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Abstract 

The interfacial interactions and film growth mechanisms of sulfur-containing amino acids on 

Si(111)-√3×√3-Ag are investigated by using X-ray photoelectron spectroscopy (XPS) and scanning 

tunneling microscopy (STM) at room temperature and at elevated temperature under ultrahigh vacuum 

condition. The complementary density functional theory (DFT) calculations with dispersion correction are 

used to provide precise modeling of the equilibrium adsorption configurations of biomolecules. Cysteine 

is found to chemisorb initially at surface defects where its island growth fronts further propagate onto 

terrace regions exhibiting coral-reef-like nanostructures. The lower-step edges and the antiphase 

boundaries are found to be the preferred adsorption sites followed by upper-step edges and terrace sites. 

Chemisorption of interfacial cysteine monolayer occurs through S–H cleavage and S–Ag linkage. The 

zwitterionic hydrogen bonding governs the intermolecular interactions in the interfacial layer, which 

further grows to zwitterionic multilayer. Our DFT calculations support the experimental results for 

chemisorption of single molecules to multimers through S–Ag covalent bonding and intermolecular 

zwitterionic hydrogen bonding. In addition, Ag bridge sites are found to be the most favourable 

adsorption sites on the surface terraces. At elevated temperatures, cysteine adspecies are found to 

transform the highly ordered single-atom-thick Si(111)-√3×√3-Ag overlayer into Ag agglomerates of 

nanometer sizes. This phenomenon offers an interesting approach to converting monoatomic silver 

silicide layers to silver nanoclusters and quantum dots for chemical sensing and catalysis applications. 

Methionine, on the other hand, does not chemisorb on Si(111)-√3×√3-Ag due to the termination of 

its sulfur atom by a methyl group in its methylthio methylene side chain. A minority of methionine 

adspecies are found to chemisorb through a dehydrogenated amino group most likely at defect sites, step 

edges and antiphase boundaries. Self-assembled one-dimensional molecular wires are observed at room 

temperature and at lower temperatures in our variable-temperature STM study, while the chemical state of 

these molecular wires is found to be zwitterionic by XPS. Our large-scale DFT calculations further 

support the zwitterionic dimer row structures of the molecular wires. To demonstrate the molecular size 

effect, the adsorption mechanism of glycine on Si(111)-√3×√3-Ag is also studied. All three amino acids 

appear to induce metallic Ag 3d features at elevated temperature, indicating the formation of metallic 

agglomerates. The Si(111)-√3×√3-Ag surface offers a unique platform for developing not only self-

assembled molecular nanostructures but also metal nanoclusters and agglomerates for potential 

applications in catalysis. 

The Si(111)-√3×√3-Ag surface contains a number of defects, notably step edges and antiphase 

boundaries, that could significantly affect the adsorption and other surface properties. Detailed 
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understanding of the relations between their structural configurations and these surface properties is of 

fundamental interest to further unraveling the many unique processes found for this intricate surface. 

Using first-principle quantum mechanical calculations based on DFT, the equilibrium geometries of the 

step edge and antiphase boundary are calculated and found to exhibit a one-dimensional chain of Ag 

trimers on both types of defect sites. Unlike the monolayer coverage in the terrace regions, the Ag:Si 

stoichiometric ratio is found to be 4:3 at the step edge. This ratio is calculated to be 1:1 for the antiphase 

boundary (and for the terrace). The total densities of states calculated for the step edge, antiphase 

boundary, and terrace models exhibit surface states near the Fermi level. The mid-gap state found for the 

step edge appears to have a more intense density of state and to locate closer to the Fermi level. The 

corresponding calculation of partial densities of states reveals different contributions of Ag and Si atoms 

at defect sites. Mid-gap states are known to improve the optical properties of materials such as photon 

absorption and transfer. As the Si(111)-√3×√3-Ag surface defects promote the mid-gap states and 

considering their adsorption to be the most favourable, they are expected to play a crucial role in 

designing applications in (photo) catalysis and chemical sensing.  
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Chapter 1 

Introduction 

1.1 Surface Science  

Surface science is the study of surfaces and interfacial phenomena at the atomic and molecular level. 

A combination of a few main factors has given birth to the field of surface science and its continued 

growth today. The advancement of the vacuum technology and development of the ultrahigh vacuum 

(UHV) systems, in 1950s, that attain pressure from 10-7 to 10-11 mbar and allow preparation and 

maintenance of contamination-free surfaces for an extended period of time for experimentation and 

studies. The commercial availability of single-crystal samples has enabled researchers to employ high-

precision scientific methods that probe various properties of and phenomena on the more well-defined 

surfaces. The discovery of the wave-particle duality has led to the development of particle-beam-based 

diffraction techniques such as low energy electron diffraction (LEED) to provide surface-sensitive 

structural recognition. Near the same time, the discovery of the photoelectric effect has given rise to X-

ray photoelectron spectroscopy (XPS) for detailed chemical environment identification based on chemical 

shifts and their quantitative composition analysis. These developments that begun in the late 1960s have 

continued and along with other techniques have led to the intense surface science research activities that 

we know today.1 

The energy crisis is one of the influential factors that drive the surface science field. With increasing 

global energy consumption and its consequences in environmental pollution and global warming, there is 

an acute need to develop catalyst-based environmental technologies and sensors. Since 1970s, the 

contribution of surface science to understanding chemical reactions and to developing catalyst-based 

environmental technologies has been evermore significant. The three-way catalytic convertor used to 

clean the automobile exhaust is a shining example of the technological improvements driven by surface 

science.2 

In the discovery of transistor in 1947 and its evolution from large-scale integration to the modern 

nanoelectronics,3 surface science plays a critical role. The advancement of the semiconductor industry is 

well foretold by Moore’s law, which predicts the doubling of the packing density of the transistors in 

microelectronic chips every 18-24 months since 1970.4 The interest in this trend is two-fold for surface 

scientists. Firstly, the resolute state of shrinking the feature size of an electronic device in semiconductor 

industry necessitates better understanding of the surface chemistry of semiconductors and surface 

chemical reactions for developing new ultra-small patterned templates and devices, which in turn 

guarantees the technological impact of surface science research. Secondly, the down-scaling of the 
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microprocessors and computer chips while up-scaling the multitude of functions lead to the growth of 

computing power available for improving our daily life. As a result, the quantitative predictive power 

provided by theoretical studies of surface phenomena and supported by increasingly more complex and 

accurate experimentation has undergone an explosive advancement.  

The development of catalysts, sensors, and ever smaller semiconductor-based devices required 

fundamental understanding and quantitative characterization of surfaces at the atomic and molecular 

level. Consequently, the need to follow the physical and chemical changes occurring on the surfaces upon 

stimuli (such as radiation and chemicals) has led to the invention and development of surface-sensitive 

techniques down to the atomic scale. This has in turn opened up new frontiers in the field of modern 

surface science, particularly in the more interdisciplinary areas of chemistry, physics, biology, materials 

science, and nanotechnology.  

1.2 The Si(111)7×7 Surface as a Template 

Silicon is the most important semiconductor material predominantly used in the field of 

microelectronics and nanofabrication applications.5  Miniaturization of devices require detailed 

understanding of the fundamental interfacial processes occurring at the Si surfaces in order to enhance 

their functions and performance for the next-generation Si-based devices. Of all the Si surfaces, the 

Si(111)7×7 reconstructed surface is one of the most studied surfaces over the past few decades.  It has 

been studied by a wide range of experimental methods and it is the de facto test system for any new 

emerging surface-sensitive technique. With the advent of scanning tunneling microscopy (STM) in early 

1980s, the real space image of the 7×7 reconstruction was realized for the first time with atomic 

resolution.6 Atomically resolved AFM images obtained for this surface7 have led to validation of 

conventional concepts and to new insights.  All these studies resulted in reaching a generally accepted 

dimer-adatom-stacking (DAS) fault model, in which the unit cell is divided into two triangular half unit 

cells: an unfaulted half and a faulted half that involves a 30 ° rotation in its (unfaulted) stacking 

sequence.8,9 Each half unit cell contains six adatoms and three restatoms with a corner hole, with a total of 

19 dangling bonds and featuring dimer rows extended along the boundaries of each half unit cells. A 

schematic diagram of the Si(111)7×7 surface is shown in Figure 3.1a. 

Introducing noble metals onto the Si(111) surface has ushered in a new technological era in the field 

of microelectronics. Metal silicide thin films have been playing an integral role in new device 

architecture. With the advances in semiconductor device fabrication, low-dimensional materials with 

novel properties have attracted a lot of attention particularly for their application in hybrid nanodevices. 

For that purpose, the Si(111)7×7 surface is a robust template for fabrication of low-dimensional metal 
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silicide clusters or nanolayers. The formation of metal-semiconductor hybrid systems and their properties 

are strongly dependent on the choice of the metal and semiconductor and their interactions. The 

adsorption of a wide range of metal materials has been investigated on the Si(111)7×7 surface at room 

temperature and at elevated temperature, and they include group IA metals (Li, Na, K, Cs),10–13,14,15,16 

group IIIA metals (Al, Ga, In, Tl),17–20,21,22,23 group VIIB metals (Mn),24,25 group VIIIB ferromagnetic 

metals (Fe, Co, Ni, Pd, and Pt), 21,26–30,31 group IB metals (Cu, Ag, and Au), 32–39,40,14,41 group IIB metal 

(Zn),42 and group IVA metals (Ge, Sn, Pb, and Bi).43–45,46, While an array of noble metal clusters can be 

grown on the Si(111)7×7 template at room temperature, smooth two-dimensional metal silicide 

reconstructed surfaces can be generated at elevated temperature. Various interesting reconstruction phases 

are produced by this latter approach. Such two-dimensional metal silicide overlayers can exhibit 

interesting physicochemical properties. For example, in a combined STM and angle-resolved 

photoemission study of √7×√3-Pb, √3×√3-Pb, √7×√3-In, and √3×√3-In reconstructed phases on Si(111), 

superconductivity of their monoatomic layers has been observed, and its origin has been attributed to the 

metal-metal metallic and metal-Si covalent bondings.47 Among all the metal-silicide reconstructions, the 

√3×√3 phase is the most commonly observed phase in transition metals and is also known to exhibit 

interesting fluctuation dynamics.48  

Of the metal-silicide reconstructed surfaces, much of the studies have been devoted to the noble 

metals (Cu, Ag and Au) on Si due to their interesting applications in nanoelectronics and catalysis. The 

formation of an ordered array of Cu nanoclusters on Si(111)7×7 has been reported at room temperature at 

submonolayer coverage (0.4 ML), where identical size magic nanoclusters of Cu occupy both faulted- and 

unfaulted-half unit cells.49 In a recent study in our group, the fabrication of an ordered honeycomb 

structure of Au monolayers on Si(111)7×7 was successfully achieved for the first time at room 

temperature.50 Interestingly, similar results could not be obtained for Ag overlayers at similar coverages, 

indicating their different diffusion and growth behavior.51 At elevated temperatures, Au deposit on 

Si(111)7×7 evolved to two-dimensional Au-Si √3×√3, 5×2,52 5×1,53 6×6, 5×5,54reconstructions. The 

reconstructed phases for Ag at elevated temperatures including √3×√3, 3×1, 6×1, and 5×2,55 and for Cu 

the 5×5,51 phase were also obtained. The study of these two-dimensional metal silicide surfaces is 

interesting not just for their potential implications in nanodevice fabrication but also for their use as 

prospective model systems in the study of such intricate physical phenomena as correlation effects in 

reduced dimensions.48 
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1.3 The Si(111)-√3×√3-Ag Surface 

Of particular interest in the wide range of two-dimensional Ag-Si surfaces is the Si(111)-√3×√3-Ag 

reconstructed surface. This monoatomic layer superstructure is formed after deposition of 1 monolayer of 

Ag on Si(111)7×7 followed by annealing to 300-500 °C. Historically, this surface has been one of the 

most important prototypes for the metal/semiconductor interface. Upon conversion to Si(111)-√3×√3-Ag , 

the areal density of Si(111)7×7 changes and the consequent mass transfer results in the formation of 

“islands” and “holes” above and below the original 7×7 level, respectively.41,55–60 Its structure is best 

described with the “honeycomb-chained triangle” (HCT) model, as shown in Figure 1.1c, in which the Si 

atoms on the top Si layer form triangles (or trimers) and each Si atom is bonded to one Ag atom creating a 

honeycomb lattice of equivalent Ag triangles (or trimers) of high symmetry on top.61 The arrangement of 

the Ag trimers contains a mirror plane along the [1–21] direction. The HCT model can be used to account 

for the room-temperature empty-state STM images, in which each protrusion corresponds to the electron 

density maximum at the center of a Ag trimer. However, at low temperature, a hexagonal lattice in the 

empty-state image is observed and this so-called “inequivalent triangle” (IET) model is shown in Figures 

1.2b and 1.2c. In the IET model, the Ag atoms bonded to each Si atoms are rotated either clockwise or 

counterclockwise by 6° with respect to their initial positions in HCT. This leads to the creation of an 

alternating size change of the Ag trimers while the Si trimers are fixed resulting in a breakdown of the 

mirror symmetry. In other words, the HCT is the fully symmetrical version of the IET.62–65 Although the 

coexistence of both HCT and IET structures has been reported at room temperature,51 we observe only the 

HCT structure in our experiments.  
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Figure 1.1  Top views and side views of the equilibrium geometries of (a) a dimer-adatom-stacking fault 

(DAS) model for Si(111)7×7, (b) a Ag(111) single-crystal surface, and (c) a Si(111)-√3×√3-Ag surface 

with the honeycomb-chained triangle (HCT) structure. The Si adatoms and restatoms are highlighted in 

(a) by, respectively, larger green and yellow circles for clarity. Blue and grey circles correspond to Ag 

and Si atoms, respectively, in (c). The √3×√3 unit cell (diamond) is shown for the model surfaces in (a-c). 

All the model surfaces are generated by large-scale ab-initio quantum mechanical calculations using a 

Xeon computer cluster at WATLab. 
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Figure 1.2  Magnified top views of a Si(111)-√3×√3-Ag surface with (a) the honeycomb-chained triangle 

(HCT) and (b, c) inequivalent triangle (IET) structures, where the (+) and (–) depict the counter-

clockwise and clockwise rotational offsets of Ag atoms with respect to their positions in HCT, which 

results in three of the Ag trimers appear larger than the other three trimers (with the smaller trimers 

outlined by blue open triangles). Blue and grey circles correspond to Ag and Si atoms respectively. 

 

1.4 Adsorption of Organic Molecules on Si(111)-√3×√3-Ag 

Molecular interactions of organic components and biomolecules with semiconductor surfaces have 

attracted a lot of interest because of their potential applications in biosensors, biocompatible materials, 

and biomolecules-based electronic devices.66–68 The presence of a low diffusion barrier of organic 

molecules on a (metal) solid surface is essential to form self-assembled molecular architectures on the 

surface. On a semiconductor surface such as Si(111)7×7, surface diffusion is hindered by the presence of 

strong directional dangling bonds that enable covalent bonding interaction with organic adsorbates. 

Passivating the Si(111) surface with Ag atoms not only introduces new physical properties such as high 

electrical conductivity to the surface,69,70 but also creates a platform with a low diffusion barrier for 

organic molecules to move freely on the surface and aggregate with other molecules forming molecular 

islands. A number of low-temperature and room-temperature studies have reported the adsorption of large 

π-conjugated organic molecules on Si(111)-√3×√3-Ag for the application of organic thin films. These 

molecules include 3,4,9,10-perylene tetracarboxylic dianhydride (PTCDA),71 3,4,9,10-perylene 

tetracarboxylic diimide (PTCDI),72 thiophene,73–75 metal phthalocyanine,76 metal porphyrines,77,78 C60,79 

and pentacene.80 Adsorption of smaller molecules such as trimesic acid,81 terephthalic acid,82 and 
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adenine83 on Si(111)-√3×√3-Ag have also been studied. According to their STM results, all of the 

aforementioned molecules lie flat on the surface, where the maximum possible interaction between their 

π-conjugated rings and the two-dimensional electron system of the surface is obtained. All of the above 

studies aimed to examine molecular self-assemblies through physisorption. The only experimental study 

that was focused on chemisorption on Si(111)-√3×√3-Ag84 is for thiol-modified ferrocene. This 

experimental work was followed by a modelling study that supported their results via quantum 

mechanical calculations.85  

In all the aforementioned studies reported to date, the Si(111)-√3×√3-Ag surface has been used as an 

alternative substrate to metal substrates, with the focus mainly on the organic film properties. In the 

present work, we seek to elucidate the evolution of not only the adsorbate film properties but also the 

substrate properties upon adsorption of the organic adspecies. For this purpose, we employ the two sulfur-

containing amino acids, cysteine and methionine, in order to understand their interactions with the 

Si(111)-√3×√3-Ag surface, and to investigate the synergetic properties of the functionalized Si(111)-

√3×√3-Ag surface for potential applications. These amino acids were chosen for several reasons: (1) 

There are extensive amounts of experimental and theoretical data available for these amino acids on the 

reference Si surface, Si(111)7×7, and on other reference metal surfaces [e.g. Ag(111)].  These data enable 

us to more readily compare their adsorption properties on Si(111)-√3×√3-Ag to those on metals and 

Si(111)7×7. (2) The availability of multiple functional groups typical of amino acids (amino and 

carboxylic acid groups), in addition to the thiol group in cysteine and methylthio methylene group in 

methionine, along with their near-proportionate sizes, provide a rich testbed to examine not just the 

interaction of various functional groups with each other and with the surface but also the influence of 

molecular size on their adsorption properties on Si(111)-√3×√3-Ag.  

As the smallest building blocks of proteins, amino acids are also fundamentally important in 

chemistry in general. Understanding their intermolecular interactions and growth processes could provide 

insights into fundamental interactions of other larger biochemical molecules that are essential for 

developing bio/nano-devices for biomedical sensing and molecular electronics. This impetus has inspired 

adsorption studies of a variety of amino acids, including aliphatic amino acids (glycine86–88, alanine,89–94 

glutamic acid,95–98 lysine99–101), sulfur-containing amino acids (cysteine102–104 and methionine105–109), 

aromatic amino acids (tyrosine110,111), and heterocyclic amino acids (proline112,113), on a number of close-

packed single-crystal metal surfaces under UHV condition. Our recent studies in WATLab have been 

focussing on site-specific surface chemistry of bio/organic molecules including DNA-bases (thymine114 

and adenine115), peptides (glycylglycine116,117), and amino acids (glycine,116,118–120 alanine, cysteine,121 and 

methionine122) on a well-defined semiconductor surface such as Si(111)7×7 using a three-pronged 
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approach that combines XPS and STM data with large-scale ab-initio quantum mechanical simulations. A 

universal three-stage growth mechanism has been observed for these proteinogenic amino acids on 

Si(111)7×7.123 In our latest work, we have also studied the interaction of a sulfur-containing amino acid 

(cysteine) with a gold honeycomb monolayer supported on Si(111)7×7 at room temperature.124 The 

insights obtained on the adsorption and growth properties of both metal adlayers and (bio) organic films 

supported on Si surfaces enable us to move one step closer toward not only fabrication of stable hybrid 

organic/metal/semiconductor surfaces but also extending our understanding of the interfacial phenomena 

of a more complex hybrid system. The present work seeks to investigate such two-dimensional hybrid 

systems of higher complexity, which include physical and chemical features found not just on the ideal 

smooth terraces (that has been the central focus of traditional surface science to date) but indeed on the 

more reactive surface defects such as step edges and antiphase boundaries.    

1.5 Surface Defects 

Close-packed flat surfaces are generated by splitting a bulk crystal along its low Miller index planes 

such as the (100), (110) or (111) surfaces. While these low index surfaces can be used to provide valuable 

information on prominent surface properties, they are far from true representations of the real surfaces. 

Whenever technology involves gas-surface interactions, real surfaces come into play.  A real surface 

contains not just low index planes (terraces) but also additional surface defect features such as steps, 

kinks, adatoms and vacancies. Surface defects could play an important role in the overall properties of the 

surface. Better understanding the nature and properties of these defects is therefore pivotal in advancing 

modern surface science. Surface defects are desirable adsorption sites for catalytic reactions on catalyst-

relevant metal surfaces often due to the under-coordination of their local atomic sites and hence their 

higher reactivities. The study of molecular adsorption at these sites is therefore of paramount importance 

in the areas of catalysis and chemical sensing. A number of experimental and theoretical studies have 

been reported on the adsorption and reaction behavior of molecules at the step edges on metal surfaces 

such as Pt(111),125 Pt(211) and Pt(311),126 Ni(111),127 Au(111),128,129 and Cu(531),130 and on oxide 

surfaces including TiO2(110),131 and Al2O3(0001).132 Vicinal surfaces of semiconductor materials such as 

Si contain a high number of dangling bonds at step edges and are good candidates for use as templates for 

crystal growth  

Figure 1.3 shows typical types of defects commonly found on low index surfaces. These defects are 

distinguished based on the number of their nearest neighbours and include surface adatoms, atom 

vacancies, kinks, and step edges. The major surface defects of the Si(111)-√3×√3-Ag surface are step 

edges and antiphase boundaries. A step edge is the transition interface between the adjacent upper-step 
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terrace and lower-step terrace, while an antiphase boundary is formed as a result of a registry mismatch 

between two terraces growing into each other. In the present work, we investigate the electronic structures 

and geometries of the defects of Si(111)-√3×√3-Ag surface for the first time using quantum chemical 

calculations.  

 

Figure 1.3  Schematic model of a solid surface depicting different types of surface sites. These sites are 

distinguishable by their nearest neighbours. For a simple cubic lattice used in this model, a terrace atom is 

bonded to 5 atoms resulting in a coordination number of 5 nearest neighbors. A step atom is the atom at 

the transition interface between the upper-step and lower-step terraces and is bonded to 4 atoms and hence 

its coordination number is 4, while a kink is located at a corner of a step edge and exhibits a coordination 

number of 3.  An adatom defect and a vacancy defect correspond to an excess and lack thereof an atom on 

the surface terrace, respectively. 

 

1.6 X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for chemical analysis 

(ESCA), is one of the most widely used techniques in the field of surface science and it provides 

quantitative information about the chemical-state composition and the electronic structure of the surface. 

The working principle of XPS is based on the photoelectric effect, which was discovered by Einstein in 

1905133 and was later further developed with the concept of core-level chemical shifts by Siegbahn and 

coworkers in 1957.134 In the photoelectric process, an electron is ejected as a result of absorption of a 

photon with energy hν. For an electron to be ejected, the photon energy of the incident X-ray beam must 

be greater than the surface work function. The kinetic energy (KE) of the emitted photoelectron depends 

on the energy of the photons through the Einstein equation: 

𝐾𝐸 = hν − (𝐸𝐵 +ɸ𝑠𝑝) (1.1) 
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where EB is the binding energy of the electron before photoejection and is measured with respect to the 

Fermi level, and ɸ𝑠𝑝 is the work function of the electron spectrometer that is required to bring the 

electron from the Fermi level to the vacuum level outside the surface to the spectrometer. The 

photoemission process is illustrated schematically in Figure 1.4, in which a photoelectron is emitted from 

the K shell of an atom, upon absorption of a photon. The spectral intensities as functions of kinetic energy 

(or correspondingly the binding energy) for the photoelectron lines provide a unique signature of 

individual atoms in their local chemical environment as well as quantitative compositions based on their 

chemical states. The binding energies of the core-level electrons represent the strength of the Coulombic 

interactions between the inner-shell electrons and the nuclei, and the local chemical environment exerted 

by neighbouring atoms. Any change in the chemical environment produces an effect on the electron-

nuclei interactions and thus causes a shift in the binding energy of the photoelectron, which is called the 

chemical shift. Due to the short electron inelastic mean free path, only photoelectrons generated in the top 

2-10 nm of the material could escape the surface. XPS is therefore a surface-sensitive technique as it 

provides quantitative information about not only the surfaces of the inorganic solids but also the organic 

adsorption layers on surfaces through their respective chemical-state signatures.   

 

 

Figure 1.4  Schematic diagram depicting ejection of the 1s electron as the result of absorption of an 

incident X-ray photon. 

 

In the XPS spectrometer of our Omicron multi-technique system shown in Figure 1.5, the X-ray 

photons produced by an Al Kα X-ray source (anode) pass through a quartz crystal monochromator and the 

Valence band

1s

2s

2p

3s

3p

3d

K

L1

L2,3

M

Incident

X-ray photon

KE

EB

ɸs
Fermi level

Vacuum level

Ejected photoelectron



 

11 

resulting monochromatized X-ray beam is focused onto the sample. The monochromator is used to reduce 

the background produced by the bremsstrahlung scattering and eliminates the unwanted shake-up and 

shake-off features. The photoelectrons emitted from the sample surface are then collected by electrostatic 

input lens onto the entrance aperture of a hemispherical deflection electron analyzer (spectrometer). The 

hemispherical analyzer consists of two concentric hemispherical elements, which are biased with 

appropriate voltages to allow electrons with the selected kinetic energy to pass through the analyzer.  The 

Gaussian distribution for the transmitted photoelectrons across the exit plane is detected by a high 

throughput electron detector consisting of multiple channeltrons. 

 

 

Figure 1.5  A photograph of the Omicron XPS spectrometer depicting the X-ray source (anode), a quartz-

crystal X-ray monochromator, an approximate sample position with respect to the X-ray incident angle 

and electron emission angle, an electrostatic lens system, a hemispherical analyzer, and a seven-

channeltron electron detector. 

 

To measure accurately the photoelectron KE (and hence EB) of various types of samples, a proper 

referencing of the binding energy is required. After grounding both the sample and the spectrometer, the 

energy diagram of the sample-spectrometer is shown in Figure 1.6. For conducting samples, the measured 
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kinetic energy (or binding energy) is independent of the sample work function (ɸ𝑠), but dependent on the 

spectrometer work function (ɸ𝑠𝑝), as also implied in the Einstein equation 1.1. 

 

 

Figure 1.6  The energy level diagram for a conductive sample and the spectrometer. The Fermi levels of 

the sample and the spectrometer are aligned and the EB is referenced with respect to Ef. The measurement 

of EB is independent of the sample work function but dependent on the spectrometer work function. 
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1.7 Scanning Tunneling Microscopy 

With the invention of the scanning tunneling microscopy (STM) in 1982 by Binnig and Rohrer, not 

only the morphology of conductive solid surfaces but also their local electronic structure could be 

investigated at atomic resolution for the first time.135 The working principle of STM is based on the 

quantum-mechanical concept of electron tunneling that involves tunneling of an electron wave through a 

potential barrier when its classical kinetic energy is lower than the barrier height. The quantum tunneling 

can occur between two conducting materials (metals or semiconductors) that are separated by a 

sufficiently small gap where the electron wavefunction can extend out of their classical potential wells. 

An atomically sharp metallic tip, usually made of platinum/iridium or tungsten, is brought to close 

proximity of a conductive surface until the tunneling current begins to flow upon applying a voltage. 

Figure 1.7 illustrates the tunneling effect between the probe tip and a sample surface. Part of the electron 

wavefunction at the sample surface (Ѱsample) tunnels through the potential barrier where it decays 

exponentially (Ѱbarrier). The amplitude of the pass-through wavefunction at the tip (Ѱtip ) is reduced. The 

fraction of the wavefunction that can tunnel through the potential barrier is described by the transmission 

coefficient from which the tunneling current can be calculated. The tunneling current can be estimated by 

Equation 1.2: 

𝑖 ∝ 𝑈exp⁡(−2𝑘𝑑) 1.2 

𝑘 = √
2𝑚𝑒Ф

ħ2
 

 

1.3 

 

where Ф is the average barrier height ½(Фsample+Фtip) between the tip (Фtip is the barrier potential of the 

tip) and the sample (Фsample is the barrier potential of the sample), me is the electron mass, k is the inverse 

decay length, and ħ is Planck’s constant divided by 2π. This exponential dependency is the basis of the 

surface sensitivity of the STM, where a vertical resolution of 0.01 nm and a lateral resolution of 0.1 nm 

can be achieved. The lateral resolution is determined by the radius of the tip, which ideally corresponds to 

the size of one tip atom. Furthermore, the tunneling current is proportional to the total (integral) density of 

states at an energy determined by the applied voltage.  

During experiment, a tunneling current is first established at a distance in nm range while a 

piezoelectric controller enables the tip movement at great precision. The z-piezo is used to adjust the 

separation between the tip and the surface by applying appropriate voltages, while the x and y piezos 

provide scanning in the two lateral directions across the sample surface.  The STM can be operated in two 

different modes: the constant height and the constant current modes. Upon moving the tip to the 
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appropriate tunneling z position, the scanning tip is navigated with a selected bias voltage (typically 5 mV 

to 2 V) applied to the sample to enable detection of a tunneling current (typically 5 pA to 2 nA). In 

constant height mode, the tip is scanned over x and y of the specimen surface at a fixed z (constant 

height). The collected tunneling current is then directly proportional to the local density of electronic 

states at z above the surface. This mode allows a high scanning speed, but it is limited to very flat surfaces 

or very small scanning areas (because any surface defects or contamination could potentially crash the 

tip). Alternatively, in the constant current mode, the tip is scanned over x and y across the surface with z 

position dynamically adjusted such that a constant tunneling current between the tip and the surface is 

obtained.  In this mode, the tunneling current is proportional to the apparent height of the tip above the 

surface.  A feedback loop is used to control the height of the tip using the z-piezo actuator. 

 

 

Figure 1.7  A schematic diagram depicting the principle of the electron tunneling process, where Vt is the 

tunneling bias voltage (which can be created by applying an external voltage either to the tip or to the 

sample while keeping the other grounded), z is the vertical distance, EF is the Fermi level, Ф is the work 

function, and Ѱ is the electron wavefunction. 

