 1D diffusion of 

Pb [6, 7].  

 

The potential role of the quasi-1D interface in the formation of 1D electronic states has 

been shown by Ag film growth on the array of In chains, on the Si(111)-4×1-In surface. 

Electron motion in the film appears to be confined parallel to the interface and along the 

chain direction [8, 9]. ARUPS measurements have revealed that quantized states show 

parabolic dispersion along the In chain direction but negligible dispersion in the 

perpendicular direction.  

6.3 Capped nanostructures 

The nanostructures discussed above have to be protected from contamination and corrosion 

by the environment if they are to be the basis of useful electronic devices. In principle, 

ultra-thin capping layers can provide this protection. However, capping may change the 

shape and composition of nanostructures, altering their electronic properties. Even 

inhomogeneous strain due to the lattice mismatch between the nanostructure and the 

capping materials, may affect electronic properties.  

 

Self-organised nanostructure arrays are ideal test structures to investigate changes in 

metallic properties upon capping. Optical techniques are ideally suited to probe the 

properties of buried nanostructures, as their penetration is significantly larger than that of 

conventional surface probes, (figure 4.3) and the lower symmetry of aligned nanostructures 

helps to discriminate the nanostructure response from the response of the interface and 

bulk [10]. Interface sensitive optical techniques are less important for larger 

nanostructures, such as the ~10 - 100 nm Ag dots grown on substrates like mica, where 

standard optical spectroscopies can be used to probe surface plasmon-polariton resonances, 

and the shifts in resonance frequency that occur on capping [11-13]. However, for ~1 nm 

nanostructures, where QSE becomes important, interface sensitivity is crucial. Several 

optical techniques are capable of probing the properties of buried nanostructures of this 

size. For example, RAS, can probe not only buried interfaces but has also been shown to 

be capable of extracting the conductance anisotropy of metallic nanowires [14].  
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6.4 In nanostructures 

6.4.1 RAS results from In nanostructures   

In island formation has been reported during STM studies on singular Si(111)-4×1-In 

surface [15]. STM images showed hexagonal metal islands of height ~0.3 nm, and a clear 

(1×1) LEED pattern was observed. The UPS and IPES spectra of the (1×1) surface 

indicated a flat, well-ordered surface layer, which displays no In bulk plasmon excitation 

but instead an interface plasmon in the EELS spectra [16]. Between 1 and 2 ML In 

coverage a metallic phase appears to be formed as evidenced by the DOS at the Fermi-

level. In this work, approximately 3 ML of In was deposited on a 2o offcut Si(111)-7×7 

surface, held at 400oC. Figure 6.1(a) shows the RHEED pattern, and figure 6.1(b) shows 

the RAS transient at 1.6 eV. It can be seen that the RHEED still shows the presence of a 

(4×1)-In structure showing that the coverage is not enough to form a full (1×1) structure 

and that the area fraction on the surface covered by Indium islands is smaller than the 

previous studies [15, 16]. The 1.6 eV transient, close to the 1.9 eV minimum, (figures 5.5 

and 6.2) shows the formation of the (4×1)-In structure, and then the loss of this signal as 

 

 

 

 

Figure 6.1 (a) RT RHEED pattern of ~3 ML of In on Si(111)-7×7 surface offcut by 2o 

towards [ 211 ], held at 400oC. (b) RAS transient at 1.6 eV during In deposition, 

where  rrr 11 .  
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the islands form. The RAS spectrum (figure 6.2) of 3 ML coverage shows only a small 

(4×1)-In related signal at 1.9 eV in a spectrum dominated by a large positive signal below 

1.8 eV.  The spectral range of the RAS system was limited to 1.5 eV by the PMT detector. 

The large positive response is consistent with the presence of anisotropic metal islands 

with long axes parallel to the step edges. The mobility of In atoms is reportedly high [17], 

which should favour the formation anisotropic islands on stepped Si(111) surfaces. This is 

discussed further in section 6.5. 

6.4.2 RAS results from capping studies of Si(111)-4×1-In 

An attempt was made to cap the ordered surface of Si(111)-4×1-In using an amorphous Si 

(a-Si) layer. A major problem of capping such structures is the potential perturbation or 

destruction of the quasi-1D character of the nanostructure. The preparation details of 

(4×1)-In Surface is given in section 5.2.1. Silicon was deposited from a resistively heated 

Si bar at a rate of approximately 0.05ML/minute.  The rate was estimated by depositing Si 

on Si(111)-5×2-Au, and using the Si LVV and Au NOO Auger intensities, the Auger 

response having been previously calibrated using Au deposition on Si(111). The stability 

of the reconstruction was monitored using RAS. Figure 6.3 shows the RAS transient at 1.9 

eV during Si deposition with sample at RT. It can be seen that (4×1)-In related RAS signal 

Figure 6.2 RAS of ~3 ML of In on Si(111)-7×7 surface offcut by 2o towards [ 211 ], 

held at 400oC, where  rrr 11 . 
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Figure 6.4 RAS of clean Si(111)-7×7, 2o offcut sample,  Si(111)-4×1-In (black 

line) and Si(111)-4×1-In-(0.6 ML a-Si), where  rrr 11 . 
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Figure 6.3 RAS transient at 1.9 eV during Si deposition (~0.6ML) on Si(111)-4×1-In 

at RT, where  rrr 11 . 
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at 1.9 eV quenches rapidly during the Si deposition. Figure 6.4 shows the RAS of Si(111)-

4×1-In-(a-Si). LEED showed a diffuse pattern consistent with the amorphous growth of Si 

at RT. It is clear from the figure that RAS is a sensitive probe of the buried Si(111)/In 

interface, and that depositing a-Si at RT disrupts the Si(111)-4×1-In. 

 

 AES and LEED studies of a-Si capping of Si(111)/B, Si(111)/Al revealed that only 

Si(111)- 33  -B, the Si(111)-Al “γ-phase”, and  Si(111)α7×7-Al appeared to preserve 

their ordered structures at a buried interface, while other reconstructions were disrupted by  

deposition of 0.2-0.4 ML of a-Si [18]. RT deposition of a-Si on Si(111)- 33  -Ga also 

appears to disrupt the reconstruction. [19]. It was decided that it was unlikely that varying 

sample temperature and deposition rates would lead to successful capping by a-Si, and that 

the Si(111)/Ag system was more interesting.   

 

Capping the In islands, with a-Si had a similar effect, removing the large positive peak 

below 1.8 eV (figure 6.2). 

6.5 Ag nanostructures       

6.5.1 RAS and STM results from Ag nanodots on Si(111)-3×1-Ag 

The formation of Si(111)/Ag interfaces has been the subject of quite large number of 

studies. The lattice mismatch between Ag and Si crystals amounts to 25%, and the 

resulting interface energy is very large. The lattice strain and large interface energy greatly 

affect the Ag growth, eventually leading to formation of 3D islands with widely varying 

island density and size depending on the growth conditions. The high mobility of Ag atoms 

on the Si surface at RT is known to accelerate the 3D island growth. The growth mode and 

Ag morphology of Ag thin films on Si(111) substrates depend on the adsorbate termination 

of the surface [4, 7, 20]. Novel electronic structure-driven growth mechanisms have been 

proposed, in which the energy contribution of the quantized electrons confined in the metal 

overlayer affects the morphology of the growing film and prevails over the strain, surface 

and interface energies [9, 21].  

 

It has been reported [22, 23]  that Si(111)-3×1-Ag can act as a template for the growth of 

1D arrays of Ag quantum dots, aligned along the <110> chain direction, at RT. The 

nanodots nucleate in the trenches between the Ag chains of the HCC structure (see section 

5.3) and appear to be monodisperse. The dots are 1 nm in diameter by 0.15 nm in height 
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and contain an estimated 19 1 atoms [22, 23]. Above 0.5 ML Ag, the self-assembling 

nucleation of the nanodots breaks down and larger 3D islands start growing [23]. In the 

present work, the optical and electronic response of the Si(111)-3×1-Ag surface, and of 

nanodots and larger islands grown on this surface, have been studied with RAS (1o, 2o and 

3o offcut towards [ 211 ]) and STM and STS (1o offcut).  

