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Abstract 

The site-specific surface interactions and film growth mechanisms of adsorption of gold and of 

proteinogenic sulfur-containing amino acids, i.e., L-cysteine and L-methionine, on Si(111)7×7 are studied 

for the first time by X-ray photoelectron spectroscopy (XPS) and Scanning Tunneling Microscopy (STM) 

at room temperature under ultrahigh vacuum condition.  The results are supported with large-scale density 

functional theory (DFT) calculations with dispersion correction for biomolecule adsorbates, to provide 

precise modeling of the equilibrium adsorption geometries of adsorbates on a Si200H49 slab used as the 

model Si(111)7×7 surface.  Growth evolution of gold on the 7×7 surface is found to follow the Stranski-

Krastanov mode, starting with completion of two distinct gold silicide layers to individual gold 

nanoisland formation.  Of special interest is the formation of two-dimensional self-assembled gold silicide 

honeycomb nanonetwork at 0.76 monolayer coverage at room temperature.  Observed for the first time, 

this honeycomb nanonetwork is made up of six triangular gold clusters (surrounding each corner hole) 

interconnected to one another at the dimer rows of the Si(111)7×7 substrate.  With the corner holes of the 

7×7 surface exposed, this novel gold silicide template offers a unique honeycomb network (4 nm in grids 

size) for surface functionalization and a nanopore pattern (~1 nm in pore size) for molecular trapping 

application.   

In analogy to common simple aliphatic amino acids, such as glycine and alanine, sulfur-containing 

aliphatic amino acids, cysteine and methionine, exhibit an ñuniversalò three-stage growth sequence on 

Si(111)7×7 surface at room temperature under ultra-high vacuum condition.  In particular, the 

biomolecule first anchors to specific dangling bond sites on the 7×7 reconstruction via strong short-range 

covalent bonds (through SiïN and/or SiïS linkages in unidentate and/or bidentate arrangement of 

cysteine adsorption, and through SiïN linkage in unidentate arrangement of methionine adsorption), 

forming the interfacial layer (the first adlayer).  This is then followed by the formation of a transitional 

layer (the second adlayer) and finally of a zwitterionic film (multilayer), both of which are driven by 

intralayer and interlayer hydrogen bonding.  XPS study of thermal stabilities of these adlayers indicates 

that these proteinogenic biomolecules can be used to transform a highly reactive Si(111)7×7 surface to 

not just a permanent bio-organic surface but also a semi-permanent (or renewable) and a temporary bio-

organic surfaces by manipulating the exposure and the post-annealing temperature.  Our results on all the 

adsorbed proteinogenic biomolecules on Si(111)7×7 surface studied to date enable us to construct a 

reference XPS data table to guide future studies of biofilm growth on reconstructed Si(111) surface. 
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The STM study of adsorbed cysteine on Si(111)7×7 provides strong evidence for coverage-

dependent adsorption structures of cysteine, from bidentate to unidentate attachments to self-assembled 

multimers, which involves formation of intralayer horizontal NỄHïO hydrogen-bond as reported in our 

XPS study.  In contrast to cysteine adsorption, high-resolution STM imaging demonstrates self-

organization of methionine into a novel, stable Y-shaped trimer within a half unit cell on the 7×7 surface 

at room temperature, which is driven by hydrogen bonding among the unattached carboxylic acid groups 

in a ring configuration.  The near-perfect match of the Y-shaped trimer with three-fold symmetry within 

the half-unit cell represents the first supported ñmagic-numberò molecular cluster reported to date.   

Our XPS experiments provide the primary experimental evidence for the formation of covalent bond 

between substrate and adsorbates and the feasibility of the intralayer and interlayer hydrogen bonding 

mediated dimers.  They are also supported by our large-scale ab-initio DFT-D2 calculations.  Using ab-

initio DFT-D2 calculations, we also establish a common trend in the H-bond length among different types 

of hydrogen bonding (OïHỄN < OïHỄO < NïHỄN < NïHỄO) for di-molecular structures in the gas 

phase.  Except for the NïHỄN H-bond due to covalent bonding of the amino group with the surface, this 

trend can also be applied to biomolecular H-bonding surface interaction.  These calculated results and the 

observed trends can be used to predict the adsorption behavior of larger biochemical materials, such as 

peptides and proteins.   

The ultimate goal of the present study is to examine the molecular interaction of these aliphatic 

amino acids with gold clusters and other metallic nanostructures supported on the 7×7 surface.  We have 

performed preliminary XPS and STM studies on the molecular interactions of cysteine with three distinct 

gold nanoassemblies on Si(111)7×7, including Au monomers and dimers, Au silicide honeycomb 

nanonetwork, and Au nanocrystallite film.  These studies show unidentate and/or bidentate bonding 

arrangement of adsorbed cysteine with rather minor perturbation due to the presence of the supported Au 

monomers and dimers.  On the Au silicide honeycomb nanonetwork, we observe the coexistence of two 

chemisorption states, involving unidentate adspecies through the thiol group interaction with Au atoms 

and of the amino group with Si atoms.  Cysteine is found to chemisorb via the sulfur in neutral form on 

the supported Au nanocrystallite film to form the interfacial layer.  These STM/XPS studies are 

reinforcing our hypothesis that the novel gold silicide honeycomb nanonetwork offers a number of 

interesting potential applications for molecular trapping and biofunctionalization. 
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Chapter 1 

Introduction 

1.1 Surface Science 

The field of ñsurface scienceò provides understanding of surface and interfacial processes and their 

connection to bulk processes in the traditional research disciplines of chemistry, physics, and materials 

science at the atomic and molecular level.  The concept of surface science goes back historically to the 

18
th
 century, when the properties of oil monolayers on water surfaces were first studied by Benjamin 

Franklin in 1774.
1
  The explosive development of the field of surface science has been driven by a series 

of key events.  It is quite obvious that the invention and development of a wide range of surface-sensitive 

analytical techniques during past two centuries have played a significant role to advance the goals of 

surface science and to provide important fundamental information about surfaces and interfaces.  First, 

the development of ultrahigh vacuum (UHV) techniques that attain pressure from 10
-7
 to 10

-11
 Torr in the 

late 1950s has enabled preparation and maintenance of clean single-crystal surfaces to keep them 

uncontaminated for a sufficiently long period of time for experimentation.  With the reduction of 

pressure, individual gaseous molecules collide only with the chamber wall due to its large inelastic mean 

free path that is thousands of times that of the dimension of the UHV chamber.  Moreover, photons, 

electrons, and ions can also travel in UHV chamber without any direct contact or interaction with residual 

gas molecules, which is a critical requirement for many surface analytical methods.  The second major 

event in surface science occurred in the 1980s with the invention of scanning probe techniques
2
 that 

propel scanning tunneling microscopy (STM) and atomic force microscopy (AFM) as the only techniques 

capable of studying surfaces and interfaces with atomic resolution for the first time.  Achieving atomic-

level information by using these techniques has revolutionized surface science and amplified its impact to 

almost all areas of chemistry, physics, biology, and materials science, and to the emerging areas in 

nanotechnology and nanoscience.   

Indeed, we can recognize the power of ñsurfacesò not only in our field of study but also in our daily 

life.  One of the most powerful motivations for surface science is the goal of understanding catalytic 

reactions, which dated back to 1823 when Dobereiner studied combustion of hydrogen and oxygen on a 

platinum surface, acting as a catalyst, at room temperature.
3
  Nowadays, the scanning probe family of 

techniques can be used to provide atomically resolved information and direct insights into the active sites 

of catalysts, which ultimately improves the catalytic processes.
4
  Another main area of application of 
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surface science and vacuum technology is the semiconductor and microelectronic industry that is 

responsible for the research and development, fabrication and manufacturing of semiconductor devices 

and appliances that greatly improve the quality of life.
5,6

  In recent years, new opportunities in surface 

science have led to the development of biosurfaces and biointerfaces, which rely on functionalization of 

single-crystal metal or semiconductor surfaces with biochemical materials.  Fundamental studies of 

chemical attachment of organic/bio molecules on different surfaces are very important to modifying the 

chemical and physical properties of solid surfaces.  Typically, the interactions between organic adsorbates 

and surfaces can generally be categorized into two types: (a) weak, noncovalent interactions that result in 

molecular self-assembly on single-crystal metal surfaces, and (b) strong, chemical binding commonly 

found between adsorbed organic components and semiconductor surfaces.
7,8

  To design new 

semiconductor devices, silicon-based bio/nano sensors, nanopatterning templates, and molecular 

electronic devices, strong and selective chemical binding of organic/bio materials on semiconductor 

surfaces is practically required. 

1.1.1 Surface Chemistry of Silicon 

Of all the semiconductors, silicon is the most prominent material not only in both microelectronics 

and nanoelectronics applications, but also as the support/substrate for nanolithography and other 

applications.
9
  Among the advantages of silicon are high-temperature stability, high chemical resistance to 

acids and organic solvents, and well-established bonding process.  In the diamond structure of crystalline 

silicon, one 2s orbital and three 2p orbitals are hybridized to form four sp
3
 orbitals, which bond to four 

nearest neighboring atoms with a separation of 2.35 Å in a tetrahedral configuration and with a bond 

strength of 226 kJ/mol.  Depending on how the bulk is truncated, each silicon atom at a specific surface 

plane could have spare electrons in non-bonding sp
3
 orbitals referred to as ñdangling bondsò.  In order to 

reduce the number of dangling bonds and the surface energy, the atoms at the surface reconstruct into a 

wide variety of non-ideal geometries and rearrange the surface bonding.  Silicon surfaces that have 

attracted the most interest are Si(100) and Si(111).  Truncation of the bulk Si structure at the (100) plane 

cuts through two Si-Si bonds for each surface silicon atom and leaves the surface atoms with two 

dangling bonds, each with one electron.  To achieve a lower surface energy, Si(100) will undergo surface 

reconstruction with pairing of two adjacent surface silicon atoms together to form silicon dimers.  This 

gives rise to the Si(100)2×1 reconstruction with parallel rows of silicon dimers, which was first probed by 

using low-energy electron diffraction (LEED) over five decades ago.
10

  Each surface dimer contains a 

strong ů-bond and a weak ˊ-bond, and it exhibits similar chemical reactivity as alkenes, allowing the 
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attachment of organic molecules in [2+2] and [4+2] cycloaddition reactions.  Furthermore, the 

reconstructed Si(100)2×1 surface has thermodynamically tilted silicon dimers in an asymmetric manner, 

which was observed at low temperature (120 K) by STM, in contrast to the symmetric dimers observed at 

room temperature.
11

  As a result of an electrophilic down-Si-atom and a nucleophilic up-Si-atom for a 

surface silicon dimer, there is an electronic charge transfer from the down-atom to the up-atom, which 

causes the addition of zwitterionic character to the Si(100)2×1 surface.
12

  The surface interactions 

between organic/bio materials and Si(100)2×1 can be categorized into three different types of reactions: 

(a) dissociative addition reactions found for acetonitrile,
13

 aniline,
14

 benzenethiol and diphenyl disulfide,
15

 

ethanol
16

 and formic acid,
17

 (b) dative bonding for trimethylamine
18

 and N-methylpyrrolidine,
19

 and (c) 

cycloaddition reaction for cyclopentene, ethylene, acetylene, 3-pyrroline and pyrrolidine,
20

 

benzaldehyde,
21

 trans-2-butene, and cis-2-butene.
22

   

On the other hand, each silicon atom of the Si(111) surface is cleavage face of silicon for which the 

covalent bonds along [111] direction are cut.  Simple counting of the number of broken bonds suggests 

one dangling bond for each silicon surface atom, which is energetically favored to be oriented 

perpendicular to the surface.  The 2×1 reconstruction of Si(111) has been observed at low temperature 

after cleavage in UHV condition by STM
23

 and LEED,
24

 which was described by Pandey in a ˊ-bonded 

chain model.
25

  Perhaps an even more famous reconstruction of the Si(111) surface is the 7×7 

reconstruction, which has been prepared at high temperature after cleavage in UHV condition.  The 

Si(111)7×7 has been regarded as one of the most important, well-ordered ñperfectò templates in surface 

science for many decades.  

1.1.2 Si(111)7×7 Surface 

Since the discovery and investigation of the Si(111)7×7 surface by Schlier and Fransworth at the end 

of the 1950s using LEED method,
10

 the 7×7 surface has been widely studied by a variety of experimental 

techniques and modelled by many theoretical calculations.  Just one year after the invention of STM, the 

Si(111)7×7 surface was imaged in real space with atomic resolution in 1983.
26

  Furthermore, atomically-

resolved AFM has also been used to study this surface.
27

  These studies confirmed for the first time the 

generally accepted dimer-adatom-stacking (DAS) fault model, first proposed by Takayanagi after 

evaluating intensity distribution of the spots in transmission electron diffraction patterns along with 

LEED results obtained in UHV condition.
28,29

 

Figure 1.1a and Figure 1.1b show high-resolution filled-state and corresponding empty-state STM 

images of pristine Si(111)7×7 surface obtained at a sample bias of -2 V (so-called filled-state STM 
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image) and +2 V (so-called empty-state STM image), respectively, and with a tunneling current of 200 

pA.  These images are acquired with the sample held at room temperature using the variable-temperature 

STM system in the Waterloo Advanced Technology Laboratory (WATLab).  The difference between two 

faulted and unfaulted half unit cells can be easily distinguished by imaging with a negative sample bias 

voltage.  The protrusions in the faulted half unit cell in the filled-state image obtained with a negative bias 

voltage are brighter than those in the unfaulted half unit cell due to the presence of the stacking fault 

(Figure 1.1a), while the protrusions in both faulted and unfaulted half unit cells in the empty-state image 

obtained with a positive bias voltage have the same brightness (Figure 1.1b).  The existence of 12 bright 

protrusions are very obvious in both filled-state (Figure 1.1a) and empty-state (Figure 1.1b) STM images 

of the Si(111)7×7 surface.  Each protrusion corresponds to one of 12 silicon adatoms of the unit cell.  At a 

sample bias of ï2.0 V, the silicon restatoms are not observed in these images.  At a less negative sample 

bias of -1.5 V, the corresponding filled-state STM image so obtained reveal discernible contrast between 

adatoms and restatoms, particularly with the lower intensities corresponding to restatoms located at the 

centers of three adjacent adatoms (Figure 1.1c).  This also suggests that the emergence of restatom 

features (and indeed any local density of state feature) is highly dependent on appropriately chosen 

sample bias voltage.
30

 

Top and side views of the DAS model of the layer-by-layer unit cell structure (consisting of a top 

adatom layer, a restatom layer, a dimer bilayer, a base Si layer, and a layer of H atoms used for 

terminating the base Si layer) for the Si(111)7×7 reconstruction are shown schematically in Figure 1.1d 

and Figure 1.1e, respectively.  The model is obtained by large-scale ab-initio quantum mechanical 

calculations based on the Density Functional Theory (DFT) using the VASP/MedeA platform in the Xeon 

computer cluster at WATLab.  The DAS model consists of two triangular half unit cells, one with and 

another without a stacking fault referred to as ñfaulted half unit cellò and ñunfaulted half unit cellò, 

respectively.  The 7×7 unreconstructed unit cell of the Si(111) surface contains 49 atoms.  To reduce the 

surface energy, the 49 dangling bonds are decreased to 19 dangling bonds, which are located on the 12 

silicon adatoms, with three corner (angulus in Latin) adatoms (AAs) and three center (centrum in Latin) 

adatoms (CAs) on each of the faulted and unfaulted half unit cells, 6 silicon restatoms (RAs) placed 

between adatoms in the layer just below the adatom layer, and 1 silicon atom in the corner hole located 

three layers below the adatom layer that is shared among four adjacent unit cells.  The dangling bonds on 

the silicon surface provide the interesting source of surface chemical activity with not only metal atoms, 

nanoclusters and nanocrystallites, but indeed organic and biochemical materials.   
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As a result of the 7×7 surface reconstruction, the silicon atoms are categorized into corner adatoms, 

center adatoms, and restatoms, each with its own characteristic local electron density of states.  In 

particular, each adatom has a formal charge of +7/12, while both the restatom and the corner hole each 

has a formal charge of -1.
31,32

  As each AA is surrounded by only one adjacent RA while each CA has 

two neighboring RAs, the amount of charge transferred from AA to RA is almost half that from CA to 

RA.  The resulting electron density of AA is therefore higher than that of CA, which is consistent with the 

brighter protrusion at AA than that at CA in the STM image (Figure 1.1a).  Because of the existence of 

both electrophilic sites (i.e., AA and CA) and nucleophilic sites (i.e., RA), Si(111)7×7 is a fascinating 

surface with dangling bonds located at a variety of sites with different reactivities and selectivities to 

interact with incoming multifunctional organic/bio molecules.  Furthermore, based on the DAS model of 

Si(111)7×7 obtained with DFT calculations, a dangling bond pair between adjacent Si sites can be 

categorized into the following two groups, with their respective separations between two Si atoms 

indicated in parentheses:  

(A) Two Si sites within a half unit cell: CA-AA (7.72 Å), CA-CA (7.66 Å), CA-RA (4.55 Å), AA-RA 

(4.46 Å), and AA-corner hole (8.25 Å); and  

(B) Two Si sites across the dimer wall of adjacent half unit cells: CA-CAô (6.77 Å), AA-AAô (6.71 Å), 

and CA-AAô (10.25 Å).   

We use a prime symbol to denote a substrate atom in the adjacent half unit cell.  These site-to-site 

separations provide a set of natural metrics for multi-point attachment of a multifunctional admolecule 

and/or combinatorial interactions with several different admolecules for nanotemplating and 

nanopatterning applications.   
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Figure 1.1  (a) Filled-state and (b) corresponding empty-state STM images (10×10 nm
2
) of a clean 

Si(111)7×7 surface obtained at a sample bias of -2 and +2 V, respectively, and a tunneling current of 200 

pA.  The faulted and unfaulted half unit cells are marked by F and U, respectively, in (a).  (c) Filled-state 

STM image (10×10 nm
2
) obtained at a less negative sample bias of -1.5 V shows discernible contrast 

between restatoms and adatoms.  (d) Top view and (e) side view of the equilibrium dimer-adatom-

stacking fault (DAS) model of a Si200H49 cluster (consisting of a top adatom layer, a restatom layer, a 

dimer bilayer, a base Si layer, and a layer of H atoms used for terminating the base Si layer) obtained by 

large-scale DFT calculations used as the model surface for Si(111)7×7.  The sizes of the spheres used to 

represent the Si atoms are smaller with increasing distance from the surface (the top adatom layer).  The 

adatoms, both corner adatoms (AAs) and center adatoms (CAs), and the restatoms (RAs) are highlighted 

by larger yellow and green circles for clarity, respectively.  A prime symbol is used to denote a substrate 

atom in the adjacent half unit cell.  The dangling bonds on the top of adatoms, restatoms, and corner hole 

are identified in (e).  All STM images are collected by using a variable-temperature scanning probe 

microscope, manufactured by Omicron Nanotechnology, at WATLab and the model surface is generated 

by large-scale ab-initio quantum mechanical calculations using a Xeon computer cluster at WATLab. 
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1.2 Adsorption of Metals on Si(111)7×7 

The formation of metal-semiconductor hybrid materials and their novel properties are strongly 

dependent on the chemical interactions between the metal deposit and the semiconductor substrate.  Since 

its discovery, Si(111)7×7 surface has attracted much attention for studying the adsorption of various 

metal materials because of its directional dangling bonds for anchoring and supporting adsorbates, and its 

electronic properties for building hybrid properties.  To date, a very broad range of metal materials, 

including univalent group IA metals (Li, Na, K, and Cs),
33,34,35,36

 trivalent group IIIA metals (Al, Ga, In 

and Tl),
37,38,39,40

 VIIB group metals (Mn),
41,42

 3d ferromagnetic group VIIIB metals (Co, Fe, and 

Pt),
43,44,45,46,47

 IB group metals (Cu, Ag, and Au),
48,49,50,51,52,53,54,55,56,57

 bivalent group IIB metal (Zn),
58

 and 

tetravalent group IVA metals (Ge, Sn ,and Pb),
30,59,60

 on Si(111)7×7 surface has been investigated by 

various surface-sensitive analytical techniques and ab-initio quantum mechanical calculations.  These 

studies indicate that the 7×7 surface provides a powerful versatile platform to develop a wide range of 

potential technological applications from next-generation nanoelectronics to nanocatalysis.   

Among these metals, gold is the best known noble metal because of its very stable, non-reactive 

metallic properties.  Since the first report on a Au/Si interface at room temperature some four decades 

ago,
61

 the Au/Si(111) interface has been investigated by a wide range of surface science techniques,
62

 

including more recently Auger electron spectroscopy,
63

 synchrotron-radiation photoemission 

spectroscopy,
64

 and high-resolution medium energy ion scattering,
65

 focusing on the growth, atomic and 

electronic properties of Au/Si interface for both fundamental and technological interests.  In spite of these 

efforts, the growth evolution of nanofilms and layers of critical-thickness for the Stranski-Krastanov 

growth mode for gold silicide on a clean Si(111) surface at room temperature remains largely unexplored.  

Many of the intriguing questions, fundamental and otherwise, could be addressed by a complementary 

three-pronged approach that combines the chemical-state composition and surface bonding information 

obtained from XPS, and the site-specific local-density-of-state imaging information from STM, with 

molecular models generated by large-scale ab-initio quantum mechanical calculations. 