 

1.8 Scope of Thesis 

In the present work, we investigate the molecular interactions of two sulfur-containing amino acids, 

L-cysteine and L-methionine, with the Si(111)-√3×√3-Ag surface and follow their growth evolution over 

not just terraces but also prominent defects including step edges and antiphase boundaries. Using the 

three-pronged approach of combining chemical-state information provided by XPS and the electronic 
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density of states images from STM with large-scale quantum mechanical modelling, we seek to 

investigate their detailed growth and molecular architecture formation at room temperature and after 

annealing.  Our goal is to use an amino acid adsorbate, specifically cysteine with three functional groups, 

as a probe to identify site-specific phenomena related to surface defects. We also investigate the effect of 

adsorption on the electronic structure, chemical composition, and morphology of the two-dimensional 

√3×√3-Ag surface. We have outlined here in Chapter 1 the motivation and background for the present 

work, along with a brief literature survey about adsorption of organic and inorganic materials on both 

Si(11)7×7 and Si(111)-√3×√3-Ag surfaces. Chapter 2 provides overviews of the experimental setups for 

XPS and STM measurements for our amino acid/Ag/Si systems, and of the computational details used for 

modeling the adsorption on the terraces and surface defects of the Si(111)-√3×√3-Ag surface. The 

experimental and computational results of cysteine and methionine on Si(111)-√3×√3-Ag are given in the 

next three chapters. In particular, Chapter 3 presents the XPS/STM study of interfacial interactions and 

growth evolution of cysteine on Si(111)-√3×√3-Ag, from nucleation at step edges at very low coverages 

to multilayer growth at room temperature and the subsequent Ag-metal cluster formation after annealing. 

The large-scale DFT calculation of this system is also presented at the end of Chapter 3 and Appendix A. 

In Chapter 4, the study on molecular wire formation of methionine and the growth properties of a 

methionine film on Si(111)-√3×√3-Ag is presented, using the aforementioned three-pronged approach.  

We also provide similar experimental measurements performed on glycine adsorption.  Along with our 

data on cysteine and methionine, this data allows us to examine the effect of functional groups and 

molecular size on the room-temperature adsorption and growth and to investigate their effect on the 

induced metal cluster formation after annealing. In Chapter 5, we provide a detailed modelling study in 

which the equilibrium structures of the step edge and antiphase boundary found on Si(111)-√3×√3-Ag are 

determined, for the first time, by DFT total energy calculations, and these are corroborated with the 

experimental data presented in Chapter 3. Finally, the summary and future outlook of the present work are 

given in Chapter 6. Appendices A, B, and C provide supporting information for Chapters 3, 4, and 5, 

respectively. 
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Chapter 2 

Experimental and Computational Details 

2.1 UHV Multitechnique System 

The experiments were carried out in a five-chamber ultrahigh vacuum system (Omicron 

Nanotechnology, Inc.), shown in Figure 2.1, which consisted of an analysis chamber for X-ray 

photoelectron spectroscopy (XPS) for chemical composition analysis, variable-temperature scanning 

probe microscopy (SPM) for atomic-resolution imaging, and low energy electron diffraction (LEED) for 

surface structure determination; two molecular beam epitaxy (MBE) chambers for organic and inorganic 

materials deposition, one of which contained a reflection high-energy electron diffraction (RHEED) for 

in-situ growth monitoring of crystalline materials, and the other one equipped with a quadrupole mass 

spectrometer for in-situ identification and monitoring of organic materials; a fast-entry loadlock (FEL) 

chamber for sample loading; and a center transfer chamber connecting the other chambers for sample 

interchange and storage. Each of the analysis, MBE, and the transfer chambers was pumped by a 

turbomolecular pump, an ion pump, and a titanium sublimation pump, while the FEL is pumped by a 

turbomolecular pump. The background pressure of the analysis chamber was better (lower) than 5×10-11 

mbar, while that of the MBE chambers were better than 1×10-10 mbar.  
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Figure 2.1  (a) A photograph of the multichamber Omicron syatem consisting of MBE1 for low-

temperature organic material deposition and MBE2, for high-temperature metal and inorganic material 

deposition; and an analysis chamber equipped with an X-ray photoelectron spectrometer (XPS), a 

variable-temperature scanning probe microscope (SPM), and a low energy electron diffractometer 

(LEED); as well as a fast entry loadlock (FEL) chamber (out of view) and a center transfer chamber. (b, 

c) Machine drawings showing the side and top views, respectively (obtained from the Omicron User 

Manual).  
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2.2 MBE Chambers 

The MBE1 chamber was used to deposit organic materials and was equipped with four specially 

designed water-cooled low-temperature effusion cells (Dr. Ebert MBE-Komponenten GmbH). To identify 

the signature of the evaporated molecular vapour, the MBE1 chamber (Figure 2.2a) is also equipped with 

a 1-300 amu quadrupole mass spectrometer (Stanford Research Systems RGA-300). The effusion cells 

OME1 and OME2 (Figure 2.2b) were used for thermal evaporation over a relatively low temperature 

range (15-350 °C), while NTEZ1 and NTEZ2 (Figure 2.2c) were used for evaporating materials at higher 

temperature (80-700 °C). The bioorganic powder materials were loaded in a quartz crucible and placed 

inside the effusion cell. The effusion cell (with the crucible filled with powder) was thoroughly outgassed 

under vacuum to remove any residual absorbants, such as water, in the powder. The powder inside the 

crucible was heated uniformly along the entire length by a hot Ta-wire heater. The temperature of the 

crucible was measured by a thermocouple in direct contact with the crucible wall. All effusion cells are 

equipped with a stainless-steel double-wall cooling shroud (Figures 2.2d and 2.2e) to ensure a uniform 

temperature distribution along the crucible. The MBE2 chamber (Figure 2.2f) is identical to MBE1 except 

that it was equipped with two WEZ (200-1300 °C, Figure 2.2h) and two EFM cells (300-2000 °C, Figure 

2.2g), and was used to evaporate metals such as Ag, Au, and Fe, and high-temperature materials such as 

silicon. Both MBE chamber walls were lined inside with a cooling shroud which acted as an additional 

cryogenic pump when filled with liquid nitrogen. In the present work, liquid nitrogen was used in the 

cooling shroud of MBE1 chamber to further reduce the background pressure before evaporation of the 

amino acid powders.  
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Figure 2.2  Photographs of (a) MBE1 and (f) MBE2 chambers for deposition of bio/organic materials and 

metals, respectively. MBE1 chamber was equipped with four low-temperature precision effusion cells 

(two OME and two NTEZ cells), and a quadrupole mass spectrometer. MBE2 was equipped with two 

EFM and two WEZ effusion cells, and a RHEED system. Photographs of (b) OME, (c) NTEZ, (g) EFM, 

and (h) WEZ effusion cells. Schematic diagrams of (d) the OME and (e) NTEZ cells, depicting the 

crucible, heating system, evaporant (powder), thermocouple and water-cooling mechanism. The 

photographs in (b, c, g, h) and the diagrams in (d) and (e) were obtained from the MBE effusion cells 

manual.  

 

2.3 Analysis Chamber 

The analysis chamber was equipped with XPS, SPM, and LEED used for chemical composition 

analysis, atomic-resolution imaging, and surface structure characterization, respectively. 
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2.3.1 X-ray Photoelectron Spectrometer 

The XPS spectrometer consisted of a monochromatized Al Kα (photon energy = 1486.6 eV) X-ray 

source (XM 1000 MkII), a SPHERA hemispherical electron analyzer, and a 7-channeltron detector 

assembly (Figure 2.3a). Figure 2.3b shows a schematic diagram of the X-ray monochromator assembly 

with its three major components: electron source and alignment manipulator of the cathode, X-ray anode, 

and the quartz-crystal mirror assembly (monochromator). The sample, X-ray anode, and the quartz-crystal 

mirror (of the monochromator) were positioned appropriately on the Rowland circle. The relative 

orientation of the monochromator axis (photon direction) and the entrance lens direction of the analyzer 

(photoelectron emission direction) was fixed at the magic angle (of 54.7°). The X-ray source, shown in 

Figure 2.3c, consisted of an Al-coated anode and two, one short and one long, filaments used as cathodes. 

The short cathode (~ 1mm) operated at a higher power density (300 W at 15 kV) could deliver a more 

focused X-ray beam spot, while the longer cathode operated at a lower power density (600 W at 16 kV) 

produced a larger and more diffuse X-ray beam spot (~ 4mm) on the sample. The resulted photoemission 

signal was directly proportional to the brightness of the X-ray spot. The control units for both X-ray 

source and the analyzer were fully under computer control. The XPS spectra were fitted with Gaussian-

Lorentzian (70% Gaussian and 30% Lorentzian) lineshapes along with appropriate Shirley background by 

using the Casa-XPS data analysis software.  
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Figure 2.3  (a) Photograph of the X-ray Photoelectron Spectrometer, including the Sphera hemispherical 

analyzer, an X-ray monochromator with an X-ray source, and manipulator. (b) Schematic diagram of the 

monochromator assembly showing the X-ray source, alignment drives, the crystal mirror housing on the 

Rowland circle along with the positions of the sample and of the X-ray anode. (c) Photograph of the XM 

1000 MKII X-ray source with the aluminum-coated anode, and the long- and short-filament cathodes. The 

diagram in (b) and the photograph in (c) were obtained from the Omicron User Manual.  

 

2.3.2 Variable Temperature Scanning Probe Microscope (VT-SPM)  

The variable-temperature scanning probe microscope was installed in the analysis chamber (Figure 

2.4a) and is capable of both STM and atomic force microscopy measurements over a wide temperature 

range between –203 and 227 °C when used with appropriate cooling and heating facilities. Figure 2.4b 

shows a schematic view of the VT-SPM and its anti-vibration suspension mechanism. An effective noise 

reduction system was provided by a unique vibration decoupling technique. The base plate is suspended 

by four springs and vibrations of the suspension system were prevented by using a non-periodic eddy-

current damping mechanism. This was achieved by a set of copper plates seated in between permanent 

magnets and positioned around the perimeter of the VT-STM base plate. To transfer the sample or the tip, 

the spring suspension was locked with a push-pull motion drive (Figure 2.4b). The sample transfer was 
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performed by using a wobble stick (Figure 2.4a). During measurement, the STM stage was released and 

suspended again with the push-pull motion drive. The tip approach of moving the tip holder to the sample 

stage was controlled with a remote-control box. After tunneling current was achieved, the measurements 

can be started in the MATRIX control software. In our experiments, an atomically sharp, chemically 

etched W wire was used as the STM tip to probe the surface in the constant current mode. 

 

 

Figure 2.4  (a) Photograph of the VT-SPM inside its housing chamber, and (b) schematic diagram of the 

VT-SPM assembly (outside vacuum) with its main components. The diagram in (b) was obtained from 

the STM system manual. 

 

2.4 Sample Preparation and Measurements 

The substrate was a single-side polished, n-type Si(111) chip (11×2 mm2, 0.3 mm thick) with a 

resistivity of 5 mΩ cm (Virginia Semiconductor, Inc.). After cleaning with acetone and ethanol in an 

ultrasound cleaner, the sample was introduced into the FEL chamber and transferred to the analysis 

chamber using the appropriate magnetic transfer rods. After the Si substrate was thoroughly degassed by 
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direct-current heating at 400 °C for 12 h, an atomically clean Si(111)7×7 surface was prepared by a 

repeated flash-annealing procedure, in which the outgassed  sample was heated to ~1200°C rapidly and 

held at that temperature for ~5 s, and then rapidly cooled to ~800 °C followed by a slow cool-down to 

room temperature at a 4-5 °C/s. The clean Si(111)7×7 substrate was then transferred to the MBE2 

chamber for Ag deposition. Silver was deposited from a WEZ effusion cell at a cell temperature of 870 

°C onto the Si substrate for 120 s, and then followed by direct-current annealing to 500 °C for 120 s to 

produce the Si(111)-√3×√3-Ag surface after cool-down.55 The cleanliness of both the Si(111)7×7  surface 

before Ag deposition and the resulting Si(111)-√3×√3-Ag surface was then verified by STM and XPS 

before deposition of the appropriate amino acid of interest. For STM measurements, all the images in this 

work were obtained with the tip grounded while maintaining a constant tunneling current of 0.2 nA at a 

sample bias of either –2 V for filled-state imaging or +2 V for empty-state imaging. The organic vapour 

depositions were performed with the low-temperature organic effusion cells (Dr. Ebert, MBE-

Komponenten GmbH) in the MBE1 chamber.  

For the amino acid films studied in Chapters 3 and 4, cysteine or methionine (both 99.5% purity, 

Fluka) was exposed to the Si(111)-√3×√3-Ag surface by increasing the effusion cell temperature to 130 

°C for cysteine and 120 °C for methionine. During deposition, the background pressure of the chamber 

was 2×10-9 mbar. To confirm the purity of the amino acid powder, the cracking pattern was monitored in-

situ by using a quadrupole mass spectrometer (Stanford Research Systems RGA-300) and was found to 

be in good accord with the literature.136 To obtain sub-monolayer to multilayer films, cysteine or 

methionine was evaporated onto the Si(111)-√3×√3-Ag surface at room temperature with different 

exposure times. For cysteine film preparation, each exposure was performed on a freshly prepared 

Si(111)-√3×√3-Ag surface, while for methionine the exposure procedure was performed cumulatively. 

For the surface covered with a thick cysteine or methionine film, the sample was annealed sequentially to 

85 °C, 175 °C, and 285 °C, each for 600 s, by using resistive heating. The sample was then allowed to 

cool back to room temperature after each annealing step before characterization. All the STM and XPS 

experiments were conducted with the sample held at room temperature. The XPS spectra were recorded at 

a pass energy of 20 eV with an energy resolution of 0.7 eV full width at half maximum (fwhm) for the Ag 

3d5/2 photoline at 368.3 eV. Using the Casa XPS software, Gaussian-Lorentzian line shapes were 

employed to fit the spectra after appropriate correction with the Shirley background. 

2.5 Computational Details 

The goal of computational surface science is to provide fundamental understanding of the basic 

principles that govern the physical and electronic structures of surfaces and their relations to chemical and 
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other properties and related processes (structure-property relations). Despite their inherent complexities, 

there has been a tremendous amount of progress in the theoretical treatment of surface structures and 

processes. There is now a large class of systems that can be addressed quantitatively based on first-

principle electronic structure methods. This progress is mainly driven by advances in computing power 

and development of efficient electronic structure algorithms. Classical and quantum mechanical 

techniques can be used to model a wide range of surface processes. Electronic structure calculations for 

surface problems are dominated by methods based on the density functional theory (DFT), which can also 

be used to predict various molecular structures and properties such as magnetic properties and vibrational 

frequencies in chemistry. DFT-based methods solve the many-electron system by using functionals, i. e. 

functions of another function, which in this case is the electron density. Various properties of the bulk can 

be described by using local density approximation (LDA)137,138, where the electron density is 

approximated to have the same value at every position in the system. However, LDA is not an appropriate 

approximation in cases such as molecules, where the electron density is clearly not uniform. Generalized 

gradient approximation (GGA) has been developed to address the shortcomings of LDA. There are a large 

number of GGA139 functionals based on different ways of generating the gradients of electron density. 

The Perdew-Wang functional (PW91)140 and Perdew-Burke-Ernzerhof (PBE)141 functional are two of the 

more popular ones. In spite of great developments in constructing specific functionals in the last decade, 

the problem of van der Waals interactions or dispersion forces in intermolecular interactions remains a 

big challenge. To alleviate this problem, an additional term has been added to the conventional DFT 

energy.142 Dispersion-corrected DFT-D2 and DFT-D3 methods by Grimme143–145 have been shown to give 

quite accurate thermochemistry for both covalently bonded systems and systems dominated by dispersion 

forces.  

In the present work, we used an optimized structure of the honeycomb-chained trimer model for the 

Si(111)-√3×√3-Ag substrate, in which each unit cell contained three Ag atoms (in the topmost layer) and 

three Si atoms underneath. Unless otherwise stated, a periodic 4×4 slab with sixteen 1×1 unit cells of 

Si(111)-√3×√3-Ag was used as the model surface. This slab (supercell) consisted of a topmost layer of 

Ag trimers (48 Ag atoms) bonded to a layer of Si trimers underneath and three underlying Si bilayers (336 

Si atoms in total) with a lattice constant of 5.41 Å, as well as a vacuum gap of 10 Å. The bottom layer of 

Si atoms in the slab was terminated with 48 H atoms.  

The first-principle total energy calculations were performed within the projector augmented wave 

(PAW) potentials and the generalized gradient approximation (GGA) based on the Perdew-Burke-

Ernzerhof (PBE) exchange-correlation functional. The Vienna Ab-initio Simulation Package (VASP, 

version 5.4) with the Materials Exploration and Design Analysis platform (MedeA, version 2.19, 
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Materials Design, Inc.) was used. The plane wave expansion cutoff energy was set to 400 eV and the 

surface Brillouin zone was sampled at the Γ point with a k-point spacing of 0.5 Å-1 for all DFT-D2 

calculations. The structures of all stationary points were obtained with the conjugate-gradient algorithm. 

Further details of specific adsorption structure calculations are given in Chapters 3-5. 
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Chapter 3 

Structural and Chemical Evolution of L-Cysteine Nanofilm on Si(111)-

√3×√3-Ag: From Preferential Growth at Step-edges and Antiphase 

Boundaries at Room Temperature to Adsorbate-mediated Metal 

Cluster Formation at Elevated Temperature 

3.1 Introduction 

The study of physical and chemical phenomena occurring at the interface between organic molecules 

and a solid surface has attracted much interest due to their wide range of applications in optics, 

electronics, biotechnology and nanoscience. Understanding such interfacial interactions at the molecular 

level is pivotal to the design and development of emerging devices such as hybrid organic-semiconductor 

devices, biological and chemical sensors, and catalysts. There have been numerous studies on the 

interface between an organic adlayer and a metal or semiconductor substrate. Metal surfaces are 

interesting because they offer a two-dimensional electron gas system to effect weak physical interactions 

with organic molecules. On the other hand, semiconductor surfaces such as Si(111)7×7 contain reactive 

dangling bonds that make possible directional covalent bonding with organic molecules. Semiconductor 

surfaces are therefore great candidates for organic functionalization in bio or chemical sensing and 

nanoelectronics applications. Hybrid metal-semiconductor surfaces are another class of solid surfaces that 

have attracted a lot of recent attention due to the provision of the structural and electronic properties from 

both metal and semiconductor surfaces and to the potential creation of synergetic properties.  

The Si(111)-√3×√3-Ag surface has been one of the most studied hybrid surfaces by various surface-

sensitive techniques. One technical significance of this type of substrates is that an usually well-ordered, 

two-dimensional, single-atom thick metal overlayer is supported on the Si(111) substrate, making it 

readily customizable for applications in molecular devices appropriate for large-scale integration and 

other thin-film fabrication protocols. It has also been historically one of the most important prototypes for 

the metal/semiconductor interfaces, because of the interesting physics revealed in its atomic 

arrangements, surface electronic states, and electronic transport phenomena.146 Silver-passivated silicon 

surface is obtained by depositing one monolayer of Ag atoms on the Si(111)7×7 substrate, thereby 

terminating all the dangling bonds perfectly and making the surface inert. Upon annealing to the 

appropriate temperature, the surface is composed of ordered Si and Ag trimers in an alternating island 

(upper terrace) and hole (lower terrace) pair arrangement. The resulting atomic structure of the Si(111)-

√3×√3-Ag surface is best described by honeycomb-chained triangle and inequivalent triangle structures, 
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which are closely related to each other such that the former is a fully symmetrical version of the latter.61–

65,147,148 The Ag atoms are arranged on the top layer with a three-fold rotational symmetry and the Ag-Si 

bonding in the honeycomb-chained triangle configuration has been reported to be heteropolar in 

character, with considerable charge transfer from the Ag adlayer to the Si substrate.149 The most abundant 

surface defects of Si(111)-√3×√3-Ag include the step edges and antiphase boundaries. A step edge is the 

transitional interface between the upper terrace and the lower terrace (shown in a schematic model in 

Figure A1) while an antiphase boundary is the phase boundary between terraces of the same height. 

A number of studies have focused on the adsorption of large π-conjugated organic molecules on the 

Si(111)-√3×√3-Ag surface for organic thin film applications, which include 3,4,9,10-perylene 

tetracarboxylic dianhydride (PTCDA),71 3,4,9,10-perylene tetracarboxylic diimide (PTCDI),72 

thiophene,73–75 metal phthalocyanine,76 metal porphyrines,77,78 C60,79 and pentacene,80 as well as of smaller 

molecules such as trimesic acid,81 terephthalic acid,82 and adenine,83 at both low temperature and room 

temperature. All of these molecules adsorb in a flat configuration via weak molecular coupling with the 

surface, as realized by physisorption through the interaction of their π-conjugated rings with the two-

dimensional electron gas of the surface. The focus of these physisorption studies has been the nature of 

self-assembly into molecular structures. To date, there is only one study on chemisorption of organic 

molecules on Si(111)-√3×√3-Ag, in which thiol-modified ferrocene molecules are reported to undergo S–

H dissociation and chemisorption via S−Ag linkage preferentially on defect sites and occasionally on 

terrace sites at room temperature.84 Chemisorption is arguably a more important alternative mechanism 

for immobilizing molecules, allowing more robust modification of the electronic properties of Si-based 

surfaces and development of more stable devices with organic molecules to enable operation at a more 

desirable temperature such as room temperature. 

The objective of the present study is two-fold: (1) to understand the interactions between the Si(111)-

√3×√3-Ag surface and a prototypical amino acid with multiple functional groups, such as cysteine 

(CβOOHCαHNH2CγH2SH), at room temperature and at elevated temperature, and (2) to investigate any 

potential synergetic properties of the Si(111)-√3×√3-Ag surface functionalized with these S-containing 

amino acid molecules for potential applications. As the building blocks of proteins, amino acids represent 

one of the most important classes of small organic molecules. They are also of special interest to the 

engineering of biomimetic materials because their different functional groups (carboxylic acid group, 

amino group, and thiol group in the case of cysteine) could link to one another and to the surface, making 

them ideal molecular systems for studying various types (and their combinations) of long-range and short-

range interactions. Understanding these important interactions will enable efficient construction and 

manipulation of their supramolecular architectures on metal surfaces crucial for the performance of 
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bioanalytical devices and biocompatible materials.150–160 Among the twenty naturally occurring amino 

acids, cysteine is the only “biogenic” amino acid that contains a thiol side chain. Cysteine is known to be 

a strong ligand for transition metals, making it a potential candidate as a chemical receptor for metal ions. 

It is also widely used not only for anchoring larger biomolecules to metal nanoparticles in bioanalytical 

and drug delivery protocols but also for molecular electronics development by taking advantage of its 

dissociated thiol group (thiolate) to produce strong covalent bonding with noble metals. A variety of 

ordered structures of cysteine has been obtained on different metal surfaces of Cu,130,161,162 Ag,103,163–165 

and Au,102,162,163,166–181 through both physisorption and chemisorption at various temperatures as 

characterized by scanning tunneling microscopy (STM), X-ray photoelectron spectroscopy (XPS), and 

quantum mechanical calculations based on the density functional theory (DFT).  

Previous experimental and theoretical studies of our group have shown that cysteine adsorbs on 

Si(111)7×7 in the initial growth stage through dehydrogenation of the thiol and amino groups and 

formation of both S–Si and N–Si (unidentate and bidentate) covalent bonding. This is followed by lateral 

and vertical intermolecular hydrogen bonding at the interfacial and transitional layers for low cysteine 

exposures and by zwitterionic interactions for thicker layers.121 Here, we report a comprehensive 

approach to determine the chemical nature of L-cysteine adsorption on the Si(111)-√3×√3-Ag surface and 

their pertaining implications for surface functionalization. Our combined STM and XPS measurements, 

complemented by large-scale DFT calculations, reveal a clear bonding picture of interfacial layer 

formation and film growth of cysteine at and above room temperature. Our XPS data show that cysteine 

chemisorbs on the surface through S–H bond cleavage and S–Ag anchorage while zwitterionic 

interactions dominate even at lower coverages. Our STM results depict preferential nucleation of cysteine 

adspecies near step edges and their growth into disordered coral-reef shaped islands on the terraces of the 

Si(111)-√3×√3-Ag surface. Our DFT calculations confirm cysteine chemisorption through S–Ag linkage 

and further determine the most favorable adsorption configurations involving single and multiple 

molecules on the surface. We also identify the processes occurring at the interface between the molecules 

and the substrate from the early growth stage to the multilayer regime at room temperature, as well as the 

structural and chemical evolution of the cysteine on Si(111)-√3×√3-Ag upon annealing to elevated 

temperatures. Of particular interest is our first observation of adspecies-induced formation of Ag clusters 

above 175 °C. 

The experimental procedure and theoretical details are given in Chapter 2, sections 2.4, 2.5.1. 
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3.2 Results and Discussion 

3.2.1 Thiol dissociative adsorption of cysteine and growth of supported cysteine film at 

room temperature  

In addition to the carboxylic acid and amino groups common in the 20 proteinogenic amino acids, 

cysteine is one of two sulfur-containing amino acids and it is the only amino acid that contains a thiol 

group. Cysteine is found in its neutral form in the gas phase, while it exists in its zwitterionic form with a 

protonated amino group and a deprotonated carboxylic acid group in both aqueous solution and solid 

state.182 To analyze the evolution and stability of chemical states of cysteine during nanofilm growth, we 

conduct XPS measurements on films obtained with low to high cysteine exposures at room temperature 

and on the as-grown multilayer film at elevated temperatures. Figure 3.1 shows the XPS spectra of the O 

1s, N 1s, C 1s, and S 2s regions of cysteine on the Si(111)-√3×√3-Ag surface as a function of exposure 

time. It should be noted that since the S 2p peak at 164.0 eV partially overlaps with the broad Si plasmon 

peak near 168.0 eV, we have chosen the S 2s peak to monitor the change in the S chemical-state 

composition in the present work. To compare our results of the interface adsorption with the bulk, we use 

the cysteine multilayer grown on the Si(111)-√3×√3-Ag surface after the 3600-s exposure, for which the 

peak positions closely resemble those observed for the cysteine multilayer film on Si(111)7×7 and for the 

cysteine powder in the solid phase.121 In the multilayer regime (3600-s exposure in Figure 3.1), we find 

that the S 2s peak appears predominantly at 228.6 eV, indicating the presence of an intact thiol group. The 

single O 1s peak at 532.0 eV and the N 1s peak at 402.0 eV correspond to, respectively, the deprotonated 

carboxylic acid group (–COO⁻) and protonated amino group (–NH3⁺) in the zwitterions. The C 1s signal 

can be fitted with three main components at 286.3 eV, 287.0 eV, and 289.0 eV, corresponding to the alkyl 

carbon atoms in C–SH and C–NH3⁺ moieties and to the carboxylate group, respectively.  

In the low-exposure regime of 30-120 s, the S 2s spectra show only one peak at 226.6 eV, which is 

2.0 eV lower in binding energy than the multilayer thiol peak. This feature is clearly related to the 

chemisorption of cysteine through the dehydrogenated thiol group. In our previous study on the 

adsorption of cysteine on Si(111)7×7,121 we found the S 2s feature of the S–Si bond to be located at 227.4 

eV. The lower binding energy by 0.8 eV for the observed S 2s feature therefore indicates S–Ag rather 

than S–Si linkage.183 In the N 1s region, two well-defined peaks are observed at 399.5 eV and 402.0 eV, 

with the former being less intense than the latter. The N 1s peak at 402.0 eV is consistent with the 

protonated amino group in the zwitterionic adspecies. The position of deprotonated amino (and N–Si 

linkage) has been reported to downshift by 3.2 eV with respect to the protonated amino group, while the 

intact amino group is known to be located at 1.8 eV lower than the position of zwitterionic N 1s 
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feature.121,170 Since the separation between the two N 1s features in our current results is 2.5 eV, the peak 

at the lower binding energy can be attributed to the intact amino group that is likely closer to the surface 

to enable its interaction with the surface Ag atoms through its lone-pair electrons. The presence of the 

deprotonated amino group, however, cannot be ruled out, because given that the NH–Si feature has been 

observed for the adsorption of cysteine on Si(111)7×7, the presence of the NH–Si linkage on Si-rich 

defect sites is plausible and should be expected. The interaction of the intact amino group through its 

lone-pair electrons has also been reported for cysteine adsorption on the Ag(111) surface.103 The sharper 

O 1s feature at 531.7 eV (fwhm = 1.4 eV) agrees well with the deprotonated carboxylic acid group 

position, while the broader O 1s peak at 532.9 eV (fwhm = 1.9 eV) can be attributed to the carbonyl 

oxygen and hydroxyl oxygen atoms in the carboxylic acid group. The presence of two well-defined 

neutral and zwitterionic features in the N 1s and O 1s regions, along with the single thiolate feature in the 

S 2s region, indicate the presence of two types of cysteine adspecies on the surface at the same time. The 

neutral adspecies could represent single cysteine molecules bonded to the surface through their 

dehydrogenated thiol group in an upright configuration or in a nearly flat configuration with the amino 

and carboxylic acid functional groups leaning towards the surface. The latter configuration is expected to 

be viable at very low coverages due to the absence of neighboring molecules, where the individually 

adsorbed molecules have enough space to exert their interactions with the surface through all their 

available free functional groups. On the other hand, the presence of the zwitterionic species suggests the 

formation of small clusters (or islands) of two or more cysteine molecules with zwitterionic 

intermolecular interactions between the protonated amino group and deprotonated carboxylic acid group 

while chemically bonded to the surface through the dehydrogenated thiol group. The peak maxima and 

the peak assignments of the fitted peaks for individual components are given in Table A1 and their 

relative intensities are shown in Figure A2. 