 

STM measurements were taken by Dr. Sandhya Chandola at the Technische Universität 

Berlin, in an UHV chamber, equipped with an Omicron STM and low-energy electron 

diffraction (LEED) system. The vicinal Si(111) samples were n-type, phosphorous doped, 

with a resistivity in the range 0.1–20 cm. Direct current heating of the sample produced a 

regular array of single height steps, with a sharp 7×7 LEED pattern forming after cooling. 

The preparation of (3×1)-Ag surface is described in section 5.3.1. Using the (3×1)-Ag 

surface as a template, an additional approximately 0.5 ML of Ag was deposited at RT to 

form 1D arrays of nanodots, aligned along the <110> chain direction. LEED showed that 

the single-domain 3×1 pattern was still preserved, but the spots were slightly diffuse. RAS 

measurements were also made in Berlin, and then repeated in Dublin. Very good 

reproducibility was found using the two different RAS instruments. The RAS structures 

between 1.4 and 3.9 eV showed significant attenuation and some modification (figure 6.5),  

 

Figure 6.5 RAS of 0.5 ML (nanodots) of Ag on Si(111)-3×1-Ag surface offcut by  

1o  towards [ 211 ],where  rrr 11 . RAS of (3×1)-Ag is shown for comparison. 
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and the IR RAS response only showed a very small positive anisotropy, increasing slightly 

towards lower energies.   

 

The (3×1) surface is known to be semiconducting [24, 25], and the optical response is 

consistent with the absence of metallic character (see section 5.3.2). The lack of such a 

response from the nanodots is interesting. While it is possible that the nanodots, although 

aligned in chains (figure 6.6) and separated by only ~1.5 nm, produce a negligible 

anisotropic response because their shape is isotropic, it is more likely that the Ag nanodots 

are, in fact, non-metallic. In order to resolve this question, STS measurements were 

conducted on Si(111)-3×1-Ag and nanodots. All STS spectra were averaged over several 

individual spectra taken along relevant structures to improve the signal-to-noise ratio. The 

tip was also scanned between the dots parallel and perpendicular to the linear arrays to see 

if there was any difference in the tunnelling spectra. Tunnelling spectra from the (3×1)-Ag 

surface and the nanodots, are shown in figure 6.7(a). STS on the (3×1) surface showed a 

bandgap of ~1.1 eV, clearly indicating the semiconducting state of this surface. STS on the 

nanodot surface, however, also reveals a small bandgap of ~0.6 eV, indicating non-metallic 

character, consistent with the absence of a Drude tail in the optical spectra. STS 

measurements between two nanodots in the same line, and between two nanodots in 

Figure 6.6 STM image of nanodots, 0.2 nm in height, grown on the Si(111)–3×1-Ag 

surface. An example of a nanodot is shown at A. An area of reconstructed (3×1) 

surface is shown at B. STS scans of these areas are shown in figure 6.7. 

B 

A 
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adjacent lines, showed a small anisotropy, with the inter-dot bandgap of the former being 

smaller by about 0.2 eV (figure 6.7(b)). 

 

The electronic properties of metallic nanoclusters grown on substrates depend on the 

metal, the size and shape of the cluster, and the substrate. When the size of a cluster is less 

than a few nanometres, the average spacing of successive quantum levels, δ, ( the Kubo 

gap [26], is given by δ = 4Ef/3n, where Ef is the Fermi energy of the bulk metal and n is the 

number of valence electrons in the cluster [27]. Thus, for the Ag nanodots containing about 

19 atoms [23], with Ef = 5.49 eV and n = 19, the value of δ would be 0.4 eV. This size-

induced metal–insulator transition (figure 6.8 [28]) in nanoclusters has been observed, 

using STS, for several metals, such as Au, Pd, Ni and Ag, on a variety of substrates [27, 

29]. Clusters of less than 2 nm diameter tend to be 2D and non-metallic, and there is 

evidence that metallicity develops in larger nanoclusters as the particles become 3D in  

character [29]. Where the nanoclusters are not isolated, however, there is evidence that 

lateral interactions between clusters can induce metallic behaviour. Strong quantum 

interactions can be observed when the interparticle separations in ordered monolayers 

become less than ~1 nm [30]. In an STS study of Ag nanoclusters on Si(100), it was found 

that the lateral conduction between neighbouring Ag clusters contributed significantly to 

the I–V characteristics via coupling through the substrate [31]. A study of coupling 

interactions as a function of inter-particle separation, using a monolayer of organically 

functionalized Ag nanoclusters, found that a metal-insulator transition occurred when D/2r 

< 1.2, where D is the distance between the centres of adjacent dots and 2r is the diameter 

of the dot [32]. The nanodots (figure 6.6) self-assemble such that, on average, D/2r ~ 2.2–

3.2 [23] and thus the nanodots are not sufficiently close for lateral conduction to render 

them metallic. This is consistent with the absence of metallic character in RAS signal.  

There is another, albeit remote, possibility that should be considered. STM does not reveal 

atomic character directly, and STS is extremely surface sensitive. It is possible that the 

nanodots are Si adatoms, displaced by Ag atoms that embed in the surface beneath the 

dots, and that the embedded Ag cluster is metallic but not probed by STS. The 

displacement of Si atoms by Au to produce Si adatoms has been observed previously on 

Si(111) surfaces [33], but the displacement mainly produces isolated adatoms. Other LD 

systems grown on Si have not shown this behaviour [33], making the displacement of Si in  
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19 atom patches highly unlikely. It is important to note that the larger sampling depth of 

the RAS technique would detect the Drude signature of such embedded, aligned metallic 

Ag clusters, assuming the optical response was anisotropic. Care is required in 

interpretation, however, as an optically isotropic Drude tail of a buried metallic cluster 

would not be detected by RAS.  

 

Finally, it has been suggested that the remarkably uniform 2D clusters form because a 

hexagonal Ag(111) packing arrangement with 19 Ag atoms just fit between neighbouring 

Ag channels of the HCC structure of the Si(111)–3×1-Ag surface [23]. It is not clear, 

however, why the nanodots do not elongate along the channels by adding further Ag 

atoms. For unsupported clusters of around this size, the formation of super-atom spherical 

Figure 6.7 (a) STS spectra of the nanodots (A), the (3 ×1)-Ag surface (B)  (b) STS spectra 

taken between two nanodots in the same line (thick grey line) and between two nanodots in 

adjacent lines (thick black line). 

(a) 

(b) 
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clusters of 8, 20 and 40 atoms is favoured for monovalent atoms, because of the additional 

stability associated with closed quantum shells arising from surface quantization, and such 

super-atom clusters have been observed experimentally [34]. Interaction with the 

underlying (3×1)-Ag surface clearly modifies this behaviour, because only 2D nanodots 

form at this coverage. It thus appears unlikely that super-atom considerations influence the 

cluster size, although this may be possible if the surface interactions are particularly finely 

balanced in this system. 

6.5.2 RAS and STM results from Ag islands on Si(111)-3×1-Ag 

Larger Ag islands were formed by further deposition of ~2 ML or more of Ag at RT, in 

order to determine the RAS response in the coverage regime where larger Ag islands are 

formed. Figure 6.9 shows the RAS spectra of islands on the 1o offcut sample, for various 

Ag coverages. Figure 6.10 shows the STM image of ~2 ML Ag deposit on a 1o offcut 

sample. STM measurements show that isolated, elongated Ag islands, of height ~1.5 nm, 

have been formed, with their long axes aligned in the direction of the step edges. This is 

consistent with the previous work, which showed that 2D dots changed their shape to 

three-dimensional, when their size exceeded the width between Ag channels [23]. In 

contrast to nanodots, the Ag islands the STS showed an unambiguous metallic behaviour, 

with a straight line through the zero point (figure 6.11, C). 

 

Figure 6.8 Evolution of band gap and the density of states as the number of atoms in a 

system increases (from right to left).   is the so-called Kubo gap [28] 
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Figure 6.10 STM image of an elongated 3D Ag island (C), 1.5 nm in height, with its 

long axis aligned along the steps. The sample bias voltage was 1.1 V and the tunnelling 

current was 0.2 nA.  