1.3 Adsorption of Organic/Bio Molecules on Si(111)7×7 

Molecular interactions of organic components and biomaterials with semiconductor surfaces have 

attracted much recent attention because of their potential applications in biosensors, biocompatible 

materials, and biomolecule-based electronic devices.
66,67,68,69

  Organic functionalization of Si(111)7×7 

surface has been reported for organic molecules, with nitrogen-containing functional group (amines and 

amides) such as dimethylamine,
70

 pyrrole,
71

 N-methylpyrrole,
72

 methylhydrazine,
73

 trimethylamine,
18

 and 
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acetonitrile,
74

 and oxygen-containing functional groups (carboxylic acids and alcohols) connected to an 

aliphatic backbone or an aromatic ring structure (benzene and their derivatives) such as methacrylic 

acid,
75

 acetaldehyde,
76

 geranyl acetone,
77

 phenol,
78

 cyclohexene,
79

 and pyridine.
80

  Among the surface-

sensitive analytical techniques, STM is a very powerful tool to probe adsorbate-surface interactions, 

particularly site-specific chemistry, on Si(111)7×7.  Based on STM observation of organic molecules with 

different functional groups chemisorbed on both the nucleophilic and electrophilic sites of the 7×7 

surface, the interactions can be categorized into four different types of reactions: (1) [2+2]-like 

cycloaddition or di-ů binding; (2) [4+2]-like or Diels-Alder cycloaddition; (3) covalent attachment (via 

dissociative chemisorption); and (4) dative-bonded adduct formation.  An early STM study of acetylene
81

 

and ethylene
82

 adsorption shows a di-ů bonded product (i.e., a [2+2]-like product) bridging the pair of 

adjacent Si adatom-restatom sites.  Furthermore, similar four-ů bonded products with two neighboring 

adjacent adatom-restatom pairs have been reported for several chain-dienes, such as 1,6-heptadiene, 1,7-

octadiene and 1,13-tetradecadine.
83

  The [4+2] cycloaddition reaction has been observed for unsaturated 

hydrocarbon (1,3-butadine
84

) at adatom-adatom pairs, while aromatic hydrocarbons (benzene
85,86,87,88

 and 

toluene
86

), aromatic heterocycles (thiophene
89,90

), and DNA base (thymine
91

) are found at adjacent 

adatom-restatom pairs, both by using high-resolution STM imaging.  These STM studies show that the 

center adatom has more opportunity to react with organic molecules than the corner adatom.  Moreover, a 

wide range of covalent attachment from nitroxyl-free radicals
92

 and aromatic molecules (pyrrole,
71

 

naphthalene,
93

 tetracence,
94

 and pentacence
95

) to biomolecules, such as amino acids (glycine,
96

 alanine,
97

 

and cysteine
98

) and peptide (glycylglycine
99

), have also been investigated by STM, which show that the 

adjacent or individual adatom-rest-atom pairs could react to form the ů-bonds.  In a recent STM study, 

donating the lone-pair charge density of the N atom to the Si atom could lead to dative bonding in one of 

DNA base molecules (adenine
100

).  In contrast to direct bonding of the aforementioned neutral organic 

moieties to various Si surface sites, adsorption and patterning of zwitterionic molecular films on the 

Si(111)7×7 surface has also been investigated by STM imaging.
101

   

Among the most fundamental biomolecules, amino acids and nucleotides are the basic building 

blocks of the larger biological materials such as proteins, peptides, and DNAs.  The amino acids found in 

proteins are generally classified according to their structures: (a) aliphatic amino acids, including 

monoamino-monocarboxylic acids, monoamino-dicarboxylic acids and their amides, basic amino acids, 

and sulfur-containing amino acids; (b) aromatic amino acids; and (c) heterocyclic amino acids.
102

  Alpha 

amino acids are bio-organic molecules containing a carboxylic acid (ïCOOH) group and an amino (ï

NH2) group, which are separated by at least one carbon segment (Ŭ-carbon).  There are twenty different 
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standard amino acids (NH2CaHRCOOH), which differ from one another by a unique functional group in 

the side chain (R group) attached to the Ŭ-carbon.  Adsorption of aliphatic amino acids (glycine,
103,104,105

 

alanine,
106,107,108,109,110,111

 glutamic acid,
112,113,114,115

 and lysine
116,117,118

), sulfur-containing amino acids 

(cysteine
119,120,121

 and methionine
122,123,124,125,126

), aromatic amino acids (tyrosine
127,128

), and heterocyclic 

amino acids (proline
129,130

) on various well-ordered single-crystal metal surfaces in UHV condition have 

attracted much attention in surface science and nanotechnology in the two past decades.  This information 

is important not only to understanding fundamental interactions of larger biochemical molecules (such as 

proteins and peptides), but also to fabricating bio/nano-devices for biomedical sensing and molecular 

electronics.  The development of future hybrid organic-inorganic interfaces also critically depends on 

understanding the nature of the substrate surface and particularly the type of available bonding 

interactions that are responsible for producing stable chemical states of amino acids, and ultimately for 

controlling the orientation, conformation, and two-dimensional organization of the bio-organic adspecies 

on the inorganic surface. 

Our recent studies in WATLab have focused on the surface chemistry of organic components and 

biochemical materials, including DNA-bases (thymine
91

 and adenine
100

), peptides ( glycylglycine
99,131

), 

and the simplest amino acids (glycine
96,131,132,133

 and alanine).  Furthermore, our group has studied the 

surface chemistry of a series of aliphatic organic molecules, including di and perchloroethylene,
134

 

dibromoethylene,
135

 acrylic acid and propanoic acid,
136

 allyl alcohol and allyl aldehyde,
137

 allylamine,
138

 

ethanolamine,
139

 acetic acid,
140

 1,2-dihalogenated benzenes,
141

 toluene and benzene
142

 on Si(100)2×1 

surface, and 1,1-difluoroethylene,
143

 monochloroethylene, dichloroethylene, perchloroethylene and 

trichloroethylene,
144,145,146

 acetic acid,
147

 and tetrachloride
148

 on Si(111)7×7 surface using XPS, STM and 

ab-initio quantum mechanical simulations.  These studies reveal the wide varieties of interactions of 

aliphatic organic molecules with the silicon surfaces, leading to reactions either via simple hydrogen 

dissociation, dative bonding, or cycloaddition with the surface Si atoms.  All these past investigations by 

our group set the stage for the present study on more biologically important multifunctional materials, 

including sulfur-containing amino acids (cysteine and methionine), with a special focus on the reactivity 

and selectivity of different functional groups in these benchmark proteinogenic biomolecules towards 

specific sites on the Si(111)7×7 surface.   
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1.4 Molecular Interactions of Biomolecules with Metal Clusters Supported on 

Si(111)7×7 

Understanding the adsorption features and molecular interactions of bio-organic molecules with 

metal superstructures (clusters, templates, nanocrystallites) on a semiconductor surface is important to 

developing potential applications involving hybrid bio-organic-metal interfaces for biosensors and 

biomolecular electronic devices.  To date, studies of biomolecules interaction with supported metallic 

nanostructures have not received much attention, despite the importance of metallic nanostructures 

supported on a semiconductor surface.  One notable study has focussed on ñcoadsorptionò of the Au and 

L-cysteine on rutile TiO2(110) by XPS.
149

  When L-cysteine is exposed to gold clusters on TiO2(110), 

cysteine was found to interact with both gold deposits and the substrate surface (likely at the defect sites) 

through the thiol group with the formation of SïAu and SïTi bonds, respectively.   

As one of two sulphur-containing standard amino acids, cysteine is especially interesting because it 

contains three-functional groups: amino (ïNH2), carboxylic acid (ïCOOH) and thiol (ïSH) groups, which 

provide a wide variety of bonding possibilities and configurations with the surface.  In this context, 

understanding the adsorption and molecular features of cysteine with gold nanostructures supported on 

silicon surface is fundamentally interesting.  While there is a large volume of work on the adsorption of 

cysteine on Au surfaces
119,121,150,151,152,153,154,155,156,157

 and one recent complementary study of cysteine on 

Si(111)7×7,
98

 molecular interactions of cysteine with Au nanostructures and nanotemplates supported on 

Si(111)7×7 surface remain challenging and unexplored.   

1.5 Methodologies of Surface Sensitive Techniques 

A number of different surface analytical techniques have been used in surface science to understand 

the properties and reactivity of a surface and also to provide fundamental information and understanding 

about the surface structure (physical topography), chemical composition, electronic structure, and kinetic 

and energetic mechanisms.  Of all the technologies that have been developed to study the surface, low-

energy electron diffraction (LEED), reflection high energy electron diffraction (RHEED), ion scattering 

methods, and STM are the most widely used to investigate the surface structure.  Auger electron 

spectroscopy (AES), photoelectron spectroscopy (including XPS and ultraviolet photoelectron 

spectroscopy or UPS), high-resolution electron energy loss spectroscopy (HREELS), near-edge X-ray 

absorption fine structure spectroscopy (NEXAFS), and secondary ion mass spectrometry (SIMS) are the 

common surface-sensitive techniques to acquire elemental and chemical-state composition and chemical 
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bonding information about the surface and adlayers.  Among these surface analytical methods, surface-

sensitive XPS and STM techniques are used for the present research. 

1.5.1 X-ray Photoelectron Spectroscopy 

One of the most widely used surface characterization methods is XPS, also known as electron 

spectroscopy for chemical analysis (ESCA), which provides quantitative (and qualitative) chemical-state 

composition, and electronic structural information of the surface.  Not only is XPS a very useful surface-

sensitive technique to measure elemental composition, empirical formula, oxidation state, and electronic 

state for inorganic materials, it is also very powerful in the analysis of organic layers.  Among the many 

fundamental discoveries made in the early years of the 20
th
 century was the discovery of the photoelectric 

effect.  XPS technique is based on this important effect, first explained by Einstein in 1905
158

 using 

Planckôs quantization of energy, and was later developed further with the discovery of core-shell 

chemical shifts by Siegbahn and coworkers in 1957.
159

  The minor displacement of a core-level photoline 

in a photoelectron spectrum as a result of changing local chemical environment (or the oxidation state) is 

known as the chemical shift.  In a photoelectric process, an electron is ejected from an occupied energy 

level of the material, upon absorption of an X-ray photon of energy hɜ.  The X-ray photon can be 

generated by high energy electron excitation of a metal target (as KŬ line emissions of Mg and Al at 

1253.6 eV and 1486.6 eV, respectively) or from a synchrotron radiation source.  The kinetic energy (EK) 

of the emitted electrons depends on the energy of the exciting photons through the Einstein equation.  

EK = hɜ -(EB + W)                                                             (1.1) 

where EB is the binding energy of the electronic energy level of the electron before photoejection, 

measured with respect to the Fermi level, and W 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.  Only photons 

with energy greater than the work function (i.e. hɜ > W) can be used to generate photoelectrons.  The 

Fermi level corresponds to the highest energy level occupied by an electron in a neutral (metallic) solid at 

absolute zero temperature.  Scheme 1.1 depicts the photoemission process, in which a photoelectron is 

ejected from the K shell (i.e. 1s energy state) of an atom (in a molecule), upon absorption of a photon.  

The binding energy of a core-level photoline, along with its chemical shift, can be used to provide unique 

signature of individual element in specific chemical environment, while the corresponding spectral 

intensity provides quantitative composition of specific chemical state, after appropriate consideration of 

the relative sensitivity factors.   
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Scheme 1.1  Schematic diagram depicting ejection of the 1s electron as the result of absorption of an 

incident X-ray photon. 

 

A typical XPS instrument system includes a monochromatized X-ray source, an electron energy 

analyzer, and an electron detector, and one such commercial instrument is shown in Figure 1.2.  Our XPS 

experiments are conducted under UHV condition to avoid contamination of the sample, and to minimize 

unwanted collisions of the photoelectrons with residual gaseous particles during transport from the 

sample through the analyzer to the detector.  X-rays are generated by impinging a high-enegy electron 

beam of ~10 keV kinetic energy onto an anode target (made of Al or Mg), and the resulting radiative 

decay via X-ray emission leads to X-ray photons with well-defined photon energies specific to the target 

material.  Although the X-ray photons penetrate the sample to a depth on the order of a micrometer, the 

XPS spectrum contains information only about the top 10-100 Å of the sample due to the limited inelastic 

mean free paths of the photoelectrons in solids.  Furthermore, an X-ray monochromator, consisting of one 

or more quartz crystals, provides the best way to produce a monochromatized X-ray beam because the 

quartz monochromator system diffracts the Bremsstrahlung X-ray radiation and removes the satellite lines 

of X-rays.  The sample area illuminated by the monochromatized X-ray beam is usually less than a few 

milimeters in diameter.  The photoelectrons generated from the sample surface are collected by an 

electrostatic lens system, and are focussed onto the entrance slit of the electrostatic hemispherical energy 

analyzer.  The hemispherical energy analyzer consists of an inner and an outer concentric hemispheres 

with respective positive and negative applied potentials to mean pass energy.  Electrons with kinetic 

energy corresponding to the pass energy of the analyser are allowed to pass through the energy analyser 
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onto the electron detector system.  An array of electron multiplers (channeltrons), each of which amplifies 

a single electron by a factor of 10
8
, is used as the electron detector to register the number of 

photoionization events.
160

 

 

Figure 1.2  Left panel shows a photograph of a typical XPS system, consisting of an X-ray cathode, an 

X-ray anode, and a quartz-crystal X-ray monochromator, sampling position of the illuminating X-ray 

(approximate), an electrostatic lens system, a hemispherical analyzer, and a seven-channeltron electron 

detector.  Right panel shows the corresponding control electronics of the XPS instrument. 

 

1.5.2 Scanning Tunneling Microscopy 

Scanning tunneling microscopy (STM) has evolved into one of the most powerful modern research 

tools for the study of a broad range of surface phenomena and processes, providing information about 

surface topography, film growth, electronic and vibrational properties, as well as molecular manipulation 

at atomic resolution.  Developed by Binnig, Rohrer, and Gerber in the early 1980s, STM has used the 
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concept of quantum mechanical electron tunneling to open new door into the nanoworld of surface atoms 

in real space.
2,161

 

STM is an example of practical exploitation of a strictly quantum mechanical phenomenon, i.e. 

quantum mechanical tunneling.  Quantum mechanical tunneling involves the penetration of a potential 

barrier by an electron wavefunction.  In principle, tunneling can occur between two conductors simply by 

bringing them sufficiently close together, since the electron wavefunctions at the Fermi level extend out 

of their confining (classical) potential wells with a characteristic exponential inverse decay length K (in 

Å
-1
) given by: 

K = (2m◖)
1/2
(2ˊ/h)

ï1
 å 0.51(◖)

1/2
                                       (1.2) 

where m is the electron mass, h is the Planck constant and ◖ (in eV) is the effective local work function 

(Figure 1.3b).  If two such wells are brought sufficiently close together (about 4Å) and a potential V 

applied between them, then overlap of the electron wavefunctions permits quantum mechanical tunneling 

and a current I will flow across the gap (Figure 1.3c).  The magnitude of the tunneling current is given by: 

I  θexp(-2Kd)                                                                   (1.3) 

where d is the separation between the electrodes.  For example, when ◖ å 4 eV, K å 1 Å
ï1

, e
2
 å 7.4, this 

means tunneling current will reduce by 7.4 times per Å.  While the tip is positioned two atoms away (i.e., 

d å 3 Å, assuming a hypothetical atomic diameter of 1 Å), it will detect ~ 55 less current than when 

positioned one atom away (i.e. d å 1 Å).  This effect provides the basis for the surface sensitivity of STM, 

in which an electrode in the form of an atomically sharp point or tip is scanned mechanically across the 

surface of the other electrode.   

The principle of the microscope is shown schematically in Figure 1.4.  Piezo-electric elements are 

used to provide the tip movement at great precision.  By employing appropriate voltages, the z piezo is 

used to adjust the tip-to-surface separation, while the x and y piezos provide scanning in the two lateral 

directions.  The resolution of the STM depends simply on the diameter of the smallest attainable tip and 

tip-to-sample separation.   
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Figure 1.3  (a) An infinitely thick potential barrier where the potential is V for x > 0 and 0 for x < 0.  (b) 

Electron wavefunctions for two metal electrodes 1 and 2 with work function ū1 and ū2 separated by a 

large distance. (c) As the separation between the electrodes becomes sufficiently small, the electron 

wavefunctions from both electrodes become connected.  With the electron wavefunction overlapping each 

other, tunneling through the barrier may now proceed especially when assisted by the application of a bias 

potential difference. 

 

 

Figure 1.4  Principle of operation of a STM, where Vt is the sample bias voltage between the tip and the 

sample and Vz is the voltage applied to the z piezo.  In the constant current imaging mode, this z-piezo 

voltage is used to adjust the tip-to-sample separation so as to maintain a constant tunneling current. The 

control unit (CU) is used for the feedback loop. 
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There are three basic modes of operation: constant-current imaging, constant-height imaging, and 

spectroscopy modes.  In both imaging modes (Figure 1.5), the tip is brought close to the surface (a few Å) 

and a potential difference is applied to produce a current flow.  The resulting tunneling current is 

monitored as the tip is scanned laterally across the surface.  In the constant current mode of operation 

(Figure 1.5a), the tip is brought close enough to the surface at a convenient z-piezo voltage so that the 

tunneling current is measurable.  The tunneling current is usually of the order of a nanoampere.  A 

feedback network is then used to change the z-piezo voltage and therefore the separation d between the 

tip and the surface in order to maintain a constant current while the tip is scanned laterally over a small 

area of the surface.  Owing to the exponential dependence of the tunneling current on d, this has the effect 

of using the tip to trace out the topography of the surface at an essentially constant electron density of 

states.  A plot of d (or the z-piezo voltage) versus the x and y coordinates of the tip provides a map of the 

physical topography of the surface.   

 

Figure 1.5  Schematic diagram of different scanning modes for STM imaging.  (a) Constant current mode 

where the z-piezo voltage (corresponding to the height z) is adjusted to maintain a constant tunneling 

current It, and (b) constant height mode, where the z position (i.e., the z-piezo voltage) is kept fixed and 

the tunneling current is measured.  

 

Alternatively, in the constant height mode (Figure 1.5b), the tip is scanned across the surface at 

nearly constant height obtained by using an appropriately selected z-piezo voltage, while the tunneling 
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current is measured.  In this case, the feedback network response is made rather slow (or completely off) 

so that only the average current is maintained constant.  A map of the resulting current versus x, y 

coordinates provides surface contours of different electron density of states (at a preselected distance 

above the surface).   

There are two experimental parameters: the tunneling current and the sample-bias voltage.  The 

resistance of the tunneling gap gives a measure of the separation between the tip and the surface.  If the 

tip is close to the surface, the gap resistance will be relatively small.  The separation between the tip and 

the surface is in turn determined by the set-point for the tunneling current.  For a small separation, the 

tunneling current set-point value will be large.  Typically, the tunneling current is sets in the range 10 pA-

1 nA.  For values much greater than 1 nA, there is an increased risk that the tip-to-surface interactions 

will become strong enough to change the surface morphology, depending on the nature of the sample.  

Furthermore, the tip-induced damage to the surface can also be quite severe.  It is therefore important to 

set an appropriate upper limit on the magnitude of the tunneling current.  On the other hand, spatial 

resolution often becomes better at a higher tunneling current, and clearly a balance needs to be struck 

between the desired resolution of the recorded image on the one hand, and the likelihood of damage to the 

surface on the other.  While tunneling currents of the order of tens of pA may be employed for molecular 

and biological systems, larger currents of the order of several nA could be acceptable when imaging 

metallic surfaces.  The sample bias voltage (a potential applied to the sample with respect to the tip 

potential usually set at ground) also has a strong effect on the nature of the image recorded.  At very high 

sample bias voltage values, alterations to the surface structure may be induced.  This has made it possible 

to etch the sample surface, thus enabling the possibility of nanopatterning and nanolithography.  If the tip 

is moved in a controlled fashion across the surface while a high bias voltage is maintained, it is possible 

to create nanometer scale topographical features on the surface. 

The images generated by STM are determined by the electronic states at the surface and in the tip.  

STM can, therefore, in principle map out the electronic structure of a surface with atomic resolution, 

facilitating detailed studies of local, site-specific phenomena.  As the STM image is dependent on the 

sample bias potential in a complex fashion, it is possible to take advantage of this dependence to probe 

the local electron density of states spectroscopically with STM.  Figure 1.6 shows a hypothetical one-

dimensional system.  When the tip potential is negative with respect to the sample (by applying a positive 

sample bias voltage), electrons tunnel from the occupied states of the tip to the unoccupied states of the 

sample (Figure 1.6a).  On the other hand, when the tip potential is positive with respect to the sample (by 

applying a negative sample bias voltage), electrons tunnel from the occupied states of the sample to the 
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unoccupied states of the tip (Figure 1.6b).  Since states with the highest energy have the longest decay 

lengths into the vacuum, most of the tunneling current arises from electrons lying near the Fermi level of 

the negatively biased electrode.  By varying the sample bias, it is therefore possible to sample the local 

electron density states over a specified energy region.  In the present work, we will employ both positive 

sample bias and negative sample bias to obtain, respectively, complementary empty-state images and 

filled-state images of the sample, in order to provide more reliable assignment of STM features to specific 

adsorption moieties.  

 

 

Figure 1.6  (a) By applying a positive bias to the sample (with respect to the tip), tunneling occurs from 

the occupied states of the tip to the empty-states of the sample (empty-state imaging).  (b) By applying a 

negative bias to the sample, tunneling is reversed from the occupied states of the sample to the empty 

states of the tip.  

 

1.6 Scope of Thesis 

In the present work, we follow the growth evolution of gold, and two proteinogenic sulfur-containing 

amino acids (L-cysteine and L-methionine) on the Si(111)7×7 surface, with the ultimate goal to examine 

the molecular interaction of these aliphatic amino acids with gold clusters and other nanostructures 

supported on the 7×7 surface.  Using the three-pronged approach of combining chemical-state 

information provided by XPS and the site-specific local density-of-state images from STM with large-

scale quantum mechanical modelling, we seek to investigate their detailed growth and self-organization 

mechanisms, particularly site-specific surface chemistry on the 7×7 surface. We have outlined here in 

Chapter 1 the motivation and background for the present work, along with brief literature survey about 
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adsorption of organic and inorganic materials on Si(111)7×7 surface and the basic principles of the two 

primary experimental techniques (XPS and STM) used for the present work.  Chapter 2 provides an 

overview of the experimental setups for XPS and STM measurements for gold and amino acids on silicon 

substrates, and computational details used for modeling the adsorption of these adsorbates on a Si200H49 

slab used as a model 7×7 surface.  The experimental and theoretical results are given in the next four 

chapters.  In particular, Chapter 3 presents STM/XPS study of growth evolution of Au on Si(111)7×7 

from single atom to clusters to self-organized honeycomb nanostructures to nanocrystallites and finally 

nanofilms in the Stranski-Krastanov mode.  These STM results illustrate, for the first time, the intriguing 

surface dynamics and the formation of self-assembled nanostructures (honeycombs), the chemical identity 

of which (gold silicide) is supported as by our XPS results.  The companion Appendix (Appendix A) 

presents optimized Au nanostructures based on large-scale DFT calculations for the early growth stage up 

to the formation of the first gold silicide layer.  Chapter 4 and Chapter 5 describe the adsorption and 

thermal evolution of two sulphur-containing standard amino acids, L-cysteine and L-methionine, 

respectively.  The results found for these amino acids fit the universal three-stage growth mechanism that 

we hypothesize based on the XPS and DFT-D2 data that we obtain from five benchmark proteinogenic 

biomolecules on the 7×7 surface.  Moreover, the site-specific adsorption of L-cysteine on Si(111)7×7 

surface at low exposure as observed by STM is also presented in Chapter 4.  These STM results show, for 

the first time, the formation of novel self-organized Y-shaped trimer of L-methionine, which we propose 

as a plausible ñmagic-numberò cluster supported on Si(111)7×7 also in Chapter 5.  Chapter 6 presents a 

preliminary study on the molecular interactions of cysteine with three distinct gold nanodeposits on 

Si(111)7×7, including single/dimer Au adatoms, Au honeycomb nano-networks, and Au nanocrystallite 

fil m that are obtained at different growth stages of Au.  Finally, the summary and future outlook of the 

present work are given in Chapter 7.  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 

The experiments were carried out in a custom-built, multi-chamber, multi-technique ultrahigh 

vacuum system (Omicron Nanotechnology, Inc.), shown in Figure 2.1.  This system consisted of an 

analysis chamber for X-ray photoelectron spectroscopy (XPS) for chemical-state composition and depth-

profiling analysis, scanning tunneling microscopy (STM) for atomic-resolution imaging, and low energy 

electron diffraction (LEED) for determination of surface structures; two molecular beam epitaxy (MBE) 

chambers for inorganic and organic materials deposition, one of which is equipped with a reflection high-

energy electron diffraction (RHEED) system for in-situ growth monitor of crystalline materials; a fast-

entry-lock (FEL) chamber for sample loading and introduction; and a center transfer chamber (CTC) 

connecting the other chambers for sample interchange and storage.  The base pressure in the MBE 

chambers were lower than 1×10
-10

 mbar, while that in the FEL chamber, the center transfer chamber, and 

the analysis chamber were better than 2.1×10
-7
, 2.0×10

-11
 and 1.6×10

-11
 mbar, respectively.  The MBE 

chambers were each pumped by a turbomolecular pump, an ion pump and a titanium sublimation pump.  