Further increasing the exposure time to 180 s leads to the emergence of a second peak in the S 2s 

region at 228.7 eV corresponding to an intact thiol group. Both the thiol (at 228.7 eV) and thiolate 

features (at 226.6 eV) further develop with increasing exposure time until the thiol feature becomes 

dominant at 1200 s. Concurrently, the N 1s and O 1s peaks grow in intensity with the zwitterionic 

features becoming more prominent. This can be attributed to the growth of the existing chemisorbed 

cysteine islands and to increased non-dissociative adsorption of cysteine molecules simultaneously, both 

of which involve zwitterionic intermolecular coupling. Our companion STM study of Si(111)-√3×√3-Ag 

before (i.e. pristine surface) and after cysteine exposure (results discussed below) shows that for exposure 

up to 240 s the coverage of cysteine adspecies appear to be less than one monolayer, where we define one 

monolayer as a fully covered Si(111)-√3×√3-Ag surface in the STM image. Physisorption of incoming 
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cysteine species could occur directly on both the uncovered terraces of the Si(111)-√3×√3-Ag surface and 

the existing cysteine islands. Using the adsorbate-induced attenuation of the Si 2p signal and the 

calculated electron mean free path in a uniformly thick organic film,184 we estimate the thickness of the 

organic layer for the 1200-s exposure to be 1.1 nm. The S 2s spectrum for the 1200-s exposure (Figure 

3.1d) consists of 42% thiolate species and 58% thiol species. As the thickness of a chemisorbed molecular 

layer (1 ML) is estimated to be 0.51 nm (discussed further in our DFT study below), the relative intensity 

of the thiolate S 2s feature therefore indicates an approximate coverage of 0.86 ML of chemisorbed 

species in the interfacial layer. Since the amount of thiol species in the S 2s region is higher than the 

chemisorbed ones, the rest of the interfacial layer is composed of adspecies on top of the interfacial layer 

bound not directly to the surface but to one another through zwitterionic interlayer interactions or weak 

van der Waals forces. Using the relative intensities of the thiolate feature in the other S 2s spectra (Figure 

A2) and the calculated thicknesses of their films, we estimate the cysteine layer coverage for each 

exposure time. Accordingly, the weakly bound species (with the thiol feature) start to appear at the 180-s 

exposure where the coverage is estimated to consist of 0.36 ML of chemisorbed species adsorbed directly 

on the surface and 0.16 ML of weakly bound species on the top side of the interface layer. Similarly, the 

coverage of the chemisorbed species for the 240-s exposure is calculated to be 0.47 ML while that for the 

weakly bound species both on the top side of the interfacial layer and in the second adlayer is estimated to 

be 0.29 ML.  

Interestingly, while the intensity change of the N 1s feature attributed to the amino group (at 399.5 

eV) generally follows an increasing trend with increasing exposure time, it is less discernible than the 

trend observed for the S 2s features (Figure A2). The minor fluctuation in the intensity change with 

increasing exposure supports our hypothesis that this feature is connected to preferential adsorption on 

surface defect and other non-terrace sites. As a freshly Si(111)-√3×√3-Ag surface is prepared for each 

cysteine exposure, each preparation could lead to a slightly different amount of surface defects and a 

different extent of terrace sizes. The lack of a well-defined trend with increasing exposure found for this 

N 1s feature for the amino group therefore supports adsorption on defect and non-terrace sites. At the 

1200-s exposure, since the estimated thickness of the molecular adlayer (1.1 nm) remains less than the 

photoelectron escape depth (9.00 nm), the S 2s features in the interfacial layer remain easily detectable. 

However, the –NH2 feature related to the interfacial layer is not present anymore, suggesting that the –

NH2 moieties that are not involved in the zwitterionic interactions have most likely been protonated with 

additional H atoms originating from the breakage of the S–H bonds.  The increase in the O 1s intensity for 

the carboxyl component (–COOH) up to the 1200-s exposure can also be explained in a similar way.103  

At lower coverages, on the other hand, the presence of the –COOH component is related to either the 
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isolated cysteine molecules adsorbed on surface defects or the free –COOH groups at the outer region of 

the cysteine islands. 

The corresponding C 1s spectra for the 30-120 s exposures consist of two broad bands, with three 

peaks at lower binding energies of 285.3 eV, 286.1 eV and 286.7 eV, and two peaks at higher binding 

energies of 288.4 eV and 289.3 eV, which can be attributed to –CH2–S–Ag, –CH2–NH2, and –CH2–NH3
+ 

and to –COO– and COOH moieties, respectively.103 For higher exposures of 180-1200 s, a new peak at 

286.3 eV corresponding to the –CH2–SH moiety (with an intact thiol group) in the zwitterionic layer103,121 

is observed. The growth of this feature appears to overtake the intensity of the nearby –CH2–NH2 feature 

(at 286.1 eV). At the 3600-s exposure, the S 2s feature of the –CH2–SH component at 228.3 eV, along 

with the C 1s features for the –CH2–NH3
+ component at 287.0 eV and the –COO– component at 289.0 eV, 

have become the predominant features, consistent with the emergence of a zwitterionic film. 

3.2.2 Silver nanocluster formation at elevated temperature  

Our observation of the zwitterionic intermolecular interactions in the cysteine multilayer film on 

Si(111)-√3×√3-Ag is consistent with the adsorption of a cysteine zwitterionic film found on other noble 

metal single-crystal surfaces, including Ag(111), Au(111), Au(110), and Cu(110), at submonolayer and 

monolayer coverages.170,185–187 To further understand the nature of the interactions of cysteine with the 

Si(111)-√3×√3-Ag surface and to investigate the stability of the supported cysteine multilayer film, 

thermal treatment is performed on a supported multilayer film obtained with a 3600-s cysteine exposure 

(Figure 3.1). The top three spectra shown in Figure 3.1 correspond to the spectral evolution of the as-

grown cysteine film obtained with a 3600-s exposure upon sequential annealing to 85 °C, 175 °C, and 

285 °C for 600 s each (followed by cool-down back to room temperature before the XPS measurement). 

Annealing at 85 °C appears to cause discernible intensity reduction for the zwitterionic features and 

reappearance of the minor –COOH O 1s and –NH2 N 1s features, which could be due to partial 

desorption of the film thereby exposing free amino and carboxylic acid groups. The peak positions and 

widths of the predominant features remain unchanged with respect to the as-deposited multilayer 

zwitterionic film. Further annealing to 175 °C has led to desorption of 80% of the original film, as 

shown by the significant intensity reduction found in the thiol S 2s feature. Furthermore, the thiolate S 2s 

feature of the interfacial layer has re-emerged at 226.6 eV (Figure 3.1d).  
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Figure 3.1  Evolution of O 1s, N 1s, C 1s, and S 2s XPS spectra of cysteine deposited on Si(111)-√3×√3-

Ag as a function of exposure time (30–3600 s) and of the as-grown cysteine multilayer film (obtained 

with a 3600-s exposure) upon annealing to 85, 175, and 285 °C.  
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The O 1s spectrum shows a single broader feature at 532.5 eV, which corresponds to the carboxylic 

acid group. On the other hand, the N 1s spectrum can be fitted with three new features at 399.1 eV, 400.1 

eV, and 401.1 eV, which can be assigned to –NH–Si, –NH2, and N⋯O–H (or N⋯S–H) moieties, 

respectively.121 The C 1s spectrum is found to consist of two broad bands.  The lower-binding-energy 

band can be fitted with two components corresponding to S-containing moieties such as –CH2–S–Ag and 

–CH2–SH (at 285.5 eV) and to N-containing moieties such as –C–NH–Si and –C–NH2 (at 286.5 eV), 

while the higher-binding-energy band at 289.0 eV corresponds to the  –COOH feature.  

In the study of cysteine adsorption on Si(111)7×7, we conclude that the cysteine zwitterionic 

structure could exist up to 85 °C, while the transitional layer (second adlayer) consisting of interlayer 

hydrogen bonds are stable even after annealing to 175 °C.121,123 In the present work, no transitional layer 

is observed and physisorption is found to occur at the second adlayer on the as-formed chemisorbed layer. 

However, after annealing, the chemical composition of the cysteine film on Si(111)-√3×√3-Ag appears to 

resemble that of cysteine on Si(111)7×7, which suggests the presence of a transitional layer on the 

interfacial layer. We propose the following mechanism for the formation of the transitional layer. Upon 

annealing the cysteine film on Si(111)-√3×√3-Ag, the interfacial layer undergoes a structural and 

chemical change during annealing and desorption of the thick zwitterionic film, which results in 

disruption of the zwitterionic intermolecular interactions (in the first adlayer). Through their free amino 

and carboxylic acid groups, the cysteine molecules in the disrupted interfacial layer could interact 

vertically with the second layer leading to the formation of interlayer H-bonds. This in effect results in 

the formation of the transitional layer between the newly formed H-bonded layer and the zwitterionic 

layer on top. This process may also propagate to the third or higher adlayer, depending on the original 

thickness of the zwitterionic film and the heating and desorption rates of the film. Our proposed 

mechanism is supported by the presence of both –COOH and –NH2 features and the corresponding –

COO– and –NH3
+ (H-bond related) features in the O 1s and N 1s regions. Formation of H-bonded groups 

has also been observed in the transitional layer of a cysteine film on Si(111)7×7.123 

Upon annealing to 285 °C, the –COOH C 1s feature (at 289.0 eV) has been reduced in intensity 

discernibly more than the N- and S-related C 1s peaks, indicating the decomposition of the cysteine film. 

However, the positions of the –NH–Si (Figure 3.1b) and –S–Ag peaks (Figure 3.1d) remain unchanged, 

suggesting the presence of intact chemisorbed (thiolated) cysteine or its decomposition fragments. This is 

consistent with the decomposition of cysteine powder over the temperature range of 185-280 °C.188 The 

presence of atomic S (and S-containing fragments) has also been reported for thermal evolution of 

thiophene adsorbed on Si(100) and Pt(111) and for cysteine adsorption on Si(111)7×7 upon annealing at 

285 °C.121,189,190 
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To investigate the influence of cysteine adsorption and thermal treatment on the √3×√3-Ag overlayer 

itself, we show in Figure 3.2 the corresponding XPS spectra of the Ag 3d region for the Si(111)-√3×√3-

Ag surface before and after the exposure of cysteine for 1200 s and 3600 s and upon annealing of the as-

grown 3600-s cysteine multilayer film on the surface.  The pristine Si(111)-√3×√3-Ag surface exhibits a 

sharp Ag 3d5/2 (Ag 3d3/2) feature at 369.0 eV (375.0 eV, fwhm = 0.85 eV), which corresponds to the Si–

Ag bonds in the Ag trimers of the √3×√3 surface template.  Cysteine exposure for 1200 s results in the 

broadening of the overall Ag 3d band, which can be fitted with two Ag 3d5/2 (Ag 3d3/2) peaks with the 

same widths at 369.0 eV (375.0 eV) and 368.5 eV (374.5 eV).  The additional peak at the lower binding 

energy can be attributed to the Ag–S component, in agreement with the corresponding S 2s chemical state 

of chemisorbed species (Figure 3.1d).191,192  Not surprisingly, cysteine exposure for 3600 s leads to a 

general reduction of the Ag 3d intensity due to the attenuation of the Ag 3d photoelectrons through a 

thicker cysteine multilayer film on the surface.  After annealing at 85°C, there appears to be no 

discernible change in the Ag 3d peak widths, while the Ag 3d5/2 (Ag 3d3/2) peak at 368.5 eV (374.5 eV) 

shifts slightly to a lower binding energy of 368.4 eV (374.4 eV). The corresponding intensities for both 

Si–Ag and Ag–S features, however, increase due to partial desorption of the thick cysteine film. As 

desorption of the cysteine film continues upon further annealing to 175 °C and to 285 °C, the Si–Ag 

feature appears to reduce in intensity while the Ag 3d5/2 lower-binding-energy feature has further 

relocated to a slightly lower binding energy of 368.3 eV, which corresponds to the well-known metallic 

Ag–Ag (in the bulk).193   

In a separate control experiment, we perform the same annealing procedure on a pristine Si(111)-

√3×√3-Ag surface (i.e. without any cysteine exposure). Evidently, the Ag 3d peak positions and areas of 

the single Ag–Si feature for Ag trimers of the pristine surface remain unchanged after each annealing 

step.  There is no additional Ag–Ag feature emerged at a lower binding energy for this pristine Si(111)-

√3×√3-Ag sample. These XPS results lead us to hypothesize the following model to account for the 

changes occurring to the cysteine multilayer film on the Si(111)-√3×√3-Ag surface upon thermal 

evolution. In particular, chemisorption of cysteine on the Si(111)-√3×√3-Ag surface creates Ag–S bonds 

involving a fraction of the Ag atoms on the surface. The formation of Ag–S bonds results in weakening of 

the Ag–Si bonds underneath and near the adsorption areas, potentially producing tension and strain. 

Annealing provides sufficient energy to overcome the activation barrier to further weaken and displace 

the Ag–Si bonds, creating interface defects. Meanwhile, reorganization of the cysteine molecules results 

in agglomeration of the displaced Ag atoms, leading to the formation of Ag clusters (or islands) with 

metallic Ag–Ag bonds.   
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Figure 3.2  XPS spectra of the Ag 3d region for a pristine Si(111)-√3×√3-Ag surface before and after 

cysteine exposure for 1200 s and 3600 s, and for the resulting as-grown (3600 s) multilayer film upon 

annealing to 85 °C, 175 °C, 285 °C and 500 °C.  

 

The formation of Ag clusters could account for the observed shift to a lower binding energy from the 

Ag 3d binding energy position of the Ag–S feature to that of the Ag–Ag feature upon annealing to 175 °C 

and 285 °C in Figure 3.2. Assuming no desorption and decomposition occurs at the interfacial layer (at 

175 °C), the newly formed Ag clusters can be functionalized (either on top or around their perimeters) 

with the surrounding cysteine molecules of the interfacial layer. The disruption of the Si(111)-√3×√3-Ag 

surface has also been observed for the adsorption of H atoms on the Si(111)-√3×√3-Ag surface, in which 

the formation of Ag(111) agglomerates induced by the adsorption of H atoms at room temperature has 

also been reported.194 It was claimed that the process of √3×√3-Ag to Ag metallic cluster formation could 

be reversed after (recombinative) desorption of H atoms at 500 °C. In our experiment, increasing the 
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annealing temperature to 500 °C shows no change in the Ag 3d spectra in Figure 3.2, which suggests that 

the H atoms resulted from dehydrogenation of cysteine are not the only cause of induced cluster 

formation. The passivation of S or S-containing fragments enables the Ag clusters to remain stable to 500 

°C. This is a signficiant result because thermal annealing of cysteine film on the √3×√3-Ag overlayer 

provides a viable, non-reversible pathway of producing stable Ag nanoclusters. Further details of the 

surface morphology after annealing are discussed below.  

3.2.3 Preferential early-stage growth of cysteine at step edges and antiphase boundaries 

on Si(111)-√3×√3-Ag 

STM measurements have also been performed to investigate changes in the morphology of the 

Si(111)-√3×√3-Ag surface upon low cysteine exposures, focussing on notable adsorption features 

particularly near step edges and antiphase boundaries in the early growth stage.  Figure 3.3a1 shows the 

empty-state STM images of a pristine Si(111)-√3×√3-Ag surface (i.e. before any cysteine exposure).  The 

brighter and darker areas correspond to the upper-step and lower-step terraces, respectively, that are 

typically found on the Si(111)-√3×√3-Ag surface.56,57 In addition to these terraces, discernible step edges 

(between the upper-step and lower-step terraces), antiphase boundaries (on the same terrace), and adatom 

and vacancy defects are also observed (Figures 3.3a1 and 3.3a2).55  The high-resolution STM image of 

the surface shown in Figure 3.3a3 illustrates the expected honeycomb structure of the √3×√3 surface 

reconstruction of Ag on Si(111).  The Si(111)-√3×√3-Ag surface structure has an oblique unit cell with 

side-length a = b = 0.7 nm.  Each unit cell contains three Ag atoms and three underlying Si atoms 

(appropriately arranged as illustrated in Area A2, Figure 3.3a3). The step edge appears in the [1–21] and 

[110] directions and the height of the step (or the rise) is 0.31 nm.61,195  The step edges could appear either 

curved or straight with sharp angles depending on the surface preparation procedure.60  The antiphase 

boundaries appear as straight bright lines in the STM image (Figure 3a1). The width of a typical antiphase 

boundary is 0.75 nm.196 

After cysteine exposure for 30 s, the most significant changes can be found at the defect sites, which 

appear to be energetically the most favorable adsorption sites.  As shown in Figure 3.3b1, the antiphase 

boundaries for the unoccupied surface states that usually appear brighter than their surrounding terrace 

sites have now become darker, indicating the changes in their electronic distribution upon cysteine 

adsorption.  In addition, bright protrusions, attributed to cysteine adspecies, are found at step edges and 

antiphase boundaries.  The adspecies are observed mostly at the lower-step edges rather than the upper-

step ones, indicating the higher reactivity of the lower-step edges and the absence of Ehrich-Schwoebel 

barrier at the upper-step edges.  All of the areas in the immediate proximity of the lower-step edges are 
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consistently populated with adspecies with a nearly uniform width, suggesting continuous diffusion and 

adsorption, and consequently leading to nearly the same growth rates in all directions.  In the magnified 

Area A3 (Figure 3.3b2), the majority of the adsorbates at the lower-step edge appear as clusters, while 

Area A6 on the lower-step terrace (and other upper-step terrace, Figure 3.3b2) appears to contain isolated 

bright protrusions and isolated dark depressions (Figure 3.3b6).  The majority of the clusters in Area A4 

appear to aggregate into a ring with a depression at the center (Figure 3.3b3).  According to the height 

profile along Line L1 (Figure 3.3b4), the size of its constituent moieties is consistent with the size of 

those measured on the isolated single bright protrusions in Area A6 and elsewhere (Figures 3.3b2 and 

3b6).  These isolated single bright protrusions may therefore be considered as the building blocks of the 

ring-like clusters, and the apparent depression in the center (Figure 3.3b3) could indicate the gap between 

the adsorbates.  Similar to the lower-step edges, antiphase boundaries also appear to be more favourable 

to adsorption than the upper-step edges and bare terraces.  Similar behaviour of cluster formation is 

observed at the edges of the antiphase boundaries in Area A5 (Figures 3.3b2 and 3.3b5).  The chain-like 

structure of the antiphase boundaries appears to be affected by the adsorbates as manifested through 

reduction of their apparent height.  A closer look at the terrace sites in Area A6 (Figures 3.3b2 and 3.3b6) 

reveals the presence of individual dark depressions that are similar in size to those of individual bright 

protrusions.  These dark depressions can also be found near the perimeters of the adsorbate islands at the 

step edges and antiphase boundaries.  As in an earlier report on the chemisorption of ferrocene on 

Si(111)-√3×√3-Ag, both the presence of individual dark depressions on the terrace sites and a lower 

apparent height at the antiphase boundaries could be attributed to chemisorption of the adspecies.84   

Not surprisingly, the bright protrusions corresponding to the cysteine adspecies increase in 

population and become more extended in size with increasing cysteine exposure from 30 s (Figure 3.3b1) 

to 120 s (Figure 3.3c1) and 240 s exposures (Figure 3.3d1).  Evidently, the adsorbate islands become 

larger both in area and in apparent height, and they appear grainier and more porous in texture with 

increasing exposure time.  The most prominent feature of the adsorbate islands appearing at these 

intermediate coverages is the spreading of the networks of protrusions interconnecting to one another 

forming a porous structure that resembles the coral reef.  The grainy protrusion appearance of the 

adsorbate islands leads to pores that could potentially include both the gaps in the ring-like clusters and 

the chemisorption-induced dark depression areas (Figures 3.3c2 and 3d2).  In Area A7 (Figures 3.3c1 and 

3c2), the entire region along the lower-step edge is covered with adspecies, while only a few small islands 

are found at the upper-step edge. The height profile along Line L2 over a chain of dark depressions on the 

adsorbate island near the lower-step edge (Figure 3.3c3) illustrates the typical roughness of the adsorbate 

island. Interestingly, there appears to be some approximate regularity in the spacing between the pores, 
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which suggests possible short-range ordering in the adsorption induced by the step edge.  The widths of 

the islands near the step edges increase by nearly the same extent on both the lower-step terraces and 

upper-step terraces after the 240-s exposure (Figure 3.3d1).  As the lower-step terraces occupy smaller 

footprints of the overall surface (depending on the sample preparation), these terraces are completely 

occupied by the adspecies first before the upper-step terraces (Figure 3.3d1).   

As the island growth extends deeper into a terrace region and away from the nearby step-edge or 

antiphase boundary region, a lower density of dark depressions and an apparently much smoother 

appearance for the areas (marked with dotted circles in both Area A7 in Figure 3.3c2 and Area A9 in 

Figure 3.3d2) are found, confirming that a higher number of adsorbate-induced pores are formed largely 

on the terrace regions near the step edges.  This in turn suggests that the nature and morphology of the 

step-edge sites play an important role in imprinting structural relations in the adsorption pattern of these 

adspecies near the step edges.  Indeed, the pore sizes of the ring-like clusters in Area A4 (Figure 3.3b3) 

and in Area A10 (Figures 3.3d2 and 3.3d3) are found to be quite similar, as shown in their respective 

height profiles along Lines L1 (Figure 3.3b4) and L4 (Figure 3.3d4). This suggests similar nature of these 

ring-like clusters, with their formation likely induced by adsorption near the step edges and their growth 

in population with increasing exposure.  This in turn supports the notion of the presence of a structural 

relation near the step edges.  On the other hand, this structural relation becomes weaker and is lost for 

adspecies located farther and farther away from the step edges. For the smoother island far away from the 

step edges in Area A8 (Figures 3.3c1 and 3.3c4), the height profile along Line L3 (Figure 3.3c5) shows 

mainly two different apparent heights of adsorbates suggesting the presence of a second adlayer in this 

area similar to the areas near the step edges.  

Nucleation and growth of cysteine islands do not appear to initiate on the generally defect-free 

terraces, which could be caused by the large diffusivity of the cysteine molecules at room temperature 

(due in part to the high activation barrier for dehydrogenation of the thiol group) and to the relatively 

small size of the terraces when compared to the large transport length of surface diffusion on the Si(111)-

√3×√3-Ag surface.84,197  The initial adsorption at non-terrace sites indicates that defect sites are 

energetically more favourable to activate dehydrogenation of the thiol group.  In Figure 3.4, we show a 

schematic model of the adsorption mechanism for cysteine on the Si(111)-√3×√3-Ag surface, which we 

consider to involve four main structural components: lower-step terrace, upper-step terrace, step edge and 

antiphase boundary (as illustrated in Figure 3.4a).   
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Figure 3.3  Empty-state STM images obtained with a sample bias of +2 V and a constant tunneling 

current of 0.2 nA for a pristine Si(111)-√3×√3-Ag surface (a1-a3) before and after cysteine exposure for 

(b1-b6) 30 s, (c1-c5) 120 s, and (d1-d4) 240 s. The apparent height profiles along the respective lines are 

shown in b4, c3, c5 and d4, where the full height and length ranges are given in units of Å and nm, 

respectively.  The arrows in (a1) and (a2) mark examples of antiphase boundaries and adatom defects, 

respectively. The schematic model of the Ag-Si trimers hexagonal mesh along with three √3×√3-Ag unit 

cells are overlaid on the image in (a3), with the Ag and Si atoms represented by blue and grey dots, 

respectively. 
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For the step edge, we could consider adsorption on the lower-step edge, upper-step edge and the 

slope surface [where the slope corresponds to the rise (vertical displacement) over the run (horizontal 

displacement)].  Upon arriving on the terraces (both lower-step and upper-step terraces), the cysteine 

molecules are free to diffuse on the terrace sites until they arrive at the step edges or antiphase boundaries 

(Figure 3.4a).  We obtain more direct evidence of this surface diffusion in a series of time-sequence STM 

images in Figure A3, which shows the addition of bright protrusions to the edges of the adspecies islands 

at room temperature over the collection time of a set of STM images collected one after another.  

Cysteine molecules undergo dissociative adsorption with S–H bond cleavage and S–Ag bond formation, 

and the resulting dehydrogenated adspecies (thiolated cysteine) become trapped at these defect sites 

(Figure 3.4b).  Anchoring to the surface through their thiolate groups, the dehydrogenated cysteine 

adspecies with their free amino and carboxylic acid groups provide new linkage points for further 

attachment of other molecules through zwitterionic interactions and thus propagate growth of the 

adspecies islands both laterally and vertically (Figure 3.4c).  Our XPS results show that loosely bound 

species start to appear at the submonolayer coverage, which we attribute to the onset of second-layer 

adsorption while the interfacial layer chemisorption is still developing.  The emergence of second-layer 

adspecies is corroborated by our STM measurement.  Among all the defect sites, the lower-step edges 

provide the most reactive sites for adsorption, followed by the antiphase boundary sites and then the 

upper-step edges. Figure 3.4d shows a schematic model of the as-grown cysteine thick film surface after 

annealing. STM images of the surface morphology obtained after annealing will be shown in the 

following section. 

The high mobility of the molecular building blocks is a prerequisite for the formation of self-

assembled nanostructures on the terraces of solid surfaces.  On the other hand, the reactivity of the 

molecule (arising from different functional groups) and its size relative to the separations of various 

available adsorption sites play an important role in the competition between molecule-molecule and 

molecule-substrate directional interactions for constructing the supramolecular architectures.198  On the 

semi-metallic Si(111)-√3×√3-Ag surface, no ordered nanostructure is seen in the interfacial layer (from 

our STM images).  However, the imprinting of the Si(111)-√3×√3-Ag surface template is observed in 

areas near the step edges as irregular ring-like clusters that  contribute to the porous (coral reef like) 

morphology at higher coverages.  To understand the adsorption of the cysteine molecules in more detail, 

we perform DFT calculations to determine its adsorption configurations on the terrace sites of the 

Si(111)-√3×√3-Ag surface. More detailed calculations about the adsorption on the defect sites on step-

edges and antiphase boundaries of the surface will be given elsewhere. 
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Figure 3.4  A schematic illustration (a-c) of the adsorption and growth of the cysteine adspecies on the 

Si(111)-√3×√3-Ag surface at room temperature and (d) of metal cluster formation after annealing. Green 

and yellow balls depict cysteine molecule and thiolated cysteine respectively. The purple layer is the 

√3×√3-Ag overlayer which converts to metallic clusters in (d). 
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3.2.4 Formation of silver nanocluster arrays by post-annealing 

Our XPS results show that annealing the Si(111)-√3×√3-Ag surface pre-exposed with cysteine at 

elevated temperatures leads to emergence of the Ag metallic state, indicating significant changes in the 

electronic structure of the √3×√3-Ag surface template. To confirm our Ag 3d XPS results (Figure 3.2), we 

collect the STM images after annealing the as-grown cysteine films with submonolayer and multilayer 

coverages supported on the √3×√3-Ag surface. Figure 3.5a1 shows the morphology of the surface with a 

240-s cysteine exposure (a submonolayer coverage) upon annealing at 175 °C. The porous coral-reef-like 

nanostructures of the cysteine adsorbate islands initially observed before annealing (Figure 3.3d1) is no 

longer present after annealing. Instead, the surface is partly covered with larger bright protrusions with an 

apparent diameter of 3.2-10.5 nm, as illustrated in the height profile along Line L1 in Figure 3.5a2. Since 

the adspecies coverage is less than one monolayer initially, some parts of the pristine √3×√3 surface are 

not covered by adspecies and are therefore exposed. These areas remain intact after annealing as 

evidenced by the appearance of smooth terraces (marked by √3×√3) and typical antiphase boundaries 

(marked by arrows) in Figure 3.5a1. Selected magnified areas of Figure 3.5a1 showing the smooth √3×√3 

surface terrace, the step edge and the antiphase boundary are illustrated in Figure A4. This therefore 

indicates that only the areas covered by the cysteine adsorbate islands are affected by annealing at an 

elevated temperature. The clusters (bright protrusions) appear to have agglomerated to form larger 

clusters or islands. The appearance of these new STM features, i.e. clusters and islands, are corroborated 

with the emergence of the metallic Ag 3d5/2 peak at 368.3 eV after annealing at 175 °C (Figure 3.2), 

which can therefore be used to validate the metallic nature of these clusters. Annealing the Si(111)-

√3×√3-Ag surface covered with a multilayer of cysteine (with a 3600-s exposure) at a higher temperature 

of 285 °C results in a much denser layer of bright protrusions without any part of the smooth √3×√3-Ag 

surface visible, which is consistent with the surface fully covered by cysteine before the annealing (Figure 

3.5b1). Evidently, these bright protrusions exhibit a narrow size distribution, with the larger clusters 

formed by agglomeration of the smaller clusters.  The majority of the clusters appear to exhibit an 

apparent size of 10.5-15.3 nm, as illustrated by the height profile along Line L2 in Figure 3.5b2. In order 

to compare our STM results with those reported for cluster formation induced by hydrogen adsorption,199–

201 we increase the annealing temperature to 500 °C and the result is shown in Figure 3.5c1. Evidently, the 

metal clusters persist and do not disappear after annealing at 500 °C. It should be noted that 500 °C 

corresponds to the nominal annealing temperature required to produce the √3×√3 Ag overlayer from an 

as-deposited monolayer of Ag on Si(111).  In marked contrast to adsorded H induced clusters reported 

earlier,199–201 the smooth √3×√3 structure cannot be restored by annealing and the present cluster 

formation is therefore robust and not reversible. This indicates the encapsulation of the Ag metallic 
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clusters and the local passivation of the underlying Si layer by S (from the dehydrogenated thiol group) 

and N (from the dehydrogenated amino group) consistent with our XPS results. This further suggests that 

the supported metal clusters resulted from cysteine adsorption and the subsequent annealing process are 

stable even at higher temperature.  