C 

Figure 6.9 RAS spectra of Ag deposited on the single domain Si(111)-3×1-Ag surface 

offcut by 1o  towards [ 211 ], where  rrr 11 .  
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 There are a number of factors that may contribute to anisotropic island growth. Strain 

anisotropy can provide thermodynamic reasons for elongated islands to grow. This has 

been shown in the case of Si/Si(100)-2×1 [35]. Channeled low index substrates such as 

fcc(110) or bcc(211) surfaces [36], have anisotropic potential energy surfaces that provide 

kinetic reasons for anisotropic growth. There may also be a critical size, controlled by 

competition between isotropic surface energies and anisotropic strain energies, below 

which an island adopts an isotropic shape and above which it adopts an anisotropic shape 

[37]. The combination of electronic effects, due to QSE and strain anisotropy can also 

influence island morphology, as shown in the case of Pb on Si(111)-(4×1)-In [38].   

 

Regarding the IR response in figure 6.9, large positive RA signals at lower energies have 

been observed in the case of other metal nanowires. This is due to the anisotropic quasi-

free conduction electron response [14, 39, 40]. As the IR reflectance anisotropy of a 1D 

metallic system can be related to the Drude free-electron contribution [41], it can be shown 

that the RAS signal is proportional to the conductivity difference. The dielectric function is 

related to the optical conductivity,  [42], 

 0/1 i         (6.1) 

The RAS signal can be described in terms of conductivity anisotropy, yyxx   , by 

using this relation and the three layer model of the RAS signal from equation (3.5) 

Figure 6.11 STS spectra of 3D Ag islands (C), with change of scale. STS of 

nanodots (A) and 3×1-Ag (B) surface are shown for comparison 
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Hence the RAS signal is directly proportional to this conductivity difference. Analogously 

to the SDA (section 3.3.1), the RAS spectrum allows d , to the anisotropy in the sheet 

conductance, to be determined [14]. 

 

For bulk Ag, where there are no significant bulk interband optical transitions below ~3 eV, 

the Drude contribution becomes significant below about 1 eV ([43], and references 

therein). The large positive IR response at higher coverages, with the dominant 

polarizability along [ 011 ], parallel to the step edges and in the direction of the long axes 

of the islands, is in the spectral region where anisotropic Drude-like intraband transitions 

begin to make a significant contribution to the optical spectrum. The simplest explanation 

for the optical response being sensitive to the shape of the islands is that the inelastic 

scattering mean free path (mfp) of conduction electrons in bulk Ag at RT is ~60 nm [32], 

resulting in the mfp of the optically excited conduction electrons being determined by 

much smaller island dimensions. A simple anisotropic Drude model with scattering lengths 

determined by the dimension of these nanoscale islands is sufficient to produce the positive 

anisotropy in the response that is observed [14].  

6.5.3 Offcut dependence 

The RAS spectra at 0.5 ML coverage (figure 6.12) (nanodots) are essentially the same for 

all offcuts, and show no metallic signature. Very similar amplitudes of these spectra show 

the very good reproducibility of the surface preparation techniques that result in the single 

domain structure. It is also clear that the step contribution is limited to the region around 

bulk critical points (section 5.4.3). Figure 6.13(a) shows the RAS spectra of 0.5–6 ML Ag 

coverage on the Si(111)-3×1-Ag surface for 1o, 2o and 3o offcut samples, and figure 

6.13(b) shows the RAS transient of the additional Ag deposit on a 3o offcut sample. The 

RAS transient shows a clear change around the region of transition from nanodots to the 

onset of islands. At 1 ML coverage (islands), there is only a small increase in the RAS 

signal with offcut angle. Interestingly, deposition of up to 6 ML of Ag on the 1° offcut 

surface does not change the measured anisotropy significantly. For the higher offcuts, 

however, figure 6.13(a) shows a dramatic change, with a strong IR response saturating 

around 4 ML and 6 ML Ag coverage for the 2° and 3° samples, respectively. All spectra 

are dominated by a minimum around 1.1-1.4 eV, with higher Ag coverages producing an 
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apparent red shift and increase in amplitude of the minimum. Further increase in Ag 

coverage does not lead to a significant increase in the optical anisotropy. 

 

The spectra are consistent with the model based on diffusion-limited island formation 

discussed in detail in section 2.3.3. Arriving adatoms make random walks on the terraces 

and, when meeting each other, form islands. All islands larger than critical nucleus will 

grow by further addition of adatoms from the 2D lattice gas.  Nucleation and growth are 

competing processes, because an arriving adatom can either form a new island with 

another free adatom (nucleation) or walk into an existing island (growth). The diffusion 

coefficient of the adatoms determine how large an area, i.e how many distinct sites, an 

adatom interrogates in unit time. Therefore, the diffusion coefficient determines the 

outcome of the competition between nucleation and growth, and hence determines the 

number density of stable islands after deposition to a certain dose at a given deposition rate 

[44]. A large diffusion coefficient means a high probability for an arriving adatom to find 

an existing island before another adatom is deposited in its vicinity to provide a chance for 

nucleation, yielding a lower number density of islands after deposition. With island growth  

Figure 6.12 RAS of 0.5 ML of Ag on Si(111)-3×1-Ag surface (a) 1o (b) 2o and (c )3o 

offcut towards [ 211 ], where  rrr 11 . 
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Figure 6.13  (a) RAS spectra of Ag deposit on the single domain Si(111)-3×1-Ag surface. 

(b) Transient of additional Ag deposition (up to 4 ML) on the 3o Si(111)-3×1-Ag surface, 

where  rrr 11  
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on the terraces of a vicinal surface, terrace width, L appears also as a length scale. If L is 

much larger than nucleation length, ln, growth proceeds as on a singular surface. On a 

terrace with smaller L most adatoms attach to the step edge and only few islands appear. 

    

For the 1° offcut, the RAS results are consistent with the assumption that the average 

terrace width (18 nm, for single height steps) is significantly larger than the diffusion 

length of Ag at RT, leading to nucleation of Ag islands on the terrace as well as at the 

steps. The slightly elongated islands (figure 6.10) indicate only a small anisotropy in the 

diffusion coefficients or the strain. The similarity of the RAS spectra for coverages up to 6 

ML shows that the morphology of these islands does not change significantly with 

coverage for the 1o offcut. The 2o offcut behaves quite differently (figure 6.13(a)). If the 

Ag diffusion length is greater than 9 nm (the average terrace width for the 2° offcut 

sample), step-nucleated islands are likely to be dominant. More elongated islands might be 

expected to form preferentially along the step edges, leading to the larger IR RAS signal. 

The 3° offcut has 50% more step length than the 2° offcut sample, giving a larger RAS 

response that should saturate at 50% higher coverage as, indeed, is observed in figure 

6.13(a). STM measurements are planned on the 2° and 3° samples to probe the 

morphology of islands, particularly in the region of steps.  

 

Previous work has shown that anisotropic islands can be grown on stepped surfaces. 

Uniform long arrays of CaF2 and of Au-(5×2), islands adsorbed along steps have been 

prepared on stepped Si(111)-7×7 [45].  The very different RAS spectra for the 2° and 3° 

samples suggest that such anisotropic islands are now being formed, similar to those found 

in the Pb/Si(335) system, where an even larger optical anisotropy has been observed in the 

IR [7, 39] by direct subtraction of reflectance parallel and perpendicular to the long axes of 

the islands. The large optical anisotropy [39] has been attributed to the morphological 

anisotropy, which arises from the presence of the perfectly aligned nanowires. It has been 

suggested that, when the electric field vector is aligned parallel to the steps, the IR 

radiation induces AC currents along the nanowire which act like antennae. 