The chamber wall was lined inside with a cooling shroud that, when filled with liquid nitrogen, acted as 

an additional cryogenic pump during MBE material growth.  Single-side polished n-type Si(111) chips 

(11×2 mm
2
, 0.3 mm thick, from Virginia Semiconductor Inc., USA), with a resistivity of 0.005 ɋ cm 

were used as the substrates for all the experiments.  The pre-cleaned Si(111) samples were mounted on 

sample transfer rod in the FEL chamber for subsequent transport to the center transfer chamber.  Sample 

transfers between the chambers were performed by using magnetic transfer rods. 

2.1 Generation of 7×7 Reconstructed Surface of Si(111) 

The single-side polished n-type Si(111) chips were washed with ethanol and acetone in an ultrasonic 

cleaner, and then mounted on a sample holder as shown in Figure 2.2 before introduction to the FEL 

chamber.  A contaminant-free Si(111)7×7 reconstructed surface was prepared in the analysis chamber by 

direct-current resistive heating at ~400 °C overnight in ultrahigh vacuum (UHV) condition followed by a 

þash-annealing procedure, which involved rapidly increasing the sample temperature to ~1200 °C and 

holding it at that temperature for ~10 s, and then cooling rapidly to ~800 °C to be followed by slowly 

reducing the temperature back to room temperature at a rate of 4-5 °C/s.  This flash-annealing process 

was repeated until a clean 7×7 reconstructed Si(111) surface (with a sharp 7×7 LEED pattern) was 

obtained, and validated by STM and XPS techniques.  



 

 21 

 

Figure 2.1  (a) and (b) Photographs of the Omicron multi-technique UHV system taken from two 

different angles.  This five-chamber UHV system consists of two molecular beam epitaxy chambers: 

MBE1 for low-temperature organic material deposition and MBE2, equipped with a RHEED system, for 

high-temperature metal and inorganic material deposition; and an analysis chamber equipped with a 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 lock (FEL) chamber (out of view) and 

a center transfer chamber (CTC).  (c) and (d) The machine drawings showing the top and side view, 

respectively.  
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Figure 2.2  (a) The schematic diagram of the sample holder assembly (Omicron User Manual), and (b) 

photograph of a Si(111) chip (11×2 mm
2
, 0.3 mm thick, from Virginia Semiconductor Inc., USA) 

mounted on the assembled sample holder. 

 

2.2 Molecular Beam Epitaxy of Metal and Organic Materials 

The MBE1 chamber, shown in Figure 2.3a, was used to deposit bio/organic materials, often in 

powder form, and was equipped with four specially designed, water-cooled, low-temperature effusion 

cells (Dr. Ebert MBE-Komponenten GmbH).  Effusion cells OME1 and OME2, shown in Figure 2.3b, 

were used for evaporating organic powders at a relatively low temperature range (15-350 °C), while 

effusion cells NTEZ1 and NTEZ2, shown in Figure 2.3c, were used for evaporating materials at a higher 

temperature (80-700 °C).  In order to assure the identity and integrity of the gas-phase biomolecules 

during exposure, the MBE1 chamber was also equipped with a 1-300 amu quadrupole mass spectrometer 

(Stanford Research Systems, RGA-300), shown in Figure 2.3a.  After preloaded the crucible of the 

effusion cell with a biomaterial powder, the effusion cell was outgassed in vacuum overnight to remove 

any residual absorbants (e.g. water) in the powder.  The powder inside the crucible of the effusion cell 

was heated uniformly along the entire length by a hot Ta-wire heater (Figure 2.3d-e).  The temperature of 

the crucible was measured by using a thermocouple in direct contact with the crucible wall, and all 
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effusion cells were each equipped with a stainless steel double-wall water cooling shroud (Figure 2.3e) 

for homogenous heating and uniform temperature control.  As a routine procedure, the cooling shroud of 

the MBE chamber was filled with liquid nitrogen before exposure of the bio/organic materials to 

minimize outgassing from the chamber wall.  L-cysteine and L-methionine powders (99.5% purity, Fluka) 

with a normal melting point at 240 °C and 280 °C, respectively, were used as the bio/organic materials in 

the present work. 

 

 

Figure 2.3  (a) Photograph of MBE1 chamber for deposition of bio/organic materials, which was 

equipped with four low-temperature precision effusion cells (two OME and two NTEZ cells), a 

quadrupole mass spectrometer, and a cooling water recirculator.  The inset in (a) shows a magnified 

inside view of the MBE1 chamber, in which the sample stage was attached on a magnetic transfer rod.  

Photographs of (b) an OME effusion cell, and (c) a NTEZ effusion cell, along with a quartz and a 

polytetrafluoroethylene crucibles.  Schematic diagrams of (d) the OME cell and (e) NTEZ cell, depicting 

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

 

The MBE2 chamber, shown in Figure 2.4a, was used to deposit metals (such as Au, Ag, Cu, and Fe) 

and high-temperature materials such as silicon and oxides. It was equipped with two medium-temperature 

WEZ effusion cells (200-1300 °C, Figure 2.4b) and two high-temperature effusion cells EFM (300-2000 

°C, Figure 2.4c).  A RHEED system was also installed to allow real-time monitoring of the crystalline 

growth.  Gold was the metal material used in the present study.   
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Figure 2.4  Photographs of (a) MBE2 chamber for deposition of metals and inorganic materials equipped 

with two medium temperature (WEZ) and two high-temperature (EFM) effusion cells and a RHEED 

system, (b) WEZ effusion cell and (c) EFM effusion cell. 

 

2.3 Analysis Chamber 

The multi-technique Omicron system in WATLab was equipped with XPS, SPM, and LEED 

facilities, used, respectively, for quantitative chemical-state composition analysis, atomic-resolution real-

space imaging, and surface crystallography characterization.  Together with our large-scale quantum 

mechanical modelling, the XPS and SPM provide a three-pronged approach for the present study. 

2.3.1 X-ray Photoelectron Spectroscopy for Chemical-State Composition Analysis 

X-ray photoelectron spectroscopy has been performed on various supported Au templates obtained 

with different Au exposures on Si(111)7×7 surface in order to follow the evolution of chemical-state 

composition with growth.  XPS has also been employed for the nanofilm growth experiments of sulfur-

containing aliphatic amino acids, i.e., L-cysteine and L-methionine, which were deposited cumulatively 

on the same Si(111)7×7 substrate at room temperature under UHV conditions, and for the thermal 

evolution experiments of the as-deposited thick amino acid films upon annealing to 85°C, 175°C and 

285°C to investigate the thermal stability of the biofilms.  XPS spectra of the Si 2p and Au 4f regions 
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were collected after deposition of Au on Si(111)7×7surface, while those of the Si 2p, N 1s, C 1s, O 1s, S 

2p and S 2s regions were obtained after deposition of cysteine and methionine on Si(111)7×7 surface as a 

function of exposure time.  All XPS spectra were recorded with a pass energy of 20 eV, which gave an 

effective linewidth of 0.7 eV full width at half maximum (FWHM) for the Ag 3d5/2 photoline at 368.3 eV 

binding energy.  Besides the Ag 3d5/2 peak, Au 4f7/2 peak at 83.9 eV and Cu 2p3/2 peak at 932.6 eV have 

also been used to calibrate the binding energy scale of the XPS spectrometer.  Housed in the analysis 

chamber, the high-performance XPS spectrometer used for these measurement consisted of a 

monochromatized Al KŬ source (1486.7 eV photon energy), a SPHERA hemispherical electron energy 

analyzer (operated with a pass energy of 20 eV), and a 7-channeltron detector assembly (Figure 2.5a).  

Figure 2.5b shows a schematic diagram of the X-ray monochromator with its three major components: 

electron source and alignment manipulator of the cathode, X-ray anode, and quartz-crystal mirror 

assembly.  Along with the sample, the positions of the X-ray anode and quartz-crystal mirror were 

positioned appropriately on the Rowland circle.  As Figure 2.5c schematically illustrates, 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 (54.7°).  The X-ray source (XM 1000 

MkII) had a water-cooled aluminum-coated anode surface, and a short and a long filament, acting as the 

cathodes for diffused and focused operations, respectively (Figure 2.5d).  The long cathode was normally 

operated at a lower power density that led to a less focused X-ray spot on the sample (~4 mm), while the 

short cathode could produce a higher electron power density that gave rise to a smaller, brighter X-ray 

emitting spot (~1 mm) on the sample.  The resulting photoemission signal was directly proportional to the 

brightness of the X-ray spot illuminating on the sample.  The maximum emission was 300 W at 15 kV for 

the shorter filament and 600 W at 15 kV for the longer filament, which were controlled by the X-ray 

source power supply.  The control electronics, including the X-ray control unit and the analyzer lens and 

counting electronics, was fully software-controlled by using a Windows XP computer.  After acquisition 

of the XPS data, the spectra were fitted with GaussianïLorentzian lineshapes (70% Gaussian and 30% 

Lorentzian) along with the Shirley background using the Casa-XPS software, and the binding energies 

were referenced to the Si 2p3/2 peak of bulk Si at 99.3 eV. 
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Figure 2.5  (a) Photograph of the X-ray photoelectron spectrometer, consisting of an X-ray source with a 

monochromator, and a hemispherical electron energy analyser with an entrance lens and an exit detector 

systems.  (b) Schematic diagram of the X-ray monochromator with individual components: X-ray source 

and manipulator, and a quartz crystal mirror monochromator.  The X-ray anode, monochromator and the 

sample position are appropriately aligned on the Rowland circle.  (c) Schematic diagram of the relative 

orientation of the photon emission direction of the monochromator with respect to the entrance lens 

direction of the analyser (i.e. the photoelectron emission direction).  (d) Photograph of an X-ray source 

(XM 1000MKII) with the short and long filament cathodes, and the aluminum-coated anode surface. 

 

2.3.2 Scanning Tunneling Microscopy for Atomic Resolution Imaging 

Figure 2.6 shows the variable-temperature scanning probe microscope (VT-SPM), manufactured by 

Omicron Nanotechnology, installed in the analysis chamber.  A magnified and more detailed view of the 

VT-SPM taken outside the chamber is shown in Figure 2.6b.  The VT-SPM was capable of both high-

performance STM and AFTM measurements at a temperature range of ï223-227 °C (or 50-500 K) when 

combined with cooling and heating facilities.  Sample heating in the microscope was achieved by an 

indirect radiative heating facility integrated into the sample stage, while sample cooling was 

accomplished by using a continuous liquid helium flow cryostat.  The VT-SPM employed a unique 

vibration decoupling mechanism to provide effective noise reduction.  The base plate was suspended by 

four springs (with a resonance frequency of 2 Hz) and vibrations of the suspension system were prevented 

by using a non-periodic eddy current damping mechanism.  To achieve this, the VT-SPM base plate was 

surrounded by a ring of copper plates seating in between permanent magnets.  The sample or tip transfer 
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was performed by first locking the spring suspension with the push-pull motion feedthrough (PPM, 

Figure 2.6b), and then exchanging the sample by using a wobble stick (Figure 2.6a).  The STM stage was 

then released and spring-loaded with the push-pull feedthrough.  As shown in Figure 2.6c, the scanner 

stage with a STM tip could be moved vertically upward to reach the sample surface with the use of piezo 

motors.  The STM tip could be commanded to approach the surface with the help of a remote control box 

(Figure 2.6d).  After the STM tip reached the set position, applying appropriate bias voltage and setting 

the tunneling current set-point were fully controlled to obtain an STM image using the MATRIX 

software.  A single tube scanner with a maximum scan range of 10 ɛm Ĭ10 ɛm and a z-travel of 1.5 ɛm 

was used in the VT-SPM microscope and a z resolution better than 0.1 nm could be achieved. 

 

 

Figure 2.6  Photographs of the Omicron VT-SPM system: (a) SPM chamber with a wobble stick, the 

laser electronics for AFM operation, and a camera; (b) VT-SPM microscope outside the chamber; (c) 

STM scanner stage with a STM tip; and (d) data acquisition computer with control electronics. 
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2.4 Computational Details 

In addition to the two aforementioned surface-sensitive analytical methods used to provide 

complementary information about specific properties of the surface, biomolecular surface reactions and 

film growth processes, computational chemistry with comprehensive ab-initio quantum mechanical 

molecular modelling is also employed to provide more comprehensive understanding of the experimental 

findings.  This three-pronged approach has allowed us to acquire more fundamental insights into the 

systems on hand and to make predictions about other larger systems on the basis of the present results. 

In computational chemistry, three general types of calculations: molecular mechanics, semi-

empirical calculations, and ab-initio calculations, have been applied to study the problem on hand.  While 

molecular mechanics employs classical physics to interpret the behavior of atoms and molecules using 

force-fields with empirical parameters, semi-empirical methods combine quantum physics with 

experimentally derived empirical parameters and approximations.  These methods are particularly useful 

for describing approximate behaviour and trends of large systems, where accuracy is perhaps not the 

primary goal.  On the other hand, ab-initio quantum mechanical method provides accurate calculations of 

total energies and other fundamental material properties, including atomic and electronic structures of 

molecules and solids, based entirely on quantum mechanics.  Generally recognized as one of the most 

popular ab-initio methods, Density functional theory (DFT) has been applied to a wide range of systems 

from atoms, molecules and solids to nuclei and quantum and classical fluids.  DFT can be used to predict 

various molecular properties such as molecular structure, electronic and magnetic properties, reaction 

paths, and vibrational frequencies in chemistry.  The idea of using the electron density instead of a 

wavefunction to obtain information about chemical systems originated in the early days of quantum 

mechanics in the 1920s through the studies of Thomas
162

 and Fermi.
163

  After three decades, Slater
164

 in 

1951 simplified the Hartree-Fock theory
165,166,167,168

 using ideas from the electron gas, which was first 

developed for electronic structural calculations for solids.  The modern DFT formalism began in the mid 

1960 based on two mathematical theorems proven by Hohenberg and Kohn
169

 and Kohn and Sham.
170

  

The first Hohenberg and Kohn theorem, which states that ñThe ground state energy from Schrodingerôs 

equation is a unique functional of the electron density.ò lay the foundation for DFT calculations.  The 

ground-state energy E can be expressed as E[n(r )], where n(r ) is the electron density of the wave function 

ȿɰ at spatial coordinates r  of the N electrons and is given by:  

ὲἺ=  ȿɰ(Ἲ1,Ἲ2,ȣ,Ἲὔ)ȿ2  ὨἺ1ὨἺ2ȣὨἺὔ                                                     ( . ) 
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For a closed shell single determinant consisting of individual electron wave function (‪i), n(r ) is given 

by: 

ὲἺ= 2 ‪Ὥ
ᶻ(Ἲ)‪Ὥ(Ἲ)

Ὥ

                                                                     ( . ) 

Although this theorem rigorously proves that a functional of the electron density exists and that it can be 

used to solve the Schrodingerôs equation, the theorem says nothing about what the functional actually is.  

The second Hohenberg and Kohn theorem defines an important property of the functional and it states 

that ñThe electron density that minimizes the energy of the overall functional is the true electron density 

corresponding to the full solution of the Schrodingerôs equation.ò  The energy functional defined by the 

Hohenberg and Kohn theorem in terms of the individual electron wave function can be written as in terms 

of an ñknownò total energy functional Eknown and exchange-correlation functional EXC[{‪i}]:  

Ὁ ‪Ὥ = ὉὯὲέύὲ ‪Ὥ + Ὁὢὅ ‪Ὥ                                                ( . ) 
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The terms on the right hand side correspond, from left to right, to the electron kinetic energies, the 

Coulomb interactions between the electrons and the nuclei, the Coulomb interactions between pairs of 

electrons, and the Coulomb interactions between pairs of nuclei. 

Kohn and sham showed that the task of finding the right electron density can be expressed in a way 

that involves solving a set of equations, each of which only involves a single electron. The Kohn-Sham 

equation has the form: 

ᴐ2

2ά
ᶯ2 + ὠἺ+ ὠὌἺ+ ὠὢὅἺ ‪ὭἺ= ‭Ὥ‪ὭἺ                 ( . ) 

where V defines the interaction between the electron and the collection of atomic nuclei; VH (the Hartree 

potential) describes the Coulomb repulsion between the electron and the total electron density and also 

involves the Coulomb interaction between the electron and itself; and VXC can formally be defined as a 

ñfunctional derivativeò of the exchange-correlation energy:  

ὠὢὅἺ=
Ὁὢὅ(Ἲ)‏

ὲ(Ἲ)‏
                                                                                ( . ) 

To solve the Kohn-Sham equation, the exchange-correlation functional, EXC[{‪i}] must be specified, 

which is very difficult.  Fortunately, there is one case where this functional can be derived exactly: the 
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uniform electron gas.  In this case, the electron density is constant at all points in space, i.e., n(r ) = 

constant.  The exchange-correlation potential at each position can be set to the known exchange-

correlation potential for the uniform electron gas at the electron density observed at that position: 

ὠὢὅἺ= ὠὢὅ
ὩὰὩὧὸὶέὲ Ὣὥί

ὲἺ                                                              ( . ) 

This approximation uses only the local density to define the approximate exchange-correlation functional 

and it is known as the local density approximation (LDA).  LDA defines the approximate exchange-

correlation functional which can be driven exactly from the uniform electron gas, but the accuracy of the 

LDA is insufficient for most applications in chemistry.   

ὠὢὒὅ
ὒὈὃἺ= ὠὢὅ

ὩὰὩὧὸὶέὲ Ὣὥί
ὲἺ                                                           ( . ) 

After the LDA, development of functionals introduced the best known class of functionals, known as the 

generalized gradient approximation (GGA).
171

  GGA uses information about both the density and the 

gradient of the charge density at a particular point, and reduces the LDA errors.  In GGA, the exchange-

correlation functional is expressed using both the local electron density and the gradient of its electron 

density:  

ὠὢὒὅ
ὋὋὃἺ= ὠὢὅὲἺ, ὲɳ(ὶ)                                                               ( . ) 

There are a large number of different GGA functionals arising from various ways that form the gradient 

of the electron density.  The Perdew-Wang functional (PW91) and Perdew-Burke-Ernzerhof functional 

(PBE)
172

 are two of the most popular functionals.   

Despite the great efforts in developing the DFT method in the past decade, there were lingering 

problems in describing van der Waals interactions or London forces (dispersion interactions) in 

intermolecular interactions, which are especially important in biochemical materials and in bio- or 

nanoarchitectures, and to the electronic structure of strongly correlated systems.  To improve the electron 

correlation treatment, an additional term has been added to the conventional Kohn-Sham DFT energy.
173

  

The relationship between electron correlation and long-range forces between atoms was initially 

examined in the 1930s by London, who showed that the general form of the interaction between two 

spherically symmetric atoms at large distances was  

ὠὨὭίὴὩὶίὭέὲ =
ὅ

ὶ6
                                                                               ( . ) 

where r is the separation between the atoms and C is a collection of physical constants. 

In DFT-D calculations, the total energy of a collection of atoms as calculated with DFT, EDFT, is 

augmented as follows: 
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ὉὈὊὝ Ὀ= ὉὈὊὝ Ὓ
ὅὭὮ
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                                         ( . ) 

Here, rij is the separation between atoms i and j, Cij is a dispersion coefficient for atoms i and j, which can 

be calculated directly from tabulated properties of individual atoms, and fdamp(rij) is a damping function to 

avoid unphysical behavior of the dispersion term for small separations.  The empirical parameter, S, 

corresponds to a scaling factor that is applied uniformly to all pairs of atoms.
174

 

Dispersion effects included via semiempirical atom pairwise interactions using the DFT-D2 or DFT-

D3 methods by Grimme have been shown to give quite accurate thermochemistry for both covalently 

bonded systems and systems dominated by dispersion forces.
175,176,177

  Unless stated otherwise, we employ 

the DFT-D2 approach for the calculations presented in the present work. 

2.4.1 Slab Model 

In this study, we used an optimized structure of the dimer-adatom-stacking fault (DAS)
29,28

 model for 

the Si(111)7×7 substrate, which contains a faulted and an unfaulted half unit cells, each with three corner 

adatoms and three center adatoms in the topmost layer and three restatoms in the second layer (Figure 

1.1d).  A periodic repeating slab consisting of 200 Si atoms, distributed in two Si bilayers and a 

reconstructed layer (topmost layer) with a 5.419 Å lattice constant of the Si bulk, and a vacuum gap of 12 

Å was used to represent the Si(111)7×7 surface.  The bottom layer of the slab was terminated by 49 H 

atoms.  The Vienne Ab-initio Simulation Package (VASP, version 5.3.3)
178,179,180,181

 and the Materials 

Exploration and Design Analysis platform (MedeA, version 2.16, Materials Design, Inc.) were used for 

the calculations.  During the equilibrium structure optimization, all the coordinates of the H-terminated Si 

atoms were relaxed until the forces at individual atoms were less than 0.01 eV/Å, with the coordinates of 

all the Si atoms fixed.  With the coordinates of the H atoms now frozen, the coordinates of the Si adatoms 

and the two Si bilayers were then relaxed until the forces on each atom were less than 0.01 eV/Å.   

The first-principle total energy calculations were performed within the generalized gradient 

approximation
171,182

 as defined by Perdew, Burke, and Ernzerhof (GGA-PBE),
172

 based on the exchange-

correlation functional and projector augmented-wave (PAW) potentials
183,184

 to describe the effect of core 

electrons on the valence shells together with a plane-wave basis set used to span the valence electronic 

states.  The plane-wave expansion cutoff energy was set to 250 eV (for Au) and 400 eV (for bio-organic 

adsorbates).  The surface Brillouin zone was sampled at only ũ point with k-point spacing of 0.5/Å for all 

DFT and DFT-D2 calculations, due to the large unit cell and limited computing resources.  Conjugate-

gradient algorithm was employed to optimize the geometry of the atomic structure, and all Si atoms were 
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completely relaxed until the forces on all the atoms were less than 0.02 or 0.01 eV/Å, depending on the 

size of system.  The energy convergence of the self-consistent field was set to 1.0×10
-5
 eV, with 

Methfessel-Paxton smearing of 0.2 eV.   