 

Figure 3.5  Empty-state STM images obtained with a sample bias of +2 V and a constant tunneling 

current of 0.2 nA for Ag nanocluster arrays obtained by post-annealing a Si(111)-√3×√3-Ag surface with 

cysteine exposures of (a1) 240-s and (b1, c1) 3600-s at (a1) 175 °C, (b1) 285 °C and (c1) 500 °C, 

respectively. The apparent height profiles along the respective Lines L1, L2 and L3 are shown in (a2), 

(b2) and (c2), respectively. The x-axis line range for all the height profiles is 65 nm 

 

The clusters also appear to organize with short-range alignment in a preferred direction as shown in 

Figure 3.5a1 to 3.5c1. This limited directionality is likely guided by both the imprinting effect of the 

underlying Si surface and the presence of cysteine adspecies (molecules or decomposition fragments) in 

between or at the perimeters of the clusters. The alignment of Ag clusters along the crystallographic 

directions of the Si(111) surface has also been reported for adsorption of Ag on H-terminated Si(111) 

surface.202 As the metal clusters are functionalized (at their perimeters) by cysteine adspecies, the 

interactions among these adspecies could enable semi-ordering among the clusters along certain preferred 

directions. The use of cysteine to generate aligned nanocluster arrays on Si(111) promises a new approach 

to synthesize nanocatalysts and/or nanocluster templates. 
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3.2.5 Large-scale DFT calculations of cysteine adsorption on model Si(111)-√3×√3-Ag 

surface 

 

Cysteine exists as a free molecule in numerous stable structures in the gas phase.  Of the 324 

possible conformers calculated for both L- and D-cysteine, 42 are considered the most stable due to the 

presence of different types of internal hydrogen bonding among its functional groups.203  Through 

interaction with different surface atoms of the substrate (at different surface sites), some of these cysteine 

conformers may become more favorable for direct adsorption while others may undergo rearrangement 

upon adsorption on the √3×√3-Ag surface.  A variety of adsorption structures/configurations at the 

substrate sites could provide local energy minima and are therefore energetically plausible.  Given the 

inherent complexity of the system at hand and the lack of information about preferred orientations of the 

functional groups with respect to a specific surface site, we begin our calculations by first selecting three 

energetically most stable L-cysteine conformers.  Figure 3.6a shows the equilibrium structures for three 

isolated L cysteine conformers, with conformer AH being 0.06 eV and 0.13 eV more stable than 

conformers BH and CH, respectively.  In accord with our XPS results that show the adsorption being 

dominated by bonding to the surface through the dissociated thiol group, we therefore only consider 

anchoring the S end to the surface in our adsorption configuration calculations.  After removing the H 

from the thiol group, we orient the three gas-phase thiolated conformers with their respective S–C axis 

perpendicular to the √3×√3-Ag surface to obtain three initial adsorption structures with the carboxylic 

acid group pointing upward (Conformer A), parallel (Conformer B) and downward (Conformer C) with 

respect to the surface plane, as shown in Figure 3.6b.  To qualitatively identify the more stable surface 

adsorption sites, we place a single thiolated cysteine conformer at a selected adsorption site through its 

thiolate group. A near-optimized adsorption configuration is then obtained by relaxing just the separation 

between the adspecies and the site in the z direction while keeping the adspecies and the slab frozen at 

their separately optimized equilibrium structures. 
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Figure 3.6  (a) Optimized equilibrium structures of three conformers (AH, BH, and CH) of isolated L-

cysteine in the gas phase, (b) side view of the adsorption configurations of three dehydrogenated cysteine 

conformers A, B, and C on the T1 site with the S–C axis along the surface normal, (c) top view of the 

Si(111)-√3×√3-Ag surface illustrating prospective adsorption sites, including the threefold hollow sites on 

Ag trimer (T1) and Si trimer (T2); bridge sites on Ag-Ag (D1), Si-Si (D2) and Ag-Si nearest neighbour 

pairs or dimer (D3); and atop sites on top of a Ag atom (M1) and a Si atom (M2), (d) three √3×√3-Ag unit 

cells overlaid on top of an empty-state STM image of a pristine Si(111)-√3×√3-Ag surface obtained with 

a sample bias of +2 V and a constant tunneling current of 0.2 nA and, and (e) calculated adsorption 

energies of dehydrogenated cysteine conformers A (circles), B (squares) and C (triangles) on adsorption 

sites M1, M2, D1, D2, D3, T1 and T2 optimized by varying the molecule-to-slab vertical separation while 

holding all other structural parameters fixed. Green, blue, red, and black balls represent sulfur, nitrogen, 

oxygen, and carbon, respectively. 

 

Figure 3.6c shows the probable adsorption sites that include the atop sites on top of a Ag monoatom 

(M1) and a Si monoatom (M2); the bridge sites on a Ag-Ag dimer (D1), a Si-Si dimer (D2) and a Ag-Si 

dimer (D3); and the threefold hollow sites on a Ag trimer (T1) and a Si trimer (T2).  The hexagon 

pictogram containing three √3×√3 surface unit cells, each with two constituent Ag trimers, are highlighted 

on the surface model in Figure 3.6c and on our atomically resolved STM image in Figure 3.6d.  It should 

be noted that a bright protrusion in the honeycomb network observed in the STM image (Figure 3.6d) 

corresponds to a Ag trimer as marked by a solid triangle in Figure 3.6c.  The calculated adsorption 
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energies for the three thiolated cysteine conformers on these adsorption sites are compared in Figure 3.6e.  

The adsorption energy (Ead) of a thiolated cysteine conformer on a selected site of the slab is given by: 

Ead = EM-slab − Eslab − EM 

where EM-slab, Eslab, and EM are, respectively, the equilibrium energies of the adsorbate-substrate 

system, the slab (used as the model substrate), and the thiolated cysteine radical (•SCH2CNH2COOH) in 

the gas phase.  This definition of the adsorption energy corresponds to the bond formation between the 

thiolated cysteine radical and the surface, i.e.:  

(•SCH2CNH2COOH) + Surface → Surface − SCH2CNH2COOH 

In the present definition, we have avoided the need to consider the dissociation energies of cysteine 

and hydrogen molecules.  As the main goal of the present computational study is to identify notable 

trends in the adsorption configurations of plausible thiolated cysteine conformers, this definition of the 

adsorption energy is more practical.  Evidently, the most favorable adsorption site (with the most negative 

adsorption energy) for all three conformers is found to be the T1 site, followed by the D1 site, with a 0.2 

eV less negative adsorption energy.  The energy differences among the three conformers for a particular 

site are generally small.  While the adsorption energies of Conformers B and C on the T1, D1, D2, D3, 

and M2 sites are nearly the same (within 0.06 eV), those of Conformer A are discernibly higher (by 0.2 

eV).  Conformer A is also the least stable one for all the adsorption sites, which confirms that orienting 

the carboxylic acid group upright and away from the surface (without benefiting from auxiliary 

interactions of the carboxylic acid and amino groups as in Conformers B and C) would lead to less stable 

adsorption configurations.  Cysteine also prefers adsorption on a bridge or three-fold hollow Ag sites 

rather than the corresponding Si sites, which is supported by the observed shift in the S 2s binding energy 

to a lower energy.  This is, however, in marked contrast to the bond energy of S–Si (617±5 kJ/mol) being 

almost 3 times higher than that of S–Ag (216.7±14.6 kJ/mol).204  This apparent bond energy advantage is 

not relevant here because of the relative position of the Ag trimers being 0.8 Å above the Si trimers (on 

the terraces) and of the steric hindrance of the cysteine molecules, making the Si sites less accessible for 

adsorption.  In addition, the dangling bonds of Si atoms are already saturated through bonding with other 

Si atoms and Ag atoms and therefore not available to interact with any adspecies.  

In order to determine the effect of the other two functional groups on the stabilization of the 

adsorption energy, we re-optimize the adsorption geometries with the structures of both the slab and the 

adsorbate fully relaxed.  Tables A2-A8 show the adsorption configurations and adsorption energies before 

and after relaxation for Conformers A, B, and C at the trimer, dimer and monomer sites, respectively.  

Interestingly, all three conformers have relocated to the D1 sites when initially placed on the M1, M2, D1, 

and D3 sites.  Initial placement on D2 and T2 has changed to M1 for all three conformers, except for 
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Conformer C initially on T2 which has changed to D1.  Initial placement on T1 sites remain the same for 

Conformers B and C while Conformer A has moved to D1 after full geometry optimization.  Clearly, 

none of the Si related sites (M2, D2, T2) has led to stable adsorption upon complete optimization for all 

three conformers.  For the Ag related sites (M1, D1, D3, T1), the D1 site has become the most favorable 

adsorption site after relaxation for all three conformers (with small variations in the structural 

parameters), with 67% of all the adsorption configurations relaxed into the D1 configurations.  We have 

summarized the most stable, fully optimized adsorption geometries of all three conformers on the D1 sites 

in Figure 3.7.  While the adsorption energies for the A-D1 and B-D1 configurations are within 10% of 

each other, that for the C-D1 configuration is discernibly less negative (i.e. less stable).  For Conformers 

B and C initially placed on the T1 sites, complete optimization has not affected the adsorption sites (T1) 

but has improved the adsorption energies (Figure 3.7).  Not surprisingly, the fully optimized 

configurations for all three conformers on the M1 site, with the adsorption energy of A-M1 being the least 

negative, are generally less stable than those on the T1 and D1 sites.  On Ag(111), the stability of the 

thiolated cysteine adsorption has been found to increase from the atop, to bridge, and to three-fold hollow 

sites.165  A detailed DFT study of L-cysteine adsorption at the bridge sites of the Ag(111) surface has 

revealed a complicated interplay between sp and d states of silver in the bond formation between the 

adsorbate and the surface.  Bridge sites have also been reported to be the most favourable adsorption sites 

for thiolated cysteine on Au(111)177,178 and Au(110),102,171 where flat adsorption configurations with S–Au 

at an off-bridge site and NH2–Au at an off-atop site were found to be energetically more favourable on the 

Au(111) surface.   

According to the adsorption energies for all three conformers after full relaxation, Conformer A has 

become the most favorable conformer of thiolated cysteine for adsorption on these sites, which suggests 

that complete geometry optimization (relaxation) allows thiolated cysteine to be repositioned to enable 

the amino group to play a stabilizing role.  The magnitudes of the adsorption energies of the conformers 

appear to follow a trend [A (most negative and most stable) < B < C (least negative and least stable)] that 

is opposite to that of the separations between the amino groups in these conformers and the surface.  

Upon relaxation of the atomic positions, the S-C axis that is set initially perpendicular to the surface plane 

is now tilted, enabling the amino group to lean toward the Ag atoms of the surface.  The tilt in the S-C 

axis is also found for Conformer B, while it remains unchanged for almost all adsorption configurations 

of Conformer C, which could account for the lower stability of Conformer C as compared to other two 

conformers.  
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A-D1 
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r(S–Ag1)=2.50  

r(S–Ag2)=2.61  

r(N–Ag)=2.36  

 

 

B-D1 
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r(S–Ag2)=2.51 
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r(O–Ag)=2.95 
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r(S–Ag2)=2.57  

r(N–Ag)=2.37  

 

 

 

B-T1 
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r(S–Ag1)=2.56   

r(S–Ag2)=2.62 

r(N–Ag)=3.65  

r(HO–Ag1)=3.08  

r(O–Ag1)=3.27  

 

C-T1 

–1.777420 

r(S–Ag1)=2.63 

r(S–Ag2)=2.64  

 r(S–Ag3)=2.63  

 r(O–Ag)=3.42 

 

 
 

Figure 3.7  Equilibrium geometries of optimized adsorption configurations after full relaxation of 

thiolated cysteine conformers A, B, and C initially placed on D1 (top panels) and T1 sites (bottom panels) 

of the Si(111)-√3×√3-Ag model surface.  The adsorption energies are in unit of eV while the separations 

r(X-Y) are in unit of Å.  To better illustrate the adsorption structure, only part of the slab (corresponding 

to the 4×4 supercell) for the model surface is shown for each configuration. Green, blue, red, and black 

balls represent sulfur, nitrogen, oxygen, and carbon, respectively. 
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3.2.6 Large-scale DFT calculations of cysteine zwitterionic multimers on model Si(111)-

√3×√3-Ag surface 

To investigate the effect of intralayer bonding involving other functional groups that are not used for 

direct attachment to the surface on the adsorption, we perform calculation of other plausible adsorption 

geometries in which either the amino or carboxylic acid or both groups are initially close to the surface.  

This type of calculations could provide some insights into the early formation of the zwitterionic layer of 

cysteine on the Si(111)-√3×√3-Ag surface.  While the A-D1 configuration with the carboxylic acid group 

pointing away from the surface is more conducive to initiating bonding with the second adlayer, a small 

rotation of the Cα–C bond could reposition the carboxylic acid group such that it becomes more accessible 

to intralayer bonding in the first adlayer.  Figures 3.8a and 3.8b show the optimized geometries of the 

most favorable A-D1 adsorption configurations where the C–Cα–C plane is tilted parallel to the surface, 

with Hα (the H atom connected to Cα) pointing up away from and down towards the surface, respectively.  

The separations between the functional groups and the respective underlying silver atoms are: r(S–

Ag1)=2.54 Å, r(S–Ag2)=2.64 Å, r(N–Ag)= 2.42 Å, and r(O–Ag)=3.52 Å for the Hα-up configuration, and 

r(S–Ag1)=2.57 Å, r(S–Ag2)=2.57 Å, r(N–Ag)=2.41 Å, and r(HO–Ag)=3.32 Å for the Hα-down 

configuration.  Both A-D1 configurations in Figures 3.8a and 8b as well as the upright A-D1 

configuration in Table A4 are consistent with our XPS data, which support the presence of free amino and 

carboxylic acid groups at low coverages.  As expected, the configuration with the molecular plane more 

surface parallel (Figure 3.8a) is energetically more stable (by 0.1 eV) due to the potential interaction of 

lone-pair electrons of the amino group with the surface Ag atoms.  Such a more surface-parallel A-D1 

configuration is a strong candidate for cysteine adsorption at very low coverage, in good accord with 

experimental and theoretical reports of cysteine on Au(110)171 and Ag(111) surfaces165 at low coverages.   

Using the A-D1 surface-parallel adsorption configuration (Figure 3.8a), we calculate the adsorption 

configuration for cysteine dimer obtained with the addition of a thiolated cysteine conformer (A) in 

appropriate orientation (Figure 3.8c).  On the Au(111) and Au(110) surfaces, cysteine dimer formation 

has been reported to be as favourable as the single molecule adsorption at low coverages.171,177,178,181  The 

cysteine dimer in Figure 3.8c is therefore another prospective candidate for adsorption at lower coverages, 

in good accord with our XPS results in which both zwitterionic and neutral states are observed.  Under 

UHV condition, zwitterions have been observed at higher coverages, where their formation is driven by 

the intermolecular proton transfer between the hydroxyl group of one molecule and the amino group of a 

neighboring molecule.163,164,176,177 A common DFT approach used to determine the coverage-dependent 

zwitterionic structure formation is to first calculate the adsorption configuration of a single molecule on 

the surface in a sufficiently large supercell corresponding to the low coverage regime. Decreasing the cell 
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size appropriately would then promote highly ordered zwitterionic intermolecular interactions and 

therefore can be used to mimic the higher coverage regime.  In our system, however, the zwitterionic 

chemical state is observed even at very low coverages due to the presence of high densities of step edges 

and small terraces as well as to the high diffusivity of cysteine on Si(111)-√3×√3-Ag.  As we do not 

observe any ordered structure of cysteine at any coverage, the aforementioned approach of calculating the 

zwitterionic intermolecular interaction is less effective.  We have therefore used a thiolated form of the 

zwitterion of Conformer AHZI (shown in Figure 3.8d) as the initial form of the adsorbate to redo the 

calculation for the adsorption configuration of the cysteine dimer (involving zwitterionic interactions 

between deprotonated carboxylic acid and protonated amino groups of one cysteine zwitterion with the 

respective protonated amino and deprotonated carboxylic acid groups of a neighbouring cysteine 

zwitterion). We obtain the equilibrium geometry of an adsorption configuration (Figure 3.8e) that is 

similar to that shown in Figure 3.8c, with slight differences in the orientation of the –NH3⁺⋯COO– 

components and their separations.  The corresponding adsorption energy is found to be more negative by 

0.75 eV relative to the non-zwitterionic dimer, which confirms that the zwitterionic dimer form is more 

stable than the neutral dimer form. This is reasonable because the cysteine dimer in Figure 3.8e is 

stabilized by two mutual zwitterionic hydrogen bonding while the one in Figure 3.8c contains only one 

hydrogen bond. Using the latter approach, we also calculate other possible zwitterionic dimers, including 

dimer of Conformer AH with Hα down and dimer of Conformer BH (Figure A5), which are found to have 

less negative adsorption energies than that shown in Figure 3.8e.  Figures 3.8f and 8g show the calculated 

adsorption configurations of the zwitterionic trimer and zwitterionic hexamer, respectively.  These 

zwitterionic structures of cysteine dimer, trimer and hexamer found in our calculations are consistent with 

some of the notable protrusion features observed in our STM data, Figures 3.3b3 and 3.3d3. The 

respective –NH3⁺⋯COO– bond lengths of these zwitterionic bonds are found to be 1.67 Å (dimer), 1.55 Å 

(trimer), and 1.73 Å (hexamer), which are in general accord with previous DFT calculations of cysteine 

on other surfaces.163,181 Using the vertical separation between the topmost O atom of the cysteine 

adsorbates and the Ag atom underneath, the thickness of the interfacial layer with flat configuration is 

calculated to be 5.13 Å (Figure 3.8g).  This estimate of the interfacial layer thickness is used for 

calculating the coverage of chemisorbed species in the interfacial layer based on our XPS data discussed 

above.  It should be noted that minor displacements in the Ag positions in the √3×√3-Ag template are also 

observed for dimer, trimer and hexamer adsorption configurations. 
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Figure 3.8  Equilibrium geometries and adsorption energies of optimized adsorption configurations on 

D1 sites for thiolated Conformer AH with (a) Hα up and (b) Hα down, (c) hydrogen-bonded dimer 

containing two thiolated neutral Conformer A with Hα up, (e) dimer containing two thiolated zwitterion 

AHZI, and (f) trimer containing three thiolated zwitterion AHZI with Hα-up, and (g) hexamer containing 

six thiolated Conformer AHZI with Hα-up. The equilibrium geometries of isolated zwitterions (ZIs) for 

Conformers AH, BH and CH are shown in (d). Thiolated zwitterion AHZI is derived by proton relocation 

from COOH to NH2 in a thiolated Conformer AH.  To better illustrate the adsorption structure, only part 

of the slab [corresponding to the 4×4 supercell for (a-c) and (e-f) and to the 8×8 supercell for (g)] for the 

model surface is shown.  
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The calculated hexamer structure (and larger multimer structures – not shown) for the D1 site on the 

terrace is therefore inspired by the ring-like structures at low coverage found in our STM images in 

Figures 3.3b3 and 3.3d3. While individual cysteine adspecies involved in forming each ring are too small 

to be resolved in our STM images, the calculated adsorption configurations shown in Figure 3.8 illustrate 

the viability of zwitterionic multimer structures for use as the building blocks in the cysteine film growth 

on the Si(111)-√3×√3-Ag surface. This type of large-scale DFT calculations is therefore especially 

important for verifying the presence of zwitterionic intermolecular interactions, in addition to the 

molecule-to-substrate covalent bonding at the interfacial layer, for corroborating with both our XPS and 

STM results. 

3.3 Summary 

The √3×√3-Ag reconstruction on the Si(111)7×7 surface offers a unique, single-atom-thick, two-

dimensional metal silicide platform to investigate the surface chemistry of biomolecules. With a variety 

of bonding sites available not just on its lower-step terraces and upper-step terraces but also on step edges 

and antiphase boundaries, the Si(111)-√3×√3-Ag surface provides a rich testbed for studying site-specific 

chemistry, particularly the role of defects. As one of two natural S-containing amino acids, cysteine offers 

three important functional groups to explore the surface chemistry of these bonding sites.  In the present 

work, we follow the growth of a cysteine nanofilm and study their interfacial interactions with the 

Si(111)-√3×√3-Ag surface and their molecule-to-molecule interactions. By combining the results from 

our XPS and STM experiments with complementary large-scale DFT calculations, we are able to 

decipher the chemical nature of the interface and reach a molecular level understanding of the physical 

processes occurring in such an intricate system. Adsorption of cysteine is found to begin on the lower-

step edge and antiphase boundary sites and the adsorption fronts propagate from these defect sites out to 

the terrace regions with increasing exposure. This result suggests the viability of preferential site 

functionalization by manipulating the formation of and adsorption on specific defect sites of the Si(111)-

√3×√3-Ag surface. We propose a plausible diffusion-driven adsorption model for the observed growth 

evolution. Unlike the cysteine film growth on Si(111)7×7, no transitional layer is observed on Si(111)-

√3×√3-Ag at room temperature, as supported by the absence of hydrogen bonding found in our XPS 

spectra obtained at low exposures. The zwitterionic structures therefore start on the interfacial layer and 

grow directly onto the multilayer. The lack of a transitional layer is therefore similar to that found on 

metal surfaces, which is in good accord with the semi-metallic nature of the √3×√3-Ag template.  Our 

DFT calculations show that a bridge site provides the most stable adsorption site for cysteine when 

compared to the three-fold hollow or atop site on a √3×√3-Ag terrace surface. As the availability of other 
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types of bridge sites is expected to be more prevalent at the step edges (and other defects), our DFT result 

is consistent with the observed initial growth first on step edges. The formation of a S-to-metal bond 

allows at most one additional functional group to be sufficiently close to enable interaction with a second 

surface atom (due to the inherent structure of cysteine itself), thus favouring the bridge site.  This also 

leaves the remaining (third) functional group free to undergo further interaction with other incoming 

adspecies.  At elevated temperatures, cysteine adspecies are found to transform the monoatomic Ag layer 

of √3×√3-Ag into Ag agglomerates of nanometer sizes by cleavage of Ag–Si bonds and formation of Ag–

S and Si–NH bonds.  This is an important result because cysteine-induced cluster formation at elevated 

temperature offers a new approach of using adsorbates to convert a two-dimensional, single-atom-thick 

√3×√3-Ag overlayer to, in effect, zero-dimensional nanoclusters.  The present work further highlights the 

possibility of taking advantage of the unique surface chemistry on this and similar intricate two-

dimensional metal overlayers as templates to grow nanoclusters or quantum dots for chemical sensing and 

catalysis applications. 
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Chapter 4 

Development of Aligned Organic Molecular Wires and Silver Metallic 

Nano-agglomerates in Methionine Nanofilm Supported on Si(111)-

√3×√3-Ag 

4.1 Introduction 

Understanding the interactions between biomolecules and solid surfaces in the atomic scale and the 

mechanism of nanofilm growth is of paramount importance to not just expanding the boundaries of our 

basic knowledge about these benchmark biological materials but also enabling technological applications 

that exploit the hybrid organic-inorganic interactions in the design of next-generation catalysts, biosensors 

and nanoelectronic devices. The adsorption of biomolecules on metal and semiconductor surfaces has 

been studied extensively due to their applications particularly in surface functionalization and molecular 

self-assembly.205 Detailed understanding of the physical and chemical phenomena at the interface 

between biomolecules and solid surfaces can lead to better control of the self-assembly and self-

organization processes in synthesizing multifunctional materials based on two-dimensional nanostructures 

and to the development of the promising biocompatible nanomaterials. Bio-organic molecules such as 

amino acids play a particularly important role in these fields. As the smallest building blocks of peptides 

and proteins, amino acids are among the most fundamental model systems for elucidating the interactions 

of these complex molecules with surfaces. They also offer potential biological functionalities in addition 

to powerful chemical and physical properties, making them good candidates for functionalization of solid 

surfaces, often serving as the first step in building a biocatalyst or bioactive device.  

Of the 20 proteinogenic amino acids (that are used in the genetic code), methionine is one of two 

sulfur-containing amino acids that comprises of a methythio methylene end group. Methionine is 

important in molecular biosynthesis in human body, and due to its antioxidant properties, it is known to 

prevent cell damage resulting from cancer treatments without delaying antitumor activity.206 The self-

assembly of methionine on metal surfaces offers a promising approach to design drug delivery carriers 

and bio-architectures with customizable nanostructures. Fundamental understanding of their self-

assembly properties on metal surfaces is therefore of particular interest. Among the large volume of 

research on benchmark amino acids on metal surfaces,205 only a few have focused on methionine, despite 

the aforementioned potential applications. Two-dimensional molecularly ordered structures of L-

methionine have been reported to form on Ag(111), and holding the surface at 320 K during deposition 

was used to promote the formation of regular gratings.108 On Au(111),106,109  D- and L-methionine were 
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found to form parallel chains or zipper-like dimer rows in the formation of hydrogen-bonded zwitterionic 

layers at room temperature. Furthermore, steering chiral organization of L-methionine on Cu(111)107 was 

found to be strongly affected by the substrate reactivity and thermal activity.  

The configuration of a stable two-dimensional structure at thermodynamic equilibrium can be 

controlled by not only the lateral interactions, but also the nature of the chemical and structural 

characteristics of the underlying support. In our previous work, the formation of self-organized 

methionine trimers on a Si(111)7×7 surface at room temperature is found to be governed by the N–Si 

covalent bonding at the center adatoms of the Si substrate surface and by the intermolecular hydrogen 

bonding that leads to the formation of Y-shaped trimers.122 While the two-dimensional electron gas of a 

metallic surface facilitates fast diffusion of organic molecules and hence promotes the fabrication of 

molecular self-assembly, the strong directional dangling bonds of the semiconductor surfaces [such as 

Si(111)7×7] favor trapping of molecules in a diffusion-limited state, thereby potentially inhibiting the 

long-range self-assembly of small amino acids. One advantage of Si-based substrates over metal 

substrates is that they are fundamentally essential for fabricating electronic devices by large-scale 

integration techniques. Passivation of Si surfaces with metal atoms therefore offers a promising approach 

to altering the surface diffusion properties of the adsorbed molecules and hence promoting the 

equilibrium-state formation of self-assembled molecular structures. Among all metal-passivated Si 

surfaces, Si(111)-√3×√3-Ag is one of the most studied prototypical metal/semiconductor interfaces. It is 

formed by deposition of one monolayer of Ag atoms on the Si(111) surface followed by annealing at an 

elevated temperature. The parabolic surface band structure of Si(111)-√3×√3-Ag near the Fermi level 

resembles that of a typical metal surface. While the Si(111)-√3×√3-Ag surface properties are more similar 

to those of metal surfaces than Si surfaces, there are significant structural distinctions between the two. 

Notable differences between the Si(111)-√3×√3-Ag surface and the Ag(111) single-crystal surface are 

found in their unit cell sizes and surface Ag–Ag separations. Furthermore, while the topmost layer of the 

Si(111)-√3×√3-Ag surface is composed of Ag atoms, the underlying layers are comprised of Si atoms, 

leading to the surface electronic states containing Ag–Si components, as opposed to the Ag–Ag surface 

states on the Ag(111) surface.  

Here, we study the interface and growth properties of methionine from sub-monolayer to multilayer 

coverages on Si(111)-√3×√3-Ag at room temperature and follow their thermal evolution under ultrahigh 

vacuum condition. Our goal is to determine the changes in the chemical states of methionine at notable 

adsorption sites of the Ag silicide surface. Our combined scanning tunneling microscopy (STM) and X-

ray photoelectron spectroscopy (XPS) data provide a comprehensive picture of the nature of molecule-

molecule and molecule-substrate interactions both at the interface and during the early nanofilm growth. 
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These data are supported by complementary quantum mechanical calculations based on density functional 

theory (DFT) that enable us to identify the chemical state of the adspecies and their most probable 

adsorption configurations, and two-dimensional surface assembly at the interface. We also perform a 

comparative analysis on the nanofilm formation and growth of glycine, cysteine, and methionine on 

Si(111)-√3×√3-Ag at and above room temperature in order to establish notable trends in the interfacial 

processes of these benchmark biomolecules. Of particular interest is the formation of metal agglomerates 

mediated by the adspecies of these amino acids at elevated temperature. 

The details of the experimental procedure and the computational details are given in Chapter 2. 

4.2 Results and Discussion 

4.2.1 Evolution of chemical-state composition during methionine film growth at room 

temperature 

Similar to all other proteinogenic amino acids, methionine is found in a neutral form in the gas phase 

and a zwitterionic form in the liquid and solid phases. Figure 4.1 compares the ball-and-stick models of 

neutral and zwitterionic structures of an isolated methionine molecule with those of cysteine (the smallest 

sulfur-containing amino acid) and glycine (the smallest amino acid). Starting from glycine (CβOOHCαH-

2NH2), cysteine is obtained by replacing an alpha H with a thiol methylene group (–CH2SH). The 

difference between the two S-containing amino acids is that the thiol group (–SH) in cysteine 

(CβOOHCαHNH2CγH2SH) is replaced by a methylthio methylene group (–CH2SCH3) in methionine 

(CβOOHCαHNH2CγH2CδH2SCεH3). The carbon chain backbone increases in length from 2 C atoms in 

glycine to 3 C atoms in cysteine and to 4 C atoms in methionine. The termination of the S atom by a 

methyl group in the methylthio methylene group also makes methionine less reactive than cysteine (with 

the highly reactive thiol group).  