      

Modelling of the RAS spectrum of the 2 ML Ag sample has been attempted by calculating 

the normal incidence reflectance for two non-interacting multilayer stacks, differing only 

in the dielectric function for the anisotropic layer (section 2.4.1).  The discrepancy above 3 

eV, in the region of the bulk critical points of Si, is probably caused by strain in the near-

surface region [46]. The model assumes that the nanostructure signature originates from an 
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effective anisotropy in the free electron response, with a significant deviation from an ideal 

Drude-like response being included by the addition of an anharmonic oscillator. This 

deviation might originate from electronic interactions with the substrate or percolation 

effects which are not included in the modelling. The software used was Lay_Tex 2.0, 

written by Dr. J.-Th. Zettler and database values for the isotropic bulk dielectric function 

for Si were used [47]. It was found possible to reproduce the response below 3 eV by 

adjusting 4 parameters, by a combined Drude like dielectric function in the x direction and 

an oscillator in the y direction, as set out in table 6.1. The measured RAS line shape (figure 

6.14(a)) can be easily reproduced, when the (3×1)-Ag contribution (figure 6.14(b)) is 

included. This simple model of non-interacting layers may work here because only a 

relatively small proportion of the (3×1)-Ag surface is covered by Ag islands. No 

significance should be attached to the particular parameter values of table 6.1, however. 

The main use of the model is to explore the changes observed on capping, discussed in the 

next section.  

 

Table 6.1 Numerical values for least square fits of figures 6.14 and 6.16 

 

 Oscillator 

Parameters 

Drude 

parameters 

 

Comment 

  yA (eV)2 
y0   (eV) y (eV)  x (eV)  

(3×1) 

contribution 

13 2.44 1.9        - d = 1 nm (fixed)  

Ag islands  

(2 ML) 

34 1 1.2 0.03 1.13 0.05 1 0.2 p (7.3eV) fixed 

 

6.5.4 RAS results of Si capped Ag nanostructures 

Model nanostructures have been formed by deposition of Ag onto the Si(111)-31-Ag, as 

described in section 6.5.2. The Ag structures were then capped with Si using a high purity 

sublimation source, as described in section 4.2.3. The thickness of the a-Si was 6 nm, 

measured ex situ using variable angle spectroscopic ellipsometery. Samples were kept near 

RT during this step to avoid annealing the Ag nanostructures. The Si layers are expected to 

be amorphous under these conditions [48, 49], and LEED showed only a diffuse 

background. AES scan of the capped surface showed no detectable surface segregation of 

Ag. The RAS spectra of the samples were measured after depositing the cap, first in situ 

and then after exposure to ambient conditions. In Figure 6.15, RAS spectra are shown 
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Figure 6.14 (a) Modelled RAS spectra for an additional 2 ML Ag. The RAS spectra 

include a contribution derived from the 0.5 ML spectrum (b) and a combination of a free 

- electron response in the x – direction and an oscillator in the y- direction. (b) Modelled 

0.5 ML spectrum ((3×1)-Ag contribution)  
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before and after capping. It can be seen that capping does not destroy the RAS spectrum, in 

contrast to the Si(111)/In system. The major effect observed are a red shift and narrowing 

of the main peak, and a reduction in structure in the 2-3 eV region where any (3×1)-Ag 

contribution would occur. Details of the modelling of the RAS spectra of Ag islands are 

given in the previous section. Database values for the isotropic dielectric function for Si 

and a-Si were used [47], Figure 6.16 compares the model results with the RAS data for the 

uncapped and capped 2° offcut sample with 2 ML additional Ag.  The figures show that 

agreement is significantly improved if the contribution of the (3×1) areas is removed. The 

simple modelling used here supports the conclusion that the metallic nanostructures 

survive the capping, while the (31) areas are modified by Si deposition. However, it can 

be seen that the modelling does not account for the red shift in the main peak observed 

upon capping. It is clear that the simple non-interacting multilayer model cannot explain 

this red shift. Red shift has been observed in surface plasmon resonances in larger scale Ag 

films, where a dielectric coating has been introduced that varies the inter-island dielectric 

function [12, 13]. In another study, it was concluded that the main origin of the plasmon 

shift (~1.5 eV) is the high refractive index of the a-Si matrix, in addition to the shift 

introduced by shape anisotropy (~0.3 eV) and coupling effects (~1 eV) [12]. Surface 

Figure 6.15 RAS spectra of 2 ML (6ML) Ag on the Si(111)-3×1-Ag surface with (a) 2° (b) 3° 

offcut, before (black lines) and after (red lines) capping with ~6nm a-Si.  
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plasmon resonance in the near-infrared (0.9 eV), with tails extending below 0.5 eV, has 

been reported for two- dimensional arrays of silver nanoparticles embedded in amorphous 

silicon, fabricated by sequential Si/Ag/Si electron-beam evaporation [11] . The Ag 

nanoparticles were positioned in the center of a 14 nm-thick a-Si layer. Samples with Ag 

exhibited absorptance, mainly at energies below 2.5 eV, which is attributed to the surface 

plasmon absorption by the Ag nanoparticles. The absorptance was found to increase in 

magnitude and shifted towards lower energies with increasing Ag content. It was 

concluded that the large redshift was mainly due to the high refractive index of the matrix, 

with shape anisotropy and interparticle coupling [11]. Due to the lack of information about 

the size distribution and inter-island distance, this type of model could not be applied here. 

However, it appears likely that the origin of the large red shift may be due to the 

introduction of high refractive index a-Si. More advanced models are clearly needed in 

order fully model the capped nanostructures. 

6.5.5 Long term stability of capped Ag nanostructures 

The samples were re-measured ex situ after one, and then two, months to test the long term 

stability of the protected Ag layers, using an extended spectral range RA spectrometer at 

Figure 6.16 Modelled RAS spectra for an additional 2 ML Ag, after capping. The line 

shape of the capped structures cannot be explained by adding the capping layer alone 

(blue thick line), but reasonable agreement is reached if the contribution from the (3×1) 

area is excluded, indicating that the nanostructures survive the capping, while the (3×1) 

area is modified. 
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the Technische Universität Berlin. The RAS apparatus is unusual in having an energy 

range down to 0.5 eV The IR–vis RAS instrument utilizes MgF2 polarizers, a CaF2 

photoelastic modulator, and a double-grating monochromator. Three detectors are used: a 

liquid nitrogen cooled InAs detector for measurements between 0.45 and 0.9 eV, an 

InGaAs photodiode for 0.75–1.5 eV, and a Si photodiode for measurements above 1.3 eV.  

Figure 6.17 shows the RAS of the capped samples after up to two months exposure to air.  

 

 

A significant change has occurred, indicating that the 6 nm a-Si capping layer may not be 

providing complete long term protection. It is also possible that a slow relaxation process 

is occurring in the region of the nanostructures, but this is less likely. Finally, the results of 

this chapter show that extension of the IR response of the RAS spectrometer to below 0.5 

eV would provide significant additional information on LD metallic nanostructures. 
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7 
SHG of Ag induced reconstructions and nanostructures 

 

7.1 Overview 

SHG studies of Si(111)-3×1-Ag, Si(111)- 33  -Ag, Ag nanodots and Ag islands under 

800 nm laser excitation are presented and discussed in this chapter. The results are 

analyzed in terms of the structural models proposed for the various reconstructions. 