The adsorption energy Ead for adsorbates is defined as,  

Ead = (EnM+Si200H49ïESi200H49ïnEM)                                             (2.12) 

where EnM+Si200H49, ESi200H49 and EM are the total energies of the adsorbed species (i.e. a gold atom or 

a biomolecule) on the Si200H49 slab, the Si200H49 slab, and the isolated species, respectively, and n is the 

number of species making up the cluster nM. The more negative is the adsorption energy Ead, the more 

stable is the corresponding adsorption. 

In the case of adsorption of Au on the Si(111)7×7 surface, we calculated the adsorption energy of a 

single Au adatom on the top of various sites, such as center adatom, corner adatom, restatom, pedestal 

atom of the restatom, pedestal atom of the corner adatom, and pedestal atom of the center adatom, on both 

the faulted and unfaulted half unit cells using DFT calculations.  These calculations enabled us to 

determine the most stable position for anchoring individual Au atoms and also to discover the trajectory 

of hopping for a single Au atom.  Furthermore, we did DFT calculations for the adsorption of two Au 

atoms on various sites of the Si(111)7×7 surface (not reported in the present study).  Moreover, we also 

calculated the adsorption energy of n Au adatoms on the top of Si(111)7×7 in order to evaluate the 

stability of the proposed supported Au cluster structures.   

In order to calculate the adsorption energy of bio-organic molecules on the Si(111)7×7 surface, the 

DFT-D2 calculations were performed.  A large variety of gas-phase conformations of the two S-

containing biomolecules (i.e., L-cysteine and L-methionine) adsorbed in unidentate and/or bidentate 

configurations [through different functional groups: carboxylic acid (ïCOOH), amino (ïNH2), and thiol 

(ïSH)] on different sites of Si(111)7×7 surface (adatoms and restatoms sites on both faulted and unfaulted 

half unit cells) were evaluated.  A selection of the most stable geometry was then made on the basis of 

their adsorption energy after optimization.  To understand the formation of transitional and zwitterionic 

layers, the underlying driving forces, and growth modes of the adsorbed biomolecules on Si surface, 

additional molecules were also included to determine the equilibrium structure of the interfacial layer.  

The coordinates of all adsorbed molecules and Si atoms were relaxed during the DFT-D2 calculations. 

Due to the importance of hydrogen bonding interactions in the formation of proteins and larger 

biochemical materials, quantitative studies are very useful to explain a number of supramolecular self-

assembly and biological processes in physiochemical terms.  For this reason, we employed DFT-D2 

calculations for di-molecular configurations, which arise as a result of formation of various H-bonds, for a 
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number of benchmark aliphatic amino acids in the gas phase and also on the Si(111)7×7 surface.  The 

total energy for adsorption of biomolecule or metal adspecies on the Si surface includes covalent bonds, 

H-bonds, long-ranged interaction energy between adsorbates and the Si surface (if it is applicable), and 

relaxation energy of Si surface. 
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Chapter 3 

Two-dimensional Self-assembled Gold Silicide Honeycomb 

Nanonetwork on Si(111)7×7ÿÿ 

3.1 Introduction 

As a noble metal, Au is well known for its stability and inertness even at high temperature.  

However, Au has been found to readily react with Si, with the first report of an intermixed Au/Si interface 

dated back to four decades ago.
61

  This unusual reactivity of Au toward Si is of fundamental interest.  

Furthermore, the catalytic property of Au in the nanoscale has also attracted a lot of attention because of 

its many potential technological applications.  A large variety of preparation techniques have therefore 

been employed to grow Au on Si surface, from single Au adatoms to clusters to nanoparticles to thick 

films.  Growing Au on clean, single-crystalline Si surface in ultrahigh vacuum is considered to be the best 

way to study the Au-Si reaction and the extent of this interaction, because complications due to oxide 

formation and grain boundaries could be minimized.  Previous ultrahigh vacuum studies have focused 

exclusively on either the very early stage of formation of Au/Si interface
54

 or a large Au coverage on 

Si.
185

  Single Au adatoms,
52

 dimers,
186

 and clusters with a proposed Au6Si3 structure
48

 have been observed 

on Si(111)7×7 at room and lower temperatures by using scanning tunneling microscopy (STM).
 50

  On the 

other hand, at a high Au coverage three-dimensional Au
187,188

 or gold-silicide islands have been found by 

using photoemission
189

 and medium energy ion scattering.
64,190

  Along with the formation and location of 

the gold silicide in the growth stage, the growth mode of Au on Si is also of great interest in the literature.  

In general, the common growth mode of heteroepitaxial growth of metals on Si surfaces is the Stranski-

Krastanov mode.  In this so-called mixed growth mode, the initial two-dimensional layer-by-layer growth 

is switched to three-dimensional island growth at a certain critical thickness.
191

  While the growth mode 

of Au on Si(111) (with various post-annealing temperatures) has been generally accepted to follow the 

Stranski-Krastanov mode,
188

 details about the growth evolution particularly near the critical thickness 

region remains unclear.  In spite of the earlier efforts and this seemingly simple metal-semiconductor 

ñbenchmarkò system, a consistent picture about the formation and location of gold silicide in the growth 

stage of Au on Si has not been reached.
62,64,65,189,190,192

  This important information is of fundamental 

interest to silicon device fabrication, particularly in areas of metal and perhaps (bio)organic molecules 

                                                      
ÿÿ

 This section is made from one of my publications: F.R. Rahsepar, L. Zhang, K. T. Leung, J. Phys. Chem. C, 2014, 

118, pp 9051-5.  Copyright (2014) by the American Chemical Society. 
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passivation.  For example, the topmost layers of Au film on Si have been reported to be gold silicide,
 

65,185,193
 metallic Au,

189,194
 or Si-rich alloy.

195,196
  In the case of Au growth on Si(111)7×7 at room 

temperature, by using a combination of photoemission and ion scattering techniques, Hoshino et al. have 

reported the growth of two atomic layers (at an Au coverage of 5.2 monolayers) in the form of Au3Si2 on 

top of a metallic Au layer.
65

  Even more surprising was their observation that an increase in the Au dosage 

only led to an increase in the metallic Au layer thickness, with the top Au3Si2 layers remaining 

unchanged.
65

  In contrast, according to Kim et al.,
189

 a complete monolayer of metallic Au was formed on 

the top of a gold silicide interfacial layer.  They drew this conclusion from their results obtained by 

positron-annihilation-induced Auger electron spectroscopy that was sensitive to just the topmost layer, 

together with conventional Auger electron spectroscopy. 

Here, we study the growth evolution of Au on Si(111)7×7 at room temperature under ultrahigh 

vacuum condition by correlating our STM images with our XPS spectra for the same coverage over a 

wide coverage range, from single adatoms to clusters to honeycomb nano-network and to islands.  In 

particular, the morphology of Au (i.e., wetting layers vs islands) can be directly inferred from the STM 

images, while the chemical states of Au with well-defined chemical shifts (i.e., gold silicide vs metallic 

Au) can be obtained from the XPS spectra.  Together, these results can be used to resolve the existing 

controversies about the formation and location of gold silicide in the growth stage near the critical 

thickness region.  

3.2 Experimental Details 

The experimental procedure has been discussed in detail in Chapter 2.  Furthermore, Au (99.9999% 

purity) was deposited by thermal evaporation at 1040 °C with the 7×7 substrate held at room temperature.  

Different doses of Au were exposed onto the 7×7 surface, and each exposure was performed onto a 

freshly cleaned 7×7 surface.  After each exposure, both STM and XPS measurements were performed on 

the same sample in the analysis chamber.  For XPS, Si 2p and Au 4f spectra were recorded with an 

overall energy resolution of 0.7 eV FWHM (for the Ag 3d5/2 photoline at 368.3 eV) using 

monochromatised Al Ka X-ray (1486.7 eV) and an analyser pass energy of 20 eV.  The Au coverage was 

given in monolayer (ML), for which 1 ML corresponds to 7.83×10
14

 atoms/cm
2
 assuming the Si atomic 

density of an unreconstructed Si(111) surface.  The calibration of Au coverage was carried out using the 

following procedure: (1) count the numbers of Au adatoms in the STM images where only single Au 

adatoms and dimers exist (i.e., those obtained at very low Au coverages, e.g. Figure 3.1a below); (2) 

measure the corresponding Au 4f XPS spectrum of the same sample; (3) establish a relation between the 
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Au surface number density (using the Si atomic density of an unreconstructed Si(111) surface) and the Au 

4f peak area; and (4) use this relation to calculate the Au coverages for other samples using their 

respective Au 4f peak areas.  This procedure allowed us to correlate the chemical state information 

obtained from XPS for a specific coverage with the corresponding morphology information provided by 

STM. 

3.3 Results and Discussion 

Figure 3.1 presents the STM filled-state images for various Au coverages from 0.004 to 3.97 ML on 

Si(111)7³7 at room temperature.  At the lowest Au coverage (0.004 ML, with a magnified image shown 

in Appendix A, Figure A1), there are three notable features: sextets, triads, and scribbles.  Briefly, the 

sextets (Figure 3.1a, circle) and the triads (Figure 3.1a, square), located respectively on the faulted 

(marked by F in Figure 3.1a) and unfaulted (marked by U in Figure 3.1a) half unit cells (HUCs), 

correspond to a single Au adatom rapidly moving among the six Si adatom sites within the respective 

HUCs.
51

  Closer examination of the sextet features shows that the corner-adatom protrusions appear 

brighter than the center-adatom protrusions, indicating a higher local density of states at the corner-

adatom sites than the center-adatom sites.  Similarly, in the unfaulted HUC the center-adatom protrusions 

forming the triad are brighter than the corner-adatom protrusions, as a result of a higher Au density of 

states at the center-adatom sites.
52

  The scribble feature (Figure 3.1a, up triangle) results from a fast 

moving Au dimer within a HUC.
186

  An increase in the Au coverage to 0.05 ML leads to formation of 

new triangular clusters with threefold symmetry (Figure 3.1b, down triangle) located at the centers of the 

HUCs.  We hypothesize that these triangle features correspond to AuxSiy clusters, including, e.g., Au9Si3 

in accord with our large-scale calculations based on the Density Functional Theory (DFT) (Appendix A).  

At 0.20 ML (Figure 3.1c), larger clusters appear within the HUCs.  The corresponding empty-state image 

(Appendix A, Figure A2) shows that these larger distorted triangle features have not covered the Si dimer 

walls.  It should be noted that at this low coverage the 7×7 reconstruction remains clearly visible, with the 

dimer rows and corner holes unambiguously defining the registry of the original 7×7 surface. 

Further increase in the Au coverage leads to larger clusters that completely fill the HUCs, some of 

which start to connect with clusters in neighboring HUCs.  At 0.76 ML, the continued increase in size of 

these clusters and the merging of adjacent clusters eventually produce a complete Au layer with a 

honeycomb pattern that fills the entire Si(111)7×7 surface template with just the empty corner holes 

exposed.  As demonstrated by the persistence of the 7³7 and related spots in the fast Fourier transform of 

the STM image (c.f. insets of Figure 3.1d and Figure 3.1a), this two-dimensional honeycomb nano-



 

 37 

network evidently follows the registry of the underlying 7³7 unit cell template.  Indeed, the sharp spots in 

the fast Fourier transform of the honeycomb nano-network indicate its remarkably high degree of 

ordering.  Si atoms in the third layer (i.e. the layer containing the corner hole) remain intact, preserving 

the otherwise disrupted 7³7 unit cell.  Further Au exposure leads to growth of the second layer on the 

honeycomb nano-network (Figure 3.1e), at which Au atoms accumulate either on top of the existing Au 

clusters in the first layer or above the empty corner holes, as more and more Au atoms escape the confine 

of the underlying 7³7 HUCs.  At higher coverage, the Au atoms continue to grow into patches of similar 

height, without any registry to the 7³7 unit cell.  At 1.53 ML, patch growth continues and these Au 

patches evidently become larger and cover up any trace of the first-layer honeycomb clusters and corner 

holes (Figure 3.1f). It is noticeable that there is a thermodynamics spontaneous process to increase the 

particle size by increasing Au coverage (Figure 3.1e-h) because larger particles are more energetically 

favoured than smaller particles.  Since Au still exists as gold silicide at this coverage (discussed below), 

this suggests that the Si atoms in the third layer (i.e., the corner hole layer) of the reconstruction are 

involved in the reaction of Au and Si atoms, with Au atoms covering displaced Si center adatoms 

(Appendix A, Figure A3).  With further increase in the coverage to 1.80 ML (Figure 3.1g), the patches in 

the second Au layer join with one another and nearly cover the entire first Au layer.  These STM images 

therefore show that the first two Au layers appear continuous and display a wetting property on the 7³7 

surface.  
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Figure 3.1  STM filled-state images of (a) 0.004, (b) 0.05, (c) 0.20, (d) 0.76, (e) 1.14, (f) 1.53, (g) 1.80, 

(h) 2.40, and (i) 3.97 ML of Au on Si(111)7×7 at room temperature, all collected with a sample bias of ï

2.0 V and a tunneling current of 0.2 nA.  The field of views for (a-c) and (d-i) are 50×50 nm
2
 and 

100×100 nm
2
, respectively.  The faulted and unfaulted half unit cells are marked by F and U, respectively, 

in (a).  Insets in (a) and (d) show the Fourier transforms of the respective images, in which the 1/7
th 

fractional spots corresponding to the periodic (7×7) reconstruction are clearly evident.  

 

As the coverage increases to 2.40 ML, individual three-dimensional islands as large as ~7.0 nm start 

to grow on the second layer.  The replacement of layer-by-layer growth to island growth indicates a 

Stranski-Krastanov growth mechanism.  The critical layer thickness, often used to mark the transition 

from layer-by-layer to island growth mode, depends on the strain and chemical potential of the deposited 
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film.  For the present Au/Si(111)7³7 case, the critical layer thickness is found to be two physical layers 

equivalent to ~2 ML of Au coverage, which is in excellent agreement with our XPS results (discussed 

below) and with the Auger electron spectroscopy data reported by Kim et al.
189

  With further increase in 

the coverage to 3.97 ML (Figure 3.1i), the metallic Au islands eventually exhibit regular triangular and 

polygon shapes, which indicates that these Au islands are single-crystalline and they prefer to grow along 

a specific direction (e.g. [111]). 

To complement the above STM results on surface morphology during growth with the chemical-state 

information, we conduct XPS studies and show in Figure 3.2a the corresponding Au 4f spectra for the 

respective Au coverages shown in Figure 3.1.  Evidently, the spectra are dominated by a prominent Au 

4f7/2 (4f5/2) peak near 84.6 eV (88.3 eV) over the entire coverage range.  Above 2.90 ML, a second Au 

4f7/2 (4f5/2) feature emerges at 83.8 eV (87.4 eV) and appears to strengthen with increasing coverage.  The 

primary and secondary features at their respective higher and lower binding energies are attributed to the 

gold silicide (AuxSi for short) and metallic Au, respectively.  This is in excellent accord with our earlier 

work on Au nanoparticles on Si(100),
197

 which shows that the binding energy of Au 4f7/2 for gold silicide 

is 0.9 eV higher than that for metallic Au.  Au therefore adsorbs on Si first in the form of AuxSi at the 

interface, and then in the form of metallic Au with increasing coverage.  It should be noted that in the 

early growth stage (0.05, 0.20, 0.37 ML), there appears a discernible Au 4f7/2 (4f5/2) feature near 83.6 eV 

(87.4 eV).  At 0.05 ML coverage and as illustrated in the corresponding STM image (Figure 3.1b), Au is 

found to adsorb as highly mobile single adatoms and dimers.  The high mobility of these Au adatoms 

indicates weak electronic interactions between Au atoms and the Si adatoms and that these ñmetal-likeò 

Au atoms are loosely bound.  It is also of interest to note that while the peak position of the metallic Au 

component is essentially stationary at 83.8±0.1 eV for Au coverage above 2.4 ML, the metal-like Au 

feature found below 0.76 ML appears to be discernibly lower (83.6 eV).  The minor shift in the AuxSi 

component to lower binding energy could be due to the higher coordination of Au with Si before 

completing the first layer coverage and to less electron screening of the photon-excited core-level holes.  

The sharper Au 4f peaks of the AuxSi component start at a coverage of 0.76 ML, which corresponds to 

the honeycomb nano-network shown in Figure 3.1d.  At this Au coverage, the original Si(111)7³7 surface 

has, in effect, been transformed to a new two-dimensional honeycomb phase of AuxSi component, which 

is not only structurally different (honeycomb vs 7×7) but also chemically different (AuxSi vs Si).  The 

relative intensities of Au 4f7/2 peaks for the AuxSi and metallic Au 4f7/2 components (and their sum), along 

with that of the Si 2p3/2 peak, are plotted as functions of Au coverage in Figure 3.2b. 
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Figure 3.2  (a) XPS spectra of the Au 4f region for different Au coverages on Si(111)7×7 at room 

temperature.  Solid and dashed lines mark the Au 4f peak positions for the gold silicide (AuxSi) and 

metallic Au components, respectively.  (b) Corresponding peak areas of the Au 4f7/2 peaks for AuxSi and 

metallic Au components (along with their sum, marked as total), and of the Si 2p3/2 state at 99.3 eV. 

 

By combining the information provided by the STM images and XPS spectra, we obtain a more 

complete picture of Au growth on Si(111)7×7 near the critical thickness region.  We summarize the 

growth evolution of Au on Si(111)7³7 in a schematic model shown in Figure 3.3.  At very low coverage 

(0.004-0.05 ML), Au exists as highly mobile, metal-like Au adatoms and dimers shared among the Si 

adatom sites in the HUCs.  As the coverage increases to 0.76 ML, these Au clusters increase in size and 

begin to merge with neighboring clusters, which consist of both metal-like Au and AuxSi adspecies.  At 

0.76 ML, only the AuxSi component is found, and these Au silicide adspecies form a remarkably well-

ordered honeycomb two-dimensional phase, completely blanketing the Si(111)7×7 surface template.  As 

most of the further deposited Au atoms are adsorbed on the first AuxSi layer and they grow into the 

second layer, they remain as AuxSi.  Further increase in the coverage leads to eventual filling of the 
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honeycombs to form a continuous first Au layer and to the growth of a second continuous AuxSi layer.  

To understand the nature of the AuxSi in the second layer, we perform large-scale DFT calculations and 

the details of this computational work are given in the Appendix A.  For our calculations, we propose a 

Au9Si3 structure as a possible nucleation center for one of the six segments of the honeycomb unit, with 

each segment consisting of Au atoms located at three different Si sites (adatom, rest-atom and pedestal 

atom sites) as illustrated in Appendix A, Figure A3.  The Au atoms in these segments essentially 

correspond to the majority of the first gold silicide layer, with some of center-adatom sites exposed.  We 

believe that these unoccupied center-adatom sites are responsible for providing bonding to the Au atoms 

in the second AuxSi layer.  Above 2 ML coverage, the deposited Au atoms on top of the two continuous 

AuxSi layers are sufficiently far from any Si atom, leaving them to react only with adjacent Au atoms, 

which leads to the formation of metallic Au islands.  In agreement with the STM imaging is the coverage 

dependence of substrate Si 2p3/2 intensity shown in Figure 3.2b, which this information can be very 

helpful for device fabrication areas and also semiconductor industry.  In particular, the Si 2p3/2 intensity 

decreases exponentially from 0 to 2 ML Au coverage, consistent with the layer-by-layer growth mode.  

The Si 2p3/2 intensity then increases at a much slower rate above 2 ML, indicative of the Au island 

growth.  This also supports a critical thickness of 2 ML found for the Stranski-Krastanov growth.  Our 

model is also consistent with the linear increase in the total Au 4f7/2 intensity with increasing Au coverage 

because the sampling depth of XPS is sufficiently large to cover the entire AuxSi layers and the Au 

islands (Figure 3.2b). 
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Figure 3.3  Schematic model of the growth evolution of Au on Si(111)7×7 at room temperature.  Left 

column shows optimized structures based on DFT calculations for the early growth stage up to the 

formation of the first gold silicide layer.  Right column shows the evolution to the second Au silicide layer 

and the formation of metallic Au islands. 

 

3.4 Summary 

We have studied the growth evolution of Au on Si(111)7³7 at room temperature under ultrahigh 

vacuum condition by using both STM and XPS.  These combined results are crucial to provide support 

for the Stranski-Krastanov growth with the critical thickness of 2 ML that marks the formation of two 

AuxSi layers followed by three-dimensional metallic Au island growth.  It therefore seems unlikely that a 

metallic Au layer could form between the AuxSi layers and the Si surface, as proposed by Hoshino et al. 

in their ion scattering study.
 65

  In the layer-by-layer growth below 2 ML, Au atoms react with the top 

three Si layers of the 7³7 reconstruction (Si adatom layer, restatom layer, and layer containing the dimer 

rows and the corner holes) and form two continuous AuxSi layers.  Above 2 ML, Au atoms form large 

individual metallic Au islands.  The intricate STM images reveal not only the Stranski-Krastanov growth 

mode, but also the formation of a AuxSi honeycomb nano-network at 0.76 ML.  Given the conducting 

property of AuxSi, this honeycomb nano-network on Si(111)7³7 could provide an important passivation 
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layer for device fabrication.  Moreover, the AuxSi honeycomb nano-network represents a unique 

nanoscale template of Au hexagonal grids (4 nm wide) and nanopores (~1 nm dia.).  Upon 

functionalization by appropriate biomolecules such as cysteine or thiol-containing compounds, the AuxSi 

honeycomb pattern also promises an important platform to build new applications for biosensing and 

molecular traps. 
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Chapter 4 

Biofunctionalization of Si(111)7×7 by L-Cysteine§§ 

4.1 Introduction 

Site-specific chemistry of bio-organic molecules on semiconductor surfaces has attracted much 

recent attention in nanotechnology because it enables nanoscale conversion of an inorganic surface to an 

organic surface with opportunities for introducing multiple types of bonding.  Incorporating functions by 

direct organic molecular attachment to semiconductor materials through both organic reactions in dry 

(vacuum) or wet conditions (solution) can lead to new emerging technological applications, as in the 

development of hybrid organic-semiconductor devices, three-dimensional memory chips, silicon-based 

nanoscale or biological sensors, and nanolithography.
5,32,198ï203

  An important goal in organosilicon 

surface chemistry is to modify the electronic properties of the silicon surfaces and devices with organic 

molecules.  Chemical attachment of organic molecules to a reconstructed silicon surface, i.e. organic 

functionalization, by taking advantage of the different reactivities of surface sites provides the necessary 

control.  The Si(111)7×7 surface offers an ideal, two-dimensional template with directional dangling 

bonds not only for anchoring and supporting metallic adsorbates such as nanoclusters,
204

 but also for 

interacting with simple ñbenchmarkò bio-organic molecules, including amino acids (e.g. glycine),
205

 

peptide (e.g. glycylglycine),
131

 and DNA-base molecules (e.g. thymine and adenine).
91,100

  Our early 

studies have shown that bio-organic molecules including more than one functional group can be used to 

exploit site-specific chemistry of the Si(111)7×7 surface through competitive reactions among different 

functional groups with the Si surface dangling bonds.
91,96,99,100

  As these bio-organic molecules invariably 

contain moieties that can be linked to one another by intra- and interlayer hydrogen bonding, new 

opportunity of creating not just permanent but indeed semi-permanent (or renewable) biofunctionalization 

can be realized by manipulating these hydrogen bonds.  