Figure 4.2 shows the O 1s, N 1s, C 1s, and S 2s spectra of methionine as a function of exposure time 

on Si(111)-√3×√3-Ag at room temperature and of the thickest as-grown methionine film upon annealing 

to elevated temperatures. The corresponding peak positions and assignments obtained for the fitted 

features are summarized in Table B1, while the changes in their relative intensities are given in Figure 

B1. Increasing the exposure from 120 s to 360 s generally increases the intensities of all the components 

in the XPS region spectra (Figure 4.2). The predominant N 1s peak appeared at 401.8 eV can be assigned 

to the protonated amino group, while the weak N 1s feature at 398.7 eV is in good agreement with the N–

Si linkage reported for methionine adsorbed on the Si(111)7×7 surface.  Formation of the N–Si bond 

could arise from N–H dissociative adsorption of methionine at defect sites such as step edges and 
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antiphase boundaries of the Si(111)-√3×√3-Ag surface.122,123 The O 1s spectra can be fitted with a main 

peak at 531.7 eV assigned to the deprotonated carboxylic acid group and a weaker one at 532.7 eV 

assigned to the neutral carboxylic acid group. This latter feature likely corresponds to the adsorbed 

species at defect sites. The single S 2s peak located at 228.4 eV can only be attributed to the sulfur atoms 

in the methylthio methylene group. The four C 1s features at 285.5 eV, 285.9 eV, 286.9 eV, and 288.7 eV 

can be assigned to –CH3, –CH2–S–CH3, –C–NH3⁺, and –COO‾, respectively. Indeed, the presence of 

deprotonated carboxylic acid group (–COO‾) and protonated amino group (–NH3⁺) along with the intact 

methylthio methylene group indicates non-dissociative adsorption of methionine in their zwitterionic 

state. Physisorption of zwitterionic methionine on the Ag(111)108 and Au(111)109,207 surfaces has also been 

reported at cryogenic temperature and up to room temperature. On Cu(111),107 methionine was found to 

adsorb in both anionic and zwitterionic states, while the adsorption state on the Cu(110)105 surface is only 

anionic with stronger interaction of oxygen atoms with copper. 

Increasing the exposure to 840 s and 1800 s further increases the intensities of all the peaks. For the 

1800-s exposure, the O 1s feature for the zwitterionic moiety and its corresponding C 1s features are 

found to undergo small shifts to higher binding energies by 0.3 eV, while the N 1s and S 2s positions of 

the respective protonated amino and methylthiol methylene groups stay unchanged. The carboxylate shift 

to a higher binding energy with increasing exposure can be due to an electrostatic effect arising from the 

formation of a thicker film. Finally, extending the exposure time to 3720 s leads to further increase in the 

intensities of the peaks in all four regions with no additional chemical shifts. The peak positions of XPS 

spectra for the methionine multilayer obtained for the 7560-s exposure to Si(111)-√3×√3-Ag are found to 

be similar to those for methionine powder in the solid phase. Comparing the XPS spectra of the 

methionine multilayer with those of the lower exposures shows that intermolecular zwitterionic 

interactions are clearly present even at the lowest coverage (120 s exposure). The majority of the 

adsorbate species are therefore physisorbed on the surface as no significant chemical shift is observed in 

the dominant peaks of all regions. Indeed, only a small fraction of the adsorbate is found to be 

chemisorbed most likely at defect sites through N–H bond cleavage.  
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Figure 4.1  Ball-and-Stick models for the isolated structures of (a) neutral methionine, (b) zwitterionic 

methionine, (c) neutral cysteine, (d) zwitterionic cysteine, (e) neutral glycine, and (f) zwitterionic glycine. 

The models are generated by DFT calculations. In our notation, we identify –COOH as the “head” group 

and the functional group farthest from the head group as the “tail” group. The long axis is marked by the 

dashed line. 
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Figure 4.2  Evolution of (a) O 1s, (b) N 1s, (c) C 1s, and (d) S 2s XPS spectra of methionine deposited on 

Si(111)-√3×√3-Ag as a function of exposure time (120–7560 s) and of the as-grown multilayer 

methionine film (obtained with a 7560-s  exposure) upon annealing to 85, 175, and 285 °C.  In (c) and 

(d), M is used to represent Si and/or Ag. 

 

4.2.2 Chemical-state evolution of a supported multilayer methionine film upon annealing 

To examine the thermal stability of the methionine film and the underlying interface, we anneal the 
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°C, and 285 °C, each for 600 s, followed by cooling to room temperature before XPS measurement after 

each annealing step. The corresponding XPS spectra depicting the changes in the chemical-state 

compositions after each annealing-cooling cycle are shown in Figure 4.2. Annealing the film to 85 °C 

appears to reduce the peak intensities by 80%, indicating that the majority of methionine in the film has 

been desorbed. Moreover, the chemical states of the remaining features closely resemble those of the non-

zwitterionic adspecies. The single O 1s band has shifted to a higher binding energy (532.4 eV), which is 

attributed to the neutral carboxylic acid group (–COOH). The N 1s broad band can be deconvoluted into 

three features at 398.8 eV, 399.9 eV, and 401.0 eV, assigned respectively to the dehydrogenated amino 

group (–NH), neutral amino group (–NH2), and the amino group involved in hydrogen bonding (–N∙∙∙HO, 

where “∙∙∙” is used to denote a hydrogen bond). Annealing has therefore led to dehydrogenation of the 

amino group and chemisorption of the methionine adspecies through NH–Si linkage, as its binding energy 

is closer to that observed on methionine adsorption on Si(111)7×7,122,123 most likely near the defect sites 

at which the N−Si chemisorption has already initiated at room temperature. Upon annealing to 175 °C, we 

observe no further shift in the binding energy positions in all the spectra, while the intensities are slightly 

lowered due to desorption of the non-chemisorbed species as evidenced by the removal of the hydrogen 

bonding N 1s feature at 401.0 eV. Finally, upon annealing to 285 °C, the intensities and positions of both 

the N 1s and O 1s features for the chemisorbed species remain essentially unchanged, while major 

changes are observed in the S 2s and C 1s regions. The S 2s signal has undergone a major shift to a lower 

binding energy (227.2 eV), which indicates the breakage of either the S–Cε or Cδ–S (or both) and 

chemisorption of the resulting S-containing fragments or S atoms on the Si or Ag atoms.121,208,209 The 

dissociation of the S–C bond and deposition of atomic S have also been observed in the study of thiol 

alkanes and thiophene on Au(111),208,210 Cu(111),209 Pt(111) and Ni(111).211 In the C 1s region, the –

COOH peak is weakened while the major band at the lower binding energy is broadened. As the −CH–

NH−Si C 1s feature remains unchanged in both energy position and intensity, a new peak is found to 

emerge at 284.7 eV (the lowest C 1s binding energy).  This new feature can be assigned to the 

decomposition fragments –CHx (adsorbed most likely on the Si or Ag atoms),212 and the peak at 285.5 eV 

can now be attributed to both –CH2–S–M (where M is Si or Ag) and –CH2– moieties. This is in good 

accord with our previous studies on cysteine adsorption on Si(111)-√3×√3-Ag and on Si(111)7×7,121 both 

of which show decomposition of cysteine molecules to dissociated S atoms and/or S-containing fragments 

on the surface at 285 °C. Similar decomposition of methionine at ~285 °C has also been observed on 

Si(111)7×7. The N 1s position of the chemisorbed feature after annealing is close to that of the 

methionine interfacial layer on Si(111)7×7.124 Chemisorption of the resulting methionine fragments 

would therefore more likely involve the underlying Si atoms of the Si(111)-√3×√3-Ag surface via N–Si 
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linkage rather than the Ag atoms on the Ag silicide surface. It should be noted that while deprotonation of 

the amino group on Si surfaces has been observed,205,213 it has not been found to occur on any of the Ag 

surfaces at room temperature.  

4.2.3 Metallic silver nanoagglomerate formation induced by methionine nanofilm 

After observation of the significant changes in the methionine nanofilm upon annealing to 285 °C, 

examination of the corresponding Ag 3d spectra could provide additional insight to understanding the 

interface between the methionine nanofilm and the Si(111)-√3×√3-Ag surface. Figure 4.3 shows the 

corresponding Ag 3d spectra of the pristine Si(111)-Ag-√3×√3 surface before and after methionine 

deposition at room temperature, and of the supported multilayer methionine upon annealing to higher 

temperatures. The pristine Si(111)-√3×√3-Ag surface exhibits well-defined Ag 3d5/2 and Ag 3d3/2 peaks at 

369.0 eV and 375.0 eV, respectively, the separation of which is in good accord with the Ag 3d spin-orbit 

splitting of 6.0 eV. The binding energy position of the Ag 3d5/2 (Ag 3d3/2) peak corresponds to that 

reported for Ag silicide. Upon exposure to methionine, the peak positions remain unchanged while the 

intensities decrease, consistent with the increasing thickness of the methionine film (and the finite 

electron inelastic mean free path). Increasing the exposure time to 7560 s leads to a small gradual increase 

in the Ag 3d5/2 (Ag 3d3/2) line width. After annealing the 7560-s film at 85 °C, a new Ag 3d5/2 (Ag 3d3/2) 

feature emerges at 368.4 eV (374.4 eV), which corresponds to the Ag–Ag metallic state of the bulk Ag. 

This feature appears to increase in intensity at the expense of Ag–Si peak upon further annealing to 175 

°C and to 285 °C. This is an important result because it shows that the population of the Ag–Si moieties 

of Si(111)-√3×√3-Ag is reduced while that for the Ag–Ag metallic state increases, likely in the form of 

metal agglomerates. Furthermore, it should be noted that the aforementioned annealing does not have any 

effect on the pristine Si(111)-√3×√3-Ag surface because the surface alone is known to be stable in this 

temperature range due to its preparation that requires annealing at 300-500 °C. We have also 

independently verified the absence of the Ag-Ag metallic state in a separate control experiment performed 

on a pristine Si(111)-Ag-√3×√3 surface (i.e. without any methionine exposure) under similar annealing 

conditions.  
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Figure 4.3  Evolution of Ag 3d XPS spectra of the pristine Si(111)-√3×√3-Ag surface after deposition of 

methionine with increasing exposure time and of the as-grown 7560-s methionine film upon annealing to 

85, 175, and 285 °C. 

 

4.2.4 Formation of methionine molecular wires on Si(111)-√3×√3-Ag in the early growth 

stage 

In order to take advantage of the well-defined √3×√3-Ag overlayer as a reference template on 

Si(111), we focus our STM studies in the early growth stage of the methionine film. For a very low 

exposure (20 s) of methionine on Si(111)-√3×√3-Ag, STM measurement at room temperature shows 

mostly “fuzzy” protrusion features, along with a number of one-dimensional (1D) stripes (Figure B2). 

The diffuse molecular-wire features represent mobile molecules that are in rapid motion too fast for the 

STM to resolve, confirming the weak molecule-substrate interactions at room temperature at very low 

coverages. In order to investigate these organized adsorbate nanostructures in more detail, we perform 

STM measurements at a lower temperature. Figure 4.4a1 shows the STM image of the surface after a 30-s 
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exposure of methionine with the surface held at 140 K. Unlike cysteine, methionine forms well-defined 

1D extended ordered structures with distinct widths. The 1D extended molecular stripes are formed on 

surface terraces with three distinct orientations 120° from one another.  Interestingly, a large number of 

these stripes tend to align in parallel to the step-edge directions. As the step-edge directions are known to 

be along the [110] and [1–21] directions,196 the orientations of these molecular wires are likely along the 

[110] or [1–21] direction.  

As illustrated in Area A1 (Figures 4.3a1 and 4.3a2) and the corresponding height profile along Line 

L1 (Figure 4.4a3), the molecular wires appear to have three different widths 1.9 nm, 3.4 nm, and 4.7 nm. 

The width of the thinnest molecular wire is close to that of a methionine dimer with a head-to-head 

configuration (discussed further in the calculation section) and is in good accord with the observation of 

1D extended structures of methionine on Ag(111).108 Considering the theoretical value of a dimer width 

to be 1.5 nm (as discussed in the calculations section), the widths of the molecular wires are found to be 

1.2, 2.3, and 3.1 times that of a theoretical dimer. In other words, the thicker stripes can be considered 2 

and 3 such molecular wires located side by side next to each other. The highlighted circles in Figure 4.4a1 

mark the edges of the single dimer rows grown next to another molecular wire, creating thicker stripes. 

This “merging” of multiple molecular wires into stripes with integral widths is clearly observed in Figure 

4.4a2 (from top to bottom: single, triple, and double dimer rows). .Furthermore, there appears to be an 

inter-stripe surface-mediated long-range interaction leading to the one-dimensional extended ordering 

among a number of stripes with well-defined spacings between them.108,214, The spacing between the 

molecular stripes varies from 2.1 nm to 21.2 nm. However, the long-range order is disrupted occasionally 

when another stripe with a different orientation starts growing nearby, which leads to the formation of 

inter-stripe joints with 60° and 120° angles. 

Similar type of linear structures has been observed on the Ag(111) surface,108 where aligned 1D 

structures were extended on the large surface terraces with defined and equal inter-stripe separations. In 

this Ag(111) study, the STM data were collected at 15 K and the so-called nanograting was shown to be 

stable up to room temperature with molecular desorption occurring above 370 K. Formation of the 1D 

molecular grating has also been reproduced on Cu(111)107 under ultrahigh vacuum condition, and on 

graphite215,216 under ambient conditions, at various temperatures up to room temperature. On Ag(111), the 

nanowires were oriented along the high-symmetry substrate directions, while on the more reactive 

Cu(111) surface the assembly of the nanowires was oriented with an angle of -10° with respect to the 

110 axes below 273 K and +10° above 283 K. These studies proposed that a single nanowire 

corresponds to a dimer row of methionine molecules extended along a direction that is in registry with the 

substrate crystallographic directions. The dimerization was shown to be mediated by zwitterionic 
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intermolecular hydrogen bonding of methionine on Ag(111) and a combination of anionic and 

zwitterionic intermolecular bonding on Cu(111). The zwitterionic molecular dimerization leading to the 

formation of 1D nanowires being commensurate with the underlying atomic lattice was also reported for 

L-tyrosine on Ag(111),110 which has further been proposed as a universal bonding scheme for 2D 

zwitterionic systems.  Indeed, this bonding picture is consistent with our STM images of methionine 

molecular wires on Si(111)-√3×√3-Ag. 

Some of the molecular wires appear to be nucleated at the step edges, while others are formed on the 

surface terraces, where the number of molecular wires unattached to the step edges is evidently less than 

the attached ones. This confirms that, although nucleation at the step edges is more probable, it can also 

occur on the defect-free terraces, which is likely driven by the presence of intermolecular attractive 

forces. The higher likelihood of nucleation at the step edges could be due to the molecules becoming 

trapped at these defect sites more easily than the terrace sites. To illustrate the effect of other surface 

features, such as defects, on the adsorption properties, we show a magnified image of a step edge in Area 

A2 (Figure 4.4a1) in Figure 4.4a4. The single bright protrusions on the upper-step edge (marked by 

arrows) can be attributed to single molecules and dimers, while the white stripe appears to resemble a 

dimer row conforming to and along the upper-step edge. A dashed line is drawn alongside the step edge 

to highlight the change in the step edge direction and to illustrate the close alignment of the molecular 

wire to the step edge. On the lower-step terrace shown in Figure 4.4a4, the molecular wires appear to 

originate from the kink (molecular wire W1) and the straight part of the step edge (molecular wire W2). 

While the double dimer row in molecular wire W2 extends perpendicularly to the step edge, wire W1 is 

directed 120° from the left side and it emerges perpendicularly to the right side of the step edge. The 

lower-step edge sites between W1 and W2 wires are filled with discrete bright protrusions, corresponding 

to individual dimer units that nucleate along a similar growth direction as the W1 and W2 molecular 

wires. Originated at the lower-step edge as a single dimer row and grown with a 120 ° step-edge angle 

initially, wire W3 then changes its growth path and becomes parallel with wires W1 and W2. All the 

wires nucleated at the step edges extend further onto the terrace following the direction of the underlying 

√3×√3-Ag template. Another adsorption morphology near the upper-step and lower-step edges is 

observed in Area A3 (Figures 4.3a1 and 4.3a5). Near the upper-step edge, the single bright protrusions 

marked by arrows likely represent the single and dimer methionine adsorbates. The bright stripes running 

parallel along the upper-step edge (wire W4) and lower-step edge (wire W5) are as wide as the single 

stripe on the lower-step terrace (wire W6), as shown in the height profile along Line L2 (Figure 4.4a6).  

Given their similar widths (1.9 - 2.1 nm), they can therefore be considered as single molecular wires.  
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Like the step edges, the antiphase boundaries also appear to confine the stripes, as supported by the 

presence of the stripes either formed parallel along or nucleated at and extended from an antiphase 

boundary. No molecular wires are found to grow across an antiphase boundary. Both step edges and 

antiphase boundaries provide favourable trapping sites for the methionine admolecules due to their lower 

coordination numbers (as revealed in the perpendicular and 120° growth directions) and to the 

perturbation of the electronic density of states as manifested in the alignment of molecular wires along the 

step edges and antiphase boundaries, i.e. parallel growth.  

Figure 4.4b1 shows an STM image of a typical nanoscale grating of dimer rows with defined width 

and spacing on a lower-step terrace. Similar gratings can also be found on the upper-step terraces. The 

nano-grating arises as the result of collective alignment of the molecular wires in registry with preferred 

crystallographic directions of the √3×√3-Ag surface terraces. These molecular wires are found to 

originate from one edge of the terrace and extend across the terrace to the opposite edge. Two of the 

molecular wires orientate from two nearby points at the step edge, P1 and P2, and grow along the 

directions 60° and 120°, respectively, from the step-edge. The molecular wire at P1 is found to grow with 

no change in direction and connects at the other end to another step edge, while the one started at P2 

evidently changes its direction by 120° after a short distance (3-4 nm) and becomes parallel to the first 

one (started at P1) and terminates at the opposite step edge. The growth pattern of these molecular wires 

suggests that their growth directions critically depend on the √3×√3-Ag surface.  The presence of defects 

on the √3×√3-Ag template could redirect the growth direction of a molecular wire.  In Figure 4.4b1, the 

larger number of molecular wires along a particular direction may be related to the smaller area of the 

terrace. In Area A4 (Figure 4.4b1), a short stripe grown on the surface terrace (marked by B) along the 

dominant direction of the longer stripes is terminated at the junction of another stripe (of nearly the same 

length) with a 120 ° rotated growth direction. Closer examination of this “boomerang” structure in Area 

A4 (Figure 4.4b2) and the individual lines in the nano-grating in Area A5 (Figure 4.4b3) reveals that a 

slight change in their adsorption sites to the nearest most favorable adsorption sites could lead to notable 

defects in the molecular wire.  These include bends that redirect the growth direction of the molecular 

wires (leading to the “boomerang” structure (Area A4, Figure 4.4b1) or kinks in the molecular wires 

(Area A5, Figure 4.4b3). In Figures 4.3b4 and 4.3b5, we overlay schematic models of the dimer rows on 

the respective STM images of the boomerang and kink structures, in order to illustrate the effects of the 

minor underlying imperfections in the nanowire growth. Interestingly, the kinks (or dislocations) in the 

parallel wires of the nano-grating, marked by circles in Area A5 (Figure 4.4b3), all seem to be aligned 

(and connectable) on a straight line, which suggests the presence of a correlation between the dimer rows 
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that could be related to the confinement of the surface electronic states between the stripes.214,217 More 

details about the molecular configurations of the molecular wires are given in our DFT study below.  

 

 

Figure 4.4  Empty-state STM images of a 30-s exposure of ʟ-methionine on Si(111)-√3×√3-Ag over (a1) 

a 200×200 nm2 area and (b1) a selected 100×100 nm2 area at a higher magnification.  Expanded views of 

the selected areas (A1, A2, A3) in (a) and (A4, A5) in (b) are shown to illustrate (a2) the emergence of the 

dimer rows, (a4) directed growth from the step edges, (a5) parallel growth along the step edges, (b2) a 

“boomerang” nanostructure and (b3) kinks in a nanograting, respectively. The respective height profiles 

along Line L1 in (a2) and Line L2 in (a5) are shown in (a3) and (a6), respectively. (b4) and (b5) show 

schematic diagrams of dimer rows superimposed on the corresponding STM images of the respective 

boomerang and kink structures. The STM images are obtained with a sample bias of +2.0 V and a 

tunneling current of 0.2 nA with the sample held at 140 K. 

 

Figure 4.5a shows the STM images of Si(111)-√3×√3-Ag upon a higher exposure (120 s) of 

methionine collected at 140 K. Evidently, all the upper-step and lower-step surface terraces are densely 

covered with adsorbate islands. The island orientations can be seen more clearly in the magnified Area 

A1 (Figure 4.5b). While the majority of the molecular wires appear to connect to the step edges and 

antiphase boundaries, not all the molecular wires initiate the growth at these defect sites. Indeed, the 

dimer stripes growing along three equivalent directions appear to meet at the interception points forming 

concentric equilateral triangular nanostructures well inside the terraces. In addition to these concentric 
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triangular nanodomains, nanograting structures (strips of parallel molecular wires) located well inside the 

terraces (and not connecting to the step edges or antiphase boundaries) are also found when one or more 

growth directions are disrupted. Other than the increase in the density of these nanostructures, the three-

fold symmetry of these oriented adsorbate structures remains unchanged from the structures obtained at a 

lower coverage (Figure 4.4).  

 

 

Figure 4.5  Empty-state STM images of a 120-s exposure of ʟ-methionine on Si(111)-√3×√3-Ag (a) over 

a 500×500 nm2 scan area and (b) a 100×100 nm2 scan area [area A1 in (a)]. The inset in (a) shows an 

atomic resolution STM image of the pristine Si(111)-√3×√3-Ag surface in the approximate orientation as 

the substrate in (b) to illustrate the alignment of the molecular wires in nanogratings (marked by 

rectangles) and triangular nanodomains (the centers of which marked by triangles) along the three 

equivalent crystallographic directions of the supporting Si(111)-√3×√3-Ag surface. The STM images are 

obtained with a sample bias of +2.0 V and a tunneling current of 0.2 nA with the sample held at 140 K.  

 

At this higher exposure, the step edges and antiphase boundaries are still visible, indicating that the 

growth of the molecular wires does not extend across and cover these defect structures. However, the 

extent of long-range order seems to be reduced when the merged stripes of variable orientations grow in 

close proximity creating an increased number of intersections. There are no discernible differences in the 

morphology, density and distribution of these molecular wire nanostructures between the upper-step 

terrace and lower-step terrace. 

(b) A1

100 nm 20 nm

(a)

A1



 

69 

4.2.5 DFT Calculations 

To further investigate the dimer-row nanostructures observed in our STM images in more detail, we 

perform large-scale DFT calculations to discover and optimize the equilibrium geometries of plausible 

adsorption configurations. To determine the most favorable adsorption site, we begin by placing a single 

methionine molecule in different configurations on plausible adsorption sites of the surface terrace: Ag 

monomer (M1), Ag dimer (D1), and Ag trimer (T1), as shown in Figure 4.6a. Since the lone-pair 

electrons of the S atom in the methylthio methylene group could potentially undergo long-range 

interactions with the surface states, we orient the methionine molecule with its S atom pointing to the 

selected adsorption site. For each adsorption site, the molecule is positioned with its long axis (defined in 

Figure 4.1) rotated around the selected adsorption site counter-clockwise from the surface unit cell axis a.  

After geometry optimization, the resulting adsorption configuration is then denoted by the adsorption site 

and the degree of counter-clockwise rotation. For example, the adsorption configuration on a Ag dimer 

site (D1) with the long axis rotated 60° counter-clockwise from a is denoted as D1-R60.  

Figure 4.6b illustrates the most stable structure of an isolated methionine molecule adsorbed on the 

Si(111)-√3×√3-Ag surface near the atop position of an Ag atom (M1) with the long axis rotated 15° 

counter-clockwise from the a axis (R15). An adsorption energy (Ead) of –1.38 eV is found for this a flat-

on adsorption configuration (M1-R15), in which the S and N atoms are located approximately above the 

monomer sites (M1) of a Ag trimer with the methyl group lying flat parallel to the surface. The relatively 

long separations of Ag–S (2.65 Å) and Ag–N (2.54 Å), compared with their respective nominal covalent 

radii of 2.35 Å and 2.09 Å,218,219 indicate the presence of dative bonding involving the lone-pair electrons 

of the S and N atoms with the Ag atoms of the surface. As the dispersion force contribution represents 

79% (–1.09 eV) of the calculated adsorption energy (–1.38 eV), the molecule–substrate interaction is 

governed mainly by van der Waals forces.  

Using their most stable zwitterionic structure, we optimize the equilibrium adsorption geometries of 

zwitterionic methionine dimers in antiparallel and parallel configurations, illustrated in Figures 4.5c and 

5d respectively. The respective total adsorption energies per molecule for the antiparallel and parallel 

dimers are –1.29 eV and –1.49 eV, while the contribution due to dispersion forces per molecule in each 

dimer is –1.07 eV for the antiparallel configuration and –1.09 eV for the parallel configuration. The 

energy difference between the dimers is most likely originated from the intramolecular stabilization 

(inside the molecule) via the OH⋯N hydrogen bonding in the parallel dimer after relaxation. In addition, 

while the S atoms of both molecules in the dimers are still located on their respective M1 positions, the 

orientations of the individual molecules in the antiparallel or parallel dimer are different from that in the 
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most stable configuration of the monomer. The adsorption energies and adsorption configurations of 

single molecules are therefore compensated by the intermolecular interactions in the methionine dimers. 

Based on our STM and XPS results that show extended 1D nanostructures with intermolecular 

zwitterionic interactions and on previous studies that suggest universality of the intermolecular bonding 

scheme of amino acids on noble metal surfaces, 107,108,110 we search for a stable ordered structure of 

methionine adspecies. We first optimize the geometry of a tetramer (consisting of two antiparallel dimers) 

oriented along the [1–21] direction, as shown in Figure 4.6e. The corresponding adsorption energy per 

molecule is found to be more negative by 0.3 eV compared to the monomer and by 0.39 eV and 0.19 eV 

relative to the antiparallel and parallel dimers respectively. This suggests that the formation of an ordered 

assembly of dimers could further enhance the adsorption stability with respect to the monomer and 

dimers. To simulate the adsorption configuration of an extended assembly of 1D molecular dimers, a row 

of 4 antiparallel methionine dimers (with 8 molecules total in the cell) is placed on an expanded supercell 

consisting of a 4×4 slab of Si(111)-√3×√3-Ag in the [1–21] direction. The initial parameters of the dimer 

row are based on those obtained from the adsorption configurations of the single, dimer, and tetramer, 

where the S atom of each molecule is positioned near an M1 position. Figure 4.6f shows the optimized 

structure of the resulting 1D dimer row. Interestingly, the periodicity of the dimer row is in near-perfect 

match with that of the slab. The corresponding calculated adsorption energy is 1.84 eV per molecule, 

which shows that the ordered structure is stabilized considerably by, on average, 0.47 eV per molecule 

due to the intermolecular interactions. The formation of the ordered dimer rows therefore enhances the 

adsorption stability with respect to the monomer and dimers. The contribution from the dispersion forces 

remains essentially unchanged at -1.07 eV to the total adsorption energy (per molecule), and it is still the 

main stabilizing factor of the dimer row. The separation between the S atom and the underlying Ag atom 

of the M1 site (2.83 Å) has become larger by 0.18 Å, indicating that the stronger intermolecular 

interaction in the dimer row could also cause a slight reduction in the molecule-substrate interactions.  

To illustrate the plausible adsorption configurations of the correlated molecular wires (that are 

separately aligned in parallel), we superimpose simulated molecular wires on appropriate STM image 

features in Figure 4.6g. The width of the calculated molecular wires is found to be in excellent accord 

with the one measured by STM (Figure 4.6g), which in turn affirms that the observed molecular wire does 

indeed correspond to the dimer row structure. To simulate a thicker molecular wire with double width, 

two dimer rows (with appropriately optimized geometries) are placed side-by-side on the nearest neighbor 

adsorption sites as shown in Figure 4.6h. The nearest neighbor adsorption site for a dimer is defined as an 

adsorption site where both dimers are adsorbed at equivalent adsorption sites (e. g. M1) with a minimum 

separation between the innermost methyl groups of the opposite dimer rows.  
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Figure 4.6  (a) A mesh-averaged image (using WSxM) of the atomic-resolution empty-state STM image 

of the Si(111)-√3×√3-Ag surface obtained at a sample bias of +1.6 V and a tunneling current of 0.2 nA at 

room temperature. The hexagon is consisted of three √3×√3 surface unit cells, each with two bright 

protrusions corresponding to two Ag trimers. The optimized structure of the topmost layer of Si(111)-

√3×√3-Ag is shown along with the corresponding adsorption sites: atop on a Ag monomer (M1), bridge 

on a Ag dimer (D1) and three-fold hollow on a Ag trimer (T1). Optimized equilibrium structures of (b) a 

methionine molecule adsorbed with a M1-R115 configuration, (c) an antiparallel dimer with the 

methionine molecules in an M1-R43 and an M1-R40 configurations, (d) a parallel dimer with methionine 

in an M1-R74 and an M1-R74 configurations, (e) a tetramer with methionine in the M1-R125, M1-R115, 

M1-R115, and M1-R125 configurations, and (f) a periodic model of an extended dimer row. The 

molecular wire can in effect be considered as four antiparallel dimers adsorbed in a dimer row 

arrangement along the [1–21] direction (dimer row growth direction). The adsorption energy per molecule 

is also indicated in (b) to (f). Each orange triangle in (b) to (e) corresponds to a single bright protrusion in 

the STM image in (a). Schematic representations of the calculated dimer rows are superimposed on 

appropriate STM images to show (g) two separated molecular wires each containing a single dimer row, 

and (h) two molecular wires containing a single dimer row (top) and a double dimer row (consisting of 

two single dimer rows side-by-side, bottom). 
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The minimum separation of the carbon atoms of the methyl groups in an end-to-end configuration of 

an isolated dimer is calculated to be 4.29 Å in our DFT calculations. In the double dimer row model 

(Figure 4.6h), this separation is found to be 3.88 Å. This proximity of the methyl groups could lead to an 

increase in the electronic density of states at the center of the double dimers, as exhibited by an increase 

in the apparent protrusion intensity at the center of the double dimer rows in the STM image (Figure 

4.6h). Indeed, this correlation can be used to explain the intensity profiles of molecular wire structures 

observed at higher coverages in our STM results, where a greater number of dimers are located side-by-

side together to form molecular wires of multiple widths (Figure 4.5). For an n number of increased 1D 

apparent protrusion intensity (as compared to the protrusion intensity at the wire edge), there are n+1 

dimer rows in a unidirectional nanodomain (nanograting) in the STM image (Figure 4.5b). 