7.2 SHG of Si(111)-In, -Au and -Ag systems – previous studies   

The sensitivity of SHG to the surface symmetry has been useful in studying the symmetry 

of various metal induced reconstructions on Si(111). There have been number of SHG 

studies on (5×2)-Au and (4×1)-In on vicinal Si(111) surfaces [1-5]. It was shown that the 

single mirror plane character of the vicinal Si(111)-7×7 surface remains even after the 

formation of (5×2)-Au and (4×1)-In. The SH response of Si(111)-4×1-In was also 

compared with the RAS studies [1]. The s-polarized SH response from single domain 

Si(111)-4×1-In showed a large, anisotropic change on formation of the In structure. The 

SH intensity at 1064 nm, increased by about a factor of six over that of Si(111)-7×7, when 

the nonlinear susceptibility in the surface plane along the In chains and step edges was 
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probed, while the nonlinear susceptibility in the surface plane perpendicular to the step 

edges remained almost unchanged. In the case of Si(111)-5×2-Au, both SHG [6] and RAS 

[7] studies found dominant polarizabilities in the surface plane perpendicular to the Au 

chains and step edges. Previous SHG studies of 3×1-Ag on a singular Si(111) surface 

reported  that the surface does not possess a mirror plane [8]. There also have been a 

number of SHG studies of Ag structures on Si(111), mostly concerned with investigating 

the origin of oscillations of the SH intensity with film thickness above 1 ML coverage [9-

14]. Random nucleation of three-dimensional islands in thin film growth can cause an 

increase in SHG through enhancement of the light field by local plasmon resonance. An 

oscillation of the SHG intensity was reported during growth of Ag and Au thin films on 

Si(111)-7×7 surfaces [9, 15]. Peaks in the SHG oscillation appeared when one- or two 

excitation photon energy resonated to energy differences of the quantized states in the Ag 

films [11]. However, SHG intensity decreased monotonically with Ag deposition on the 

Si(111)- 33  -Ag surface at room temperature. This difference is suggested to be due to 

the difference in the Ag film growth modes on the Si(111)-7×7 and Si(111)- 33  -Ag 

surfaces. 

7.3 SHG results  

Vicinal n-type Si(111) samples, cut 1o towards ]211[  produced a regular array of ordered 

single height steps after in situ cleaning by resistive heating using a procedure described in 

section 4.2. Sharp Si(111)- 77  LEED patterns were formed after cooling. The preparation 

of the 13  surface is described in detail in section 5.3.1. The predominantly single domain 

13  surface was confirmed by using RAS and LEED. The 33   surface was obtained 

by depositing approximately 1.2 ML of Ag on the Si(111)-7×7 surface and annealing to 

500oC. The excitation wavelength was 800 nm, the beam diameter was ~190 μm at the 

sample, and an incident angle of 67.5o was used. The experimental arrangement is outlined 

in section 4.4. For excitation at frequency in the xz or yz plane of incidence (where z is 

normal to the surface), the variation of s- and p-polarized SH intensity, with input 

polarization angle,   is of the form 
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where α  is measured from the plane of incidence, and C is a collection of constants [16]. 

The tensor components probed are of the general form ijk (where ijk refers to the i-

coordinate SH field for j, k excitation), Tables 7.1, 7.2 and 7.3 show the various tensor 

components of 1 and 1m surfaces probed for the s- and p-polarized  SH output, for 

excitation in the xz  ( sx , px , ]211[  azimuth) and yz  ( sy , py , ]011[  

azimuth) planes of incidence. 

7.3.1 SHG results of Si(111)-7×7  

Figure 7.1 (top panel) shows the sx  and px  SH rotation plots for the clean, vicinal 

Si(111)-7×7 surface in the xz ( 211  azimuth) plane of incidence. The vicinal Si(111)-7×7 

surface has a macroscopic 1m symmetry, with the xz mirror plane orthogonal to the step 

edge [17]. When the plane of incidence is aligned with xz mirror plane, the s-polarized SH 

response depends only on the yxy and yzy tensor components, the other components being 

zero by symmetry (Table 7.1). Any s -polarized SH response under these conditions must 

vary as 2sin2 , via H in equation (7.1). Figure 7.1 (top panel - left) shows this behaviour, 

which is used for sample alignment as discussed in section 4.4.2. Figure 7.3 (bottom panel) 

shows the sy and py  SH rotation plots in the yz  ( ]011[  azimuth) plane of 

incidence. The unequal lobes for sy  shows the absence of a mirror plane in this 

direction and confirms the 1m symmetry of vicinal Si(111)-7×7-surface.  

7.3.2 SHG results of Si(111)-3×1-Ag and Si(111)- 33 -Ag  

Initial measurements on 3×1-Ag surface revealed that the ratio of p- to s-polarization 

intensities was very large, raising concerns that small experimental misalignments could 

have a significant effect on the critical s-output measurements. Hence precise alignment 

procedures were carried out before taking the actual measurements, as described in section 

4.4.2. These procedures produced the sx  (s-polarized output; x azimuth) plot of the top 

left panel of figure 7.1, where the four peaks of equal intensity confirmed the precise 

alignment necessary to avoid leakage of the p-polarized response into the s  signals.  

As a second check, a misalignment of the output polarizer by 5  from the 

sx configuration, for the Si(111)- 13 -Ag structure, produced figure 7.2,  where the 

solid line is a least squares fit using the parameters determined from the sx  and px  

plots of figure 7.3, added coherently in a proportion determined by the polarizer offset. The 

only adjustable parameters were the relative phase of the s- and p-polarizations, and the 

overall intensity, which required a 6% adjustment. This is within the estimated error 
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resulting from combining the results of three independent intensity measurements. 

Comparison of figures 7.2 and 7.3 shows the dramatic change associated with a polarizer 

misalignment of only 5 , underlining the care required when the s- and p-polarization 

intensities differ by orders of magnitude.  

 

Figure 7.3 shows the variation of s- and p-polarized SH intensity of the Si(111)- 13 -Ag 

surface, for excitation in the xz and yz planes of incidence. The s-output response of figure 

7.3 departs significantly from 2sin2  behaviour (see 7.3.1), providing conclusive proof of 

the absence of an xz mirror plane in the (3×1)-Ag structure. The exclusion of a mirror 

plane in the y-azimuth, however cannot be proved in the present case, due to the absence of 

mirror plane for the vicinal Si(111)-7×7 surface in this direction. These results are 

consistent with the non-zero s-in/s-out results of Deng et al. [8] and also with the HCC 

structural model proposed for the (3×1)-Ag surface discussed in section 5.3 [18, 19]. The 

Ag atoms bond to a single atom in the silicon chain on one side of the trench and can bond 

to one of two atoms in the partial double layer on the other side, breaking the mirror 

symmetry along [ 211 ] [18, 19]. As discussed above, a slight misalignment would be 

Figure 7.1 SHG rotation plots for Si(111)-7×7 where  α – sx and α – px  xz plane of 

incidence ([ 211 ] azimuth), and  α–sy and  α–py  (yz plane of incidence ([ 011 ] 

azimuth). The solid lines are fits to equation (7.1). 
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Figure 7.3 SHG rotation plots for Si(111)-3×1-Ag, for the xz and yz planes of incidence. 

The solid lines are fit to equation (7.1). 
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misaligned by 5o.The solid line is the least square fir described in the text. 
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sufficient to produce, the s-in/s-out results of Deng et al. [8]: the sx plots of figures 7.1 

and 7.3 are a much more reliable test of the absence of the xz mirror plane.    

 

Figure 7.4 shows the variation of s- and p-polarized SH intensity of the Si(111)- 33  -

Ag surface, for excitation in the xz and yz planes of incidence. The sx  response is 

consistent with the presence of mirror plane, but care in interpretation is required because 

missing tensor components may not be forbidden, but may be simply too small for 

detection. Two structural models have been proposed for the 33   reconstruction based 

on its empty-state STM images at RT [20, 21] and at LT (62K) [22-24].  

 

 

Figure 7.4 SHG rotation plots (including Fresnel factors) for Si(111)- 33  -Ag, 

for the xz and yz planes of incidence. The solid lines are fits to equation (7.1). 
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The atomic arrangement of RT phase is known to be honeycomb-chained triangle (HCT), 

in which each atom makes an ionic covalent bond with a substrate Si atom, leaving no 

dangling bonds. The structural model proposed for the LT phase is an inequivalent triangle 

(IET). In this model, the positions of three Ag atoms in each unit cell are slightly rotated in 

the same direction around the cell corner from those of the HCT structure. As a 

consequence two inequivalent Ag triangles of different sizes are formed in a unit cell, and 

a mirror plane along ]211[  crystal axis in the HCT model disappears in the IET model 

(figure 7.5). Previous SHG studies on 33  reported an increase in s-in/s-out response as 

the temperature is lowered, which is interpreted as a transition from HCT to IET [25]. The 

symmetry observed in figure 7.4 could be due to equal populations of the IET structures at 

RT.  