Fundamental understanding of the interactions of organic molecules with Si surface sites is the key 

to controlling the functionalization of semiconductor surfaces.  These interactions at the interface can be 

typically categorized into longer-range noncovalent interactions and shorter-range covalent bonding.  By 

using the weaker noncovalent interactions, including electrostatic interaction between statically charged 

species and/or molecular sites, hydrogen bonding, van der Waals forces, ˊ-ˊ interactions, and hydrophilic 

binding, many new self-assembled structures have been produced.  In contrast to the longer-range 

                                                      
§§

 This section is made from one of my publications: F.R. Rahsepar, L. Zhang, H. Farkhondeh, K. T. Leung, J. Am. 

Chem. Soc., 2014, 136, pp 16909-18. Copyright (2014) by the American Chemical Society. 
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interactions in these weakly interacting systems, strong shorter-range chemical bonds provide the 

essential binding in many interfacial structures on semiconductor surfaces and in devices functionalized 

with bio-organic molecules.
5,32,198,200

 

Amino acids are ideal model molecules for investigating these long-range and short-range 

interactions with the Si surface, because they are the building blocks of proteins and as such representing 

one of the most important classes of biologically active molecules.  They are also multifunctional 

molecules containing several different types of functional groups and they therefore provide ideal systems 

for comparative studies of the relative strengths of interactions arising from different functional groups.  

Of the twenty naturally occurring amino acids, only cysteine (CɔOOHCŬHNH2CɓH2SH) contains a thiol (ï

SH) group, in addition to the carboxylic acid (ïCOOH) and amino (ïNH2) functional groups.  Cysteine is 

a strong ligand for transition metals, making it a potential candidate of active materials for trace metal 

sensing.  The adsorption of cysteine on (single-crystal) surfaces of a variety of metals, including 

copper,
119

 silver,
120

 and gold,
121

 has been investigated.  Cysteine was found to normally bind to the metal 

in the form of a thiolate.
119ï121

  Depending on the nature of the surface, the other two functional groups 

also play an important role in attaching cysteine to the surface.  For example, in a recent study of cysteine 

adsorption on a semiconductor surface, deprotonated carboxylic group was reported to be bound to the 

five-fold coordinated Ti surface sites on rutile TiO2(110).
206

  Furthermore, carboxylic acid and amino 

groups enable cysteine film growth through the formation of the intra- and interlayer hydrogen bonding. 

To date, there is only one report on cysteine adsorption on the Si(111)7×7 surface.  In particular, 

Huang et al. studied cysteine adsorption on Si(111)7×7 by high-resolution electron energy loss 

spectroscopy and X-ray photoelectron spectroscopy (XPS), and they concluded the coexistence of two 

chemisorption states, including a unidentate adspecies through the cleavage of an OïH bond and a 

bidentate adspecies with new SiïN and SiïO linkages (with two Si adatoms).
207

  However, the cysteine 

molecule, with a NH2 to OH separation of 3.66 Å, reveals to be physically too small to realize the 

proposed bidentate structure, through the amino and hydroxyl groups, that bridges two adjacent Si 

adatoms across the dimer wall or in the same half unit cell, with a separation of 6.77 Å and 7.66 Å, 

respectively.  Here, we present the first STM investigation of the adsorption configurations of cysteine on 

Si(111)7×7 as a function of coverage at room temperature under ultrahigh vacuum condition.  By 

correlating this density of states images with the chemical state information provided by XPS, we 

determine the relative reactivity and selectivity of different surface sites towards the three functional 

groups in cysteine.  We observe three different growth stages of cysteine, from chemisorbed adstructures 

in the interfacial layer (first adlayer) to transitional layer (second adlayer) to zwitterionic multilayers in 
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the nanofilm.  We further study the room-temperature durability and thermal evolution, particularly the 

stability of the transitional layer and zwitterionic multilayer film, on the reconstructed Si(111) using XPS.  

Of particular interest is that the interlayer hydrogen bonding allows the transitional layer to be used as a 

renewable layer that can be removed and regenerated by manipulating the annealing-exposure cycle.  By 

correlating, for the first time, the chemical-state information provided by XPS with the high-resolution 

filled-state STM images at very low exposure of cysteine, we show that the bidentate attachment of 

cysteine through SiïS and SiïN linkages with the (center-adatom, center-adatom) pair across the dimer 

walls of the 7×7 surface (in contrast to what was proposed earlier by Huang et al.).
207

  Furthermore, the 

empty-state STM images reveal the formation of intralayer horizontal hydrogen-bond (side-by-side) and 

interlayer vertical hydrogen-bond (head-to-tail), respectively, within and between adsorbed unidentate 

cysteine molecules in the interfacial and transitional layers.  These site-specific surface interactions and 

intra- and inter-layer hydrogen bonding provide the important mechanism for different cysteine growth 

stages on the 7×7 surface.  The biofunctionalization selectivity of silicon surface arising from these 

growth stages is easily controlled by cysteine exposure, which offers new opportunities for sensing and 

molecular trapping applications of other bio-organic molecules and trace transition metals. 

4.2 Experimental Details 

The experimental procedure has been discussed in detail in Chapter 2.  Furthermore, cysteine (99.5% 

purity, Fluka), with a normal melting point at 240 °C, was exposed to the 7×7 substrate with the effusion 

cell held at 140 °C
208

 and the deposition chamber pressure at 2×10
ī9

 mbar.  The amount of deposited 

cysteine was controlled by the exposure time.  The molecular identity and integrity of cysteine during 

exposure were confirmed by their cracking patterns, collected in-situ with a quadrupole mass 

spectrometer and found to be in good accord with the literature.
209

  Although the absolute coverage of 

cysteine could in principle be obtained directly from STM images for low exposure (for which the 7×7 

pattern remains visible), deposition time was used here to indicate the relative exposure of cysteine due to 

the wide range of exposures employed in the present study. 

For the film growth experiments, cysteine was deposited cumulatively on the same Si(111)7×7 

substrate, and their STM images were collected after each exposure.  Their corresponding Si 2p, N 1s, C 

1s, O 1s, S 2p and S 2s XPS spectra were recorded with a pass energy of 20 eV, which gave an effective 

linewidth of 0.7 eV full width at half maximum (FWHM) for the Ag 3d5/2 photoline at 368.3 eV.  For the 

thermal evolution experiments, as-grown thick cysteine films were annealed sequentially by resistive 

heating of the sample holder from 85 °C up to 285 °C for 600 s, with the temperature monitored by a 
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thermocouple located a few millimeters from the sample.  We have also measured the core-level spectra 

of cysteine powders, in which case an electron neutralizer was employed to compensate the minor 

charging during the measurement.  The binding energy scale of the powder spectra was calibrated with 

respect to that of the corresponding multilayer films by aligning the main N 1s feature (Appendix B, 

Figure B1).  After appropriate peak fitting of the observed spectral features, the ratios of peak areas could 

be used to determine the relative compositions of the chemical states. 

4.3 Results and Discussion 

While cysteine exists as the neutral form in the gas phase (Scheme 4.1a),
210

 the zwitterionic structure 

(Scheme 4.1b), with the protonated amino group (ïNH3
+
) and deprotonated carboxylic group (ïCOO

ï
), is 

the most stable form in both aqueous solution and solid state.
211

  To analyze the chemical state evolution 

of cysteine nanofilm growth from sub-monolayer to multilayers on Si(111)7×7 and to investigate their 

stability at the both room and evaluated temperatures in ultrahigh vacuum condition, we conduct XPS 

experiments.  Figure 4.1 shows the O 1s, N 1s, C 1s and S 2s spectra of cysteine film as a function of 

exposure time, with their corresponding peak positions and assignments of the fitted features given in 

Table B1 and Table B2 (Appendix B).  It should be noted that because the S 2p spectrum partially 

overlaps with one of the plasmon peaks of Si located at ~168.0 eV (Appendix B, Figure B2),
212

 we have 

chosen S 2s for the present work.  At very low exposures of 5-15 s, the N 1s spectra (Figure 4.1b) show 

only one peak at 398.7 ° 0.1 eV, attributed to NïSi bond, which indicates that cysteine undergoes NïH 

dissociative adsorption on Si(111)7×7.  This is in good accord with the N 1s feature at 398.8-399.1 eV 

found for chemisorption of dimethylamine,
18

 pyrazine,
213

 hexylamine,
214

 1,4-phenylenediamine, aniline,
215

 

glycine
205

 and glycylglycine
131

 via NïH bond cleavage on Si surfaces.  There is no sign of any neutral 

amino group (ïNH2) with a binding energy at ~400.0 eV.
206

  Our S 2s feature found at 227.4 eV in the 

present work is consistent with the SiïS linkage of chemisorbed cysteine, which indicates direct 

interaction of the S atom with the Si surface dangling bond.  Because Si is less electronegative than H,
216

 

the S atom at the SiïS interface is anticipated to be more negatively charged than that in the thiol group, 

and consequently to have a smaller binding energy than the S atom in an intact thiol group, with S 2s at 

228.4 eV.  This is in marked contrast to the work by Huang et al.,
207

 who reported an intact thiol group for 

both physisorption and chemisorption of cysteine on Si(111)7×7.  Furthermore, our assignment is also in 

good accord with SiïS species, with the S 2s feature at 227.3 eV, found for benzenethiol and diphenyl 

disulfide on the Si(001).
15

  The results of N 1s and S 2s spectra therefore clearly show that for the lowest 

exposure (i.e. the interfacial layer), cysteine anchors on the Si surface through dissociation of both amino 
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and thiol groups in a bidentate arrangement, because neither XPS feature corresponding to intact NïH nor 

that to SïH bond is observed.  This bonding arrangement of the interfacial layer is also in good agreement 

with the information deduced from both filled-state and empty-state STM images (to be discussed below).  

Figure 4.1c shows three fitted C 1s peaks at 284.7, 286.3, and 289.2 eV, which can be attributed to the 

alkyl carbon atoms in CïS and CïN moieties and to the carbonyl C in the C=O group, respectively.  The 

O 1s peak at 532.5 eV for the 5-15 s exposure is found to be broader (FWHM=1.9 eV) than that at 531.8 

eV (FWHM=1.4 eV) for a thick film (5400 s).  The larger width in the O 1s feature for a lower exposure 

is indicative of the existence of multiple components, including the carbonyl O at 532.1-532.9 eV and the 

hydroxyl O component at 532.8-534.4 eV.
217

 

 

 

Scheme 4.1  Ball-and-stick models of (a) neutral, and (b) zwitterionic structures of cysteine, and (c-g) 

dimer structures resulting from formation of various H-bonds (marked by the dashed lines) between 

different types of functional groups of two cysteine molecules in the gas phase.  These models are 

generated by DFT calculations. 
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Figure 4.1  Evolution of (a) O 1s, (b) N 1s, (c) C 1s, and (d) S 2s XPS spectra of cysteine deposited on 

Si(111)7×7 as a function of exposure time (5 s to 5400 s); and of the as-deposited 5400 s cysteine film 

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

 

With increasing exposure to 45-2400 s, we observe the emergence and growth of a new N 1s feature 

at 401.1 eV (Figure 4.1b), attributable to NỄHïO hydrogen bond (H-bond).  Here we use ñỄò to denote 

a H-bond.  This feature therefore indicates the formation of interlayer vertical H-bond (head-to-tail) 

between a free carboxylic acid group of the interfacial layer (first adlayer) and a free amino group of the 

transitional layer (second adlayer), and that of intralayer horizontal (side-by-side) H-bond among two or 

more unidentate cysteine molecules (discussed below) in the interfacial layer.  In Figure 4.2, we 

summarize the changes in the peak areas of the fitted XPS features.  In particular, the N 1s intensity of the 

NỄHïO feature for the 400 s exposure is ~6 times that for 45 s exposure, which is consistent with the 

increase in the amount of vertical H-bonds for the 400 s exposure from that for the 45 s exposure, the 

latter with mostly horizontal H-bonds.  The presence of both types of H-bonds is supported by the 

emergence of a second S 2s feature at 228.4 eV (Figure 4.1d) and of a fourth C 1s feature at 285.5 eV 
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(Figure 4.1c) for the 45 s exposure, which are characteristic of the intact thiol (ïSH) and thiol methyl (ï

CɓH2ïSH) groups, respectively.  Moreover, there is a weak N 1s peak at ~401.0 eV, which can be 

assigned to NỄHïO feature.
131,133,205

  For exposures in the transitional layer regime (i.e., above 45 s), the 

C 1s spectra have been fitted with four components at 284.5, 285.6, 286.6, and 289.2 eV, which are 

assigned to ïCH2ïSïSi, ïCH2ïSH, ïCH2ïNHïSi, and ïCOOH, respectively.
120,207

  Further exposure to 

2400 s increases the N 1s intensity of the NỄHïO feature for transitional layer ~14 times with respect to 

that for the 45 s exposure (Figure 4.2a).  Furthermore, close examination of Figure 4.2a represents that 

there is an increase in the NïH to SïH relative population from 50%:50% for 5 s exposure to 46%:54% 

for 45 s exposure.  This is consistent with relative bond dissociation energies found for NïH (358.8 

kJ/mol) and SïH bonds (353.6 kJ/mol).
218

  Finally, the XPS spectra for the cysteine multilayers obtained 

for the 5400 s exposure on Si(111)7×7 are found to be similar to those for cysteine powders in the solid 

phase (Appendix B, Figure B1).  The shift of the peak maximum of the broad S 2s peak from 227.4 eV to 

that of the intact thiol peak at 228.4 eV (Figure 4.1d) further affirms the multilayer nature.  The sharp O 

1s peak at 531.9 ± 0.1 eV (FWHM=1.4 eV) (Figure 4.1a), and the single N 1s feature at 401.8 eV (Figure 

4.1b) can only be assigned to, respectively, carboxylate (ïCOO
ï
) and protonated amino groups (ïNH3

+
) in 

the zwitterionic structure (NH3
+
CHCH2SHCOO

ï
, Scheme 4.1b) of the cysteine thick film (multilayers).

217
  

The corresponding C 1s spectrum (Figure 4.1c) consists of a broad band centered at 286.4 eV, attributable 

to the two alkyl carbons in ïCH2ïSH (at 285.9 eV) and ïCHïNH3
+
 (at 286.8 eV), and a weaker feature at 

288.8 eV corresponding to the carboxylate group. 
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Figure 4.2  Peak areas of various O 1s, N 1s, C 1s, and S 2s features (a) for different cysteine exposure 

times; and for a multilayer cysteine film (obtained with 5400 s exposure, solid lines) and a transitional 

layer (obtained by annealing the multilayer film at 85°C for 20 min, dashed lines) as functions of (b) 

annealing temperature, and (c) storage time in ultrahigh vacuum condition.  (d) Schematic bonding model 

of available surface functional groups, and intra- and interlayer interactions for the interfacial layer, 

transitional layer and the multilayer film of cysteine on Si(111)7×7. 

 

To determine the thermal stability of the cysteine multilayer film (obtained with the 5400 s exposure) 

on the Si(111)7×7 surface, we anneal the sample for 600 s at elevated temperatures (85, 175, and 285°C) 

and the sample is then cooled back to room temperature for XPS analysis.  Annealing the sample at 85°C 

evidently reduces the overall spectral intensities (Figure 4.2b), with the zwitterionic cysteine multilayer 

features significantly removed, which is indicated by the shifts of both the O 1s feature at 531.9 eV and 

the carboxyl C 1s feature at 288.8 eV to a higher binding energy and by the emergence of two N 1s 

features at 399.1 eV and 401.1 eV, corresponding to ïNHïSi (of the interfacial layer) and the NỄHïO H-
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bond, respectively (Figure 4.1).  Furthermore, in the spectra evolution of the C 1s features of the cysteine 

film (Figure 4.1c), the position of the carboxyl C 1s feature is stable at 289.2 eV for the first and the 

second adlayers but it shifts by 0.4 eV to a lower binding energy in the multilayers, while the position of 

Cɓ 1s feature (for the thiol-related carbon of the chemisorbed cysteine) is stable at 284.6 ° 0.1 eV for the 

interfacial and transitional layers.  On the other hand, the position of CŬ 1s feature is found to shift by 0.5 

eV to a higher binding energy for the transitional layer upon H-bond formation.  The resulting substantial 

reduction on in the amount of physisorbed cysteine film is marked by the re-appearance of the N 1s peak 

at 399.1 eV and the O 1s feature at 532.5 eV, corresponding to the aforementioned chemisorbed adspecies 

in the transitional and interfacial layers.  Further annealing to 175 °C leads to complete desorption of the 

physisorbed multilayers and the re-appearance of the chemisorption features, including the S 2s feature at 

227.4 eV for SïSi bond, and N 1s features at 401.1 eV for NỄHïO H-bond and at 400.0 eV for free 

amino group.  Annealing at high temperature also leads to decomposition of the adspecies to S atoms and 

other dissociated products.  Finally, upon annealing at 285 °C, the S 2s peak shifts further to 226.8 eV and 

the C 1s, N 1s and O 1s features closely resemble those found for the interfacial layer, i.e. those obtained 

with 45 s exposure.  By analogy to the thermal evolution of thiophene on Si(100)
219

 and Pt(111),
220

 we 

attribute the S 2s shift to the formation of atomic S on Si surface as a result of the CïS bond cleavage.  By 

considering the stability of thick cysteine nanofilm, we conclude that the zwitterionic structure can exist 

up to 85 °C, at which temperature conversion to transitional layer occurs.  The transitional layer is more 

stable and could withstand annealing up to 175 °C.  Between 175°C and 285°C, the ïHNïSi bond 

remains intact.  At or above 285°C, the interfacial layer begins to break down, leading to dissociated S 

atoms on the Si surface.  While the interfacial layer represents a very stable ñpermanentò adlayer, the 

transitional layer can be regarded as a renewable or ñsemi-permanentò one.  The stabilities of these 

permanent and semi-permanent adlayers provide the key to some interesting potential applications for 

drug deliveries and medical applications. 

We also obtain XPS spectra for the Si 2p feature of the substrate (Appendix B, Figure B3).  As 

expected, these spectra show that the intensity of the Si 2p feature decreases with increasing exposure 

time of cysteine because of the growing organic layer.  Annealing causes partial removal of the cysteine 

fil m, which recovers the Si 2p intensity (as the organic layer becomes thinner).  Furthermore, the absence 

of silicon oxide feature at 103 eV confirms the cleanliness of the surface. 

We further investigate the stability of the cysteine multilayer film (obtained with the 5400 s 

exposure) on Si(111)7×7 after storing at room temperature under ultrahigh vacuum condition for 24, 72, 

and 120 h (Figure B4, Appendix B, and Figure 4.2c).  Evidently, after 24 h storage, there are 23%, 23%, 
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and 29% reductions in the overall intensities for the respective N 1s, O 1s, and S 2s features, when 

compared to the as-grown multilayer film (obtained with 5400 s exposure).  These reductions indicate 

partial desorption of the thick zwitterionic film in ultrahigh vacuum over time.  Interestingly, a weak N 1s 

feature is also observed at 399.1 eV, which corresponds to the emergence of the NïSi adstructures.  By 

considering the intensity of protonated amino (ïNH3
+
) peak, we conclude that the thickness of the 

zwitterionic cysteine film has been reduced to 44% after 120 h storage (Figure 4.2c).  We repeat the same 

experiment for the transitional layer (obtained by annealing the multilayer film at 85 °C for 20 min) by 

storage under ultrahigh vacuum condition for 48 and 120 h.  As we shown in Figure 4.2c (dash lines), 

only a 10% reduction after 120 h storage is observed.  This confirms that the transitional layer is 

considerably more stable than the zwitterionic multilayer.  The transitional layer therefore offers a 

potentially robust platform for device fabrication and other applications requiring high vacuum condition 

at room temperature. 

Schematic 4.2d presents a summary of the bonding model of available surface functional groups and 

intra- and interlayer interactions for the interfacial layer, transitional layer and the multilayer film of 

cysteine on Si(111)7×7 under ultrahigh vacuum condition obtained by using molecular beam epitaxy 

technique.  Both the interfacial and transitional layers have been saturated by carboxylic acid and thiol 

groups, which could be used for binding with other adspecies.  Since covalent SiïS and SiïN bonds in 

interfacial layer are stronger than vertical NỄHïO H-bond between the interfacial and transitional layers, 

the interfacial layer should therefore require higher temperature to remove than the transitional layer.  In 

contract to interfacial and transitional layers, the surface of the zwitterionic multilayer is covered by thiol 

and protonated amino and deprotonated carboxylic acid groups, which leads to even weaker binding with 

other adspecies than the transitional layer. 

To further investigate the nature and formation of these intra- and interlayer H-bonds in the 

interfacial and transitional layers, we conduct STM studies for the early growth stage.  Figure 4.3 shows 

the corresponding filled-state and empty-state STM images (45×45 nm
2
), collected, respectively, at ï2 

and +2 V sample bias with a 0.2 nA tunneling current, for a 3 s exposure of cysteine on Si(111)7×7.  In 

these STM images, brightened features generally indicate saturation of the dangling bond sites with the 

addition of electron density from the adspecies.  By comparing the filled-state image (Figure 4.3a, Inset) 

with the corresponding empty-state image (Figure 4.3b, Inset), we identify that each bright protrusion in a 

faulted half unit cell (up triangle) or an unfaulted half unit cell (down triangle) represents a single cysteine 

adspecies on the Si(111)7×7 surface.  The line profiles in Figure 4.3c (L2) and 3e (L4) compare the local 

density of states (LDOS) differences at the marked positions of the corner adatom (AA), restatom (RA) 
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and center adatom (CA) along the long-diagonal in the reacted unit cell with those of the unreacted unit 

cell as indicated by the respective line profiles L1 and L3.  Evidently, the bright protrusion in the 

magnified filled-state image (Figure 4.3a, Inset) appears to cover two adatoms across the dimer wall, 

suggesting a bidentate adsorption arrangement involving a (CA, CAô) pair.  We use parentheses to 

indicate a monomer in bidentate arrangement on two adatom sites, with a prime sign for the adatom in a 

different half unit cell.  The corresponding LDOS profile of the bright protrusion along the long-diagonal 

of the unit cell (Figure 4.3c, L2) further reveals the asymmetric LDOS located at a CA in faulted half unit 

cell while clearly extending across the dimer wall to a CA in unfaulted half unit cell, when compared to 

that for an unreacted unit cell (L1).  For the unreacted faulted half unit cell and unfaulted half unit cell 

(Figure 4.3a, Inset), the LDOS at the CA site on the faulted half unit cell side is generally higher than that 

on the unfaulted half unit cell side and that the LDOS of the AA is higher than that of the CA within 

either half unit cell (Figure 4.3c, L1).  On the other hand, the empty-state image (Figure 4.3b, Inset) for 

the unreacted unit cell shows all adatoms with essentially the same LDOS (with similar brightness) on 

both faulted half unit cell and unfaulted half unit cell (Figure 4.3e, L3).  A higher LDOS is, again, evident 

at CA and the intensity is clearly extending into the dimer wall in L4 when compared to L3 (Figure 4.3e).  