4.2.6 Comparison of Methionine, Cysteine, and Glycine nanofilms on Si(111)-√3×√3-Ag and 

adsorbate-induced formation of Ag-Ag bonds 

In the study of the adsorption behavior of amino acids on solid surfaces, there are two fundamental 

areas of interest: (1) the chemical state of the adsorbates, and (2) the driving force in the growth to a thick 

nanofilm. Amino acids are found mostly in their zwitterionic state in solid or liquid phase, while their 

chemical state is neutral in the gas phase. On the other hand, their chemical state on a solid surface 

depends on the nature of the surface states of the substrate, particularly the availability of directional 

dangling bonds in semiconductors [e.g. Si(111)7×7] or delocalized electron gas in metals [e.g. Ag(111)]. 

Since a metal silicide surface such as Si(111)-√3×√3-Ag does not have dangling bond states, it should 

behave more like a metal surface. After the initial deposition of bioorganic adspecies on a surface, the 

driving force for growth to a thicker layer depends on the chemical state of the already adsorbed 

interfacial layer. In our previous studies, we show that the adsorption and film growth of proteinogenic 

amino acids on the Si(111)7×7 surface generally follow a common three-stage growth mechanism: (1) 

formation of an interfacial monomolecular layer through directional covalent bonding with the surface 

dangling bonds and through intermolecular N⋯HO H-bonds, (2) adsorption of a second molecular layer 

(the transitional layer) driven by the characteristic interlayer interaction of N⋯HO H-bonds, and (3) 

formation and growth of a zwitterionic (multi)layer through additional O⋯H–N and O⋯H–O bonds 

between the transitional layer and zwitterionic layer and through intralayer zwitterionic hydrogen bonding 

(involving O⋯H–N H-bonds).123,116–120,220,221 The directional dangling bonds and their distribution on the 

semiconductor surface play a key role in the molecular orientations and intermolecular interactions of the 

adspecies, and ultimately their adsorption in the neutral state in the interfacial layer. Due to the presence 

of the free functional groups in the interfacial layer, the gas-phase molecules approaching the surface 
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could orient themselves to access the free functional groups through H-bond formation, which becomes 

the main driving force for further growth of the transitional layer. On a metal surface, on the other hand, 

amino acids are reported to adsorb in neutral, anionic, and zwitterionic forms, depending on the reactivity 

of the substrate.205 In the case of a zwitterionic interfacial layer on the metal surface, the protonated amino 

group and deprotonated carboxylic acid group predominantly form intralayer zwitterionic H-bonding, 

leaving essentially no free functional groups. There is no transitional layer and the growth continues from 

interfacial layer directly onto the zwitterionic multilayer.   

To investigate the effects of different functional groups and of molecular length on the adsorption 

and film growth behavior on Si(111)-√3×√3-Ag, we compare the XPS results of methionine with those of 

cysteine (as the smallest S-containing amino acid) and glycine (as the smallest amino acid) during their 

nanofilm growth. If we define the molecular length as the separation between the hydroxyl O atom and 

the farthest non-H atom along the carbon chain backbone in the molecule, then these three amino acids 

cover a wide range of molecular lengths, from glycine (3.7 Å), to cysteine (4.9 Å), and to methionine (7.4 

Å) (Figure 4.1). The lengths of these molecules are obtained for their most stable conformers in the 

isolated molecule case (in the gas phase) by quantum mechanical calculations. It is of interest to note that 

the molecular length of methionine is twice that of glycine and 1.5 times that of cysteine, and it is only 

12% larger than the length of the √3×√3-Ag unit cell. The XPS data and the detailed assignments of 

respective XPS features for cysteine on Si(111)-√3×√3-Ag have been provided in our recent work and 

those for glycine on Si(111)-√3×√3-Ag are given below. 

Partial desorption of a glycine film has been observed during the XPS measurements. For the XPS 

spectra in Figure 4.7, the peak intensities with increasing exposure time may not represent the intensities 

of a freshly deposited film on the surface. However, we are able to measure all the spectra before 

desorption of the film, which closely follow the expected N:O:C ratio of 1:1:2. We therefore focus only 

on evolution of the peak positions and shapes with increasing coverage. It should be noted that the 

exposure of the X-ray beam to the sample is not the cause of the glycine film desorption because intensity 

reduction is also observed after storing the sample in ultrahigh vacuum condition for a few hours even 

without X-ray exposure. Evidently, the prominent features of glycine at 532.0 eV (fwhm=1.4 eV) in the O 

1s region, 402.0 eV (fwhm=1.5 eV) in the N 1s region, and 287.0 eV and 289.1 eV (fwhm=1.2 eV) in the 

C 1s region exhibit chemical-state evolution characteristic of a zwitterionic film with increasing exposure 

(Figure 4.7). Even at the very early growth stage (the 120-s exposure), zwitterionic intermolecular 

bonding is clearly present. As no dissociative chemisorption feature is observed in the N 1s region 

immediately after the deposition, the molecule-substrate interactions are mainly driven by weak van der 

Waals forces.  
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Figure 4.7  Evolution of (a) O 1s, (b) N 1s, and (c) C 1s XPS spectra of glycine deposited on Si(111)-

√3×√3-Ag as a function of exposure time (120–3600 s) and of the as-grown 3600-s glycine film upon 

annealing to 85, 175, and 285 °C.  

 

Interestingly, the spectra recorded after storage of the sample for 12 h show no evidence of 

zwitterionic related peaks. Instead, we observe features typical of the deprotonated amino group and a 

neutral carboxylic acid group. As an example, the spectra recorded after 12 h storage of the sample with a 

720-s glycine exposure is shown in Figures 4.8a-c (lower panel). The corresponding STM image in 

Figure 4.8d shows dark depression areas near the lower-step edges and antiphase boundaries. There are 

also a few dark depressions on the terraces. The upper-step edges appear to have also been modified. The 

dark depression areas can be attributed to the chemisorption of glycine molecules through N−Si linkage 

as supported by the presence of the –NH–Si N 1s feature at 398.8 eV in Figure 4.8b.  
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Figure 4.8  XPS spectra of (a) O 1s, (b) N 1s, and (c) Ag 3d regions of Si(111)-√3×√3-Ag measured 

immediately after exposure with glycine for 760 s (top panel) and after subsequent overnight storage for 

12 h under ultrahigh vacuum condition (bottom panel). (d) Corresponding empty-state STM image of the 

overnight sample collected at a sample bias of +1.6 V and a tunneling current of 0.2 nA at room 

temperature.  
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The concomitant appearance of this chemisorbed N 1s feature (Figure 4.8b) and the Ag 3d shoulder 

on the lower binding energy side (Figure 4.8c) suggests chemisorption that occurs through either the 

N−Ag linkage or; or N−Si linkage, or both. In the former case, the Ag 3d5/2 feature at 368.4 eV could 

correspond to the emergence of the −N−Ag moiety.  In the latter case, the N–Si linkage would require 

Ag–Si bond breakage that leads to the accumulation of the dislodged Ag atoms near the adsorption areas 

and the Ag 3d5/2 feature at 368.4 eV and the bright ridges near the dark region in the STM image could 

correspond to the accumulated Ag atoms. The limited adsorption of glycine on Si(111)-√3×√3-Ag is 

consistent with earlier studies on a pristine Ag surface, on which chemisorption of glycine is found to be 

limited due to the apparent inability of this substrate to deprotonate glycine into glycinate at room 

temperature.205,213 In contrast, chemisorption of glycine has been commonly observed on Si surfaces at 

room temperature through N−Si bond formation.116,118–120,220 In addition, we have calculated the 

adsorption energy of a single glycine molecule on different Ag and Si terrace sites involving a dissociated 

amino group (Figure B4). The results again support the preference of N−Si linkage rather than the N−Ag 

linkage, in general accord with the deprotonation of an amino group in proteinogenic amino acids 

reported on Si surfaces,123 but not on noble metal single crystal surfaces (Cu, Ag, Au) at room 

temperature.205 Our combined XPS and STM data therefore support weak physisorption of glycine on 

terraces and chemisorption at exposed Si sites at the step edges and antiphase boundaries (following metal 

ridge formation near the chemisorption areas). The presence of defects provides trapping sites for glycine 

molecules, where glycine can overcome the deprotonation barrier through interaction with Si atoms.  The 

small size of the glycine molecule (3.7 Å) relative to the cavity size of the Si trimer (6 6 Å) near the step 

edge enables glycine to reach closer to a Si atom to facilitate the deprotonation process.  

Zwitterionic chemical states corresponding to the O 1s and C 1s features of a deprotonated 

carboxylic acid group (–COO‾) and to the N 1s feature of a protonated amino group (–NH3
+) are observed 

in all three amino acids (methionine, cysteine and glycine) from sub-monolayer to multilayer coverages. 

The only notable exception is the presence of the O 1s feature for the neutral carboxylic acid group (–

COOH) found for cysteine. In the case of cysteine, we are able to estimate the extent of zwitterionic 

adspecies in the second adlayer adsorption using the S 2s spectrum. However, this is not possible for 

methionine because there is no chemisorption involving S in their interfacial layer (Figure 4.2), and for 

glycine due to the absence of a S component. In contrast to the adsorption of amino acids on Si surfaces, 

formation of a transitional layer does not occur in the growth mechanism of all three amino acids on 

Si(111)-√3×√3-Ag. This is consistent with the formation of a zwitterionic layer already initiated in the 

interfacial layer and continued adsorption to form the second adlayer. The latter could occur through 

either the interlayer zwitterionic H-bonding or physisorption of the (non-zwitterionic) molecules or both. 
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The occurrence of the interlayer zwitterionic H-bonding depends on the orientation of their amino and 

carboxylic acid groups with respect to the surface. While a flat configuration of the COO‾ group is 

generally required for intralayer zwitterionic H-bonding on metal surfaces, a more upright orientation of 

COO‾ could facilitate both intralayer and interlayer zwitterionic H-bonding.  

The nature of the molecule-substrate interactions in all three amino acids control their respective 

thermal stabilities on the Si(111)-√3×√3-Ag surface.  For all three molecules, the nature of adsorption on 

surface terraces is markedly different from that at defect sites. On terrace sites, the presence of the thiol 

group enables chemisorption of cysteine in the interfacial layer, which in turn provides sufficient stability 

at room temperature and at elevated temperatures. In contrast, glycine adsorption is hardly possible on 

surface terraces at room temperature. For methionine, the S atom is connected to a methyl group making 

the methylthio methylene group an inert side chain for chemisorption on the surface. Although weak van 

der Waals forces (physisorption) govern the molecule-substrate interactions, the large size of the 

methionine molecules and their flat-lying adsorption configuration provide sufficient dispersion forces 

(between the adsorbates and the substrate) for them to be stable at room temperature. Moreover, the 

intermolecular zwitterionic hydrogen bonding of the dimer rows further helps to stabilize the adsorbate 

film at room temperature. The van der Waals forces are, however, not strong enough to withstand the 

thermal activation upon annealing the methionine film. On the other hand, chemisorption at defect sites is 

found to be viable for all three amino acids, with the dominant chemisorption features S−Ag for cysteine 

and N−Si for both methionine and glycine. After annealing to 175 °C, all chemisorbed species remain 

trapped on the Si(111)-√3×√3-Ag surface for all three amino acids, following a similar trend seen in the 

annealing of these amino acid nanofilms on the Si(111)7×7 surface.  

Figure 4.9 shows the Ag 3d spectra of a glycine multilayer film (obtained with a 3600-s exposure) on 

Si(111)-√3×√3-Ag before and after annealing. Interestingly, the presence of each of the three amino acid 

nanofilms on the Si(111)-√3×√3-Ag surface has a similar effect of inducing formation of metallic 

agglomerates (islands or clusters) as supported by the emergence of the metallic Ag 3d5/2 (Ag 3d3/2) 

features at 368.3 eV (374.3 eV) after annealing. This is a significant result as there has been no report to 

date on metal cluster formation induced by organic adsorbates on the Si(111)-√3×√3-Ag surface. The 

present work therefore illustrates the potential of using these amino acids to transform a two-dimensional 

metal overlayer into metallic agglomerates appropriate for catalysis, sensing and nanopatterning 

applications. Figure 4.10 illustrates a schematic model of the three amino acids film growth at room 

temperature (Figure 4.10a and b) and their induced cluster formation after annealing (Figure 4.10c).  
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Figure 4.9  Evolution of Ag 3d XPS spectra of the clean Si(111)-√3×√3-Ag surface before and after 

deposition of glycine for 3600 s and of the as-grown glycine film upon annealing to 85, 175, and 285 °C. 
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Si(111)-√3×√3-Ag surfaces could cause structural transformation of the reconstructed surface on the 

former but not the latter surface.226 The (dissociated) hydrogen atoms could cause breakage of the Si–Ag 

bonds, freeing the Ag adatoms on the Si(111)1×1-H surface to migrate and nucleate into metallic clusters 

in a commensurate fashion with the underlying surface orientation.194,200–202,224,225 Despite the strong 

covalent bonding in the Ag–Si moieties arising from saturation of the Si dangling bonds, the presence of 

any amount of surface strain on the Ag overlayer could weaken the Ag−Si bonds. In addition to organic 

adspecies, the transformation of highly ordered √3×√3-Ag structure to metallic agglomerates after 

annealing in the present work can therefore also be caused by hydrogen atoms resulted from thermally 

activated dehydrogenation of the amino group as evidenced in the N 1s region (Figure 4.2b). 
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Figure 4.10  Schematic models for growth evolution of three amino acid films (glycine, cysteine, and 

methionine) on Si(111)-√3×√3-Ag, depicting (a) interfacial layer of nanostructures in the early growth stage 

and (b) multilayer of zwitterions with interlayer and intralayer interactions at room temperature, and (c) 

metal island/cluster formation after annealing of the as-grown thick multilayer film to 175 and 285 °C. 
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4.3 Summary 

We have investigated nanofilm growth of methionine on Si(111)-√3×√3-Ag at room temperature and 

at 140 K. XPS and STM analyses provide a coherent film growth picture that involves the formation of 

the interfacial first-adlayer followed by zwitterionic multilayer.  These results are complemented with our 

DFT calculations to provide further insights into the interfacial processes. Adsorption of methionine on a 

supported two-dimensional metal silicide overlayer like √3×√3-Ag is found to follow the two-stage 

growth mechanism found on a single-crystal metal surface [e.g., Ag(111)] rather than the three-stage 

growth on a semiconductor surface [e.g. Si(111)7×7] (Figure 4.3). We observe self-assembly of 

zwitterionic dimer rows of methionine along the surface close-packed directions at room temperature, 

which becomes more pronounced and well-defined at low temperature. These results are consistent with 

our DFT calculations that show the viability of the formation of methionine dimers and tetramers and the 

emergence of the dimer row as the molecular wire. We also demonstrate the molecular size effect by 

following the glycine adsorption on Si(111)-√3×√3-Ag with XPS, and compare the results with those of 

cysteine and methionine. Nanofilm growth of these three amino acids on Si(111)-√3×√3-Ag at room 

temperature and their evolution after annealing follow similar trends. Despite the difference in the nature 

of the initial adsorption, physisorbed glycine and methionine and chemisorbed cysteine all induce surface 

structural transformation of the √3×√3-Ag substrate overlayer at elevated temperatures. The presence of 

metallic Ag 3d features indicates the formation of metallic nanoclusters and/or nanostructures (or 

agglomerates with 3-dimensional geometry) induced by these amino acids (Figure 4.3).  The Si(111)-

√3×√3-Ag therefore offers a rather unique testbed for developing not only self-assembled amino acid 

nanowires but also metal nanoclusters and agglomerates for potential applications in catalysis and sensing 

as well as molecular photonics, plasmonics. 
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Chapter 5 

One-dimensional Defects on Si(111)-√3×√3-Ag: DFT simulation of the 

step edge and antiphase boundary 

5.1 Introduction 

Investigation of surface defects is a big challenge in the study of solid surfaces. Beside close-packed 

flat surfaces, nearly all real surfaces exhibit some forms of defects, such as steps and kinks, which can 

influence the overall surface properties. The physical and electronic properties of defect sites could 

deviate significantly from the terrace sites. Studies on surface defects, particularly those on step edges, are 

especially important to their applications in catalysis and in film deposition and growth. There are various 

experimental and theoretical studies on the adsorption and reaction behavior of molecules at the step 

edges on metal surfaces such as Pt(111),125 Pt(211) and Pt(311),126 Ni(111),127 Au(111),128,129 and 

Cu(531),130 and on oxide surfaces including TiO2(110)131 and Al2O3(0001).132 The step-edge configuration 

on the high-index vicinal surfaces of metal single crystals is defined by the cutting (misorientation) angle 

of the bulk material, and it corresponds to the bulk-terminated arrangement on the microfacets. For 

example, a Au(310) surface consists of (100) terraces and (110) steps. On semiconductor surfaces, on the 

other hand, the presence of a high density of dangling bonds along with the surface strains lead to the 

reconstruction of the semiconductor surfaces in order to minimize the surface energy. At the step edges, 

the two-dimensional periodicity of the surface structure is interrupted, resulting in a higher number of 

dangling bonds, which enhances many important surface phenomena including adsorption and crystal 

growth. These step-edge sites are therefore good candidates for use as templates for guiding the formation 

of self-organized quantum wires and quantum dots in nanomaterials synthesis and nanofabrication.  

The Si(111)-√3×√3-Ag is one of the most important prototypical metal-semiconductor hybrid 

surfaces. It is formed by deposition of one monolayer of Ag on the Si(111)7×7 surface followed by 

annealing to 500 °C. The Ag-induced surface reconstruction is known to change the Si atomic density, i.e. 

the presence of Ag atoms at an elevated temperature causes restructuring of the 7×7 periodicity by 

removing the stacking fault to produce a pristine (111) surface. This process involves ejection of the Si 

adatoms in the Si layer underneath (called hole) and their relocation/accumulation as an island near the 

ejected area (called island), creating an island-hole pair. The topmost Si layer consisting of these island-

hole pairs is then reconstructed to a network of Si trimers, where each Si atom is bonded to one Ag atom, 

creating Ag trimers located in between the Si trimers (in x-y coordination) and 0.8 Å higher than the Si 

trimers in the z-direction.61,195 The formation mechanism and the surface structure have been investigated 
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extensively and there is a general consensus for two surface models: the honeycomb chain trimer (HCT) 

model and the inequivalent triangle (IET) model, of which the IET is known to be an asymmetrical 

variant of the HCT.61,147,63,227 It has been claimed that thermal averaging of the trimer fluctuations results 

in the HCT appearance of the surface at room temperature.228 The Si trimers occupy the T4 sites (Figure 

C1) of the underlying Si bilayer on both islands and holes, creating only one type of the √3×√3 domain.59 

As the dispersion corrected calculation methods (e. g. DFT-D2) do not lead to an optimized equilibrium 

IET structure and since these methods are required to obtain accurate organic molecular adsorption 

geometries, all calculations have been performed based on the HCT model.  

The Si(111)-√3×√3-Ag surface contains various types of defects including step edges, antiphase 

boundaries, adatom and vacancy defects.196 A step edge represents the transitional interface between the 

island and hole pairs and is usually 3.1 Å high.195 An antiphase boundary is formed when two islands (or 

holes) located at different T4 adsorption sites grow into each other, creating a boundary caused by a “T4-

T4 shift”.196 Among the reported experimental and theoretical studies on the atomic structures of surface 

terraces and defects and in spite of the desire to understand surface defects in the early days of 

discovering this prototypical surface, there is no theoretical studies on the structure and configuration of 

the surface step edges, arguably the most important type of surface defects on the Si(111)-√3×√3-Ag 

surface because of their high density. With the advancement of technology to date, we are able to 

elucidate complex reconstructions on a larger scale using plane wave basis sets in advanced quantum 

mechanical computational software such as VASP. In addition, the adsorption behavior of atoms and 

molecules and the morphology of the resulting as-grown film on the √3×√3-Ag surface are strongly 

dependent on these defects, because the geometrical and physical properties of the surface terrace sites 

usually deviate significantly from those at the step-edge sites, which affect the overall electronic and other 

properties of the √3×√3-Ag surface. Detailed understanding of the electronic properties of these defect 

sites also promises new insights for developing applications based on the Si(111)-√3×√3-Ag surface. 

Here, we provide, for the first time, large-scale ab-initio calculations to determine the step-edge and 

antiphase boundary configurations of the Si(111)-√3×√3-Ag surface using computational methods based 

on the density functional theory (DFT). We show that the geometry of the step edge depends on the 

stoichiometric ratio of the number of Ag atoms to that of Si atoms at the step edge. We further show that 

there are no Si dangling bonds at the step edge and antiphase boundary. We illustrate the electronic effect 

at the step edge and the antiphase boundary based on their calculated total and partial density of states. 



 

84 

5.2 Simulation Details 

The geometry of a step edge on the Si(111)-√3×√3-Ag surface critically depends on the formation 

mechanism of the surface because it involves a change in density  of Si atoms and the formation of Si 

trimers and Ag trimers. Step edges of the Si(111)-√3×√3-Ag surface are found to extend along the [1–21] 

and [110] crystallographic directions.59,196 In this work, we have chosen to focus on the configurations of 

step edges along the [1–21] direction. There are two approaches to building the model: the periodic high 

index slab model and the island model. We employ both models to determine the structures of the step 

edges. However, the island model appears to be closer in geometry to that we observe experimentally as 

our STM result shows that the terrace corresponds to a combination of alternating island and hole pairs 

and not to a high-index stepped surface. A periodic slab of two Si bilayers (192 Si atoms) with an x-y 

dimension equivalent to 8×4 √3×√3 unit cells is used. The bottom layer of the slab is terminated with 96 

H atoms. An island-hole pair with equal island and hole sizes is created by stacking one Si bilayer of 4×4 

dimension (96 Si atoms) on top of the already built 8×4 slab. The Si trimers are then added on top of the 

T4 adsorption sites of the topmost Si bilayer on both islands and holes. Finally, each Si atom in the trimer 

is bonded to one Ag atom in a Ag trimer, creating a honeycomb of trimers with one monolayer coverage. 

A vacuum gap of 10 Å is chosen in the z direction for the supercell. To build the antiphase boundary, a 

surface terrace of an already optimized √3×√3 structure containing 8×4 unit cells and three Si bilayers is 

used. The antiphase boundary is created by translating half of the Si-Ag trimer layer (in the [1–21] 

direction) to the neighboring equivalent T4 sites on the Si bilayer. The completed slab models are shown 

in Figure C2.  

The geometries of the slabs in both cases are optimized after each aforementioned step in building 

the slabs. Density functional theory calculations including the effect of dispersion correction (DFT-D2) 

are employed using the generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof 

(PBE) exchange correlation functional and projector augmented wave (PAW) potentials. All calculations 

are performed by using the Vienna Ab-initio Simulation Package (VASP, version 5.4) with the MedeA 

platform (Materials Design, version 2.19). The surface Brillouin zone is sampled at the Γ point with a k-

point spacing of 0.5 Å-1, and the plane wave expansion cutoff is set to 400 eV. The conjugate-gradient 

algorithm is used to optimize the geometry of the stationary points. The self-consistency convergence 

criterion is set to 10-5 eV, while the Si and Ag atoms are relaxed until the forces on all atoms are less than 

0.05 eV/Å.  
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5.3 Results and Discussion 

5.3.1 Step Edge 

The STM measurements on the step edges have been performed with variable contrasts in both 

filled-state and empty-state imaging modes. The presence of a ridge of increased protrusion is clearly 

observed near the upper-step edge of the step in the filled-state images (not shown), while its contrast is 

considerably less apparent in the corresponding empty-state images.59,196 This phenomenon has therefore 

been correlated with electronic effects rather than the topological ones.196  

Figure 5.1a shows an empty-state STM image of the surface with a step edge along the [1–21] 

direction. A hexagonal mesh containing red triangles is superimposed on top of the dark depressions of 

the upper-step terrace of the image, which mark the positions of the Si trimers on the T4 adsorption sites 

of the topmost Si bilayer. The major adsorption sites of a Si(111) bilayer are illustrated in Figure C1. 

While the positions of the red triangles perfectly match those of the Si trimers on the upper-step terrace, 

they appear to be located on the H3 adsorption sites of the Si bilayer on the lower-step terrace, which is in 

good accord with the earlier reports on the island-hole pair structures.55,56,59 Since the stacking of the Si 

bilayers follows an A-B-C stacking sequence, the H3 sites of the upper bilayer (on the island) are 

equivalent to the T4 sites of the lower bilayer (on the hole), i.e., the adsorption sites of the Si trimers are 

always located at T4 sites on both lower-step and upper-step terraces. We further confirm the validity of 

this model by DFT calculations, which show that the total energy of the terrace slab with the T4 

adsorption sites is 0.2 eV per unit cell more negative than the one with the H3 adsorption sites. We 

therefore construct our step edge models based on Si trimers located on the T4 sites.  

Figure 5.1b shows a magnified area of the step edge in Figure 5.1a, and a corresponding apparent 

height profile along a line across the step edge (connecting points A and B) is shown in Figure 5.1c. The 

separations of the features shown in the apparent height profile (Figure 5.1c) will be used as a guide to 

build and validate our model. The coverage of the terrace sites is known to be 1 monolayer, with a Si-to-

Ag stoichiometric ratio of 1:1. On the other hand, the areal ratio of the upper-step terrace to the lower-step 

terrace has been reported to be 1 ideally, and it changes (to usually less than 1) depending on the surface 

preparation procedure.60 In addition, the shape of the step edges varies from sloping and blunt to straight 

and sharp according to the details of the preparation procedure (such as the deposition and annealing 

temperatures, and the amount of deposition time). It has been reported that the step edges of the Si(111)-

√3×√3-Ag surface serve as reservoirs of excess Ag atoms to provide further growth and extension of the 

lower-step terrace regions upon further annealing.229 It is also known that, in general, the number of 

dangling bonds is higher at the step edges of a Si(111) surface than those on terraces sites due to the 
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truncation in the x-y direction.230 It is therefore reasonable to expect a higher density of Ag adatom 

adsorbates at the step edges. Since the electronic density morphology of the step edges cannot be 

observed with STM measurements due to its sloping plane with respect to the x-y plane of the surface, a 

trial-and-error method is used to search for the most reasonable (realistic) step edge configuration. Given 

the 1:1 areal ratio of upper-step and lower-step terraces and the overall single monolayer coverage 

observed experimentally, we start our trial quest with building an idealized step edge in which the 

numbers of Si and Ag atoms on upper-step and lower-step terraces are equal, and the Si trimers are 

located on the T4 adsorption sites on both upper-step and lower-step terraces. In our model, we have 

adopted the periodicity of the honeycomb chain trimer model to continue to the step edges. Each of the 

peak maxima in the apparent height profile in Figure 5.1c (and the centers of protrusions in Figure 5.1b) 

can therefore be attributed to the (empty-state) electron density maximum at the center of three Ag atoms 

(i.e. the Ag trimer).  

 

 

Figure 5.1  Empty-state STM images obtained with a sample bias of +0.9 V and a constant tunneling 

current of 0.2 nA for a pristine Si(111)-√3×√3-Ag near a [1–21] step edge for(a) a 10×10 nm2 scan area 

and (b) a magnified area of 3×7 nm2 marked in (a).  (c) Apparent height profile along the line across 

points A and B in (b) depicting the well-defined periodicity found for the upper-step and lower-step 

terraces.  The separation between A and B correspond to the run distance and is found to be 7.6 Å.  

 

The optimized equilibrium geometry of this model is shown in Figure 5.2a1. In the top view, the 

upper-step terrace and lower-step terrace of the honeycomb chain trimer structure are highlighted with 
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light blue and dark blue circles, respectively, which correspond to the maxima of the bright protrusions in 

our STM image in Figure 5.1b. The hexagonal symmetry of these trimer maxima is illustrated by red 

hexagonal meshes overlaid on both terraces. Figure 5.2a2 shows the side view of the slab, of which the 

step-edge region is marked by a wedge consisting of the rise, the run, and the slope. The horizontal width 

of the step-edge region (the run) is 6.54 Å and its height (the rise) is 3.1 Å.  This is in good agreement 

with the apparent height profile of our STM result shown in Figure 5.1c, where the run and the rise are 

estimated to be 7.6 Å and 3.4 Å, respectively. It should be noted that the STM images shown in Figure 

5.1 contain minor distortions (caused by the tip) as the separation between two Ag trimer maxima should 

be 3.0 Å. The step edge can be considered a nearly one-dimensional (1D) structure extended along the 

step slope. The front view of the step edge shown in Figure 5.2a3 indicates that the parallelogram unit cell 

of this 1D structure (as projected on the rise plane) consists of three Si atoms and three Ag atoms creating 

a 1:1 stoichiometry at the step edge. The dangling bonds of each Si atom at the upper-step edge and 

lower-step edge of the step edge are passivated as each Si atom is bonded to one Ag atom, consistent with 

the unity Si:Ag stoichiometric ratio on the terraces.  