 

Table 7.1 shows the various fitting parameters for excitation in the x- and y- azimuths for s 

and p- polarized SH output for vicinal Si(111)-7×7. The interpretation of the overall SH 

response is complicated by contributions from the many different tensor components of the 

1m surface. This is particularly so for the p configuration.  

 

 

 

 

 

 

Figure 7.5 Schematic illustrations of the HCT and IET models for the Si(111)- 33  -

Ag surface. Thin solid lines indicate the unit cell and thick ones represent Ag trimers The 

triangles with thin broken lines and angles show differences between HCT, IET(-), and 

IET(+) [24]. 
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Table 7.1 Tensor components (including Fresnel factors) contributing to the polarization rotation 

plots of figure 7.1, and the fitted parameter values using equation (7.1), normalised to the x-

azimuth  value of H of Si(111)- 7×7. 

 

  

Vicinal Si(111)-7×7-Ag (1m symmetry) 

x-azimuth y-azimuth 

 

 

 

α-p 

A zxx zxz 

zzz xxx 

xzx xzz 

 

2.145 

zyy zzz 

yzy 

 

4.592 

B zyy xyy 69556.0 ie  zxx 148595.0 ie  

C   zxz yxy 162233.1 ie  

 

α-s 

 

F   xyy xzz 1.155 

G   xxx 136421.0 ie  

H yxy yzy 1 xzx 15120.0 ie  

 

Table 7.2 Tensor components contributing to the polarization rotation plots of figures 7.3 and the 

fitted parameter values using equation (7.1), normalised to the x-azimuth  value of H of Si(111)-

77 . 

 

  

Vicinal Si(111)-3×1-Ag (1 symmetry) 

x-azimuth y-azimuth 

 

 

 

α-p 

A zxx zxz 

zzz xxx 

xzx xzz 

 

24.8 

zyy zyz 

zzz yyy 

yzy yzz 

 

4.81 

B zyy xyy 2920.1 ie  zxx yxx 5273.0 ie  

 

C 

zxy zyz 

xyx xyz 

 

14844.0 ie  zyx zxz 

yxy yxz 

347.4 ie  

 

 

 

α-s 

F yxx yxz 

yzz 

0.80 xyy xyz 

xzz 

0.91 

G yyy 9416.0 ie  xxx 3019.2 ie  

H yxy yzy 8576.1 ie  xyx xzx 13745.1 ie  
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Table 7.3 Tensor components contributing to the polarization rotation plots of figures 7.4 and the 

fitted parameter values using equation (7.1), normalised to the x-azimuth  value of H of Si(111)-

77 . 

 

  

Vicinal Si(111)- 33  -Ag (1m symmetry) 

x-azimuth y-azimuth 

 

 

 

α-p 

A zxx zxz 

zzz xxx 

xzx xzz 

 

15.1 

zyy zzz 

yzy 

 

4.89 

B zyy xyy 15371.3 ie  zxx 5619.2 ie  

C   zxz yxy 738.5 ie  

 

α-s 

F   xyy xzz 4.06 

G   xxx 13252.1 ie  

H yxy yzy 2.74 xzx 2559.0 ie  

 

Tables 7.2 and 7.3 show equivalent results for vicinal Si(111)-3×1-Ag and Si(111)-

33  -Ag. The dominance of xxx in the s-output response, for excitation in the y-

azimuth, of the ( 13 )-Ag surface is consistent with dominant polarizability perpendicular 

to the step edges (see section 5.3.2) seen by RAS at the excitation wavelength of 800 nm 

(1.55 eV). In contrast with the (4×1)-In system [1], there is no evidence, at these energies, 

of a large response from y-dependent components, which would have indicated a dominant 

polarizability in the step direction. Figures 7.3 and 7.4, and tables 7.2 and 7.3 show that 

there are substantial changes in the SH response between the (3×1)-Ag and the ( 33  )-

Ag structures. Further interpretation is difficult, however, because of the large number of 

tensor components that contribute to the SH response from these low symmetry structures. 

Even spectroscopic studies are unlikely to be readily interpreted without the benefit of 

microscopic calculations, very few of which have been attempted for SHG. The main 

strength of SHG that has been exploited in this section is its sensitivity and interface 

symmetry. 

7.3.3 SHG results of Ag nanodots and Ag islands  

The preparation details of Ag nanodots and Ag islands on si(111)-3×1-Ag are given in 

section 6.5. The excitation wavelength was 800 nm, the beam diameter was ~190 μm at the 

sample and an incident angle of 67.5o was used. The experimental arrangement is outlined 
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in section 4.4. Results obtained by depositing 0.5 ML (nanodots) and 2 ML (islands) onto 

the Si(111)-3×1-Ag surface are presented in figure 7.6. It can be seen that SHG observed 

from the island surfaces is significantly smaller than that from the Si(111)-3×1-Ag surface 

(figure 7.3).  

 

In attempting simple modelling of the SHG response, the STM images (figures 6.6 and 

6.10 ) have shown that the nanodots and islands only cover a proportion of the surface, the 

remainder being (3×1)-Ag. The simplest assumption is that the effective nonlinear 

susceptibility, )2( , can be written as 

)2(
)(

)2(
13

)2( )1(
islandsnanodots

aa  


      (7.2) 

where
)2(
13x

  and
)2(

)(islandsnanodots
 are the contributions to

)2( from the (3×1)-Ag surface 

and the nanodots (islands) response respectively, and a represents the fraction of (3×1)-Ag 

surface remaining. The STM studies discussed in section 6.5, revealed the nanodots to be 

circular with a constant diameter of 1 nm and that the 19 1 atoms and consistent with 

Ag(111) packing. It also has been observed that the registry of Ag atoms on Si substrates 

was primarily driven by geometrical matching, and that the 3D Ag islands showed, <111> 

preferred growth orientation on an Si(111) substrate [26, 27]. Hence, it is reasonable to 

assume that both the nanodots and islands have 3m symmetry.  

 

In developing the model, the (3×1)-Ag contribution is known (Table 7.2), and the 3m 

symmetry of the nanodots and islands reduces the number of new tensor components: 

 xxx = -xyy = -yxy 

 xzx = yxy 

 zxx = zyy 

leaving only four independent components, zxx, zzz, xxx and xzx. However, the Fresnel 

factors for the tensor components have to be determined in order to exploit these symmetry 

relations. Using the dielectric function of bulk Si at the energies involved, and the 

expressions of  Lüpke et al. [28], the Fresnel factors of Table 7.4 were calculated for an 

incident angle of 67.5o, where the very small mixing of tensor components associated with 

the 1o offcut has been neglected 
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Figure 7.6 SHG rotation plots for Ag nanodots (0.5 ML) and Ag islands (2ML) on the 

1o offcut Si(111)-3×1-Ag surface, for the xz and yz planes of incidence. The solid line 

is the least squares fit described in the text 
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Table 7.4 Fresnel factors for Si(111) surfaces with 3m symmetry, incidence angle 67.5o, 

fundamental wavelength 800 nm  (3m symmetry).   

 

  (3m) Fresnel factors (xxx = -xyy = -yxy, xzx = yzy, zxx = zyy)                          

 px   (  0 ) 

A zxx zzz 

xxx xzx  
xzx

ii
zzz

i
zxx

i eeee  18018044 478.0925.0323.0835.4 

 

B zyy xyy 
xyy

i
zyy

i ee  1804 986.0158.5   

C  -         

 

  (3m) py   (  90 ) 

A zyy zzz yzy 
yzy

i
zzz

i
zyy

i eee  18044 478.0323.0835.4   

B zxx 
zxx

ie 4158.5  

C  yxy 
yxy

ie 0955.0  

 

  (3m) sx ( o0 )  

F -  

G -  

H yxy yzy 
yzy

i
yxy

i ee  00 250.0968.0   

 

   (3m) sy (
o90 ) 

F xyy 
xyy

ie 180937.0   

G xxx 
xxx

ie 180000.1  

H xzx 
xzx

ie 1802501.0  

 

. 
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Table 7.5 Tensor components contributing to the polarization rotation plots of figure 7.6, and the 

fitted parameter values using equation (7.2), assuming 3m symmetry for the nanodots and islands. 