The protrusion for the occupied CA is however not dramatically brighter than other unoccupied atoms 

(e.g. AA).  We will therefore concentrate our discussion on comparison between LDOS profiles along the 

long diagonals of the reacted (L2) and unreacted (L1) unit cells using the filled-state image in Figure 4.3c. 
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Figure 4.3  (a) Filled-state and (b) corresponding empty-state STM images (45×45 nm
2
) for a 3 s 

exposure of cysteine on Si(111)7×7 obtained with a sample bias of -2 and +2 V, respectively, and a 

tunneling current of 200 pA, with magnified views (7.2×7.2 nm
2
) shown in insets; and corresponding 

LDOS profiles along long-diagonals [from corner atom (AA) to restatom (RA) and to center atom (CA)] 

(c) L1 and L2; and (e) L3 and L4; and (d) perspective view of the equilibrium geometry of a cysteine 

molecule adsorbed through NïH and SïH dissociation on adjacent center adatoms across a dimer wall on 

a Si200H49 slab as obtained by DFT calculation (Appendix B).  Cysteine molecules in the faulted (FHUC) 

and unfaulted half unit cells (UHUC) are marked by up triangles and down triangles, respectively.  The 

separation between two adjacent center adatoms across a dimer wall is 0.7 nm. 

 

Evidently, the LDOS in the reacted unit cell is much higher (~135 pm) than the unreacted one 

(Figure 4.3c).  This asymmetric LDOS distribution suggests that cysteine is attached in either a bidentate 

configuration on the (CA, CAô) pair across the dimer wall through short-range interaction or a tilted 

unidentate configuration with a second longer-range interaction between a CA and one of the functional 

groups of the adsorbed cysteine molecule.  This is consistent with the higher LDOS at the CA site in the 

reacted unfaulted half unit cell (L2) than that for the unreacted unfaulted half unit cell (L1), the 



 

 56 

ñspilloverò of which into the dimer wall also obscures the ñvalleyò in the dimer wall.  On the other hand, 

our complementary XPS results (Figure 4.1b and Figure 4.1d) indicate a bidentate configuration through 

short-range interaction between the amino and thiol groups and Si adatoms at the lowest cysteine 

exposure (5-15 sec).  Furthermore, our large-scale DFT study of cysteine adsorption on a model 

Si(111)7×7 surface as represented by a Si200H49 slab concludes that the bidentate adstructure resulting 

from NïH and SïH dissociative adsorption of cysteine is considerably more stable than any unidentate 

adstructure.  These results therefore provide strong support for our proposed bidentate adsorption 

structures for cysteine on Si(111)7×7 at the lowest exposure.  Given that the separation between the NH2 

and OH groups in cysteine (3.66 Å) is too short to bridge two adatom sites across the dimer wall (6.77 Å), 

a larger separation between N and S (4.18 Å), obtained via NïH and SïH dissociation, would make such 

a bidentate configuration quite viable (Appendix B, Figure B5-Figure B7).  Figure 4.3d shows a plausible 

equilibrium adstructure obtained by our DFT calculation, in which the free carboxylic acid group located 

on the faulted half unit cell side produces an asymmetric LDOS distribution across the dimer wall with a 

higher LDOS on the faulted half unit cell side.  In the corresponding empty-state image (Figure 4.3b), we 

can also identify similar bright protrusions for the adsorbed cysteine molecule, but with a lower LDOS 

than that in the filled-state image.  Furthermore, statistical analysis of these bright protrusions obtained 

for the lowest cysteine exposure (3 s) shows that the population of adstructures with the free carboxylic 

acid group on the faulted half unit cell side is 1.9 times that on the unfaulted half unit cell side, which 

suggests that formation of the stronger SiïN bond occurs more favourably on the more reactive faulted 

half unit cell.  

The hydrogen atoms resulted from dissociative adsorption of cysteine are believed to adsorb on the 

restatom sites.  This is in accord with previous studies of H2 and NH3 adsorption on Si(111)7×7 by 

Razado et al.
221

 and by Zang et al.,
222

 who reported that the dissociated hydrogen atoms adsorb on 

restatom sites.  As the topmost layer of the Si(111)7×7 surface (containing the adatoms) is more 

electrophilic in nature while the restatom layer is nucleophilic, the hydrogen atom would therefore adsorb 

on the nucleophilic restatom sites.  The adsorption of hydrogen on restatom sites has also been observed 

for dissociative adsorption of other organic molecules, including glycine and glycylglycine, on 

Si(111)7×7.
96,99

 

To follow the self-assembly process of adsorbed cysteine molecules, we show a 30×30 nm
2
 empty-

state image for a 25 s exposure of cysteine on Si(111)7×7 in Figure 4.4.  While both empty-state and 

filled-state images of adsorbed cysteine on Si(111)7×7 appear similar (Figure 4.3a and Figure 4.3b), the 

empty-state images are more straightforward to use for identifying the distribution of adspecies over the 
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unit cells for higher cysteine exposures than the filled-state images.  Evidently, a higher cysteine exposure 

increases the population of multiple adjacent bright protrusions, from dimers to trimers to multimers 

(Figure 4.4a), when compared to very low exposure (Figure 4.3b).  Closer examination reveals four types 

of dimers (D) and two types of trimer configurations (T) at this exposure: (D1) CA-CA and (D2) AA-CA, 

both within the same half unit cell (faulted half unit cell or unfaulted half unit cell); (D3) AA-AAô and 

(D4) CA-CAô across the dimer wall; (T1) CA-AA-CA (triangular trimer); and (T2) CA-CA-CAô (linear 

trimer).  The formation of these clusters is clearly mediated by H-bonds.  The CA-AAô (across the dimer 

wall) dimer configuration is not observed, which is consistent with the large separation between CA and 

AAô (10.25 Å) that is not conducive to H-bond formation.   

Quite a few direct STM observations of the NỄHïO H-bond in the self-assembly of amino acids 

have been reported in the literature.
96

  The LDOS profiles along the long diagonals of the unit cells 

containing the (CA, CAô) monomer (Figure 4.4c, L2), CA-CAô dimer (Figure 4.4g, L3), and CA-CA-CAô 

trimer (Figure 4.4j, L4), in comparison to that for an unreacted a 7×7 unit cell (Figure 4.4a, L1), show the 

respective LDOS for one (L2), two (L3), and three (L4) cysteine molecules attached on adjacent CA 

adatoms.  While the L2 profile of the (CA, CAô) monomer (Figure 4.4m, similar to L4 in Figure 4.3e) 

shows one bidentate cysteine molecule covering a (CA, CAô) pair across the dimer wall, the L3 profile of 

the CA-CAô dimer (Figure 4.4l) clearly shows a valley in the LDOS at the dimer wall, with nearly the 

same LDOS at the CA sites in both faulted half unit cell and unfaulted half unit cell. 
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Figure 4.4  (Color online) (a) Empty-state STM image (30×30 nm
2
) of a 25 s exposure of cysteine on 

Si(111)7×7 recorded with a sample bias of +2 V and a tunneling current of 200 pA;  magnified images of 

a bidentate cysteine molecule at (b) (AA, AAô) and (c) (CA, CAô) sites;  H-bond mediated dimers formed 

from different unidentate cysteine molecules in (d) CA-CA in faulted half unit cell and (e) in unfaulted 

half unit cell, (f) AA-CA, (g) CA-CAô (across the dimer wall), and (h) AA-AAô;  self-assembled cysteine 

trimers in (i) CA-AA-CA and (j) CA-CA-CAô sites on Si(111)7Ĭ7 surface.  LDOS profiles along the 

long-diagonals (m) L2 for monomer in (c), (l) L3 for dimer in (g), and (k) L4 for trimer in (j), all 

compared with the LDOS profile L1 of the unreacted unit cell in (a). 

 

To complement our experimental finding, we also extended our large-scale DFT calculations to 

investigate different cysteine dimer adsorption configurations on Si(111)7×7 surface (Appendix B).  

These dimer configurations are based in part on those of the gas-phase dimers, shown in the order of most 

stable to least stable in Scheme 4.1c-g.  In particular, there are five possible configurations for gas-phase 

cysteine dimers produced by formation of two OỄHïO H-bonds (Scheme 4.1c), two SỄHïN H-bonds 
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(Scheme 4.1g), one OỄHïO and one NỄHïO H-bonds (Scheme 4.1d), and of one of the following two 

single H-bonds:  SỄHïO (Scheme 4.1e), and NỄHïN (Scheme 4.1f) between two adjacent cysteine 

molecules.  The most stable dimer involves double OỄHïO H-bonds between their carboxylic acid 

groups (Scheme 4.1c), while the least stable dimer contains just two SỄHïN H-bonds between the amino 

and thiol groups (Scheme 4.1g).  (The bond energy for OỄHïO H-bond is 0.5 eV lower than that for 

SỄHïN H-bond).  The nominal (donor-acceptor) bond distance for a H-bond categorized as strong 

(mostly covalent), moderate (mostly electrostatic), and weak (electrostatic) bonds are 2.2-2.5 Å, 2.5-3.2 

Å, and 3.2-4.0 Å, respectively.
223

  As expected, the calculated H-bond distances in the most stable dimer 

formed by double OỄHïO H-bonds between their carboxylic acid groups are discernibly shorter than that 

of strong H-bond due to the formation of cyclic dimer.  

On the Si(111)7×7 surface, dimer formation is affected by steric hindrance on the adsorbed cysteine 

molecules exerted by the surface atoms, which rule out many of the gas-phase dimer configurations 

shown in Scheme 4.1.  Our DFT calculations suggest that the NỄHïO H-bond is a favorable H-bond that 

would lead to acceptable cysteine dimer on adjacent CA-AA adatoms without torsion on the Si(111)7×7 

surface.  We overlay plausible configurations of such a cysteine dimer on the corresponding STM images 

of a CA-CA (Figure 4.5a) and CA-AA pair (Figure 4.5b).  Perspective views of the corresponding 

equilibrium structures of these ñtorsion-freeò dimer adsorption configurations are shown in Figure 4.5c 

and Figure 4.5d.  In these configurations, cysteine molecules are bound to the surface in unidentate 

fashion through SïH or NïH dissociative adsorption with the formation of the respective SïSi or NïSi 

bond.  These unidentate adspecies allow the remaining unreacted functional groups free to interact with 

functional groups from a second cysteine adsorbed in an adjacent adatom site.  This unidentate adsorption 

in effect leads to lateral interactions between a free amino group and a free carboxylic acid group, 

producing the NỄHïO H bond.  Our DFT study further shows that the donor-acceptor distances for these 

NỄHïO H-bond configurations is 2.5-2.9 Å, in good accord with bond length of moderately strong H-

bonds.   
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Figure 4.5  (a, b) Top views and (c, d) perspective views of equilibrium structures of cysteine dimer on 

(a, c) CA-CA and (b, d) CA-AA sites on a Si200H49 slab (used as a model Si(111)7×7 surface), as obtained 

from the DFT calculations, superimposed onto corresponding magnified empty-state STM images in (a, 

b).  Si adatoms are highlighted by larger yellow circles for clarity.  

 

Figure 4.6a-d show the empty-state images for four cysteine exposures on Si(111)7×7 in the build-up 

toward the transitional layer during the early growth stage (i.e. from 5 to 60 s exposure).  Using the full 

50×50 nm
2
 images (of approximately 320 7×7 unit cells), we count the numbers of individual bidentate 

monomers, unidentate dimers and trimers in order to estimate their relative surface concentrations (i.e., 

the fractions of available surface sites that are occupied by the respective cysteine configurations) and the 

total coverage, shown in Figure 4.6e.  Evidently, growth begins with just the monomer and dimer 

populations on the 7×7 surface for the 5 s exposure (Figure 4.6a), with the relative surface concentration 

for monomers being discernibly higher than that for dimers, until  they become nearly equal for the 20 s 

exposure.  The surface concentration of the monomers increases sharply by 64% from 5 s to 10 s 
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exposure and then decreases slowly by 10% from 10 s to 60 s exposure (Figure 4.6e, bottom panel).  As 

the exposure increases, the relative surface concentrations for dimers and trimers increase gradually.  The 

bar chart in Figure 4.6e (middle panel) shows the relative surface concentrations of various types of 

bidentate monomer configurations [corner adatom-corner adatom (AA, AAô) vs center adatom-center 

adatom (CA, CAô), both across the dimer wall], with increasing cysteine exposure.  At the initial growth 

stage (5 s exposure), the relative surface concentration of the monomers with the (CA, CAô) configuration 

is found to be higher than that with the (AA, AAô) configuration, suggesting that the former configuration 

is more stable.  This is consistent with the results from our large-scale DFT calculation, which also shows 

that the calculated adsorption energy of the adsorbed bidentate cysteine monomer on (CA, CAô) is 0.13 

eV lower than that of the adsorbed cysteine on (AA, AAô) (Appendix B, Figure B7).  On the other hand, 

the population ratio of (CA, CAô) to (AA, AAô) is decreasing gradually as a result of formation of dimers 

and trimers configurations.  For the lowest exposure (5 s) of cysteine, the relative surface concentrations 

of the more popular types of dimer configurations follow the ordering: CA-AA > CA-CA > CA-CAô > 

AA-AAô (Figure 4.6e, top panel).  There are steady increases in the CA-AA and AA-AAô surface 

concentrations, while the CA-CA and CA-CAô
 
surface concentrations appear to be leveling off with 

increasing exposure to above 10 s, which could be the result of increasing population of the trimer (CA-

CA-CAô) configuration.  This evolution of the dimer growth is consistent with the more reactive CA sites 

being occupied first.  Based on our STM and XPS results, the coverage-dependent adsorption 

configurations of cysteine molecules on the Si(111)7×7 surface play an important role in the observed 

evolution of the surface concentrations of these multimers.  At very low cysteine exposure, preferential 

bidentate monomer adsorption on the (CA, CAô) sites (across the dimer wall) is observed, while 

formation of H-bond between the unidentate cysteine molecules becomes predominant at higher 

exposure.  Moreover, at higher exposure (60 s, marked by circles in Figure 4.6d), we can see the 

emergence of brighter, larger protrusions, which suggest the on-set of the translational layer growth, with 

larger clusters arising from formation of vertical H-bonds between a free carboxylic acid group from the 

first adlayer and an amino group of the second adlayer.  Furthermore, the growth of the translational layer 

begins before formation of the complete interfacial layer.   
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Figure 4.6  STM empty-state images collected at a sample bias +2 V and a tunneling current of 200 pA 

for cysteine exposures of (a) 5 s, (b) 10 s, (c) 20 s, and (d) 60 s on Si(111)7×7 surface; and (e) lower 

panel: the corresponding total coverage (Cov.) and the relative surface concentrations for monomer (M), 

dimer (D) and trimer (T) configurations, middle and upper panels: various type of respective M and D 

configurations on Si(111)7×7 sites. 
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4.4 Summary 

The growth evolution of cysteine on Si(111)7×7 at room temperature in ultrahigh vacuum condition 

has been studied by combining XPS chemical-state data with STM LDOS images.  Three N 1s features 

for NïSi at 398.9 eV, NỄHïO at 401.1 eV, and ïNH3
+
 at 401.8 eV are found to emerge sequentially with 

increasing deposition time, which mark the onsets of three distinct growth stages.  In the formation of the 

interfacial layer (first stage), cysteine is found to undergo NïH and SïH dissociative adsorption and form 

a bidentate adstructure across the dimer wall of the 7×7 surface.  Both filled-state and empty-state STM 

images reveal the presence of bright protrusions over the (CA, CAô) adatom sites across the dimer wall, 

which correspond to asymmetric LDOS resulting from the off-to-side orientation of the free carboxylic 

acid group.  As the exposure increases, more unidentate cysteine adstructures bonded through SiïN or Siï

S are found.  The corresponding bright protrusions begin to self-assemble into dimer, trimer, and higher-

order multimer configurations.  The formation of these self-assembled arrangements is driven by 

horizontal H-bonding between a free carboxylic acid group and an amino group of adjacent cysteine 

molecules.  These unidentate adstructures leave the carboxylic acid group free to engage other incoming 

moieties, and the interfacial layer is found to be very stable and break down only at 285 °C (the maximum 

annealing temperature employed in the present work).  For a higher exposure, we observe the formation 

of vertical NỄHïO H-bond, signaling the onset of a transitional layer (second stage),
131,133,205

 which is 

found to be stable to 175°C.  The final stage is marked by formation of cysteine multilayer film in 

zwitterionic form (NH3
+
CHCH2SHCOO

-
).  This study shows that a highly reactive Si surface, full of Si 

dangling bonds, can be easily converted to different types of bio-organic surfaces.  These surfaces, with 

both carboxylic acid and thiol groups free to serve as receptor sites for incoming moieties, offer potential 

applications in biosensing and heavy metal detection.  As the transitional layer is held to the interfacial 

layer by weak H-bonding, this layer offers a ñrenewableò platform for sensing application.  
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Chapter 5 

Biofunctionalization of Si(111)7×7 by L-Methionine 

5.1 ñUniversalò Three-Stage Growth of Ŭ-Amino Acids on Si(111)7×7 as Mediated 

by Surface Hydrogen Bonding 

5.1.1 Introduction 

Molecular interactions of biomaterials with semiconductor surfaces have attracted much recent 

attention because of their potential applications in biosensors, biocompatible materials, and biomolecule-

based electronic devices.
66,67,68,69

  Among the most fundamental biomolecules, amino acids and 

nucleotides are the basic building blocks of the larger biological materials such as proteins, peptides, and 

DNAs.  The amino acids found in proteins are generally categorized by their structures: (a) aliphatic 

amino acids, including monoamino-monocarboxylic acids, monoamino-dicarboxylic acids and their 

amides, amino acids with basic side groups, and sulfur-containing amino acids; (b) aromatic amino acids; 

and (c) heterocyclic amino acids.
102

  Alpha amino acids are bio-organic molecules containing a carboxylic 

acid (ïCOOH) group and an amino (ïNH2) group, which are separated by at least one carbon segment (Ŭ-

carbon).  There are twenty different standard amino acids (NH2CaHRCOOH), which differ from one 

another with a unique functional group in the side chain (R group) attached to the Ŭ-carbon.  

One of the most challenging questions when studying the behaviour of amino acids on a metal or 

semiconductor surface is ñWhat is their chemical state upon adsorption?ò  Depending on the physical 

phase, the most stable chemical states of amino acids are zwitterionic state (NH3
+
CHRCOO

-
) for the solid 

and liquid phases, non-zwitterionic or neutral state (NH2CHRCOOH) for the gaseous phase, and cationic 

(NH3
+
CHRCOOH) and anionic states (NH2CHRCOO

-
) for solutions.  On a metal or semiconductor 

surface under ultrahigh vacuum (UHV) condition, formation of these states during adsorption and film 

growth of amino acids depends on the surface reactivity and the growth conditions, notably the substrate 

temperature and dosage of the adsorbates. 

Adsorption of aliphatic amino acids (glycine,
103,104,105

 alanine,
106,107,108,109,110,111

 glutamic 

acid,
112,113,114,115

 and lysine
116,117,118

), sulfur-containing amino acids (cysteine
119,120,121

 and 

methionine
122,123,124,125,126

), aromatic amino acids (tyrosine
127,128

), and heterocyclic amino acids 

(proline
129,130

) on various well-ordered single-crystal metal surfaces in UHV condition have attracted 

much attention in surface science and nanotechnology in the two past decades.  These studies are 

important not only to understanding fundamental interactions of larger biological molecules (such as 
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proteins and peptides), but also to fabricating bio/nano-devices for biomedical sensing and molecular 

electronics.  The development of future hybrid organic-inorganic interfaces also critically depends on the 

nature of the substrate surface and particularly the type of available bonding interactions that are 

responsible for producing stable chemical states of amino acids, and ultimately for controlling the 

orientation, conformation, and two-dimensional organisation of the bio-organic adspecies on the 

inorganic surface.  For example, the bonding and orientation of adsorbed anionic form of glycine, as the 

simplest and non-chiral amino acid, on Cu(110)
103

 at room temperature was found to depend on the 

coverage.  Glycinate was initially bonded through both O atoms of the carboxylate group (-COO
-
) at a 

low coverage, but it anchored through the N atom of the amino group and one O atom of the carboxylate 

group at higher coverage.  Alanine, the simplest chiral amino acid, and lysine both adsorbed in anionic 

form on Cu(110)
108,116,117

 and Cu(001)
106,118

 surfaces at room temperature, which was structurally 

analogous to glycine adspecies with bonding via the O atom of the carboxylate group and the N atom of 

the amino group.  The adsorption geometries of glutamic acid, with monoamino and dicarboxylic acid 

functional groups, on the less reactive Ag surface were also found to depend on the coverage.  These 

included a mixture of the zwitterionic form, and neutral and anionic states on different Ag surface planes 

such as (100), (111), and (110).
112,113,114

 

Additional reactive side groups, such as those containing sulfur, in selected amino acids could 

contribute to bonding to the surface significantly.  The room-temperature adsorption of cysteine, which 

contains a thiol (ïSH) group, on Cu(111),
119

 Ag(111),
120

 and Au(110)
121

 normally involved binding to the 

metal surface in the form of a thiolate.  Methionine, which contains a thiol ether (-CH2-S-CH3) group, 

was found to adsorb on Au(111)
122,125

 and Ag(111)
123

 surfaces in the zwitterionic form.  The chemical 

state of the anchoring methionine on Cu(110)
126

 surface also depended on the coverage.  Analogous to 

most adsorbed amino acids on copper surfaces, methionine adsorbed in the anionic form 

(NH2CŬHCH2CH2SCH3COO
-
) through interaction of the S and/or O atoms or interaction of the O atom of 

the carboxylate group and the N atom of the amino group.  Adsorption of tyrosine, an amino acid 

containing a phenol group, on a relatively unreactive Ag(111) surface exhibited a tilted orientation of the 

phenol moiety in the zwitterionic state.
128

  As an amino acid containing a 5-membered ring, proline 

adsorbed on Au(111)
130

 in a mixture of the neutral, zwitterionic, and anionic forms, while prolate 

adsorbed on Cu(110)
129

 through a tridentate bonding interaction via two O atoms of the carboxylate and 

the N atom of the amino group.  