The adsorption sites for chemisorption at the slope of the step edge region can generally be 

categorized as monomers of Ag (labelled as M1) and Si (M2), dimers Ag–Ag (D1) and Si–Si (D2) and 

Ag–Si (D3), and trimers of Ag atoms (T1). Using cysteine as a “probe” adsorbate, our calculation shows 

that cysteine adsorption (through a dehydrogenated thiol group) at the M2 (Si monomer) site at the upper-

step edge (of the step) is the most favorable adsorption site. This is, however, in marked contrast to our 

STM and XPS experimental results, which show that the adsorption is preferred on the Ag atoms and at 

the lower-edge of the step edge. One possible cause for this apparent inconsistency is that there are excess 

Ag atoms on the surface used in our experiments. However, we have reproduced the experimental results 

on the surfaces with several different Ag coverages up to 1 monolayer, which show that the upper-step 

edges remain intact and free of adsorbates especially at lower coverages. This leads us to believe that the 

model in Figures 5.2a1-5.2a3 could be inadequate. Although the Si dangling bonds at the step edge are 

passivated by Ag atoms in our model, their coordination number at the upper-step edge is smaller than 

those on the terraces and the lower-step edge. While each Si atom is surrounded by three Si atoms and 

three Ag atoms on the terraces and the lower-step edge, the number of Ag atoms surrounding a Si atom is 

just two on the upper-step edge.  
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Figure 5.2  Optimized geometries for two step-edge models with (a1-a3) a Ag3Si3 unit cell and (b1-b3) a 

Ag4Si3 unit cell in the step-edge region, each shown in (a1, b1) top view, (a2, b2) side view along SS’ 

direction and (a3, b3) front view along FF’ direction. The parallelogram depicts the unit cell of the step 

edge. 
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terrace sites. To correct for the coordination number and the geometric effect, we add one more Ag atom 

neighbour to each of the exposed Si atoms located at the upper-step edge. Figure 5.2b shows the 

optimized structure of the improved model, which consists of periodically repeating Ag triangles with a 

unit cell containing 3 Si atoms and 4 Ag atoms. The number of Ag atoms surrounding each Si atoms at 

the upper-step now becomes the same as that on the terraces and the lower-step edge. As the under-

coordination of the atoms at the step edge is now compensated for the Si dangling bonds, there is no 

electronic effect associated with the Si dangling bonds at the step edge. We further check the viability of 

the new model by performing geometry optimization on a cysteine molecule initially placed at a Si atom 

at the upper-step edge (before optimization) and obtain its equilibrium adsorption geometry on an upper-

step edge D1 (Ag dimer) site (after optimization). The calculated adsorption energies for various 

adsorption sites on both models are presented in Table C1.  Furthermore, as the Ag atom is under-

coordinated and surrounded by 3 Ag atoms at both upper-step and lower-step edges relative to a Ag atom 

at the terraces (surrounded by 4 Ag atoms), the Ag atoms at the step edges therefore offer more probable 

adsorption sites for chemisorption.  

5.3.2 Antiphase Boundary 

Another common one-dimensional defect observed on the Si(111)-√3×√3-Ag surface is created 

when two island-hole pairs with different T4 adsorption sites grow into each other, forming a dislocation 

caused by the T4-T4 shift.196 Previous studies have proposed plausible models for this type of defects 

without providing structural optimization. Figure 5.3a1 shows an empty-state STM image of the Si(111)-

√3×√3-Ag surface with a typical antiphase boundary. The chain of bright protrusions aligned along the 

boundary in the empty-state image would become dark in the filled-state image (not shown), consistent 

with that reported in previous studies.196 The holes in the hexagonal mesh superimposed on the image 

mark the positions of the Si trimers on both sides of the antiphase boundary. The separation between the 

nearest Si trimers across the antiphase boundary is 7.8 Å as shown in the corresponding apparent height 

profile along the relevant line in Figure 5.3a2. The optimized equilibrium geometry of the antiphase 

boundary shown in Figures 5.3b1 (top view) and 5.3b2 (side view) corroborates well with the STM 

results, with the calculated separation between the Si trimers across the antiphase boundary (7.6 Å) found 

to be in good accord with the STM apparent height profile (Figure 5.3a2). The Burgers vector associated 

with the dislocation is 3.8 Å, also in accord with that reported in previous studies.196 The 1D chain 

structure of the antiphase boundary is composed of Ag trimers with a periodicity of 6.6 Å along the 

antiphase boundary and a unit cell containing 2 Ag atoms and 2 Si atoms. The remaining dangling bonds 
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resulted from the T4-T4 shift are each passivated with three Ag atoms (in the middle of Ag trimers in 

Figure 5.3b1) with Ag–Si bond lengths of 2.4 Å. 

 

 

Figure 5.3  (a1) Empty-state STM images obtained with a sample bias of +0.9 V and a constant tunneling 

current of 0.2 nA for a pristine Si(111)-√3×√3-Ag near a [1–21] antiphase boundary over a 10×10 nm2 

scan area. (a2) Apparent height profile along the marked line across the antiphase boundary in (a1). (b1) 

Top view and (b2) side view of the optimized geometry of the antiphase boundary model showing the 

periodicity of the antiphase boundary region.  

 

5.3.3 Density of States at Defects 

To further investigate the electronic effect at defect sites, we calculate the electronic density of states 

(DOS) of the model surfaces containing the step edge and antiphase boundary. It should be noted that the 

x-y dimensions of the slabs are kept the same in all three models for the terrace, step edge and antiphase 

boundary. The number of Si bilayers (3) and hence the total number of atoms are also the same in the 
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terrace and antiphase boundary models. In the step edge model, there are three Si bilayers underneath the 

island and two bilayers underneath the hole sites (Figure C2a). The latter difference in the number of Si 

bilayers underneath the hole sites could affect the calculated results for the total density of states, most 

likely in their intensities. We also employ a less dense k-mesh of the Brillouin zone (1×2×1) in order to 

provide, without extended computation time, sufficiently accurate results for the purpose of comparison 

between different models in our system. The calculated total DOS spectra for the surface terrace, step 

edge, and antiphase boundary are shown in Figure 5.4. A wide unoccupied band observed at 1-3.5 eV 

above the Fermi level could be considered the conduction band, while the band extending from the Fermi 

level to -4.0 eV can be considered the valence band. The occupied and unoccupied states are separated by 

a band gap of 0.9 eV. The prominent sharp feature of high DOS located near -4.0 eV can be attributed to 

the Ag 4d-bands. The entire DOS spectrum of the antiphase boundary is found to be shifted to a lower 

energy by 0.1 eV from that of the terrace model, while a larger downshift of the total DOS (0.4 eV) is 

observed for the step edge model. A closer examination of the states near the Fermi level in Figure 5.4b 

reveals three peaks located within 2 eV below the Fermi level for the terrace and antiphase boundary 

models. Both models also exhibit a small peak (at 0.7 eV above the Fermi level) within the band gap near 

the conduction band minimum. There are discernible differences in the DOS spectrum for the step edge 

model. Relative to the terrace and antiphase boundary DOS spectra, a general shift to a lower energy and 

a broadening with less intense maximum is found in the two peaks closest to the Fermi level in the step 

edge spectrum. More importantly, a well-defined broad peak at 0.5 eV above the Fermi level inside the 

band gap is clearly observed, which confirms the existence of the so-called mid-gap states in the case of 

step-edge defects.  

Various experimental and theoretical efforts have been made to identify the nature of the surface 

states near the Fermi level. In earlier photoemission studies of Si(111)-√3×√3-Ag, three distinct surface 

states were clearly observed within 2 eV below the Fermi level. Among these, the so-called S1 state 

appears within the band gap. The metallic nature of the S1 band has been attributed to the presence of 

excess Ag adatoms donating electrons to the Ag trimers, which results in a partial occupation of an 

unoccupied band.61,231–233 There have been no studies on the contribution of the electronic states of the 

one-dimensional surface defects. Since the amount of these typical surface defects is relatively high as 

observed in the STM measurements, proportional contribution from these states to the total DOS can be 

expected. The origin of the S1 state could therefore be attributed, at least in part, to the step edges on the 

surface. 



 

92 

 

Figure 5.4  Calculated total density of states for the terrace (dashed line), antiphase boundary (grey solid 

line), and step edge (red solid line) models for (a) the full valence region, and (b) near the Fermi level.  
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To further distinguish the contribution of Ag and Si states and the effect of defect sites on the total 

DOS, we also calculate the partial density of states of the Ag 4d bands and the Si 3s and 3p bands. The 

Ag (Ag1 to Ag5) and Si (Si1 and Si2) atoms contributing to the partial DOS are marked with different 

colors on the step edge model in Figure 5.5a. Figures 5.5c-f show the corresponding partial DOS profiles 

of the Ag 4d bands for the respective Ag atoms at the step edge. As a reference, the Ag 4d partial DOS for 

the Ag trimer atoms on the surface terraces is also shown in Figure 5.5b. Among all the Ag atoms of the 

step-edge trimer chain, the Ag atom located near the lower-step edge (Ag3, Figure 5.5e) exhibit a 

discernible change in the partial DOS spectrum, with the center of the d-band appeared to have shifted to 

a lower energy by  1.0 eV from that of a terrace Ag atom (Figure 5.4b). The 4d bands associated with 

the upper-step Ag atom (Ag1, Figure 5.5c) in the step-edge trimer chain are shifted to a higher energy by 

0.3 eV. There seems to be only minor shifts for the center of the d-states for the remaining Ag atoms, 

including that at the center of the step edge (Ag2, Figure 5.5d), and those next to the trimer chain on the 

upper-step edge (Ag4, Figure 5.5f) and lower-step edge (Ag5, Figure 5.5f). The 4d partial DOS spectra of 

these latter Ag atoms (Ag4 and Ag5) are found to be generally similar to those for Ag atoms on the 

terrace (Figure 5.5b).  

To identify the Ag-Si states, Figure 5.5g shows a magnified view of partial DOS for both the Ag 4d 

states and the considerably weaker Si 3s and Si 3p partial DOS spectra of a Si atom at the terrace. The Ag 

4d, Si 3s, and Si 3p states appear to overlap in the energy ranges: -5.8 eV to -8.8 eV (s-p-d), -0.2 eV to -

3.6 eV (p-d), and that of the conduction band (s-p-d), and they can be identified as hybridized states. 

Evidently, some Ag-Si mixed levels are present within the band gap region (0 eV to +1 eV) of Si at the 

lower-step edge (Si2, Figure 5.5i), while no such band gap states exist on terrace sites (Figure 5.5g). The 

partial DOS of the hybridized p-d states of Si2 (Figure 5.5i) near the Fermi level in the valence band (at -

0.8 eV) is higher in intensity than that of the terrace sites (Figure 5.5g), while that of Si1 (Figure 5.5h) is 

lower than that of the terrace sites. This is consistent with the observation that the adsorption at the lower-

step edge Si site is more probable than that of the upper-step edge Si site. Furthermore, both Si1 and Si2 

and their connecting Ag atoms (Ag1 and Ag4 are connected to Si1, Ag3 and Ag5 are connected to Si2) 

contribute to the mid-gap states near 0.2 eV (Figures 5.5h and 5.5i).  
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Figure 5.5  (a) A step edge model depicting different Ag and Si atoms at the slope (Ag1-Ag3) and on the 

upper-step edge (Ag4, Si1) and lower-step edge (Ag5, Si2). Calculated partial density of states for (b) the 

Ag 4d states of the Ag atoms on the terrace sites, (c-f) the 4d states for Ag1-Ag5 atoms shown in (a), (g) 

the 3s and 3p states of the Si atoms on the terraces, and (h,i) the 3s and 3p states of the Si1 and Si2 atoms 

shown in (a). The 4d bands of the Ag atoms connected to each terrace Si sites, Si1, and Si2 are shown in 

their corresponding panels in (g-i).  
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Figure 5.6 shows the contributing Ag and Si atoms at and around the antiphase boundary and their 

corresponding partial DOS spectra. The partial DOS of the Ag 4d states of the middle Ag atom in the 

trimer chain (Ag6, Figure 5.6c) ) is shifted to a higher energy by 0.1 eV and is more similar in shape to 

those of the Ag timers on the terraces (Figure 5.6b). On the other hand, the corresponding partial DOS 

spectra of the other two Ag atoms in the trimer chain (Ag7, Figure 5.6d and Ag8,  Figure 5.6e) appear to 

be distributed between two bands with almost the same intensities, the center of which is shifted to a 

lower energy with respect to the middle Ag atom (Ag6, Figure 5.6c). The Ag atoms neighboring the 

trimer chain (Ag9 and Ag10, Figure 5.6f) exhibit DOS spectra that are similar to those of the Ag trimers 

on the terraces (Figure 5.6b) but are shifted to a lower energy by 0.1 eV. There is also a more noticeable 

change in the distribution of the p states of the Si atoms in the middle of the trimer chain (Si3, Figure 

5.6h) compared to those of the Si trimers on the terraces (Figure 5.6g). Two prominent hybrid Ag-Si 

features also emerge at 0 eV and within the band gap (0.6 eV), which also appear more intense than those 

contributed by the step-edge Si atoms (Si4, Figure 5.6i), due most likely to the presence of three dangling 

bonds of Si3 that are saturated by three Ag atoms (Ag6, Ag7, and Ag8). 
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Figure 5.6  (a) An antiphase boundary model depicting different Ag and Si atoms at (Ag6, Ag7, Ag8, 

Si3) and near the boundary sites (Ag9, Ag10, Si4, Si5). Calculated partial density of states for (b) the 4d 

states of the Ag atoms on terrace sites, (c-f) the 4d states for Ag6-Ag10 atoms shown in (a), (g) the 3s and 

3p states of the Si atoms on terraces, and (h, i) the 3s and 3p states of the Si3, and Si4 and Si5 atoms 

shown in (a). The 4d bands of the Ag atoms connected to each terrace Si sites (Si3, and Si4 and Si5) are 

shown in their corresponding panels in (g-i).  

0.0

0.2

0.4

0.6

0.8

-12 -10 -8 -6 -4 -2 0 2 4

0.0

0.2

0.4

0.6

0.8

0.0

0.2

0.4

0.6

0.8

  
 

Energy (eV)

 P
a

rt
ia

l 
D

e
n

s
it
y
 o

f 
S

ta
te

s
 (

a
rb

it
ra

ry
 u

n
it
)

 

 
0

4

8

0

4

8

0

4

8

0

4

8

-12 -10 -8 -6 -4 -2 0 2 4

0

4

8  

 
 

P
a

rt
ia

l 
D

e
n

s
it
y
 o

f 
S

ta
te

s
 (

a
rb

it
ra

ry
 u

n
it
)

Energy (eV)

 
 

 

 

Ag6

Ag7

Ag8

Terrace

Terrace

(g)(b)

(a)

Ag10 Ag9

Si4

Si3

(c)

(d)

(e)

(f)

(h)

(i)

Ag8

Ag6

Ag7

Ag9

Ag10

Si3

Si5

Si4

Ag 4d

Si 3s

Si 3p

Si5



 

97 

5.4 Summary 

The Si(111)-√3×√3-Ag surface structure and properties have been the subject of extensive research 

in the past few decades. The anomalies found in its electronic structure measured at both room 

temperature and low temperature as well as its high conductivity due to the presence of the surface 

metallic states have made it a benchmark surface for exploring novel phenomena in supported single-

atom-thick, two-dimensional hybrid systems. Among all the studies on the various properties, those 

focusing surface defects are rather scarce. As the step edges and antiphase boundaries are found to be the 

more abundant defect features on the Si(111)-√3×√3-Ag surface, detailed understanding of their structural 

configurations and associated properties is essential to further unravelling the overall electronic properties 

of this intriguing surface. Using first-principle total energy calculations, we have determined the 

equilibrium geometries of typical defect sites associated with step edges and antiphase boundaries 

observed on the Si(111)-√3×√3-Ag surface. These large-scale DFT calculations have enabled us to 

develop equilibrium structural models for a typical step edge and an antiphase boundary, consisting of Ag 

trimers in one-dimensional trimer chains. Despite the one monolayer coverage of Ag atoms on the terrace 

regions, the step edge contains more than one monolayer Ag coverage with an Ag:Si ratio of 4:3. This 

ratio is calculated to be 1:1 in the antiphase boundary chain. The total densities of states have also been 

calculated for the step edge and antiphase boundary and they are compared with that for the terrace. In all 

cases, surface states near the Fermi level are observed. Furthermore, the DOS of the mid-gap state found 

for the step edge model appears to be more intense and closer to the Fermi level than that for the 

antiphase boundary model and the terraces sites. The corresponding partial DOS spectra for the defect 

sites reveal different contributions from the 4d states of different Ag atoms and from the s and p states of 

different Si atoms in the defect region. Although the nature of the surface terraces has been found to be 

semiconducting, the presence of one-dimensional defects seems to improve the band gap properties that 

promise applications involving photon absorption and transfer. As these defect sites have also been found 

to be the most favorable adsorption sites for bio-organic molecules such as cysteine, they are expected to 

play a crucial role in designing applications in catalysis and chemical sensing. The present work 

illustrates the viability of using large-scale DFT calculations to model complex surface systems 

containing defects. Together with experimental results from STM and XPS to reduce the multitude of 

possible hypothetical structures, these calculations provide a powerful tool to determine the physical 

structures and their approximate electronic properties. 
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Chapter 6 

Conclusions and Future Work 

The surface chemistry of sulfur-containing amino acids on the Si(111)-√3×√3-Ag surface, 

particularly the interfacial and growth properties involving not just terrace sites but indeed defect sites,  

have been investigated by using a three-pronged approach of combining chemical-state information 

provided by X-ray photoelectron spectroscopy and electronic density of states images from scanning 

tunneling microscopy with large-scale quantum mechanical calculations based on density functional 

theory. In particular, we follow the growth evolution of cysteine nanofilm, and study their interfacial 

interactions with Si(111)-√3×√3-Ag as well as the intermolecular interactions among the adspecies. The 

XPS measurements reveal the nature of the molecule-substrate interactionsto be covalent bonding mainly 

through S–Ag linkage while that of molecule-molecule interaction to be zwitterionic. According to STM 

images, adsorption begins at lower-step edges and antiphase boundaries and expands into unordered 

coral-reef shaped nanoislands propagating onto the terrace regions. This observation suggests that this 

template can be used for preferential site functionalization of the surface defects. Furthermore, 

chemisorption is found to be the prominent adsorption mode for the interfacial layer not only on defects 

but also on terraces. A combination of two factors are driving the adsorption behavior at room 

temperature: (1) the high density of step edges and antiphase boundaries compared to the domain sizes of 

terraces, and (2) the low diffusion barrier of cysteine on Si(111)-√3×√3-Ag. Unlike cysteine nanofilm 

growth on Si(111)7×7, formation of a transitional layer is not observed  for cysteine film growth at room 

temperature. Our DFT calculation results further show that the Ag bridge sites are the most favorable 

adsorption sites on terraces, when compared to other possible sites including Ag and Si threefold hollow 

and atop sites. In addition, the flat-lying configuration is found to be more energetically favorable for 

single cysteine adsorbates in our DFT calculations. At elevated temperature, the presence of the cysteine 

film leads to remarkable transformation of the highly ordered monoatom-thick Ag layer of the Si(111)-

√3×√3-Ag surface into metallic clusters of nanometer sizes by cleavage of Ag–Si bonds and formation of 

Ag–S and Si–NH bonds. This result suggests the viability of a new approach to modification of the two-

dimensional monoatom-thick Si(111)-√3×√3-Ag surface using sulfur-containing organic adsorbates. Of 

interest for future work is to determine whether this unique surface chemistry is applicable to other 

similar intricate two-dimensional metal silicide overlayers, which could provide a general method of 

fabricating nanoclusters and quantum dots.  

After characterizing the effect of the only thiol containing amino acid on Si(111)-√3×√3-Ag, we 

investigate the interfacial interactions and growth properties of the other sulfur-containing amino acid, 
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methionine, at room temperature and at 140 K. This study is especially interesting because it allows us to 

compare the adsorption properties of the two sulfur-containing amino acids, with a similar back-bone but 

different side chains (thiol in cysteine and methylthio methylene in methionine), and correspondingly 

different chemical reactivities, on Si(111)-√3×√3-Ag. Due to termination of the sulfur atom by a methyl 

group in its methylthio methylene side chain, methionine, unlike cysteine, does not chemisorb through the 

sulfur atom on the Si(111)-√3×√3-Ag surface terraces. Our XPS results show, instead, chemisorption 

through dehydrogenation of the NH2 group, which we attribute to adsorption at defects such as step edges 

and antiphase boundaries. Our XPS results further show that, unlike cysteine adsorbates, methionine 

prefers chemisorption to Si atoms than Ag atoms. In addition, the chemical state of the methionine film is 

found to be zwitterionic at low coverages to multilayers. Similar to cysteine films on Si(111)-√3×√3-Ag 

but different from methionine growth on Si(111)7×7, the absence of hydrogen bonding features in XPS 

indicates the absence of a transitional layer. We observe the formation of molecular wires at room 

temperature, which become more well-defined with short-range alignment at low temperature. These 

results are corroborated with DFT calculations that show the feasibility of the formation of self-assembled 

one-dimensional extended dimer rows (as molecular wires).  

Molecular size effect is another factor that influences the interfacial interactions and growth 

properties. To investigate the molecular size effect, we extend our study to the adsorption of glycine, the 

simplest amino acid, on Si(111)-√3×√3-Ag. The presence of the metallic Ag 3d features indicates that all 

three amino acids (methionine, cysteine, and glycine) induce formation of metallic agglomerates (clusters 

or islands) at elevated temperature. However, the extent and morphology of the induced metallic features 

appear to depend on the initial coverage of the adsorbates. In the case of physisorbed glycine, the majority 

of the glycine film is desorbed before annealing, leaving the chemisorbed features at the step edges and 

antiphase boundaries. Nevertheless, most of the √3×√3-Ag feature is removed after annealing and could 

be converted to metallic agglomerates. The adsorbate-induced cluster formation after annealing could be 

initiated at step edges and phase boundaries as these are the most reactive adsorption sites.  

All our experimental results have demonstrated that step edges and antiphase boundaries are the 

most influential parts of the Si(111)-√3×√3-Ag surface, and they play an important role in governing the 

adsorption and growth processes of amino acids. Understanding the geometries and electronic structures 

of these sites could provide more insights to understanding the overall properties of Si(111)-√3×√3-Ag. In 

Chapter 5, we develop the equilibrium geometries of these typical defect sites using large-scale first-

principle DFT calculations. We generate three different models based on the Ag:Si ratios of 3:3, 4:3, and 

5:3 for the step edge. The Ag3Si3 model contains under-coordinated Si atoms at the upper-step and 

lower-step edges, with the Ag dimer rows along the slope of the step, while the Ag4Si3 and Ag5Si3 
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models consist of Ag trimers extended along the slope. To validate our models and to determine the most 

probable one, we use the STM results of cysteine adsorption at very low coverage as a guide. Under 

experimental conditions, the observed preferential adsorption of cysteine at lower-step edges at very low 

coverages could be due to both kinetic and thermodynamic effects at room temperature. In the theoretical 

modeling based on DFT, however, only thermodynamic effects are considered. Interestingly, the 

adsorption energies of thiolated cysteine at various plausible adsorption sites on the upper-step and lower-

step edges and on the slopes follow a discernible trend in all three models. In the Ag3Si3 model, the Si 

atop site at the upper-step edge is found to be the most favourable adsorption site, which is in marked 

contrast to the trend found in experiments and can therefore be ruled out. In the Ag4Si3 and Ag5Si3 

models, the Ag dimer sites at the slope are found to be the most favourable adsorption sites, which is 

more consistent with our STM results. This approach of using cysteine as the probe adsorbate has led us 

to propose the Ag4Si3 model to be the most viable model. The Ag:Si ratio is calculated to be 1:1 for the 

antiphase boundary with an equilibrium geometry consisting of Ag trimers extended in one dimension. In 

addition, the total densities of states are calculated for both step edge and antiphase boundary and are 

compared with those for terraces. The density of states of the mid-gap state associated with the step edge 

is found to be more intense and closer to the Fermi level. The calculated partial densities of states for the 

step edge and antiphase boundary reveal the different contributions from Ag and Si atoms of various sites.  

The present work has provided a thorough understanding of the surface chemistry of two sulfur-

containing amino acids on Si(111)-√3×√3-Ag and the role of surface defects in the adsorption and film 

growth processes. This work also opens new doors to constructing Si-based metal cluster nanoarrays and 

quantum dots using a novel approach of amino-acid-adsorbate mediation. At the same time, the present 

work provides the basis for investigation into other interesting and definitely more complex surface 

processes. Some of these future studies could include: 

(1) An immediate follow-up to our surface defect calculations would be to improve our models. For 

example, increasing the size of the step-edge slab will allow us to investigate the effect of the 

terrace size on the step edge force field and equilibrium geometry. Furthermore, extending the 

probe molecule pool to include glycine and methionine (from just cysteine) for the investigation 

of the adsorption configurations of the three amino acids used in our experiment would be useful 

because this will enable us to better determine the effect of molecular size and molecular shape 

on the step edge adsorption.  

(2) Using the total and partial density of states calculation results, we are able to describe some of the 

surface defect properties. What are other properties that can be calculated for our large-scale 

system?  For example, surface defects have been found to introduce mid-gap states that could 
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significantly impact the optical properties of the surface. An interesting investigation could be to 

calculate the surface band structure at defects and their optical properties.  

(3) As the surface defects provide the most favourable adsorption sites for bioorganic molecules, 

their pertaining applications are likely in the areas of catalysis and chemical sensing. To 

investigate these potential applications, the photochemical sensing experiments can be performed 

outside of our ultrahigh vacuum chambers. Before pursuing the chemical sensing experiments, 

the challenge of surface oxidation must be resolved. Can the Si(111)-√3×√3-Ag surface structure 

be maintained in ambient condition? What can be done to bridge the gap between ultrahigh 

vacuum and ambient condition? 

(4) Highly ordered molecular nanowires of methionine have been observed in low-temperature STM 

measurements. However, the room-temperature STM measurements could provide more insights 

into the molecular grating formation at controlled deposition rates and coverages in more 

practical conditions. In addition, STM measurements should be performed on the as-grown 

methionine monolayer and multilayer after annealing. These results could provide 

complementary information needed to identify the interfacial interactions and the morphology of 

the surface containing the metallic features after annealing.  

(5) The adsorbate-induced metallic nanocluster formation is an important result of this work because 

it offers a novel approach of using organic adsorbates to modify the two-dimensional single-

atom-thick Ag overlayer of Si(111)-√3×√3-Ag. Additional experiments are required to unravel 

their formation mechanism as well as to determine the size distribution of the nanoclusters. 

Moreover, it would be of great interest to investigate the molecular size and reactivity effects, 

exerted by different organic adsorbates, on the nanocluster morphology after annealing. Is the 

nanocluster size distribution profile dependent on the functional groups and reactivities of the 

adsorbates? Is this adsorbate-induced effect merely a chemisorption effect or can physisorption 

also be a possible option? Can we observe similar phenomenon for other simpler organic 

molecules (such as other DNA bases)?  

(6) An interesting property of the Si(111)-√3×√3-Ag surface is its asymmetrical inequivalent triangle 

(IET) structure, which has been observed at low temperature. In our DFT calculations, we have 

used the symmetrical alternative, i.e. the honeycomb-chained triangle structure.  It would be of 

interest to investigate the IET structure and to identify their relations to the surface defect models. 

Do these defects promote the need for the more dynamic HCT structure?  

(7) It has been claimed that IET is the thermal-averaged structure of the IET oscillations at room 

temperature. In the present work, all the adsorption geometry calculations are based on the HCT 
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model. It would be interesting to investigate the effect of IET in the adsorption structures. For that 

purpose, an optimized Ag/Si slab with IET structure must be used to repeat all the calculations to 

obtain the equilibrium adsorption configurations of all three amino acids.  

(8) The √3×√3 reconstruction phase has been observed for Au, Pt, Pb, In, and Sn. Similar adsorption 

studies involving cysteine and methionine (and possibly other benchmark amino acids) can also 

be performed.  However, a more interesting question is:  Is the metal cluster formation a common 

phenomenon on metal silicide surfaces with the √3×√3 reconstruction, given the appropriate 

adsorbates? This information will be very helpful to establishing a more universal approach for 

constructing (ordered templates of) nanoclusters and quantum dots induced by organic 

adsorbates.  
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Appendix A 

Cysteine on Si(111)-√3×√3-Ag 

Table A1  Binding energies (in eV) of fitted peak maxima of XPS core-level spectra for O1s, N1s, C1s, 

and S2s regions and their assignments for cysteine films at increasing exposures and after annealing the 

as-grown thick cysteine film (obtained with the 3600-s exposure) at 85 °C, 175 °C, and 285 °C. 