 Ag - nanodots Ag - islands 

a 0.33 0.24 

zxx 122231.0 ie  17220.0 ie  

zzz 073.4 ie  12944.4 ie  

xxx 17341.1 ie  16119.1 ie  

xzx 15409.4 ie  131231.0 ie  

 

Figure 7.6 shows the result least-squares fits (solid lines) using equation (7.2) the 

parameters of the (3×1)-Ag surface (Table 7.2) values, but without normalisation and 

Fresnel factors (table 7.4). Table 7.5 shows the corresponding tensor components. It can be 

seen that the fit is poor, and is certainly not unique. This implies a significant interaction 

between the nanodots and islands, and the underlying (3×1)-Ag chains, as discussed in 

section 6.5. Further interpretation is not justified for the reasons discussed above.  
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8 
Conclusions and outlook 

 

8.1 General review 

The main objective of this thesis was to explore the characteristics of LD structures, in-situ 

and non-destructively, by the linear and non linear optical techniques: RAS and SHG. 

Secondly, the growth of capping layers on the LD structures to protect them from ambient 

conditions during study or use outside the growth chamber, was investigated. These state-

of-the art epioptic [1] techniques exploit the difference in symmetry between the surface or 

interface and the centrosymmetric structure of substrates such as Si and also capping 

layers, in order to eliminate the normally dominant bulk response. These techniques are 

very well suited to probe the properties of buried nanostructures, as their penetration depth 

is much larger than that of conventional surface probes, and the lower symmetry of aligned 

nanostructures helps to discriminate the nanostructure response from the residual interface, 

bulk and capping layer response. 

 

 RAS results have been presented for Si(111)-3×1–Ag, Si(111)-5×2-Au, Si(557)-5×1-Au 

and Si(111)-4×1-In with the spectral range extended to IR wavelengths. In the region 
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below 3eV, large minima are observed, which show, systematically, a higher polarizability 

perpendicular to the adsorbate chains for all these structures. The detail, however, varies 

with the adsorbate and the reconstruction. By monitoring the RAS signal at the minima, 

single-domain Si(111)-m×n–X (where X = Ag, Au and In) could be grown quite easily. 

The RAS response of (3×1)–Ag surface below 1eV is almost zero, consistent with the 

structure being semiconducting. RAS studies of Si(111)-5×2-Au structures, grown on 

substrates with different offcuts and step densities, show significant differences in the 

spectral region below 2.5 eV. These changes have been attributed to a variation in the 

relative population of single and double Au chains. Previous work has provided good 

evidence that only single Au chains form in the region of [ 211 ] offcut steps [2], and the 

RAS results from  Si(557)-5×1-Au are consistent with this interpretation. Zig-zag chains of 

adsorbate are found on all of the above surfaces. If the electronic states involved are 

located at the metal-Si backbond, as previously suggested for the Si(111)-4×1-In [3], the 

broad minimum in Si(111)-5×2-Au is consistent with a double chain and two different Au 

positions in the surface unit cell, leading to similar, but energetically shifted, electronic 

states. 

 

Below about 1.2eV, the RAS signal is positive, indicating a dominant polarizability along 

the chain direction, but with a large difference between the single and double chain 

response. These results show, for the first time, an intriguing difference in the general 

anisotropic optical response of the single- and double-chain structures. Theoretical models 

of these chain structures can now be tested against the RAS data, if electronic structure 

calculations are extended to excited states, and the linear optical response calculated. 

 

Two-dimensional Ag nanodots of 1 nm diameter were grown by self-assembly on the 

Si(111)–3 × 1-Ag surface, in rows running parallel to the steps of the vicinal surface. STS 

has shown that the clusters are non-metallic, with a bandgap of ~0.6 eV, consistent with 

the opening of a Kubo gap due to confinement of the electron wavefunction. This is 

expected for such small clusters, provided that their separation is at least comparable to 

their dimension, thus reducing lateral interactions. The nanodots showed a very small 

optical response in the IR region, which is consistent with their non-metallic character. 

Larger, anisotropic 3D Ag islands, formed by further deposition of Ag, also align along the 

rows, but STS has shown these to have well-developed metallic character, in agreement 

with their larger size. RAS measurements extended into the IR region have been shown to 

be consistent with the electronic properties of the nanostructures measured by STS. The 
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large positive IR anisotropy for the 3D Ag islands is in the region where anisotropic 

Drude-like intraband transitions begin to become significant, the larger polarizability being 

aligned along the length of the islands, where the inelastic scattering electron mean free 

path is expected to be longer. The anisotropy is also found to be influenced by the offcut 

angle of the substrate, and hence the terrace width, and a simple analysis based on 

diffusion of Ag atoms across the terraces has been presented. The agreement between the 

electronic properties, as measured by STS and the IR measurements indicates that IR RAS 

should be a useful technique for the non-contact probing of the metallicity of aligned 

anisotropic nanostructures.  

 

The Ag nanostructures were capped with Si to form a near-IR transparent protecting layer. 

The samples were stable to exposure to ambient conditions for significant periods. The 

RAS spectra were compared to model calculations, which included the known dielectric 

functions of the substrate and capping material and an anisotropic, Drude-like, dielectric 

function for the metallic nanostructures. This simple model supported the conclusion that 

the metallic nanostructures survive the capping, while the (3×1) areas not covered by the 

nanostructures are modified by the deposition of Si. However, the quasi-1D structure of 

Si(111)-4×1-In did not survive the capping by amorphous Si, as the (4×1)-In related RAS 

signature was destroyed.  

 

Optical second harmonic generation (SHG) was used to study the structural symmetry of 

(3×1)-Ag, ( 33 )-Ag, Ag nanodots and Ag islands. SHG studies of predominantly 

single domain Si(111)- 13 -Ag provide conclusive proof that the structure does not 

possess a mirror plane, in agreement with previous polarization-selected SHG studies on 

the singular surface [4]. It is shown that, as the ratio of p- to s- polarized SH intensity is 

large, precise alignment procedures are required to eliminate any leakage of p-output 

polarization into the s-output measurements. SHG studies of the ( 33  )-Ag surface are 

consistent with the presence of a mirror plane but, while SHG can prove the absence of a 

mirror plane, only a consistency with higher symmetries can be shown, as a number of 

other factors could account for the apparent symmetry. SHG studies of Ag nanodots and 

Ag islands revealed deviation from 3m symmetry, implying interaction between the Ag 

nanostructures and the underlying (3×1)-Ag chain. 
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It has been shown that RAS and SHG provide complementary information about LD 

structures. RAS is experimentally simpler, and also more amenable to theory, while SHG 

provides additional symmetry information that the linear optical technique cannot supply.   

8.2 Outlook 

The observed difference in the RAS signal of Si(557)-5×1-Au and Si(111)-5×2-Au, 4o 

offcut [ 211 ] sample is attributed to the difference in Au chain populations. RAS 

measurement of Si(775)-5×2-Au, which is structurally similar to  the Si(111)-5×2-Au, 4o 

offcut towards [ 211 ], should be helpful in comparing these structures and the related RAS 

signal, because ARUPS  and electronic structure calculations are available for the (775) 

offcut [2]. 

 

STM measurements are required to identify the morphology of the islands grown on the 

Si(111)-3×1-Ag, for comparison with the model predictions of section 6.5.3. This will also 

be helpful in the full multilayer modelling the optical anisotropy of the capped and 

uncapped nanostructures. Surface plasmon-polariton behaviour may account for the large 

red shift in the RAS signal of the metallic islands on the introduction of the capping layer, 

and hence needs to be included in a general optical model. Capping of quasi-1D structures 

needs to be explored further. One approach is to try to grow epitaxial silicon, without 

destroying the LD characteristics. The problem here is to find a temperature window for 

epitaxial growth that does not destroy the nanostructure.  

 

RT SHG studies of Si(111)- 33  -Ag did not reveal the symmetry breaking nature of 

the surface, but a low temperature study would provide important additional information. 