In spite of the large number of studies of adsorbed amino acids on various surfaces of single-crystal 

metals, only a few investigations of their adsorption on semiconductor surfaces have been reported.  A 
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major impetus behind the research in biological surface chemistry of semiconductors is their potential to 

convert biological information directly into electrical signals.  Unlike the long-range, non-covalent 

interactions between adsorbed amino acids and metal surfaces, the availability of directional dangling 

bonds on semiconductor surfaces make feasible direct covalent bonding with biomolecules, thus 

providing the opportunity to create a highly stable, multifunctional interface.  Furthermore, interactions of 

amino acids with metal surfaces lead to generally weak zwitterionic form or to binding through both 

amino and carboxylic acid groups in anionic state, which consumes all the free functional groups and 

therefore leaves little prospect in building a biological interface.  Of all the semiconductors, silicon is by 

far the most heavily studied because of its widespread use in the microelectronic industry and 

nanotechnology applications.
69

  The 7×7 reconstruction of the Si(111) surface is one of the most popular 

templates used for anchoring both organic and inorganic adsorbates via 18 directional dangling bonds, 

over six (electron-deficient) adatoms and three (electron-rich) restatoms per each of the faulted and 

unfaulted half unit cells, and one remaining dangling bond shared among the four corner-hole sites.
29

  The 

Si surface therefore offers a variety of interesting reaction sites, with several different site-to-site 

separations relevant to bio-organic molecules, for exploring the reactivity and selectivity of site-specific 

processes especially for amino acids containing multiple functional groups.   

The second challenging question when investigating amino acids is ñWhat are the driving forces and 

film growth mechanisms for their adsorption on semiconductor surfaces?ò  In addition to covalent 

bonding with the dangling bonds of Si adatom sites, amino acids also offer novel hydrogen bonding 

among themselves due to the amino and carboxylic acid groups.  Hydrogen bonding, both intralayer and 

interlayer, therefore introduces new film growth and biofunctionalization mechanisms.  Our previous 

studies have focused on the early adsorption and growth processes from submonolayer to thin film of 

several benchmark proteinogenic biomolecules, including glycine (the simplest non-chiral amino acid), 

alanine (the simplest chiral amino acid), cysteine (the simplest amino acid with a thiol group), and 

glycylglycine (a dipeptide of glycine), on Si(111)7×7 surface at room temperature under UHV 

conditions.
98,131,205

  Alanine (NH2CŬHCH3COOH) corresponds to glycine (NH2CH2COOH) with the 

replacement of a methanediyl H atom by a methyl group, while methionine 

(NH2CŬHCH2CH2SCH3COOH) represents a cysteine (NH2CŬHCH2SHCOOH) with the thiol group  

replaced by a thiol ether group.  The addition of methionine data presented here would provide a 

sufficient set of building-block biomolecules, in terms of the varieties of functional groups and of 

available molecular lengths, to allow us to deduce a common set of basic bonding rules operative on the 

7×7 surface.  If we define the molecular length as the separation between the hydroxyl O atom and the 
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farthest non-H atom along the carbon chain backbone in the molecule, then we have a wide range of 

molecular lengths from glycine (3.70 Å), alanine (3.68 Å), cysteine (4.96 Å), methionine (7.40 Å) and 

glycylglycine (6.10 Å).  The lengths of these molecules are obtained for their most stable conformers in 

the isolated molecule case (i.e. the gas phase) by large-scale quantum mechanical calculations.  

Accommodating the different sizes of these aliphatic biomolecules (with molecular lengths ranging from 

3.68 to 7.40 Å) geometrically to the separations as imposed by various Si surface adatom dangling-bond 

sites is expected to lead to simple restrictions for surface bonding on the 7×7 surface and therefore 

interesting biofunctionalization outcomes.  For small aliphatic amino acids, e.g., glycine, alanine, and 

even cysteine, adsorption of more than one molecule within a half unit cell is physically viable, unlike the 

other larger biomolecules such as methionine and glycylglycine.  This is expected to serve as an 

important criterion in guiding the long-range interactions.   

To date, there is no study on the interaction of L-methionine with any semiconductor surface at any 

temperature.  In the present study, we deposit L-methionine on Si(111)7×7 at room temperature under 

UHV conditions, and follow the early film growth from submonolayer to multilayers and the subsequent 

thermal evolution by using a surface-sensitive technique, X-ray photoelectron spectroscopy (XPS), to 

quantify the chemical-state composition.  Together with large-scale ab-initio quantum mechanical 

computation, particularly based on density functional theory (DFT) with van der Waals corrections (D2), 

we develop precise models of the adsorption geometries at different growth stages.  We demonstrate that 

the driving force behind this biomolecular film growth is surface-mediated hydrogen bonding.  Along 

with results on the aforementioned benchmark proteinogenic biomolecules, our results for methionine 

also support a ñuniversalò three-stage growth process, which involves initial NïH dissociative adsorption 

followed by an intermediate transitional layer formation involving hydrogen bond, and the final formation 

of a zwitterionic multilayer film.  Like the other benchmark proteinogenic biomolecules, thermal 

evolution of a thick methionine film also follows the reverse trend, with the sequential desorption of 

weakly bonded zwitterionic multilayer, ñsemi-permanently bondedò transitional layer, and the strongly 

covalently bonded interfacial layer.  Collectively, these results allow us to develop a set of basic surface 

bonding rules regarding these benchmark proteinogenic biomolecules. 

5.1.2 Experimental Details and DFT Calculations 

The experimental procedure has been discussed in detail in Chapter 2.  Furthermore, the organic 

molecular beam epitaxy chamber was used to deposit L-methionine with a low-temperature organic 

effusion cell (Dr. Ebert MBE-Komponenten GmbH).  After outgassing thoroughly overnight at 100 °C, 
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L-methionine powder (99.5% purity, Fluka), with a normal melting point at 280 °C, was exposed to the 

7×7 surface at room temperature with the effusion cell held at 130 °C
208

 and the deposition chamber 

pressure at 2×10
ī9

 mbar.  After the methionine exposure on the Si surface, XPS spectra of the Si 2p, N 1s, 

C 1s, O 1s, S 2p and S 2s regions were recorded with an energy resolution of 0.7 eV full width at half 

maximum (for the Ag 3d5/2 photoline at 368.3 eV).  We have also measured the core-level spectra of L-

methionine powders, in which case an electron neutralizer was employed to compensate the minor 

charging during the measurement.  The binding energy scale of the powder spectra was calibrated with 

respect to that of the corresponding multilayer films by aligning the main N 1s feature (Appendix C, 

Figure C1).  For the thermal evolution experiments, as-grown thick methionine films (obtained with a 

2400-s exposure) were annealed sequentially by resistive heating of the sample holder to 85 or 175 or 285 

C̄, each for 600 s.  The chemical-state compositions of the remaining layers were then determined by 

XPS analysis. 

To complement the experimental results, we performed DFT-D2 calculations
176

 with the inclusion of 

van der Waals interactions to model the equilibrium geometries of plausible adsorption structures of L-

methionine on one complete unit cell of Si(111)7×7 at various growth stages, including the interfacial 

layer, transitional layer, and zwitterionic multilayer.  The DFT-D2 calculations also provided more 

accurate simulation of hydrogen bonds involved in di-molecular configurations of the five benchmark 

proteinogenic biomolecules on the 7×7 surface (and in the gas phase).  The details of DFT calculations 

have been discussed in detail in the Chapter 2. 

In this study, we used an optimized structure of the dimer-adatom-stacking fault (DAS) model for 

the Si(111)7×7 substrate,
29,28

 which contained a faulted and an unfaulted half unit cells, each included 3 

corner adatoms (AAs) and 3 center adatoms (CAs) in the topmost layer, and 3 restatoms (RAs) in the 

second layer (Appendix C, Figure C2).  A periodic repeating slab consisting of 200 Si atoms, distributed 

in the reconstructed topmost layer and two underlying Si bilayers with a 5.419 Å lattice constant of the Si 

bulk, and a vacuum gap of 12 Å was used to represent the Si(111)7×7 surface, and the bottom layer of the 

Si slab was terminated by 49 H atoms.  An adsorbate molecule was placed on the topmost layer of the Si 

slab to simulate covalent binding to Si adatom in the interfacial layer.  To find the most stable equilibrium 

configuration, we first calculated a large variety of plausible adsorption configurations of methionine (or 

other proteinogenic biomolecules) in unidentate geometry (bonding through the amino or carboxylic acid 

group) on specific sites on the Si(111)7×7 surface (AA and CA sites on both the faulted and unfaulted 

half unit cells, and across the dimer wall).  A selection of the most stable geometries was then made on 

the basis of their adsorption energies after optimization (Appendix C).  To understand the formation of 
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transitional and zwitterionic layers, additional molecules were included into the equilibrium geometry of 

the interfacial layer.  The positions of all adsorbed molecules and Si atoms were relaxed during the DFT-

D2 calculations.  The adsorption energy Ead is defined as Ead = (EnM+Si200H49ïESi200H49ïnEM), where 

EnM+Si200H49, ESi200H49 and EM are the total energies of the adsorbed molecule on the Si200H49 slab, the 

Si200H49 slab, and the isolated molecule, respectively, and n is the number of admolecules.  The H-bond 

energy EH-bond for a di-molecule in the gas phase is defined as EH-bond = (EMỄMï2EM)/m, where EMỄM, and 

EM are the total energies of the di-molecule and the isolated molecule, respectively; and m is the number 

of H bonds.  

5.1.3 Results and Discussion  

Scheme 5.1 shows the equilibrium geometries of neutral and zwitterionic forms of the five 

benchmark proteinogenic biomolecules: glycine, D-alanine, L-cysteine, L-methionine, and glycylglycine, 

in their isolated molecule state, that are obtained by DFT-D2 calculations.  In our earlier study of glycine 

on Si(111)7×7,
205

 we observed the existence of a transitional layer between the interfacial layer and 

zwitterionic layer for the first time.  In our follow-up study of glycylglycine on the 7×7 surface,
131

 we 

proposed a growth model involving sequential formation of the covalently bonded interfacial layer, the 

hydrogen-bond mediated transitional layer, and the zwitterionic multilayer.  In our recent work on 

cysteine on Si(111)7×7,
98

 we again observed a three-stage growth process, from chemisorbed interfacial 

layer (first stage) to transitional layer (second stage) and to zwitterionic multilayer film (third stage).  For 

the smallest chiral Ŭ-amino acid, alanine, the same growth sequence prevailed and we found the formation 

of interlayer hydrogen bonding between the transitional and interfacial layers.
97

  To further investigate the 

universality of the growth process of the aforementioned Ŭ-amino acids, we first provide XPS analysis of 

the other sulfur-containing proteinogenic amino acid, methionine, and follow the chemical-state evolution 

of its nanofilm growth from submonolayer to multilayers on Si(111)7×7.  We then compare the 

experimental data of all five benchmark proteinogenic biomolecules (shown in Scheme 5.1) with the 

respective large-scale DFT-D2 calculations, in order to provide a complete description of the adsorption 

structures and the underlying nanofilm growth mechanism on the Si surface. 
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Scheme 5.1  Ball-and-stick models of neutral and zwitterionic equilibrium structures of isolated aliphatic 

proteinogenic biomolecules: Glycine, D-alanine, L-cysteine, L-methionine, and glycylglycine.  These 

structures are generated by DFT-D2 calculations and the molecular lengths (i.e. the separation between 

the hydroxyl O atom and the farthest non-H atom along the carbon chain backbone) are shown in 

angstrom (Å).  No change in the molecular length of the zwitterionic structure from that of the neutral 

structure is found for all biomolecules, except for methionine with a 3% increase. 

 

5.1.3.1 Nanofilm Growth of Methionine on Si(111)7×7 

Figure 5.1 shows the O 1s, N 1s, C 1s, and S 2s spectra of methionine as a function of exposure time 

at room temperature and upon annealing the thickest methionine film to elevated temperature.  The 

corresponding peak positions and assignments obtained for the fitted features are summarized in Table C1 

(Appendix C), while the changes in their relative intensities are given in Figure C3 (Appendix C).  Instead 

of one dominant feature for the lowest exposure (30 s), a second N 1s peak is found to emerge at a higher 

binding energy for the 90 s exposure (Figure 5.1b).  This is in good accord with the presence of the Oï

HỄN hydrogen bond at 401.0 eV (where we use ñỄò to denote a H-bond), which is found to be common 

in the chemisorption of Ŭ-amino acids (e.g., cysteine, glycine, and alanine).
98,205

  The Ŭ-amino acids and 

peptides undergo NïH dissociative adsorption on Si(111)7×7 surface at room temperature via NïH bond 

cleavage, as indicated by the NïSi N 1s feature located at a lower binding energy (398.7 eV).  The 

absence of any feature related to neutral amino group (ïNH2) at ~400.0 eV
206

 further supports the 

chemisorption.  While bidentate chemisorption of cysteine via additional cleavage of the thiol group has 

been observed at very low exposure by us,
98

 the same binding energy position of the corresponding S 2s 

feature for various methionine exposures is consistent with an intact thiol ether (ïCH2ïSïCH3) group 

(Figure 5.1d and Table C1).  With two strong CïS bonds in the thiol ether group, the sulfur atom in 
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methionine, with its lone-pair electrons, could still undergo long-range interaction with a Si adatom or 

restatom nucleus, which could perturb the final equilibrium configuration.  Furthermore, the best fit for 

the C 1s spectrum (Figure 5.1c) is obtained by using four components (from low to high binding energy): 

ïCH2ï, ïCH2ïSïCH3, ïCHïNHï, and ïCOOH, with atomic ratios of 1:2:1:1, in excellent accord with the 

stoichiometric composition and with the chemical state of the neutral dehydrogenated methionine 

adspecies.  Finally, the O 1s spectrum for exposure below 90 s is consistent with the carbonyl component 

(ïC=O) at 532.2 eV and hydroxyl oxygen (ïOH) at 533.1 eV.   

Given the XPS result for adsorbed methionine in the interfacial layer, we have considered a large 

variety of unidentate geometries involving bonding through the dehydrogenated amino group on specific 

sites within a half unit cell and across the dimer wall of the 7×7 surface and calculated their adsorption 

energies.  The equilibrium unidentate adsorption configurations on the 7×7 model surface obtained by 

DFT-D2 calculations are shown in Figure C4 (Appendix C).  Among the calculated adsorption 

configurations involving bonding through the dehydrogenated amino group with the rest of the adsorbate 

overhanging across the dimer wall, the geometry with the S atom closest to the CAô site across the dimer 

wall (Figure C4a1, with a separation of 2.55 Å between a Si adatom and S) is 0.189 eV and 0.335 eV 

more stable than that with the molecular plane (the plane containing the CïSïC backbone) near parallel 

(Figure C4a2, with a CAô-to-S separation of 4.26 Å) and near perpendicular to Si adatom surface plane 

(Figure C4a3, with a CAô to-S separation of 5.12 Å), respectively.  (We use the prime sign to denote an 

adatom or a restatom in the unfaulted half unit cell.)  For other unidentate configurations involving 

methionine on the CA site within a half unit cell (Figure C4b1-Figure C4b4), the configuration with the S 

atom atop of a Si restatom is the most stable (Figure C4b1, with a separation of 2.33 Å between a Si 

restatom and S).  The adsorption energy of this configuration is also 0.224 eV lower than the unidentate 

configuration across the dimer wall (Figure C4a1).  As expected, the results of unidentate methionine 

adsorbate on the CA site vs those on the AA site show that the adsorption energy on the CA site is 

generally slightly more negative than that on the AA site (Figure C4b5).  While the S atom in methionine 

is not involved in direct covalent bonding with the 7×7 surface, the separation between the S atom and Si 

adatom/restatom controls the strength of the latter long-ranged weak interaction, which ultimately 

governs the final adsorption geometry.  Furthermore, the plausible unidentate adsorption configurations 

observed by our companion STM study for the initial growth stage
224

 have identified by asterisks in 

Figure C4 (Appendix C).  STM results are pivotal in identifying site-specific process and ab-initio 

calculations alone, even the large-scale one shown here, could not provide the complete picture.  To 

understand the STM results, we must consider the importance of site-specific electric field density as 
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imposed by the surface registry in directing the initial adsorption of the incoming molecules.  As the CA 

site (with a formal charge of ~+1) is more electrophilic than the AA site (with a formal charge of ~+7/12) 

while the RA site (with a formal charge of ~ï1) is nucleophilic, the incident molecule would be 

preferentially guided by the electrostatic field provided by the CA site rather than AA site and would 

thereby orient itself appropriately to attach to the CA site.  Furthermore, given that adsorption on the CA 

site in the faulted half unit cell is also more energetically stable than that on the unfaulted half unit cell 

(with an energy difference of  0.05-0.08 eV), the molecule would adsorb more favourably on the CA site 

than the CAô site, which is also collaborated by our STM results.   

In contrast to single-crystal metal surfaces, such as Au(111)
125

 and Ag(111) surfaces,
123

 on which 

methionine adsorbs in zwitterionic form, methionine chemisorbs on Si(111)7×7 in the neutral form to 

produce the interfacial layer for submonolayer coverage.  This is similar to that found for other 

proteinogenic biomolecules.  For cysteine with three functional groups,
98

 we determine that the thiol 

group is generally more reactive than the amino group for interacting with the dangling bonds of the 

electrophilic Si adatom sites.  Our studies also show that the carboxylic acid group remains intact for 

adsorption on the Si(111) surface,
98,131,205

 unlike copper surfaces.
103,106,108,116,117,129

  As the S atom is 

terminated with a methyl group in the thiol ether group and it appears not to play any role in direct 

covalent bonding, chemisorption of methionine via the amino group on Si surfaces is therefore the only 

viable pathway. 
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Figure 5.1  Evolution of (a) O 1s, (b) N 1s, (c) C 1s, and (d) S 2s XPS spectra of L-methionine deposited 

on Si(111)7×7 as a function of exposure time and of the as-deposited 2400-s film upon annealing to 85°C, 

175°C and 285°C.  XPS data are fitted with individual components (solid line) corrected with a Shirley 

background (dotted line). 

 

Emergence of OïHỄN hydrogen bonding feature in methionine with increasing exposure (180 s and 

above) has been observed (Figure 5.1b), as similarly found in the adsorption of other Ŭ-amino acids on the 

Si(111)7×7 surface.  This feature indicates the formation of interlayer H-bond (head-to-tail) between a 

free carboxylic acid group of one amino acid molecule in the interfacial layer (first adlayer) and a free 

amino group of a second amino acid molecule in the second adlayer, the ñtransitionalò layer.  The 

observed respective increasing and decreasing N 1s intensities of the OïHỄN and ïNHïSi features from 

90 s to 270 s (Figure C3, Appendix C) are consistent with the increasing thickness of the transitional 

layer.  Since a methionine molecule unidentately anchors on a Si dangling bond site only through the 
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dehydrogenated amino group, in contrast to an adsorbed cysteine molecule that could unidentately attach 

through either the dehydrogenated amino or thiol group,
98

 formation of intralayer OïHỄN ñflatò (head-

to-tail) H-bonding among methionine molecules in the interfacial layer is therefore much less likely than 

cysteine molecules.  In the methionine case, there is no free amino group to enable H-bonding with an 

adjacent carboxylic acid group, unlike the cysteine case, in which an intact amino group not involved in 

bonding to the surface is freely available to form a flat OïHỄN H-bond.  

Our calculations, however, show that the most stable configuration to accommodate ñflatò H-bonds 

in the interfacial layer involves double OỄHïO H-bonds between two vicinal carboxylic acid groups of 

two methionine molecules (head-to-head) at the CA-AAô sites across the dimer wall (Figure C5a1, 

Appendix C).  Similar dimerization of adsorbed cysteine on Au(110) surface has also been observed by 

STM.
121

  This double H-bond configuration is followed by a slightly less stable configuration containing a 

single OỄHïO H-bond with one methionine molecule anchored to a CA while the second methionine 

molecule hovering over a CAô site across the dimer wall (Figure C5a2, Appendix C).  The low intensity 

of the broad O 1s spectrum for films obtained with low exposure (<30 s, Figure 5.1c), for which the 

presence of OỄHïO H-bonds is expected, does not allow a definitive fit to isolate the OỄHïO H-bond 

feature at 532.2 eV.
225

  Our STM results for the interfacial layer (obtained with a 5-s exposure) supports 

the presence of the single OỄHïO H-bond configuration shown in Figure C5a2 (Appendix C).
224

  We 

have also evaluated other adsorption geometries with two methionine molecules in a single half unit cell 

and found that anchoring the second molecule to an adjacent Si adatom site within the same half unit cell 

is much less likely due to the considerable length of methionine (7.40 Å).  We therefore conclude that 

aliphatic long-chain amino acids, such as methionine, that are unidentately adsorbed through SiïN 

linkage on the 7×7 surface, could only make intralayer OỄHïO H-bonds across the dimer wall (flat 

configuration) due to size effect.  In the other set of DFT-D2 calculations, we consider a large variety of 

interlayer H-bond with ñlateralò and ñnear-verticalò configurations between two methionine molecules, 

corresponding to the molecular backbone of the second molecule oriented away from the first adsorbed 

molecule closer to the surface plane or the surface normal, respectively, and the more stable adsorption 

geometries are shown in Figure C5b1-Figure C5b12 (Appendix C).  We designate these di-molecular 

geometries using CA or AA as the anchoring sites of the first adsorbed molecule, and a double bar (||) or 

semicolon (;) sign to indicate the position of a second adsorbed molecule in the adjacent half unit cell or 

in the same half unit cell, respectively.  The orientation of the second adsorbed molecule relative to the 

first adsorbed molecule is identified in parentheses as ñflatò, ñtwistò or ñtiltò.  Our DFT-D2 results show 

that the most stable lateral configurations to accommodate interlayer H-bonds include double OỄHïO H-
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bonds between two carboxylic acid groups of two methionine molecules that can be ruled out by our XPS 

results (Figure C5b1, Figure C5b2, Appendix C).  These are followed by lateral and near-vertical 

configurations involving interlayer OïHỄN H-bonds formed between a free carboxylic acid group in the 

interfacial layer and an amino group in the transitional layer similar to that found for the smaller amino 

acids (e.g. glycine) (Figure C5b3, Figure C5b4 and Figure C5b6, Appendix C).  Table C2 (Appendix C) 

summarizes these di-molecular adsorption configurations, with the structures that are not supported by 

our XPS results grayed out.  The adsorption energies of the lateral configurations are generally more 

negative than those of the near-vertical configurations due to possible long-range interactions with the 

surface in the former to form the transitional layer, while the adsorption energy of the flat configuration is 

the most negative one. On the other hand, an amino acid with a thiol group, such as cysteine, could 

produce OïHỄN H-bonds through both flat and lateral/near-vertical configurations because of free amino 

groups in the interfacial layer within the half unit cell or/and across the dimer wall (Figure C6, Appendix 

C).   