Core 

level 

Assignment 30 s 60 s 120 s 180 s 240 s 1200 s 3600 s 85 °C 175 °C 285 °C 

O 1s –COO‾ 

–COOH 

531.5 

532.4 

531.5 

532.5 

531.5 

532.5 

531.6 

532.6 

531.6 

532.6 

531.7 

532.8 

532.0 

-- 

531.9 

533.8 

-- 

532.8 

-- 

532.8 

N 1s –NH–Si 

–NH2 

O–H⋯N 

–NH3⁺ 

-- 

399.5 

-- 

402.0 

-- 

399.4 

-- 

401.9 

-- 

399.4 

-- 

401.9 

-- 

399.5 

-- 

402.0 

-- 

399.5 

-- 

402.0 

-- 

-- 

-- 

401.9 

-- 

-- 

-- 

402.0 

-- 

400.0 

-- 

402.0 

399.1 

400.0 

401.1 

-- 

399.0 

400.1 

-- 

-- 

C 1s –CH2–S–Ag 

–CH2–SH 

–CH2–NH–Si 

–CH2–NH2 

–CH–NH3⁺ 

–COO⁻ 

–COOH 

285.3 

-- 

-- 

286.1 

286.7 

288.4 

289.3 

285.3 

-- 

-- 

286.2 

287.0 

288.5 

289.4 

285.3 

-- 

-- 

286.1 

286.7 

288.4 

289.4 

285.3 

286.2 

-- 

-- 

286.7 

288.5 

289.5 

285.4 

286.2 

-- 

-- 

286.8 

288.5 

289.5 

285.2 

286.2 

-- 

-- 

286.8 

288.5 

289.3 

-- 

286.3 

-- 

-- 

287.0 

289.0 

-- 

-- 

286.1 

-- 

-- 

287.0 

288.9 

-- 

285.5 

-- 

286.5 

-- 

-- 

-- 

289.0 

285.1 

-- 

286.3 

-- 

-- 

-- 

289.2 

S 2s –S–Ag 

–SH 

226.6 

-- 

226.6 

-- 

226.4 

-- 

226.5 

228.5 

226.6 

228.6 

226.6 

228.6 

-- 

228.6 

-- 

228.6 

226.6 

228.6 

226.6 

228.6 
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Figure A1  Top view (top) and cross sectional view along the C-C´ line (bottom) for an unoptimized 

model of the Si(111)-√3×√3-Ag surface illustrating the honeycomb-chained trimer on terraces and a 

tentative geometrical configuration at the step edge along the [1–21] crystallographic direction. The 

height of the step edge is equal to the height of a Si(111) bilayer, 3.1 Å. The dangling bonds at the step 

edge are passivated by Ag atoms in this model. Detailed DFT calculations for structural optimization and 

analysis of the step edge (and antiphase boundary) will be reported elsewhere. 
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Figure A2  Relative peak areas of O 1s, N 1s, and S 2s features for different cysteine exposures.  Solid 

and dotted lines connecting the respective regular bonding and zwitterionic bonding features are used to 

guide the eye. 
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Figure A3  Time-sequence empty-state STM images of the Si(111)-√3×√3-Ag  surface after a 30-s 

cysteine exposure, collected consecutively with a sample bias of +2 V and a tunneling current of 0.2 nA. 

The circles and the squares mark the adspecies islands that grow slightly bigger in each image, 

confirming the mobility of the cysteine adspecies at room temperature. The images in (e) correspond to 

protrusions found in the magnified areas marked by the squares in images (a-d), which show the addition 

of bright protrusions at marked locations of the adspecies island. 
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Figure A4  (a) An empty-state STM image obtained with a sample bias of +2 V and a constant tunneling 

current of 0.2 nA for a Si(111)-√3×√3-Ag surface after a 240-s cysteine exposure followed by an 

annealing step at 175 °C. Expanded views of (b) the smooth undisrupted √3×√3 surface terrace and the 

step edge as in Area A1 and (c) the antiphase boundary in Area A2.  
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Table A2  Adsorption configurations of thiolated cysteine Conformers A, B, and C on T1 sites of the 

Si(111)-√3×√3-Ag model surface before (left) and after full optimization of all the atomic positions 

(right).  The adsorption energies are in unit of eV while the separations r(X-Y) are in units of Å. To better 

illustrate the adsorption structure, only part of the slab for the model surface is shown for each 

configuration.  

A-T1  → 

–1.449813 

r(S–Ag)=2.66  

r(N–Ag)=3.59  

 

 

 

 

A-D1 

–2.372746 

r(S–Ag1)=2.53  

r(S–Ag2)=2.57  

r(N–Ag)=2.37  

 

 

 

B-T1  → 

–1.606602 

r(S–Ag)=2.64  

r(N–Ag)=3.75  

r(HO–Ag)=3.66  

r(O–Ag)=4.19  

 

 

B-T1 

–2.111299 

r(S–Ag1)=2.56   

r(S–Ag2)=2.62 

r(N–Ag)=3.65 

r(H–Ag1)=3.08  

r(O–Ag1)=3.27 

 

C-T1  → 

–1.567911 

r(O–Ag1)=2.64  

r(HO–Ag1)=3.53  

r(O–Si)=3.51  

 

 

 

C-T1 

–1.777420 

r(S–Ag1)=2.63 

r(S–Ag2)=2.64  

 r(S–Ag3)=2.63  

 r(O–Ag)=3.42 
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Table A3  Adsorption configurations of thiolated cysteine Conformers A, B, and C on T2 sites of the 

Si(111)-√3×√3-Ag model surface before (left) and after full optimization of all the atomic positions 

(right).  The adsorption energies are in unit of eV while the separations r(X-Y) are in units of Å. To better 

illustrate the adsorption structure, only part of the slab for the model surface is shown for each 

configuration.  

A-T2  → 

–0.904954 

r(S–Si)=3.02  

r(N–Ag)=3.72  

 

 

  

 

A-M1 

–1.743216 

r(S–Ag1)=2.52  

r(N–Ag)=2.39  

 

 

  

 

B-T2  → 

–1.047056 

r(S–Si)=3.04  

r(S–Ag)=3.02  

r(N–Ag)=4.01  

r(HO–Ag1)=3.4  

r(O–Ag2)=3.98  

 

B-M1 

–1.784698 

r(S–Ag)=2.48  

r(N–Ag)=5.43  

r(HO–Ag1)=3.58  

r(O–Ag2)=2.53  

 

 

C-T2  → 

–1.116267 

r(S–Ag)=3.10 

r(O–Ag1)=3.06  

r(HO–Ag1)=3.08 

 

 

 

C-D1 

–1.663781 

r(S–Ag1)=2.60 

r(S–Ag2)=2.69   

r(O–Ag)=3.24 
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Table A4  Adsorption configurations of thiolated cysteine Conformers A, B, and C on D1 sites of the 

Si(111)-√3×√3-Ag model surface before (left) and after full optimization of all the atomic positions 

(right).  The adsorption energies are in unit of eV while the separations r(X-Y) are in units of Å. To better 

illustrate the adsorption structure, only part of the slab for the model surface is shown for each 

configuration.  

A-D1  → 

–1.224351 

r(S–Ag)=2.59  

r(N–Ag)=3.88  

 

  

 

A-D1 

–2.355443 

r(S–Ag1)=2.50  

r(S–Ag2)=2.61  

r(N–Ag)=2.36  

 

 

B-D1  → 

–1.363309 

r(S–Ag)=2.64  

r(N–Ag)=3.96  

r(N–Ag)=4.25  

  

 

B-D1 

–2.241693 

r(S–Ag1)=2.61 

r(S–Ag2)=2.51 

r(HO–Ag1)=3.33 

r(O–Ag2)=2.55 

 

C-D1  → 

–1.386678 

r(O–Ag1)=2.60  

r(O–Ag1)=3.04 

 

  

 

C-D1 

–1.809630 

r(S–Ag1)=2.63 

r(S–Ag2)=3.62  

r(O–Ag)=2.95 
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Table A5  Adsorption configurations of thiolated cysteine Conformers A, B, and C on D2 sites of the 

Si(111)-√3×√3-Ag model surface before (left) and after full optimization of all the atomic positions 

(right).  The adsorption energies are in unit of eV while the separations r(X-Y) are in units of Å. To better 

illustrate the adsorption structure, only part of the slab for the model surface is shown for each 

configuration.  

A-D2  → 

-1.037942 

r(S–Si)=2.92  

r(N–Ag)=3.85  

 

  

 

A-M1 

-1.831686  

r(S–Ag)=2.50  

r(S–Ag)=3.02  

r(N–Ag)=2.38  

 

 

B-D2  → 

-1.129090 

r(S–Si)=2.90  

r(N–Ag)=3.88  

r(HO–Ag1)=3.48  

r(O–Ag2)=3.90  

 

B-M1 

-1.637997 

r(S–Si)=3.03  

r(S–Ag)=2.55 

r(HO–Ag1)=3.24  

r(O–Ag2)=2.56  

 

C-D2  → 

-1.126931 

r(S–Ag)=2.90 

r(S–Si1)=3.05 

r(S–Si2)=2.96   

r(O–Ag)=3.42  

 

C-M1 

-1.369182 

r(S–Ag)=2.58 

r(S–Si1)=3.25  

 r(S–Si2)=3.14  

 r(O–Ag)=3.37 
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Table A6  Adsorption configurations of thiolated cysteine Conformers A, B, and C on D3 sites of the 

Si(111)-√3×√3-Ag model surface before (left) and after full optimization of all the atomic positions 

(right).  The adsorption energies are in unit of eV while the separations r(X-Y) are in units of Å. To better 

illustrate the adsorption structure, only part of the slab for the model surface is shown for each 

configuration.  

A-D3  → 

-1.058288 

r(S–Si)=2.88  

r(S–Ag)=3.02  

r(N–Ag)=4.12  

 

  

 

A-D1 

-2.127409 

r(S–Ag1)=2.57  

r(S–Ag2)=2.57  

r(N–Ag)=2.47  

 

 

 

B-D3  → 

-1.205196 

r(S–Si)=2.73  

r(S–Ag)=2.73  

r(HO–Ag1)=3.42   

r(O–Ag1)=4.10  

 

 

B-D1 

-2.133742 

r(S–Ag1)=2.59  

r(S–Ag2)=2.51  

r(HO–Ag1)=2.96   

r(O–Ag1)=3.06  

r(N–Ag)=3.67  

 

C-D3  → 

-1.172476 

r(S–Ag)=2.69  

r(S–Si)=2.97  

r(HO–Ag1)=3.24 

 

  

 

C-D1 

-1.721650 

r(S–Ag1)=2.64 

r(S–Ag2)=2.51  

r(S–Si)=3.10  

r(O–Ag)=3.45 
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Table A7  Molecular configurations of thiolated cysteine Conformers A, B, and C on M1 sites of the 

Si(111)-√3×√3-Ag model surface before (left) and after full optimization of all the atomic positions 

(right).  The adsorption energies are in unit of eV while the separations r(X-Y) are in units of Å. To better 

illustrate the adsorption structure, only part of the slab for the model surface is shown for each 

configuration.  

A-M1  → 

-0.719171 

r(S–Ag)=2.52  

r(N–Ag)=4.5  

 

 

 

 

A-D1 

-2.315456 

r(S–Ag1)=2.50  

r(S–Ag2)=2.60  

r(N–Ag)=2.37  

 

 

 

B-M1  → 

-0.826886 

r(S–Ag)=2.57  

r(N–Ag)=4.57  

r(HO–Ag)=4.32   

r(S–Si)=4.66  

 

 

B-D1 

-2.095522 

r(S–Ag1)=2.53  

r(S–Ag2)=2.58  

r(N–Ag)=3.20  

r(HO–Ag1)=3.31   

r(O–Ag2)=3.10  

 

C-M1  → 

-0.914951 

r(S–Ag)=2.54  

r(HO–Ag)=3.70 

 

 

  

 

C-D1 

-1.968214 

r(S–Ag1)=2.57  

r(S–Ag2)=2.56 

r(HO–Ag1)=3.04 
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Table A8  Molecular configurations of thiolated cysteine Conformers A, B, and C on M2 sites of the 

Si(111)-√3×√3-Ag model surface before (left) and after full optimization of all the atomic positions 

(right).  The adsorption energies are in unit of eV while the separations r(X-Y) are in units of Å. To better 

illustrate the adsorption structure, only part of the slab for the model surface is shown for each 

configuration.  

A-M2  → 

-1.055622 

r(S–Si)=2.72  

r(N–Ag)=4.12  

 

 

 

 

 

A-D1 

-2.364335 

r(S–Ag1)=2.58 

r(S–Ag2)=2.52 

r(S–Si)=3.37  

r(N–Ag)=2.41 

 

 

 

B-M2  → 

-1.146309 

r(S–Si)=2.77  

r(N–Ag)=4.48  

r(HO–Ag1)=3.67  

r(O–Ag2)=4.22  

 

 

 

B-D1 

-1.858376  

r(S–Si)=2.52  

r(S–Ag1)=2.82  

r(S–Ag2)=2.47  

r(N–Si)=3.94  

r(HO–Ag1)=3.18  

r(O–Ag2)=3.17 

 

C-M2  → 

-1.147295 

r(S–Si)=2.92  

r(O–Ag)=3.30 

 

 

 

  

 

C-D1 

-1.769648 

 r(S–Ag1)=2.75 

r(S–Ag2)=2.50  

 r(O–Ag)=3.11 
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Figure A5  Optimized adsorption configurations of hydrogen-bonded cysteine dimers consisting of (a) 

two thiolated zwitterionic Conformer AZI, and (b) two thiolated zwitterionic Conformer BZI, each 

adsorbed on the Ag bridge sites of the Si(111)-√3×√3-Ag model surface. The total adsorption energy of 

the respective dimer is also indicated.  To better illustrate the adsorption structure, only part of the slab for 

the model surface is shown for each configuration. 

  

-4.946132 eV -4.942415 eV

r(S–Ag1)=2.64 Å

r(S–Ag2)=2.54 Å

r(N–Ag)=2.42 Å

r(O–Ag)=3.52 Å

r(HO–Ag)=4.93 Å

r(S–Ag1)=2.62 Å

r(S–Ag2)=2.57 Å

r(N–Ag)=2.41 Å

r(O–Ag)=4.2 Å

r(HO–Ag)=3.32 Å

(a) (b)
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Appendix B 

Methionine on Si(111)-√3×√3-Ag 

 

Figure B1  Peak areas of O 1s, N 1s, C 1s, and S 2s features (a) as functions of methionine exposure time 

on Si(111)-√3×√3-Ag and (b) annealing of the as-grown 7560-s methionine film at 85, 175, and 285 °C.. 
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Table B1  Binding energies (in eV) of fitted peaks for various XPS core-level features and their 

corresponding assignments for different exposures of L-methionine on Si(111)-√3×√3-Ag and upon 

annealing to different temperatures. The notation M represents either Si or Ag or both. 

Core 

level 

Assignment 120 s 360 s 840 s 1800 s 3720 s 7560 s 85 °C 175 °C 285 °C 

O 1s –COO‾ 

–COOH 

531.7 

532.6 

531.7 

532.7 

532.7 

532.7 

531.9 

532.6 

532 

-- 

532 

-- 

-- 

532.4 

-- 

532.5 

- 

532.5 

N 1s NH–Si 

–NH2 

O–H⋯N 

–NH3⁺ 

398.8 

-- 

-- 

401.8 

398.8 

-- 

--

401.8 

398.8 

-- 

--

401.9 

398.7 

-- 

--

402.0 

398.7 

-- 

--

402.0 

-- 

-- 

--

402.0 

398.8 

399.9 

401.0 

-- 

398.7 

399.9 

-- 

-- 

398.7 

400.1 

-- 

-- 

C 1s M–CHx 

–CH2–S–M 

–CH2– 

–CH2–S–CH3 

–CH–NH–Si 

–CH–NH3⁺ 

–COO⁻ 

–COOH 

-- 

-- 

285.3 

285.9 

-- 

286.9 

288.6 

-- 

-- 

-- 

285.5 

285.9 

-- 

286.9 

288.7 

-- 

-- 

-- 

285.6 

285.9 

-- 

286.9 

288.7 

-- 

-- 

-- 

285.6 

286.0 

-- 

286.8 

288.9 

-- 

-- 

-- 

285.6 

286.0 

-- 

286.9 

288.9 

-- 

-- 

-- 

285.6 

285.9 

-- 

286.8 

288.9 

-- 

-- 

-- 

285.5 

285.9 

286.6 

-- 

-- 

289.1 

-- 

-- 

285.4 

285.9 

286.5 

-- 

-- 

289.1 

284.2 

285.4 

285.4 

-- 

286.3 

-- 

-- 

289.1 

S 2s –S–CH3 

–S–M 

228.4 

-- 

228.4 

-- 

228.4 

-- 

228.4 

-- 

228.4 

-- 

228.4 

-- 

228.4 

-- 

228.4 

-- 

-- 

227.2 
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Figure B2  Empty-state STM image of ʟ-methionine with a 20-s exposure on Si(111)-√3×√3-Ag at room 

temperature.  Despite the somewhat diffuse features caused by the high mobility of the glycine molecules 

on the surface at room temperature, self-assembly of distinct molecular wires is clearly observed. The 

image is obtained with a sample bias of +2.0 V and a tunneling current of 0.2 nA at room temperature. 

 

  

60 nm
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Table B2  Binding energies (in eV) of fitted peaks for various XPS core-level features and their 

corresponding assignments for glycine on Si(111)-√3×√3-Ag at different exposures and post-annealing 

temperatures. 

Core 

level 

Assignment 120 s 240 s 720 s 3600 s 85 °C 175 

°C 

285 °C 

O 1s –COO‾ 

–COOH 

532.1 

-- 

532.1 

-- 

532.1 

-- 

532.1 

-- 

-- 

532.6 

-- 

532.6 

-- 

532.6 

N 1s NH–Si 

–NH2 

O–H⋯N 

–NH3⁺ 

-- 

-- 

-- 

402.1 

-- 

-- 

-- 

402.1 

-- 

-- 

-- 

402.1 

-- 

-- 

-- 

402.1 

398.9 

400.0 

401.2 

402.0 

398.8 

400.0 

401.3 

-- 

398.8 

399.9 

-- 

-- 

C 1s –CH–NH–Si 

–CH–NH3⁺ 

–COO⁻ 

–COOH 

–CHx 

-- 

286.7 

289.0 

-- 

-- 

-- 

286.7 

288.8 

-- 

-- 

-- 

286.7 

288.9 

-- 

-- 

-- 

287.0 

289.1 

-- 

-- 

286.5 

-- 

-- 

289.2 

-- 

286.3 

-- 

-- 

289.1 

284.3 

286.1 

-- 

-- 

288.9 

284.3 
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Table B3  Top view of the optimized equilibrium adsorption configurations of methionine monomer at 

different (initial) adsorption sites M1, D1 and T1, and with different (final) orientations with respect to 

the surface unit cell. The adsorption energies are in unit of eV while the bond lengths are in unit of Å. 

M1-R115 

–1.346289 
S–Ag = 2.65 
N–Ag=2.60 
 

 

 

M1-R70 

–1.12584 
S–Ag = 2.67 
N–Ag=3.55 
 
 

 

M1-R35 

–1.275102 
S–Ag = 2.63 
O–Ag=2.97 
N–Ag=3.84 
HO–Ag=4.68 

 

M1-R15 

–1.183559 
S–Ag = 2.63 
O–Ag=3.4 
N–Ag=3.50 
 

 

M1-R170 

–1.298322 
S–Ag = 2.62 
O–Ag=2.80 
N–Ag=3.39 
 

 

M1-R105 

-1.054912 
S–Ag = 2.70 
N–Ag=3.16 
O–Si=2.90 
 

 

M1-R90 

-1.239185 
S–Ag = 2.63 
N–Ag=2.48 
O–Si=3.52 
 

 

M1-R58 

-1.448095 
S–Ag = 2.65 
N–Ag=2.54 
O–Si=2.99 
HO-Ag=3.70 

 

M1-R34 

-1.401101 
S–Ag = 2.66 
N–Ag=2.47 
O–Si=2.91 
 

 

M1-R0 

-1.395298 
S–Ag = 2.70 
N–Ag=2.48 
O–Si=3.52 
HO-Ag=3.70 
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Table B3  (Continued). 

D1-R115 
–0.884286 
S–Ag1 = 3.38 
S–Ag2 = 3.36 
N–Ag=2.92 
O–Si=3.54 

 

D1-R92 
–0.923402 
S–Ag1 = 3.39 
S–Ag2 = 3.35 
N–Ag=3.63 
O–Si=3.07 

 

D1-R63 
–1.014794 
S–Ag1 = 3.26 
S–Ag2 = 3.26 
N–Ag=3.67 
O–Si=2.69 

 

D1-R45 
–1.43533 
S–Ag1 = 2.63 
S–Ag2 = 3.79 
N–Ag=2.47 
O–Si=2.82 

 

D1-R170 
–0.870855 
S–Ag1 = 3.30 
S–Ag2 = 3.33 
N–Ag=3.62 
O–Si=3.97 

 

T1-R115 
–0.858871 
S–Ag1 = 3.36 
S–Ag2 = 3.43 
S–Ag3 = 3.51 
N–Ag=3.62 
O–Si=3.90 

 

T1-R85 
–0.933543 
S–Ag1 = 3.37 
S–Ag2 = 3.49 
S–Ag3 = 3.54 
N–Ag=3.77 
O–Ag=2.91 

 

T1-R60 
–1.179683 
S–Ag1 = 2.65 
S–Ag2 = 3.53 
S–Ag3 = 3.51 
N–Ag=3.33 
O–Ag=2.86 

 

T1-R23 
–1.038002 
S–Ag1 = 3.23 
S–Ag2 = 3.45 
S–Ag3 = 3.49 
N–Ag=3.56 
O–Ag=3.04 

 

T1-R170 
–0.831463 
S–Ag1 = 3.34 
S–Ag2 = 3.54 
S–Ag3 = 3.54 
N–Ag=3.72 
O–Si=3.98 
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Table B4  Top view of the optimized equilibrium adsorption configurations of methionine antiparallel 

dimer at different adsorption sites and with different orientations with respect to the surface unit cell. The 

adsorption energies are in unit of eV while the bond lengths are in unit of Å. 

M1-R2-R6 

–2.545447 

S1–Ag = 2.67 

N1–Ag=3.13 

O1–Ag=3.15 

 

S2–Ag= 2.93 

N2–Ag=3.35 

O2–Ag=3.55 

 

S1–S2=12.67 

 

(NH⋯O)ZI= 

1.43-1.48 

 

M1-R84-R88 

–2.560705 

S1–Ag = 2.66 

N1–Ag=3.48 

O1–Ag=3.05 

 

S2–Ag= 2.68 

N2–Ag=3.29 

O2–Ag=2.71 

 

S1–S2=13.08 

 

(NH⋯O)ZI= 

1.57-1.60 

 

M1-R56-R60 

–2.476391 

S1–Ag = 2.69 

N1–Ag=3.18 

O1–Ag=2.87 

 

S2–Ag= 2.72 

N2–Ag=3.39 

O2–Ag=2.76 

 

S1–S2=12.76 

 

(NH⋯O)ZI= 

1.55-1.56 

 

M1-R43-R40 

–2.659353 

S1–Ag = 2.69 

N1–Ag=3.34 

O1–Ag=2.45 

 

S2–Ag= 2.66 

N2–Si=3.48 

O2–Ag=2.97 

 

S1–S2=12.94 

 

(NH⋯O)ZI= 

1.47-1.57 

 

M1-R98-R105 

–2.401892 

S1–Ag = 2.71 

N1–Ag=3.50 

O1–Ag=2.74 

 

S2–Ag= 2.69 

N2–Ag=3.26 

O2–Ag=2.48 

 

S1–S2=12.96 

 

(NH⋯O)ZI= 

1.54-1.59 
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Table B5  Top view of the optimized equilibrium adsorption configurations of methionine parallel dimer 

at different adsorption sites and with different orientations with respect to the surface unit cell. The 

adsorption energies are in unit of eV while the bond lengths are in unit of Å. 

M1-R105-R105 
–2.755241 
(S–Ag)1 = 2.66 
(N–Si)1=3.66 
(O–Ag)1=3.15 
 
(S–Ag)2= 2.71 
(N–Ag)2=3.41 
(O1–Ag)2=2.89 
 
 
S1–S2=6.60 
 
NH⋯O=1.75 

 

M1-R74-R74 
–3.055981 
(S–Ag)1 = 2.64 
(N–Ag)1=3.51 
(O–Ag)1=3.44 
 
(S–Ag)2= 2.70 
(N–Ag)2=3.18 
(O1–Ag)2=2.46 
(O2–Ag)2=2.57 
 
S1–S2=6.60 
 
(NH⋯O)ZI=1.75 

 

M1-R40-R33 
–2.546756 
(S–Ag)1 = 2.67 
(N–Ag)1=3.43 
(O–Ag)1=3.32 
 
(S–Ag)2= 2.68 
(N–Ag)2=3.37 
(O1–Ag)2=3.00 
(O2–Ag)2=3.17 
 
S1–S2=6.08 
 
(NH⋯O)ZI=1.77 

 

M1-R170-R176 
–2.685412 
(S–Ag)1 = 2.66 
(N–Ag)1=3.52 
(O–Ag)1=3.39 
 
(S–Ag)2= 2.67 
(N–Ag)2=3.48 
(O1–Ag)2=3.64 
(O2–Ag)2=3.06 
 
S1–S2=6.16 
 
NH⋯O=2.45 
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Figure B3  Top and side views of the optimized equilibrium adsorption configurations of glycinate at (a) 

Ag monomer A1, (b) Si monomer A2, and (c) Ag dimer D1 adsorption sites. The adsorption energies are 

in unit of eV. A2 appears to be the most favorable adsorption site for glycine bonding through the 

dissociated amino group in an upright standing configuration. Minor displacements are also observed for 

the Ag and Si atoms upon chemisorption of glycine. 

  

– 2.557135–1.515114 – 2.067988 – 2.152568

(a) (b) (c) (d)
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Appendix C 

One-dimensional Surface Defects on Si(111)-√3×√3-Ag 

 

 

Figure C1  (a) Top view of a Si(111) bilayer. The lighter and darker spheres denote the Si atoms in the 

top and the bottom layers, respectively. (b) A schematic representation of the major adsorption sites on 

the Si(111) surface. The square, triangles, and circles denote the H3, T4, and T1 adsorption sites, 

respectively. (c) A schematic representation of a Si trimer relocated on the T4 adsorption site. (d) A step 

edge model in which the Si trimers are located on the T4 sites on the upper-step and lower-step terraces of 

the Si(111) surface.  

  

(a)

T4 site

H3 site

(b) (c)

(d)

T1 site
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Figure C2  Top views and cross sectional (along the wide side of the slab) views of (a) the step edge slab 

containing three Si bilayers under the Ag-Si trimers of the upper-step terrace and two Si bilayers under 

those of the lower-step terraces (576 Si atoms, 96 Ag atoms and 96 H atoms); and (b) the antiphase 

boundary slab containing three Si bilayers under the Ag-Si trimers. The island model is used to create the 

step edge slab (672 Si atoms, 96 Ag atoms and 96 H atoms). 

 

  

(a) (b)
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Figure C3  The optimized adsorption geometries of (a) Ag3Si3, (b) Ag4Si3, and (c) Ag5Si3 step edge 

models showing most possible adsorption sites around the step edge region. Only the topmost layer (Ag–

Si trimers) are shown. Only the Ag bridge sites and Si atop sites are considered. The right panels show the 

adsorption geometry of a single thiolated cysteine adsorbed at the upper-step edge M2 site on different 

step edge models. The corresponding adsorption energies are shown in Table C1.  
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Table C1  Calculated adsorption energies of thiolated cysteine adsorbed at different adsorption sites, 

through its sulfur atom, for three step edge models with Ag3Si3, Ag4Si3, and Ag5Si3 unit cells. For the 

structure optimization calculations, the atomic positions of cysteine were relaxed while those of slab were 

fixed. All the energies are in unit eV. 

 Adsorption Site Ag3Si3 Ag4Si3 Ag5Si3 

1 M2upper-step edge -2.513727 -2.175633 -2.222908 

2 D1upper-step edge -1.727092 -2.319198 -2.650350 

3 D1slope at site A -2.350708 -3.057135 -3.086105 

4 D1slope at site B -- -- -3.283988 

5 D1upper-step terrace -1.913473 -1.964019 -2.692114 

6 D1lower-step terrace -1.927849 -1.764019 -2.753043 

 

The most stable adsorption sites were calculated by placing a single thiolated cysteine molecule at 

Ag bridge sites (D1) of the upper-step edge, lower-step edge, the step slope, upper-step terrace, and 

lower-step terrace sites on three different step edge models. The Si atop sites were also calculated for the 

upper-step edge and lower-step edge sites. There are other possible adsorption sites such as Ag atop and 

trimer sites of both Ag and Si, however, only D1 and M2 were considered in our calculations as they were 

found to be the most stable adsorption sites on terraces, according to our calculations in Chapter 3. In all 

three models, the adsorption does not take place at lower-step edge D1 and M2 sites. Instead, they move 

to the upper-step edge (in Ag3Si3 and Ag4 Si3 models) and slope D1 sites (in Ag5Si3). In the Ag3Si3 

model, the M2 site at the upper-step edge was found to be the most favorable adsorption sites followed by 

the Slope D1, upper-step edge D1, and Terrace D1 sites. In the Ag4Si3 model, the slope D1 site was 

found to be the most stable adsorption sites followed by the upper-step D1, the upper-step M2, and the 

terrace D1 sites. A similar trend was observed for the Ag5Si3 model except that the upper-step M2 site is 

the least stable adsorption site. According to our STM results in Chapter 3, the upper-step edges are not 

the most preferred adsorption sites on the Si(111)-√3×√3-Ag surface, therefore the Ag3Si3 model cannot 

describe our experimental results.  
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Table C2  Calculated adsorption energies of thiolated cysteine adsorbed at different adsorption sites, 

through its sulfur atom, for the antiphase boundary model. For structure optimization calculations, the 

atomic positions of cysteine were relaxed while those of slab were fixed. All energies are in unit eV. 

Adsorption Site Ag3Si3 

M1chain -2.083216 

M2chain -1.419904 

M2near-chain -1.425848 

D1chain -1.544796 

D1near-chain -1.586529 

T1chain -1.432091 

T1terrace -1.897473 

T3chain -1.571587 

 