SHG studies of the anisotropic islands need to be done at longer wavelengths for the 

comparison with linear optical studies, but this will require investment in an optical 

parametric oscillator.  
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                        Appendix A               

     Description of RAS components  
 

High pressure Xenon lamp  

In any optical technique, adequate light intensity is of crucial importance, and RAS is no 

exception. As the reflectance difference is very small compared to the absolute reflectance, 

this is an additional problem, as fluctuations in the light source may be contribute 

significant noise to the RAS signal. The required light source must be of sufficient 

intensity that the signal is not buried in background noise, and sufficiently stable that it 

does not contribute to the noise itself. It is also advantageous if the lamp has a small spot 

size, to enable examination of small samples and optimize the use of small area detectors. 

The light source used in the current set-up was a high pressure Xenon discharge lamp. A 

continuous mode super quiet Xenon lamp from Hamamatsu (model L2194-02) was 

combined with a C6979 dropper type power supply. In general, the lamp requires a thirty 

minute warm-up period before it achieves adequate stability  

 

Polariser  

These are required to linearly polarise the probe light and specify the axes with regard to 

which the RA response is being measured, and to analyse the time varying signal produced 

by the PEM. The axis of polarisation is chosen to be at 45o to the axes of interest on the 

crystal. To allow adequate UV transmission, appropriate materials must be used for the 

polariser crystal and any cement used in the polariser construction. Both polarisers require 

rotation during setup and therefore rotational mounts are required. The input polariser, 

especially, requires precise positioning due to its role as an axis selector. Equation (4.1) 

shows that inaccuracies in the polariser azimuth can introduce an offset into the real part of 

the RAS signal. In practice, it is found that rotational accuracy of 30’’ or less is required to 

reduce this offset to negligible levels [1]. Calcite Glan Taylor polarisers from Ekspla 

Optics with 10 mm apertures were selected for this application. Wider apertures may be 

used if greater intensity is required. If two polarisers of different quality are used, the better 

one should be used for the input polariser, due to the effects of polariser imperfections on 

imaginary-part spectra. To first order, the analyser is less important in this regard. 

Rotational accuracy is also not as important, as analyser offset tends to affect the DC level, 

rather than the AC, and autophasing the lock-in may assist here.  
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Low strain window 

 As RAS measures sample induced changes to a polarised light beam, all other influences 

on the beam's polarisation state must be reduced or eliminated. This applies to every 

optical component between the polariser and analyser, and it may be quite difficult to 

remove all birefringence effects. As the candidate quantum wire systems investigated here 

must be maintained in vacuum, the vacuum chamber viewport is an obvious candidate for 

a source of strain induced birefringence due to the pressure difference across its surface 

and possibly due to its attachment on a flange. Adequate spectral range is also a 

consideration. It is possible to obtain windows that are specially fabricated to reduce the 

possibility of strain effects. They usually employ a cylindrical geometry which distributes 

pressure-induced strain along the side of the cylinder, rather than along its face. Fused 

silica is often used for improved UV transmission. Although this geometry reduces 

window strain, it does not remove it entirely, and this strain will have its own RA spectra 

that will add to the sample spectrum. If the strain is assumed to be small and constant, 

however, sample spectra may be adjusted to compensate. The constancy of this strain is a 

very important factor. Any vibrations in the chamber will be transmitted to the window, 

and this will modulate the polarisation effects at the vibration frequency and couple those 

oscillations into the light beam. If they are near any of the PEMs harmonics, they may not 

be filtered by the lock-in and will result in an offset in the RA spectra. A low strain, fused 

silica bakeable window was purchased from Bomco U.S.A. 

 

Photoelastic modulator (PEM) 

By modulating the retardation along one of its optical axes relative to the other, the 

polarisation state of any light the PEM interacts with will be altered, as long as the light 

beam is not polarised along one of those axes. With an appropriate set-up, the PEM will 

vary the polarization between the axes specified by the polariser. In order to work as 

efficiently as possible, its aperture must be wide enough to completely accept the light to 

be analysed. During operation, the PEM crystal is compressed by a piezoelectric 

transducer, which is driven by a control voltage, which may be quite large. This driving 

voltage oscillates at a predetermined frequency, which sets the PEM's fundamental 

frequency. This drive voltage may or may not be a pure sinusoid, but regardless, this will 

not result in a purely sinusoidal vibration in the crystal. This will result in the presence of 

higher harmonics in the PEM's oscillating output. Although this is useful in distinguishing 

between the real and imaginary parts of the RA response, in other regards it can pose 

problems, especially if the lock-in is driven by a square wave reference. The PEM crystal 
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may also have some residual birefringence as a result of its mounting inside the PEM, in a 

similar manner to the other optical components. This will add a certain constant value on to 

the PEM's retardation, which may be represented by   0sin   tPEMPEM , where 0  

is the constant strain. A Hinds PEM-90 with an FS-50 optical head was used.  

                                                

Monochromator  

A monochromator is required for scanning over a range of photon energies. The grating 

must have adequate spectral range and it should be computer controllable. Apart from 

these criteria and a general desire for compactness, there are no other special requirements 

here. As there are no fine structures in RAS, very high resolution is not required. In this 

set-up a CM-110 monochromator from Digikröm was used, which is quite compact and 

features an onboard microcontroller and stepper motor and has an f number of 3.3.  

 

Mirrors 

Concave mirrors are used to focus the lamp arc onto the target sample, and to focus the 

reflected beam into the monochromator. The mirrors should have high quality reflective 

coatings, and the focal lengths must be appropriate for the RAS installation. It is 

advantageous if they are matched to the monochromators f number to maximise light 

collection. Two 25.4mm mirrors, with focal lengths of 150 and 200 mm were used to allow 

good set-up flexibility.  

 

Detector 

There are two main options here: a photomultiplier tube or a photodiode. Each detection 

method has its own advantages. The detector sees a small AC signal, proportional to the 

optical anisotropy at the modulator frequency, and a large DC signal. The origin of this 

was described in chapter 4. The AC signal may be between three to five orders of 

magnitude smaller than the DC, so low noise signal recovery is an absolute priority and is 

the prime factor in detector selection. Traditionally, low noise detection has been the 

domain of the photomultiplier, as its gain occurs at the dynodes and it has no need for 

noisy electronic amplification. The tube chosen was a Hamamatsu 957-08 hybrid 

assembly, which consists of a R928 photomultiplier tube and a built-in DC converter, 

which allows operation from a 15V power supply and a 0 to 4V control voltage for gain. 

This proved very convenient to use and was relatively compact. However, advances in 

photodiode design and low noise IC amplifiers have now made the photodiode a viable 

choice. Later, a dual detector assembly was used, comprising a silicon PIN photodiode for 
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RAS measurements for the energy range 1.3 to 5.0 eV, and an InGaAs photodiode for the 

energy range 0.85 eV to 1.3 eV. The InGaAs detector has been used successfully down to 

0.75 eV [2], but was limited here due to the decline in the grating efficiency. The dual 

detector was built by Elektronik-Manufaktur Mahlsdorf (EMM), Germany. 

 

Lock-in Amplifier 

This is used to extract the RA signal from the detector output. It compares a reference 

frequency, selected by the operator, to a broadband input and returns the amplitude of any 

component of the input that is at the reference frequency. Due to the nature of the lock-in 

process, the output is the RMS amplitude of the selected frequency component. To 

maximise the lock-in's output, the input wave must be in phase with the reference wave. 

Many lock-ins are provided with an autophasing system, which performs this task when 

required. This generally works by antiphasing the two signals, as it is easier to zero the 

outputs than it is to maximise them, and then adjusting the reference phase by 180o. In 

general, some fine tuning will be required by the operator. EG&G model 7225 lock-in was 

used here. As well as providing excellent lock-in detection, the instrument provides four 

digital-to-analogue and two analogue-to-digital converters. 

 

1. Rumberg J: Thesis, Dip. in Physics. T.U Berlin, 1996. 

2. Fleischer K, Chandola S, Esser N, Richter W, McGilp JF: Reflectance anisotropy 

spectroscopy of Si(111)-(4*1)-In. physica status solidi (a) 2001, 188:1411-1416. 
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