The XPS spectra for the methionine multilayers obtained for the 1080-s exposure on Si(111)7×7 

(Figure 5.1) are found to be similar to those for methionine powder in the solid phase (Figure C1, 

Appendix C).  The single O 1s and N 1s features represent, respectively, the carboxylate (-COO
-
) and 

protonated amino groups (-NH3
+
) in the zwitterionic state for methionine 

(NH3
+
CHCH2CH2SHCH3COO

-
).  Similar zwitterionic features have also been observed for the 

aforementioned benchmark proteinogenic biomolecules.  The -NH3
+
 N 1s feature for the zwitterionic 

layer obtained for the 1080-s exposure also nearly doubles in intensity with respect to that for the 

transitional layer for the 540-s exposure (Figure C3a, Appendix C).  Upon further doubling the 

methionine exposure from 1080 s to 2160 s, the intensity of the -NH3
+
 feature increases only by ~10% 

(Figure C3a, Appendix C), which indicates that the zwitterionic layer obtained for 1080 s has reached a 

sufficiently large film thickness above the electron mean free path of the photoelectrons. 

In Table 5.1, we summarize the XPS peak positions and their assignments for the five proteinogenic 

biomolecules adsorbed on the Si(111)7×7 surface, in accord with their three-stage growth at room 

temperature.  This reference table will provide an important guide to follow the adsorption of other amino 

acids and larger bio-organic molecules, such as proteins and peptides, on the reconstructed Si surfaces.  

For amino acids and peptides with only terminal amino and carboxylic acid groups, the biomolecule 

covalently bonds to appropriate Si adatom sites unidentately through dehydrogenated amino group, which 

builds up the interfacial layer.  For the amino acid with additional terminal functional group, such as thiol, 

the molecule can also bind bidentately to adjacent Si adatom sites at very low coverage.  Further exposure 
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produces the transitional layer, the formation of which is driven by OïHỄN H-bonds between a free 

carboxylic acid group in the first adlayer and a free amino group in the second adlayer.  Finally, 

zwitterionic structures are obtained with continued exposure upon completion of the transitional layer. 

We also study the thermal stability of the methionine nanofilm (obtained with the 2400-s exposure) 

on the 7×7 surface by annealing the film for 600 s to elevated temperatures (85, 175, and 285C̄) and 

perform XPS analysis after the sample has been cooled back to room temperature.  Evidently, annealing 

the film at 85̄C completely removes the zwitterionic methionine multilayer features, as indicated by re-

emergence of two N 1s features related to the interfacial layer and to the H-bond formation and by the 

shift in the O 1s feature back to the position for the carboxylic acid group (Figure 5.1).  The overall 

spectral intensities of O 1s and N 1s peaks (Figure C3b, Appendix C) decrease with increasing annealing 

temperature to 175̄ C, indicating reduction in the amount of physisorbed methionine in the film.  For 

methionine, the S 2s position of thiol ether is unchanged for interfacial, transitional and zwitterionic 

layers, but it shifts to a lower binding energy upon annealing at 285C̄, indicating dissociation of the 

methyl group.  By analogy to the thermal evolution of thiophene on Si(100)
219

 and Pt(111),
220

 we attribute 

the S 2s shift to the formation of atomic S on Si surface as a result of CïS bond cleavage.  From the 

observed thermal stabilities of the thick amino acid nanofilms (methionine, cysteine, and glycine) on 

Si(111)7×7 surface, we conclude that the stabilities of zwitterionic multilayer and transitional layer 

depend on the extent and strength of the intralayer and interlayer hydrogen bonding.  Moreover, the 

interfacial layer secured through the dehydrogenated amino group of proteinogenic biomolecules on Si 

dangling-bond sites is stable until decomposition of amino acids above 200°C, which confirm the strength 

of the ïHNïSi covalent bond between the adsorbate and Si surface. 
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Table 5.1  Binding energies (in eV) of fitted peak maxima for various XPS core-level features and their 

assignments for three growth stages on Si(111)7×7 surface for glycine (G), D-alanine (A), L-cysteine (C), 

L-methionine (M), and glycylglycine (GG).  The values apply to all five benchmark proteinogenic 

biomolecules unless otherwise the application to specific biomolecules is indicated by superscripts. 

Core level Assignment Interfacial layer  Transitional layer Zwitterionic layer  

O 1s 

-OH 

-C=O 
532.5-533.0

 
532.2-533.0

 
 

-NH-C=O 
 

 532.7
GG

 

-COO
-
   531.8-531.9

 

N 1s 

-NH-Si 398.6-399.1
 

398.7-399.1
 

 

-NH2 

-NH-CO- 
400.6

GG 
  

OïHỄN 401.0
C 

401.0-401.1
 G,A,C,M 

 

-NH3
+
   401.7-402.2 

C 1s 

-CH2-S-Si 284.7
C 

284.5
C 

 

-CH2-SH 285.6
C 

285.6
C 

285.9-286.0
C 

CH3- 285.3
A 

285.3
A 

285.3
A 

-CH2- 285.285.1
M 

285.2-285.4
M 

285.4-285.5
M 

-CH2-S-CH3 285.7-285.8
M 

285.8-285.9
M 

285.9
M 

-NH-C=O 288.1
GG 

288.4-288.7
GG 

288.9
GG 

-CH-NH- 286.3-286.9
 

286.5-286.9
 

 

-CH-NH3
+
   286.7-286.9

 

-COOH 288.9-289.7
 

288.9-289.7
 

 

-COO
-
   288.7-289.0

 

S 2s 

-S-Si 227.4
C 

227.4
C 

 

-SH  228.4
C 

228.4
C 

-CH2-S-CH3 228.1
M 

228.1
M 

228.1
M 

 

5.1.3.2 ñUniversalò Three-Stage Growth Applicable to Methionine on Si(111)7×7 

In Figure 5.2, we summarize our large-scale DFT-D2 calculations for the three-stage growth of 

methionine on a Si(111)7×7 supercell that consists of three complete 7×7 unit cells.  In the interfacial 

layer, a methionine molecule binds covalently with the dangling bond of a Si CA via a dehydrogenated 

amino group, which gives rise to a large variety of unidentate adsorption geometries on specific sites of 

the 7Ĭ7 surface within a half unit cell and also across the dimer wall involving supplementary ñweakerò 

long-range interactions of other functional groups (Figure C4, Appendix C).  The magnified side-view of 

interfacial layer (Figure 5.2a) shows a methionine molecule anchored to a Si adatom with a covalent ï
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HNïSi bond, leaving the carboxylic acid (-COOH) group free to interact with a second methionine 

molecule.  Similar to that found for methionine adsorption on Cu(110),
126

 our DFT-D2 calculation 

suggests that the S lone-pair electrons could interact with other nearby Si adatom/restatom.  Since the 

XPS result shows no detectable change in the position of S 2s peak over various methionine coverages, 

thus reinforcing our hypothesis that the thiol ether group is intact (without dissociation of the terminal 

methyl group), there is only weak long-range interaction between the lone-pair electrons of the S atom 

and the adjacent Si surface atom.  Furthermore, the calculated equilibrium configuration of the 

transitional layer contains interlayer OïHỄN H-bond (with a bond length of 1.62 Å) between the free 

carboxylic acid group of the first adsorbed methionine and a free amino group from a second methionine 

molecule (Figure 5.2b), which suggests that interlayer H bonding is the driving force in the formation of 

the transitional layer.  Finally, both intralayer and interlayer OỄHïN H-bonds lead to the formation of a 

stable zwitterionic layer (Figure 5.2c),
226

 which is weaker than the transitional layer held together by the 

OïHỄN H-bonds.  Our DFT-D2 results demonstrate that intralayer interactions via hydrogen bonding 

(OỄHïN H-bonds) between neighboring negatively charged carboxylate groups (-COO
-
) and positively 

charged protonated amino groups (-NH3
+
) lead to the formation of the zwitterionic layer.  Furthermore, 

the zwitterionic layer is connected to the transitional layer through interlayer OỄHïN H-bonding 

between the carbonyl group (-C=O) of a free carboxylic acid group in the transitional layer and the 

-NH3
+
 group in the zwitterionic layer, and interlayer OïHỄO H-bonding between the hydroxyl group 

(-OH) of the carboxylic acid in the transitional layer and the -COO
-
 group in the zwitterionic layer.  As 

the result of these weak interactions, the zwitterionic layer is not as stable as the transitional layer and 

interfacial layer, which is confirmed by the thermal evolution of XPS features shown in Figure 5.1 and 

Figure C3b (Appendix C). 
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Figure 5.2  Three-stage growth model of L-methionine on Si(111)7×7 surface: Perspective views (left 

column) and magnified side views (right column) of (a) an interfacial layer, (b) transitional layer, and (c) 

zwitterionic layer.  All of equilibrium configurations are obtained by DFT-D2 calculations using a 

supercell of three 7×7 unit cells, each of which is represented by a Si200H49 slab, to model the 7×7 surface.  

Magnified side-views show (a) a methionine molecule adsorbed on a Si center adatom, (b) an interlayer 

NỄHïO H-bond between molecules in the interfacial and transitional layers, and (c) an additional 

interlayer OỄHïN and OỄHïO H-bonds between the transitional layer and zwitterionic layer, and 

intralayer zwitterionic hydrogen bonding (OỄHïN H-bond).  For clarity, only the topmost layers of Si 

adatoms and the first bilayers of the three unit cells are shown.  Si adatoms and restatoms are highlighted 

by larger yellow and green circles, respectively.  The molecules in the transitional layer are slightly 

whitened for easier identification.  
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5.1.3.3 Hydrogen Bonding in Universal Three-Stage Growth of Proteinogenic Nanofilm on 

Si(111)7×7 

Hydrogen bonding represents the most important interactions in the formation of proteins and larger 

biological materials from the amino acid building blocks.  Quantitative studies of these interactions are 

very useful not only for the understanding of a number of important film growth and biological processes 

in physicochemical terms, but also for self-organization and assembly of supramolecular nanostructures 

on the surface.
227

  Although there are a number of theoretical studies of intramolecular H-bonds of free 

glycine, alanine, and cysteine conformers in the gas phase in the past two decades,
210,228,229,230,231,232

 only a 

few have reported the bond strengths and bond lengths of intermolecular hydrogen bonding 

interactions.
231

  With the data on methionine and additional calculations for the other proteinogenic 

biomolecules presented here, we could provide a more complete picture and particularly site-specific 

investigation on this important interaction, by using DFT-D2 calculations to discover optimized dimer 

configurations and common hydrogen bonding trends for the aforementioned benchmark proteinogenic 

biomolecules.  Di-molecular structures resulting from formation of various H-bonds between different 

functional groups of isolated biomolecules are shown in Figure 5.3.  The presence of two terminal 

functional groups, amino (ïNH2) and carboxylic acid (ïCOOH) groups, in glycine, alanine, and 

methionine could lead to the formation of four types of single H-bonds (OïHỄN, OïHỄO, NïHỄN, Nï

HỄO) and two types of double H-bond configurations [2×(OïHỄO), 2×(NïHỄO)].  The H-bonds in the 

dipeptide of glycine (glycylglycine) is similar to glycine, except for the missing double NïHỄO H-bond 

configuration due to the steric hindrance effect.  Furthermore, L-cysteine is a good representative of 

aliphatic amino acids with the added functionality of a thiol (ïSH) group in the side chain to serve as a H-

bond donor or acceptor.  The thiol group gives rise to four additional types of single H-bonds (OïHỄS, 

SïHỄO, NïHỄS, SïHỄS) and one more type of double H-bond configurations [2×(SïHỄN)].  In the 

gas phase, additional stabilization is observed when double H-bonds between two ïCOOH groups are 

formed to produce a cyclic di-molecular configuration.  The H-bond energies for these double H-bond 

arrangements are 3.66-24.22 kJ/mol higher than twice the corresponding single H-bond arrangements 

formed between two ïCOOH groups.  Among the single H-bond configurations, the OïHỄN bond is the 

strongest, which is in good accord with what makes the amino acids the basic building blocks in 

biomolecular systems.  The H-bond length in di-molecular configurations of isolated aliphatic amino 

acids in the gas phase follows the increasing trend:  

OïHỄN < OïHỄO < NïHỄN < NïHỄO,  
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with the OH group being the stronger H-bond donor group than the NH group.  When the side-chain ïSH 

H-bond donor and/or acceptor in cysteine are included, the corresponding trend for the H-bond length 

becomes: 

OïHỄS < SïHỄO < NïHỄS å SïHỄS,  

in which the OïHỄS bond length for cysteine is discernibly longer than the OïHỄO bond length for the 

other amino acids.  As the H-bond length is inversely related to the H-bond energy, the corresponding 

trends for the bond energy follow the reverse trends for the bond length.  It is clear that the OïH group is 

a stronger H-bond donor than NïH group, with the SïH group being the weakest.  The reference 

structures shown in Figure 5.3 are expected to provide a useful guide to the type of plausible hydrogen 

bonding formation and their approximate bond strengths among larger bio-organic molecules, including 

other amino acids and different peptides and proteins.  The general trends in H-bond strength obtained 

above should also offer insights to H-bond formation on surfaces, which are important to 

biofunctionalization and biodevice fabrication.  
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Figure 5.3  Di-molecular structures resulting from formation of various types of H-bonds (marked by 

dashed lines) between different functional groups of isolated biomolecules.  These models are generated 

by DFT-D2 calculations.  The calculated bond length (Å) is depicted along with the corresponding bond 

energy (kJ/mol) shown in square parentheses.  The molecule in the gray oval is shown with the  

>CīCOOH group in plane in order to provide a reference orientation for the H-bond.  The last row shows 

additional ïSH donor or acceptor H-bonds in di-molecular configurations of cysteine.  
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On the surface, di-molecule formation is affected not just by the surface bonding used for anchoring 

the adsorbate to the surface through a preferred functional group but also by steric hindrance on the 

adsorbate as imposed by the surface atoms and other adsorbates.  These constraints rule out many of the 

gas-phase H-bonded di-molecular structures shown in Figure 5.3.  Furthermore, our DFT-D2 calculation 

shows that the available physical separations between specific adatom sites on the 7×7 surface can also be 

used to eliminate a number of gas-phase hydrogen bonding possibilities.  Based on the dimer-adatom-

stacking fault model of Si(111)7×7 (Figure C2, Appendix C), we could categorize a dangling bond pair 

between adjacent Si sites into the following two groups, with their respective separations between two Si 

atoms indicated in parentheses:  

(A) Two Si sites within a half unit cell:  CA-AA (7.72 Å), CA-CA (7.66 Å), CA-RA (4.55 Å), AA-RA 

(4.46 Å), and AA-corner hole (8.25 Å); and  

(B) Two Si sites across the dimer wall of adjacent half unit cells:  CA-CAô (6.77 Å), AA-AAô (6.71 Å), 

and CA-AAô (10.25 Å).  

These separations represent the available ñpitchò spacings on the 7Ĭ7 surface registry for constructing 

covalent bonding with appropriate functional groups of the biomolecules. 

In analogy to methionine, the H-bonded di-molecular structures of proteinogenic biomolecules on 

Si(111)7Ĭ7 surface can also be categorized as either ñflatò configurations for intralayer H-bonds in the 

interfacial layer or ñlateralò/ònear-verticalò configurations for interlayer H-bonds to form the transitional 

layer (Table C2, Appendix C).  In the interfacial layer of the smallest amino acid, glycine, the molecule is 

bonded covalently through the ïNH functional group to a Si adatom on the 7×7 surface as supported by 

our XPS data.  It is therefore not possible to form OïHỄN, NïHỄN, and NïHỄO (single and double) H-

bonds between a pair of glycine molecules (due to the use of N in the NïSi bond formation).  This is in 

contrast to the transitional layer in which the formation of NïHỄN and NïHỄO (double) H-bonds 

becomes viable.  Using large-scale DFT-D2 calculations, we obtain the equilibrium structures and 

adsorption energies of all other possible intralayer flat di-molecular hydrogen bonding configurations (in 

the interfacial layer) and interlayer lateral and near-vertical hydrogen bonding configurations (in the 

transitional layer) on our Si200H49 model surface.  Altogether, a total of well over 120 optimized 

configurations have been successfully computed for the five proteinogenic biomolecules on the model 

surface, which represents the most comprehensive computational study for these biomolecules (supported 

on any surface) reported to date.  Among all of these di-molecular flat configurations containing 

intralayer hydrogen bonding that are covalently bonded to the Si adatoms through the dehydrogenated 

amino group, the cyclic di-molecular structure with double OïHỄO H-bonds across the dimer wall 
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(Figure 5.4a1 and 5.4a2), single OïHỄO H-bond across the dimer wall (Figure 5.4a4), and with OïHỄN 

H-bond within a half unit cell (Figure 5.4a3) are found to be the most stable in the interfacial layer, while 

both lateral (Figure 5.4b1-5.4b4) or near-vertical (Figure 5.4c1-5.4c4) configurations of five 

proteinogenic biomolecules (except glycylglycine) involving interlayer OïHỄN H-bond are the most 

stable structure in the transitional layer. The former flat arrangements including intralayer H-bonds are of 

1.4-2.3 eV and 1.6-2.5 eV stronger than the lateral and near-vertical arrangements with interlayer H-

bonds, respectively.  For the near-vertical configurations that are supported by our XPS results (Table C2, 

Figure C5-Figure C9, Appendix C), the OïHỄN H-bond length is shorter than the NïHỄO H-bond 

length, which is in good accord with the trends found for di-molecule systems in the gas phase (Figure 

5.3).  For both glycine (Figure C7, Appendix C) and alanine (Figure C8, Appendix C), our DFT-D2 

calculations show that the cyclic double OïHỄO hydrogen bonding flat arrangements (Figure 5.4a1 and 

5.4a2) provide the most stable interfacial bonding on the Si surface, while the OïHỄN hydrogen bonding 

provides the best lateral (Figure 5.4b1 and 5.4b2) and near-vertical configurations (Figure 5.4c1 and 

5.4c2) to form the transitional layer.  These calculated configurations are supported by our XPS results.   

Among the XPS studies on the adsorption of the aforementioned benchmark proteinogenic 

biomolecules, cysteine
98

 is the only amino acid exhibiting a N 1s feature that corresponds to OïHỄN H-

bond in the interfacial layer.  Our large-scale DFT-D2 calculation shows that the configuration with the 

lateral OïHỄN H-bond (Figure 5.4a3, Figure C6a1) is only slightly more stable (by 0.015 eV) than that 

of the double OïHỄO H-bond in cysteine (Figure C6a2), in contrast to other amino acids.  For the other 

S-containing aliphatic amino acid, methionine, the most stable configurations with flat and lateral/ near-

vertical hydrogen bonding are the single OïHỄO H-bond configuration (Figure 5.4a4) and OïHỄN H-

bond configuration (Figure 5.4b4 and 5.4c4), respectively.  However, methionine di-molecules are 

physically too large to form lateral hydrogen bonding within a half unit cell because of incompatibility of 

their size with respect to the separations of Si adatoms within a half unit cell.   

For the simplest peptide, glycylglycine, with amino, amide and carboxylic acid groups, our XPS 

result provides strong evidence for bidentate configuration through either OïH and NïH dissociation or 

double NïH dissociation in the interfacial layer.
131

  The possibility of forming lateral H-bonds between 

two glycylglycine molecules adsorbed bidentately on the Si(111)7×7 surface is unlikely because of 

incompatible molecular dimensions with the separations between adjacent Si adatoms.  Among all the 

configurations containing near-vertical H-bonds (Figure C9, Appendix C), our DFT-D2 results show that 

the configuration with the C=OỄH-O hydrogen bonding is the most stable one in the transitional layer.  
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Our calculated results are consistent with our XPS data, which indicate the absence of any OïHỄN H-

bond in the transitional layer.
131

 

The adsorption energy of the flat di-molecular structures involving intralayer H-bonds of the 

benchmark proteinogenic biomolecules on the Si(111)7×7 surface follows the trend: 

Cysteine > Methionine > Alanine > Glycine, 

with cysteine being 0.28, 0.46 and 0.60 eV more stable than methionine, alanine, and glycine, 

respectively.  On the other hand, the corresponding trend for the adsorption energy of the near-vertical di-

molecular structures involving interlayer H-bonds becomes: 

Glycylglycine > Methionine > Alanine å Glycine > Cysteine, 

with the OïHỄN H-bonds for the cysteine, glycine and alanine exhibiting essentially the same adsorption 

energy (within ~0.12 V) and those for glycylglycine and methionine discernibly stronger (by over 1.96 

and 0.73 eV, respectively than the former).  As these proteinogenic biomolecules contain various moieties 

with a wide range of adsorption energy on Si surface, the resulting interfacial layer and transitional layer 

offer new opportunity of creating not just ñpermanentò but indeed ñsemi-permanentò biofunctionalization, 

respectively.   

From our DFT-D2 results of di-molecular configurations of the aforementioned proteinogenic 

biomolecules in the formation of the interfacial and transitional layers on the reconstructed 7×7 surface, 

we summarize a few general observations here to guide future investigations of the growth processes of 

other amino acids and larger biological molecules.  

(1) Most, if not all, aliphatic proteinogenic biomolecules follow the ñuniversalò three-stage film growth 

process on Si(111)7×7.  Of all the studies reported to date,
98,205,131

 we have not seen any exception. 

(2) The formation of intralayer H-bonds in the interfacial layer leads to a more stable configuration (flat 

configuration) than the formation of interlayer H-bonds in the transitional layer (lateral/near-vertical 

configurations), with the more parallel configuration with respect to the surface being more favorable 

than the tilted or more upright configurations. 

(3) The interlayer OïHỄN H-bond between a free carboxylic acid group in the interfacial layer and a 

free amino group in the transitional layer is found to be the most common mechanism in the early 

growth stage of these aliphatic amino acids.   

(4) The formation of intralayer H-bonds between two adsorbed biomolecules in the interfacial layer 

depends on several factors: the size, nature and available variety of the functional groups, conformer 

configuration, nature of possible adsorption sites on the surface, and steric hindrance among 

adsorbates and between an adsorbate and the surface registry.   
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(5) In the case of interlayer H-bonds, not only do the orientations of both the first and second adsorbates 

play a crucial role on the adsorption energy, but also the site-specificity of the Si surface could affect 

the formation of a viable stable system.   

These proposed rules inferred from our DFT-D2 results of the aforementioned benchmark proteinogenic 

biomolecules can be tested on other aliphatic amino acids and larger biomolecules.  They can be used to 

provide practical guide to understand biofunctionalization of Si surface for the application development.
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Figure 5.4  Top and side views of the most stable adsorption configurations for two proteinogenic 

biomolecules connected by (a1-a4) flat configurations with intralayer H-bond in the interfacial layer, (b1-
















































































































































